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D3.7 New guidelines for standards

Executive summary
The high fatality of Powered Two Wheelers users in comparison with other road user
[63] implies continuous efforts in the improvement of motorcycle safety. In context of
the MOTORIST project, which aims for implementing integrated safety for PTW users,
this report analyzes and exposes possible revisions and improvements for the current
impact protection regulations for motorcycle riders. For a motorcycle or moped rider,
impact protection devices represent the main passive safety system.

The review included in this report is divided in four main chapters. In the three first
chapters, the most severe injured body regions in an accident are explained: head,
neck and torso (including the chest and the back). The fourth chapter is dedicated to
the most frequently injured body regions in a motorcycle crash: lower and upper
extremities.
The analysis of those body regions are following the same structure. Firstly, a brief
view of the current protection standard of this region is given. Then, the state of the art
about different possible injury criteria (in case of the head and neck analysis) or the
state of the art of current protection devices and concepts is explained. Finally, an
exposition of future methods, like the use of Human Body Models, and guidelines for
a possible new regulation attending to some proposals published are defined.

The main objective of this study is to open the discussion about a future review and
update of the current impact protection standards for PTW riders and also to establish
some foundations for possible new standardization procedures. The analysis in this
document includes the identification of knowledge gaps and data needed for those
next steps.
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Glossary
EC

European Commission.

PTW

Powered Two Wheelers

PPE

Personal Protective Equipment

HBM

Human Body Models

FE

Finite Element

ISO

International Organization for Standardization
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Introduction
Motorbike and moped accidents are causing an estimated 18% of the road fatalities
in the European Union while they represent only 11% of the total motor vehicles [63,
64]. The risk of being in a fatally accident is higher for Powered Two Wheelers (PTW)
users than for car users [65]. Only in Germany, 568 riders were killed and 8974 PTW
users were severe injured in 2013 [66].

Establishing an analogy to some safety systems for cars, the focus of last research
projects was the improvement of PTW active safety. In order to help to avoid crashes,
the development of integrated safety systems was pointed out as a possible solution
[66], resulting on the implementation of some new advanced rider assistance systems
(ARAS) like an autonomous braking [66, 67] or the introduction of the Antilock Braking
System (ABS) in the regulation as mandatory equipment in all two-three wheel vehicles
[68].

Facing the impossibility of avoiding all road accidents, personal protective
equipment (PPE), as the main PTW passive safety system, plays a crucial role on the
prevention of severe injuries or fatalities. The establishment of wearing a helmet as
mandatory for all riders and the benefits of future efforts and investments in designing
safer helmets has been accepted and is not under discussion [69], but the benefits of
wearing protecting clothes and impact protectors are not still fully assimilated by
motorcycle users due to the controversy about their effectiveness [70]. Protective
clothing has been found to prevent or reduce soft tissue injuries such as cuts and
abrasions [72, 73], but the capacity of impact protectors evaluated by current European
standards of preventing fractures derived from severe impact conditions is not clear
[71].

In order to improve the riders’ safety, the current European standards for riders’
protection will be briefly analyzed in this report attending to four main body regions to
be protected: head, neck, torso (including chest and spine) and extremities.

The main objective of this study is to open the discussion about a future review of
the current impact protection standards for motorcycle riders and also to establish
some foundations for possible new standardization procedures. For that purpose, this
report also exposes some new methods, proposals and guidelines for each body
region which could be used in the development and evaluation of more effective
personal protective equipment in terms of injury prevention.
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1. HEAD PROTECTION
1.1

Overview

According to MAIDS final report [1], head injuries are the third most common type
of injury register in a motorcycle accident. Despite other body regions like upper
extremities or lower extremities are more frequently injured, head injuries are leading
the cause of death of powered two wheelers users. An analysis of the GIDAS database
carried out by Frediksson and Sui [2] concluded that 48% of the fatal injuries were
located at the head. In another study [3] Forman et al. (2011) reported that cerebral
concussion was the most common head injury observed (occurring in 56% of head
injury cases), with most concussion cases exhibiting no other head injury (78%).

Figure 1 – Example of helmet [88]

The only personal protective equipment device that protects a rider’s head in an
accident is the safety helmet. Current helmet standards are drawn following the same
pattern. A helmeted headform is tested on a drop-tower producing an impact against a
rigid anvil at a specific impact velocity. A helmet passes the tests, if the resultant linear
acceleration of the headform remains under a stated limit [4]. For example, the current
European standard, the UNECE 22.05 regulation, stablishes a drop-test impact for the
helmeted headform at a velocity of 7,5 m/s onto flat and kerbstone anvils. The helmet
pass the test if the peak linear acceleration is lower than 275 g and the Head Injury
Criterion (HIC) value not exceeds a value of 2400 [5].
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Over the past forty years, the biomechanical research community has put on a huge
effort into the understanding of the head injury mechanisms. One of the main difficulties
of this research field is that a functional deficiency is not necessarily directly linked to
a damaged tissue. Nevertheless, an injury is always a consequence of an exceeded
tissue tolerance to a specific loading. Even if local tissue tolerance has very early been
investigated, the global acceleration of the impacted head and the impact duration are
usually being used as impact severity indicator. Currently thresholds concerning
helmet performance are set in terms of maximum headform acceleration (fixed at 250
or 275 g respectively for cyclists an motorcyclist) according to the WSU tolerance curve
proposed in the 1950’s. To protect the head in an automotive environment, HIC has
been introduced in the 1970’s as reported hereafter. This criteria, is based on the linear
head acceleration evolution over time and has been set at around 1000 for linear frontal
or occipital impact. For motorcycle helmets, this criterion has been set at HIC 2400
which has no sense in a biomechanical point of view. It must be mentioned here that
maximum linear acceleration or HIC do not integrate lateral direction or rotational
acceleration, when it has been demonstrated that the capability of the human head to
support impact is strongly direction dependent [6]. On the other hand it is well known
since 1943 [7, 8] that rotational acceleration has a critical influence on intra-cerebral
loading and in turn on DAI. These very simplified head injury criteria present therefore
a number of limitations.
Most of these standards assess the absorption capacity of the safety helmet only
measuring the linear acceleration and not the rotational acceleration, which also plays
an important role in brain injuries [7, 8, 9], as it was mentioned before. Despite a few
standards carry out an oblique impact to measure the rotational acceleration [10], Mills
et al., 2009 [11] showed that there is no relation between the tangential force and
rotational acceleration. Therefore the test procedure of standards does not properly
assess the protection level against oblique impacts [10].

1.2

State of the art: head injury criteria

A number of advanced head injury criteria were proposed in the last decades are to
evaluate possible head injuries. The main head injury criteria could be classified in four
main types: Head injury criteria based on linear acceleration, Head injury criteria based
on rotational acceleration and velocity, Head injury criteria based on combined linear
and rotational acceleration and Head injury criteria based on Finite Element (FE)
modelling. A larger description and analysis of the different head injury criteria is
presented in the Deliverable 3.6 [12]. Below, only a brief review of those injury criteria
is exposed.
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1.2.1 Head injury criteria based on translational acceleration
Three criteria are the main ones based on linear acceleration: Maximum Resultant
Head Acceleration, the Head Injury Criterion (HIC) and the Skull Fracture Correlation
(SFC)
Maximum Resultant Head Acceleration
The Wayne State Tolerance Curve is considered to be the foundation of research
on human head injury criteria (Figure 2). This curve derived from the research
performed by Lissner et al. (1960) [13], Gurdjian et al. (1945, 1955, 1958 and 1961)
[14, 15, 16, 17] and Patrick et al. (1963) [18], and gives the tolerable average
acceleration in A-P direction (Anterior-Posterior) as a function of pulse duration.

Figure 2 – Wayne State Tolerance Curve [14, 15, 16, 17, 18, 19]

The Head Injury Criterion (HIC)
It was introduced in the 1970’s to protect the head in an automotive environment.
This criteria is currently used in the UNECE R22-05 standard for helmets. It is defined
as:
1

𝑡2

𝐻𝐼𝐶 = [(𝑡2−𝑡1 ∫𝑡1 𝑎𝑟𝑒𝑠 𝑑𝑡)

2.5

(𝑡2 − 𝑡1)] max

(1)

The Skull Fracture Correlation (SFC)
SFC was developed by Vander Vorst et al. (2003, 2004) [19, 20] to predict skull
fracture based on statistical analysis of PMHS test and FE simulation results. SFC was
defined as the averaged acceleration over the HIC time interval (Eq 2).
𝑆𝐹𝐶 =
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1.2.2 Head injury criteria based on rotation acceleration and velocity
Holbourn was the first author who in 1943 suggest the importance of rotational
acceleration in the appearance of cerebral concussion [7]. The main three criteria
based on rotation acceleration and velocity are: Maximum rotational acceleration and
velocity, Brain Injury Criteria (BrIC) and Injury criteria based on RIC.
Maximum rotational acceleration and velocity
There is no criterion related specifically to rotational acceleration. However, there
has been research to determine what values of rotational acceleration are likely to
cause injury. Some of these studies were carried out by Gennarelli et al. 1982 [21],
Pincemaille et al. 1989 [22], Pellman et al. 2003 [23] or Rowson et al. 2012 [24].
Brain Injury Criteria (BrIC)
In 2011, Takhounts et al. [25] proposed a new metric in order to define a head injury
criterion. This criteria is calculated using 𝜔𝑚𝑎𝑥 and 𝛼𝑚𝑎𝑥 from an impact and the critical
values of angular velocity and acceleration for the Hybrid III dummy. It is calculated as:
𝜔𝑚𝑎𝑥 𝛼𝑚𝑎𝑥
𝐵𝑟𝐼𝐶 =
+
(3)
𝜔𝑐𝑟
𝛼𝑐𝑟
In 2013, Takhounts et al. [26] proposed a new definition of this BrIC criterion as
follows:
(4)

Injury criteria based on RIC
Kimpara et al. (2011) [27] developed a new head injury criterion by taking into
account the resultant rotational acceleration instead of resultant linear acceleration in
similar way to HIC. This is called Rotational Injury Criterion (RIC) and it is defined as:
𝑡2
1
)
𝑅𝐼𝐶 = [(𝑡2 − 𝑡1 {
∫ 𝛼(𝑡)𝑑𝑡}
(𝑡2 − 𝑡1 ) 𝑡1

2.5

]

(5)
𝑚𝑎𝑥

1.2.3 Head injury criteria based on combined rotational and translational
accelerations
The main injury criteria based on combined rotational and translational accelerations
are: Generalized Acceleration Model for Brain Injury Tolerance (GAMBIT), Head
Impact Power (HIP), injury criteria based on PRHIC and injury criteria based on
Principal Component Score (PCS).
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Generalized Acceleration Model for Brain Injury Tolerance (GAMBIT)
Newman in 1986 [28], in contact with Transport Canada, introduces the concept of
generalized GAMBIT (Generalized Acceleration Model for Brain Injury Tolerance).
The model attempts to weight, in an analogous manner to the principal shear stress
theory, the effects of the two forms of motion. G=1 is set to correspond to a 50%
probability of MAIS 3 (Eq 3).
1

 a(t )  m   (t )  n  s
  
 
G (t )  
 ac 
  c  

(6)

Head Impact Power (HIP)
It was proposed by Newman et al. (2000) [29], the head is also seen as a one
mass structure. It is computed using both linear and angular accelerations measured
at the center of gravity of a Hybrid III dummy head (Eq 7).
𝐻𝐼𝑃 = 𝐶1 𝑎𝑥 ∫ 𝑎𝑥 dt + 𝐶2 𝑎𝑦 ∫ 𝑎𝑦 dt + 𝐶3 𝑎𝑧 ∫ 𝑎𝑧 dt + 𝐶4 𝛼𝑥 ∫ 𝛼𝑥 dt +
𝐶5 𝛼𝑦 ∫ 𝛼𝑦 dt + 𝐶6 𝛼𝑧 ∫ 𝛼𝑧 dt

(7)

Injury criteria based on PRHIC
Kimpara et al. (2011) [27] omitted the linear terms from Eq 7 to get the angular HIPang(t). The plots of maximum value of HIP-ang(t) versus the time duration of HIP-ang
formulate similar distribution as GSI or HIC definition. The resultant linear acceleration
of Eq 2 was replaced by Hip-ang(t) and a new criteria called power rotational head
injury criterion (PRHIC) was developed as described in Eq .

(8)

Injury criteria based on Principal Component Score (PCS)
To quantify sensitivity of various biomechanical measures of head impact to
clinical diagnosis of concussion in American football players, Greenwald et al. (2008)
[30] developed a novel measure of head impact severity which combines these
measures into a single score called Principal component score (PCS) that better
predicts the incidence of concussion (Eq 9).
(9)
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1.2.4 Head injury criteria based on FE head modelling
Simulated Injury Monitor, SIMon
Two head models have been proposed by the National Highway Traffic Safety
Administration (NHTSA) in different generations. One is SIMon 2003 developed by
Takhounts et al. (2003) [31].It consists of a rigid skull, the dura-CSF layer, the brain,
the falx cerebri, and the bridging veins. It represents the head of a 50th percentile male
head and has a mass of 4,7kg and it is built with 10475 nodes and 7852 elements. The
next detailed head model of SIMon was developed by Takhounts et al., (2008) [32] and
it includes detailed surfaces of the cerebrum, cerebellum, and brain stem were
generated. The head size is close to 50th percentile male and a mass of 4,5 kg. The
model is built with 42,500 nodes and 45,875 elements.

Figure 3 – SIMon model version 2008 [32]

It was found that CSDM (0.25) and maximum principal strain correlated with DAI
observed from animal tests.
Wayne State University Brain Injury Model (WSUBIM)
Several versions of the Wayne State University Brain Injury Model (WSUBIM) were
developed. One of those versions was developed by Zhang et al., 2001 [33] and King
et al. 2003 [34] (Figure 4). This model is anatomically equivalent to a 50th percentile
male head with a mass of 4.5 kg. It includes the scalp, skull with an outer table, diploë,
and inner table, dura, falx cerebri, tentorium, pia, sagittal sinus, transverse sinus,
cerebral spinal fluid (CSF), hemispheres of the cerebrum with distinct white and gray
matter, cerebellum, brainstem, lateral ventricles, third ventricles, and bridging veins.
The model is built with a total of over 281,800 nodes and 314,500 elements.
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Figure 4 – The WSU Brain Injury Model [34]

Based on the reconstruction of 58 American football impacts brain injury criteria
have been proposed in terms of strain times strain rate (19 s-1 for 50% risk of mild TBI)
[34].
KTH model and injury criteria
The KTH model presented in Kleiven et al 2002 [35] (Figure 5). This model consists
of scalp, skull, brain, meninges, cerebrospinal fluid (CSF), and eleven pairs of
parasagittal bridging veins. A simplified neck, including the extension of the brain stem
to the spinal cord, dura mater, pia mater, vertebrae, and muscles, was modeled also.
The total mass of the model is 4.5 kg.

Figure 5 – a) Isotropic KTH head model; b) internal view of the head models; c) Brain
redefinition based on DTIs [35]

The model was comprised of 19350 nodes, 11454 eight-node brick elements, 6940
four node shell and membrane elements, and 22 two-node truss elements. Based on
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the reconstruction of 58 American football impacts a threshold of 7% to 15% axonal
strain was proposed.

Strasbourg University head injury criteria (SUFEHM)
Based on head FE model developed by Kang et al. in 1997 [36], Deck and Willinger
(2008) [37] developed head injury criteria based on the reconstruction of 68 accident
cases.
The proposed includes two approaches for the skull, i.e. a rigid skull, or a deformable
and frangible skull, modeled by a three-layered composite structure with constant,
membranes such as falx and tentorium based on anatomic atlas and a brain-skull
interface of two millimeters thickness representing the CSF. Brain, CSF and scalp are
modeled with brick elements.

Figure 6 – SUFEHM and the main axon fiber bundels implemented into anisotropic brain
model [37]

The mechanical model of the human head permits it to compute skull deformation,
brain skull relative motion as well as the strain of the main axon fibers, a physical
parameter directly linked to the occurrence of DAI (Diffuse Axon Injury).
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1.3

Outlook: oblique impact test proposal

In the current ECE R22.05 standard test, impact conditions are characterized by a
linear impact on points B, P, R, X with a velocity of 7.5 m/s and against point S at 5.5
m/s, as illustrated in 0. Impacts are conducted at two temperatures (-20°C and +50°C)
and one wet (+20°C) condition. The helmeted head impacts two anvils, a flat one and
a kerbstone-shaped one. The boundary conditions of the head at neck level are
characterized by a free falling head. In addition to this linear impact, a tangential impact
test is also prescribed, with an initial speed of 8.5 m/s against a 75° inclined anvil. No
headform response is recorded for this test as only the tangential force applied to the
anvil is recorded.
If the head initial linear velocity seems to be reasonable with regard to real-world
accident situations and an impact speed against which it is possible to provide
protection with current helmet thickness, the fact that this velocity has only a normal
component is not acceptable. Several proposals for helmet standard evolutions have
been established in previous projects, such as COST 327 [38].

From accident reconstructions is demonstrated by Bourdet et al. (2016) [39] that a
significant tangential velocity exists which leads to head rotational acceleration in
addition to the linear acceleration [39]. Therefore, the protecting capability of a helmet
should be assessed under a combined linear and tangential impact. It is important to
mention that very few motorcyclist accidents occur at temperatures as low as -20°C as
such a low temperature is exceptional in the EU, so only very few motorcyclists travel
in such extreme cold temperature. It is therefore no longer acceptable that helmet
optimization includes material behavior at such low temperatures. The outcome is that
current helmet design boasts optimal helmet performance at -20°, which presents no
optimal protection at temperatures for which accidents actually occur.

P

P
B

R

B
X

X
S

S

Figure 7 - Representation of the ECE R22.05 impact points with an impact velocity of 7.5 m/s
for B, P,R, X and of 5.5 m/s for point S [39].

The current headforms are characterised by a non-deformable “head-shaped”
mass. The value of the mass includes “some” neck effects and its rotation inertia is not
controlled. The current ISO headform exist in several sizes and is fitted with a 3D linear
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acceleration amount. Simply adding rotational accelerometers would be difficult and
ineffective due to the non-controlled rotational inertia of the headform. It should be
mentioned that existing simple headforms, such as the Pedestrian ISO headforms,
have a more realistic mass but present inertia quite far from human head inertia, as
shown in Table III. Therefore, this kind of headform would not be a viable alternative.
On the contrary, the Hybrid III dummy head presents a mass and inertia close to the
human head, an essential aspect if rotation is considered. Moreover, a rubber skin
models the deformation of the head during an impact as reported in the study of
Hubbard et al. in (1974) [103], an essential aspect for helmet optimisation.
As mentioned earlier, a tangential impact is proposed in ECE R22.05. However, as
only the tangential force at anvil level is recorded, this measure only describes the
friction coefficient of the helmet, but does not permit an evaluation of the capability of
the helmet to protect the brain against angular loading. Moreover, the threshold of 3.5
kN has only a very poor link to the head injury outcome.
Table 1 – Synthesis of headform inertial properties and comparison with human head
characteristics

Mass [kg]

Ixx [kg.m²]

Iyy [kg.m²]

Izz [kg.m²]

ISO Pedestrian

4.5

11.10-3

11.10-3

110.5.10-3

Hybrid III 50th

4.5

17.088.10-3

18.872.10-3

22.685.10-3

Human Head

4.5

17.996.10-3

18.360.10-3

21.902.10-3

ISO Helmet

5.7

Not controlled

Following to the previous critical analysis of head impact condition, a proposal can
be made. First, two temperatures (0°C and +50°C) and one wet condition (at +20°C)
are proposed. No change is suggested for the linear impact velocity, which should
remain at 7.5 m/s. However, it would be important to replace the ISO headform with a
fully 6D instrumented HIII dummy head in order to record any possible rotational
acceleration. It is proposed to introduce a set of tangential impacts, based on results
from the accident reconstruction investigations, as illustrated in figure 8. For each
helmet it is suggested to conduct a set of four drop tests at an impact velocity of 8.5
m/s and with an anvil angle of 45° with a controlled friction paper (abrasive paper of 80
gr). The head will drop freely, which means that there will not be neck attached to the
head.
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The first two impacts are tangential impacts in the sagittal plan (Fy+ and Fy- points),
leading to rotation around the Y-axis in extension and flexion direction. The next two
tangential impacts are located at parietal level (Lx and Lz) and will be applied in the
frontal plane, one introducing rotation around the X (postero-anterior) direction and one
introducing a rotation around the Z (vertical ascendant) direction.

Figure 8 - Illustration of the four tangential impact conditions introducing angular
acceleration around Y axes (called Fy+ and Fy-), X axes (called Lx) and Z axes (called Lz) [39].

It is further recommended to replace ISO headforms with Hybrid III dummy head
and to record linear and rotational acceleration versus time. As it is well known that
sizes A, C, E, J, M and O represent 95% of sizes used in the standard test for helmet
homologation, only these sizes would be of interest.
In the literature, head rotational acceleration limits are proposed at 8–10 krad/s². It
must be recalled, however, that head tolerance limit to rotation is strongly time- and
direction-dependent, so that today there is no single known limit. In addition, in case of
tangential impact rotational acceleration is combined with linear acceleration so that
the head sustains a complex 6D kinematic.

Today, state-of-the-art FE head models exist and have been used for the definition
of injury criteria to specific injury mechanisms. These models became much more
powerful injury prediction tools than HIC, so the present proposal is to implement
improved, model-based head injury criteria into a new helmet impact test procedure.
Based on the simulation of 120 well-documented head trauma, tolerance limits have
been identified with respect to moderate AIS2+ neurological injury [37]. Human brain
tolerance limits relative to neurological injuries with a risk of occurrence of 50% were
established for an axon strain of 15%.
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Figure 9 - Illustration of the coupled experimental versus numerical head impact test
method based on novel model-based head injury criteria [39].

In the proposed approach (figure….), the experimental linear and rotational head
acceleration versus time will constitute the inputs that will drive the head FE model,
which in turn will compute the injury parameters related to neurological injury. By this
methodology it will be possible to assess the brain injury risk by means of a coupled
experimental versus numerical testing procedure.
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2. NECK PROTECTION
2.1

Overview

Motorcyclists are considered as vulnerable road users, and for example, they
represent up to 70% road deaths for some Asian countries [40]. Neck injuries are
another type of potentially fatal injuries for riders of Powered-Two-Wheelers. Those
injuries could be produced due to two main possible injury mechanism: a direct trauma
or a trauma due to indirect loading. On a direct trauma, neck injuries are produced due
to a direct contact with a surface or object. On the other side, on a trauma due to
indirect loading, neck injuries are produced due to an impact on other parts of the body
(head, thorax, etc) and then the loadings are transmitted to the neck, with or without
inertial effects.
According to MAIDS database [1] and other studies like COST 327 [38], most of the
cervical spine injuries, which are nearly a half of the MAIS6 injuries recorded on the
MAIDS database, are generated due to an indirect loading. The head is connected to
the body by the neck and this connection behaves like a kinematic restraint. Therefore,
impacts on the head are the main source of trauma due to indirect loading on the neck
and one of the main cause of cervical spine injuries.

Figure 10 - Examples of neck braces availables on the market [89, 90]

These data are in conjunction with the findings done by Ooi et al. [41]. This study
collected and analyzed 76 cases of motorcyclists real-world-crash where cervical spine
injury was involved. They reported that 55,3% of the cases presented an AIS 3+ injury
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for the cervical spine and on a 49% of these cases where the motorcyclists suffered
an injury to the cervical spine also suffered a head injury.
The most common personal protective equipment for protecting the neck is
denominated as neck brace (figure 10). There are several options of neck braces
available on the market which are proposed to protect and reduce injury severity in
case of motorcycle accidents. However, despite the evidence of the severity of some
neck injuries, no standard evaluation exists to evaluate such neck braces according to
an appropriate criterion. That means, none of the devices available today on the market
are certified by the current EN1620 standard for motorcyclist protection.

2.2

State of the art: neck injury criteria

Neck injury criteria have been developed in order to estimate the potential of an
injury risk scenario, especially in automotive crashworthiness. In frontal impact the
common criteria used is the Neck Injury Criteria (NIC) used at EuroNCAP, JNCAP,
CNCAP, Latin NCAP, define by corridor in terms of extension moment, tension force
and shear force at the Occipital Condyle (OC). The Nij used at the US-NCAP, IIHS and
FMVSS combine normalized axial and sagittal bending moments from the upper neck
load cell. Furthermore this criterion is not limited in a frontal scenario but permits to
evaluate four different type of impact conditions i.e. tension/extension, tension/flexion,
compression/extension and compression/flexion and it is frequently used for
motorcycle impact and aeronautic field. In rear impact the most common criteria used
is the NIC value developed by Bostrom [42] based on the difference of kinematics
between the Head and the first thoracic. The Nkm criteria developed by Schmitt [43]
used the same formulation as the Nij but other critical forces and moments and limited
in the extension movement. Finally the LNL less used as the NIC value supposed that
injuries occurs at the lower cervical spine. It is calculated by a combination of forces
and moments recorded or calculated in the three directions. Actually there is no criteria
defined for roll over situation or lateral impact in the automotive domain. Concerning
motorcyclist neck criteria, Nij is the most common and usual criteria used due to the
possibility to take into all the scenario i.e. flexion/extension, tension/compression.

Concerning the FE aspect, in the last decades, a number of neck FE models were
developed with different levels of detail in terms of geometry, validation and mechanical
properties. Three types of model can be identified. The first one dedicated to predict
the head trajectory (Dauvilliers [44], De Jaeger et al [45], Astori [46], Nitsche [47],
Happee [48]), the second developed to study the whiplash injury (Kobayashi and
Kitagawa [49], Deng and Fu [50], Ono et al. [51], Meyer et al [52]) and finally the FE
model developed by Camacho et al [53]. Halldin et al. [54], Yang et al. [55], Zhang et
al. [56] and White et al. [57] for axial loading dedicated to roll-over crash or loading in
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the aeronautic context. Except the model developed by White the other FE models are
not able to extract forces and moments at the Occipital Condyle but only at T1 which
is insufficient to extract the main injury criteria.
From an experimental point of view, under vertex loading, McElhaney [58] tested 14
cervical spines with a compression velocity between 0.5 m/s and 0.92 m/s up to the
rupture. The average age of the cervical spine tested is 55 years old. He observed a
huge disparity in terms of injury as a function of the loading location. Only one sample
presents an injury under compression-extension (intervertebral disc and ligaments at
C4). All of the other samples were injured under pure compression or compressionflexion. Concerning the injury under pure compression at the higher cervical spine (C1C2), two lesions at C1 and seven at C2 have been identified. For the lower cervical
spine (C3-C7) five lesions in pure compression with a fracture of the vertebral body
were observed. The principal location of fracture was C5 after C4 and finally C3 and
C6. Moreover McElhaney et al. [58] observed that injury occur at the lower level needs
less energy than at the upper cervical spine (respectively 6040 N and 6840 N against
5010 N and 4060N). In 1984 Alem [59] provided results on 5 tests with PMHS at
different vertex loading (7m/s-11 m/s, impactor mass=10 Kg) with several boundary
conditions. He gives forces and moments at the Occipital Condyles level for five tests
which occurs no injury. Nightingale et al. [60] proposed a study on the influence of the
boundary conditions in axial compression and flexion compression, on the injury
mechanism. A total of 18 cervical spines were tested.

Figure 11 – Oblique impact for evaluation of a neck brace protective device using Strasbourg
University FE head-neck model
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The Strasbourg University FE head and neck model was updated in order to extract
forces and moments at each cervical level and at the occipital condyle (Meyer et al.
2018) [105]. A validation in vertex loading against tests proposed by Nightingale [61]
in three different impact location was performed. Torso, neck-brace and motorcyclist
helmet were coupled to the head-neck model to simulated 24 different impact
conditions and estimate the performance of the neck-brace against the Nij criteria.

2.3

Outlook

Nowadays it is possible to find a large variety of neck braces available in the market,
which suggest also an important demand for these devices. However, the effectiveness
of those neck braces is unclear. Currently, it does not exist any official standard
regulation for neck protective devices. Therefore, it can not be ensured the
achievement of the same set of minimal safety criterion for all braces available. Thus,
the development of a new regulation for neck braces on a future standards’ review is
revealed as crucial and necessary.
The establishing of a new standard for neck braces requires more efforts in the
impact biomechanics research. The search of injury criteria that allow the development
of realistic test procedures for the assessment of neck brace performance is a main
challenge. This, in turn, requires more experimental data on impact loading to the
cervical spine than currently available.
As it was mentioned before, most of severe injuries produced at the cervical spine
region are produced due to an indirect loading [1, 72]. Therefore, a better
understanding of the injury mechanism is also needed for the development of injury
criteria and a test procedure. In particular, efforts should be concentrated on those
cases where an impact to the head is the main cause of neck injuries.
The neck protector functionality should be mainly to avoid bending moments like
flexion, extension and lateral flexion. These moments are avoided by limiting the travel
on the helmet with respect to the thorax. The data analyzed [1] suggest a close
relationship between the helmet and neck protector behaviour. Thus, it could be
valuable to evaluate and consider the interaction between the helmet/head, the neck
brace and the thorax in a future test assessment.
The use of FE Human Body Models are a promising means to evaluate the
interaction of the mentioned body regions and the effectiveness of current and future
designs of neck braces, always after the development of validated models for such
load cases. As it was exposed on the previous section, some first activities of research
have been already initiated using numerical models looking for a better understanding
of the injury mechanism and the search of realistic injury criteria.
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3. TORSO PROTECTION
3.1

Overview

Powered Two Wheelers users are frequently injured at the torso region in an
accident. According to MAIDS report [1], the thorax is the fourth most common injury
area and the spine is the sixth more common injured region. Despite the thorax is not
the most frequent injured body area, it was found to show the highest rate of MAIS3+
injuries (more than 50%) [72]. Regarding the spine injuries, they are mostly minor or
moderate injuries, but in case of a severe injury, it could lead to critical and permanent
consequences for the motorcycle user.
There are several devices developed to protect the thorax and spine areas. Chest
protectors, back protectors and rider armors are since long available on the market.
Also in the last years different inflatable protectors covering the chest, the back or both
of them were introduced for some manufacturers.
Every protector available on the market, must be certified by the current EU standard
for personal protective equipment. For example, a back protector must achieve the
conditions and guidelines stablished in the standard EN-1621-2 [75]. The protector
must pass an innocuousness test, an ergonomic test and, regarding the protection
capacity, an impact attenuation test. Five impacts should be carried out on each test
protector in an impact attenuation test and they should not exceed some threshold
values presented on table 2. Two of them should be done on visually weak points and
the other three impacts should be carry out randomly in the test area. Depending on
the forces transmitted measured, the protector will be classified in a specific level of
protection.
Regarding the standard for chest protectors, the impact attenuation test guidelines
are the same as for the back protectors, only the definition of the test area is different.
More details are explained at the EN 1621-3 [76].
Table 2 – Transmitted force levels for back and check protectors

Level 1

Level 2

Mean value ≤ 18 kN

Mean value ≤ 9 kN

Single impact ≤ 24 kN

Single impact ≤ 12 kN

Attending to the standard for inflatable protectors, the EN 1621-4, airbag devices
should pass also an innocuousness test, an ergonomic test, an impact attenuation test
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and they should achieve special conditions regarding the inflation phase like activation
time, activation force or activation energy [77].
The permitted transmitted forces measured at the impact attenuation test are
different from the other examples. During the test, three impacts should be carried out
and also two different levels of protection are established [77].
Table 3 – Transmitted force leves for inflatable protectors

Level 1

Level 2

Mean value ≤ 4,5 kN

Mean value ≤ 2,5 kN

Single impact ≤ 6 kN

Single impact ≤ 3 kN

More information about the current chest, back and inflatable standards are
available at [74, 75, 76] and also an extended explanation of main points of each
standard is exposed on the MOTORIST Deliverable 3.5 [78].

3.2

State of the art: protectors

3.2.1 Non-inflatable protectors
The non-inflatable protectors are the traditional protectors introduced in the market
since long time: chest protectors, back protectors and armors. The armors are devices
which integrate chest and back protectors and usually also shoulder protectors in an
only product.
It is possible to find these protectors made by different materials and structures but
usually they are built with a kind of energy absorbing material like foams or they are
built with a superposition of two different material layers: a foam energy absorbing
material and an outer hard shell for energy shutting. Some example of this kind of
protection devices are shown on figure 12.
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Figure 12 – Examples of back protectors and armor protectors [91, 92, 93, 94]

3.2.2 Inflatable protectors
Riders’ inflatable protectors are devices whose aim is to reduce and avoid injuries
during a motorcycle accident. In the last 20 years, some manufacturers invest many
efforts in order to develop airbag technology for PTW users and several prototypes
and proposals were presented (figure 13).

Figure 13 – Dainese first airbag prototype and current airbag jacket [95]

Due to the possible high severity of thorax and spine injuries suffered in an accident,
wearable airbag jackets are revealed as a promising protection device. Depending on
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its design, an airbag jacket is able to proportionate absorbing surface for a possible
impact covering the chest, abdomen and spine regions (figure 14). It is possible to find
inflatable protectors as additional wearable device or integrated in other garments like
jackets or leather suits (figure 15).

Figure 14 – Possible protection areas of a torso airbag [96]

Figure 15 – Example of an airbag integrated in a touring jacket [95]

28

D3.7 New guidelines for standards
The main question in the design of a wearable airbag device is the detection of an
unavoidable crash and when the airbag should be deployed. Activation time, inflation
time or how much time should remain an airbag deployed, apart from the impact
attenuation and energy absorbing homework, are some issues to deal with in the
development of such a protector devices (Figure 16).

Figure 16 – Operation sequence of an airbag jacket [97]

Three are the main technologies for the activation of the airbag in case of an
accident:
1) First one, it is the mechanical activation of the airbag. This method requires a
physical connection between the rider and the motorcycle principally using a
wire. In case of an accident, rider and vehicle will be separate each other, the
wire is pulled to a point in which the airbag will activate the inflator.
2) Second technology is based on a sensoriced vehicle. The motorcycle is
equipped with a set of sensors (accelerometers and gyrometers) which will
detect an accident based on those kinematic measurements and an algorithm
calculations. Once a crash is detected, a signal to the airbag jacket is sent in
order to activate it (figure 17).
3) Third technology is similar to the previous one but in this case, the set of sensors
is integrated in the wearable jacket making the protection device independent of
the vehicle.

Figure 17 – Bering Protectir-Air integrated system [97]
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3.3

Outlook

The high injury severity showed by the statistical accident data the thoracic and
spine regions mentioned before and the review and analysis of the current standards,
reveal that depending on the protection concept (traditional protector or inflatable
protector) the maximal values of force transmitted measured during the standard droptest are completely different for different protection system which are supposing to
prevent injuries or reduce its severity at the same body regions.
From an impact biomechanics point of view, these differences between the
permitted force transmission and different protection concepts is not acceptable. If the
main objective of those protection devices and the standard certification is to prevent
some kind of injuries, it is necessary to contemplate the possibility of providing the
current standards formulation another background more based on biomechanical
fundamentals.
In order to analyze appropriate the current protection devices for the torso and
evaluate better their effectiveness in terms of injury prevention, more efforts in an
adequate understanding of the injury mechanism of these body regions are need. A
full understanding of the injury mechanism would help to develop injury criteria and to
assess new test procedures for the certification of personal protective equipment.
A promising method to improve the development and evaluation of personal
protective equipment is the use of numerical approaches, in particular, through the use
of finite elements Human Body Models and the modelling of the protection devices.
Those virtual tools could be used to analyze the effectiveness of a specific protector
and also to develop a new system which prevent a specific injury. Here, it must be
remarked the importance of obtaining validated models according to the literature and
experimental data.
One example of the evaluation of a thorax airbag protection system using human
body models was published by Godio et al. (2008) in [79]. In this study, the authors
used the human body model of HUMOS to analyze the effects of a motorcycle airbag
jacket. The HUMOS model is a 50th percentile European human model, and the one
used in this case was validated locally for each anatomical part through subsystem
tests and globally through sled tests [80, 81].
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Figure 18 – Load cases simulated in Godio et al.(2008) [79]

In this study, the authors carried out firstly an analysis of the influence of two
parameters (impact velocity and impact position) in the severity of the thoracic injuries
using numerical simulations. After that, they simulates the same load cases but using
a self-modelling airbag jacket representative of an own prototype to evaluate its
effectiveness in terms of injury prevention. The load cases configurations and the
simulations were based on experimental tests carried out with PMHS using a pendulum
[79].
The importance of the development of personal protective equipment which is able
to absorb the impact energy and reduce the force transmitted preventing from possible
injuries due to a direct trauma is out of discussion. However, a direct impact is not the
only cause of an injury, especially for the spine. Another motivation to improve the
benefits of impact protectors is also attending to the injuries derived from indirect
loading situations.
A trauma due to indirect loading is the most frequent (50%) cause of a spine injury.
Main indirect loading sources are an impact to the pelvis (20%) followed by the head
(15%) and the chest (10%) [72]. Serious spine injures are usually cause by axial forces
due to impacts on the head, or bending and twisting forces caused to shoulders, hips,
thorax and other parts of the body. The injury severity of the spine could be reduced
by means of impact protectors intended to absorb crash energy as well as distribute
and attenuate forces transmitted to spine. Pelvis or thorax protectors are able to reduce
injury severity on the spine by distributing forces when they are impacted. That’s why,
also a mandatory force distribution test should be also introduced to evaluate the
effectiveness of some personal protective equipment.
Here, it has to be mentioned, that the current standard for chest protectors includes
an optional impact attenuation test [76], but it is not proved that the permitted values
of forces transmitted are able to reduce the injury severity at spine region.
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4. EXTREMITIES PROTECTION
4.1

Overview

According to MAIDS final report [1], the lower extremities is the most frequent body
region injured on a motorcycle accident (31.8%), including the pelvis, the lower
extremities are injured in a 34% of cases. Upper extremities injury are the second most
common type of injury registered in PTW accidents (figure 19). Despite the high
frequency with which extremities are injured, the injury severity recorded on those
cases is lower compared to other body regions. Most of these injuries registered are
classified as minor or moderate injuries.

Figure 19 – Summary of distribution of PTW injuries greater than AIS 1 [1, 72]

Regarding the regulations, there is no specific standard that evaluates upper or
lower extremities personal protective equipment. The regulation is divided in a set of
standards analyzing different type of protectors attending to their purpose.
Thus, the standard EN 13595 [84] evaluates the garments to protect riders from
abrasions, cuts or bruising. The standard EN 13594 [82] evaluates motorcyclists’
gloves by carrying out some test to analyze the innocuousness, hard inclusions,
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ergonomic. sizing and cuff length, restrain, tear and seam strength, cut resistance,
impact abrasion resistance and the impact protection of knuckles. On a similar
procedure, evaluates the standard EN 13634 [83].
Focusing only on the impact protection, the EN 1621-1 [74] evaluates the
motorcyclist’ limb joint impact protectors. As for other standards explained before, the
evaluation procedure consists on an ergonomic test and on a drop-tower test where
depending on the force transmitted to the anvil, the different protectors are classified
in two different levels of protection (Table 4). This procedure is used to evaluate hip,
shoulder, knee and elbow protectors [74]. More information about those standards are
explained in the MOTORIST Deliverable 3.5 [78].
Table 4 – Transmitted force leves for inflatable protectors

Level 1

Level 2

Overall mean value ≤ 35 kN

Overall mean value ≤ 20 kN

Single impact area A ≤ 35 kN

Single impact area A ≤ 20 kN

Single impact area A and C ≤ 50 kN

Single impact area A and C ≤ 30 kN

4.2

State of the art: protectors

There is a extend variety of limb joint protectors in the market for the shoulder, hip,
knee or elbow region. Most of them are made with a kind of absorbing material like
composites, foams or rubber in order to reduce force transmitted. Some example of
limb joint protectors are shown in figure 20.
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Figure 20 – Examples of elbow, knee, hip and shoulder protectors [98, 99, 100, 101]

4.3

Outlook

The effectiveness of limb joint protectors it is still not proved. A few studies tried to
analyze the effect of this kind of certified protectors in real accident data [70, 71]. It was
reported that the certified protectors are able to reduce the force transmitted but they
also considered that this reduction would not be enough in terms of injury prevention.
It was also suggest the necessity of reducing the threshold values [71]. For example,
a femoral neck would be fractured with a force between 1.5 kN and 3 kN [104],
considering also the possible absorption of the soft tissues surrounding the bone, the
threshold values established in the standard would appear as very high values.
Another point to question about the current standard from the perspective of impact
biomechanics, is that the accepted values of force transmitted are the same for every
protector with independency of the body region. This also suggest a lack of
effectiveness of every protector and remarks that the origin of the values accepted is
not very clear.
It is evident that more efforts are needed to understand the injury mechanism of
every joint and to make possible to develop some injury criteria which lead to the
design of new and more realistic test procedures in terms of injury prevention. The
use of Human Body Models could help in the future evaluation and development of
personal protective equipment.
An example, could be the study published by Aranda et al. (2016) [85], where the
THUMS model was used to analyzed the effects of two different protection concepts
for the hip region attending to the force transmitted and the deformation observed an
the femoral neck region (figure 21).
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Figure 21 – Deformations at femoral neck region for two different protection concepts [85]

Considering the possibility of a future standard review, it could be also appropriate
to include a test to evaluate protectors’ capacity of prevent long bones fractures. One
option to be consider is the test procedure proposed by Otte et al. (2002) [86] to
analyzed motorcycle tibia protectors (figure 22). The test procedure consists in a
pendulum test. The pendulum will hit the protector at a specific velocity simulating a
leg’s impact against an obstacle. This test could be carry out using a dummy or also in
a numerical calculation using FE Human Body Models (figure 22).

Figure 22 – Test procedure proposed by Otte et al. (2002) [86] and the numerical simulation of
the pendulum test [102]

In addition, it should be considered the necessity of introducing a force distribution
test to evaluate some protectors like hip or shoulder protectors. As reported in the
previous section, torso protection, a trauma due to indirect loading is the main cause
of spine injuries and an important percentage of these injuries are caused by an impact
on the pelvis or the shoulder.
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Finally, it was reported by Meredith et al. (2016) [87] a relationship between pelvis
fracture and an impact against the motorcycle fuel tank. Therefore, it should be
recommended to invest some efforts also in the development or improvement of
hip/pelvis protector also attending to this load case.
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Conclusions
The main objective of this study was to open the discussion about a future review
of the current impact protection standards for motorcycle riders and also to establish
some foundations for possible new standardization procedures.
For that purpose, this report analysed the most frequently injured body regions in
an accident, the upper and lower extremities, and the three most severely injured body
regions in a motorcycle accident: head, neck and thorax (including the spine). This
analysis consisted firstly of a brief review of the current impact standards for protection
devices of these regions; secondly, of the analysis of some new research methods,
new proposals and new guidelines which could be used in the development and
evaluation of more effective personal protective equipment as well as be included in a
future new European regulation for motorcycle protectors.

Firstly, regarding the head, several studies are proposing the inclusion of an
additional oblique test in order to consider the effects of rotational acceleration,
especially for cerebral injuries [39]. This experimental data, could be used in
conjunction with the injury criteria based on FE Head modelling to achieve a more
exact analysis of the helmet effects.
Secondly, attending to the neck body region, the main priority is to develop a
regulation in order to evaluate in a common way all neck braces available in the market.
New researches are concentrated on the search of adequate neck injury criteria and
the modelling of validated neck FE models. A lack of experimental data on injury
mechanics limits the potential of research in this field. Indirect loading, especially head
impact, is revealed as the main cause of a neck injury. For the analysis of the helmetneck brace interaction, the FE Human Body Models could be a promising tool.
In third place, the analysis of the different standards for chest and back protection
(inflatable and not inflatable) revealed a difference in the permitted values of force
transmitted. This fact is difficult to understand when both are supposed to protect the
same body region and lead to question the origin of those values. The thorax is often
severely injured and more efforts are needed to establish some injury criteria. Some
studies have already proposed the use of Human Body Models to develop more
effective protectors especially focusing on airbag devices [79]. The back should not
only be protected from direct trauma but also from trauma due to indirect loading, which
is the main focus of spine injuries. Mandatory force distribution tests on the thorax or
pelvis could help to reduce these kinds of injuries.
Finally, regarding the analysis about the lower and upper extremities, the only
existing impact protection standard evaluates the limb joint protectors. The values
permitted of force transmitted seems to be very high and they are the same for all body
limb joint which makes very unclear their effectiveness in terms on injury prevention.
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The use of HBMs is proposed to evaluate the effects of these joint protectors and,
linked to that, a pendulum test was proposed as an intermediate step to evaluate the
capacity of some protectors of prevent long bone fractures [86]. The analysis of the
interaction of pelvis and motorcycle fuel tanks was also proposed.

To conclude, the composition of new regulations for rider impact protection imposes
similar requirements for the studied body regions. The development of injury criteria
which permit the assessment of new test procedures is necessary. For that purpose,
the potential of HBMs, validated for a set of load cases, is revealed as a useful method
to evaluate personal protective equipment. Thus, understanding the different injury
mechanisms is also important for establishing the principal load conditions in which a
rider could be injured. The determination of the realistic impact conditions derived from
the analysis of the accident data remains to be a crucial and critical issue for the
development of injury criteria and the design of new protectors.
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