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Abstract

®

CrossMark

Advances in computational modelling now offer an efficient route to developing novel helmet
liners that could exceed contemporary materials’ performance. Furthermore, the rise of
accessible additive manufacturing presents a viable route to achieving otherwise unobtainable
material structures. This study leverages an established finite element-based approach to the
optimisation of cellular structures for the loading conditions of a typical helmet impact. A novel
elastomeric pre-buckled honeycomb structure is adopted and optimised, the performance of
which is baselined relative to vinyl nitrile foam under direct and oblique loading conditions.
Results demonstrate that a simplified optimisation strategy is scalable to represent the behaviour
of a full helmet. Under oblique impact conditions, the optimised pre-buckled honeycomb liner
exceeds the contemporary material performance when considering computed kinematic metrics
head and rotational injury criterion, by up to 49.9% and 56.6%. Furthermore, when considering
tissue-based severity metrics via finite element simulations of a human brain model, maximum
principal strain and cumulative strain density measures are reduced by 14.9% and 66.7% when

comparing the new material, to baseline.

Keywords: helmet, traumatic brain injury mitigation, finite element analysis, honeycomb,

additive manufacturing

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

1. Introduction

Traumatic brain injury (TBI) is the most severe form of head
injury and can arise from accidents within sports, crashes,
or blasts, leading ultimately to disability or death [1]. For
example, in snow sports, despite their lower incidence relative
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to knee and wrist injuries, head injuries present higher sever-
ity due to increased impact velocity [2]. It has been repor-
ted that of the 600 000 annual snow sport injuries in North
America, 15%-20% involve head injuries [3]. Furthermore,
death among participants under the age of 18, are primar-
ily due to TBI (67%) [4]. Consequently, advanced protection
within this sport, and many other helmeted sports, is of critical
importance.

The use of a helmet is adopted to minimise the likelihood
of sustaining a head injury—it is the most effective method
for mitigating the risk of head injury. Conventionally, helmets
are designed to protect the head against direct translational
forces that give rise to injuries such as skull fracture [5, 6].
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This is contrary to the well-established understanding that the
main TBI mechanism is the exposure of rotational accelera-
tion to the head, from oblique impacts [7-10]. Indeed, much
effort has focussed on understanding the relationship between
impact accelerations and head responses to improve the pro-
tection of head against impact loads [11, 12]. This has motiv-
ated the use of kinematic-based severity metrics [13, 14], as
well as tissue-based metrics derived from finite element mod-
els of the human head to monitor impact exposure in helmeted
impacts [15, 16]. Moreover, risk, location, and extent of struc-
tural damage for specific cases have been identified using finite
element models [17-19]. Hence, there is an emerging con-
sensus that emerging helmet technologies should be verified
and protective helmet performance established using finite ele-
ment head models [20].

Conventional helmet liners typically mitigate impact by
being constructed from expanded polystyrene (EPS) or vinyl
nitrile (VN) foam [21], with their energy absorbing proper-
ties defined by the density of the base material [22]. VN holds
a unique advantage over EPS due to its ability to sustain
several impacts without compromising its energy absorption
capability [23, 24]. Accordingly, VN is highly desirable for
protective devices that must respond effectively to consecutive
impact events, like in snow sports, ice hockey and American
football [25]. These foamed materials are, however, limited in
terms of their ability to dissipate energy under shear, which
occurs under oblique loading conditions [10]. Consequently,
alternative materials are being sort that can offer high energy
dissipation with low shear stiffness [26-28].

Advances in computational modelling now offers a route
to developing novel helmet liners that could exceed con-
temporary materials’ performance [29-31]. Furthermore, the
rise of additive manufacturing presents a viable route to
achieving otherwise unobtainable material structures [32—35].
Additively manufactured cellular structures have previously
been evaluated with respect to the loading conditions of a hel-
met impact. For example, Soe et al numerically explored the
use of an ordered lattice structure for impact mitigation within
the volume of a helmet liner, demonstrating that tailorable
energy absorption and thus impact mitigation can be achieved
through structural changes [36]. This concept has since been
expanded by Khosroshahi et al, who investigated the effect of
lattice grading schemes and relative density on resultant head
injury severity [37, 38]. Clough et al fabricated micro lattice
impact attenuators, which afforded greater specific stiffness
and densification strain, resulting in a reduction to peak accel-
eration under impact versus stochastically architectured foams
[39]. The greater geometric freedom means architectured cel-
lular structures hold a notable advantage over stochastic cel-
lular structures. Hence, architectured cellular structures with
tailorable mechanical properties represent a viable route to
improving helmet liner performance.

The honeycomb is one such example of an architected cel-
lular structure. This class of structure has been found in numer-
ous applications such as aerospace, automotive and personal
protective equipment [40], owing to their high relative energy

Figure 1. Proposed circular pre-buckled honeycomb topology
described by parameters: cell size (w), wall thickness (7), height
(h), minor radius (r1), major radius (r2) and number of folds (f).

dissipation that can be achieved at near constant stress [22].
The adoption of honeycomb type structures within helmet
design improves user safety [41, 42]. For example, localised
reinforcement [43, 44], exclusive use [45], or a hybrid combin-
ation of foam [46] and honeycombs provide superior perform-
ance relative to a monolithic equivalent. In all cases the prin-
cipal mechanisms leveraged to mitigate the impact energy are
plastic deformation and material fracture. These solutions are
unsuitable for applications with potential for multiple (or con-
secutive) impacts, however, as the onset of permanent deform-
ation will diminish helmet performance.

Several studies have indicated the suitability of elasto-
meric honeycomb-type structures for use in helmets, [47-49].
Our previous work identified a novel additively manufactured
elastomeric circular pre-buckled honeycomb structure, which
demonstrated excellent energy absorption capability during
quasi-static and impact testing over successive loading cycles
[50]. The topology (figure 1) was defined by structural para-
meters: cell size (w), wall thickness (¢), height (%), minor
radius (r;) and major radius (r;). The aspect ratio (e), used
to describe the eccentricity of the circular cross-section was
defined as the ratio of r; to r,, whilst the fold (f) was based on
a cosine function. The cosine wave approximates the natural
symmetric crush mode of a straight walled tube. The imple-
mentation of this feature facilitates the ability to retain the
stiffness-to-weight ratio of an axially compressed honeycomb,
though removing the undesirable, inefficient peak stress pre-
valent in straight-walled designs.

In this study, we report on the same, pre-buckled honey-
comb with variable out-of-plane behaviour, for use in head
protection. Here we utilise a previously reported finite-element
based strategy for the optimisation of cellular structures, sub-
ject to multi-impact loading conditions [51]. Whilst most
studies focus on single-use conventional honeycombs derived
from metals and rigid polymer, an elastomeric material defin-
ition is used which affords recoverability, suited for hel-
met applications requiring energy absorption across consec-
utive impacts. We optimise the structure before examining
the performance under both direct and oblique impact load-
ing conditions found in helmet certification tests. In addition
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to kinematic-based injury metrics, a finite element model of a
human head is used to identify the associated brain strain, to
better assess the performance of the pre-buckled honeycomb
relative to established materials in preventing TBI.

2. Materials and methods

In this section, the details of the pre-buckled honeycomb
design are presented with respect to its structural parameters
and the procedure for optimisation is outlined. Next, the full-
scale finite element model of the honeycomb helmet, as well as
the material properties of a contemporary liner material, VN,
is reported. Further, the impact conditions to which the hel-
mets will be subject to are presented. Lastly, the finite element
head model used to establish TBI severity is detailed.

2.1. Honeycomb structure

The geometric parameters of the structure are defined to form
a design window limiting density to <300 kgm 3, a proposed
upper bound when considered against comfort and wearability
[52]. These values were: cell width (w = 20.0 mm), cell
height (h = 25.0 mm), number of folds (f = 1.0), aspect ratio
(0.4 < e < 0.8), and wall thickness (0.6 < t < 1.5 mm).
Luvosint, a thermoplastic polyurethane utilised in additive
manufacturing, was used as the base material of the hon-
eycomb structure. Luvosint’s behaviour has previously been
reported [53].

2.2. Finite element-based optimisation

The pre-buckled honeycomb structure was optimised using a
finite element-based strategy [51]. A periodic boundary con-
dition (PBC) model was adopted to approximate the response
to impact loading, avoiding the computational cost associated
with successive simulations of a full-scale honeycomb hel-
met configuration. A 2 x 2 cell array was positioned between
two analytically rigid plates, to approximate the anticipated
crushing of the helmet liner between the shell and the head
(figure 2(a)). This simplification has been used as it relates to
previous validation studies [50], even though it is well estab-
lished that the stiffness and topology of the shell has an influ-
ence on helmet behaviour. The lower plate was assigned an
encastre boundary condition, with the upper assigned a point
mass equivalent to BS EN 960 headform (size J) [54]. A pre-
impact velocity of v, = 5.42 ms~! was adopted from the cer-
tification standard for alpine skiers and snowboarders helmet
design (BS EN 1077) [55]. Global acceleration due to gravity,
a, = 9.81 ms 2, was assigned to the entire model. As repor-
ted by figure 2(b), the perimeter nodes of the honeycomb array
had a zero-displacement boundary condition, applied along the
X and Y axes, whilst allowing displacement along the Z axis
to facilitate deformation of the structure due to impact. The
point mass of 4.7 kg was scaled to account for load distribution
over a reduced portion of the area, calculated by normalising
the honeycomb contact area relative to the anticipated impact
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Figure 2. The finite element model of the pre-buckled honeycomb
unit structure used during the optimisation strategy (a) comprised of
four cells, positioned between two plates, (b) with nodal boundary
conditions (red) to idealise an infinite structure.

area. The contact area of the PBC model, 1600 mm?, was nor-
malised by a circular contact area defined by the geometry of
the helmet liner and headform interface of 9032 mm? [56].
Hence, the original point mass was assigned a scale factor of
0.18 yielding a mass of 0.845 kg.

The honeycomb mesh was constructed using eight-node
brick elements with hexahedron shape type, reduced integra-
tion, and hourglass control (C3D8R). A mesh independence
study was performed, with two elements across the wall thick-
ness identified as a route to mitigate against shear locking.
Elements had an average size 0.45 mm. A global friction value
of 1.0 was used to emulate the anticipated friction that arises
from self-contact of the elastomeric material.

Numerical optimisation was performed to identify hon-
eycomb parameters that enabled effective impact mitigation,
leveraging the efficacy of finite element simulations and
the surrogate optimisation algorithm available in MATLAB’s
Optimisation Toolbox (MathWorks, United States). The
optimisation procedure was run twice, subject to the limits
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Figure 3. Construction of the finite element model including liner,
shell, headform and retention strap (modelled as an axial connector).

described in section 2.1, each using 75 iterations. Firstly, the
objective function was set to peak translational acceleration
(PTA) compared to a critical value of 250 g, which is the
maximum allowable value under the requirements of the hel-
met certification standard BS EN 1077. Secondly, the object-
ive function was set to a head injury criterion (HIC) (refer
to equation (1) threshold of 1574, which is equivalent to an
abbreviated injury score of 4.

2.3. Complete helmet finite element model

The Abaqus explicit solver was used to simulate a helmeted
headform impact, using finite element analysis. The model
included the helmet shell and liner, anvil and headform
(figure 3). The BS EN 960 headform (size J) was modelled,
approximated as a surface, and considered analytically rigid,
as it is several orders of magnitude stiffer than the helmet. The
surface was meshed using a 3-node shell surface element with
tetrahedral shape type. A point mass of 4.7 kg was applied at
a reference point equivalent to the headform centre of gravity
[35], and equivalent moments of inertia applied [57].

The helmet shell was approximated to a half-ellipsoid
with principal radii, 7, = 135.0 mm, r,; = 120.0 mm, and
r,s = 125.0 mm. Shell thickness was 7, = 1.0 mm and modelled
using linear brick elements, with reduced integration and hour-
glass control options. A mesh independence study was per-
formed, with two elements across the wall thickness reporting
stabilised results. Elements had an average size of 0.45 mm.
Elements were assigned a linear elastic material model with a
Young’s modulus of £ = 7250.0 MPa, Poisson ratio v = 0.3
and density p = 1200 kgm 3, equivalent to the material prop-
erties of polycarbonate [58]. The shell-anvil surface inter-
action varied between the impact conditions; therefore, two
coefficient of friction values were used. For direct impacts,
fidirect = 0.2, whilst for oblique conditions, figpiique = 0.5 [59].
For the headform helmet interface, a coefficient of friction
value of 0.16 [60]. The retention strap was modelled as an
elastic axial connector element, as per previous investigations
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Figure 4. Mapped meshing of honeycomb unit cells into a
hexahedral guide mesh used to inform the honeycomb liner for the
helmet finite element model.

[61], which connects a reference node on the head from the
chin surface to four points on the helmet. The axial load in
the connector element corresponded to tensile behaviour of
the retention strap, which produced a primary linear elastic
behaviour.

An in-house mapped meshing system written in Python
(Python 3.7) was used to construct a honeycomb liner, which
adopted the conformal design envelope of a helmet. This lever-
aged a guide hexahedral mesh to propagate honeycomb unit
cells and was approximated to a half ellipsoid shape, with prin-
cipal radii, ry = 110.0 mm, r; = 95.0 mm and r; = 100.0 mm
and a thickness of 25.0 mm. A global seed was assigned that
yielded an element size of 40 mm, equivalent to twice the unit
cell width used in the optimisation. The guide mesh informed
the position, orientation, and scale of each unit cell (figure 4).
The generated mesh was then imported into Abaqus, resulting
in a curved section of honeycomb liner with the structural para-
meters established through the previously discussed optimisa-
tion process.

A computational elastomeric foam helmet liner was
developed, to compare the pre-buckled honeycomb perform-
ance with a representative commercial material. The liner was
modelled using linear brick elements with reduced integration
and hourglass control options. At least 10 elements, with an
average size of 1.85 mm, were meshed through the thickness to
prevent shear locking. VN’s strain-rate dependant mechanical
behaviour for two densities (125 kgm > and 183 kgm ) was
obtained from the literature, to calibrate a numerical mater-
ial model [24]. The foam liner elements were modelled as a
hyperelastic material, using the Hyperfoam model available
in the Abaqus material library [62]. A 3 term (N = 3) poly-
nomial was used with Poisson’s ratio set to 0. Figure 5 illus-
trates the calibrated material model relative to the literature
data.

2.4. Impact conditions

The helmeted headform was subject to direct and oblique
impact loading. Direct impact testing onto a flat anvil was
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Figure 5. Comparison of compressive engineering stress and strain
for the calibrated material model to experimental data for vinyl
nitrile foam with density of 125 kgm_3 and 183 kgm_3.

undertaken in accordance with shock absorption test method
of EN 1077 (figure 6), with the helmeted headform given a
5.42 ms~! initial velocity. Additionally, oblique impacts onto
a 45° inclined flat anvil were performed in accordance with
typical lab-based testing [63], with the helmeted headform
given a 6.3 ms~! initial velocity. Simulations were performed
for 15 ms and components of translational and rotational accel-
eration, as well as translation and rotational velocity, were
recorded from the headform centre of gravity.

To identify the resultant of severity of each impact
and identify the performance of each helmet configuration,
kinematic-based injury metrics were calculated using the
translational and resultant acceleration. HIC [64], rotational
injury criterion (RIC), and brain injury criterion (BrIC) [65]
were calculated using equations (1)—(3)

1 2.5

/a(t) dt| (—n) (1)

3]

HIC = max

h—10b

where a(t) is the resultant translational acceleration time his-
tory recorded from the centre of gravity of the headform. The
time interval, , — t{, was chosen such that value of HIC was
maximised

Linear Impact Oblique Impact

v =5.4m/s
\J

lv =6.3m/s

Figure 6. Orientation and conditions of direct and oblique impacts
for foam and honeycomb liner helmets.

where « is the resultant rotational acceleration time history
recorded from the centre of gravity

2 2 2
Wy Wy W,
BrIC — ( X max) + ( y max> + ( Z max) (3)
Wxc Wyc Wzc
where wy_max, Wy—max and w;_max are the maximum rotational
velocity about X, Y and Z axes respectively. wyc, wyc, and w;¢
are the critical angular velocity in their respective directions

with values of 66.25, 56.45 and 42.87 rad s~! respectively
[65].

2.5. TBI assessment

Helmet efficacy was also assessed by estimating the relative
brain strains developed during the above impacts, using the
University College Dublin Brain Trauma Model [60, 66, 67].
The components of translational and rotational acceleration
recorded during the helmeted headform impacts were used as
the input to a node positioned at the model centre of gravity
(figure 7).

Abaqus enabled the calculation of maximum principal
strain (MPS) and volume fraction of elements, cumulative
strain damage measure (CSDM), with an MPS exceeding a
predefined strain threshold of 0.25. For the computation of
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Figure 7. Annotated finite element head model with components of
translational and rotational acceleration depicted as inputs to the
model.

MPS, the 95th percentile value was adopted to mitigate against
spurious results that arise from single elements. Analysis was
restricted to the cerebrum, as per previous studies [60].

3. Results

3.1. Finite element-based optimisation

Finite element-based optimisation was undertaken to identify
the optimal configuration of the honeycomb structure subject
to the two objective functions. Figures 8(a) and (b) reports the
variation in the objective function, peak translational acceler-
ation, and HIC, for each evaluation.

In both cases, the optimisation procedure successfully sat-
isfied the objective function. The optimal structures are here-
after identified as PTA,,; and HIC, to denote the objective
function used to run the optimisation. For the PTA struc-
ture, the recorded PTA was 136.5 g and the calculated HIC was
960.7, whilst for the HIC, structure, the recorded PTA was
165.9 g and the calculated HIC was 913.4. The structural and
performance parameters of the optimal structures are reported
in table 1.

3.2. Optimisation predictive efficacy

The honeycomb structures, identified through the optimisa-
tion procedure, were propagated within the volume of a helmet
liner and subject to impact loading.

Both helmet liner configurations satisfy the design stand-
ard threshold. The PTA,; presents marginally higher acceler-
ation during the loading of the helmet liner when compared to
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Figure 8. The variation in the objective function for peak
translational acceleration (a) and head injury (b), relative to
increasing optimisation iteration and a maximum allowable
threshold value. Additionally, the loss function, defined as the
minimised objective function computed per iteration, is reported.

HIC,p, up until the point of peak acceleration where PTA is
greatest for HIC,. The reported duration of each event was
12.5 ms and 13.7 ms, whilst HIC was calculated as 1162.2
and 1012.6 Percentage difference is reported for both PTA and
HIC and is used to assess the predictive capacity of the pro-
posed optimisation sequence. Generally, both PTA and HIC
are underreported by the optimisation sequence. For PTA,
the relative difference was 35.2% and 20.9% for PTA and HIC,
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Table 1. Structural and performance parameters of the optimal honeycomb configurations of each objective function.

Structural Parameters

Performance Parameters

PTA  HIC _ VNI25 VNI&3
opt opt

Objective Function w (mm) ¢t (mm) e(-) fe p (kgm~?) PTA (g) HIC

PTA 20.0 1.62 0.60 1 276.9 136.5 960.7
HIC 20.0 1.11 0.80 1 198.0 165.9 913.4
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Figure 9. Comparison of translational acceleration subject to direct
impact conditions.

respectively. Comparatively, the relative difference reported
for HIC, was less than that of PTA, where values of 12.7%
and 10.9% were reported.

3.3. Liner impact performance

This section describes the liner impact performance of the
optimised structures relative to an established helmet liner
material, VN, under direct and oblique conditions using kin-
ematic based injury metrics. The plots describe the hel-
met decelerating on impact (see 2.4 for inbound velocities),
formatting consistent with the wider sector. For more inform-
ation relating the kinematic data for each impact refer to the
appendix Al.

3.3.1. Direct impact kinematic-based metrics. ~ The honey-
comb structures were compared against VN foam to assess
the potential to replace it as a helmet liner material. Figure 9
reports the resultant translational acceleration exposed to
the headform during each impact under direct conditions.
Furthermore, figure 10 reports a comparison of translational
severity metrics PTA and HIC.

Comparison to VN foam demonstrates that both grades of
material, 125 kgm™3 and 183 kgm ™3, hereafter referred to

Helmet Liner Configuration

Figure 10. Comparison of severity metrics, peak translational
acceleration, and head injury criterion, subject to direct impact
conditions.

as VNI125 and VNI83 respectively, can satisfy the require-
ments of the design standard (PTA < 250 g). The profile
of the acceleration curves for each report notably different
behaviours. During the loading of the liner, values for trans-
lational acceleration exceed that of the honeycomb liners.
Furthermore, at all points during loading, the value of transla-
tional acceleration for VN183 foams exceeds that of VN125.
Peaks in acceleration are observed at 5.1 ms and 5.9 ms
where the values for PTA are 226.5 g and 177.9 g for VN183
and VNI125, respectively. The calculated HIC for VN183
exceeds that of the imposed threshold (HIC < 1574) by 42.2%,
whilst the HIC value for VN125 was 2.1% less than the
threshold.

The minimum value for PTA, as recorded during the impact
of VN125, was 177.9 g which is 3.8% and 5.1% less than
that of the values recorded during the impacts of PTA,, and
HIC,py, respectively. When comparing HIC values, however, a
more notable difference in performance is observed. The min-
imum value for HIC, as recorded again during the impact of
VN125, was 1540 which is 24.5% and 34% greater than the
values calculated during the impacts of PTAqy and HIC,y,
respectively.

3.3.2. Oblique  impact  kinematic-based  metrics.
Figures 11(a) and (b) reports the resultant translational
and rotational acceleration exposed to the headform during
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Figure 11. Comparison of translational (a) and rotational
acceleration (b) subject to oblique impact conditions.

each impact. Furthermore, figures 12(a) and (b) reports a
comparison of severity metrics PTA, PRA, HIC, RIC, PRA
and BrIC.

Figure 11(a) shows that both liners with the pre-buckled
honeycomb structure yield reductions in translational accel-
eration when compared to the foam liners. The profile of
each translational acceleration curve reports notably differ-
ent behaviour. During loading, up until the point of densific-
ation, values for translational acceleration of the foam liners
exceed that of the pre-buckled honeycomb liners. Peaks in
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Figure 12. Comparison of kinematic based severity metrics, peak
translational acceleration, and head injury criterion (a), peak
rotational acceleration and rotational injury criterion (b), and

(c) peak rotational velocity and brain injury criterion, subject to
oblique impact conditions.

translational acceleration are observed at 6.3 ms and 4.3 ms
for VN125 and VN183, respectively, where the values for
PTA are 135.1 g and 170.1 g. In comparison, the peaks in
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translational acceleration for PTA,,, and HIC,, are observed
at 6.8 ms and 7.7 ms, respectively. At these points, the val-
ues for PTA are 111.7 g and 96.2 g, representing a relative
reduction of 17.3% and 28.8% percent when compared to
best performing foam (VN125). The impact duration recorded
demonstrates a direct relationship to the HIC values calculated
(figure 12(a)). For VN125 and VN183, the impact duration
was 11.3 ms and 9.9 ms, whilst the HIC values were 847.4
and 1207.7. Similarly, for PTAp and HIC,y, the impact dura-
tion was 12.9 ms and 15 ms, whilst the HIC values were 529.8
and 424.8. Comparatively, this represents a reduction of 37.5%
and 49.9%

Figure 11(b) shows that both liners with the pre-buckled
honeycomb structure yield reductions in rotational accelera-
tion when compared to the foam liners. The profile of each
rotational acceleration curve reports notably different beha-
viour. During loading, values for rotational acceleration of
the foam liners exceed that of the pre-buckled honeycomb
liners. Peaks in rotational acceleration are observed at 5.9 ms
and 4.4 ms for VN125 and VN183, respectively, where the
values for PRA are 8.7 krads~2 and 11.2 krads~2. In com-
parison, the peaks in rotational acceleration for PTA,, and
HIC,, are observed at 6.8 ms and 8.1 ms, which are co-
located with the peaks of translational acceleration. At these
points, the values for PRA are 7.1 krads~2 and 5.8 krads 2,
representing a relative reduction of 18.4% and 33.3% percent
when compared to the best performing foam (VN125). The
impact duration recorded demonstrates a direct relationship
to the RIC values calculated (figure 12(b)). For VN125 and
VN183, the impact duration was 11.3 ms and 9.9 ms, whilst
the RIC values were 25.2 x 10° and 30.2 x 10°. Similarly,
for PTAp and HIC,, the impact duration was 12.9 ms and
15 ms, whilst the RIC values were 15.5 x 10° and 11.1 x 10°.
Comparatively, this represents a reduction of 38.3%
and 56.6%.

Figure 12(c) reports severity metrics associated with rota-
tional velocity. Peak rotational velocity (PRV) for VN125
and VNI183, respectively, were reported as 44.7 rad s~!
and 47.3 rad s~ !, equivalent to a BrIC of 0.79 and 0.84.
PTA,, and HIC,p, pre-buckled honeycombs reported a PRV
of 43.9 rad s~! and 43.3 rad s~! respectively, equivalent to a
BrIC of 0.76 and 0.78. Comparatively, this represents a reduc-
tion in PRV and BrIC of 2.9%/

3.4. TBI assessment

This section describes the head injury mitigation efficacy
of the optimised structures relative to VN under direct and
oblique conditions, using a finite helmet head model to cal-
culate tissue-based injury metrics.

Figure 13(a) reports the MPSgsy, and CSDMy 5 for the
direct impact conditions reported in figure 9. The values of
MPSgsy, reported for foam liner configurations exceed the
values reported for the honeycomb liner configurations. For
VN125 and VN183, the MPSgsy, was 0.116 and 0.155 respect-
ively. In comparison, the MPSosy, for PTAqp and HIC,, were
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Figure 13. Comparison of tissue-based severity metrics, 95th
percentile maximum principal strain and cumulative strain damage
measure subject to (a) direct impact conditions and (b) oblique
impact conditions.

0.112 and 0.106 respectively, representing a reduction of 3.4%
and 8.6%. Similarly, the values for CSDMy 5 reported for
foam liner configurations exceed the values reported for the
honeycomb liner configurations. For VN125 and VN183, the
CSDMy 5 was 0.000 97 and 0.0059 respectively. In compar-
ison, the CSDM 5 for PTAp, and HIC,,, were 0.000 87 and
0.000 74 respectively, representing a reduction of 10.3% and
23.7%.

Figure 13(b) reports the MPSos, and CSDM, 5 for the
oblique impact conditions reported in figure 11. The values
of MPSysy, reported for foam liner configurations exceed the
values reported for the honeycomb liner configurations. For
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VN125 and VN183, the MPSgsy, was 0.275 and 0.284 respect-
ively. In comparison, the MPSosy, for PTAqp and HIC,, were
0.252 and 0.234 respectively, representing a reduction of 8.4%
and 14.9%. Similarly, the values for CSDMj ;s reported for
foam liner configurations exceed the values reported for the
honey- comb liner configurations. For VN125 and VN183,
the CSDMj»5 was 0.105 and 0.102 respectively. In compar-
ison, the CSDMy s for PTA, and HIC,, were 0.057 and
0.034 respectively, representing a reduction of 44.1% and
66.7%.

Figure 14(a) illustrates the distribution of MPS within
the finite element brain model. It is important to note that
the visualised data includes 100th percentile values. The
contours demonstrate that the MPS developed is 0.35 and
0.44 for VNI125 and VNI183 respectively. In comparison,
the distribution and concentration of MPS is less notable
for PTAqp and HIC,,, where the maximum values recorded
were 0.33 and 0.30. Figure 14(b) illustrates the distribution
of MPS within the finite element brain model. The contours
demonstrate that the MPS developed is 0.50 and 0.54 for
VN125 and VN183 respectively. In comparison, the distribu-
tion and concentration of MPS is less notable for PTA,, and
HIC,, where the maximum values recorded were 0.43 and
0.40.

4. Discussion

The finite element-based optimisation procedure identified
configurations of a pre-buckled structure that minimised peak
translational acceleration and HIC. The results of the simula-
tions show that adopting a liner composed of the optimised
honeycomb structure can reduce the severity of impacts. The
improvements observed are due to adopting a structure with
high stiffness and densification strain, which can be optim-
ised relative to specific boundary conditions (e.g. mass, velo-
city, and contact area). Elastomeric foams, as well as other
foams, do not possess the geometric freedom to facilitate this
degree of optimisation, hence cellular structures such as the
pre-buckled honeycomb hold an advantage for this applica-
tion. Moreover, foams absorb the energy of the impact due to
crushing but fail to distribute the load laterally due to their
negligible Poisson’s ratio. Since the foam deforms in a con-
centrated area, despite its large deformation and significant
local energy absorption, it cannot distribute the energy of the
impact. In contrast, honeycomb type structures, as well as
other cellular structures, can better distribute the energy of
the impact by engaging a larger portion of the liner in large
deformation and energy absorption [38].

When subject to oblique conditions, the honeycomb struc-
tures yielded a reduction in both translational and rotational
acceleration. The ratio of out-of-plane stiffness to in-plane
stiffness facilitates a helmet liner with a lower shear stiff-
ness, whilst maintaining sufficient normal stiffness, such that
the tangential force that gives rise to rotational acceleration
is reduced [68]. Furthermore, in-plane collapse of the honey-
comb cells aids the mitigation of translational acceleration.
This is attributed to the transversely isotropic properties of
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Figure 14. Comparison of maximum principal strain distribution
within the finite element head model when subject to (a) direct
impact conditions and (b) oblique impact conditions for honeycomb
and foam helmet variants.

the pre-buckled honeycomb structure. Foams possess notably
greater isotropic behaviour, hence the rotational acceleration
reported was larger [24, 69].
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Comparison between the results for the PBC model
used in the optimisation strategy, and the full-scale hel-
met model, reported notable deviation in terms of PTA and
HIC. Generally, the PBC model under-reports both the HIC
(rg = 10.9%-20.9%) and PTA values (r; = 12.7%-35.2%).
This is due to modelling discrepancies between the PBC model
and full-scale helmet model. Firstly, the kinematics of the PBC
model do not match that of the helmet model. In the PBC
model, motion is restrained to exclusively translate in the Z
axis, whilst in the helmet model the headform is unrestrained
and is therefore free to translate and rotate. As such, the PBC
model better represents the guided fall loading conditions of
the American standards (e.g. ASTM) which include a rigid
neck that restrains motion rather than the free fall conditions
of the British and European standards [55, 70]. Secondly, the
PBC model fails to account for the curvature of the headform
and shell, instead adopting for a flat-on-flat impact. Whilst this
was adopted as a modelling simplification, in a typical hel-
met impact, the area of the liner engaged during the impact
increases with increasing strain, reaching a maximum at the
point of densification. Hence, mechanical behaviour which
adopts a flat plateau may not be appropriate for helmet designs.
As such, the optimal performance, based on the flat-on-flat
performance, does not translate to the in-situ helmet loading
conditions. This suggests that whilst foams are considered to
have ideal energy absorption behaviour, they fail to show these
characteristics for impact loading. Lastly, the PBC model does
not account for the inclusion of the shell. The polymeric shell
serves to distribute the load under impact and behaves differ-
ently to the rigid plates used in the optimisation. This model-
ling decision assumes an infinitely rigid shell, thus facilitating
overly effective load distribution. In reality, the shell deforms
away from the impact site and pushes the liner from the impact
site. Future studies should refine this limitation to improve the
predictive capacity of the optimisation procedure.

The results demonstrated that the pre-buckled honey-
comb liners reduced the kinematic-based injury metrics when
compared to the elastomeric foam liners. Kinematic-based
injury metrics, however, fail to account for different mater-
ial and morphological details of the brain anatomy. Hence,
established tissue-based metrics, 95th percentile MPS and
CSDM were calculated using a finite element model of
the head. Further analysis demonstrated that both MPSgs,
and CSDM s were reduced for impacts including the pre-
buckled honeycomb liners. For direct impact conditions, mar-
ginal decreases in MPSgs, and CSDMy,s were observed.
In contrast, for oblique conditions, notable reductions were
observed. This is because the main mechanism of development
of strain in the brain and ultimately brain injury, is rotational
kinematics [10].

The mass of the helmet liner is an important design con-
straint in the development of helmet liners. Previous work
has shown that a 20% increase in the mass of the head-
helmet assembly can decrease the head acceleration by 10%
[71]. Further analysis has identified that there is in fact an
inverse relationship between peak head acceleration and the
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Figure 15. Distribution of material properties relative to elongation
and Youngs modulus for laser sintered polymers.

square root of mass [72]. Adopting designs with increased
mass, however, is not an appropriate design strategy as this
ultimately leads to user discomfort. The reported density for
the PTA, and HIC,, configurations were 277 kgm~3 and
198 kgm™3, representing an increase in mass of 51.3% and
8.1%, respectively. Considering the inverse square law previ-
ously discussed, these increases in mass yield a reduction in
peak accelerations of 7.2% and 2.8%. As the reported reduc-
tions in translational and rotational acceleration were notably
greater, it can be concluded that the benefit was driven by the
structure and not the addition of mass. The optimised config-
urations satisfied the design standard performance threshold
and exceeded the performance of materials currently used in
helmets, meaning that the adopted base material is a limit-
ing factor in the design. Adopting alternative elastomers that
exhibit increased stiffness, as reported by figure 15, would
maintain the desirable recoverable mechanical properties but
would allow use of thinner walls, enabling weight reduction
whilst retaining performance.

This study is limited by the simplified model used to inform
the optimisation, as it did not capture the influence of shell
geometry and stiffness, nor did it consider other helmet func-
tional requirements that are application specific—for example
crush, or penetration resistance [73]. Furthermore, certifica-
tion tests are conducted under multiple orientations, various
temperatures conditions as well as against kerbstone anvils
[74]. Further refinement would be required before this method
can be used to effectively identify new material structures for
helmet liner design and certification. Despite this, the study
represents the first efforts to identify a complete method for
finite element-based optimisation of material structures for
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helmet liners which has been verified using tissue-based sever-
ity metrics informed by a finite element head model.

5. Conclusions

In this paper, we provide an investigation into the performance
of an elastomeric pre-buckled honeycomb structure design,
informed through a finite element-based optimisation strategy
for use in helmet liners. Comparison was drawn relative to
a traditional foam liner, VN. The pre-buckled honeycomb
liner can outperform traditional liners under both direct and
oblique impact conditions. The geometric freedom of this
structure enables a transversely isotropic behaviour—which
affords more effective mitigation of rotational acceleration,
whilst the variable out-of-plane behaviour enables optimised
mitigation of translational acceleration. Consequently, both
kinematic and tissue-based metrics injury metrics are reduced.
The optimisation strategy, based on a simplified PBC model, is

scalable to the full behaviour of the helmet system. The repor-
ted approach has shown promise to optimise material struc-
tures for future helmet designs.
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