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Introduction

n recent years, the short- and long-term effects of sports-related head injuries, like

traumatic brain injuries (TBIs) and mild traumatic brain injuries (mTBIs), more

commonly referred to as concussions, have become apparent. A recent study from
the Boston University Alzheimer’s Disease and Chronic Traumatic Encephalopathy
(CTE) Center found that 99% of the brains of deceased National Football League (NFL)
players (87% across all levels of play) were found to have CTE, which is associated with
memory and mood impairments and dementia [1]. Furthermore, athletes who received
head injuries in the past are more susceptible to mTBIs, intensifying their effects [2].
These facts show the inadequacies in traditional approaches to helmet design, and call
for disruptive technologies to escalate helmet safety and reduce the risk of head injury
prone sports.

For single-impact helmets, such as bike, motorcycle, and horse riding helmets, a
non-reusable foam liner is used, typically expanded polystyrene (EPS). For multi-impact
helmets, such as football, baseball, and ice hockey helmets, the most common liner
material is expanded polypropylene (EPP) foam. Special liners in football and motorcycle
helmets incorporate viscoelastic polymers such as butyl nitrate and Zorbium, inflatable
liners (Riddell SpeedFlex), air shock absorbers (Schutt Air XP Line), and omnidirectional
suspension systems (6D Helmets) [3].

The introduction of dynamic, nonlinear finite element solvers has shifted helmet
development toward simulation-based design [4, 5, 6]. The availability of supercomputers,
advanced design algorithms (e.g., topology optimization), and additive manufacturing
offers a unique opportunity to shorten the helmet development cycle and achieve high
performance [7, 8]. Recently, several research groups have addressed fundamental design
aspects in helmets for football [9, 10, 11], motorcycle [12, 13, 14], and cycling [15, 16].
Interestingly, specialized helmets are being developed for sports such as pole vaulting,
soccer, lacrosse, and field hockey [17], as well as new sports activities such as e-bikes,
segways, and electric unicycles [18]. While innovative helmet designs have contributed
to reducing concussions for many sport practitioners ranging from children to elite
athletes [19], there is no “magic” concussion-preventing product on the market at this
time, and further developments are needed to cope with ever-evolving sport requirements.

Bio-inspired designs are driven by the desire to capture the outstanding features
and performance seen in nature and integrate these benefits into engineering products
[20]. Properties of bio-inspired materials tend to surpass properties of many man-made
materials making their production and practical application valuable to impact energy
absorption [21, 22]. The field of bio-inspired design has greatly advanced in the last
decade with the development of new methods and software tools, usually in the form
of databases and search engines. Methods include the use of inventive problem-solving
theory (BioTRIZ) [23] and functional modeling [24]. Tools include lexical databases [25],
online repositories such as AskNature from the Biomimicry Institute (asknature.org),
IDEA-INSPIRE [26], and the Design by Analogy to Nature Engine (DANE) [27] as well
as repository search algorithms [28]. The study of certain plant structures has shown
promise for absorbing impact energy [29]. For example, the porous structure of a pomelo
peel is a continued interest in research groups for energy-absorbing applications
[30, 31]. Additionally, head impact injury prevention materials and structures can
be found in bighorn sheep, muskox, and woodpeckers, among others, inspiring the
37]. For instance, fish and crocodile scales and turtle carapace have inspired the design
of flexible armors [36]. The woodpecker’s beak and skull, which protect them from injury
in spite of repeated impacts, are a subject of study for applications in impact protective
systems [37, 38, 39]. However, to date, applications on helmet design remain scarce. In
this work, bio-inspired liner designs mimic the organic and skeletal structures found in
pomelo peels, nautilus shells, and woodpeckers’ skulls.

Engineered cellular materials have been developed for impact energy absorption in
the form of honeycombs [40, 41], microlattices [42], hollow spheres [43, 44, 45], and foams
[46, 47]; however, these cellular materials lack the ability to predictably redirect an
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impacting force and manage energy absorption [48]. In order IGEILIERN Bio-inspired designs: (@) pumpkin, (b) stacked
to address this issue, this work expands on the design of a diatom skeletal, (¢) internal Fibonacci spiral, (d) haystack,
compliant mechanism lattice (CML) previously introduced by (e) wheel spoke, (f) external Fibonacci spiral, (g) spiral wave,
our group [49, 50]. The CML redistributes an incoming radial (h) double helix, (i) hexagonal spring.

force to tangential directions [51]. In this work, CML-based
liners are developed using topology optimization to synthesize
rubber cellular unit cells with effective positive and negative
Poisson’s ratios. The energy-absorbing capability of the proposed
CML-based liners is compared to that of bio-inspired liners
[52]. The six proposed cellular liners and an EPP foam liner are
through a series of numerical ballistic simulations.

This article is organized as follows: The proposed bio-
inspired and CML-based liners are presented in Sections 2
and 3, respectively. Sections 4 and 5 present the finite element
impact model and the results of the numerical ballistic simula-
tion on the proposed cellular liners and the EPP foam liner.
Conclusions and final remarks are presented in Section 6.

(d)
WA
()]
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Bio-inspired Design

When investigating protective natural materials, inspiration is drawn from two categories
of natural structures. The first category is organic structures from plants that serve
similar protection capabilities to that of a helmet liner. For example, citrus fruits,
coconuts, and gourds all have peels, shells, and rinds to protect the seeds from impacts
and falls from trees.

The second category is skeletal structures that prevent internal penetrations while
providing support for cyclical impacts. Design inspiration comes from a wide variety
of protective natural materials ranging from macroscopic skeletons of sea life to the
hierarchical structure of the bone (Figure 1).

Bio-inspired Design Process

The bio-inspired design process in this work is derived from BioTRIZ [23] and relies on
function-form analogies between biological and engineering designs (Figure 2). This
process involves identifying the engineering-required function (e.g., TBI mitigation, impact
energy absorption), finding the biological analogous function and the corresponding
biological form (e.g., cellular material), and translating it into an engineering form.

In this work, the exploration of the available tools and repositories, particularly
AskNature, and the biological form-function analogies led to the definition of structural
tissue as the biological material for liner inspiration. Examples of biological and engi-
neering forms are shown in Figure 3.

Focus is given to material with hierarchical structures of varying densities. Despite
the bio-inspired designs having varying local density, the overall designs are developed IETITIEY Flowchart of the bio-
with a 40% volume fraction constraint, for fair comparison with the CML-based liners.
Three bio-inspired designs are developed, namely, peel, shell, and bone designs as
described below.

inspired design process.

Aalloefe=] ::> Biological
analogous ari
= function

Peel Design |

The peel design is inspired on the peel of the pomelo fruit (Figure 4). The pomelo is a 11

large citrus (20 cm in diameter and 2 kg in mass) that grows on tall trees (10 m). In E’:g;”;g{'j”g Engineering

free-fall tests, pomelos showed that their peel constitutes an impact protection layer function form

that prevents the fruit from splitting open when impacting on the ground after being ¢\ 4.2 university-purdue University Indianapolis

shed [53].
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m Example of a bio-inspired design: biological
form of a diatom skeletal remains under an electron
microscope (left) and the corresponding engineering form
(right) reproduced in Zbrush.

© Indiana University-Purdue University Indianapolis

m Section of 1x 3 cellular unit cells of the peel

design (bottom) inspired by the dense and porous layers
(exocarp and mesocarp) of a pomelo peel (top) [54].

iological cells :
/s \

3

m Section of 1x 3 cellular unit cells of the shell

design (bottom) inspired by the cross-sectional topology of
a nautilus shell (top).

© Indiana University-Purdue University Indianapolis
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The pomelo peel is characterized by two distinct layers:
the exocarp and the mesocarp. The exocarp (outer layer) is
densely packed and forms the skin of a pomelo. The mesocarp
(inner layer) is a porous structure. The bio-inspired peel
design attempts to capture the penetration resistance offered
by the outer dense layer, while allowing the porous inner layer
to deform as it absorbs energy [54].

Shell Design

This design is inspired by the cross-sectional structure of
a nautilus shell (Figure 5). Nautilus shells are highly resil-
ient structures with the ability to withstand enormous
water pressures at depths of 800 m [55]. The bio-inspired
shell design mimics the crisscrossed inner structure of the
nautilus shell with an outer layer comprised of long arches
(septa). The septa allow for a gradual deceleration of an
impact, while the inner interlocking arches prevent
extreme deformations.

Bone Design

This design is inspired by the internal structure of the cranial
bone found in the skull of woodpeckers (Figure 6). In conjunc-
tion with other biomechanical features, their internal bone
structure is able to absorb high impact energy, which allows
woodpeckers to drum on trees more than 10 times every
second (12,000 times a day) [37]. The speed of the head in each
drum is 7 m/s and experiences decelerations of 1,000 g without
experiencing brain injuries [37].

The bone internal architecture features two dense
plates of compact bone that sandwich a relatively thick
section of spongy bone. The lightweight spongy bone
absorbs impact energy, while the compact bone provides
penetration resistance and structural rigidity. Compared
to other bird skulls, the woodpecker’s skull has a larger
portion of spongy bone. When forces reach the spongy
bone, its structure disperses them in divergent tangential
directions away from the axis of impact [38]. This desirable
force redirection is to be achieved with a compliant mecha-
nism lattice-based design and the use of topology optimiza-
tion as described in the following section.

Compliant Mechanism
Lattice-Based Design

Optimization Problem
Statement

Engineered cellular materials have the potential to be low
volume and lightweight while providing low peak accelera-
tion, low displacement, and high energy absorption. In this
work, a topology optimization algorithm is used to synthesize

© 2018 Indiana University-Purdue University Indianapolis; Published by SAE International. All Rights Reserved.
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a compliant mechanism cellular unit cell that comprises the m Section of 1x 3 cellular unit cells of the bone
CML-based liner. The algorithm operates through the use of design (bottom) inspired by the sandwich of (@) compact and
solid isotropic material with penalization (SIMP) to perform (b) spongy bone found in a woodpecker’s skull (top) [37].
density-based topology optimization [56].

The compliant mechanism design problem is defined as
finding the density distribution x € R" in a discretized design
domain of the cellular unit cell that maximizes the mutual
potential energy (MPE) resulting from the application of input
and output loads. The maximization of MPE maximizes the
displacement of the output nodes for a given input force. The
optimization problem is subjected to a volume fraction
constraint v(i(x)), and it is mathematically expressed as

find xeR”
max MPE(i(x))=U(i(x));K(i(x))U(i(x))om
s.t. v(i(x))=vTi(x)=§vi5¢i(xi)sv

Xey, lz{xeR”:OﬁxiSI,i=1,...,n}, Eq. (1)

© Indiana University-Purdue University Indianapolis

where ¥ is a volume fraction limit and v, is the element volume. In (1), %, (x; ) is the
filtered variable defined by

- ) sen HiVi%;
SR ST
jeN; ]

Eq. (2)

where H;; is a weight factor and N; is the neighborhood of the element x; with a
filter radius R, or N; = {j : dist(i,j) < R}. In (1), U(i{(x))in and U(i((x))Out represent
the vector of nodal displacements resulting from the application of the input and
output loads, respectively. K(i(x)) is the stiffness matrix resulting from the

SIMP interpolation

K(x(x))= Z[ win + % (Eg = By ) |K7, Eq. (3)

i=

—

where K! is the (constant) extended element stiffness matrix corresponding to a
unit value of the design variable, E is the Young’s modulus of the base material, E, ;, is
a Young’s modulus lower bound (E,;, = E, X 107°), and p is the penalization power. The
sensitivity coeflicients of MPE in (1) are obtained using direct differentiation [56]. The
optimization problem is numerically solved using the method of moving asymptotes
(MMA) [57].

Compliant Mechanism Designs

There are two primary designs of compliant mechanisms for use in the CML-based liner.
Both function by redirecting an incoming radial force to a tangential direction. The first
design for the compliant mechanism redirects forces out from the point of impact.
Holistically, this gives the compliant mechanism an effective positive Poisson’s ratio;
therefore, it is referred to as the positive mechanism. The second design redirects the
incoming force inward, translating to an effective negative Poisson’s ratio for the mecha-
nism; therefore, it is referred to as the negative mechanism.

© 2018 Indiana University-Purdue University Indianapolis; Published by SAE International. All Rights Reserved.
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By applying symmetric boundary conditions, only one-quarter of the mechanism
needs to be optimized. Each problem is run with a 30 x 30 element mesh. For the
positive mechanism, an input load is specified in the upper left corner and a (dummy)
output load is specified in the lower right corner of the design domain. Similarly, for
the negative mechanism, an input load is defined in the upper right corner with a
(dummy) output load specified in the lower right corner of the design domain. Each
load is given a width of 10% of the edge length, to achieve a large enough connection
area so that liner implementation is robust. Roller supports are applied to the nodes
along the left and bottom edges of the design domain for both mechanisms. Figure 7
shows section views of the loaded nodes, load orientations, and supports for the positive
and negative mechanisms.

By performing topology optimization on the compliant mechanism problems,
a 2D topology is obtained, which can be extruded for performance analysis in
LS-DYNA. The volume fraction is set to v = 0.40 in (1). A filter radius R = 3.0 elements
in (2) is also added to prevent the creation of spindly members. The SIMP penaliza-
tion power is set to a value of p = 3.0 in (3). Figure 7 shows the resulting cellular unit
cell topologies for the positive and the negative mechanisms. Each cellular unit cell is
19.05 mm x 19.05 mm (0.75” x 0.75”"). Three-dimensional versions of the compliant mecha-
nisms are synthesized using the optimization tool top3d for Matlab (top3dapp.com) [56]
(Figure 8). Due to the computational cost associated with 3D CML-based liner
simulations, the numerical model for analysis and comparison of liners is done with
2D extruded topologies as described in the next section.

Numerical Model

m Optimized topologies of the positive PrObabIe ContaCt Area

mechanism (left) and the negative mechanism

To determine a suitable liner width and the corresponding number

(right) with corresponding section views of loads of cellular unit cells, a simulation of the National Operating
and boundary conditions of a quarter design Committee on Standards for Athletic Equipment (NOCSAE)
domain.

helmet drop test [58] is analyzed. For this simulation, a full-sized

Section A-A

A

Section B-B

helmet is designed along with the model of the NOCSAE headform

L (Figure 9). The helmet has a polycarbonate outer shell (2.0 mm

thickness) and impact absorbent EPP foam pads (approx. 19 mm

thick). The NOCSAE headform model is made of magnesium and

is dropped in free fall onto a 12.7 mm thick modular elastomer

programmer (MEP) test pad made of molded polyurethane. From

this simulation, it is found that the projected impact area of the

4.9 kg headform moving at 5.46 m/s is approximately an oval with

= a major axis of 85 mm and a minor axis of 80 mm. In order to

ensure that the liner model is long enough to suitably capture

deformations at its boundary, 9 unit cells are selected for the model

to have a total width of 171.5 mm, which covers over twice the

length of the impact area’s major axis. The 3D simulation liner is
not oversized, resulting in a liner that is 5 x 5 unit cells.

Liner Assembly

The bio-inspired and the CML-based liners, with a thickness of 19.05
mm, are assembled between two polycarbonate shells, with a thickness
of 2.0 mm. The total width of the 2D liners is 171.5 mm with an
extruded depth of 5 mm. The resulting overall dimensions of the 2D
liners are 23.05 mm x 171.5 mm x 5.0 mm.

© Indiana University-Purdue University Indianapolis
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Three bio-inspired liners (the peel, shell, and bone liners)
are shown in Figure 10. Three CML-based liners are shown in
Figure 11, consisting of (i) all positive mechanisms, (ii) all
negative mechanisms, and (iii) alternating positive and negative
mechanisms. The liners with the all positive, all negative, and
alternating positive and negative mechanisms are referred to
as the positive liner (PL), negative liner (NL), and net zero liner
(ZL), respectively.

Simulation Setup

Each liner model is put through a numerical ballistic simulation
using LS-DYNA. A polycarbonate impactor is modeled as a rigid
shell cylinder with a depth of 5.0 mm, diameter of 100 mm, and
mass of 70 g. The diameter corresponds to the top diameter of a
medium NOCSAE headform. The mass of 70 g is conducive to
observing liner deformation matching the NOCSAE Drop Test
(Figure 9)-an impactor with this mass does not under-deform
or over-deform the 2D extruded liners. The rigid cylinder impacts
the top surface of the liner at 5 mm/ms. The side surface nodes
are supported with rollers. A 12.7 mm thick MEP test pad, with
a fixed bottom support, is placed underneath the liner. The soft
pad allows the inner shell to deform (for performance evalua-
tion), while still grounding the impact. Figure 12 shows the initial
2D ballistic simulation setup for analysis of the PL design.

Model Details

The polycarbonate shells are modeled as a linear elastic solid
[49, 50]. The model of the bio-inspired liners has their top and
bottom surfaces attached to the adjacent sides of the outer and
inner shells, respectively. The model of the CML-based liners
has their compliant mechanisms attached to each other at their
respective output ports and to the outer and inner shells at their
respective input ports.

The MEP test pad and liners are both modeled with the
two-parameter incompressible Mooney-Rivlin rubber
model [59],

W =A(I, -3)+B(I, —3)+C[IL2—1]+D(I3 -1)',  Eq @

3

where W is the strain energy function and I, I, and I; are
deviatoric strain invariants of the Cauchy-Green tensor and

c=L44B D- A(5v—2)+B(11v—5)’

2 2(1-2v)

where v is the Poisson’s ratio. The material parameters A and
B are user-defined constants. In this work, these parameters are
obtained from experimental data as a function of the rubber Shore
A hardness [60]. Shore A hardness is a measure of the hardness
of the material, using the type A scale, typical for softer materials.

m Three-dimensional optimized topologies of
positive (top) and negative (bottom) mechanisms.

© Indiana University-Purdue University Indianapolis

IEEEEEY simulation of NOCSAE Drop Test Method ND
001 on a basic foam-based helmet to determine width of
(top side) impact area.

© Indiana University-Purdue University Indianapolis

Bio-inspired liner assemblies: peel liner (top),
shell liner (middle), and bone liner (bottom).

© Indiana University-Purdue University Indianapolis
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m CML-based liner assemblies: positive liner PL
(top), negative liner NL (middle), and zero liner ZL (bottom).

© Indiana University-Purdue University Indianapolis

IEEEEREY 20 ballistic simulation setup for the positive

liner (PL) design.

Impactor

Outer shell

Inner shell

MEP test pad

© Indiana University-Purdue University Indianapolis

Rubber was chosen as the principle material for this investigation
for two main reasons: First, rubbers are commercially available in
awide range of Shore A hardness values. Second, surrogate rubber
materials used in this work are also available for material jetting
(PolyJet) additive manufacturing, which allows the rapid proto-
typing of liner designs with complex geometries [61].

For the baseline simulation, LS-DYNA’s low density foam
model is used to model EPP foam [62]. Simulation variables not
dependent on liner type and rubber hardness are kept consistent
across all ballistic simulations. This includes timestep options,
hourglass control, contact definitions, initial velocities,
boundary conditions, element formulations, and other model
options. The complete LS-DYNA material model keycard details
can be found in the Appendix.

Pe_rfo[‘mance Evaluation
Criteria

It is well established that TBIs and mTBIs are linked with the
linear and rotational accelerations experienced by the brain [63].
Consideration of injurious accelerations is evaluated to assess
the protective capabilities of the bio-inspired and CML-based
liners. In this work, four related performance evaluation criteria
are utilized:

Aqx: peak acceleration of the impactor (g)
HIC;;: head injury criterion (HIC) at 15 ms
d,.a: peak displacement of the inner shell (mm)

PIE;: standard deviation of peak internal energy (PIE)
distribution within the liner (mm)

The first evaluation criterion is the peak acceleration of the
impactor’s center of mass,

a,, ={la(t)l}, Eq. (5)

which is also proportional to the maximum force experienced as a result of the
impact but does not fully capture its severity. Notably, a steep spike to a low peak accel-
eration can be just as detrimental as a gradual rise to a high peak acceleration [64] and,
therefore, the HIC is employed to capture the significance of the slope of a resultant
acceleration curve [65]. In particular, the HIC measures the likelihood of a head injury
resulting from an impact using the following time integral:

HIC=1(t, -1, ){ﬁj.:a(t)dt} , Eq. (6)

max

where a(f) is the impactor’s acceleration in g (gravity) and #, and ¢, are the initial
and final times (in seconds) of the time interval that maximizes HIC.
This work uses HIC5, which sets the integral’s time interval to 15 ms as follows:

1

HIC,, ={(0.015)” [ [ ’”ma(t)dtr} . Eq. (7)

© 2018 Indiana University-Purdue University Indianapolis; Published by SAE International. All Rights Reserved.
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TABLE 1 Pairwise comparison table for weight calculation.

f Pairwise comparison > 7

Amax 1 2 1.5 4.5 0.25
HIC;5 2 2 2 6.0 0.33
O nax 15 1 2 4.5 0.25
PIE,, 1 1 1 3.0 0.17
z 3 3 3 3 3 3 18.0 1.00

© Indiana University-Purdue University Indianapolis

As a reference, when HIC15 = 1000, there is 18% probability of severe head injury,
55% probability of serious head injury, and 90% probability of a moderate head injury,
for the average human [66]. However, the ballistic simulation in this study does not
accurately model impact on a human head; consequently, HIC,; values in this article
are used exclusively for comparison purposes.

The third performance criterion is the peak displacement d,,,, seen by the inner
shell’s center of mass. Deformations on the inside of the liner should be kept to a
minimum, as they lead to increased risk of head injury.

The last performance criterion quantifies internal energy distributions. For all liners,
the maximum internal energy is obtained at the peak displacement of the impactor.
At this point, a suitable evaluation criterion is the PIE distribution among the cellular
unit cells, which is evaluated through its standard deviation,

bIE, - i( E) PIE,

Eq. (8)

total

where N is the number of unit cells, X; is the position of the ith unit cell, X is the
average unit cell position (X =0), PIE, is the internal energy of the ith unit cell at peak
displacement, and PIE,,,, is the total internal energy of the unit cells at peak displace-
ment. For 3D simulations, the expression (X,. -X ) in (8) is replaced with the distance
between the ith unit cell and the average unit cell position.

To aid with the evaluation of the liner, performance values are normalized. A subse-
quent weighted sum is calculated and used for justification of selecting designs for further
analysis. The resulting weighted score is then defined as

_ 2 f fmm _ 4 v
WS=>w F—"—=>0f, Eq. (9)
j=1 fmax _fmin j=1

where f] is the normalized performance value and w; the corresponding weight.
Since all of the performance values (except PIE ;) are desired to be minimized, the best
design is the one with the lowest weighted score. For consistency with the other criteria,
higher PIE; values are assigned lower normalized performance values. The weights «;
are decided by the pairwise comparison method [67] where one assigns relative value

to matched pairs (Table 1).

Numerical Results

The performance of the bio-inspired and CML-based liners is determined through
two series of ballistic simulations on the 2D-extruded designs. The first series of
simulations shows the liner designs with Shore 60A rubber, which are referred to as
the basic liners in this work. From these simulations, the bio-inspired and CML-based
liners with the lowest weighted scores are selected to go through a second series of

© 2018 Indiana University-Purdue University Indianapolis; Published by SAE International. All Rights Reserved.
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m Deformation at peak displacement of the
inner shell for (@) peel liner (d,,,, = 1.6 mm), (b) shell liner

(@rax = 2.8 mm), (¢) bone liner (d,,, = 1.9 mm), (d) positive
liner PL (d,,.x = 1.9 mm), (e) negative liner NL (d,,,, = 1.4 mm),
and (f) zero liner ZL (d,,,, = 2.8 mm) (MEP test pad hidden
for clarity).

© Indiana University-Purdue University Indianapolis

m Displacement-acceleration and time-

acceleration profiles of the six (basic) liners using Shore
60A rubber.

450
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simulations consisting of a parametric study of Shore A
rubber hardness, from 40A to 80A. For comparison, a tradi-
tional EPP foam liner is also evaluated. A final 3D numerical
ballistic simulation compares the best performing liner
against the EPP foam liner.

Performance of the Basic
Liners

The numerical performance study of the six basic liners shows
the effect of the liners’ topology on their performance.
Observing Figure 13, the peel and bone liners see significant
improvement in inner shell displacement compared to the shell
liner. This is due to the highly complex dense regions in these
liners that resist transverse loads. Even though the shell liner
does have a relatively dense region, it is comprised of long
spindly arches which buckle in an ineffective manner. On the
other hand, it can be seen that the PL and NL resisted internal
shell deformations despite undergoing severe crushing of the
liner. The ZL saw a similar level of crushing, yet suffered
extreme inner shell displacement. From this analysis, the d,,,,,
of the inner shell is inversely proportional to the internal forces
(tensile or compressive) that are present in the liner. The peel,
bone, PL, and NL liners all saw relatively low d,,,,, values, due
to the large conflicting forces seen in their dense regions and
conflicting mechanism outputs. The spiral and ZL liners did
not have these features resulting in greater displacement of the
inner shell.

The displacement-acceleration profiles (Figure 14) at a
glance are noisy. This is due to the acceleration and displace-
ment being measured independently at the impactor and
inner shell, respectively. The vibration experienced in each
of the bodies is delayed by the thick section of rubber liner
in-between them. While this makes the profiles hard to read,
the peaks of the profiles can still clearly be seen, which shows
the relationship of the impactor’s acceleration and inner
shell’s displacement among the liners.

When comparing the displacement-acceleration profiles
of Figure 14, the EPP foam liner is dominated by the peel, PL,
and NL liners. These designs have topologies that stretched
and compressed under a transverse load, absorbing impact
energy as strain energy. The shell and ZL liners offered little
internal resistance during impact, resulting in extreme
bending of the inner shell (Figure 13) and high peak accelera-
tions. The ZL's performance is specifically due to lack of
straining between adjacent positive and negative mecha-
nisms. In the PL and NL liners, the output ports apply a
compressive and tensile load (respectively) on their members,
converting kinetic energy to strain energy. In the ZL, input
and output ports move together, collapsing the structure with
limited strain and thus limited energy absorption.

The PIE for the nine unit cells is shown in Figure 15.
The PIE tends to be more concentrated in the middle unit
cell for the geometrically complex peel, bone, and NL
liners. The geometrically simple shell, PL, and ZL liners
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show similar PIE distribution, with the middle three unit IGEILIEREN PiE as a function of the horizontal position of
cells absorbing near equal levels of internal energy, the unit cells for the bio-inspired and CML-based (basic)
resulting in the three highest PIE ; in Table 2. The geomet- liners using Shore 60A rubber.
rically simple topologies of these liners result in a more
uniform deformation across the unit cells (Figure 13), 300
resulting in a more uniform PIE distribution.

The performance criterion values for the analysis of the 250

basic liners are shown in Table 2. The normalized perfor-

mance values are shown in brackets with the smallest normal- g 200
. >
ized performance values shaded for each performance evalu- 2
ation criterion (blue for bio-inspired liners, green for .
CML-based liners). It is shown that the peel liner has the g

. . . . . . Q
lowest weighted score of the bio-inspired liners, while the PL £ 100
has the lowest weighted score of the CML-based liners. The §

parametric rubber hardness study is performed on these

. 50
two liners.
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Parametric Study

Rubber hardnesses for the parametric study are chosen depending on the trending
improvement in liner performance. The peel liner is analyzed with rubber hardnesses
of 404, 50A, 60A, and 70A, while the PL is analyzed with rubber hardnesses of 50A,
60A, 70A, and 80A. The resulting displacement-acceleration profiles are shown in
Figure 16. The peel liner features a rather counterintuitive trend, where the, normally
conflicting, a,,,, and d,,,, performance values both improve given a decrease in
rubber hardness. Softening the rubber to 40A hardness brings significant improve-
ments in not just the a,,,, and d,,,, but also the HIC,; and PIE; of the liner, as seen
in Table 3.

Interestingly, the CML-based PL shows a similar relationship whereas the rubber
hardness increases, the new liners dominate the prior liner. This relationship continues
until an ideal rubber hardness of 70A is found for the PL. According to the displacement-
acceleration profiles of Figure 16, the EPP foam liner design is dominated by most of the
PLs and the peel liner with 40A rubber.

Figure 17 shows that an increasing rubber hardness has a negative effect in the
distribution of the PIE for both the peel and PL liners, that is, lower PIE;. For the
CML-based PL, the relation between rubber hardness and PIE; is not monotonic, with
the highest PIE,, values observed for PL 70A.

TABLE 2 Performance [normalized] values for the analysis of basic liners.
Basic Bio-inspired liners (60A) Basic CML-based liners (60A) Egpp

Peel Shell Bone Positive  Negative Zero foam @
amax (9) 3360 3861 3817 2409 288.4 4132 3375 025
[3,,.] [0.552] [0.843] [0.817] [0.000] [0.276]  [1.000] [0.561]
HIC:s 2477 3037 2876 1904 2210 3287 2755 033
[HICs] [0.414]  [0.819] [0.703] [0.000] [0.221]  [1.000] [0.615]
Do (MM) 16 28 1.9 1.9 14 28 21 0.25
[d,.] [0135]  [0.999] [0.378] [0.356] [0.000]  [1.000] [0.514]
PIE,, (mm) 7.9 1.6 7.9 13.7 9.9 128 55 0.17
[PIEw] [0.707]  [0.253] [0.706] [0.000] [0.468]  [0.]06] [1.000]
WS 0429 0774 0651 0089 0221 0.848 0642 --
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m Displacement-acceleration and time-

acceleration profiles for the parametric study of the peel

(40A-70A), PL (50A-80A), and foam liners.
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Table 3 shows that the peel liner with 40A rubber and the
PL with 70A rubber have the lowest weighted scores for the
parametric study of rubber hardness. The liner with the best
performance is indicated by the lowest weighted score. Overall
the PL with 70A rubber is the best liner from these two series
of 2D extruded ballistic simulations.

3D Simulation

An equivalent 3D model (Figure 18) is created to evaluate the
CML-based PL. The model tested has dimensions of 5 x 5 unit
cells for a total of 25 positive mechanisms (Figure 8). The mass
of the impacting sphere is increased to keep the same mass ratio
between impactor and liner as in the 2D models. All other
dimensions, material keycards, and contact info are kept consis-
tent with the 2D models.

The 3D ballistic simulation shows the deformation of a
3D positive mechanism when given freedom to buckle out-
of-plane. Most of the buckling occurs near the top and
bottom of the mechanisms forming the crisscross deforma-
tion of the PL design seen in Figure 19. This deformation
mode propagates through all of the lattice reaching the
mechanisms on the edge.

Observing the transition of the performance values from
the 2D to 3D simulations (Table 4), it can be seen that the PL
70A liner maintains a better performance than the EPP foam
liner in PIE, criterion, which means the energy distribution is
still better.

The acceleration-based criteria, a,,,, and HIC, 5, are signifi-
cantly better in the PL 70A liner compared to the EPP foam
liner; however, this compromises the performance with an
increased d,,,, value. This is the effect of prescribing displace-
ments in different directions in the liner from discrete locations
on the shells. The compromised displacement-acceleration
performance can be observed in Figure 20.

Conclusion

In this work, six cellular liners are designed and analyzed:
three bio-inspired designs and three compliant mechanism
lattice (CML)-based designs. The bio-inspired designs (peel,
shell, and bone) are generated from studying selected energy-
absorbing structures from nature that functioned similarly to
the role of a helmet liner, namely, pomelo fruit, nautilus shell,
and woodpecker’s skull. The three CML-based designs
(PL, NL, and ZL) are generated using the topology optimiza-
tion and assembly of CMLs with positive, negative, and zero
effective Poisson’s ratios. The bio-inspired and CML-based
liners were developed with a volume fraction of 40% using
rubber as the primary material.
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TABLE 3 Performance [normalized] values for the parametric study of rubber hardness.

Peel liner
f 40A 50A 60A 70A 50A
Amax (9) 297.8 3221 336.0 362.8 2989
e [0.467] [0.666] [0.780]  [1.000] [0.476]
HIC;5 303.6 2354 247.7 277.6 239.9
[HICs] [0.410] [0.554] [0.684]  [1.000] [0.602]
oy (MM) 1.6 16 16 1.8 2.5
[am} [0.000] [0.033]  [0.070]  [0.307] [1.000]
PIE;; (mm) 10.9 9.4 7.9 6.9 13.8
[PIEs] [0.357] [0.538]  [0.71]] [0.838] [0.000]
WS 0.313 0.449 0.559 0.799 0.568

Positive liner

60A
240.9

[0.000]
190.4
[0.080]
1.9
[0.380]
13.7
[0.016]
0.124

EPP
70A 80A foam [0}
241.6 254.5 3375 0.25
[0.006]  [O.J11] [0.793]

182.8 187.2 275.5 0.33
[0.000]  [0.046] [0.978]

1.8 1.7 21 0.25
[0.240] [0.164]  [0.603]

121 10.7 5.5 0.17
[0.210] [0.372]  [1.000]

0.097 0.147 0.841 --

This study develops performance evaluation criteria for impact energy-absorbing
system analysis, showcases the design of novel bio-inspired and CML-based liners,
and compares the performance of the novel liners with traditional EPP foam liners.
Numerical simulations are utilized to evaluate the liners’ performance in terms of
peak acceleration of the impactor (a,,,,), head injury criterion (HIC,;), peak displace-

ment of the inner shell (d,,,,), and standard deviation of peak
internal energy distribution within the liner (PIE,,). Pairwise
comparison is utilized to weight these performance values and
evaluate the performance of each design. The results of the
simulations are analyzed to establish their relative perfor-
mance of the liner designs.

The first series of simulations analyze the basic liner topolo-
gies with 60A rubber. It is observed that a liner’s performance
is proportional to the internal in-plane forces present when
struck transversely, as seen in the peel liner and PL. Additionally
geometrically simple designs (PL, NL, ZL, and shell) have the
highest PIE,, values and thus a more uniform deformation
across unit cells. From the basic simulations (Shore 60A), the
best performing bio-inspired and CML-based designs are the
peel liner and the PL, respectively.

A parametric study on Shore A hardness (40A to 80A) is
performed on the peel and the PL designs. This study shows that
a liner’s displacement-acceleration performance can be tuned
with the rubber hardness. The best performance of the peel
design is obtained with 40A rubber, while the best performance
of the PL design is obtained with 70A rubber. Overall, the PL
design with 70A rubber is the best performing liner as demon-
strated in 2D and 3D simulations and corresponding compari-
sons with the traditional EPP foam liner.

Research is ongoing to address limitations of this inves-
tigation in terms of design and analysis. The computational
cost of 3D simulations makes the performance evaluation of
3D (complex) design cumbersome, even in relatively small
samples of a helmet liner. To address this issue, homogeniza-
tion methods are being incorporated to reduce the computa-
tional cost of 3D simulations and make it feasible to incorpo-
rate design optimization algorithms and evaluate larger

m 3D ballistic simulation setup for the PL design.

MEP test pad

© Indiana University-Purdue University Indianapolis

m Deformation of the 3D PL with 70A rubber at
peak displacement of the impactor.
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TABLE 4 Performance values of the 2D and 3D liners.

2D 3D

f PL 70A EPP foam PL 70A EPP foam
Amox (@) 2416 3375 211.9 4317
HIC,, 182.8 275.5 1676 356.3
o (MM) 18 21 1.2 0.8

PIE,, (mm) 121 55 8.0 43

© Indiana University-Purdue University Indianapolis

models. In addition, all designs use elastic materials. Current efforts are devoted to
extend the current limitation of our topology optimization algorithm and include
viscoelastic materials. The effect of mechanism size and density (mechanisms per unit
cell) implemented through multiscale topology optimization is also under consider-
ation. In terms of analysis, this work is limited to liner sample simulations; however,
amore clear assessment would include simulations and physical verification of a full-
sized helmet.

m Displacement-acceleration and time-acceleration profiles for the EPP foam
liner and CML-based PL design with 70A rubber: comparison of 2D and 3D models.
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Appendix

LS-DYNA Material Model Keycard Details

Keycard parameters that are not in the table are left at default values. LS-DYNA simula-
tions ran with base units of g, mm, ms.

TABLE A.1 Polycarbonate shell material keycard.

MAT 001-Elastic RO 3 PR
0.012 2390 0.37

© Indiana University-Purdue University Indianapolis

TABLE A.2 Impactor material keycard.

MAT 020-Rigid RO E PR CON1
0.045 2390 0.37 3

© Indiana University-Purdue University Indianapolis
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TABLE A.3 Natural rubber material keycard.

MAT 027-Mooney-Rivlin rubber Shore A hardness RO PR A B
50 0.012 0.4999 0.302 0.076
60 0.012 04999 0.474 0118
70 0.012 04999 0.736 0.184
80 0.012 0.4999 1.038 0.260

© Indiana University-Purdue University Indianapolis

TABLE A.4 MEP polyurethane test pad material keycard.

MAT 027-Mooney-Rivlin rubber RO PR A B
0.001 0.4999 0.432 0.043

© Indiana University-Purdue University Indianapolis

TABLE A.5 Expanded polypropylene foam material keycard.

MAT 057-Low density foam 2{0) E TC HU DAMP SHAPE
8.6e-5 1 1e+10 0.2 0.1 5
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