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Assessment of the shock adsorption properties of bike helmets: a

numerical/experimental approach

In this paper, a numerical and experimental study of the shock absorption
properties of bike helmets is presented. Laboratory compression and tensile tests
were carried out on samples of expanded polystyrene (EPS) and polycarbonate
(PC), respectively constituting the internal shock absorption layer and the external
hard shell of composite helmets. The measured responses of the two materials were
then exploited to calibrate the relevant elasto-plastic constitutive models, adopted
in full-scale finite element analyses of a helmet subject to standardized impacts.
The simulations allowed assessing the time evolution of the acceleration measured
inside the headform (according e.g. to EN 1078, 2012) and the failure mechanisms

of the helmet, if any, as induced by the localization of plastic deformations.
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1. Introduction

Sport injuries have been recently the focus of several research works. With
specific reference to mild traumatic brain injuries (mTBIs) caused by accidental head
impacts that may occur during sport events or training, both the short-term effects on
athletes’ performance and the long-term rehabilitation, with possible chronical diseases
and difficulties to fully recover, were of concern. To frame relevant studies, a precise
definition of mTBI was provided in (Arciniegas, 2011): “Mild TBI describes a specific
injury event; this event produces acute disruptions of brain function and, at the more
severe end of mTBI, brain structure. Acute disruptions of cerebral function reflect
neurobiological processes that, for the most part, are both transient and reversible”.
Definitions of acute and persistent post-concussive symptoms were also reported in the
same study.

From paediatric subjects all the way up to professional athletes, it is nowadays

perceived that mTBIs can be largely reduced if appropriately designed helmets are always



worn. Most of the published studies focused primarily on sports like American football
and ice hockey, see e.g. (Wilcox et al. 2014, Kuhn et al. 2017). During field tests, helmets
instrumented with inertial micro-devices (see also Andena et al. 2016, Cobb et al. 2018)
were adopted to quantitatively assess repeated impacts in terms of head/helmet linear and
angular accelerations, and then correlate data with the emergence of mTBIs. In order to
combine information related to the time evolution of the accelerations, not only in terms
of their peak values, indices like HIC (Head Injury Criterion), GSI (Gadd Severity Index),
and the Wayne State Tolerance curve were adopted. As stated in (Greenwald et al. 2008),
these quantitative measures are all apt to foresee the occurrence of a severe TBI, whereas
measures for mTBIs are still somehow lacking.

To further understand the importance of safety-related issues, initiatives published
by the Centre for Disease Control and Prevention in USA and by the Istituto Superiore di
Sanita in Italy (Giustini et al. 2005) can be mentioned, among others. They revealed the
enormous amount of head injuries happening every year, in many instances with underage
people involved. In ski parks such traumatic events resulted in a 10% probability of
mTBIs before the mandate of wearing ski helmets. For cycling, the lack in several
countries of laws enforcing to wear helmets does not help to face the risks associated to
sharing the roads with vehicles.

As far as TBI issues and helmet beneficial effects are concerned, in agreement
with the simple classification proposed in (Andena et al. 2016) sports can be subdivided
into two main categories: a former one, including e.g. cycling and alpine skiing,
characterized by medium-high energy impacts caused by accidental events seldom
happening; a latter one, including e.g. American football and ice hockey, characterized
instead by low energy impacts that can be repeated several times during a match. In this

work, protective helmets for the first sports category are studied. Even though bike and



ski helmets are typically made of very similar polymeric materials and are all constituted
by a rigid external shell and by a soft inner liner, they are subjected to impacts of different
energy levels and, on top of all, have to work under very different environmental
conditions. For comfort needs, bike helmets have a geometry more complex than ski ones,
with ventilation openings that may worsen their shock adsorption capability.

The impact behaviour of bike helmets was studied in (Cripton et al. 2014)
showing that, not surprisingly, the helmets always provide a significant benefit
independently of drop height, falling orientation and criterion adopted to quantify the
cushioning effect in laboratory tests, see also (Forero Rueda et al. 2011, Ganpule et al.
2012). Though not exhaustive due to the limited number of experiments, in (Smith et al.
2015) an interesting comparison was reported between composite helmets, like those here
investigated, and the football and hockey ones. Allowing for both direct and indirect
loadings, due to the contact with the stricken surface and to the head/neck kinematics, it
was shown for the combination of geometry and materials adopted that acceleration
values may result to be much larger for bike helmets; this provides the background for
the emergence of more severe TBI effects, and paves the way to look for performance
improvements (Milne et al. 2012).

Regarding the cushioning effect, an investigation was proposed in (Tinard et al.
2011) for motorcyclist helmets, specifically focusing on standard dynamic laboratory
testing. Differently than that study, here reference is purposely made to international
standards like (EN 1078, 2012), to assess the aforementioned overall cushioning effect
measured during shock tests. Hence, a predictive model of a headform wearing the
helmet, hitting an anvil after a guided free fall from a standardized height, was developed.
Due to the ventilation openings, rather complicated and localized failure mechanisms can

be triggered in the helmet, requiring a sophisticated and refined simulation strategy to



link drop features and acceleration peaks. In the simulations, the constitutive laws for the
two materials constituting the external shell (polycarbonate, PC) and the internal liner
(expanded polystyrene, EPS) of the composite helmet were calibrated on the basis of their
response measured through an experimental campaign.

To address all these points, the paper is organized as follows. In Section 2 the
main results of the experimental campaign on materials samples are summarized. Section
3 provides details of the constitutive modelling for EPS and PC, tuned on the basis of the
main features of the materials behaviour highlighted by experiments. In Section 4, along
with results at the helmet scale some features of the structural analysis are discussed, to
get insights into the foreseen accuracy of the numerical simulations. Finally, in Section 5
some concluding remarks are gathered, along with suggestions for possible improvements

to better mimic the reality in case of accidental impacts.

2. Materials: experimental tests and results

As discussed in the Introduction, sport helmets have a composite structure, with
a hard external shell and a foamed inner liner. The experimental characterization was
therefore provided independently for the materials of the two parts, namely for PC and
EPS.

Mechanical tests at room temperature were carried out to investigate the effect of
the loading rate on the compressive and tensile responses of the materials; in this regard,
PC was assumed to have a symmetric behaviour under tension and compression
(Tvergaard and Needleman 2008), so that only tensile tests were conducted. An MTS 358
Bionix testing machine was used for all the tests, with a load cell of 25 kN; tests were
under displacement control, to also allow measuring the post-peak softening response of
the materials preceding failure. During tensile tests on EPS and PC, the longitudinal

deformation in the specimens was continuously recorded by an MTS 632.85F-05



extensometer (gauge length 25 mm, accuracy class 0.5, strain range from +7% to -6%).
To avoid damages to the instrumentation during compression tests on EPS, the
extensometer was not adopted, and the deformation was computed by means of the
machine stroke, assuming the strain state to be uniform in the materials samples. During
the same compression tests, a spherical hinge allowed a correction of small misalignments
of the specimen sides due to imperfections in the casting stage.

For both the loading conditions, at least three specimens were tested; average
values of the (nominal) longitudinal stress and scattering around them were then
estimated, considering the real (imperfection-affected) cross-section area of the

specimens.

2.1  Expanded polystyrene
An EPS with a density of 95 kg/m® and a bead diameter of around 2 mm, supplied

by Sunpor, was considered. Specimens for uniaxial tension tests were casted into a dog-
bone shape, with the following main geometrical features: width at the grip zone 40 mm,
width of the free length 25 mm, thickness 32 mm, total length 180 mm, and free length
50 mm (adapted from 1SO 527, 2012). Specimens were gripped using a low rugosity
contact metal surface of the wedge grip, and avoiding the crush of EPS by setting a proper
pressure level of the hydraulic grips.

The compression response was instead measured through prismatic samples,
featuring a cross-section of 50 x 50 mm? and a thickness of 32 mm (adapted from 1SO
604, 2002). PTFE (PolyTetraFluoroEthylene) sheets were positioned between specimen
and steel supports, to reduce the influence of friction and allow the lateral expansion of
the specimen on the contact surfaces.

To assess the rate-dependent response of EPS, different values of the longitudinal

strain rate were adopted: under tension, § =0.2 s and 2.0 s; under compression
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¢ =0.1s? and 1.0s. Though slightly different in the two testing configurations due to
technical reasons, such values allowed to investigate the possible change in the response
for rates differing by one order of magnitude. Since the strain rate values of interest in
case of impacts can be as large as 50 — 100 s?, a rate dependent model was then
calibrated to provide appropriate values of the EPS properties for the simulations of the
whole helmet, see Section 3.1 and also (Andena et al. 2015; Andena et al. 2018).

The tensile stress vs strain response of EPS is depicted in Figure 1 for ¢ =0.2 st
and ¢ =2.0 sX. The curves reported in these graphs are the responses of different
specimens, and therefore representative of the scattering expected in the test outcomes.
The plots for ¢ =0.2 s (Figure 1a) show an initial (almost linear) elastic branch, which
is followed by a hardening one that covers one third of the whole strain range till failure;
the hardening, or deviation from linearity, is shown to decrease by increasing the strain
rate. In these graphs, the values of stress and strain are given in a non-dimensional form,
to better focus on the main features of the response; g, and ¢, are therefore meant as
reference values for the longitudinal stress and strain, that allow catching the trend in the
response and the pertinent scattering. The values of stress at yielding and/or at failure are
shown explicitly in other graphs, to assess their dependence on the strain rate.

The aforementioned dependence on the strain rate of the ultimate strength and of
the Young’s modulus in the initial elastic regime, are shown in Figure 2. As far as the
elastic property is concerned, it looks rather rate-independent with no significant
variations in the experimental scatter bands. The average strength is instead increased by
around 6-7% when the strain rate is increased by one order of magnitude; also the
scattering around the mean gets increased at the higher strain rate, but this additional
feature was not accounted for in the deterministic, rate dependent numerical model to be

discussed in Section 3.1.



The compressive response is shown in Figure 3. The typical stress-strain curve
shape is reported (see e.g. Ling et al. 2018, Mosleh et al. 2017): a (rather limited) linear
elastic range is followed by a relatively large plateau, featuring a sensibly decreased
stiffness in comparison with the initial stage, after which the stress increases sharply as a
consequence of foam densification. As depicted in Figure 4, the yield strength
(represented as positive, even if in compression), smaller than the tensile failure one,
shows a 20% enhancement by increasing the strain rate. The compressive elastic modulus
is a bit more than one half of the value in tension, and it gets slightly increased with the
strain rate. Concerning this difference between the measured values of E, and E., very
similar results were reported in (Walter et al. 2008) for a closed-cell thermoplastic (PVC)
foam with a comparable density of 100 kg/m?; as discussed in (Walter et al. 2008), such
a bi-modularity is rather common for polymeric foams, and “is associated with the
nonlinear nature of the elastic responses in tension and compression”, see also (Menges

and Knipschild, 1982).

2.2  Polycarbonate

Due to the symmetric response of PC, compression tests were not conducted to
avoid all the issues related to the buckling of thin specimens. The tested PC had a density
of 1200 kg/m® and was supplied by General Electric. The specimens had a prismatic
geometry featuring (adapted from ISO 527, 2012): total length 300 mm, free length 150
mm, width 25 mm, and thickness 0.8 mm. The PC itself was also used for the tabs of
length 75 mm, glued at both ends of each specimen on the gripping zones. The adopted
strain rates in the tests were the same considered for EPS.

The typical stress vs. strain behaviour, as resulted for all the strain rates, is
depicted in Figure 5. Similarly to EPS, the linear elastic response is followed by a stage

slightly deviating from linearity, up to failure for a value of the stress larger than the
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reference o, one by 50%, and around twice that at yielding (so, at deviation from
linearity).
The measured properties of PC showed a negligible dependence on the strain rate

in the considered range; therefore, relevant results are not reported.

3. Materials modelling

Some details of the numerical modelling of EPS and PC are next detailed.
Reference is made to the data collected with the experimental tests; a preliminary
calibration of the models allowed to attain the numerical/experimental matching shown
in the following. Since micromechanical features at yielding and failure were not
specifically collected during the experimental activity, primarily aiming at the calibration
of the constitute models to be adopted at the helmet scale, a purely phenomenological
approach was adopted.

All the simulations were carried out with the general purpose finite element (FE)
code Abaqus (Simulia 2017). To avoid a broad discussion on numerical aspects rather
than materials and helmet performance, only the relevant features of the simulations are

presented here.

3.1  Expanded polystyrene

Test outcomes reported in Section 2.1 highlighted some typical features of the
response of expanded polymeric materials to loadings, see e.g. (Di Landro et al. 2002,
Song et al. 2005, Ouellet et al. 2006, Caserta et al. 2010, Kiernan and Gilchrist 2010,
Mills 2010, Arezoo et al. 2013, Chen et al. 2015, Duncan et al. 2016). Specifically, it can
be observed that: under tension, a smooth evolution from the initial elastic regime to the
subsequent hardening one occurs, till a sudden failure of the foam due to decohesion;

under compression, after the characteristic plateau, showing a slightly increasing stress
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level, a remarkable hardening shows up, due to the densification and the relevant
compressive crushing of the foam; the Young’s modulus is higher under tensile loading,
vice-versa the ultimate strength is higher under compressive loading; strengths are
influenced by the deformation rate, with positive strain rate effects; elastic moduli, both
in tension and compression, are marginally affected by the deformation rate. Furthermore,
within the inspected range the strain rate dependence of fracture toughness looks
marginal, even though collected data cannot give an overview of the possible
embrittlement of the foam at higher strain rates.

All these features can be taken in due account at the helmet scale, via a
phenomenological rate-dependent elasto-plastic constitutive model featuring a pressure-
dependent yield function with strain hardening up to saturation.

Concerning the different elastic stiffness under tensile and compressive stress
states, the feature was disregarded in the constitutive modelling. To be able to match the
speed of compressive waves travelling inside the composite helmet and inducing the
failure of EPS by crushing, the compressive Young’s modulus was taken as a reference
in the simulations. As the main interest in this work was on modelling the highly nonlinear
post-yielding response of EPS, featuring plastic strain-induced failure mechanisms in the
foam at finite deformations, the initial elastic response was supposed to have a minor
effect.

As far as the yielding behaviour is concerned, a rather standard way to account
for the pressure-sensitive response of materials is through the Drucker-Prager model. In
its standard formulation for isotropic materials (see e.g. Zienkiewicz and Taylor 2000),
yielding is activated when the stress state attains the following frame-invariant locus, see

Figure 6:

p=q—ptanf—c=0 @
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where: ¢ = /%s: s is proportional to the second invariant of the stress deviator s = ¢ —

pI (where symbol ‘> denotes the inner product of second order tensors, namely s: s =
SijSji, With i, j = 1,2,3); o is the stress tensor; p = gtra is the hydrostatic stress (as tr

denotes the trace of the second order tensor o); I is the second order identity tensor; S is
the friction angle; c is the cohesion, i.e. the material strength at p = 0. As this model was
developed for cohesive-frictional materials (typically soils), the terminology might look
somehow misleading for polymeric foams. At any rate, a major feature of this yield
condition is the capability of providing different strength levels under tension and
compression. Accordingly, the amplitudes of the tensile and compressive yield strengths

o5 and o (both positive here) are linked to each other through:

1
T 1—§tanﬁ c

0. =
y 1+%tanﬁ Y

()

where the role played by the slope B of the yield law (1) clearly emerges. Enhanced
versions of this model were proposed to also account for tensile or compressive cut-off
and further provide a limitation to the elastic domain, see e.g. (de Souza Neto et al. 2008,
Simo and Hughes 1998). As such enhanced models would not add much in terms of the
capability to describe the experimentally observed failure modes of the helmets, and
would also require the calibration of additional constitutive parameters (besides £ and c)
through ad-hoc laboratory tests, they were not considered in the present study.

Another important feature of pressure-sensitive materials is represented by
dilation. Standard materials modelling (see de Souza Neto et al. 2008) is based on
associative flow rules, meaning that, at each point of a body, plastic deformations develop

at yielding so as to fulfil the relationship:
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0 — A2
€ _Aaa (3)

where: &P is the rate of change of the plastic deformation tensor €” (which sums up to the
elastic one ¢ to provide the total strain tensor €); A is a proportionality factor, termed
plastic multiplier, that is to be determined from the Kuhn-Tucker complementarity

conditions locally defining whether an unloading or a loading path is followed by the
stress state (details can be found, e.g. in Simo and Hughes 1998); Z—‘z defines the direction

of plastic flow in the hyperspace of the strain tensor components. A compressive yield
strength higher than the tensile one induces dilation, in case of associative flow rules (i.e.
for &« = B in Figure 6): the development of plastic deformations then gives rise to an
increase of the material volume, due to tré? > 0. The other way around, the macroscopic
response of foamed materials at yielding is characterized by crushing of the walls of each
cell and densification. To limit this contradictory response of the model for EPS, a null
dilation was obtained by adopting a non-associative flow rule featuring @ = 0. This
would lead to numerical issues in FE simulations if an implicit time integrator were
adopted (see Bathe 1996, de Souza Neto et al. 2008), as linked to an algorithmic updating
procedure requiring the inversion of a non-symmetric matrix. Since the focus of this work
is on the response to impacts, which cause the propagation of stress waves in the helmet,
an explicit time integrator (Bathe 1996) was adopted; hence, detrimental effects
numerically induced by the non-associative behaviour of EPS were of no concern. It is
also to highlight that, even if material dilation was dropped, the elasto-plastic model is
still incapable of addressing the compaction of the foam under compressive stresses. The
plastic strain-induced failure feature of the software Abaqus was thus exploited to remove

the material (actually, the elements) in the regions where a critical plastic strain threshold
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was attained, avoiding possible locking effects due to the mentioned incapability of
describing foam compaction.

Strain rate effects on the yield strength in compression were modelled according
to the Nagy law, see e.g. (Zhang et al. 1998, Scarpa et al. 2004, Andena et al. 2019, Chen

et al. 2015), which reads:
o‘C “\Nn
Z=(5) @

where: aﬁ o 1S the strength measured at a reference strain rate &,, while a§ is the same
strength measured at a different strain rate €; n is a specific model index. Index n is often
assumed to be a linear function of the strain ¢; here, by referring to the stress level at the
inception of plasticity only, n is instead assumed to be a constant. According to the results
reported in Fig. 4(a), it turned out that n = 0.06; though deformation-independent, this
value fits well the ranges reported e.g. in (Andena et al. 2019) for other foams with a
similar density.

Such rate effects on the material strength were allowed for up to the strain-rate
regime typically reported in the failing regions of the helmet, with values not exceeding
50 — 100 s. One main question arising with this procedure is whether the rate-
dependence measured in the range ¢ < 10 s (see Section 2.1) can be extended up to the
strain rate interval of interest in case of impacts. Former investigations on amorphous
polymers (see, e.g. Mulliken and Boyce 2006, D'Mello et al. 2012) and on foams
(Pellegrino et al. 2015, Krundaeva et al. 2016) showed that, up to strain rates of the order
of 100 s, there are no abrupt regime-transitions in the material response. Hence, the
value of n tuned at low strain rates was assumed valid also for the analysis of impacts on
the helmet. This assumption may affect the accuracy of the results in comparison to
experimental data relevant to real tests featuring different anvil geometries and falling
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orientations, overall resulting in different interactions between impactor and ventilation
openings, especially if very localized failure modes are expected to be triggered.

When a local failure process is modelled, an overall softening effect shows up, and
the structural stiffness gets globally reduced; from the computational viewpoint, this
represents a serious issue linked to ill-posedness (Bazant and Cedolin 2010) that results
in a pathological dependence of the modelled response on the adopted space
discretization. Within the aforementioned explicit time integration environment, this
problem can be prevented or largely limited through a so-called regularization procedure
based on fracture energy (Comi and Perego 2001); independently of the characteristic
size of the finite elements in the failing regions, the regularization assures that failure
occurs by locally dissipating the proper material-dependent amount of energy Gr. Such
procedure allowed modelling the whole failure mechanism, and a direct comparison with
the experimental outcomes.

The obtained predictions are plotted in Figure 7 for a value of the friction angle
B = 30°, under tensile and compressive loadings. Unlike the experimental results of
Section 2.1, the comparison is here detailed with reference to the full specimen behaviour
in terms of load P vs. imposed displacement u, to show the interaction between material
and structural effects. Accounting for the measured (and expected) dispersion of the
experimental data, it can be seen that the proposed model well matched all the relevant
features of the elastic and post-yielding behaviour of EPS under compression. In tension
the model was not able to catch the hardening branch shown by the specimens, and a kind
of perfectly plastic response preceded failure by decohesion. It must be anyway noted
that the post-yielding phase at a constant load was actually induced by the counteracting

effects of EPS hardening and cross-section thinning due to specimen deformation.
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3.2 Polycarbonate

As mentioned, PC was assumed to have a symmetric response under tensile and
compressive loadings. After serigraphy, PC showed the following properties (see
Bauwens-Crowet et al. 1974, Wendlandt et al. 2005, Srivastava et al. 2010, Lu and Li
2011, Cao et al. 2016, Ikeshima et al. 2018, Matadi Boumbimba et al. 2018): a smooth
evolution of the stress-strain response close to yielding, leading to a slight deviation from
linearity in the post-elastic regime; a limited ductility, with a deformation at failure on
the order of 2 — 3 times the value at yielding; a low dependence of its elastic and strength
properties on the stain rate, up to a threshold well above the rates of deformation
characteristic of impacts on bike helmets.

For a purely phenomenological modelling of PC, an elastic perfectly plastic
response was assumed, with yielding captured by the von Mises condition (hence
assuming o, = a$, or £ =0 in Eqg. 1). Accordingly, the mentioned deviation from
linearity after the triggering of plasticity was disregarded. Alike EPS, associative flow
rules and a fracture energy-regularized local failure modelling were adopted, the latter
driven by the accumulation of localized plastic deformations. To provide failure
modelling on the safe side, with a possible slight underestimation of the real failure load,
rate effects were neglected; it is therefore expected that the simulated acceleration peaks
due to the impacts on helmet, can be somehow affected too.

The modelled overall response of the PC specimens to the tensile test is shown in
Figure 8; results are once again compared with the recorded experimental data. According
to the above mentioned simplifications, the numerical response is linear up to yielding at
a load P of around 300 N. Next, the assumed perfectly plastic response of PC cannot be
evidenced since plastic deformations localize, leading to global softening characterized

by a decreasing value of P and then failure.
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4. Full-scale analysis of impacts on helmets

To assess the capability of the numerical procedure to mimic the response of bike
helmets under impact loadings, reference was made to prescriptions in (EN 1078, 2012).
After a free fall from a pre-defined height providing a velocity v at impact, to give
protection for any possible location of the impact itself it is specified that the peak
acceleration measured inside a standardized headform (see EN 960, 2006 and Figure 9)
must not exceed the critical threshold of 250g, g being the gravity acceleration. This
acceleration is strictly correlated to the capacity of the helmet to absorb the impact energy,
and the more the said energy is absorbed in the helmet by the development of permanent
(plastic) deformations the lower the amount of energy transmitted to the head.

Two different types of anvil, or stricken objects, were considered: a flat one and
a kerbstone one, both made of steel. For these two anvil types, the mentioned velocity at
impact is respectively set as vy =5.42 m/s or v, =4.57 m/s, where subscripts f and k
stand for flat and kerbstone. As far as the orientation of the helmet and the relevant impact
location are concerned, as shown in Figure 10 three different configurations were
considered: a frontal impact against the kerbstone striker; a back impact against the
kerbstone striker; a lateral impact against the flat striker. As requested by the standard
and to check the outcomes relevant to the most dangerous scenarios, the impacts against
the kerbstone anvil were assumed to happen in correspondence of some ventilation
openings. In Figure 10 a headform of size 535 according to (EN 960, 2006), helmet and
anvil are displayed with the corresponding space discretizations. The handled helmet is a
former commercial product, whose geometry was partially modified by increasing the
size of ventilation openings and by removing some strengthening parts, in order to
purposely reduce its load-bearing capacity and assess the spreading of damage if the

helmet locally fails.
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After some preliminary analyses, aimed at optimizing the space discretization to

attain accuracy in the results within a reasonable computing time, a mesh with an average
element size of 4 mm for the helmet and of 6 mm for headform and anvil was selected,
overall consisting of 395,544 tetrahedral elements and 18,308 shell elements (see below),
featuring 294,858 degrees of freedom. Due to the difference in thickness between the
external PC layer and the inner EPS liner, the PC outer skin was assumed to behave like
a shell; this assumption allowed to largely simplify the meshing procedure and to reduce
the computational cost of each analysis.
The dynamic analyses were performed also at the helmet level by adopting an explicit
time integration procedure, with a lumped mass matrix and allowing for large
deformation effects. A general contact algorithm was adopted to model the surface
interaction between the head and the helmet, and between the helmet and the striker; a
friction coefficient equal to 0.1 was assumed in both the cases, though materials
interacting are different on the helmet side. For both PC and EPS, damage was locally
modeled as an internal variable that monotonically increases with plastic deformation; as
soon as the critical threshold of 0.7 — 0.8 of the equivalent plastic strain was attained,
failure was triggered by exploiting the Abaqus element deletion provision, which allowed
to remove FEs from the mesh when fully damaged.

Concerning the mechanical properties of EPS and PC, the same constitutive
modeling of Section 3 was adopted. Parameter values, allowing the rather good agreement
between experimental and numerical results at the specimen level, were assumed in the
real conditions characterizing the tests on the helmet. Accordingly and as already
discussed in Section 3.1, the bi-modular elastic behavior of EPS was disregarded to
simplify the analysis, as the major test outcome is governed by the crushing of the foam

in compression.
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For the frontal impact, an experimentally measured time history of the
acceleration of the headform was used to validate the approach and check model
accuracy. Figure 11 shows a comparison between experimental and numerical results, in
terms of the whole time evolution of the amplitude of the acceleration of the headform,
so not only in terms of the characteristic peak value. In this graph and in the following
ones reporting the acceleration histories, the raw numerical data are provided without any
filtering of high-frequency oscillations that might affect the peak values and also the
shape of the time histories. Such high-frequency oscillations were due to the reverberation
of the impact-induced waves in each helmet layer, and to the unilateral contact between
the model parts. Furthermore, acceleration histories were scaled by the threshold value
a =250g, and time intervals were scaled by a characteristic value t,..r =5 ms,
corresponding in most of the cases to the attainment of the peak acceleration. The results
in terms of the final helmet damage state are reported in Figure 12: a main damaged region
is shown to take place where the helmet hit the striker. However, the induced local crack
did not result to be a part-through one, as proved by an acceleration peak not exceeding
100g, which meant that the headform did not get in contact with the striker.

In the case of the back impact, the results obtained are reported in terms of the
headform acceleration in Figure 13, and in terms of the final damage pattern in Figure 14.
With such impact configuration, the confined compression of PC and EPS due to the
relative motion of headform and anvil, induced a localized failure mode in the back of
the helmet. Hence, the striker could get in contact with the headform, inducing the upturn
of the acceleration graph at the end of the analysis. It is shown that the helmet was initially
able to dissipate energy inside the EPS liner, since the acceleration never exceeded the

value of 50-60g; only when the failure mode spread in regions surrounding the (as said,
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purposely enlarged) openings, a penetration of the anvil occurred and the metal-metal
contact gave rise to a wave leading to the measured acceleration growth.

In the case of the lateral impact, the results obtained are reported again in terms
of the headform acceleration in Figure 15, and of the final damage pattern in Figure 16.
For this falling configuration, the model predicted a diffused damage in the EPS, but the
striker could not directly hit the headform due to its flat shape. The acceleration peak
resulted to be much larger than that occurring in the frontal case, attaining values close to
the critical threshold set by the standards.

It thus appeared that, while the acceleration peak alone can provide a qualitative
measure of the requested impact-carrying capacity of the helmet independently of anvil
shape and falling orientation, only a deeper understanding and quantification of the
dynamic mechanical properties of materials and an accurate modelling of the helmet
geometry can allow improving the helmet performance for the foreseen cushioning

purposes.

5. Conclusion

In this work, we presented and discussed a numerical tool to predict the
performance of bike helmets exposed to impacts, as foreseen e.g. in (EN 1078, 2012).
Accurate forecasts of the cushioning properties of a helmet were obtained by first testing
the materials constituting the helmet itself (polycarbonate for the outer shell and expanded
polystyrene for the inner liner), so as to select and calibrate the most appropriate
constitutive models for both of them.

The numerical model, once validated at the helmet level, can be used for the
optimization of the helmet geometry with the aim of attaining the appropriate impact-
carrying capacity without detrimentally affecting the overall comfort provided by the

ventilation openings. Some recent activities tried to better frame the kind of impact that
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helmets can experience on the basis of reasonable or most probable falls of both pediatric
and adult athletes, see e.g. (Bourdet et al. 2012, Koncan et al. 2016), and correlate them
with the standard prescriptions. In future studies, these results will be accounted for to
assess how the measure of the helmet cushioning performance can be affected.

To further improve the mentioned predictive capabilities of the model a more
extensive experimental campaign is foreseen, to collect data on the strength and
toughness properties of the materials within ranges of the strain rate closer to those

characterizing the failure mechanisms in the impacted helmet.
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Figure 1. EPS, tensile tests at (a) ¢ =0.2 s* and (b) § =2 s*': nondimensional stress-

strain responses of the tested specimens.
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Figure 2. EPS, tensile tests: effect of the strain rate ¢ on (left) the ultimate strength oY,

and (right) the tensile Young’s modulus E;.
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Figure 4. EPS, compressive tests: effect of the strain rate € on (left) the yield strength

oY, and (right) the compressive Young’s modulus E,.
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Figure 5. PC, tensile tests at ¢ =0.2 s': nondimensional stress-strain response of three

specimens.
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Figure 6. EPS: Drucker-Prager yield surface in the meridional p — q plane, and

notation.
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Figure 7. EPS: numerically modelled (symbols) vs. experimentally measured (lines)
response, under (left) tensile loading at ¢ =0.2 s and (right) compressive loading at

§=0.1s"

32



0 1 2 3 4 5 6 7 8
v (mm)

Figure 8. PC: numerically modelled (symbols) vs. experimentally measured (lines)

response, under tensile loading at § =0.2 s%.
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Figure 9. Geometrical model of the headform; the red dot represents the location where

the acceleration time histories were recorded in the analyses.
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Figure 10. Finite element discretizations adopted to simulate the three types of impact

(from left to right: frontal, back and lateral) between the bike helmet and the anvils.
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Figure 11. Frontal impact: comparison between numerical and experimental

acceleration histories of the headform.
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Figure 12. Frontal impact: maps of the final distribution of the (equivalent) plastic strain

(@) in the PC and (b) in the EPS.
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Figure 13. Back impact: numerical acceleration history of the headform.
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Figure 14. Back impact: maps of the final distribution of the (equivalent) plastic strain

(@) in the PC and (b) in the EPS.
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Figure 15. Lateral impact: numerical acceleration history of the headform.
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