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Abstract
Oblique impact is the most common situation that cyclists experience during traffic accidents
during which the human head undergoes both linear and rotational (angular) accelerations.
Angular acceleration of the head is known to be linked to the majority of traumatic brain
injuries. This paper proposes various solutions to mitigate angular accelerations of which an
anisotropic column/matrix composite foam design is the most effective. This smart design
allows tailor-made adjustment of shear and compressive resistance of the foam liner. Regarding
helmet shells, tough fiber-reinforced composite materials such as self-reinforced polypropylene
(PP) (Curv®) and silk/high-density polyethylene (HDPE) were benchmarked against
conventional brittle polycarbonate (PC). Results demonstrate the superior performance of
silk/HDPE composite compared to PC in resisting perforation in localized impact involving
sharp objects. Regarding the helmet liner, two configurations were studied particularly, a
multi-layered and column/matrix design. Their efficacy was benchmarked against single-layer
homogenous expanded polystyrene (EPS) foam of equivalent weight and thickness in linear and
oblique impact using experimental and finite element methods. The results showed the superior
behavior of the column/matrix configuration. Such smart design could be combined with other
smart systems such as multi-directional impact protection system (MIPS) technology for
possible synergy and enhanced performance in head protection.

Keywords: head protection, composite shell, composite foam, oblique impact, helmet design

(Some figures may appear in colour only in the online journal)

∗
Author to whom any correspondence should be addressed.

Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-

ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.

1361-665X/23/014001+15$33.00 Printed in the UK 1 © 2022 The Author(s). Published by IOP Publishing Ltd

https://doi.org/10.1088/1361-665X/aca575
https://orcid.org/0000-0002-7322-1539
mailto:Y.Mosleh@tudelft.nl
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/aca575&domain=pdf&date_stamp=2022-12-5
https://creativecommons.org/licenses/by/4.0/


Smart Mater. Struct. 32 (2023) 014001 Y Mosleh et al

1. Introduction

Cyclists are some of the least protected road traffic parti-
cipants. Head injuries are the most common injury types that
a cyclist undergoes in a traffic accident and helmets are the
sole protection system for a cyclist against head injuries dur-
ing a traffic accident. The protective effect of bicycle helmets
in minimizing head and brain injuries is acknowledged in vari-
ous epidemiological, experimental, and computational studies
[1–6].

In real life, cyclists often experience oblique impacts [7].
Oblique impacts give rise to both linear (translational) and
rotational (angular) accelerations of the head. Rotation of
the head is linked to traumatic brain injuries e.g. contu-
sions, subdural hematoma (SDH), and diffuse axonal injury
(DAI) [8–10]. However, the effectiveness of cycling helmets
is mainly evaluated by measuring linear accelerations using
a vertical drop test on a flat anvil. Current cycling helmet
test standards do not include a rotational acceleration in their
pass/fail criteria [11].

These test standards such as CPSC 1203, EN 1078,
AS/NZS 2063, and CSA-D113.2-M89 are similar in certifying
helmets for preventing penetrating injuries to the head, redu-
cing skull-brain relative motion, and keeping biomechanical
injury criteria within human injury tolerance. However, the
impact energy thresholds in these standards vary depending
on the drop height [11].

Increased awareness of the effect of rotational accelera-
tion in traumatic brain injuries has sparked extensive research
for coming up with anti-rotational helmet design technologies
e.g. based on a slip-layer that is placed inside the helmet such
as multi-directional impact protection system (MIPS) [12], 6D
helmet [13], and shearing pad inside (SPIN) [14]. Also dif-
ferent collapsible structures were proposed to replace expan-
ded polystyrene (EPS) liner, examples of which are Wave-
cel helmet [15], and Koroyd helmet [16]. Moreover, aniso-
tropic foams were proposed to directly replace conventional
isotropic foams as helmet liners [17–19]. The hypothesis is
that by introducing anisotropy in a foam liner [20, 21] with the
direction of anisotropy perpendicular to the head surface, the
shear stresses transmitted to the head can be reduced, and by
limiting the tangential force transferred to the head, the rota-
tional movement of the head can be reduced.

Another design concept particularly for equestrian helmets
focuses on varying foamdensity through the thickness by com-
bining layers with different densities or functionally graded
foams. Preliminary impact simulations, only evaluated for lin-
ear acceleration, suggest that using layered or functionally
graded foams in helmets could improve impact absorption and
reduction in peak linear accelerations for low and medium
impact velocities (4.4 m s−1–5.4 m s−1) [22–24].

In a helmet, the outer shell also plays a crucial role. The
function of the outer shell is to distribute the impact energy
over a larger area, prevent penetration of sharp objects, and to
absorb some part of the impact energy. Another function of
the outer shell is enabling the helmet to slide on the road, thus
minimizing tangential forces which cause neck injury. In com-
mercial bicycle helmets, a very thin shell made of materials

such as thermoplastic polymer such as polycarbonate (PC),
acrylonitrile-butadiene-styrene copolymer, or polymer com-
posite (e.g. glass fiber reinforced polymer) is used [25]. Some
researchers evaluated the performance of woven fabric com-
posite shells such as carbon, glass, and Kevlar composite using
finite elements (FEs) and concluded that the composite mater-
ials can help to reduce peak accelerations of the head, and
the Kevlar sample out-performed others due to its low shear
strength and stiffness [26, 27].

This paper investigates various design solutions to improve
the performance of cycling helmets to mitigate linear and rota-
tional accelerations during linear and oblique impacts. Aniso-
tropic composite foam liners in two configurations of ‘layered’
(with varying foam density through the thickness) and ‘colum-
n/matrix’ designs are studied using both experimental and
numerical methods. For this, actual experiments were per-
formed on flat foam specimens by placing them on flat and
45◦ anvils and dropping a Hybrid III dummy head of a 50th
percentile male, while collecting and benchmarking the accel-
erations experienced by the head for different foam configur-
ations. Both experimental and numerical results demonstrate
that the composite foam with column/matrix configuration
should be proposed as the optimum solution to mitigate head
injuries during linear and oblique impacts.

Furthermore, the effect of the helmet shell material on
the helmet performance in linear impact by blunt and
sharp projectiles is studied at room temperature. For this
study, tough thermoplastic fiber reinforced composites namely
self-reinforced polypropylene (PP) (CURV®), and silk/high-
density polyethylene (HDPE) composite were chosen and
benchmarked against brittle PC shells.

2. Materials

2.1. Helmet shell material and production method

The effect of helmet shell thickness and material type have
been studied by performing drop weight impact on cuboids
of EPS foam with a density of 60 kg m−3 covered with shell
material. For investigating the effect of materials type, three
different shell materials namely PC sheet, self-reinforced PP
composite (CURV®), and Silk/HDPE composite with a thick-
ness of around 1.5 mm were investigated. For studying the
effect of shell thickness, PC shells with two different thick-
nesses of 0.5 and 1.5 mm were prepared and subsequently
tested in linear impact.

PC sheets with a thickness of 0.5 mm and 0.75 mm were
sourced from the helmet manufacturing company Lazer Sport
in Belgium. PC shell with a thickness of 1.5 mmwas produced
by compression molding of two PC sheets with a thickness of
0.75mm at a temperature of 200 ◦C and by applying a pressure
of 15 bar for 5 min. Then samples were subsequently cooled
to 90 ◦C. After 15 min holding time at 90 ◦C the samples were
cooled to room temperature and removed from the hot press.

CURV® composite shells with an average thickness of
1.4 mm, were obtained from Propex Fabrics (Germany).

Another composite shell chosen for this study was a silk/H-
DPE composite. A silk twill woven fabric with an areal weight
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Table 1. Different shell materials and their thicknesses.

Shell sample code Material type Thickness (mm)

PC 0.5 Polycarbonate 0.48± 0.05
PC 1.5 Polycarbonate 1.49± 0.02
Curv Self-reinforced polypropylene

composite
1.39± 0.01

Silk/HDPE Composite of silk twill
weave/high density
polyethylene

1.50± 0.03

Figure 1. Illustration of different configurations of composite foams composed of layers of EPS40 (density of 40 kg m−3), EPS80 (density
of 80 kg m−3), and EPS120 (density of 80 kg m−3), from left to right, B40/80/120T; B120/80/40T, and B120/40/120T, respectively, where
B is the bottom location near the head and T is the top position adjacent to the helmet shell and all these three layered composite foam
samples have the overall thickness of 24 mm and overall density of 80 kg m−3.

of 80 g m−2 was sourced from the company Hermes, France.
To prepare silk/HDPE composite shells, high-density poly-
ethylene modified with maleic anhydride (HDPE-MA), Bynel
40× 10529, in the form of a film with a thickness of 0.065 mm
was supplied by Du Pont. The thermoplastic silk/HDPE com-
posite shells were produced by compression molding using a
hot press (Fontijne). The processing temperature was set at
150 ◦C. The applied pressure was set to 15 bar for 8 min.
Then samples were cooled to 90 ◦C. After 15 min holding
time at 90 ◦C, the samples were cooled to room temperature
and removed from the hot press. Fiber volume fraction of silk
fiber in the composite plate was around 50%. The sample code
of the different shells and their actual thickness are listed in
table 1.

2.2. Multi-layer EPS foam liner

Multi-layer liners were prepared by combining discrete layers
of EPS foam with three different densities of 40 ± 3, 80 ± 3,
and 120 ± 4 kg m−3, EPS40, EPS80, and EPS120, respect-
ively. EPS foams were sourced from Kemisol and Lazer Sport
in the shape of blocks with a thickness of 24 mm.

Three different configurations used in this study namely
B120/80/40T, B40/80/120T, and B120/40/120T are illustrated
in figure 1. As illustrated in figure 1, e.g. B120/80/40T refers
to the configuration where higher density foam (EPS120), is
close to the head or impact projectile and EPS40 is adjacent to
the helmet shell. Overall density and thickness of all three con-
figurations were aimed at 80 kg m−3 and 25 mm, respectively.
To achieve the overall density of 80 kg m−3 for EPS40/80/120
layered composite foams, all three layers of EPS40, EPS80,
and EPS120, were cut into the thickness of 8 mm. For cut-
ting the foam layers, a hot wire was used to ensure a smooth

surface. In the EPS120/40/120 configuration, for achieving an
overall density of 80 kg m−3, EPS120 and EPS40 layers were
cut into a thickness of 6 and 12 mm, respectively, to obtain
an overall density of 80 kg m−3. Single-layer EPS80 was con-
sidered as the reference material to which the performance of
multi-layer foams is compared. EPS80 is used prevalently as
a liner in commercial bicycle helmets.

3. Experimental methods

3.1. Linear impact testing of different shells

Two different projectiles were used for impacting the differ-
ent shells which are shown in figures 2(a) and (b). Figure 2(a)
demonstrates a steel flat tub with a diameter of 50 mm and a
steel finger projectile with a hemispherical tip and diameter of
16 mm for applying localized loads as shown in figure 2(b).
The drop height and weight were set at 1.5 m and 4.5 kg
respectively, resulting in an impact velocity of 5.4 m s−1. This
is the velocity suggested by the current European bicycle hel-
met standard, EN 1078 [28].

For preparing samples for impact tests on different shells,
first, the shells were cut and glued to EPS60 foam cuboids with
the dimension of 100 mm × 100 mm × 24 mm using double-
sided adhesive tape Kip® 342 as illustrated in figure 2(c).
Impact tests were performed using a drop tower impactor.
Instead of gluing the samples to the impact tub, they were
clamped between two heavy steel rings with an opening of
70 mm, as shown in figure 2(d). The bolts on the ring were
tightened carefully by applying the same amount of torque
20 N m on every bolt to avoid misalignment, using a torque
meter.

3
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Figure 2. Projectiles used in drop weight impact experiments on
different shells (a) steel flat tube with a circular cross-section of
5 cm diameter; (b) steel finger projectile with 16 mm diameter.
(c) Illustration of a foam specimen covered with PC shell used for
impact testing. (d) An example of a foam sample covered with a
shell fixed in between two steel rings with an opening of 70 mm in
the drop impact tower and impacted by a flat steel tub.

3.2. Compression tests of foam liners

Quasi-static tests were performed according to ASTM stand-
ard D1621/94 using a universal tensile testing machine
(Instron 4467). Foamswere compressed at a constant displace-
ment rate of 2.4 mm min−1 between two parallel steel plates.
The displacement and the load were recorded. Samples were
cut into cuboids of 50 mm (length)× 50 mm (width)× 24 mm
(thickness). All the tests were performed at room temperature
and repeated at least three fold.

3.3. Linear impact tests of foam liners

Linear impact tests on foam samples were performed using
a drop-weight impact tower set-up equipped with a flat steel
projectile, which is shown in figures 3(a) and (b). The circu-
lar cross-section of the steel projectile has a radius of 50 mm
and it is attached to a frame. The total drop weight was set at
4.5 kg resembling the average weight of a Hybrid III dummy
head of a 50th percentile male that is used in oblique impact
experiments. The drop height was fixed at 1.5 m resulting in
an impact velocity of 5.4 m s−1. Force applied to the pro-
jectile during impact was monitored by a Kistler load cell,
type 9041 A; displacement was monitored with a laser sensor.
Foam specimens were prepared in the form of cuboids with
dimensions of 70 mm (length) × 70 mm (width) × 24 mm
(thickness) and taped to the projectile using double-sided
adhesive tape (Kip® 342). As illustrated in figure 3(c), a PC
shell with a thickness of 0.5 mm was also taped to the outer

Figure 3. (a), (b) Drop weight impact tower; (c) illustrations of
three configurations of composite foams connected to flat steel tub.

surface of each foam liner specimen using the same double-
sided tape.

3.4. Oblique impact of foam liners

An illustration of the oblique impact set-up used in this study
is shown in figure 4. In this set-up, a Hybrid III dummy head
of a 50th percentile male is utilized as the headform and is
incorporated into the existing drop weight impact tower. The
head was supported by grips, shown in figure 4(b), until the
moment that the head impacts the anvil. This was to ensure
that the Hybrid III headform remains oriented at 45◦ during
free fall onto the anvil. The grips are mounted on the rails of
the drop tower impact set-up. Also, a high speed camera was
used to monitor the head orientation and it was observed that
the head remains at the same orientation, and any rotation of
the head prior to impact was minimal. An array of three lin-
ear accelerometers and a gyroscope in the center of gravity
of the dummy head allows the measurement of the three lin-
ear accelerations and three rotational velocities in x, y, and z
directions, respectively. Rotational velocities about three dir-
ections of x, y and z (ωx ωy ωz), are measured by an IES 3103
triaxial angular rate sensor with an angular rate measurement
range up to 4800◦ s−1 (or 83.7 rad s−1). For the measurement
of linear accelerations in directions of x, y, and z, three uni-
axial MEMS 64C-2000-300 accelerometers with a measure-
ment range of 0–2000 g were utilized. To obtain the results, a
sampling rate of 7000 Hzwas used. Signals were subsequently
filtered offline in MATLAB using a second-order Butterworth
filter with a cut-off frequency of 175 Hz.

The head was fixed at a height of 1.5 m resulting in an
impact velocity of 5.4 m s−1. An anvil with an angle of 45◦
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Figure 4. Illustration of oblique impact set up equipped with hybrid
III dummy head which falls on the foam sample at an impact angle
of 45◦, the drop direction is shown by a black arrow; sample laid on
45◦ anvil is shown by the red arrow, (a) side view and (b) front view.

was used for the oblique impact test. Foam samples in the
shape of cuboids and dimensions of 80 mm (length)× 80 mm
(width) × 24 mm (thickness) were glued firmly on the 45◦

anvil as shown in figure 3(b). The head was subsequently
dropped on the sample.

All materials were tested at least three times to ensure the
repeatability of the results and a representative curve has been
chosen for the interpretation of the results. All experiments
were performed at room temperature.

3.5. Global head injury criteria

The oblique impact test results are subsequently analyzed
according to global head injury criteria such as HIC (linear
head injury criterion) and RIC (rotational head injury cri-
terion), for a more relevant analysis of the results.

The HIC is the most common head injury indicator
that accounts for both the magnitude and duration of lin-
ear acceleration [29]. The HIC formula is presented in
equation (1), in which the measured linear acceleration, a(t),
is in g’s (9.81 m s−2) and t is in seconds. The time interval
t2 − t1 is limited to 15 ms which gives HIC15 values [30],

HIC=

{(
1/(t2 − t1)

t2
∫
t1
a(t)

)2.5

(t2 − t1)

}
max

. (1)

The RIC was proposed in the same form as HIC and
is described by equation (2), in which α(t) stands for

resultant rotational acceleration in rad s−2 and t is in
seconds [31],

RIC=

{(
1/(t2 − t1)

t2
∫
t1
α(t)

)2.5

(t2 − t1)

}
max

. (2)

4. Modeling description

The FE impact simulation of physical oblique impact con-
sists of three main parts: the EPS foam, the headform, and the
anvil. The impact simulations were carried out for two differ-
ent impact velocities of 5.4 m s−1 and 6.5 m s−1. For the simu-
lation of oblique impact behavior, two different configurations
were considered which are shown in figure 5. In the first case,
the flat foam sample with dimensions of 8 cm (length)× 8 cm
(width) × 2.5 cm (thickness) is placed on a 45◦ anvil and the
headform is dropped vertically on the foam specimen with the
specified impact velocities. In the second configuration, the
foam is placed on the spherical headform and covers half of the
spherical headform, resembling a hemispherical helmet which
is illustrated in figures 5(b) and (c).

The headform is subsequently dropped on the 0◦ and 45◦

anvil simulating linear or oblique impact, respectively. For
simplification, the headform is approximated as a sphere. The
radius of the spherical head model was set at 8.5 cm. The
weight of the headform was set to 4.5 kg similar to the weight
of a hybrid III dummy head. In these simulations, the head-
form is modeled as a rigid body and the linear and rotational
accelerations transferred to the headform are measured from
the center of mass.

The EPS foam liner was modeled in Abaqus/Explicit using
the crushable foam model for isotropic material with volu-
metric hardening in conjunction with a linear elastic model.
Material properties of EPS crushable foams such as Young’s
modulus, yield stress, and plateau stress for the constitutive
model used in the current study were determined by perform-
ing quasi-static compression experiments. The strain harden-
ing in EPS foam is s a function of strain rate. For defining para-
meters for incorporating strain rate dependency in the material
model, linear impact tests on EPS foams were used as input
[32]. Further detail on the foam material model can be found
in the recent paper of the authors [32]. The Poisson’s ratio of
EPS is considered equal to zero in these simulations.

For meshing of the foam, C3D8R elements (linear brick
elements) were used with distortion control which does not
allow elements to invert during large deformations.

The anvil was also modeled as an analytically rigid part.
The friction coefficient between the headform and the foam
in the configuration where the foam was placed on the anvil
(figure 5(a)) and also between the hemispherical helmet and
the anvil (figures 5(b) and (c)) was set to f = 0.3. The foam
was connected to the anvil, in figure 1(a), or to the headform,
in figure 1(b), using coupling where all the degrees of freedom
of the foam surface which was in contact with the anvil or with
the headform were restrained. This simplification was chosen
because the emphasis of this study was on comparing different
configurations of the EPS foam, relative to each other.
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Figure 5. Illustrations of (a) oblique impact of the head on a foam where the foam sample is placed on an anvil at an angle of 45◦; (b) linear
impact of helmeted head on the anvil at the angle of 0◦; (c) oblique impact of the helmeted head at an angle of 45◦, the black arrow
demonstrates the direction of the impact velocity.

5. Results and discussions

5.1. Experimental results

5.1.1. Effect of shell material on impact performance of the
helmet. Linear impact tests were performed on different
shells with two projectiles, a steel finger projectile (figure 6(a))
and a steel flat projectile (figure 6(b)) to see the effect of local
shell deformation on the impact results.

As shown in figures 7(a)–(d), during the impact tests using
the steel finger projectile all the foam samples covered with
PC shells (both thicknesses of 0.5 and 1.5 mm) and Curv®

shells were perforated, except for the samples with silk/HDPE
composite shell. This is due to the higher penetration impact
resistance of silk/HDPE composite. The combination of tough
silk fibers (with strain to failure of 20%) and a thermoplastic
matrix such as HDPE-MA with high strain to failure (820%)
leads to higher deformability and a better spread of the damage
in the composite shell, avoiding localization and perforation at
this impact velocity. Previous research carried out by several
researchers on penetration resistance of glass and carbon fiber-
reinforced composites indicated that the fiber volume fraction
was the dominant factor controlling penetration impact and
that the matrix type had no noticeable effects [33, 34]. How-
ever, other researchers demonstrated the crucial effect of the
matrix on the impact resistance of composites reinforced with
tough fibers (e.g. tough stainless steel and silk fibers) [35–38].
The reason could be that during impact, tough fibers surroun-
ded by a matrix with a high strain to failure, can still fail first
and, thus, their toughness can be exploited to its full potential.
Impact results on different shells indicate the importance of a
suitable tough composite shell in protecting the head against
perforation by sharp objects which is more probable in e.g. the
case of mountain biking.

During the impact tests using the steel flat projectile, none
of the shells were punctured. All samples except for PC0.5
showed a similar peak force and impact time duration. As
observed in figure 6(b) and within the limited test range,
the thickness of PC shells plays a dominant role in peak

force/acceleration which can be related to lower bending stiff-
ness of PC0.5 allowing for larger deformation between the
projectile and the sample (see figures 7(e) and (f)).

5.1.2. Compression and linear impact experiments on layered
foams. The compressive stress–strain curves of multi-layer
composite foams EPS40/80/120, and EPS120-40-120 versus
single-layer EPS80, obtained from quasi-static compression
experiments, are plotted in figure 8(a). It can be observed that
layered EPS foams demonstrate a step-wise behavior in com-
pression. For EPS40/80/120, the compressive stress–strain
curve comprises three stress plateaus; each of which relates
to a different density layer. The first stress plateau is related
to the yielding of the EPS40 layer and the second plateau
stress is the result of the yielding of the EPS80 layer. Finally,
the EPS120 layer undergoes compression loading. EPS120-
40-120 composite foam sample demonstrates two plateaus in
the compressive stress–strain curve attributed to EPS40 and
EPS120 layers, respectively. In general in multi-layer foam,
when the layers are loaded in series, the number of steps that
appear in the stress–strain curve is equal to the number of dif-
ferent densities in the configuration. In addition, the length of
each plateau region is directly related to the thickness of the
corresponding layer. In the helmet application, it is import-
ant that the foam liner can absorb the energy while keeping
the stress below the injurious level. The magnitude of com-
pressive stress is correlated with acceleration. To compare
the energy absorption efficiency of layered EPS liner with
single layer EPS80, figure 8(b) shows absorbed energy dens-
ity versus stress for each configuration. It can be observed that
the multi-layer foams initially demonstrate a gradual tendency
to absorb energy while the single-layer EPS80, does not dis-
sipate energy before the stress of 0.78 MPa. However, after
the stress level of 0.78 MPa, EPS80 outperforms the layered
foams in energy absorption at intermediate stress levels. It is
believed that the analysis of energy absorption efficacy of the
foams in quasi-static compression can be a good indication of
the behavior of the foam in dynamic linear impact inside a
helmet.
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Figure 6. Linear impact force-time graphs with (a) finger steel tub and, (b) flat steel tub. High peak forces lead to high peak accelerations
which should be avoided.

Figure 7. Perforated samples of EPS foam covered with (a) PC shell with a thickness of 0.5 mm, (b) PC shell with a thickness of 1.5 mm,
(c) self-reinforced PP (CURV) shell, (d) silk/HDPE composite shell, impacted by steel finger projectile with an impact velocity of
5.4 m s−1; samples of EPS foam covered with (e) PC shell with a thickness of 0.5 mm, (f) PC shell with a thickness of 1.5 mm, impacted by
flat steel projectile at a velocity of 5.4 m s−1.

To evaluate this hypothesis, the linear impact was per-
formed on all three configurations of layered foam and com-
pared with EPS80. A linear drop weight impactor was used for
this purpose as shown earlier in figure 3.

As shown in figure 8(c), the layered EPS foam liners
demonstrate higher force (accelerations) levels than EPS80.
This is in line with the findings of energy density versus
stress graphs (figure 8(b)). The initial energy recommended
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Figure 8. (a) Stress–strain curves of layered composite foams versus EPS80 obtained from quasi-static compression test; (b) comparative
curves of absorbed energy versus compressive stress for layered composite foams and EPS80; (c) force-time curves of layered foams versus
EPS80, obtained from drop weight impact experiments with an impact velocity of 5.4 m s−1; (d)–(f) impacted samples of B40/80/120T,
B120/40/120T, and B120/80/40T respectively.

for testing bicycle helmets according to EN 1078 (considering
the acceleration limit of 250 g and approximate head weight
of 5 kg) is much higher than the observed threshold of
0.18 MJ m−3. The detailed calculations can be found in
chapter 6 of the PhD thesis of Vanden Bosche [38]. There-
fore, it is believed that the layered foam liners can demon-
strate superior impact protection in helmets, only at low impact
energies. Another interesting observation is that the configur-
ation of the layered EPS foam, particularly the sequence of
the different density layers, affects the impact performance.
As observed, by placing the higher density foam layer close to
the head in the case of EPSB120/80/40T, the foam liner can
absorb the energy in lower force/acceleration levels in com-
parison to EPSB40/80/120T. This can be attributed to the fact
that placing lower density foam close to the head leads to a
more concentrated load due to its weaker compressive prop-
erties. In contrast, by placing the higher density layer close
to the head in the gradient, the load further spreads and a
less localized load can be seen in figures 8(d) vs. (f). The
highest peak force is related to EPSB120/40/120T. A possible
explanation can be related to the higher thickness of the EPS40
layer, in this case, in comparison to the gradient configura-
tions of EPSB120/80/40T and EPSB40/80/120T to achieve
a similar overall density of 80 kg m−3. At the moment of
impact, lower density EPS40 is the first layer that deforms
and enters the densification region. This leads to a higher por-
tion of overall thickness that is densified when the EPS120
layers take over the load. The thicker densified region causes
EPSB120/40/120T to act as a foam of higher density in the
higher stress range and overall the material experiences higher
force/acceleration levels, as is observed in figures 8(a)–(c).

In conclusion, there seems to be a correlation between the
energy absorption ability of different layered EPS foams in
compression tests and during linear impact. Also, it can be
concluded that layered EPS foam liner can outperform single-
layer EPS foam, with similar overall density, only in low
energy impacts and when higher density foam is positioned
adjacent to the head.

5.1.3. Experimental oblique impact. The performance of
multi-layered EPS foam liner versus EPS80, when impacted
at an oblique angle of 45◦ was investigated. For this, flat
foam specimens were placed on the 45◦ anvil, and the hybrid
III dummy head was subsequently dropped on the foam
samples with an impact velocity of 5.4 m s−1. Figures 9(a)–
(c) demonstrates the resultant linear and rotational accelera-
tions and rotational velocity versus time of multi-layer foams
in comparison to EPS80. As observed, peak linear accelera-
tions of layered EPS liners are similar to EPS80 except for
EPSB120/80/40T, which can be related to a less localized
impact loading. Slight prolongation of the impact duration can
also be observed in the layered foams which can be related to
the stepwise deformation in layered foam, starting in the softer
layers, which can prolong the contact time between the head
and foam specimen. Layered EPS foam liners demonstrated
lower peak rotational acceleration in comparison to EPS80.
The lower rotational acceleration and lower rotational velo-
city slope can be related to the lower shear stresses transmit-
ted to the head in the earlier stages of contact. Easier shear
deformation of the EPS40 layers in the layered foam struc-
tures can lead to a reduction of shear stress transfer to the head
and hence lower rotational acceleration values. However, it is
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Figure 9. Oblique impact behavior of three different configurations of layered composite foam versus EPS80 obtained from oblique impact
experiments in which flat foam specimens are placed on an anvil at 45◦ and are impacted by the dummy head at an impact velocity of
4.5 m s−1, (a) resultant linear acceleration-time, (b) rotational acceleration-time, and (c) rotational velocity-time.

Figure 10. Simulated oblique impact behavior of three different configurations of layered composite foam versus EPS80 obtained from
oblique impact experiments in which flat foam specimens are placed on an anvil at 45◦ and are impacted by the dummy head at impact
velocity of 4.5 m s−1, (a) resultant linear acceleration-time, (b) rotational acceleration-time, and (c) rotational velocity-time.

believed that for higher impact energies, the soft layer densi-
fies leading to the higher shear resistance of the structure. This
is further investigated by numerical modeling in the following
sections.

5.2. Impact simulation results

The linear and oblique impact simulations of spherical head-
forms are presented (see figure 5). In one case the spherical
head is dropped on multi-layered and single-layer EPS foam
and linear and rotational accelerations transferred to the head
form during impact are presented. In another case, the head
form is covered with foam resembling a helmet. The pur-
pose of this section is to first assess the eligibility of the cur-
rent numerical simulations for evaluation of the performance
of different foam configurations in linear and oblique head
tests, which can save time and labor of actual experimenta-
tion. Secondly, a qualitative comparison will be done of dif-
ferent layered EPS configurations versus single-layer EPS as
a helmet foam material. It is interesting to investigate the per-
formance of a helmet by inducing a gradient density through
the foam liner thickness, without changing the overall thick-
ness or weight.

5.2.1. Oblique impact simulations of flat foam samples.
Figures 10(a)–(c), respectively, shows the calculated linear
and rotational accelerations and rotational velocity versus time
of multi-layer composite foams in comparison to EPS80. In
these simulations, the foams were placed on the 45◦ anvil and
the spherical headform dropped on the foam specimens with
an impact velocity of 5.4 m s−1.

By comparing figures 9(a)–(c) and 10(a)–(c), it can be
concluded that there is a good agreement between experi-
mental and simulation results in terms of predicting the rel-
ative behavior of the different configurations of multi-layer
composite foams with respect to each other and to EPS80.
The shape of the linear and rotational acceleration versus time
and rotational velocity versus time curves are very similar
to the results obtained from the experiments. All the layered
composite foams show lower rotational acceleration values
and also a lower slope of the rotational velocity, for the used
impact velocity of 5.4 m s−1. Moreover, EPSB120/80/40T
seems to be the best configuration since it also transfers lower
linear acceleration levels in comparison to EPS80, as was
also observed during the experiments. In both simulation and
experimental results, a prolongation of impact duration around

9
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Figure 11. The evolution of deformation of EPS80 foam and layered EPS foams with time during oblique impact (impact velocity of
5.4 m s−1) is shown by snapshots from simulations.

2 ms can be seen for multi-layer foams in comparison to
EPS80. As mentioned earlier this could be due to the stepwise
deformation in the layered foam. In layered foams deformation
starts in the softer layers which can be observed in figure 11,
in which evolution of deformation in different layered foams
is shown with the progression of time.

However, absolute values of linear and rotational accelera-
tion and velocity in simulation curves show slightly higher val-
ues compared to experimental curves. One of the reasons for
this discrepancy in absolute peak values between simulations
and experimental curves can be that the simulated head form
is approximated as a sphere whilst in actual experiments in
this study a hybrid III dummy head was used. Another reason
could be the different friction coefficient between the dummy
head and the foam (covered by a comfort pad) during exper-
iments than the value of 0.3 that was assumed in the model
since friction can affect rotation. However, due to a lack of
data on the value of the friction coefficient, this cannot be fur-
ther scrutinized.

5.2.2. Linear impact simulations of helmeted heads.
Figures 12(a) and (b) demonstrates the linear acceleration
versus time curves obtained from linear impact simulations
of helmeted heads with impact speeds of 5.4 and 6.5 m s−1,
respectively. It can be seen that the numerical results are in
line with the conclusion which was drawn from compression
and linear impact experimental results (figure 8). Multi-layer
EPS liners demonstrate higher peak linear acceleration in

comparison to EPS80. For both impact velocities of 5.4 and
6.5 m s−1, it can be observed that the highest peak accelera-
tion is related to the EPSB120/40/120T configuration, which
is believed to be related to the thicker layer of EPS40 which
densifies before the higher density layers and leads to a bigger
ratio of the densified layer in comparison to other configur-
ations. Similar to observations in drop weight impact exper-
iments on flat samples, it can be seen that the configuration
where the higher density layer is closer to the head transfers
lower accelerations to the head, however, it cannot outperform
EPS80.

5.2.3. Oblique impact simulations of a helmeted head.
Figures 13(a)–(c) demonstrates the linear and rotational accel-
erations and rotational velocity transmitted to the headform
whilst impacting the 45◦ anvil, with an impact velocity of
5.4 m s−1. As observed, for the impact velocity of 5.4 m s−1,
the EPSB120/80/40T helmet transfers slightly lower peak lin-
ear and rotational accelerations to the head compared to the
EPS80 helmet while EPSB120/40/120T and EPSB40/80/120T
helmets show similar peak linear and rotational accelerations
to EPS80 helmet. These results are somewhat different from
the experiments and simulations of flat foam samples; in that
case, all layered foam samples showed reduced rotational
acceleration.

In addition, in the helmeted head simulations, all the
layered EPS foam configurations demonstrate a lower slope
before reaching peak accelerations for both linear and
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Figure 12. Simulated performance of helmets made of layered composite foam in linear impact in comparison to EPS80 reference helmet at
an impact velocity of (a) 5.4 m s−1, and (b) 6.5 m s−1 (ar is resultant linear acceleration).

Figure 13. Simulated performance of helmets made of three different configurations of layered composite foams versus EPS80 obtained
from FE simulations of oblique impact at an angle of 45◦ and two impact velocities of 5.4 and 6.5 m s−1; (a) and (d) resultant linear
acceleration–time, (b) and (e) rotational acceleration–time, and (c) and (f) rotational velocity–time.

rotational accelerations and prolongation of the impact dur-
ation by around 2 ms, compared to EPS80. This can be related
to the weaker EPS40 layers in layered foams. However, at a
higher impact velocity of 6.5 m s−1, as shown in figures 12(d)–
(f), EPS80 demonstrates lower linear and rotational acceler-
ation peaks than the layered foam configurations, except for
EPSB120/80/40T. As shown earlier in figures 12(a) and (b), in
linear impact, EPS80 outperforms all three layered EPS foam
configurations.

The values for peak linear and rotational acceleration for
impact velocities of 5.4 and 6.5 m s−1 and both linear and
oblique impacts, from simulations on helmeted heads, are tab-
ulated in table 2.

5.2.4. Analysis of the data based on global injury criteria. To
avoid concluding the performance of multi-layer foam solely
based on peak acceleration and to take into account pulse dur-
ation, the test results are analyzed according to global head
injury criteria such as linear HIC, and RIC. The calculated HIC
and RIC values for linear and oblique impacts are tabulated in
table 3. As shown in table 3, in linear impact the helmets with
the layered configurations demonstrate higher HIC values than
standard EPS80 helmets for both impact velocities of 5.4 and
6.5 m s−1. However, in oblique impact, for an impact velo-
city of 5.4 m s−1, HIC values for layered foam and specifically
the EPS120B-80-40Tmaterial show slightly lower values than
EPS80, and also for an impact velocity of 6.5 m s−1, only the
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Table 2. Tabulated values of peak resultant linear (ar,max) and rotational accelerations (αrmax) and peak rotational velocity (ɷmax), from
simulations on helmeted heads, for both layered foams and EPS80 for impact angles of 0◦ and 45◦ and two impact velocities of 5.4 and
6.5 m s−1 .

V0 = 5.4 m s−1

θ = 0◦
V0 = 6.5 m s−1

θ = 0◦
V0 = 5.4 m s−1

θ = 45◦
V0 = 6.5 m s−1

θ = 45◦

Sample code ar,max (g) ar,max (g) ar,max (g)
αr,max

(rad s−2)
ɷmax

(rad s−1) ar,max (g)
αr,max

(rad s−2)
ɷmax

(rad s−1)

EPS80 246 300 141 13 600 34.4 200 16 836 40.8
EPSB40/80/120T 270 346 142 13 775 35.4 182 17 562 41.5
EPSB120/40/120T 278 360 140 13 731 35.8 186 18 053 42.5
EPSB120/80/40T 258 333 133 12 863 34.1 200 15 951 40.7

Table 3. Calculated values with HIC and RIC for different layered composite foam configurations versus EPS80.

V0 = 5.4 m s−1 V0 = 6.5 m s−1 V0 = 5.4 m s−1 V0 = 6.5 m s−1

θ = 0◦ θ = 0◦ θ = 45◦ θ = 45◦

Sample code HIC15 HIC15 HIC15 RIC HIC15 RIC

EPS80 100% 100% 100% 100% 100% 100%
EPSB40/80/120T 122% 138% 94% 92% 99% 101%
EPSB120/40/120T 127% 145% 86% 89% 103% 103%
EPSB120/80/40T 106% 130% 84% 89% 91% 93%

EPS120B-80-40T helmet can slightly outperform the EPS80
helmet.

As can be observed in table 3, at an impact velocity of
5.4 m s−1, the calculated RIC values for the multi-layer com-
posite are slightly lower than for the EPS80 helmet. The
decrease in RIC values in the case of the EPSB120/80/40T
Prototype is up to 10%. For an impact velocity of 6.5 m s−1,
only the EPSB120/80/40T helmet exhibits a lower RIC value
than the EPS helmet (8.5%).

From simulation results, it can be concluded that multi-
layer foams cannot outperform single-layer EPS foam of
the equivalent weight and thickness in linear impact. In
oblique impact, results of simulation for an impact velocity
of 5.4 m s−1 show that layered composite helmets can outper-
form EPS80 helmets, however for a higher impact velocity of
6.5 m s−1, only the EPSB120/80/40T helmet can slightly out-
perform the EPS80 helmet by reducing peak linear and rota-
tional accelerations. However, no clear change in peak rota-
tional velocity by using multi-layer composite helmets was
observed.

Concluding, both the simulation results and the earlier
experimental results indicate that no significant benefits for
impact energy absorption may be expected from layered foam
liner configurations, notwithstanding some positive reports in
the literature [22–24]. However, instead of using layered foam
configurations which are loaded in series during impact, as
an alternative, parallel-loaded composite foam configurations
were evaluated, which turned out to give very clear reductions
in rotational acceleration [18, 32].

5.3. Proposition of column/matrix configuration as the
optimum solution

A composite foam concept comprising two different densities
of EPS foams in a ‘column/matrix’ configuration is proposed

as illustrated in figure 14. Matrix foam was chosen from a
lower density foam, more precisely foam with lower shear and
compressive resistance e.g. EPS40 whilst EPS120 was chosen
for the columns. The direction of mechanical anisotropy in the
composite foam configuration is in the z direction (through
the thickness). This means in case such a structure is used as
a helmet liner, the direction of anisotropy would be perpen-
dicular to the surface of the head as illustrated in figure 14.
Here, “EPS40m/EPS120f/5× 5” stands for a composite foam
sample with EPS60 as the matrix foam and EPS120 as column
foam with 25 columns arrayed in a square packing. More
information on fabrication, and parameters affecting the prop-
erties of the column/matrix composites is presented in previ-
ous research papers [18, 19, 32].

Table 4 summaries the resultant linear and rotational accel-
erations, rotational velocity, HIC15 and RIC criteria for the
column/matrix configuration versus single layer EPS80 flat
foam samples when the headform impacted a flat foam spe-
cimen laid on the anvil at an angle of 45◦ with impact velocity
of 5.4 m s−1. It can be concluded that the composite foam
concept can reduce linear and rotational accelerations as well
as the rotational velocity and injury criteria in comparison to a
single layer. This further confirms the hypothesis that by creat-
ing anisotropy, rotational acceleration transmitted to the head
can be reduced without change in the weight and thickness of
the liner [18, 19, 39].

The values for peak linear and rotational accelerations, and
rotational velocity obtained from oblique impact (45◦) simu-
lations of helmeted head for both impact velocities of 5.4 and
6.5 m s−1 are tabulated in table 5.

The composite foam helmet with a foam column (fiber) dia-
meter of 5.8 mm shows a reduction in HIC values of around
20%. Moreover, composite foam helmets could have half the
RIC value, showing the merit of the composite concept in
specifically reducing rotational acceleration.
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Figure 14. Illustration of ‘column (‘fibre’)/matrix’ composite foams, flat sample configuration (left), and simulated helmet configuration
(right).

Table 4. Peak linear and rotational accelerations, and rotational velocity obtained from oblique impact (45◦) simulations and calculated
values of HIC, RIC, criteria composite foams vs. EPS80 at impact velocities of 5.4.

Sample code amax (g) αmax (rad s−2) ɷmax (rad s−1) HIC15 RIC

EPS80 Reference 123 ± 2 10 400 ± 400 40.0 ± 1.0 402 ± 18 16 870 ± 100
EPS40m/EPS120f/5 × 5 106 ± 2 5780 ± 300 32.5 ± 0.5 328 ± 2 5910 ± 400

Table 5. Tabulated values of peak linear and rotational accelerations and rotational velocity obtained from oblique impact (45◦) simulations
and calculated values of HIC, RIC, criteria composite foams vs. EPS80 at impact velocities of 5.4 and 6.5 m s−1.

Helmet code V0, (m s−1) amax (g) αmax (rad s−2) ɷmax (rad s−1) HIC15 RIC

EPS80 5.4 168 13 900 34 673 19 500
6.5 200 16 800 39.6 1051 30 300

Helmet EPS40m/EPS120f 5.4 144%–14% 10 177%–27% 29%–15% 529%–21% 9826%–50%
6.5 178%–12% 14 000%–17% 35.5%–10% 840%–20% 16 306–46%

To sum up, it can be concluded that the column/matrix com-
posite liner design similar to other anti-rotational helmet sys-
tems presented in literature can contribute to the simultaneous
reduction of linear and rotational accelerations, compared to
the conventional EPS helmet [11]. All these earlier mechan-
isms of anti-rotational helmet designs have aimed at the reduc-
tion of rotational acceleration whilst simultaneously absorbing
impact energy and linear accelerations. These anti-rotational
concepts such as a slip-layer could be combined smartly with
the currently proposed composite foam liner for possible syn-
ergistic effects. The column/matrix design in itself allows for
a smart design of the foam liner, because it is possible to steer
the relative compressive and shear resistance, with the volume
fraction of the columns, their slenderness (diameter) and the
densities of the two foam materials.

6. Conclusions

This paper comprises two main parts. In the first part, the
effect of helmet shell material and thickness on the impact
resistance of a helmet against blunt and sharp projectiles
was studied by performing drop weight impact tests. For

this, composite shells of self-reinforced PP and silk/HDPE
were benchmarked against conventional PC shells. The results
indicate that only a tough composite of silk/HDPE can protect
the helmets against perforation by sharp projectiles. Moreover,
it was observed that using a thinner PC shell could lead to
lower peak accelerations upon loading with a flat projectile,
attributed to lower bending stiffness which allows for higher
deformability.

In the second part of this paper, multi-layer EPS with three
different configurations was prepared and their compression
and impact performance was compared with single-layer EPS
of similar thickness and weight. Results from compression
experiments showed that the multi-layer foams initially absorb
the energymore efficiently, however, after a certain stress level
(in case of our material around 0.78 MPa), single layer EPS80
outperformed composite foams by absorbing more energy at
intermediate stress levels. In the next step, the performance
of multi-layer foams as a helmet liner in linear and oblique
impact was investigated via FE simulations. Results demon-
strated that the multi-layer composite foam with equal thick-
ness and overall density did not outperform the single layer
EPS80 foam in linear impact for both impact velocities of
5.4 and 6.5 m s−1 which are relevant velocities for bicycle
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helmet testing. In oblique impact, only the EPSB120/80/40T
configuration in which the high density EPS120 layer is the
closest to the head can slightly outperform EPS80 based on
the peak acceleration values and HIC and RIC calculations.
Based on the results of this paper, notwithstanding earlier pos-
itive reports in literature, it seems multi-layer configurations
are merely an equal alternative for single layer foam with the
same density and thickness when protection as a helmet liner
is targeted.

Finally, composite foams with a column/matrix config-
uration are proposed as a substitute for single-layer EPS
foam of equivalent weight and thickness for head protec-
tion, aiming at the reduction of rotational movement of the
head during oblique impacts. The experimental and numerical
oblique impact results demonstrated the superior efficacy of
the column/matrix composite foam concept which can be used
as a smart structural solution for producing safer helmets that
can further mitigate rotational accelerations and velocity. This
concept can also be used in combination with other smart hel-
met design systems which specifically aim at mitigation of the
head rotational movement such as MIPS, for a possible syn-
ergy. Moreover, the column/matrix design in itself allows for a
smart design of the foam liner, due to the possibility of steering
the relative compressive and shear resistance, with the volume
fraction of the columns, their slenderness (diameter), and the
densities of the two foam materials.

It should be noted that the oblique impact experiments in
this study were performed only on the top of the Hybrid III
head (figure 4). It is possible that the effectiveness of these
materials is dependent not only on impact velocity but also on
impact location relative to the head. Another important aspect
to be noted is that, in the current study, the experimental res-
ults from impacts involving the 50th percentile male Hybrid III
dummy head were compared with computational results from
FE simulations involving an idealized spherical head. These
limitations can be additional aspects to further scrutinize in
future studies.
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