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This paper evaluates the effects of topology and relative density of helmet lattice liners on mitigating
Traumatic Brain Injury (TBI). Finite Element (FE) models of new lattice liners with prismatic and tetrahe-
dral topologies were developed. A typical frontal head impact in motorcycle accidents was simulated, and
linear and rotational accelerations of the head were recorded. A high-fidelity FE model of TBI was loaded

Keywords: with the accelerations to predict the brain response during the accident. The results show that prismatic
EBII ) lattices have better performance in preventing TBI than tetrahedral lattices and EPS that is typically used
elme

. in helmets. Moreover, varying the cell size through the thickness of the liner improves its performance,
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FEM ative densities providing better protection. Across different lattices studied here, the prismatic lattice
PPE with a relative density of 6% had the best performance and reduced the peak linear and rotational accel-
erations, Head Injury Criterion (HIC), brain strain and strain rate by 48%, 37%, 49%, 32% and 65% respec-
tively, compared to the EPS liner. These results can be used to guide the design of lattice helmet liners for

better mitigation of TBI.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Helmets are the most effective item of personal protective
equipment for mitigtion of the risk of head injuries (Fernandes
and Alves de Sousa, 2013). However, they are mainly designed to
protect the head against skull fracture and severe brain injuries
(Marjoux et al., 2008; Zhang et al., 2009). Most helmets are
designed to mitigate the transmitted translational forces to the
head (ECE 22.05) even though it is known that the main mecha-
nism of traumatic brain injuries is the rotational acceleration
induced to the head due to oblique impacts (Holbourn, 1943;
Krave et al., 2011; Post and Blaine Hoshizaki, 2015; Yoganandan
et al., 2008). Despite the wide use of helmets, statistics show that
head injuries are still the most common type of injury sustained by
helmet users (Langlois et al., 2006; Piantini et al., 2016; Whyte
et al., 2016). Hence, helmets should be further improved to reduce
both rotational and translational forces for better mitigation of the
risk of TBI. The helmet liner is the main energy absorbing part of
the helmet, which is typically made of foams, such as expanded
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polystyrene (EPS). Some studies have shown that using an addi-
tively manufactured lattice liner, instead of EPS foams, can signif-
icantly improve the protection level of the helmets (Khosroshahi
et al., 2018; Soe et al., 2015). Nonetheless, these lattices need to
be designed for better TBI mitigation.

Recent advances in the field of additive manufacturing allow for
a wide range of lattice structures, with unique mechanical proper-
ties, to be designed and manufactured (Liu and Hu, 2010;
Mohsenizadeh et al., 2018; Sanami et al., 2014). Hitherto, most of
the lattice structures introduced are designed to maximise stiffness
and minimise mass (Du et al., 2017; Qiu et al., 2019; Song et al.,
2019; Wang et al,, 2019; Wu et al., 2019). A few studies have
assessed whether lattice structures have better energy absorption
when compared to conventional energy absorbing materials. These
conventional materials typically have a stochastic cellular configu-
ration, but lattice structures in contrast have an ordered configura-
tion that can be designed according to required mechanical
properties. This provides an opportunity to achieve a higher energy
absorption efficiency than conventional foams (Schaedler et al,,
2014). An experimental study showed that an additively manufac-
tured lattice structure made of octet-truss unit cell has a compara-
ble energy absorption to conventional materials such as EPS, but
can recover almost completely after deforming by up to 70% strain


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2019.109376&domain=pdf
https://doi.org/10.1016/j.jbiomech.2019.109376
mailto:s.f.khosroshahi@imperial.ac.uk
https://doi.org/10.1016/j.jbiomech.2019.109376
http://www.sciencedirect.com/science/journal/00219290
http://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://www.JBiomech.com

2 S.F. Khosroshahi et al./Journal of Biomechanics 97 (2019) 109376

(Mohsenizadeh et al., 2018). Moreover, compression tests of lattice
structures at different loading speeds revealed that multilayer lat-
tice structures respond differently at different loading rates
(Ozdemir et al., 2017).

A few recent studies assessed the feasibility of the use of the lat-
tice structures for head protection. Soe et al. (2015) proposed an
additively manufactured cellular structure, with uniform cell sizes
through the thickness, to improve the protection level of helmets.
A recent study showed that an additively manufactured graded lat-
tice liner reduced the risk of head injury compared to an EPS liner
(Khosroshahi et al., 2018). In these studies, a specific type of unit
cells was assessed and the effect of different toplogies was not
investigated. Moreover, the performance of lattices as helmet lin-
ers for mitigation of traumatic brain injury (TBI) is still not fully
understood.

Here we studied the effects of lattice topology and relative den-
sity on the TBI mitigation of lattice liners. We tested whether pris-
matic lattice liners can better protect the brain under oblique
impacts than tetrahedral lattice liners, while also investigating
whether lattices, as a whole, can outperform typical EPS liners. In
addition to kinematics-based injury metrics, we used a high-
fidelity model of TBI to determine strain and strain rate across
the brain and used them to better assess the performance of the
lattices in preventing TBI.

2. Methods
2.1. Lattice liners

Four different lattice topologies were designed to be incorpo-
rated into the helmet liner: prismatic and tetrahedral lattices, each
with uniform and varying cell sizes (Fig. 1). For each lattice, we
changed the number of cells through the thickness to achieve three
different relative densities defined as Z—:, where p* is the density of

the lattice and p, refers to the density of the bulk material (Gibson
and Ashby, 1999). In our previous study we found that Nylon has a
better energy absorption than PLA (Khosroshahi et al., 2018). The
lattices of current study were made of Nylon with a density of
1100 kg/m>. In total, 12 different lattices were developed (Table 1).

A typical helmet has three main parts: liner, outer shell and the
retention system. In this study, we considered the helmet as a
hemispherical part to simplify its geometry. The inner radius of
the liner and the thickness were 112 mm and 43 mm, respectively.
The FE model of the liners was generated using beam elements in
MATLAB using previously developed code (Khosroshahi et al.,
2018). The Mat-24-Piecwise-Linear-Plasticity material model from
LS-Dyna material library with Cowper-Symonds strain rate sensi-
tivity formulation was used to simulate the Nylon lattice structure
(LSTC, 2014; Moura et al., 2010). More information on the material
properties, characterization and validation of the lattice FE models
can be found in our previous work (Khosroshahi et al., 2018).

The helmet shell was modelled with 4-node quadrilateral shell
elements and an elastic material model with Young’s modulus of
7250 MPa, Poisson’s ratio of 0.3 and density of 1200 kg/m?3
(Forero Rueda et al., 2009). The chin strap was modelled as an elas-
tic band using 4-node quadrilateral shell elements with a Young'’s
modulus of 1 GPa and a Poisson’s ratio of 0.3. The helmet was fitted
onto the THUMS human body model and surface to surface contact
with a friction coefficient of 0.5 was defined at the head/liner and
the liner/shell interfaces. These parameters are based on a previous
study, which validated model predictions against experimental
tests (Ghajari et al., 2011). Fig. 2 shows the helmeted human body
model and different parts of the helmet. In the case of graded lin-
ers, the helmet was placed on the head in such a way that the
smaller cells were close to the head and the larger cells were close
to the outer shell of the helmet (Khosroshahi et al., 2018).

In order to compare the response of the lattice liner with con-
ventional EPS liners, a model of the helmet with an EPS foam liner
was also developed. The density of the liner was 50 gr/l, which is
the EPS density usually used in commercial helmets, and its mass
was 242 gr. The stress-strain curves of the EPS liner can be found in
(Cui et al., 2009).

2.2. The total human body

The THUMS (Total HUman Model for Safety) V5 model was used
in the present work (THUMS Manual) in order to include the effects
of the body in helmeted head impacts. THUMS is a detailed human
body finite element model, which incorporates details of the
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Fig. 1. Prismatic and tetrahedral lattice structures with four unit cells through the thickness.



S.F. Khosroshahi et al. /Journal of Biomechanics 97 (2019) 109376 3

Table 1
Relative density and the total mass of the lattice liners.

Prismatic unit cells

Relative density [%] (and total mass [gr])

No. of cells through thickness 4 5 6

Varying cell sizes 6.0 (320) 9.4 (500) 12.2 (650)
Uniform cell sizes 6.4 (343) 9.7 (516) 18.3 (696)

Tetrahedral unit cells
Relative density [%] (and total mass [gr])
No. of cells through thickness 3 4 5

Varying cell sizes 11.0 (586) 16.7 (890) 23.4 (1250)
Uniform cell sizes 11.3 (602) 17.2 (920) 24.2 (1294)
Lattice liner Outer shell

Chin strap

Fig. 2. The THUMS human body model equipped with a helmet model featuring a
prismatic lattice liner (some parts are not shown).

cervical spine and muscles, and has been validated against cadaver
and volunteer test results and used to represent the response of the
human body in crash analyses (Chawla et al, 2005; THUMS
Manual). The brain of THUMS, however, does not represent
detailed anatomical features of the human brain, such as sulci
and gyri. Therefore, in the present work, we used THUMS to deter-
mine the kinematics of the head during impacts and used the
accelerations of the centre of gravity of the head to load a high fide-
lity model of TBI to determine strain and strain rate across the
brain (Ghajari et al., 2017).

2.3. The traumatic brain injury model

The TBI model used in this study has 8 tissues, skin, skull, CSF,
gray matter, white matter, ventricles, falx and tentorium (Fig. 3).
Ogden hyperelastic constitutive model (MAT-77 from LS-Dyna
material library) was used to model the response of the brain tis-
sue (Ghajari et al.,, 2017). The Ogden model uses the following
strain energy function:

n
~ Hy ,
¥ =Z?§(A?+A§P+A‘;‘Pf3) )
p=1
in which Zi—12 and 3) is principal stretch of the brain tissue. u, and
o, are material constants. The following formula was used to model
the rate-dependent behavior of the brain tissue (Ghajari et al., 2017;
Holzapfel, 2000):
OF

S :5°°+/O[G(t—T)#dT 3)

Ventricles CSF

White matter Skull

Gray matter Skin (Scalp)

Fig. 3. The high-fidelity 3D FE model of traumatic brain injury (some parts of the
model are not shown).

where 5 is the long-term second Piola-Kirchhoff stress tensor and
G(t) is the relaxation function calculated as follows:

G(t) = g Giexp (;—f) (4)

where 7; and G; are material constants. The CSF, ventricles and
membranes (i.e. pia, falx and tentorium) were modelled using
hyperelastic and hyper-viscoelastic constitutive material models.
All material constants for different tissues are presented in
(Ghajari et al., 2017).

2.4. Oblique impacts

The helmets were tested virtually under oblique impacts. The
helmeted THUMS was launched towards an inclined rigid anvil,
forming a 45° angle to the horizon, at a speed of 7.5 m/s as shown
in Fig. 4 (ECE 22.05). The same impact conditions were simulated
for the helmets with the EPS and lattice liners. Simulations were
performed on 6 cores of a 3.7 GHz processor using 32 GB RAM.
The first 40 ms of the impacts were simulated, which took 10 h
per simulation, and the linear and rotational accelerations of the
centre of gravity of the head were recorded. All the simulations ter-
minated without any stability problem. The TBI simulations were
performed using 20 cores of a high-performance computer with
16 GB RAM, taking 3 h per simulation. Both kinematics and brain
response measures were used to assess the performance of the hel-
met liners.

7.5m/s

Fig. 4. Impact configuration (some parts of the model are not shown).
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Fig. 5. Head linear and rotational acceleration for different helmet liners.

3. Results

All impacts led to a peak in linear accelerations within 10 ms of
the impact’s initiation (Fig. 5) which can be linked to the impact

force (Mills, 2010). The rotational accelerations, in contrast, reached
their peak value between 10 and 20 ms, which can be associated to
the combined effects of the neck and the normal and tangential
forces applied on the helmet by the anvil (Ghajari et al., 2013).
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Fig. 6. Peak linear and rotational acceleration, HIC, energy absorption, brain 90th percentile strain and strain rate for different helmet liners.

3.1. Prismatic topology and lower relative densities decreased head
accelerations

The results show that the lattice topology and relative density
have large effects on accelerations. To better show these effects,
we determined peak linear and rotational accelerations and HIC
(Fig. 6). The helmets with prismatic lattice liners produced lower
peak linear and rotational accelerations and HIC compared with
the tetrahedral lattice liners. In addition, varying the cell density
across the thickness decreased the head accelerations in all pris-
matic lattice liners, but not in all tetrahedral lattice liners. Our
results also show that for each lattice topology, liners with lower
relative densities had better impact performance. The helmet with
the best performance was made of a graded lattice with four
prismatic unit cells through the thickness (relative density = 6%).
This liner reduced peak linear acceleration (PLA), peak rotational

accelerarion (PRA) and HIC by 48%, 37%, and 49% respectively,
when compared with the EPS liner.

3.2. Prismatic topology and lower relative densities also decreased
brain strain and strain rate

Kinematics-based measures of TBI do not account for different
tissues and details of brain anatomy. Hence, we used the FE model
of TBI to predict the distribution of the maximum Green-Lagrange
strain and strain rate across the brain for different liner designs.
The contour plots (Fig. 7) show that with the EPS liner and most
lattice liners, the strain and strain rate reached values larger than
40% and 200 s~ ! respectively, which are well beyond brain injury
threshold values suggested in previous studies (Ghajari et al.,
2017). Interestingly, changing the lattice topology from tetrahedral
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Fig. 7. Strain and strain rate distribution in the brain.
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Fig. 8. Buckling initiation of the first (left), second (middle) and the third (right) layer of the liner (the collapsed layers are not shown).

to prismatic and decreasing the relative density significantly
reduced the areas with large strains and strain rates.

To quantify the effects of the lattice topology and relative den-
sity on brain strain and strain rate, we determined the 90th per-
centile strain and strain rate across the brain for each liner
(Fig. 6). The data confirm that the prismatic lattices produced
lower strains and strains rates than tetrahedral lattices (22.5%
reduction in strain and 48.2% reduction in strain rate). They also
show that decreasing the relative density for each lattice topology
decreased the strain and strain rate (10.9% reduction in strain and
26.8% reduction in strain rate for prismatic lattices and 2.9% reduc-
tion in strain and 20.6% reduction in strain rate for tetrahedral lat-
tices). Varying the cell size across the thickness in prismatic
lattices led to a small improvement in strain (1.0% Reduction)

and strain rate (7.0% reduction). In tetrahedral lattices uniform cell
sizes led to a small improvement in strain (4.1% reduction) and a
large improvement in strain rate (18% reduction). The liner with
the graded prismatic lattice liner and four cells through the thick-
ness resulted in the lowest strain and strain rate in the brain,
decreasing these measures of injury by 32% and 65% respectively
compared with the EPS liner.

3.3. Larger specific energy absorption in prismatic lattices and lattices
with lower relative density

We determined the specific energy absorption, defined as the
energy by the liner divided by its mass. Our results show that
tetrahedral lattices have lower specific energy absorption than
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Deformed structure

Tetrahedral unit cell

Prismatic unit cell
Joints

Fig. 9. Schematic deformation of stretching-dominated (left) and bending-domi-
nated (right) lattices under the same load.

prismatic lattices, possibly due to their lower compliance and lar-
ger mass (Fig. 6). We also found that decreasing the relative den-
sity for each lattice topology increased the specific energy
absorption. Varying the cell size across the liner thickness led to
a marginal increase in the specific energy absorption in both pris-
matic and tetrahedral lattices. The specific energy absorption of the
liner with 4 prismatic cells and varying cell size was the highest
among the lattice liners, but interestingly it was still lower than
the specific energy absorption of the EPS liner (33.7%).

4. Discussion

The results of our simulations show that the lattice liners with
lower relative densities had larger specific energy absorption. This
indicates that a larger portion of the lattice was involved in energy
absorption when the relative density was decreased. The cellular
structures with lower relative densities have lower yield stress
thus they can crush at lower levels of the stress and dissipate the
energy of the impact by transmitting lower forces to the head (Di
Landro et al., 2002; Gibson and Ashby, 1999), providing higher
level of protection.

According to our simulations the graded lattice liner with four
cell sizes through the thickness can reduce the risk of traumatic
brain injuries more than other lattice liners and the conventional
EPS liner. This is due to the different bucking capacity of the struts
in each layer, which let the liner crush from the most outer layer of
the liner as shown in Fig. 8. This finding is in agreement with pre-
vious experimental and computational studies (Cui et al., 2009; Di
Landro et al., 2002). In a graded-structure helmet liner, the liner
reaches its maximum level of energy absorption by crushing
almost equally in all layers from the most outer layer of the liner
to the most inner layer. This is different to a regular structure
where the level of energy absorption varies from the outer layer
to the inner (Cui et al., 2009), which means not all layers of the
liner reach their maximum level of energy absorption. Therefore,
a graded structure helmet liner can dissipate the energy of the
impact more than a regular structure liner.

Even though the protection level of the EPS liner, measured
with PLA, PRA, HIC, strain and strain rate, is lower than that of
the prismatic lattice liners, its specific energy absorption is higher.
This can be explained by the negligible Poisson’s ratio of the EPS.
EPS foam can absorb the energy of the impact due to crushing
but they cannot distribute it laterally. The EPS foam deforms in a
small area, therefore, despite its large deformation and significant
local energy absorption, it cannot distribute the energy of the
impact in a wide area. In contrast, the lattice structures can better
distribute the energy of the impact by engaging a larger portion of
the liner in large deformation and energy absorption.

We found a significant decrease in strain and strain rate across
the brain when using prismatic unit cells than tetrahedral (Figs. 6
and 7). This is attributed to the higher stiffness of lattice liners with
tetrahedral unit cells due to their stretching-dominated response
(Deshpande et al., 2001). Considering lattice structures as a net-
work of struts connected to each other by pin joints, as shown in
Fig. 9, helps to better understand their deformation mechanism
(Deshpande et al., 2001). The lattice structure with prismatic unit
cells (Fig. 9) responds as a mechanism when the cell collapses
under loading, however, the lattice with the tetrahedral unit cells
behaves as a structure and undergoes small deformation under
loading. In the real lattice, there are no pin joints; the struts are
fixed at their joints. As a result, the struts of the lattice without
diagonal members (prismatic lattice) bend under loading leading
to their buckling. This phenomenon does not occur in tetrahedral
lattices due to their diagonal members. This is the main reason
as to why, in general, lattice liners with prismatic unit cells
(bending-dominated structure) can better absorb the energy of
the impact and lower strain and strain rates across the brain than
tetrahedral unit cells (Fig. 7).

In summary, the results of our simulations show that using a
graded lattice liner with four cells through the thickness and with-
out diagonal struts can significantly reduce the strain and strain
rate across the brain compared to conventional EPS foams. This is
driven by better capability of the lattice liners in both energy
absorption and energy distribution. The advances in the field of
additive manufacturing can allow such lattice structures to be pro-
duced on demand and with a greater level of simplicity and has the
potential for more efficient substitutes for the conventional EPS
liners in the near future. Although this work has shown the benefit
of different lattice topologies in improving TBI prevention, the level
of energy absorption and TBI prevention of the liners can still be
improved and be proved with experimental tests. This is the sub-
ject of future studies.
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