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Abstract: Every year, thousands of people die in the European Union as a direct result of road
accidents. Helmets are one of the most important types of personal safety gear. The ECE R22.05
standard, adopted in 2000, is responsible for the certification of motorcycle helmets in the European
Union and in many other countries. Two decades later, it is still being used with the same
requirements, without any update. The aim of this work is to evaluate the efficacy of a motorcycle
helmet certified by such standard, using computational models as an assessment tool. First, a finite
element model of a motorcycle helmet available on the market was developed and validated by
simulating the same impacts required by the standard. Then, a finite element model of the human
head is used as an injury prediction tool to assess its safety performance. Results indicate a significant
risk of brain injury, which is in accordance with previous studies available in the literature. Therefore,
this work underlines and emphasizes the need of improving the requirements of ECE R22.05.

Keywords: crashworthiness; finite element model; head impact; helmet; numerical simulation;
traumatic brain injury

1. Introduction

Road accidents are one of the major causes of death in the world, 1.35 million deaths each year,
and is the main cause of death for children and young adults (5-29 years of age) [1]. Every year,
thousands of people lose their lives or are seriously injured in accidents on EU roads [2]. In 2017, 14%
of a total of 25,300 deaths due to road accidents in EU involved motorcyclists [2]. ECE R22.05 is the
European helmet safety standard responsible for the certification of motorcycle helmets, also being
recognized outside the EU [3]. It was adopted in 2000 and is currently recognized by 62 countries
and is the most widespread helmet standard. Twenty years have passed since its adoption and the
requirements are exactly the same.
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Nowadays, the majority of helmet standards are targeted with criticism involving their test
methods and certification criteria. During the last two decades, effort has been made by the scientific
community in the area of road helmet safety, from the biomechanics of head injuries to new solutions
in terms of materials and devices. In some studies, the criterion used by ECE R22.05 is criticized
since it does not take into account the rotational component, relying only on the maximum value
of linear acceleration (PLA) and on the linear acceleration-time history through the head injury
criterion (HIC) [4]. Although the latter takes into account impact duration, many researchers have been
criticizing HIC for several reasons, such as for not taking into consideration the rotational acceleration,
impact direction and head size and also for having nonsensical units [5-13].

Although the rotational motion is disregarded by ECE R22.05, the rotational acceleration is
always present in real motorcyclists” accidents [14] and has a tremendous effect on brain injuries [15].
For instance, motorcycle accidents involving helmeted impacts and that usually result in severe injuries
are frequently associated with rotational forces [16,17]. When these forces act on the head, the results
are large strains in the brain, which have been proposed as a cause of severe traumatic brain injury
(TBI), for instance diffuse axonal injury (DAI) and subdural hematoma (SDH) due to the tear of
neuronal axons in brain tissue and the rupture of bridging veins, respectively [18,19].

Newman [20] also highlighted these issues, as well as the continued use of outmoded test methods
that do not properly reflect the real circumstances of accidents such as the headform biofidelity,
the nature of the failure criteria and the impact kinematics, which influences the movement of a
tested helmeted headform. In another study, Pratellesi et al. [21] tested uncertainties regarding the
certification procedure in ECE R22.05 standard. Finite element (FE) simulations revealed that the
HIC value is changed by up to 30% by testing uncertainties that are in total agreement with the
corresponding standard. This fact casts its credibility into doubt since a deviation of 30% is not within
a tolerable range for a safety issue.

Overall, there is a general consensus that helmets are designed, manufactured and tested
to meet the standards requirements, with lower consideration for biomechanical findings [22,23].
An optimization based on biomechanical criteria (e.g., intracranial pressure, shear strain, etc.) is
different from the optimization based on HIC, which, in the case of helmet certification is based and
highly dependent on the acceleration of a rigid headform [24]. Successful prevention relies on a sound
understanding of injury mechanisms and knowledge of the biomechanical responses [25]. Currently, it
is well known that helmets substantially reduce head injury, being undoubtedly safer to wear a helmet
rather than none. Nonetheless, helmets are primarily designed to reduce headform linear deceleration,
instead of focusing directly on head injury prevention [23,26-29].

Virtual testing makes it possible to assess the influence of a large number of parameters in a
cheaper and more flexible way than experimental testing. Advanced FE models of helmets have been
developed, accurately modeling its components geometry, material properties, contact/interactions,
etc. Some of these models were developed with the goal to optimize the helmet design according
to specific criteria [23,27,28,30-38]. These coupled with FE head models make it possible to predict
traumatic brain injuries [39-49].

FE head models have been evolving over the decades, from rough spherical or ellipsoidal volumes
modeled as linear elastic materials to accurate modeling of cerebral sulci and gyri structures with
non-linear material models. For instance, in recent works, cerebral vasculature and fluid—structure
interaction (FSI) models have been developed [50,51], respectively. Once validated, these numerical
models make it possible to compute several variables, not only from the impacted helmet but also
from the human head. For instance, these numerical models have been used to optimize the helmet
design based on the injury predictions computed with FE head models [23,34].
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The aim of this work is to evaluate the efficacy of a motorcycle helmet certified by ECE R22.05.
First, an FE model of a motorcycle helmet available on the market and its validation are presented.
This validation is in regards to the acceleration measured at the headform center of gravity during the
linear impacts defined in the ECE R22.05 standard. Then, an FE model of the human head is used as
an injury prediction tool to assess its safety performance.

2. Materials and Methods

In this work, a motorcycle helmet certified by the ECE R22.05 standard is assessed with an FE
head model, by simulating the energy absorption tests prescribed by the same standard and used
to validate the FE motorcycle helmet model. The safety level of this helmet was assessed based on
the head injury risk predictions by the YEt Another Head Model (YEAHM), previously developed
by the authors [39,52]. A similar analysis was previously carried out in [24]. However, this one was
performed with a different FE head model and only one impact point was assessed. The present work
aims to provide a broader analysis.

2.1. Motorcycle Helmet Model

2.1.1. Numerical Modeling

In this work, a motorcycle helmet that fully meets the ECE R22.05 regulation [3] was modeled
(Figure 1). The overall geometry of the helmet was provided by the manufacturer. Nevertheless, an
arduous stage of geometric modeling was still necessary in order to have a geometrically accurate FE
mesh. The geometry of the different parts that compose the helmet was improved in CATIA software
and then, these parts were meshed in Abaqus.

Figure 1. Certified motorcycle helmet and the developed finite element (FE) model.

The developed FE helmet model is composed by a shell and by a multi-part liner. The latter is
composed by four parts, having two lateral liners on the temporal region (left lateral liner in brown
in Figure 1). These were considered the main and most important helmet parts regarding its impact
performance. In the literature, it is rare to find a study where the comfort padding was modeled. In
one exception, Brands et al. [53] modeled the comfort liner and concluded that its effect is negligible.
In addition, Pinnoji and Mahajan [54] affirmed that this extremely soft foam does not contribute to
energy absorption, being used only for fitting helmets to different head sizes. As a result of its low
stiffness, the comfort foam deforms completely without absorbing any relevant amount of energy,
and therefore, has no direct influence in impact protection [55]. Thus, comfort padding does not have
influence on the headform’s response during an impact [56]. Therefore, from a cost-benefit ratio, the
comfort padding was not modeled.
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The expanded polystyrene (EPS) liners thickness varies from 20 mm to 50 mm. The thicker one
that covers the top of the head varies mostly between 40 and 50 mm, being only thinner at the low rear
region. On the other hand, the thickness of the lateral ones varies from 20 to 40 mm, being also thinner
at the low rear. The outer shell made of acrylonitrile butadiene styrene (ABS) has a thickness of 3 mm.

According to ECE R22.05 regulation, for the size of this helmet, a 5.6 kg headform should be used
(M size). The developed FE headform model is shown in Figure 1 and its inertial characteristics are
given in Table 1.

Table 1. Headform mass and principal inertial moments.

Mass [kgl L [kgem?] I, [kgcm?] I [kg cm?]
5.6 370 440 300

Four-node linear tetrahedral elements were employed to mesh the liner. This type of element was
used mainly due to its complex geometry. On the other hand, the shell was modeled with four-node
linear shell elements with enhanced hourglass control. The headform and the flat anvil were modeled
with rigid quadrangular elements. Although the ECE R22.05 standard requires more than one anvil,
only the flat anvil was modeled because it is the most impacted object (e.g., road surface) in motorcycle
crashes involving head impact [57,58].

The meshes were created always avoiding distorted and warped elements. Additionally, special
attention was given to the time increment, not having very small elements in order to have a reasonable
computation time but at the same time a mesh refined enough to obtain precise results. In order to
verify the mesh influence, a mesh convergence analysis was carried out by varying the mesh density.
A summary of the meshes, including the element types, integration schemes and mesh density, is

presented in Table 2.
Table 2. Mesh characteristics of the helmet model.
Part Element Type (Abaqus) N. of Elements N. of Nodes
Shell Four-node linear shell (S4) 11,954 12,310
Liner Four-node linear tetrahedron (C3D4) 109,872 24,545
Headform .. 1346 1348
Anvil Rigid quadrangular shell (R3D4) 4 9

In order to simulate the interactions between the headform and the liner and also the interactions
between the anvil and the shell, a surface-to-surface type of contact with friction coefficients of 0.55 and
0.5 were used, respectively [59]. Also, a tie was used to simulate the interaction between glued parts.

According to the ECE R22.05 standard, the helmet-headform system is dropped, without any
restriction, against an anvil with at 7.5 m/s. During the impact test, the acceleration is measured and
recorded thanks to a built-in triaxial accelerometer positioned at the center of gravity (COG) of the
rigid headform. Thus, the anvil is fully constrained and an impact velocity of 7.5 m/s was prescribed to
the helmet-headform model. ECE R22.05 standard requires four impact configurations, the B (frontal),
P (vertex), R (back) and X (lateral) impact points. The explicit solver of Abaqus was used to simulate
the impacts.

2.1.2. Material Modeling

In order to simulate the helmeted impacts, it was necessary to choose suitable constitutive material
models to simulate the mechanical behavior of each material. Two different materials were modeled,
EPS and ABS. The EPS foam was modeled as an elasto-plastic material. The elastic part is specified as
linear isotropic elasticity, as described by Equations (1)-(3). The Young’s modulus of EPS is 36 MPa
and it has a null Poisson’s ratio.
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In order to simulate the plastic behavior, the crushable foam material model was employed. This
model is intended for the analysis of crushable foams that are typically used as energy absorption
structures. In this plastic model, the yield surface is a von Mises circle in the deviatoric stress plane
and an ellipse in the meridional (p-q) stress plane [60]. The crushable foam model with volumetric
hardening uses a yield surface with an elliptical dependence of deviatoric stress on pressure. A point
on the yield ellipse in the meridional plane that represents hydrostatic tension loading is fixed and
the evolution of the yield surface is driven by the volumetric compacting plastic strain [60]. Thus,
it assumes that the evolution of the yield surface is controlled by the volumetric compacting plastic
strain experienced by the material. The yield surface for the volumetric hardening model is defined as:

F:\/’12+“2(P*P0)2*B=0 )
1 .
p=- gtr((r) is the pressure;
= gS :S  is the von Mises stress;
S=o0c+ypl is the deviatoric stress and I is the identity matrix;
B=aA is the size of the (vertical) g-axis of the yield ellipse;
A=Pe ;L Pt is the size of the (horizontal) p-axis of the yield ellipse;
x=B/A is the shape factor of the yield ellipse;
po = # is the center of the yield ellipse on the p-axis;
Pe is the yield stress in hydrostatic compression (always positive);
pt is the strength of the material in hydrostatic tension.

The yield surface represents the von Mises circle in the deviatoric stress plane and is an ellipse on
the meridional stress plane, as depicted in Figure 2.

The yield surface evolves with a constant « and thus, a can be computed using the initial yield
stress in uniaxial compression, ¢, the initial yield stress in hydrostatic compression, p? (the initial
value of p.), and the yield strength in hydrostatic tension, p;, by:

3k
= BRI RG-R ©)
k= ‘;2 6)
ke =L )

For a valid yield surface the choice of strength ratios must be such that k has a value between 0
and 3 and k; is positive. In order to define the shape of the yield surface, values are provided to k and
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k¢ as input for the material model and thus, the necessary ¢?, p? and p; are defined. The values here
used are based in the ones determined by [59]. In addition, it uses the plastic part of the stress—strain
curve obtained for EPS in a quasi-static uniaxial compression obtained in [61]. p; usually have a weak
effect on the numerical results unless the foam is stressed in hydrostatic tension [60]. The strength
ratios k; and k were defined as 0.1 and 2.5, respectively.

uniaxial compression

o9 Po-p, P P, p

Figure 2. Crushable foam model with volumetric hardening: yield surface and flow potential in the
p-q stress plane (adapted from [60]).

On the other hand, ABS is a stiff thermoplastic material very resistant to penetration. ABS was
modeled as specified as an isotropic linear-elastic material model, described by Equations (1)—(3).
This option is 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 elastically, which is an
acceptable simplification for a shell made from a thermoplastic like ABS. In addition, in the literature,
thermoplastic shells are modeled as linear elastic materials, using only non-elastic models to simulate
composite shells [62]. The Young’s modulus and the Poisson’s ratio of ABS are 4 GPa and 0.37,
respectively. These are based on the properties used by [37]. The properties have been previously used
with success to validate this helmet model [33] and even by other authors [63]. In addition, based on
the properties used in this thesis for both ABS and EPS and previously published in [24,33,63] used
the same properties to model a helmet, which was validated with success.

2.1.3. Acceleration Curves

The comparison between experimental data from energy-absorption tests required by the ECE
R22.05 standard and the simulations are in good agreement. This comparison is based on the
acceleration recorded at the headform COG, is shown in Figure 3. Overall, there is a good agreement
between experiments and simulations for all four impact points. The small differences between
experimental and numerical results may be explained by the absence of some neglected components.
For instance, the impacted area at point X has several parts that were not modeled such as 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 helmet model was considered adequate enough for the
further analyses.
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Figure 3. ECE R22.05 impact results—a comparison between experimental and numerical accelerations.
2.2. Injury Risk Evaluation

The use of tools, such as FE head models, together with local tissue thresholds seems to be the
best way to evaluate the influence of both translational and rotational motion in head structures [64].
The brain response can be analyzed in terms of several parameters, such as pressure and strain. This
evaluation consists of determining the risk of head injuries that can possibly occur with a certified
helmet. In order to perform such analysis, the experimental data from the impact tests required by
ECE R22.05 standard were used to drive YEAHM. This analysis was performed for the four impacts
(B, P, R and X) required by the ECE R22.05 standard.

Thus, the acceleration measured in these impacts and presented in Figure 3 was induced to
YEAHM’s skull. We used the exact same procedure used in validation of YEAHM'’s brain motion
according to the experiments performed by [65]. The head injury criteria and respective thresholds
previously reviewed in [4], more specifically the stress and strain based injury criteria are used together
with YEAHM to perform an injury risk analysis.

YEAHM

YEAHM consists of skull, cerebrospinal fluid (CSF) and brain, being constituted by a total of
991,617 quadratic tetrahedral elements. Tetrahedral elements may show volumetric locking, especially
in case of soft tissues such as the brain, which are modeled as almost incompressible materials [66].
Thus, artificial stiffening due to incompressibility was always a concern, justifying the refined mesh.

Brain tissue is a very soft, strain rate sensitive, non-linear viscoelastic material, usually assumed to
be incompressible due to its high water content. YEAHM’s brain tissue mechanical behavior is modeled
by a hyper-viscoelastic material model, with a hyperelastic model to describe the non-linear elasticity,
combined with a viscoelastic model to describe the time-dependent behavior. The hyperelastic model
is defined by a strain energy potential, also known as strain energy density function, which defines
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the strain energy stored in the material per unit of reference volume (initial volume) as function of
the strain in the material. Each hyperelastic model has their own strain energy potential, W, from
which the relationship between stress and strain tensors is derived. The strain energy function, W,
is usually defined in terms of the invariants (I1, I, I3) of the strain tensor, which is itself defined by
the deformation gradient tensor, F. This relation is established by the left Cauchy—Green deformation
tensor, B:

B = FF! 8)
The invariants of B are defined as:
I = tr(B) = A2+ A3 + A3 )
1
b = 5[tx(B)? — tr(B2)] = ATA3 4+ 233+ A1A] (10)
I3 = detB = J? = (det(F))? = A2A2A3 (11)

where A; are the principal stretches and ] is the total volume ratio given by the determinant of the
deformation gradient. The Ogden model is used to describe the non-linear mechanical behavior of the
brain [67]:

N1

5 (=1 (12)
11

i

where A; are the deviatoric principal stretches, which can be obtained through the relation between the
total volume ratio | and the principal stretches A;,

i =] (13)

N, ui, «; and D; are material parameters. The initial shear modulus, y, can be obtained through
Equation (14).

N
Ho= ) i (14)
i=1
The bulk modulus for the Ogden form is given by:
2
Ko = Dy (15)
Thus, the one-term Ogden hyperelastic function is given by:
_ 200 5m  5e ym 1 2
W= (A" + A+ A5 =3)+ — (] - 1) (16)
txl D1

If a material is incompressible, the third strain invariant has a value of 1, and the strain energy
function is only a function of the first two invariants. Thus, an isotropic hyperelastic incompressible
material is characterized by a strain-energy density function W, which is a function of two principal
strain invariants only. The stress—strain relationship is then obtained from a partial derivative of the
strain energy potential with respect to deformation gradient tensor F.

The relaxation response is based on a Prony series and the strain energy function is developed in
the form of a convolution integral. Thus, in order to model the brain’s non-linear elasticity and the
time-dependent behavior, the one-term Ogden hyperelastic model and a Prony series are combined:
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2 gt d - - -
W= ;/0 [y(t—f)d—T(Ai‘l—FAgl—i—Agl —3)Jdt + —(J —1)2 (17)
1

Hence, the relaxation of the time-dependent shear modulus y(t) to describe the viscous response

of the tissue is: ;
u(t) = po[l = Y ge(1—e™"/™)] (18)
k=1

where i is the initial shear modulus, Ty are the characteristic relaxation times and g are the relaxation
coefficients, which can be determined from the experimental data. The parameters used for the
one-term Ogden model and for Prony series are based on the ones determined by [68,69]. Table 3
presents the values used to model the brain.

Table 3. Properties used to model the brain.

plkg/m’] p[MPal &  Di[MPa~'l g 82 T lsl  T2ls]
1040 0.012 5.0507 0.04 0.5837 0.2387 0.02571  0.02570

CSF is modeled as a solid with a very low shear modulus and as a hyperelastic material, using
the Mooney-Rivlin strain energy potential:

W = Cio(L —3>+cm<1'2—3>+Dil<1—1>2 (19)

where W is the strain energy per unit of reference volume; Cyg, Cp1, and D; are material parameters;
and I; and I, are the first and second deviatoric strain invariants defined as:

L=J23n (20)

L=]"*°n (21)

The bulk modulus can be obtained through Equation (15). The initial shear modulus is given by:

to = 2(Cio + Co1) (22)

Table 4 gives the values used to model the CSE. The CSF density used is the same as water
since the two are similar. Regarding the values used for the Cyg, Cp; and D;, these are higher than
the ones typically used in the literature. This is normal since YEAHM'’s CSF global model needs to
account for all the internal contents, except the brain. Nevertheless, the relation C;p = 0.9 Cp; used by
Gilchrist [70] was adopted here.

Table 4. Properties used to model the CSE.

p [kg/m3] Cyo[MPa]l Cp [MPa]l D; [MPa=—1]
1000 0.9 1 0.9

For this particular work, there was no need to use a deformable skull. Therefore, it was modeled
as rigid body. YEAHM is validated according to the experiments from Nahum et al. [71] and
Hardy et al. [65], which are considered benchmark tests and were used to assess YEAHM's intracranial
pressure response and brain motion, respectively. Given the complexity and strong non-linearity of
the brain tissue’s mechanical response, it is unrealistic to expect that one constitutive model will fit all
circumstances. Depending on the loading regimes, specific brain tissue properties may be necessary to
capture the correct response of brain tissue. Fortunately, the following tests performed in cadavers and
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used for validation were designed to replicate road accidents. A broader and complete description of
the model and its validation can be found in Fernandes et al. [39] and Fernandes et al. [52].

3. Results

The acceleration measured during the impacts and presented in Figure 3, is used to drive the
head model. The output parameters used as injury criteria to assess the helmet are the ones typically
indicated in the literature, e.g., hydrostatic pressure and the maximum principal strain [4]. The analysis
described below focuses on injury criteria, whose thresholds were exceeded.

3.1. Impact Point B

Considering the maximum principal strain measured in the brain, a significant risk of injury was
identified at the contrecoup region. In the literature, the maximum principal strain thresholds vary
between 0.1 and 0.49 [4]. Figure 4 shows a considerable volume where the maximum principal strain
value is ranging between 0.1 and 0.4. The dark region is characterized by maximum principal strain
values inferior to 0.1. Thus, this corresponds to a uninjured region.

NE, Max. Principal
(Avg: 100%)

+4.000e-01
+3.750e-01
+3.500e-01
+3.250e-01
+3.000e-01
+2.750e-01
+2.500e-01
+2.250e-01
+2.000e-01
+1.750e-01
+1.500e-01
+1.250e-01
+1.000e-01

Figure 4. Maximum principal strain at the occipital lobe.

On the other hand, the colored regions are associated with a relevant risk of injury. These represent
brain regions where thresholds were exceeded. Regarding the color scale, the red regions are the most
probable ones to be injured. It is clear that almost the entire occipital lobe is under high strain values.
Thus, it is clear that at least mild brain injuries are an almost certain outcome. In Figure 4 the color
transition between blue and green represents an approximate maximum principal strain of 0.2, which
demonstrates a considerable volume of brain tissue experiencing a significant strain. The strain values
of 0.18 and 0.21 proposed by [72,73] respectively, represent the most used thresholds for principal
strain to predict DAL

The cumulative strain damage measure (CSDM), which is considered one of the most promising
stress—strain based injury criteria, was also evaluated. CSDM is based on the brain’s cumulative
volume fraction calculation, which has experienced a specific level of stretch (maximum principal
strain). Prior to the moment captured in Figure 4, which corresponds to almost 10 ms, a larger brain
volume was experiencing a strain higher than 0.15. A brain volume of approximately 20% of its total
volume experienced a maximum principal strain of 0.15. This volume is composed mainly by the
corpus callosum, some internal regions of the parietal and temporal lobes and the entire occipital lobe.
This corresponds to a CSDM level of 20, which is associated to an almost certain mild DAI and close to
a moderate-to-severe DAI according to the values presented by [74].
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The brain pressure was also evaluated. By comparing the brain pressure obtained with YEAHM
with the threshold values in the literature [4], a tremendous risk of injury was found. Regarding
coup pressure, the limit values range between 90 and 256 kPa depending on the type of injury. In
Figure 5 the color limits were defined between 100 and 500 kPa. The brain model is almost totally
colored, which means that almost the entire brain was subjected to a pressure higher than 100 kPa. The
dominant color is light green which is equivalent to a pressure higher than 300 kPa, which is higher
than any threshold in the literature. Therefore, a high risk of severe injuries is identified, reaching
dangerous pressure levels.

S, Pressure
(Avg: 100%)

+5.000e-01
+4.667e-01
+4.3332-01
+4.000e-01
+3.667e-01
+3.333e-01
+3.000e-01
+2.667e-01
+2.333e-01
+2.000=-01
+1.667e-01
+1.333e-01
+1.000=-01

Figure 5. A cut view at the frontal lobe, showing the brain internal pressure in MPa.

The DDM was also evaluated, but the average negative pressure found at the contrecoup
region was under —100 kPa (in absolute value), which is a safe value according to the literature [4].
Nevertheless, a small region with values near —100 kPa was found at the same area marked red in
Figure 4. This region presents the higher value for negative pressure. Thus, it is evident that there
exists a relation between these two parameters regarding the contrecoup. However, the volume that
sustained a pressure of —100 kPa was small and did not reach any proposed threshold for DDM. Only
the —76 kPa proposed by [75] for a 50% risk of MTBI was exceeded.

Additionally, in this exact same region, the maximum von Mises stress was found (Figure 6). The
maximum values of von Mises stress, maximum principal strain and negative pressure were found
at this region and at the same time of impact, which is approximately 10 ms. Figure 6 shows the
occipital lobe experiencing high levels of von Mises stress. The transition between blue and green is
characterized by a stress of approximately 40 kPa. In addition, the region where the maximum value
was found exceeds 100 kPa (light gray volume), reaching a localized maximum of 260 kPa, which
exceeds any proposed value given in the literature.

In addition, the entire brain experienced an average stress higher than 10 kPa, as shown in Figure 7.
This demonstrates that the entire brain is at risk and not just the occipital lobe. In the von Mises stress
mapping depicted in Figure 7, it is clear that corpus callosum is under a high stress concentration,
which clear demonstrates a high injury risk, specifically at this region.
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Figure 6. Maximum von Mises stress in MPa at the occipital lobe.
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Figure 7. Sagittal cut view at the moment of maximum acceleration—von Mises stress in MPa.

When the peak acceleration in Figure 3 is reached, compression of the frontal lobe and the relative
displacement between the occipital lobe and the skull reach their maximums. Then, the rebound
immediately starts and the occipital lobe impacts the skull, compressing the brain at the contrecoup
region. This is most likely the cause of the maximum von Mises stress. Additionally, during the
rebound, the brain tissue stretches at this region, causing the maximum principal strain value.

The CSF strain energy and its pressure were also analyzed and compared with the values proposed
in the literature regarding SDH prediction. The maximum strain energy found in the CSF was 6490 m],
which is higher than the values proposed in the literature [76,77]. For instance, the highest value was
proposed by [77], a limit of 4950 m]. Nevertheless, the value computed with YEAHM may not be
feasible to directly compare with injury thresholds, since the global model of CSF incorporates the
properties of all the intracranial contents with exception of the brain. Nevertheless, this value may be
useful to compare different helmets for the same impact conditions. The authors in [77] also proposed
a CSF pressure of 290 kPa as tolerance for SDH. This value was never exceeded, reaching a maximum
pressure of 265.8 kPa next to the corpus callosum.

In conclusion, for an impact at point B, a high risk of brain injuries are predicted for this certified
helmet. Although there is strong evidence that a standard-approved helmet does not fully protect its
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user in the same impact used to certify it, the remaining three impacts (P, R and X) were also analyzed
in order to eliminate any dependence on the type of impact.

3.2. Impact Point P

Similarly to impact point B, the impact at point P was also evaluated. As in the previous section,
the acceleration presented in Figure 3 is used to drive YEAHM. The same output parameters are used
to assess the helmet impact performance at this point. Regarding the von Mises stress, two different
levels were observed in YEAHM. A lower stress level across the cerebrum reaching an average of
12 kPa, and a much higher level in cerebellum. In Figure 8, considering that the transition between
blue and green occurs for an approximate value of 25 kPa and that light gray is higher than 60 kPa, an
injury at the cerebellum is most likely to occur.

S, Mises
(Avg: 75%)

+6.000e-02
+5.565e-02
+5.130e-02
+4.695e-02
+4.260e-02
+3.825e-02
+3.390e-02
+2.955e-02
+2.520e-02
+2.085e-02
+1.650e-02
+1.2152-02
+7.800e-03

Figure 8. Coronal cut view at the moment of maximum acceleration, showing the von Mises stress
in MPa.

Again, the maximum von Mises stress is experienced at the contrecoup region and at the moment
of maximum acceleration. The von Mises stress values at the cerebellum and at the base of brainstem
were higher than all values available in the literature [4]. Actually, the brainstem seems to be one of
the most sensitive regions to von Mises stress, due to the low values proposed as thresholds at this
region. For instance, a 50% probability of concussion was proposed by [75] for von Mises stress values
higher than 7.8 kPa in the brainstem. In addition, the value of 8.4 kPa in the corpus callosum, proposed
by [41] for a 50% probability of concussion, was largely exceeded.

As in the case of impact point B, the maximum pressure occurred at the coup site, reaching
pressure values higher than 295 kPa, which is one of the higher TBI thresholds indicated in the
literature [4]. The DDM was also evaluated, and the results are very similar to impact B. The average
negative pressure found at the contrecoup region was under —75 kPa (in absolute value), which is a
safe value. Nevertheless, the region where the higher negative pressure was found is the same volume
(cerebellum and brainstem) where it was found the maximum von Mises stress.

The maximum principal strain was also assessed. Again, its maximum value was found at the
same region where the maximum von Mises stress and negative pressure were found (Figure 8). In
other words, the maximum values for these were found at the contrecoup region, more specifically
at the cerebellum and brainstem. Although the maximum principal strain observed at these regions
reaches 0.38, the brain volume experiencing this strain is small. Additionally, the brain volume
experiencing a maximum principal strain higher than 0.15 is less than 5%, which means this is lower
than the injury thresholds proposed for CSDM in in the literature [4].

Regarding the relative motion between brain and skull, the maximum was also observed at the
cerebellum. However, this was not that significant. The pressure in the CSF was also monitored. This
reached a maximum value of 193.3 kPa, which is much lower than the value proposed by [77] as a
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tolerance for SDH. In addition, a CSF strain energy value of 4322.6 m] was computed. This is lower
than the limit proposed by [77]. However, it is higher than the SDH threshold of 4211 m] proposed
by [76].

This same impact with this same helmet was previously assessed with the other FE head model.
The same conditions prescribed for YEAHM were applied to SUFEHM(Strasbourg University Finite
Element Head Model) in [24]. Strain energy in the CSF of 4097 mJ] was found with SUFEHM, which is
lower than YEAHM. The maximum von Mises stress was located between the brain and the cerebellum
and between the cerebellum and the brainstem. This supports the findings obtained with the YEAHM
model. Both models predicted the maximum von Mises stress at the same region. Nevertheless,
SUFEHM predicted the maximum pressure in occipital area, while YEAHM predicted in the parietal
lobe. YEAHM prediction regarding the maximum brain pressure seems more realistic since the impact
was on the parietal area.

Additionally, the average von Mises stress found with SUFEHM at the cerebellum was 39.7 kPa,
which is in accordance with the values predicted with YEAHM at that region. This value corresponds
to a 90.2% risk of moderate DAI, according to SUFEHM'’s criteria. Again, it is clear that an approved
helmet does not protect its user in the same impacts in which it was validated.

3.3. Impact Point R

The same impact used to certify the previously validated helmet at point R was used to assess it
with YEAHM. The experimental acceleration—time history of impact R, shown in Figure 3, was used to
drive YEAHM. This impact at the back of the head originated high strains in the frontal lobes, opposite
to the impact site. Figures 9 and 10 show the maximum principal strain distribution.

NE, Max. Principal
(Avg: 100%)

+3.700e-01
+3.475e-01
+3.250e-01
+3.025e-01
+2.800e-01
+2.575e-01
+2.350e-01
+2.125e-01
+1.900e-01
+1.675e-01
+1.450e-01
+1.225e-01
+1.000e-01

Figure 9. Maximum principal strain reached at the contrecoup site (frontal lobes).

The lower limit was set to 0.1, since it is the lowest injury threshold given in the literature [4].
Figure 9 shows the start of the rebound, and it is possible to observe a distribution resembling wave
propagation. At the end of the rebound, the maximum principal strain was reached, with a relatively
localized value of 0.53. This value and even the ones presented in Figures 9 and 10 exceed the injury
thresholds presented in [4]. Thus, several forms of TBI, including contusion, concussion and DAI are
predicted for this impact. Figure 10 shows the internal distribution of strains higher than 0.1. It is
possible to observe the presence of these around the corpus callosum and midbrain. These figures
show also the importance of modeling sulci and gyri structures. These make it possible to obtain some
patterns in the results that are not possible to observe in a brain model with a smooth spherical surface.
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Figure 10. Sagittal cut view showing the internal distribution of the maximum principal strain.

In addition, from the start of the rebound until the end of the acceleration-time history curve,
approximately 36% of the brain experienced a strain of at least 15%. Comparing these values with the
ones proposed in the literature, a CSDM level of 36 is enough to cause a moderate-to-severe DAI [74].
Regarding the pressure mapping across the brain, higher values were found, as expected, at the impact
zone. At the coup site, pressure values ranging between 329.2 and 363.3 kPa were found, higher than
the injury thresholds. Such pressures found in the occipital lobes are likely to originate a severe injury.
In addition, a great brain volume experienced pressures higher than 90 kPa, such as the occipital
lobes, parts of the cerebellum and temporal and parietal lobes. Regarding the DDM, only safe values
were observed.

The von Mises stress was also monitored. Its maximum values were observed in the frontal lobes
(contrecoup site), with values exceeding all the thresholds presented in [4]. The light gray regions
shown in Figure 11 exceed all the values in the literature, determining a high risk of TBI.

S, Mises
(Avg: 100%)

+6.200e-02
+5.750e-02
+5.300e-02
+4.850e-02
+4.400e-02
+3.950e-02
+3.500e-02
+3.050e-02
+2.600e-02
+2.150e-02
+1.700e-02
+1.250e-02
+8.000e-03

Figure 11. The von Mises stress across the brain in MPa.

Regarding the CSF pressure, the tolerance value of 290 kPa proposed by [77] as the threshold
for SDH was reached but not significantly exceeded. This high pressure was found in the CSF at the
base of the occipital lobe. This region of the CSF also simulates the junction between falx cerebri and
tentorium. The maximum CSF strain energy found was 6911.5 mJ which is higher than any proposed
threshold for SDH. Thus SDH is a probable outcome.
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3.4. Impact Point X

Finally, the lateral impact was also assessed. Regarding the von Mises stress, as in other impacts,
the maximum value was reached at the contrecoup site, in this case, the temporal lobe opposite to the
impact point. Overall, almost the entire brain experienced a value higher than 7.8 kPa, which is the
lowest injury threshold proposed in the literature [4]. In addition, as shown in Figure 12, the maximum
value found in the brain model (light gray) exceeded the highest one proposed in the literature [4].
Thus, brain injuries such as concussion and DAI are likely to occur.

S, Mises
(Avg: 100%)

+6.200e-02
+5.748e-02
+5.297e-02
+4.845e-02
+4.393e-02
+3.942e-02
+3.490e-02
+3.038e-02
+2.587e-02
+2.135e-02
+1.683e-02
+1.232e-02
+7.800e-03

Figure 12. Maximum von Mises stress found at the contrecoup site (in MPa).

As in the other impacts, the pressure reached its maximum at the coup site. Figure 13 shows a
coronal cut of the brain, showing the pressure wave propagation across the hemispheres. The low
limit of 90 kPa (blue) is the lower injury threshold found in literature (with the exception of negative
pressures). In addition, the higher pressure threshold given in this table is 256 kPa, which was exceeded
for almost an entire hemisphere. Again, several sorts of TBI are an almost certain outcome. Regarding
the DDM, none of the limits were exceeded.

S, Pressure
(Avg: 100%)

+5.000e-01
+4.658e-01
+4.317e-01
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+2.950e-01
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+2.267e-01
+1.925e-01
+1.583e-01
+1.242e-01
+9.000e-02

Figure 13. Coronal cut view of the brain showing the pressure wave propagation across the hemispheres
(in MPa).

In this impact, the maximum principal strain was generally under the values indicated in the
literature [4]. However, around the contrecoup region, strains ranging between 0.1 and 0.17 were found.
Additionally, exactly in same area of the temporal lobe where it was found the maximum von Mises
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stress, a localized strain of approximately 0.43 was found. Nevertheless, the brain volume experiencing
such strain is small and the CSDM limits were not exceeded. Regarding the SDH prediction, both
CSF pressure and CSF strain energy were lower than the SDH thresholds proposed in the literature.
A pressure of nearly 290 kPa was found at the skull base but did not surpass this value. A value of
3975.5 m] was computed for the CSF strain energy, which is close to the threshold but still lower than
the limit.

4. Discussion and Conclusions

In this work, the efficacy of a motorcycle helmet certified by ECE R22.05 standard is assessed,
using numerical models. Both finite element models of a motorcycle helmet and of a human head were
employed to carry out such analysis. The analysis consisted of simulating the same impacts required
by the standard and subject the FE head model to the accelerations measured during impact. In other
words, the finite element model of the human head is used as an injury prediction tool.

These models can even be used to optimize safety gear according to a specific criterion. For
instance, the works carried out by Tinard et al. [23] and Fernandes et al. [34]. The author in
Tinard et al. [23] also performed a similar analysis by simulating the impact tests required by the ECE
R22.05 standard. Results showed that even if a helmet passes the impact tests required by the ECE
R22.05 standard, there is a high risk of injury associated with these same impacts. This study allowed
to establish the potential of FEH head models in helmet design and the problems associated with the
standards criteria.

A similar study was also performed with the same FE head model used by Tinard et al. [23] for a
different motorcycle helmet, and the results were similar [24]. Both predicted a significant risk of brain
injury. Nevertheless, in Fernandes et al. [24], the analysis was only carried out for impact point P. In
this work, a similar analysis is carried out for the same helmet but with a different FE head model,
YEAHM. This work is a broader analysis, assessing the four impacts required by ECE R22.05, the
impact points B, P, R and X.

Several types of head injuries were predicted in these four impacts, such as contusions,
concussions and DAI. Some limitations of the standard are underscored from what was seen with
YEAHM. This supports the premise that the current criteria for helmet standards are not optimal.

In conclusion, the analysis of these four impacts showed that by reproducing the same impacts
that are assessed by the ECE R22.05 standard, it is evident that a certified helmet cannot protect its
user from suffering brain injuries. This clearly shows that simple injury criteria such as PLA and HIC
are not enough to assess the protection provided by helmets. Therefore, it can be concluded that a
motorcyclist wearing an approved helmet can suffer brain injuries in the same impact that was used
to certify the helmet. The conclusions here withdrawn are supported by other studies, where similar
analyses led to the same conclusions [23,24].

The use of detailed tools, such as FE head models, together with local tissue thresholds seems
to be one of the best ways to evaluate the influence of both linear and rotational motion in head
structures [64]. It is possible that future methods used to assess head injury risk and protective head
gear will rely on the predictions from numerical head models. This is an excellent way to study injury
mechanisms, focusing on brain reaction to different kinematics and loading inputs, analyzing the brain
response in terms of parameters such as intracranial pressure and brain strain. This is the best way to
implement smart helmet design.
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