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Abstract. In this work, the safety performance of a commercial motorcycle helmet already placed on the
market is assessed. The assessed motorcycle helmet is currently homologated by several relevant motorcycle
standards. Impacts including translational and rotational motions are accurately simulated through a finite
element numerical framework. The developed model was validated against experimental results: firstly, a
validation concerning the constitutive model for the expanded polystyrene, the material responsible for
energy absorption during impact; secondly, a validation regarding the acceleration measured at the
headform's centre of gravity during the linear impacts defined in the ECE R22.05 standard. Both were
successfully validated. After model validation, an oblique impact was simulated and the results were
compared against head injury thresholds in order to predict the resultant head injuries. From this
comparison, it was concluded that brain injuries such as concussion and diffuse axonal injury may occur
even with a helmet certified by the majority of the motorcycle helmet standards. Unfortunately, these
standards currently do not contemplate rotational components of acceleration. Conclusion points out to a
strong recommendation on the necessity of including rotational motion in forthcoming motorcycle helmet
standards and improving the current test procedures and head injury criteria used by the standards, to
improve the safety between the motorcyclists.
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1. Introduction

Road accidents are one of the major causes of death in the world (WHO 2009). In the European
Union, about 31 thousand people die and 1.6 million people are injured every year as a direct
result of road accidents (ERSO 2012). Motorcyclists, protected by the motorcycle helmet, are less
protected in road accidents than the users of 4-wheeled vehicles because the last ones are protected
by safety belts, airbags and even by the car's body structure (Fernandes and Alves de Sousa 2013).
Thus, motorcycle crash victims form a high proportion of those killed and injured in road
accidents. For example, in Portugal, 21% of all road accident fatalities and 24.9% of all road
accident severe injuries in 2011 were sustained by powered two-wheeler (PTW) occupants (ANSR
2010, 2011), as shown in Table 1.
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Table 1 Number of fatalities and injuries suffered by PTW occupants in Portugal in 2010 and 2011

Year Total Minor injuries Severe injuries Fatalities
2010 7603 6844 556 203
2011 7454 6703 564 187

Head injury is a common result from motorcycle accidents, as shown in COST321 (2001),
where head injuries occurred in 66.7% of COST database cases and the majority of these injuries
were severe. For these reasons, head protection and safety are very important.

Nowadays, motorcycle helmet standards are responsible for helmets quality and effectiveness
by restricting the market just for the ones that are able to fulfil all the requirements. However,
there are some issues regarding for example the head injury criteria, once current standards do not
take into account the rotational acceleration and its effects by relying only in headform’s peak
translational acceleration (PLA) and in head injury criterion (HIC). Newman (2005) highlighted
these same issues, such as the lack of progress, and the current use of old fashioned test methods
that do not properly reflect the real circumstances of accidents, like the biofidelity of the headform,
the nature of the failure criteria, as well as the impact kinematics, which influences the movement
of a tested helmeted-headform. The linear tests demanded by the standards are criticized due to not
being quite equivalent to a real impact. Basically, the most frequently and severe injuries sustained
in motorcycle accidents are head injuries, being many of these injuries caused by rotational forces
(Aare et al. 2004, Gennarelli 1983), commonly generated as a result of oblique impacts found in
motorcycle crashes (Otte ef al. 1999). When these forces act on the head, the results are large shear
strains in the brain, which have been proposed as a cause of traumatic brain injuries (TBI), such as
diffuse axonal injury (DAI) and subdural haematoma (SDH) due to the tearing of neuronal axons
in brain tissue and the rupturing of bridging veins respectively (Gennarelli 1983, Margulies and
Thibault 1992).

Motorcycle helmets are composed by to main parts, having a hard outer shell that prevents
penetration and distributes the impact force on a wider foam area, increasing the liner capacity to
absorb energy, reducing the load that reaches the head. The advance of CPU power allied with the
issues of experimental methods, such as time, cost, flexibility and repeatability, led to the
development of virtual models, mainly using the Finite Element Method (FEM) to compute
several variables such as the stresses and strains, allowing to assess the influence of the interaction
between helmet and head, providing much more information about the helmet's impact. These
types of models have been used in many applications, for example the study of motorcycle helmet
materials (Alves de Sousa et al. 2012, Coelho et al. 2013). Thus, with virtual testing is possible to
assess the influence of a large number of parameters in a way that would be extremely costly and
less flexible for experimental testing.

The main goals in this work are the analysis of a commercially available helmet, approved by
the ECE R22.05 standard, assessing its capacity to protect or not the user from head injuries that
result from helmeted impacts, creating a FE motorcycle helmet model based on realistic geometric
info and known material properties to perform such task. To validate the numerical model, the
simulated results are compared against experimental data from the energy absorption tests
prescribed by the ECE R22.05 standard. Once a functioning and validated numerical motorcycle
helmet model is created, an oblique impact is simulated, and the results are compared against
proposed injury thresholds. It can be concluded that rotational motion should be considered in the
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Fig. 1 CMS SUV Apribile motorcycle helmet
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Fig. 2 Finite element helmet model - a cut view from the sagittal plane

standards tests and criteria, establishing a solid ground for further improvements on motorcycle
helmets.

2. Finite element modelling

The motorcycle helmet used in this work is the CMS SUV Apribile modular motorcycle helmet
manufactured by CMS Helmets and presented in Fig. 1. This commercially available helmet fully
meets ECE R22.05 regulation (ECE R22.05 2002), the Brazilian Regulation NBR-7471 (ABNT
2001) and also the U.S. Regulation DOT (U.S. Department of Transportation 2012).

2.1 Motorcycle helmet modelling

The geometry of the helmet was provided by the manufacturer. The 3D CAD models of each
helmet part were treated on CATIA V5R19 CAD system (CATIA 2008). Only slight
simplifications were made to the models, making the model easier to mesh but maintaining the
overall geometry.
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Table 2 Headform mass and principal inertial moments
Mass [kg] I [kg.cm?] I, [kg.cm’] L. [kg.cm’]
5.6 370 440 300

(b) Illustration of the coordinate system used to
apply the inertial moments

Fig. 3 ECE 22.05 size M headform

(a) Headform finite element model

Fig. 2 shows the FE helmet model developed, which includes the shell and the dual-density
energy absorbing liner composed by three different parts: the main padding that involves the entire
cranium with the exception of temporal region, the forehead padding insert and the lateral padding
(positioned in the temporal region). The different meshes characteristics are shown in the Fig. 2
and detailed in Table 3. The lateral liners are made of Expanded Polystyrene (EPS) foam with
density of 90 kg/m’ and the remaining with 65 kg/m’ density. Thickness values vary from 10 mm
to 50 mm, being inversely proportional to the density. The outer shell made of Acrylonitrile-
butadiene-styrene (ABS) has a thickness of 3 mm. In this study, the effects of the comfort liner,
the retention system (chin strap) and the chin pad were not considered.

According to ECE R22.05 regulation it is used a 5.6 kg headform (M size). The FE headform
model used in the simulations is shown in Fig. 3a and its inertial characteristics are given in Table
2. In Fig. 3Db, it is shown the coordinate system used to apply the principal inertial moments. After
assembling all the helmet components, the headform was fitted in the helmet as shown in Fig. 7.

2.2 Finite element mesh

The FE motorcycle helmet model was created using four-node linear tetrahedral elements
(Abaqus's C3D4 element) to mesh the foams, where the main liner was modelled using 65426
elements, the forehead insert was modelled using 17949 elements and the lateral liners were
modelled with 14034 elements for the left one and 12463 to the right one. This type of element
was used to model the foams mainly due to its complex geometry. On the other hand, the shell was
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Table 3 Characteristics of meshes used to model the different helmet parts

Abaqus’s

Part Element type N° of elements N° of nodes
element

Main covering shell Four-node, reduced SAR 9385 9587
Chin guard shell integrated linear shell 2569 2723
Main liner 65426 14073
Forehead liner Four-node linear C3D4 17949 4171
Left lateral liner tetrahedron 14034 3318
Right lateral liner 12463 2983
Hilifzfm Rigid quadrangular shell R3D4 1314 6 13f8

modelled with 9385 four-node linear shell elements with reduced integration (Abaqus's S4R
element) with enhanced hourglass control for the main covering shell and 2569 to the chin guard,
which makes a total of 11954 elements to the shell. The headform and the flat anvil were modelled
with rigid quadrangular elements (Abaqus's R3D4 element), 1346 and 1, respectively. Between the
anvils required by ECE R22.05, only the flat anvil was modelled because it is the most common
object (flat road surface) hit by the head in motorcycle crashes (Shuaeib et al. 2002, Vallée et al.
1984), treated here as a rigid body.

The meshes were created always avoiding distorted and warped elements and with especial
attention to the time increment, not having very small elements in order to have a reasonable
computational time but at the same time a mesh refined enough to obtain precise results. A
summary of the meshes is presented in the Table 3.

2.3 Material modelling

In order to simulate the helmeted impacts, it was necessary to choose suitable constitutive
material models to simulate the mechanical behaviour of each material. Two different materials
were modelled, the EPS and the ABS.

2.3.1 Modelling of EPS foam

EPS foam is a synthetic cellular material with closed cells and widely applied on energy
absorption applications, such as protective gear, being the most common liner material used in
motorcycle helmets, mainly due to its excellent shock absorption properties and low cost. EPS
absorbs the energy during the impact, through its ability to develop permanent deformation (by
crushing). EPS foam uniaxial compression stress-strain behaviour can be divided into three
regions, as shown in Figs. 5-6. The first region refers to linear elastic behaviour that arises from
bending in the cell walls, the second region is often designated by stress plateau that arises from
the plastic collapse of the cells in which strain increases at constant or nearly constant stress and
the third corresponds to the densification of the foam in which the stress rises steeply, where cell
walls are mostly compressed and the material loses its capability to absorb more energy.

Numerical simulations were performed to validate the constitutive law chosen to model EPS,
comparing the results against experimental data obtained from compressive uniaxial tests, as
shown in Figs. 5-6. Fig. 4(a) shows the numerical simulation setup, where the sample consists in a
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(a) Setup of the numerical simulation used for (b) Setup of the experimental procedure used for
mechanical characterization of the EPS foam mechanical characterization of the EPS foam

Fig. 4 Mechanical characterization of the EPS foam

Table 4 Initial dimensions and mechanical properties of EPS foam samples used to characterize the helmet
liner material

plkg/m’]  Dfmm] L[mm] E[MPa] v oc[MPa]  p/peo Tet/Det
65 33.61 25.75 7.65 0 0.31 1.5 300
90 31.87 19.65 8.64 0 0.61 0.1 4

cylinder of diameter D and length L and the EPS sample is placed between two rigid plates where
the bottom plate is fixed and the top plate has one degree of freedom in the axial (vertical)
direction, in order to replicate the experimental compressions shown in Fig. 4(b), performed in a
Shimadzu testing machine. The samples were obtained directly from the helmet's liners, by cutting
it with a band saw. A total of seven samples for each density were tested, six of each at a
compression rate of 10 mm/min and one sample of each at a rate of 1 mm/min in order to
determine the foam Young's modulus. The compressive load P of 30kN was more than enough to
exceed 90% average strain of the sample and as soon as this value was achieved, the test was
terminated. The initial dimensions of the EPS samples and the properties obtained from the
experimental tests are given on Table 4, where E is the Young's modulus, o, is the compressive
yield stress and v is the Poisson's ratio.

The punch was numerically modelled as a rigid plate. On the other hand, the EPS samples were
modelled as deformable solids with four-node tetrahedral elements as all the parts of the liner. To
simulate the contact between the sample and the plates, it was used a surface-to-surface type of
contact. The Explicit version of commercial FE package Abaqus 6.10 (Abaqus 6.10 2010) was
used to perform the simulations.

According to the ECE R22.05 standard, the helmet-headform system is dropped against an
anvil with a velocity of 7.5 m/s. Since the helmet denser liner has an average thickness of 22.5 mm
and the less dense has an average thickness of 32.5 mm, velocities of 6.55 m/s and 5.94 m/s
respectively were prescribed to the top plate, in order to guarantee the same strain rates of 333.3 s
and 230.8 s respectively. However, these strain rates are much higher than the ones performed
experimentally (quasi-static rates). Nevertheless, it is considered that the deviation from quasi-
static to dynamic behaviour of EPS is negligible, following the conclusions of Ouellet et al. (2006)
that strain rate effects become pronounced only at rates approximately above 1000 s”. Also, Di
Landro et al. (2002) performed quasi-static and dynamic tests on EPS and increased the strain rate
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magnitude several times up to high values and concluded that the use of characteristics measured
through quasi-static tests does not lead to significant design errors. The EPS foam was modelled as
elasto-plastic material, where the elastic behaviour of EPS is modelled with Hooke's law, function
of Young's modulus £ and Poisson's ratio v. To simulate the EPS plastic behaviour, the Crushable
Foam material model available in Abaqus was employed. In addition to the properties presented in
Table 4, where p/p.o and o.¢/p.o are the ratios of the initial yield pressures in hydrostatic tension
and compression respectively, the uniaxial compressive data from the experimental tests were
necessary as inputs. This model is based on the uniaxial-compressive response of low density
closed-cell polymer foams given by

Oc = O¢p + 1_PgiR (D
where o, is the engineering compressive stress, Py is the effective gas pressure in the cells, and R is
the foam relative density (foam density divided by solid polymer density).

The results of simulations are presented in Figs. 5-6 and it is concluded that the constitutive
material models used to simulate the compressive mechanical behaviour of EPS are reasonably
adequate, despite the initial instability generated by the contact algorithm.

2.3.2 Modelling of ABS

The outer shell is made from ABS, a material commonly used on motorcycle helmets as shell
material. The ABS is a stiff thermoplastic material very resistant to heat and penetration. The ABS
material properties used to model the shell are listed in Table 5. In order to simulate ABS
mechanical behaviour, an isotropic linear-elastic material model was considered (Hooke's law).
This choice is an acceptable simplification for a shell made from a thermoplastic like ABS, being
supported by the fact that during an impact the outer shell is mainly responsible for spreading out
the impact's concentrated load and generally deforms only elastically.
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Fig. 5 Stress-strain curves of 65 kg/m® density EPS
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Fig. 6 Stress-strain curves of 90 kg/m’ density EPS

Table 5 Mechanical properties of ABS
plkg/m’] E[MPa] v
1200 4000 0.37

Fig. 7 ECE R22.05 impact configurations
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2.4 Boundary conditions

In order to simulate the interfaces between the anvil and the helmet's shell, a surface-to-surface
type of contact with a friction coefficient of 0.4 was used. The same type of contact but with a
friction coefficient of 0.5 was used to model the interaction between the shell and the liner and
between the headform and the liner. Also, a “tie” type contact was used to simulate the tie between
the different parts of the liner (glued parts). A “tie” was also used to fully constrain the helmet's
chin guard relatively to the main shell.

According to the ECE R22.05 standard, the helmet-headform system is dropped, without any
restriction, against an anvil with a velocity of 7.5 m/s. The simulated impacts were always against
flat anvils only, which is enough for a first stage of the model validation. The flat anvil was fixed
(fully constrained) and an impact velocity of 7.5 m/s was prescribed to the model. Fig. 7 shows the
impact configurations according to the ECE R22.05 standard, the B, P, R and X points. The
explicit (dynamic) solver of Abaqus was used to simulate the impacts with durations of 20 ms,
with large deformation option activated. In order to reduce the computational time required, the
helmet was placed very close to the anvil.

2.5 Motorcycle helmet model validation

Numerical simulations of helmeted impacts were performed in order to validate the developed
motorcycle helmet model, comparing its results against experimental data from energy absorption
tests demanded by ECE R22.05 standard. This comparison based on the acceleration recorded at
the headform's centre of gravity (COQG) is shown in Fig. 8 and the PLA and HIC are assessed as
well. The expression used to compute H/C is given by the Eq. (2).

mic = ([ fZa@ae]” 2
= [tz—t1 ftl a(t) t] (t; —t1) ()
max
where a(?) is the resultant head acceleration (in g's), the interval (¢, — ¢;) are the bounds of all
possible time intervals defining the total duration of impact that must be less or equal to 36 ms and
t; and ¢, are any two time points of the acceleration pulse (in seconds). The PLA measured at the
headform COG and the computed HIC values from numerical and experimental analyses are
presented in Table 6.

Table 6 Headform maximum acceleration and HIC values calculated from the numerical and experimental
studies

Impact point Amax [8] (5275) HIC (<2400)
Point B Numerical 213.9 1876.8
Experimental 208 1696
Point P Numerical 228.5 2061.7
Experimental 227 1903
Point R Numerical 221.2 2296.2
Experimental 234 2235
. Numerical 235.6 2018.6
Point X

Experimental 237 1714
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Fig. 8 Translational acceleration measured at the headform COG in simulations and experiments for
each one of ECE R22.05 impact points

In overall, there is a good agreement between experiments and simulations for all four points
(Fernandes er al. 2013). The little differences between experimental and numerical results may be
explained by the adoption of a simplified numerical model regarding the number of helmet
components modelled. For example, the helmet impacted area at point X is a zone that has several
parts that were not modelled, since the visor locking system, the chin strap, the fixation system
between the two parts of the shell and the comfort padding that has a considerable thickness at this
region. Despite some differences between experimental and numerical impact results, the
numerical model was considered adequate enough for a preliminary study on linear and oblique
impacts with motorcycle helmets.
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Fig. 9 Oblique impact - numerical setup

2.6 Oblique impact

After the full model validation carried out in the previous sections, rotational and translational
parameters from a well-defined impact in real motorcycle accidents (Otte et al. 1999) were used to
simulate the oblique impact. Results were compared against different thresholds proposed in
several studies that will be presented in the results section.

In the simulated oblique impact, the vertex was defined as the impact location. In the present
case, corresponds to the same region impacted previously to validate the helmet model (point P).
Rotation was induced at the sagittal plane. This impact scenario was one of the most common
impacts found in real motorcycle crashes (Otte et al. 1999). There is a great number of brain injury
thresholds proposed for this type of impact with rotation on sagittal plane.

The oblique impact consists in a velocity of 7 m/s with an impact angle of 30°. The angle was
induced by altering the speed of the helmet-headform system (vertical impact speed v,) and the
speed of flat road (horizontal impact speed v;) to 3.50 m/s and 6.06 m/s respectively, as Aare et al.
(2004) for the same configuration. This configuration is shown in Fig. 9. The interfaces between
the model parts have the same properties except the interaction between the anvil and the helmet's
shell, where the friction coefficient of 0.4 was updated to 0.55 in order to model the interaction
between the shell and the road. These same contact properties were used by Mills et al. (2009) to
perform oblique tests.

3. Results

In order to predict any resultant injury, the results from oblique impact are assessed by
comparing it against head injury thresholds based on linear motion, on rotational motion and
others based on both motions. Several thresholds are used, such as the peak of rotational
acceleration, the change in rotational velocity and its peak, the combination of these with PLA and
HIC and other methods based on same concept of rotational and translational combined effects,
such as Head Injury Power (HIP), Generalized Acceleration Model for Brain Injury Threshold
(GAMBIT) and even one proposed by Aare et al. (2004) that predicts the maximum strain in the
brain tissue. The results obtained from the oblique impact simulation are given in the Table 7.
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Table 7 Results computed from the oblique impact simulation

A O [rad/s’] Ao [rad/s] HIC HIP[W] GAMBIT Ebrain tissue
111.50 6175.13 33.12 430.57 23417.00 0.7525 0.2090

In Fig. 10, it is shown the translational acceleration, the rotational acceleration and the
rotational velocity measured during the impact simulation. The conclusions of Ueno and Melvin
(1995) are verified, in the sense that linear results of oblique impact, such as PLA and HIC were
considerably lower than the ones find in the linear impacts due to the introduction of an angular
component. Also, the angular component induced in this impact is much greater due to the angle
of impact chosen. In other words, the greater velocity of the anvil relatively to the velocity of the
helmet-headform system, the higher is the rotational component.

3.1 Peak translational acceleration, peak rotational acceleration and change of
rotational velocity

The results given in Table 7 and shown in Fig. 10 were compared with established thresholds
found in the literature and a summary of the limits that were exceeded is presented:

« Gennarelli ef al. (2003) hypothesized a magnitude of rotational acceleration of 2877.8 rad/s”
required to induce mild cerebral concussion at an angular velocity of 25 rad/s. Observing Fig. 10,
it is possible to conclude that higher values of rotational acceleration are observed at an angular
velocity of 25 rad/s.

* Ommaya et al. (1967) proposed a 50% probability of cerebral concussion for a maximum
rotational acceleration of 1800 rad/s® during a period of time inferior to 20 ms. This is much lower
than the maximum determined in this study for the same period. A value of 1800 rad/s* was also
predicted by Kleiven (2007a) as a threshold for cerebral concussion. More thresholds for cerebral
concussion were proposed by Fijalkowski et al. (2006b) and Newman ef al. (2000b), agreeing that
6200 rad/s® is a good predictor, where the last one is indicated with a 50% probability of
concussion. This last threshold was not exceeded but the values are somewhat close.

* Lowenhielm (1974) predicted rupture of bridging veins for rotational acceleration values
higher than 4500 rad/s*. In Lowenhielm (1974) several brain injuries were predicted for the same
threshold, such as brain injuries classified as AIS 5, which corresponds to a set of severe injuries
like EDH, SDH and also DAI.

* Advani et al. (1982) predicted brain superficial tissue shearing for rotational accelerations
higher than 2000 - 3000 rad/s*, which was also exceeded in this study.

* Thomson et al. (2001) predicted the occurrence of brain injuries when rotational accelerations
higher than 5000 rad/s” are found, as in this case.

* Davidsson et al. (2009) proposed a 50% probability of mild traumatic brain injury (MTBI) for
a maximum rotational acceleration of 5900 rad/s’, which was exceeded.

* King et al. (2003) suggested that a rotational velocity change of 19 rad/s is a good threshold
for DAI in an exposition to sagittal plane rotation. A higher change was verified in this study. The
authors also proposed a threshold of 5757 rad/s” with 50% of probability.

* Zhang et al. (2004) proposed rotational acceleration as a threshold for MTBI defining a
probability of 50% for MTBI occurrence regarding values higher than 5757 rad/s.

» COST327 motorcyclist's helmet working group (COST327 2001) performed a work where it
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Fig. 10 Results of oblique impact simulation: (a) translational acceleration, (b) rotational
acceleration and (c) rotational velocity
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was found a 10% probability of head injury with AIS 2-5 given from rotational acceleration values
varying between 5000 and 6000 rad/s’. In the present study, higher rotational accelerations were
obtained.

* Ommaya (1985) predicted brain injuries classified as AIS 5 for rotational velocities and
accelerations higher than 30 rad/s and 4500 rad/s” respectively.

The majority of these head injury thresholds were determined in studies where the rotational
motion was induced to the sagittal plane, exactly as replicated in this study, which makes these
comparisons more valid. From all the literature reviewed several types of head injuries were
predicted, with more insight concerning concussion, as a higher numbers of thresholds were
presented for this particular injury. Several of these were exceeded in this analysis, predicting
concussion as an almost certain scenario. Thus, it can be said that at least cerebral concussion is
predicted for the simulated oblique impact with the ECE R22.05 homologated motorcycle helmet
under study. Moreover, concussion can be considered the most common head injury diagnosis
resulting from motorcycle and moped accidents (Aare and von Holst 2003).

3.2 GAMBIT

Newman (1986) introduced a head injury assessment function that takes into account both
translational and rotational accelerations, in an attempt to combine both into one injury criterion.
In fact, they independently cause severe stresses in the brain, resulting in brain injury. On the
assumption that translational and rotational acceleration equally and independently contribute to
head injury, the GAMBIT expression is

1/s

60 =[5+ ()] ®

ac

where a(t) and o(?) are the instantaneous values of translational (expressed in [g]) and rotational
acceleration respectively (expressed in [rad/s’]); n, m and s are empirical constants selected to fit
available data; a. and a. represent critical tolerance levels for those accelerations.

Here, the GAMBIT function was computed by replacing the simulated output accelerations and
the constants used by Newman (1986) (n = m = s =2, a.= 250 g and a, = 25000 rad/s’) in the
expression 3. Nevertheless, the value used for a. was 10000 rad/s® as proposed by COST327
(2001) and used by Mellor and StClair (2005). A GAMBIT value of 0.7525 was computed.
Newman et al. (2000b) reported a 50% probability of concussion for a GAMBIT value superior to
0.4, which is almost half of the value calculated in this study. This means that there is a high
probability of concussion. GAMBIT has recently been employed in some studies involving
protective headgear (Newman et al. 2000a, COST327 2001), where it was highlighted the good
capability of this method for predicting cerebral concussion. Again, concussion was predicted
using a different criterion that takes into account both motions.

3.3 HIP

The HIP criterion was also used to predict resultant injuries from the simulated oblique impact.
Newman et al. (2000b) proposed HIP to scale the impact power for different directions, depending
on the tolerance level for the actual direction. More details about this and the other criteria used in
this study can be found in Fernandes and Alves de Sousa (2013).

The HIP is expressed by an empirical expression that relates a measure of power to head injury
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HIP=Aaxfaxdt+Bayfaydt+Cazjazdt+Daxjaxdt+anjaydt

“4)
+ Fa, f a,dt

The coefficients 4, B and C represent the mass of the human head, m [kg] and D, E and F
represent the appropriate moments of inertia for the human head I, I,y and Iz [kg.m’]
respectively, which denote the injury sensitivity for each of the six degrees of freedom of the head.
The headform inertial properties used are the same indicated in Table 3(a). Newman et al. (2000b)
estimated a 50% probability of concussion for a HIP of 12.8 kW, and a HIC value of 240 for a 50"
percentile head.

The HIP value computed in the present study is 23417 W, from equation 4 where the constants
(mass and principal moments of inertia) are substituted by the values given in Table 3(a). The
remaining variables of each principal direction are substituted by the output obtained in the
simulations. The HIP value computed is almost twice the value proposed by Newman et al.
(2000b) for 50% probability of concussion at a maximum HIP of 12.8 kW. However, this
threshold was proposed based on the use of average values for a 50th percentile adult male, while
in this study an M size headform is used and not the medium size J. This clearly affects the results
since mass and accelerations are higher, with greater HIP values expected. The computed value is
slight below the limit of 24 kW predicted by Marjoux et al. (2008) for moderate neurological

injury.
3.4 Brain tissue strain

Aare et al. (2004), after developing a test rig to perform oblique impacts, have tried to develop
a criterion that correlate both translational and rotational acceleration with strains in brain tissue.
In a previous work of this group, Kleiven and von Holst (2003) found that the change in angular
velocity corresponds best with the intracranial strains found in a FE model. For translational
impulses on the other hand, the HI/C and the HIP have shown the best correlations with the strain
levels found in the model (Kleiven and von Holst 2003). Thus, as the strains in the brain tissue are
proportional to the HIC value for pure translations, and also proportional to the change in
rotational velocity for pure rotations of short impact durations (Kleiven and von Holst 2003), it
was suggested by Aare et al. (2004) that the output data can be fitted to the following formula

where ¢ is the maximum strain component at the brain tissue, Aw is the peak resultant change in
rotational velocity, k; and k, are constants. These constants were obtained by regression analysis
for each type impact and are available in Aare et al. (2004). For the impact simulated in this work,
the constants k; = 6.14x10” and k, = 1.32x10” were used. No threshold was proposed by Aare et
al. (2004), however the authors used the thresholds proposed by Bain and Meaney (2000), where a
strain of 20% was shown to be critical to the brain tissue, and the maximal principal strain in the
brain tissue was chosen as a predictor of injuries, once it has been shown to correlate with DAL
The brain tissue strain computed using Eq. (5) is 20.90%, which is slightly greater than the
limit of 20% proposed by Aare et al. (2004) and predicted by Bain and Meaney (2000) as cause of
brain injuries such as DAI. This same threshold was presented by Morrison III et al. (2003) to
predict DAL A lower value of 15% was proposed by Thibault et al. (1990) as a critical level to
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brain strain, in order to predict DAI. Also, Kleiven (2007a) proposed strain brain tissue as a
predictor of concussion and DAI suggesting 0.1 and 0.2 as thresholds, respectively. Shreiber et al.
(1997) derived a threshold of 19% in principal strain in the cortex for a 50% risk of cerebral
contusions, a value that was herein exceeded. Margulies and Thibault (1992) proposed 0.05 to 0.10
of strain, in order to produce moderate-to-severe DAI. Kleiven (2007b) also used first principal
strain as a criterion to predict DAI, proposing a 50% probability of DAI for values of 0.21 for first
principal strain in the corpus callosum. Recently, Wright and Ramesh (2012) defined an axonal
injury threshold value of 18% of strain. All these thresholds were exceeded in this study,
predicting the occurrence of brain injuries. In a similar study performed by Aare et al. (2004), it
was found that the change in rotational acceleration was the parameter that corresponds to a better
correlation with the intracranial strains. This was also concluded by Kleiven and von Holst (2003).

The limit proposed between the different studies can be considered very similar in the sense
that all point to DAI occurrence, although each one of them resulted from different methodologies
like experimental tests, real world accidents' investigations and FE analysis. Therefore, it can be
concluded that in real accidents, a motorcyclist wearing a certified helmet still can suffer brain
injuries such as cerebral concussion and DAI, based on the thresholds that were exceeded for this
type of impact.

4. Conclusions

A certified motorcycle helmet was assessed by predicting head injuries that possibly will result
during a motorcycle accident. A FE motorcycle helmet model was developed in order to accurately
simulate an oblique impact. This type of impacts can be much more similar to a real impact in a
motorcycle accident than the energy absorption tests required by motorcycle helmet standards,
once rotational motion is considered, unlike the standards. In order to rely on the results, the
helmet materials and the helmet-headform system was validated against experimental data from
four energy absorption tests demanded by ECE R22.05 standard. Good correlation was found and
the numerical model was considered adequate enough for a preliminary study on biomechanical
issues resulting from oblique impacts.

The setup in the oblique impact simulations was based on records of real observed crashes
available in the literature. Thus, the results assessed are reliable regarding what really happens in
motorcycle accidents concerning helmet impact. The thresholds that only consider translation,
such as PLA and HIC were considerably lower for oblique impact than the ones found in linear
impacts. This is justified by the introduction of an angular component. This angular component is
greater as the angle of impact increases. This led to other conclusion, that motorcycle helmets are
designed to perform for higher levels of translational accelerations than the average ones verified
in real accidents, which could lead for example to stiffer helmets that can induce head injuries.

The results from the oblique impact, including rotational and translational components were
assessed from a biomechanical point of view, comparing it against head injury thresholds proposed
in the literature. The more conclusive correlations were found with thresholds that predict cerebral
concussion and severe brain injuries induced by critical strains in the brain tissue, such as DAL
Therefore, it could be concluded that an oblique impact with a helmet approved by established
motorcycle standards (such as ECE R22.05 and US DOT FMVSS 218), leads to brain injuries
such as cerebral concussion and DAI or at least a high risk of occurrence. Summing up,
considerable improvements are still necessary for standards to raise motorcycle helmets safety.
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The rotational component in head kinematics must somehow be assessed, and always combined
with the translational motion.

To carry this goal on, two important things are needed: 1) well accepted head injury thresholds
or criteria and ii) a standard test rig that can be the reference to replicate impacts with helmets that
typically occurs in the reality, such as the oblique impact performed in this study. The results here
obtained reinforce this idea: rotational acceleration must be assessed. There is still a long way to
go regarding motorcycle helmet safety, where standards demands greatly affects the pace of design
evolution.

Acknowledgments

The authors are grateful to the Portuguese Foundation for Science and Technology (FCT) who
financially supported this work, through grant PTDC/EME-TME/109856/2009, COMPETE
Program and the scholarship SFRH/BD/91292/2012, and also to CMS helmets, Portugal.

References

Aare, M. and von Holst, H. (2003), “Injuries from motorcycle and moped crashes in Sweden from 1987-
19997, Inju. Contr. Safe. Prom., 10, 131-138.

Aare, M., Kleiven, S. and Halldin, P. (2004), “Injury tolerances for oblique impact helmet testing”,
International Journal of Crashworthiness, 9(1), 15-23.

Abaqus 6.10 documentation (2010), Hibbitt, Karlsson & Sorensen, Inc.

ABNT, Associagdo Brasileira de Normas Tecnicas (2001), Capacetes de motocicletas e similares, Technical
Report NBR 7471:2001, Rio de Janeiro.

Advani, S., Ommaya, A. and Yang, W. (1982), Head Injury Mechanisms, In Human Body Dynamics, Ed.
Ghista, Oxford University Press, Oxford, United Kingdom.

Alves de Sousa, R.J., Gongalves, D.F.S., Coelho, R.M. and Teixeira-Dias, F.M.V.H. (2012), “Assessing the
effectiveness of the use of a natural cellular material as safety padding in motorcycle helmet”, Simul., T.
Soc. Model. Simul. Int., 88(5), 579-590.

ANSR, Autoridade Nacional Seguranca Rodoviaria (2010), Observatorio de Seguran¢a Rodoviaria,
Sinistralidade Rodoviaria, Lisboa.

ANSR, Autoridade Nacional Seguranga Rodoviaria (2011), Observatorio de Seguran¢a Rodoviaria,
Sinistralidade Rodoviaria, Lisboa.

Bain, B.C. and Meaney, D.F., (2000), “Tissue-level thresholds for axonal damage in an experimental model
of central nervous system white matter injury”, J. Biomech. Eng., 122 (6), 615-622.

CATIA V5 (2008), User Manual, Dassault Systems.

Coelho, R.M., Alves de Sousa, R.J., Fernandes, F.A.O. and Teixeira-Dias, FM.V.H. (2013), “New
composite liners for energy absorption purposes”, Mater. Des., 43, 384-392.

COST327 (2001), Motorcycle safety helmets. Final report of the action, European Communities, Belgium.

Davidsson, J., Angeria, M. and Risling, M.G. (2009), “Injury threshold for sagittal plane rotational induced
diffuse axonal injuries”, Proceedings of IRCOBI Conference, Y ork, September.

Di Landro, L., Sala, G. and Olivieri, D. (2002), “Deformation mechanisms and energy absorption of
polystyrene foams for protective helmets”, Poly. Test., 21, 217-228.

ECE Regulation 22.05 (2002), Uniform provision concerning the approval of protective helmets and their
visors  for driver and passengers of motor cycles and mopeds, United Nations,
www.unece.org/fileadmin/DAM/trans/main/wp29/wp29regs/r022rde.pdf.

ERSO, European Road Safety Observatory (2012), Annual statistical report based on data from CARE/EC.



678 Fabio A.O. Fernandes and R.J. Alves de Sousa

Internet: http://ec.europa.eu/transport/road_safety/pdf/observatory/historical evol.pdf

Fernandes, F.A.O. and Alves de Sousa, R.J. (2013), “Motorcycle helmets - a state of the art review”, Acc.
Anal. Prev., 56, 1-21.

Fernandes, F.A.O., Alves de Sousa, R.J., Willinger, W. and Deck, C., (2013), “Finite element analysis of
helmeted impacts and head injury evaluation with a commercial road helmet”, Proceedings of IRCOBI
Conference, Gothenburg, September.

Fijalkowski, R.J., Stemper, B.D., Ellingson, B.M., Yoganandan, N., Pintar, F.A. and Gennarelli, T.A.
(2006), “Inducing mild traumatic brain injury in the rodent through coronal plane angular acceleration”,
Proceedings of IRCOBI Conference, Madrid, September.

Gennarelli, T.A. (1983), “Head injury in man and experimental animals: Clinical aspects”, Acta
Neurochirurgica Suppl., 32, 1-13.

Gennarelli, T.A., Pintar, F.A. and Yoganandan, N. (2003), “Biomechanical tolerances for diffuse brain
injury and a hypothesis for genotypic variability in response to trauma”, Proceedings of the 47" Annual
Association for the Advancement of Automotive Medicine, 624-628.

Lowenhielm, P. (1974), “Strain tolerance of the Vv. Cerebri Sup. (bridging veins) calculated from head-on
collision tests with cadavers”, Zeitschrift fur Rechtsmedizin, 75(2), 131-144.

Lowenhielm, P. (1975), “Mathematical simulation of gliding contusions”, J. Biomech., 8, 351-356.

King, A., Yang, K., Zhang, L., Hardy, W. and Viano, D. (2003), “Is head injury caused by linear or angular
acceleration? ”, Proceedings of IRCOBI Conference, Lisbon, September.

Kleiven, S. and von Holst, H. (2003), “Review and evaluation of head injury criteria”, Proceedings RTO
Specialist Meeting, the NATO, Koblenz.

Kleiven, S. (2007a), Head injury biomechanics and criteria, Biomechanics and Neuronics, Course Literature,
KTH.

Kleiven, S. (2007b), “Predictors for traumatic brain injuries evaluated through accident reconstructions”,
Proceedings of the 51™ Stapp Car Crash Conference, 81-114.

Margulies, S.S. and Thibault, L.E. (1992), “A proposed tolerance criterion for diffuse axonal injury in man”,
J. Biomech., 25(8), 917-923.

Marjoux, D., Baumgartner, D., Deck, C. and Willinger, R. (2008), “Head injury prediction capability of the
HIC, HIP, SIMon and ULP criteria”, Acc. Anal. Prev., 40(3), 1135-1148.

Mellor, A. and StClair, V. (2005), “Advanced motorcycle helmets”, Proceedings of the 19" International
Technical Conference of the Enhanced Safety of Vehicles, Washington DC.

Mills, N.J., Wilkes, S., Derler, S. and Flisch, A. (2009), “FEA of oblique impact tests on a motorcycle
helmet”, Int. J. Impact Eng., 36, 913-925.

Morrison, III, B., Cater, H.L., Wang, C.C.B., Thomas, F.C., Hung, C.T., Ateshian, G.A. and Sundstrom,
L.E. (2003), “A tissue level tolerance criterion for living brain developed in an in vitro model of traumatic
mechanical loading”, Proceedings of 47" Stapp Car Crash Conference, SAE Paper No. 2003-22-0006.

Newman, J.A. (1986), “A generalized model for brain injury threshold (GAMBIT)”, Proceedings of IRCOBI
Conference, Zurich, September.

Newman, J., Barr, C., Beusenberg, M., Fournier, E., Shewchenko, N., Welbourne, E. and Withnall, C.
(2000a), “A new biomechanical assessment of mild traumatic brain injury part 2 - results and
conclusions”, Proceedings of IRCOBI Conference, Montpellier, September.

Newman, J.A., Shewchenko, N. and Welbourne, E. (2000b), “A New Biomechanical Head Injury
Assessment Function: The Maximum Power Index”, Stapp Car Crash J., 44, 215-247.

Newman, J. (2005), “The biomechanics of head trauma and the development of the modern helmet. How far
have we really come?”, Proceedings of the IRCOBI Conference, Prague, September.

Ommaya, A.K., Hirsch, A.E., Harris, E. and Yarnell, P. (1967), “Scaling of experimental data in cercbral
concussion in sub-human primates to concussive threshold for man”, Proceedings of the 11" Stapp Car
Crash Conference, New York, October.

Ommaya, A K. (1985), Biomechanics Of Head Injury: Experimental Aspects, Biomechanics of Trauma, Eds.
Nahum, A.M., Melvis, J.W., Appleton-Century-Crofts, Norwalk.

Otte, D., Chinn, B., Doyle, D., Mikitupa, S., Sturrock, K. and Schuller E. (1999), Contribution to Final



Finite element analysis of helmeted oblique impacts and head injury evaluation 679

Report of COST 327 Project, University of Hannover.

Ouellet, S., Cronin, D. and Worswick, M. (2006), “Compressive response of polymeric foams under quasi-
static, medium and high strain rate conditions”, Poly. Test., 25(6), 731-743.

Shreiber, D.I., Bain, A.C. and Meaney D.F. (1997), “In vivo thresholds for mechanical injury to the blood-
brain barrier”, Proceedings of 41" Stapp Car Crash Conference, Society of Automotive Engineers.

Shuaeib, F.M., Hamouda, A.M.S, Hamdan, M.M., Radin Umar, R.S. and Hashmi, M.S.J. (2002),
“Motorcycle helmet: part 11, materials and design issues”, J. Mater. Proc. Tech., 123, 422-431.

Thibault, L.E., Gennarelli, T.A., Margulies, S.S., Marcus, J. and Eppinger, R. (1990), “The strain dependant
pathophysiological consequences of inertial loading on central nervous system tissue”, Proceedings of
IRCOBI Conference, September.

Thomson, R., Lévsund, P., Norin, H., Jakobsson, L., Bostrom, O. and Haland, Y. (2001), “Brain injuries in
real world accidents - a multidisciplinary investigation”, Proceedings of IRCOBI Conference, Isle of Man,
September.

U.S. Department of Transportation, Federal Motor Carrier Safety Administration, Standard No. 218,
Motorcycle  helmets, Regulations current to  29/02/2012, http://www.fmcsa.dot.gov/rules-
regulations/administration/fmcsr/fmesrruletext.aspx?reg=>571.218 26/03/2012.

Ueno, K. and Melvin, J.W. (1995), “Finite element model study of head impact based on hybrid III head
acceleration: The effects of rotational and translational acceleration”, J. Biomech. Eng., 117(3), 319-328.
Vallée, H., Hartemann, F., Thomas, C., Tarri¢re, C., Patel, A. and Got, C. (1984), “The fracturing of helmet

shells”, Proceedings of IRCOBI Conference, Delft, September.

WHO (2009), Global status report on road safety: time for action, The World Health Organization, Geneva,
http://www.who.int/violence_injury prevention/publications/road_traffic/world report/en/index.html.

Wright, R.M. and Ramesh, K.T. (2012), “An axonal strain injury criterion for traumatic brain injury”,
Biomech. Model. Mech., 11, 245-260.

Zhang, L., Yang, K. and King, A. (2004), “A proposed injury threshold for mild traumatic brain injury”, J.
Biomech. Eng., 126(2), 226-236.





