Smart Materials and
Structures

&%, PURPOSE-LED
“w§# PUBLISHING™

PAPER « OPEN ACCESS

Design and proof-of-concept of an advanced
protective system for the dissipation of tangential
impact energy in helmets, based on non-
Newtonian fluids

To cite this article: Giuseppe La Fauci et al 2023 Smart Mater. Struct. 32 044004

View the article online for updates and enhancements.

You may also like

- Laboratory evaluation of climbing helmets:

assessment of linear acceleration
Mark Begonia, Bethany Rowson, Blake
Scicli et al.

- Einite element modeling and topology

optimization of a helmet structure
Tran Vu Minh and Thanh Tung Tran

- A novel bio-inspired helmet with auxetic

lattice liners for mitigating traumatic brain
injury

Zeyao Chen, Junhao Li, Baisheng Wu et
al.

This content was downloaded from IP address 137.204.46.59 on 20/01/2026 at 07:50


https://doi.org/10.1088/1361-665X/acc148
https://iopscience.iop.org/article/10.1088/1361-665X/acb6ea
https://iopscience.iop.org/article/10.1088/1361-665X/acb6ea
https://iopscience.iop.org/article/10.1088/2631-8695/ae2429
https://iopscience.iop.org/article/10.1088/2631-8695/ae2429
https://iopscience.iop.org/article/10.1088/1361-665X/acf62e
https://iopscience.iop.org/article/10.1088/1361-665X/acf62e
https://iopscience.iop.org/article/10.1088/1361-665X/acf62e

OPEN ACCESS

10OP Publishing Smart Materials and Structures

Smart Mater. Struct. 32 (2023) 044004 (10pp) https://doi.org/10.1088/1361-665X/acc148

Design and proof-of-concept of an
advanced protective system for the
dissipation of tangential impact energy
in helmets, based on nhon-Newtonian
fluids

Giuseppe La Fauci' @, Mariafederica Parisi' @, Alessandro Nanni'*{©, Lorenzo Crosetta',
Nicola M Pugno”*® and Martino Colonna'**

! Sport Technology LAB, DICAM, University of Bologna, Via Terracini 28, 40131 Bologna, Italy

2 Laboratory for Bioinspired, Bionic, Nano, Meta Materials and Mechanics, Department of Civil,
Environmental and Mechanical Engineering, University of Trento, Via Mesiano 77, 38123 Trento, Italy
3 School of Engineering and Materials Science, Queen Mary University of London, Mile End Road, E1
4NS London, United Kingdom

4 RE-SPORT srl, via Fanin 48, 40127 Bologna, Italy

E-mail: martino.colonna@unibo.it

Received 8 October 2022, revised 24 February 2023
Accepted for publication 3 March 2023
Published 16 March 2023

CrossMark

Abstract

We have designed and tested a device based on non-Newtonian fluids for the attenuation of
tangential impacts energy in helmets. A shear thickening fluid based on borurated silicones has
given the best results in terms of impact energy attenuation in a system that selectively mimics
tangential impacts and for this reason it has been used to fill the chamber of a pad, prepared by
additive manufacturing, for impact energy dissipation. The pad is composed of a case
containing the fluid in which is immersed a rigid pin that is free to move in all direction and
therefore is able to absorb energy during its movement inside the fluid. A motorcycle helmet,
already composed of two concentrical expanded polystyrene (EPS) liners, has been
implemented with seven pads between the two EPS layers. The two layers have only been
connected by means of the dissipating pad and are free to rotate and to dissipate energy during
the rotation. The results of oblique impacts according to ECE 22.06 with three impact positions,
shows a reduction of the brain injury criterion of 14% for the helmet with the pads, compared to
the standard helmet, with values well below the threshold imposed by the norm. On the
contrary, the maximum of the peak rotational acceleration show a 3% increase. Nevertheless,
the rotational acceleration versus time curves indicates that in all three orientations the time of
the maximum is shifted towards longer times for the helmets with the pads, indicating that the
pads retard the acceleration of the head due to the efficient rotation of the two EPS parts
connected by the pads. The described system could be implemented with minimal modifications
in existing protective sport and motorcycle helmets.

* Author to whom any correspondence should be addressed.

Original content from this work may be used under the terms

5Y 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/23/044004+10$33.00 Printed in the UK 1 © 2023 The Author(s). Published by IOP Publishing Ltd


https://doi.org/10.1088/1361-665X/acc148
https://orcid.org/0000-0001-9211-9954
https://orcid.org/0000-0001-9361-2222
https://orcid.org/0000-0003-4768-7236
https://orcid.org/0000-0003-2136-2396
https://orcid.org/0000-0002-5728-6332
mailto:martino.colonna@unibo.it
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-665X/acc148&domain=pdf&date_stamp=2023-3-16
https://creativecommons.org/licenses/by/4.0/

Smart Mater. Struct. 32 (2023) 044004

G La Fauci et al

Supplementary material for this article is available online
Keywords: tangential impacts, helmets, non-Newtonian fluids

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

1. Introduction

Helmets safety has been significantly improved in the last
years thanks to systems able to reduce linear accelerations,
caused by impacts [1-3]. Examples of these systems are Wave-
cel and Koroyd [4] tubular structures and multi-density layered
liners [5]. However, it is widely reported in the literature since
the 40s of the last century [6] that tangential impacts are the
most dangerous ones since they can generate rotational accel-
erations that are the cause of concussion and traumatic brain
injuries [7-9]. For this reason, both helmet producers and
standardizing bodies have started to take into consideration
oblique impacts and rotational accelerations in order to pro-
duce safer helmets. In particular, from the standardizing bod-
ies side, FIM (Fédération Internationale de Motocyclisme—
World Motorcycling Association) has been the first that has
taken into consideration oblique impacts for motorcycle racing
helmets with the standard FRHPhe [10], followed in 2021 by
the European Community with the norm ECE 22.06. In these
tests, impacts are performed using an oblique anvil. There-
fore, during the impact, the linear movement of the falling hel-
met is partially converted into rotation, which magnitude and
duration is monitored trough accelerometers positioned in the
headform center of gravity and connected to a data acquisition
system.

From the producer point of view, the systems that are
nowadays available for the mitigation of rotational acceler-
ation are based on the reciprocal movement of the external
and internal part of the helmet. The most used system for
impact energy attenuation is MIPS [11] (which acronym
means Multi-directional Impact Protection System) that is a
system developed and patented by a spin-off company of KTH
University in Stockholm in 2007. This system is composed
by a thin plastic layer in the internal part of the helmet, con-
nected with elastic bands to the outer part of the helmet [12].
This layer moves, during an oblique impact, along with the
head, thus retarding the moment in which the rotational forces
reach the head. Scientific literature report that this system can
decrease the rotational acceleration by almost 40% [13]. How-
ever, arecent paper [14] has shown that when a biofidelic scalp
layer is present, there is no statistical difference between hel-
met models with and without the MIPS in terms of rotational
acceleration, velocity, relative rotation, impact duration and
injury risk, indicating that the previous studies—which have
not tested anti-rotational acceleration technologies in the pres-
ence of a realistic scalp layer—may have exaggerated the con-
tribution of such technologies. Moreover, after a certain rota-
tion, the rubber bands, being made of an elastomer, may get
to their extension limit and could break or arrive to a point in
which are not able to further elongate, thus transferring the

impulse to the head. Therefore, those systems may be able
to absorb only a low amount of energy during the movement,
only retarding the moment in which the impulse is transferred
to the head.

An alternative system has been implemented by 6D [15]
that has produced a helmet, named ATR 2, with a series
of elastomeric pads that connects the inner and outer part
of the helmet. However, even if the elastomers are of lar-
ger dimensions compared to those of MIPS system, for
the same motivation stated above, they may be not able to
significantly dissipate the energy of an impact but, again,
just to retard the translation of the head relatively to the
helmet.

A recent paper [16] has compared helmets with MIPS and
6D systems, indicating that MIPS systems reduce the brain
injury criterion (BrIC) and peak rotational accelerations with
respect to standard helmets while the 6D systems increases
the values. However, in the paper different helmets with 6D
and MIPS systems have been compared so it cannot be stated
clearly which system is better, since the differences could arise
from the other characteristics of the helmets (stiffness of the
external part, thickness of expanded polystyrene (EPS), etc).
In order to overcome the potential issues connected with the
existing systems, we have developed a modular system that
not only allows the movement of the external part of the hel-
met with respect to the head, but also dissipates energy during
the movement [17]. The idea at the base of our approach is
based on a system in which a moving object is immersed in
a fluid that permits the motion of the object (and therefore of
the external part of the helmet with respect to the head) but that
also dissipate energy during its movement. This is similar to
what happens in train-bumpers or in vehicles shock absorbers.
Moreover, this system is interposed between the EPS foam
layers and not in the inner part of the helmet as for the MIPS
system and therefore is not affected by the scalp shape and
type.

It is well known that energy dissipation performed by flu-
ids depends on their viscosity and on their overall rheolo-
gical properties [18]. Non-Newtonian fluids are widely used
in impact energy dissipation attenuation due their unique
behavior of changing their viscosity at different shear rates
[19,20]. Examples in body protection systems are D30
[21] and PolyAnswer [22] materials. The two main classes
of non-Newtonian fluids are shear-thickening (if viscosity
increases with the shear rate) and shear-thinning (if viscos-
ity decreases with the shear rate) fluids [23] (figure 1), both
used in impact energy damping applications [18]. Most poly-
meric materials have a shear-thinning behavior in the mol-
ten state and in solution [24], while macromolecules with
strong intermolecular forces between polymer chains (e.g.
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Figure 1. Viscosity vs shear rate for Newtonian and non-Newtonian
fluids.

starch and borurated silicones) exhibit a shear-thickening
behavior [19, 25].

We have previously tested and modeled several back-
protectors containing shear-thickening fluids, showing that
they behave mainly as soft materials at low shear rates. This
behavior allows a good ergonomic comfort when moved at
low speed. On the contrary, at high shear rates the mater-
ial becomes stiffer, thus distributing the impact energy on a
wider area and spreading the impact time on wide time-frame,
decreasing the transmitted impact force [26-28]. In several
cases, the non-Newtonian material used is a borurated sil-
icon (PBDMS) that creates non-permanent and time depend-
ent cross-links between polymer chains (figure 2).

In order to produce body-protectors these fluids are gener-
ally incorporated into a foam, generally thermoplastic poly-
urethane (TPU) or ethylene vinyl acetate (EVA) based, with
the aim to keep them confined. Also in helmets, LEATT [29]
uses a non-Newtonian foam for the production of turbine-
shaped parts that are in connection with the head (LEATT Tur-
bine 360°) [30]. However, in this case the deformation of the
foam is caused by the friction of the part with the head of
the user and therefore may not be able to provide a signific-
ant energy dissipation due to the low friction with hairs and,
moreover, it is dependent from the scalp shape and type.

Some producers have also started using non-Newtonian flu-
ids encapsulated in flexible bags. For example, Fox Racing
with the Fluid Inside system [31] and POC with the Spin
system [32] have created helmets having small bags contain-
ing encapsulated fluids that are positioned on the inner liner
in direct contact with head. The effect of a shear force may be
not able to produce a significant deformation of the bags due to
their thin shape and to the low friction that occurs between the
head and the bags and for this reason a low energy absorption
should be expected. Moreover, this effect should be dependent
from the shape and type of scalp [14].

Accordingly, none of the existing systems may be able to
both guarantee a mobility between the inner and outer part
of the helmet and, at the same time, to dissipate energy in
all directions during this movement and, at the same time,
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Figure 2. Schematic illustration of the physical interactions for
polyborosiloxane (PBDMS). (a) PBDMS obtained from precursors
with low molecular masses (no topological entanglements).

(b) PBDMS obtained from precursors with high molecular masses
(topological entanglements). (c) Reversible and irreversible
interactions occurring in PBDMS.

being independent from the scalp type and shape [14]. For this
reason, we have designed and 3D printed a pad composed of
a rigid lower part containing a fluid in which is immersed a
rigid pin that is free to move in all directions dissipating energy
during its movement (figure 3). The pad is closed in the upper
part with a flexible gasket and the upper part of the module is
fixed to the external EPS liner of the helmet while the lower
part is connected with the internal EPS liner of the helmet.
The internal and external liners are only connected by means
of the dissipating pads and therefore are free to rotate while
absorbing rotational energy (figure 3).

In this paper we report, the proof-of-concept and the applic-
ation of this novel impact energy attenuation system based on
non-Newtonian fluids. In the first part we have prepared and
characterized the non-Newtonian fluids. We have then tested
in tangential impacts a single pad in order to determine the best
fluid to be used and finally we have implemented a commer-
cial motorcycle helmet with the pads and performed impacts
according to EN 22.06 on the helmet.

2. Methods

2.1. Materials

Hydroxy-terminated polydimethylsiloxane (PDMS) precursor
with weight-average molecular mass (specified by the sup-
plier) of 4200 g mol~!, was purchased from Alfa Aesar
Company.
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Figure 3. (a) Impact energy attenuation modules that can absorb
tangential, normal and combined impacts. (b) Section of the design
of the helmet with the impact attenuation modules.

Boric acid (BA) (B0394), the silicone used as shear thin-
ning fluid and n-hexane (ReagentPlus® >99%) were all
provided by Sigma-Aldrich Company.

A set of commercial Airoh Aviator 2.3 Motocross Helmet
was provided by Locatelli S.P.A.

2.2. Fluid preparation

PDMS and finely ground BA were previously dried at 50 °C
in a vacuum oven overnight prior to use. To prepare the poly-
borodimethylsiloxane (PBDMS), BA was dispersed in the
PDMS precursor with the stoichiometric ratio, r = 1 (the mass
fraction of the hydroxyl groups of BA to those of PDSM). The
mixture was stirred at room temperature for 2 h and then kept
at the same temperature for 24 h to allow further reaction.

The obtained raw PBDMS, was purified in n-hexane (pre-
viously dried by using molecular sieves) in order to remove all
the unreacted BA. The PBDMS solution was vacuum-filtered
through a polyvinylidene fluoride membrane and finally, the
purified product was collected after evaporation of the solvent
at 60 °C and then further dried at 60 °C in a vacuum oven
overnight. The occurrence of the boruration reaction was ana-
lyzed by Fourier transform infrared (FTIR) spectroscopy using
a Perkin Elmer Spectrum One FTIR infrared spectrometer.

2.83. Fluid characterization

Rheological tests were carried out on an Anton Paar EC-Twist
502 rheometer, using a plate-plate geometry (25 mm in dia-
meter). The rheometer is equipped with a Peltier control sys-
tem that provide a precise control of temperature (£0.1 °C).

©

! 25

Figure 4. (a) Impact set-up for selective tangential impacts during
tests. (b) Impact device assembly. (c) Assembled device.
(d) Technical drawing of the impact device.

In order to obtain highly accurate results, the zero-gap posi-
tion was determined using an automatic gap control function.
Furthermore, before each rheological test, a steady pre-shear
was applied on the sample to remove the possible effects of
any previous shear history, allowing the material to reach its
equilibrium state.

The frequency-sweep tests were performed at 25 °C with a
strain amplitude of 0.1% and a frequency range from 0.001 to
0.1 Hz.

2.4. Compression tests at different shear rates

Compression tests were conducted on an INSTRON 5966
series machine. All tests were performed at 23 °C applying
different shear rates (10, 50, 100, 150 and 200 mm min~"') on
the system reported in figure 4 filled with shear-thickening and
shear-thinning fluids.

2.5. Tangential impact test on a single module

Impact tests were conducted on a system that simulates the
pad behavior considering only tangential impacts (figure 4).
The custom-made apparatus has been manufactured from
aluminum and steel, carved with a computerized numer-
ical control (CNC) machine. The system has a chamber
(41 x 21 x 10 mm) filled with PBDMS that can be deformed
by a round-tip nail with a cross section of 8 X 2.5 mm and
20 mm length. A flat impactor with 15 mm of diameter was
directly connected with a PCB 208CO05 load cell (with 22.2 kN
upper limit). Data have been acquired through a National
Instrument USB 9215 system at 100 kHz. A set of impact
tests at 1.25 and 2.50 J have been performed on the system
built to mimic the tangential impacts (figure 4). The effective
impact energy has been evaluated by measuring the mass of the
impactor, the drop height and the impact speed with a laser
detection system model MICRO-EPSILON opto ncdt1402-
200. The energy impacts have been chosen on the base of the
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Figure 5. Elements of the pad and their position.

assumption that more modules will be present in the complete
helmet and most of the impact energy is generally transferred
perpendicularly to the surface. The load cell in the impactor
has been used to monitor the time/force impact curves for the
empty system and for the system with the internal chamber
filled with the two non-Newtonian fluids. Three impacts have
been performed on all combination of fluids and impact ener-
gies, and the results averaged.

2.6. Pads manufacturing

The pads were prepared by additive manufacturing. All the
rigid components were printed using a Makerbot Method X
FDM printer, using a Formfutura Tough PLA filament in order
to achieve both resistance and rigidity, while an Easyfill PLA
was used for the parts that needed a low-grip surface for slid-
ing. The low friction layer was made by a 0.15 mm low density
polyethylene (LDPE) film. For the elastic gasket, a series of
casts was made by additive manufacturing. The material used
for the gasket casting was a Prochima Sintagom 703-30 poly-
urethane with Shore A hardness of 25 (declared by the produ-
cer) and a curing period of 24 h at a temperature of 50 °C.

The pads are composed of six parts (figure 5). The base
chamber is embedded in the inner liner and filled with
PBDMS, the pin with its bearing is positioned in the cham-
ber and the elastic gasket is mounted on the top of it to seal the
system. The shape of the base chamber has the same curvature
of the EPS liner. The same curvature is present also on the
lower face of the moving pin (figure 1 supporting info).

The sliding ring has been screwed on the chamber and gas-
ket to allow a solid interlocking of the components and to offer
a low friction sliding surface.

Figure 6. (a) Front and lateral views of AIROH Aviator 2.3 helmet.
(b) EPS liners of the helmets with pads and sliding layer before the
final assembly.

The six parts have been assembled with the sequence repor-
ted in figure 5, filled with PBDMS and sealed (figure 2 in
supporting info). The total mass of the single pad filled with
PBDMS is 12 g.

2.7 Helmet assembly

The system composed of seven pads was embedded in an
Airoh Aviator 2.3 production helmet (figure 6). This helmet
has been chosen since it already contains an EPS liner made
of two concentric parts, that permits a free movement between
the parts. A sliding surface made of an LDPE film of 0.15 mm
thickness has been interposed, in the modified helmet, between
the two EPS parts to decrease the friction due to EPS to EPS
contact. A series of seven hooks and the LDPE sliding layer
have been screwed in the same position as the pads in the inner
liner (figure 6). The two EPS liners were then positioned and
the seven pins have been fastened in the corresponding hooks.
In this way the system is composed by two liners that can
reciprocally move and rotate through the pins. The total mass
added to the helmet for the entire system is 84 g and, con-
sidering an original weight of 1070 g, the weight increment
corresponds to 7.85%.

2.8. Impact tests on helmet

Two helmets were tested according to ECE 22.06 norm for
oblique impacts, one in standard configuration (without the
rotational dissipation system) and the second with the rota-
tional dissipation system with seven pads containing the shear
thickening fluid. The tests were performed using an AD
Engineering ECE 22.06 homologated machine and a DLS9000
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Figure 7. Impact positions for ECE 22.06.

data logging system. All the tests were performed in comply-
ing with the ECE 22.06 norm. Tests were made with a final
impact velocity of 8.20 m s~ ! and repeated three times on dif-
ferent impact points for every helmet. The headform used as a
human head surrogate in the testing of protective helmets is a
three dimensional approximation of the human head, exclud-
ing facial features and pinnae, which contains a housing for
the measuring equipment (accelerometers sensors) in its cen-
ter of gravity. In compliance with ECE 22.06 homologation
norm, the headform used for the tests was made of a metal with
characteristics that does not give rise to resonance at frequen-
cies below 3000 Hz. The accelerometers acquisition frequency
used in the headform was 10 kHz.

Due to the presence of accelerometers in the headform it
was possible to determine rotational accelerations (rad s=2)
during the impact and to determine the BrIC, as a dif-
fuse axonal injury criterion [33], that was calculated as
follow [33, 34]:

\/ Wx—max g Wy— ? Wz— g
BrIC = () + (yma") + (“‘“‘*)
WxC Wwyc wzC

where wy_max, Wy—max and w;_max are the maximum rota-
tional velocity around X, Y, and Z axes respectively and w,c,
wyc and w,c are the critical angular velocities in their respect-
ive directions, with values of 66.25, 56.45 and 42.87 rad s~!
respectively. The peak of rotational acceleration (PRA) was
also monitored as an indication of acute subdural hematoma
criterion. The oblique impacts have been performed at three
different points. These three impact directions and positions
have been chosen since they are acting along the sagittal plane
of the helmet (position 2), perpendicular to the sagittal plane
(position 3) and at 45° respect to the sagittal plane (position 1)
(figure 7).

———
) 71\
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Figure 8. FT-IR spectra of PBDMS and siloxane precursor
(PDMS).
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Figure 9. Complex viscosity of PBDMS fluid and silicone fluid as a
function of frequency.

3. Results

3.1. Fluid characterization

The boruration was confirmed, according to the literature
[25, 35] by Fourier transform infrared spectroscopy detect-
ing the presence of cooperative bonding between boron and
oxygen. The spectra of the resulting PBDMS showed the
presence of the characteristic absorption bands indicating the
presence of Si(CH3), and Si-O groups at 1260 cm~' and
1020-1090 cm~"'. The formation of Si—O-B bonds has been
confirmed by the peak at 1340 cm™! as a result of the success-
ful condensation between OH- groups from both siloxane and
BA (figure 8).

The complex viscosity analysis shows that both non-
Newtonian fluids have a strong frequency dependent beha-
vior (figure 9). In particular, an increase of the viscosity by
increasing the frequency (thus showing a shear thickening
behavior) was observed for PBDMS while silicone shows a
decrease of the complex viscosity, with a clear shear thinning
behavior.
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Figure 10. Load at 10 mm displacement as a function of shear

strain rate.

3.2. Tests at different shear rates

An increase of the load/displacement curves with shear strain
rate has been observed for the system filled with both fluids
(figures 3 and 4 in supporting info). However, if we compare
the load at 10 mm strain (that for both systems is in the plateau
region of the stress/strain curve), as a function of shear strain
rate (figure 10) it is possible to observe how the shear thicken-
ing material is more affected by shear rate with respect to the
shear thinning one.

3.3. Tangential impact tests

The impact tests results shows (figure 11), at both impact ener-
gies, that the presence of the fluids decreases the maximum
peak force and increases the time-to-peak compared to the
empty system. These two features are the most important to
spread the impact on a wider time frame and with a lower max-
imum force, clearly indicating that the presence of the fluid is
able to dissipate the tangential impact energy. In particular,
the use of PBDMS reduced the maximum of the transmitted
impact force of 80 4= 3% at 1.25 and of 55 + 5% at 2.5 J com-
pared to fluid absence and the time to peak was postponed of
over 10 ms. The use of a non-borurated silicone, with a shear
thinning behavior, only reduces the impact force of 40 £+ 5%
at 1.25 J and of 30 £ 5% 2.5 J compared to the rigid system
even if it has a higher viscosity at low shear rates compared
to PBDMS (see figure 9). Therefore, it is clear how the shear
thickening fluid is more efficient in energy dissipation with
regards to the shear thinning, especially at the lower impact
energy, thus indicating that shear thickening fluids must be
preferred over shear thinning fluids for impact energy dissipa-
tion even if they have a lower viscosity at low shear rates. An
analysis of the impact curves obtained with the shear thicken-
ing fluid at 2.50 J impact energy shows how this fluid is at the
beginning able to dissipate part of the energy but, after 7 ms
from the impact, the moving object touches the end of the box
and therefore the peak of the force increases sharply. However,
the first part of the impact is able to absorb part of the energy

2,5 1.27 Jimpact
2
_ —— Empty
= . z
= 1,5 4 —— Shear thickening
LS i / \\ Shear thinning
(e f \\
os | [\
/ \ —_
A ———T
0
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= ) .
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Figure 11. Transmitted force measured for the experimental set-up
that selectively mimics the tangential impacts at 1.25 J (a) and
2.5017 (b).

and therefore the maximum of the peak is lower compared to
the other cases.

3.4. Helmet testing

The results in table 1 show that both helmets have values well
below the threshold upper limits reported in ECE 22.06 norm,
that are 10 400 rad s—2 for rotational accelerations, 0.78 for
BrIC and 275 g for translational accelerations. A recent paper
[16] that has compared helmets with MIPS and 6D systems
has shown values between 0.4 and 0.9 for BrIC and there-
fore the helmet we have chosen to be implemented with the
pads, already has a maximum BrIC value of 0.28 (in posi-
tion 2) that is well below those of the helmets reported in the
cited paper, indicating that the helmet chosen has already high
performances.

The rotational acceleration versus time curves (reported in
figure 5 in supporting info) indicates that in all three orienta-
tions the time of the maximum is shifted towards longer times
for the helmets with the pads.

The comparison of the BrIC values reported in table |
shows that the mean of the values for the helmet with the
pads is 14% lower compared to the standard one. On the con-
trary, a slight increase in the rotational and linear accelera-
tions have been observed for the modified helmet with respect
to the standard helmet. In particular, PRA mean values were
slightly higher (3%) for the helmet with the pads, mainly due
to the higher value in position 3 that corresponds to an impact
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Table 1. Impact results.

Helmet Impact parameter ECE 22.06 limit 1(45°) 2 (180°) 3(270°) Mean value
No pads PTA (g) 275 152 97 160 136

PRA (rad s™%) 10 400 3020 1692 2266 2326

BrIC 0.78 0.25 0.28 0.17 0.233

Time of max rotational peak (ms) — 8 8 10.5 8.83
With pads PTA (g) 275 168 126 163 152

PRA (rad s™2%) 10 400 2529 1815 2883 2409

BrIC 0.78 0.21 0.18 0.21 0.200

Time of max rotational peak (ms) — 9 8.5 11.7 9.73

that is perpendicular to the sagittal plane of the helmet. On the
contrary, the values of linear accelerations (peak translational
acceleration (PTA)) are slightly higher for the modified helmet
in all impact directions tested.

4. Discussion

We have prepared and tested non-Newtonian fluids in order
to determine the best fluid to be used in the tangential impact
attenuation systems, finding that PBDMS is the most appropri-
ate fluid to be used. Impact tests performed on a system that
mimics only tangential impacts have shown that the pad we
have designed is able work when filled with PBDMS at ener-
gies between 1.25 and 2.50 J. However, a different shape of
the moving part, a different shape and volume of the cham-
ber and a different type and amount of fluid (for example a
PBDMS with a different boron content and therefore different
viscosity and shear thickening behavior) should provide dif-
ferent threshold energy values at which the pad is able to effi-
ciently absorb the tangential impact energy. An optimization
of these parameters will be performed in future works.

The impact energy attenuation module is composed of a
rigid lower part containing a fluid in which is immersed a rigid
pin that is free to move in all directions. In this way, the internal
and external parts of the helmet are only connected by means
of the dissipating pads and are free to rotate and to dissipate
energy during the rotation. A system composed of seven pads
have been then inserted in a motorcycle helmet already com-
posed of two concentrical EPS liners. The results of oblique
impacts according to ECE 22.06 show a mean value reduction
of the BrIC of 14% for the helmet with the pads compared
to the standard helmet, with values well below the threshold
imposed by the norm. This result is even more considerable in
consideration of the low BrIC starting values of the standard
helmet. The rotational acceleration versus time curves indic-
ates that in all three orientations the time of the maximum is
shifted towards longer times for the helmets with the pads,
indicating that the pads retard the acceleration of the head due
to the efficient rotation of the two EPS parts connected by the
pads.

The comparison of the PTA shows small differences
between the two helmets with a small increase for the modified
helmet in all impact positions, indicating that the pads slightly
transfer the translational accelerations to the head. However,
this aspect could be improved by increasing the surface area of

the moving pin and the viscosity of the fluid in order to absorb
more energy during the translational (perpendicular to the sur-
face) movement of the helmet with respect to the head.

The analysis of the peak rotational accelerations shows a
slightly higher mean value for the modified helmet. A more
detailed look shows that the worst results in terms of PRA of
the helmet with the pads are observed for the impact in pos-
ition 3 that is the one in which the impact occurs perpendic-
ularly to the sagittal plane of the helmet. This type of impact
causes a rotation along the axis that is perpendicular to the
sagittal plane. A rotation along this axis is more difficult due
to the shape of the EPS liner that is not spherical along the
axis (see figure 6) especially in the lower part that has almost
parallel sides. On the contrary, the shape on the sagittal plane
is more spherical and therefore the rotation is less hindered
and the pads are able to operate correctly. A more spherical
design of the EPS liners could solve this problem. However,
due to the limited number of helmets tested it is not possible to
draw robust statistical conclusions. More helmets will be pre-
pared and the system will be optimized in future works. An
optimization of the number, positioning and dimension of the
pads could also permit to have a more constant (and lower)
BrIC and PRA for the different types of impacts. This will be
implemented in a further optimization process, along with the
optimization of the dimension of the moving pins and of the
viscosity of the fluids.

Another main limitation of the present work, that must
be addressed in the future, is the effect of temperature on
the viscosity and on the impact energy dissipation of the flu-
ids. Indeed, viscosity is a temperature-dependent property and
most sports that requires the use of helmets are performed in
outdoor environment with variable temperatures.

5. Conclusions

We have demonstrated on a model system that shear thick-
ening fluids can be used to absorb the energy of tangential
impacts and therefore we have implemented a helmet with
seven pads containing this type of fluid. The impact tests on
two helmets have shown promising results in terms of BrIC
reduction and time-to-peak increase for the helmet implemen-
ted with the modules containing the fluid.

Further work is therefore in progress, and will be repor-
ted in following papers, in order to optimize the dimensions,
design and number of modules, shape of the EPS layers and
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type of shear thickening fluid with the aim to improve also
PRA and PTA in all directions of impact, further reduce BrIC
and to assess the effect of temperature on the system. The
optimization work will be also performed with the aid of Finite
Element Model analysis.
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