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Abstract

Bike and ski helmets are mainly made up of two layers: the external shell and the foam liner. The foam liner, typically made of expanded
polystyrene (EPS) or polypropylene (EPP), is asked to provide energy absorption in case of impacts. Standard helmet design requires the foam
to maximize this energy absorption, thus achieving large deformations (up to 25% in compression) while maintaining the stress level below a
threshold value. To optimize the helmet construction in terms of foam composition, structure and density, reliable numerical models are
required, which in turn need to be fed with accurate experimental data.

A characterisation of several foams was performed, including EPS and EPP having varying densities, under tensile and compressive stress
states at varying strain rates. Typical mechanical parameters (elastic moduli and plateau stress in compression, Poisson’s ratio) were compared
with literature data and applicability of existing models to experimental results was discussed. A marked strain rate dependence — very
important for impact applications — was accurately described using the Nagy phenomenological model. The foam microstructure was
investigated using scanning electron microscopy (SEM) to assess structural changes before and after compression. The aforementioned
mechanical features were then adopted in a rate-dependent constitutive law for crushable foams, to model the shock attenuation properties of
helmets and validate the approach against available data.

Finally, a microelectromechanical system based in-helmet wireless micro monitoring system was developed and inserted in a helmet prototype.
The system is capable of acquiring impact load spectra, providing valuable information to investigate generic impacts with varying angles and
energy. In particular, it can monitor the effect of repeated micro-impacts on the residual energy absorption characteristics of the foam.
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1. Introduction

In recent years, sport injuries have attracted more and more interest, not only because of the short-term impact on athletes’
performance but also because of the costs of possibly long rehabilitation periods and difficulties to fully recover. One striking
example in this sense is represented by the Head Health Initiative of National Football League [1].

Focusing on traumatic brain injuries (TBIs) only, the Centre for Disease Control and Prevention (CPSC) estimated that around
450,000 sports-related head injuries were treated in U.S. hospital emergency rooms in 2009 [2]. Among the most impressive data
is that children in the range of 10 to 14 years old show the highest rate of emergency visits associated with such sports-related
TBIs. The actual incidence of head injuries may be potentially higher, as not-severe cases are typically self-treated. In Italy, a
survey conducted by the Istituto Superiore di Sanita also revealed that every year around 30,000 accidents occur in ski areas, of
which 25% involve underage children and 10% lead to mild TBIs [3].

In case of impacts, helmets have to prevent or reduce the outcome of mild TBIs thanks to a kind of cushioning effect, mainly
linked to the mechanical behavior of their inner liner. The level of the impact-induced acceleration hitting the athlete brain is
reduced by mechanisms of energy dissipation occurring while the mentioned liner deforms and possibly locally fails.
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Accordingly, international standards like [4-6] provide requirements for the shock absorbing capacity in terms of acceleration
peaks in the range of 250-300 g (g being the gravity acceleration) depending on country and sport, all measured in case of
(guided) falls of headforms wearing the protective helmet. Not much care is usually devoted to the impact duration and to
rotational accelerations, which were instead highlighted as further important parameters to classify the severity of the impact in,
e.g. [7-8].

In this work, the focus is on bike and ski helmets that are basically made of a hard outer shell of polycarbonate, and a soft
inner liner of polymeric foam, typically expanded polystyrene. With the goal of either enhancing the protection level, or reducing
size and weight of the helmet to improve the athlete’s comfort at the same safety level, the study was developed following three
main research lines. First of all, tensile and compressive properties of polymeric foams were characterized in relation to their
density and strain rate, the foam being the helmet constituent which is mainly responsible for cushioning. These data then
allowed finite element numerical modelling of the whole helmet to be performed in order to describe its response to impacts. In
parallel, a novel monitoring system based on microelectromechanical systems (MEMS) was designed and realized to perform
measurements on existing helmets and new prototypes.

2. Characterisation
2.1. Experimental
Expanded Poly-Propylene (EPP) and Expanded Poly-Styrene (EPS) foams with varying relative densities were considered;

materials nominal densities are reported in Table 1. These foams were produced from pre-expanded beads which were
subsequently moulded into sheets/blocks.

Table 1. Materials.

Material Expanded polystyrene Expanded polypropylene
Density [kg/m?] 10 13 19 25 20 35 55 60 75 90 110 120
(Relative density [-]) (0.01) (0.013) (0.019) (0.025) (0.022) (0.039) (0.061) (0.067) (0.083) (0.100) (0.122) (0.133)

Uni-axial compression and tensile tests were run on screw-driven dynamometer under crosshead displacement control
conditions. All the tests were performed at 23°C temperature and 50% relative humidity. Five samples per density were tested.

EPS compression specimens were cut having nominal dimension of 40x40x40 mm, while EPP samples nominal dimensions
were 13x13x13 mm. Strain rate dependence was investigated at three nominal values: 3x103, 3x102 and 3x10 s. A 10MPixel
camera was used for the measurement of Poisson’s ratio in compression.

Tensile tests were performed on dumbbell specimens having gauge length of 70 mm, width of 13 mm and thickness of about
12 mm; a fixed strain rate of 3x107 s"1was adopted. Axial strain was measured with a Trio VE5000 video-extensometer.

To investigate foam morphology, samples were broken by bending a notched bar immersed in liquid nitrogen. Fracture
surface were then metallized with palladium for scanning electron microscopy (SEM) observation.

2.2. Results

A good repeatability was observed in both tensile and compression tests, with exception of EPP compressive elastic modulus
data, which presented a particularly high scatter. Poisson’s ratio in compression was measured to be zero within experimental
accuracy for EPP and EPS foams up to 0.6 strain.

The foam compression behaviour is consistent with the expected behaviour: a linear elastic region was followed by a collapse
plateau and a final densification. Elastic moduli were evaluated in the initial region and plateau stresses were defined at 0.25
strain. In Fig. 1. mechanical properties are plotted against density and compared to the predictions from Ashby’s model [9],
which are given in Eq.s (1-2):
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where E” is the foam modulus; Es stands for the solid material elastic modulus; @ is the volume fraction of solid in the edges;
p" is the foam nominal density; ps is the base material density; po is the pressure inside the cells; v is the foam Poisson’s
coefficient; o™ is the plateau stress; oy is the solid material yield stress and pa is the atmospheric pressure.
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Fig. 1. (a) EPP compressive modulus data collected at three strain rates and fitted to Eq. (1) (blue line), using material parameters indicated in the legend; (b)
EPP plateau stress data fitted to Eq. (2) for each strain rate using the model parameters indicated in the legend.

In the fitting procedure for E'and o™, these base material density and modulus were used: pspe = 900 kg/m?, psps = 1050
kg/m?, Espp = 1200 MPa, Esps = 3200 MPa. The value of @ was obtained from the modulus fit. Plateau stress was fitted using
these @ values and base material yield stresses were obtained. Internal air pressure po was considered negligible. In Figs. 2-3.,
average values are reported together with standard deviation indicated by error bars.
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Fig. 2. (a) EPP foams plateau stresses vs. strain rate; (b) Nagy’s model index vs. strain and fits for EPS (19 and 25 kg/m®) and EPP (20 and 110 kg/m?).

Moduli do not depend significantly on strain rate while for plateau stresses a dependence on strain rate was observed as shown
in Fig. 2.(a). Because of this, Nagy’s phenomenological model [10], given in Eqg. (3), was fit to the experimental data.
Accordingly, the stress o(¢) at a given strain rate ¢ is related to the stress oo(¢) at a reference one & o through the strain

dependent index n(e).
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For EPP, Nagy’s power index depends linearly on strain (for relatively dense materials a very little dependence, if any, is
observed), while for EPS a quadratic dependence on strain was observed for all samples, as can be seen in Fig. 2.(b).
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Fig. 3. (a) Tensile behaviour of five EPP foams having nominal densities reported in the legend; (b) tensile elastic modulus vs. foam density fitted by the
linear equation reported in the figure and drawn in red in the graph.

The tensile behaviour was found to be strongly non-linear, as shown in Fig. 3 for EPP samples of varying density. The elastic
modulus was determined approximating the region up to 0.02 strain as linear. A linear relationship was found for modulus vs.
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density dependence. Tensile moduli of both EPS and EPP were higher than compressive ones and moduli mismatch decreased
going towards higher densities.

To get information on the foam structure from the SEM images, after adjusting contrast and sharpness, the cellular wall
structure was approximated with 2D polygons. From SEM images taken after compression we noted that wrinkles appeared on
cell walls and were visible even if the foam recovered entirely the deformation applied. At densities higher than 60 kg/m® foam
recovery did not take place and cell walls remained in the deformed configuration with folded cell walls, as can be seen in Fig. 4.

’ )y:

Fig. 4. (a) as received EPP 120 kg/m? foam; (b) folded cell wall belonging to an EPP 120 kg/m® foam (after compression); (c) as received EPP 20 kg/m?
foam; (d) EPP 20 kg/m? after compression.

3. Numerical modelling

The experimental data were used to calibrate a constitutive law able to capture the nonlinear response of the foam material at
varying strain rates, which is essential to describe the helmet’s shock absorbing capabilities. With the aim to build a model useful
for a structural analysis of helmets where the foam is the main constituent, we adopted the crushable foam model developed by
Deshpande and Fleck [11] for metallic foams and already implemented in a commercial code [12]. As far as compression loading
is considered, the model provides isotropic elasticity followed by a plastic evolution featuring volumetric hardening beyond the
compression yield stress a2. Therefore, the model actually represents a phenomenological interpretation of material behavior,
acceptable during the loading conditions considered. A further approximation has been applied in the tensile region, where i) the
Young’s modulus has been considered coincident with the compression value, and ii) the yield surface almost does not evolve at
difference with the aforementioned compression region. This behaviour has been graphically depicted in Fig. 5 in the meridian
stress plane (combining deviatoric and hydrostatic stress), where the main parameters adopted for the model have been also
indicated. Relevant material parameters obtained from experimental tests were extrapolated to the desired strain rate(s) using
Nagy’s model. As an example, the values considered for the 120 kg/m? EPP foam are collected in Table 2; they were used in the
numerical simulation shown in the following.

a? [MPa] k=al/p? ke = p./p?

0.7017 0.6 20

Table 2. Material parameters for EPP 120 kg/m® foam (for symbol definition see Fig. 5).
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Fig. 5. Original and evolving yield surface used for EPP 120 kg/m? foam.
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A ski helmet under a typical impact test has been analysed as an example: a metal headform (not represented here) has been
placed inside the helmet and a steel impactor has been directed towards the external polycarbonate shell (again, not shown in the
following picture) at a relative velocity of 5.425 m/s, corresponding to a theoretical free fall from 1.5 m. Coulombian contact has
been considered between each of the parts constituting the system, in particular between the steel impactor and the outer shell,
between the regions of the shell not jointed to the foam and the foam part itself (the latter shown in Fig. 6.(b)), and between foam
and headform. Since the geometry and the materials for the impactor and the headform are standardized (e.g. [4], [13]), the
friction coefficients can be estimated within reasonable accuracy for the analysis; however, for actual impacts with different kind
of contact surfaces a study of the effects of varying friction is advisable.
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Fig. 6. Simulation of impact test: (a) outcomes in terms of relative acceleration at selected points at the interface between foam and headform, (b) von Mises
stresses (normalized to the maximum value) inside the foam at t=1.4 ms (upper) and t=3.4 ms (lower), (c) normalized acceleration at the centre of the headform.

By recording the acceleration signals during the 10 ms-long impact observation time at selected points (Fig 6.(a)) and
evaluating the corresponding stress state in the foam (only half of the foam in the helmet has been represented in Fig. 6.(b)), it
was possible to gain insights on the best locations where to place the in-situ monitoring sensors, depending on the impact
direction. Besides these numerical data, the outcome in terms of acceleration signals inside the headform (Fig. 6.(c)) was also
collected for comparison with the experiments.

4. Monitoring

With the aim of evaluating helmets’ performance in terms of kinetic energy absorption during impacts, a distributed
acquisition system was designed and realized. The adoption of this kind of system, instead of a single accelerometer as
prescribed in the standards, allows obtaining more information useful to evaluate the helmet’s response in different areas and
facilitate safety improvements.

accelaromaeter 1

Ascrleration gl

Fig. 7. MinilMU: (a) Top view; (b) Bottom view; (c) Data acquisition board; (d) output recorded by the 3-axis accelerometer after a shock.

This system comprises up to six IMUs, placed inside the helmet, and a miniaturized acquisition board, fixed at the back of the
helmet, that is able to both acquire data from the inertial sensors and send these data to a PC through a wireless connection. Since
the inertial measurement units have to be placed inside the helmet, their dimensions were minimized as shown in Fig. 7.(a-c). On
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these minilMUs a 3-axis digital MEMS gyroscope and a 3-axis digital MEMS accelerometer are mounted, while the connection
with the acquisition board is ensured by a very thin (Imm in height) FPC connector and an FFC cable. The overall dimensions of
the board are 14mm x 8mm x 2.6mm. For what concerns the 3-axis MEMS accelerometer, the ADXL375 accelerometer by
Analog Devices was selected due to its full-scale range of + 200g, its high output data-rate (3200Hz) and bandwidth, as well as
some functions like the internal FIFO buffer and the shock detection ability that ensure a more easy and effective management of
sensors’ incoming and outgoing dataflow. Instead, for what concerns the 3-axis MEMS gyroscope, the MAX21000 gyroscope by
Maxim Integrated was chosen for his high signal to noise ratio, high and selectable output data-rate, configurable full-scale range
up to 2000dps and highly customizable low and high pass filters. The sensors’ management and the incoming data processing are
carried out by the developed acquisition board. This device is mainly composed by: a 16-bit DSP microcontroller, that manages
the sensors, the peripherals and the incoming and outgoing data flow; four 64Mbit Flash memories that allow recording the data
retrieved from the IMUs; a Bluetooth transceiver; an USB transceiver to communicate with a remote PC. The power needed to
operate the board is supplied by a mini LiPo battery that can be charged simply connecting the board with a micro-USB cable, as
the charger is embedded onboard.

The acquisition loop is the following: once powered, the device scans which IMUs are connected and initializes the sensors
and peripherals; then, it waits until the start command is issued from the remote PC to begin data acquisition and recording that
ends when the remote PC sends a stop command or when onboard memories are full. The acquired data are then retrieved from
memories and sent to the remote PC. Through a dedicated software that runs on the remote PC, all these operations are straight
forward and the user is able to easily interact with the device in order to manage the acquisition system (start and stop the
acquisition, change parameters, erase the memories and so on), and retrieve the acquired data. Fig. 7.(d) shows an example of the
typical output given by the system after a shock applied to a helmet prototype.

Discussion and Conclusions

This work presents a three-step approach to improve the helmets’ construction. A first, essential step is a correct
representation of the mechanical behavior of the foam constituent materials, which are mainly responsible for the shock
absorption characteristics of the helmets. A large set of data was obtained and existing models have been used to describe the
effects of both density and rate; some variations in deformation mechanisms however suggest that changes in the foam structure
can play a role, too. Subsequently, these data was used to calibrate a numerical model which — based on the small scale
laboratory tests — can predict the response of an helmet undergoing an impact test. Within the model, parameters such as the
foam type or its spatial density distribution can be easily altered to highlight their effect on the resulting accelerations which are
transferred to the head, for any given impact condition (e.g. in terms of speed, energy or direction). Once a suitable objective
function is defined, the numerical model can be exploited to optimize the helmets construction, improving the users’ safety. A
numerical optimization procedure is currently being developed. In parallel, an advanced monitoring system has already been
created and tested. A distributed monitoring system is the third key step for the validation of the numerical model’s predictions,
allowing to process a much greater volume of information compared to single-accelerometer configurations currently used in
helmets’ testing.
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