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Abstract

Ice hockey has one of the highest concussion rates in sport. During player-to-player
collisions, the most common concussive scenario, helmets have been shown to offer
limited protection. Helmet testing that is representative of the broad range of potential
head impacts requires extensive specialist equipment, while certification standards are
currently not assessing the impact scenario that most commonly causes concussions
in ice hockey. Consequently, helmets protect well in the scenario they are certified and
designed for — falls onto stiff surfaces — but provide limited protection during other
commonly occurring impacts, especially impacts with more compliant bodies. Due to
the wide range of injurious head impacts in ice hockey, it is challenging to develop a
helmet that protects well in all scenarios. The aim of this programme of research was
to develop a simplified test method, capable of replicating common ice hockey head
impacts. Then, to investigate the capabilities of a mechanical metamaterial to enhance
protection during collisions without compromising protection during more severe head
impacts.

A novel test method, utilising laboratory equipment that is available to most
researchers with an interest in impact protection, to replicate head impacts in ice
hockey was developed and validated. It has been shown that a free-fall drop test
method, with interchangeable impact surface orientation and compliance, can be used
to create impact events that are representative of a range of common ice hockey head
impacts. This newly developed test method can produce kinematic responses within
less than 10% of key metrics obtained by current best practice methods to replicate
ice hockey collisions and may facilitate widespread and more thorough testing in
academic research and modifications to current test standard procedures.

A series of investigations were conducted to assess the potential of a mechanical
metamaterial, comprising bi-beam structures, with an adaptive response to specific
impact scenarios. Testing and modelling of individual bi-beams, unit cells, and cellular
structures of bi-beams suggest a cellular structure, comprising bi-beams, can be
developed by arranging unit cells relative to each other between two stiff sandwich
plates. It has been shown that controlling the direction of buckling and the associated
contact situations, can cause an abrupt switch in stiffness (~155 — 180%) in axial
direction. Applied as a liner in an ice hockey helmet, this could achieve enhanced
protection against an additional cause of injury — collisions — without compromising the
performance in the scenario the helmets are currently designed for — falls. Dimensional
scalability facilitates a wide range of possible designs and fields of application.

This programme of research contributes to the body of knowledge of head impact
testing and helmet technologies to better protect players. Findings could help in
developing better helmets that protect players against a wider range of head impacts
which in turn would reduce concussions and make participation safer.
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1. Chapter — Introduction

1.1 Introduction

This doctoral thesis documents an investigation of concussion risk assessment and
prevention strategies in ice hockey. The project had two primary focuses; the
development of a helmet test method that was representative of typical concussive
impact scenarios; and the investigation of mechanical metamaterial solutions to the
reduction of these concussive events. Each of these focuses aim to further concussion
prevention in ice hockey, but also complement each other since the developed test
method can be used to assess the effects of developed metamaterial structures in a
helmet. This chapter outlines the motivation behind this research through a review of
concussion incidences, commonly concussive head impacts, and the possible health
implications of concussions. The aim, objectives, and thesis structure are given at the

end of this chapter.

1.2 Motivation for the research

Concussions are a public health concern [1,2]. Aconcussion is a diffuse traumatic brain
injury often induced by excessive head accelerations, that result in the temporary
impairment of neurological functions [3]. Symptoms, such as headaches, sleep
difficulties, and irritability, usually resolve within two weeks [1,4]; however, a history of
clinically diagnosed concussions or sub-concussive head impacts is associated with
an increased risk of long-term health implications [5—8]. The possibility of experiencing
a concussion is an occupational hazard in most contact sports [9,10]. One such sport
is ice hockey, a fast-paced and physical sport where injuries are common [11-13].

Within ice hockey, concussions can not only force players to take extended breaks for



recovery or even end their careers [14,15] but also place a financial burden on teams

[16,17].

The use of protective equipment within ice hockey is mandatory, and certification to
ensure a minimum level of protection that equipment provides has been introduced to
the sport [18-21]. Innovations within the development of protective equipment,
alongside rule changes, have further helped to reduce injury rates in the sport [22,23].
A certified helmet is one such item of equipment that is mandatory for participation in
the sport. However, injuries to the head, especially concussions, remain common

[14,24-26].

Within ice hockey, 14% of all recorded injuries on a professional level are concussions
[14,24,26,27], though this is assumed to be an underestimation due to underreporting
by players [28,29]. 93% of these concussions are attributable to collisions between
players on the ice (i.e. shoulder, elbow, or glove-to-head impact) [30,31]. During
collisions, the helmet impacts several layers of textiles, protective equipment, and the
other player’s body, which are typically less stiff than helmet liners [32,33]. Player-to-
player collision head impacts are associated with lower magnitude, but longer duration,
head accelerations in comparison to falls onto the ice or against the boards
surrounding the ice rink [32,34,35]. Certification standards currently do not consider

player-to-player collisions and helmets offer limited protection in this scenario [18—20].

Participating in ice hockey presents a wide range of scenarios in which concussive
head impacts could occur, and a high risk of severe head injuries from falls [30,31].
Conventional helmet liner materials rely on compressive deformation to absorb impact
energy [36—38]. Due to the requirement to protect well during falls, helmet liners have

to be sufficiently stiff. Consequently, compression when impacting a more compliant



body is insufficient to efficiently absorb induced energy, leaving players susceptible to
concussions [32,33,39]. Designs to protect against a wider range of head impacts,
especially player-to-player collisions, such as multilayer foam or shear-thickening

polymers, have been introduced with limited success [40—43].

Improving the breadth of protection provided by helmets could make ice hockey safer,
and reduce injury breaks and hospitalisations, without affecting the high speed and
physicality, which are characteristic of the sport. This will only be possible through the
creation of increased knowledge around the mechanisms of concussion and
understanding of the performance of helmet materials and designs. A representative
and simple test method could facilitate extensive and widespread testing, which is
necessary to further knowledge in the field, as well as modifications to certification
standards. Furthermore, development of helmet designs that would offer an increased
breadth of protection would be highly beneficial to the sport. It is believed this could be
achieved through the incorporation of mechanical metamaterials within the liner that
are capable of an adaptive response to specific impact scenarios. This could result in
the creation of a helmet that both mitigates low energy longer duration (i.e. compliant)
impacts, whilst preserving the current high impact energy absorbing properties that are

required during falls against rigid surfaces.

1.3 Aim and Objectives

The aim of this programme of research was to develop a method to extend the
assessment of ice hockey helmet performance to most common head impact
scenarios; and to assess the potential of the use of mechanical metamaterials to

enhance the breadth of protection provided. The objectives were to:



Review published literature regarding concussions in ice hockey, designs and
materials for helmets and impact protection, and helmet testing.

Develop a method to replicate common head impacts in ice hockey for helmet
testing.

Investigate the potential of a mechanical metamaterial bi-beam design to create
an adaptable response in deformation and stiffness to compression.

Develop and critically evaluate a mechanical metamaterial sheet, comprising bi-

beam structures, to be used as an adaptive helmet liner for ice hockey helmets.

1.4 Thesis structure

This programme of doctoral study will be presented as a traditional thesis, comprising

six further chapters. These chapters are structured as follows:

Chapter Two provides a critical review of literature relevant to the programme
of doctoral study. The literature review examines concussions in ice hockey, the
design of helmets and materials used in their construction, materials for impact
protection and current test methodologies.

Chapter Three details the development of a novel free-fall drop test method to
replicate typical head impact scenarios observed in ice hockey. This includes
an assessment of the protective properties of commercially available ice hockey
helmets and a reliability assessment of the test method.

Chapter Four introduces the concept of rate-dependent mechanical
metamaterial bi-beams, as previously introduced by Janbaz et al. [44]. A
material characterisation of 3D-printable thermoplastic polyurethane materials,
used in the creation of bi-beam samples, is provided. Subsequently, uniaxial

compression behaviour of individual bi-beams and bi-beam unit cells, that



comprise two individually orientated bi-beams, is evaluated to assess the
potential of these structures to create a system with variable impact-specific
stiffness properties. Finally, the potential to use the mechanical metamaterial as
a helmet liner to protect more effectively against concussions is discussed
critically.

Chapter Five details the computational modelling of bi-beams to estimate
deformation and stiffness during compression. An analytical and a numerical
model are presented and their application to aid the development of bi-beam
structures is discussed critically.

Chapter Six details the experimental compression of cellular structures,
comprising bi-beam unit cells, and findings are critically discussed. Further, a
validation study to validate the buckling behaviour of bi-beams is presented.
Chapter Seven discusses the main findings of this programme of doctoral study,
followed by practical applications, limitations, potential areas for further

research, and an overall conclusion of the research programme.



2. Chapter — Literature review

2.1 Introduction

This chapter presents a review of relevant literature to the programme of study. This is

split into three sections:

e Concussions, injury mechanisms, and incidences in ice hockey
e Test methods and assessment criteria for head and helmet impact testing

e Materials and technologies for ice hockey helmets

2.2 Concussion in ice hockey

2.2.1 Introduction

A concussion is a diffuse traumatic brain injury often induced by excessive head
accelerations, that result in the temporary impairment of neurological function [3,45].
Symptoms, affecting physical, cognitive, and emotional health, usually resolve within
two weeks [4]. However, multiple concussions or repetitive sub-concussive head

impact exposure is associated with an increased risk of long-term health problems [5].

Concussion rates in ice hockey, when compared to athletic exposures and occurrences
per season, are among the top three highest concussion rates throughout sports
[24,25]. Measures to reduce concussion risk, such as helmet developments and rule
changes, have been introduced, with limited success [14,26,46,47]. As ice hockey is a

fast-paced and physical sport, concussions are unlikely to be eliminated [12].

Understanding and replicating loading conditions of the head (and brain) during
common ice hockey impacts is a vital step towards the improvement of current helmets.
Accordingly, this section discusses; symptoms; injury mechanisms; incidences; and

risk factors, of concussions in ice hockey.



2.2.2 Incidence

Ice hockey has one of the highest concussion rates in sports when compared to athletic
exposures and occurrences per season [24,25]. Various measures, introduced to
better protect players’ heads have helped to reduce the overall number of head injuries
but have not reduced concussion rates [14,46]. Indeed, concussion rates have been

steadily rising and remain among the highest in sports [9,14,24,26,27,48].

Recent concussion rates in ice hockey have been reported at 7.87 concussions per
10,000 Athletic Exposures (AE) [25]. Further estimates, that correspond with this
incidence, are an expected concussion in about 2% of all games [27], concussions
accounting for up to 20% of all sustained injuries [10,14,24,27], and 22% of all athletes
reporting at least one concussion [49]. These concussion incidences are prevalent
throughout all skill and age levels [27,50,51] and across men’s and women's ice
hockey [47]. Due to inconsistencies in the definitions of injury and athletic exposure in
published literature, some uncertainty remains regarding concussion incidence [48].
However, the collective evidence on concussion probability in ice hockey suggests a

high risk for athletes compared to other sports.

A reason for the increase in concussions over the past 30 years is likely the increase
in awareness and improved diagnostic methods [50]. Further factors are that ice
hockey has become faster and players are taller and heavier [47]. However, 65.6% of
players indicate they would continue to play if they believe they sustained a concussion
[52]. This attitude results in underreporting of symptoms, inaccurate diagnosis, and
eventually, in reported numbers being an underestimate of the actual total of sustained

concussions [14,24,27,53].



2.2.2.1 Concussion risk factors

Contact between opposing players is the most common head impact scenario in ice
hockey and causes about 88% of all concussions [14,30,31,47,54-56]. The initial
points of contact of the head with an opponent during a concussive collision are a
shoulder (55%), elbow (21%), glove (5%), stick, or knee [31]. The remaining 12% of

concussions are caused by falls (7%) and contact with a team-mate (5%) [30].

Several factors influencing concussion risk have been identified. Protective equipment
plays an important role as different helmet designs and fit can affect the provided
protection [57]. Further, concussion risk is increased depending on player position
(65% Forwards, 32% Defensemen, 3% Netminder) [26,27,30,58], in-game situations
compared to training [12—14,26,47,59—-61], gender (women higher than men) [47], and
whether body checking is allowed [47]. Concussion risk is also increased for athletes

that have already sustained one or more concussions in the past [14,56,59,60,62].

2.2.3 Concussion

A concussion is a diffuse traumatic brain injury often induced by excessive head
accelerations, that result in the temporary impairment of neurological function. These
accelerations may be caused by either a direct blow to the head, or, transmitted as an
impulsive force to the head following an impact to the body. [3,63—66]. An absence of
detectable structural damage to the brain is typical of concussion [3,67,68]. Instead, a
complex sequence of metabolic events (Fig. 2.1), resulting in a neurochemical “energy
crisis” (reduced adenosine triphosphate (ATP) generation — increased ATP usage)
within the brain is triggered. These metabolic events are considered as the main cause
of concussive symptoms [65,67]. As such, concussions are among the most complex

injuries to diagnose, assess, and manage, encountered in sport.



A concussion typically results in the rapid onset of short-lived impairment of
neurological function [3,4,63—-65,67]. Symptoms are varied but can usually be
categorised as; emotional, cognitive function, physical, and sleep disturbance (Table
2.1) [3,63,66]. These usually resolve within two weeks [3,4,65] but can persist beyond

the typical recovery period [54,68].
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Fig. 2.1: The neurometabolic cascade of concussion [65].

A history of concussions is associated with microstructural changes in the brain and
can cause lasting functional, physiological, and neurological changes [66,68,69].
Reported long-term consequences include reduced quality of life [70], increased risk
of psychiatric disorders [4,6—8,64,71], increased risk of neurodegenerative disorders
[4,6,64,72], and increased risk of suicide [73]. Repetitive exposure to sub-concussive
head impacts, which can injure axonal and neuronal structures without associated
symptoms, is associated with similar long-term changes in the brain [4,6,68]. Increased
protection of the brain via helmet technology is an important part of the research

community response.



Table 2.1: Signs and Symptoms of Concussion [66].

Domain Symptom
Irritable

Emotional Sadness
Nervousness

Feeling mentally “foggy”
Feeling slowed down
Difficulty concentrating

N Difficulty remembering

Cognitive . i .

Forgetful of recent information and conversations
Confused about recent events
Answers questions slowly

Repeats questions

Headache
Nausea
Vomiting
Balance problems
Dizziness
Physical Visual problems
Fatigue
Sensitivity to light
Sensitivity to noise
Numbness/tingling
Dazed

Stunned

Drowsiness
s Sleeping more than usual
ee
P Sleeping less than usual

Difficulty falling asleep

2.2.4 Concussion mechanism

Deformation of the brain cannot be directly measured; instead, indicative measures
such as acceleration are used. Furthermore, the damage caused by a concussive blow

spreads over large areas of the brain and is seldomly macroscopically detectable.
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Consequently, there is some ongoing debate over concussion mechanisms [74-77].
Numerous, and sometimes conflicting, theories and mechanisms of brain injury have
been proposed [78]. Despite some uncertainty, it is generally agreed that brain injury

is related to excessive, or overly rapid, deformation of tissue [74].

2.2.4.1 Intracranial Pressure
During impact to the head, local pressures can exceed the injury threshold of brain
tissue, causing damage [79]. It is assumed that two pressure mechanisms occur in the

head during impact:

1. Atransfer of energy from the skull to the brain, causing high coup (site of impact)
pressure and low contrecoup (opposing side of impact site) pressure (Fig. 2.2).
2. Atransfer of energy stored in the brain back to the skull, resulting in increased

pressure throughout the skull [78,80].

Linear acceleration is the principal mechanism of high intracranial pressures (i.e.,
those inside the skull) [77]. However, tissue strains have also been correlated to

angular acceleration and have been associated with increased pressure [81,82].

,‘ ACCELERATION
\ ‘ Coup /, Sl Contrecoup
T Site \  Site
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Fig. 2.2: Pressure gradients during impact in (A) a closed flask and (B) the cranium [83].
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A primary factor in the development of various focal (localised) brain injuries are
impact-induced intracranial pressure gradients [78,79,84,85]. Such pressure gradients
are typically formed by high pressure at the coup site and areas of low pressure at the
contrecoup site (Fig. 2.2) [86]. A reversal in the pressure gradient between coup and
contrecoup sites is observed in falls; a result of the brain lagging the motion of the skull
[74,79]. The principal sources for the emergence of intracranial pressure gradients are
magnitude and duration of impact-induced linear accelerations [74,79]. It is, however,
also necessary to consider skull deformation and compression as factors on the

intracranial pressure response [78,79,85].

Localised deformation of brain tissue, and distortion of the brain stem, occur as a result
of shear stresses attributable to pressure gradients. Subsequently, it has been
concluded that coup and contrecoup brain injuries can both occur from intracranial

pressure gradients [74,79,85-87].

2.2.4.2 Relative Motion of Head Structures

During impact, local brain tissue lags the motion of the skull [88]. Consequently, the
brain is pushed up against the faster-moving skull causing injurious deformation
[78,88] and bruising [89]. Similar relative movement occurs during rotation of the head.
Loose coupling causes brain motion to lag that of the skull [89]. As head rotation slows,
reaches a steady state, or changes direction, the brain will continue to move [76],
causing (potentially injurious) loading of connective blood vessels and neurons [74,79].
Measurements of brain motion during impact suggest a relative displacement of 2 to 6

mm [80,88,90] and relative rotations of up to 5° [88].

Most kinds of brain injuries have been associated with relative motion between the

brain and the skull. For example, direct brain contusion can be caused by movements
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of the brain against the skull [79], intracranial bleeding by strained or ruptured blood

vessels [74,91], and concussions by rapid deformation of brain matter [76].

2.2.4.3 External Loads

Most closed head injuries (non-fracture) follow accelerations, that cause damaging
intracranial mechanisms [76,92]. Historically, two theories were accepted to explain
the underlying mechanisms of head and brain injuries: Firstly, by direct impact causing
linear acceleration, and secondly, by oblique (off-centre) impacts causing linear and
angular acceleration [93]. Focal (localised) brain injuries are usually associated with
linear acceleration, whereas diffuse (widespread) brain injuries are thought to be

caused by angular acceleration of the head [35].

Early research on brain injury suggested that linear acceleration, caused by direct
impact, was the most important injury mechanism. Linear acceleration has been linked
to shear strains in brain tissue, increased pressure rate, and increased coup and

contrecoup pressures [74,78,89].

Nearly all types of closed head injuries can be created by angular acceleration of the
head following oblique impacts [77,94]. In 1943, Holbourn et al. suggested that angular
acceleration has a critical influence on brain injury [95]. Various investigations have
come to a similar conclusion [96,97] and suggest angular acceleration may be more
damaging than linear, contributing more than 90% of brain strain [75,81,84]. Rotational
velocity may also increase severity of brain injury when coupled with acceleration but
is not considered high risk in isolation [98]. Rotation has been mainly associated with
shear strains in the brain, leading to diffuse injuries [74]. The distribution of strains

induced by angular loading decreases in magnitude from the surface to the centre of
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the brain. Damaging strains only extend inwards to affect the core during increased

pulse durations, causing the most severe levels of traumatic brain injuries [74,84].

Despite theories considering linear and angular acceleration as individual components,
few head impact events outside of a laboratory setting will contain linear or rotational
accelerations in isolation [74]. Despite uncertainty about the harmfulness of head
acceleration components, both are generally present in any head impact and likely

contribute to injurious loads on the brain [75,81,93,99].

Compressive deformation of the skull can also damage the brain. Direct impact on the
head produces local stress areas, causing a slight in-bending of the skull bones that
can slap the brain tissue directly underneath [74,86]. Depending on the amount of skull
deformation, the damaged area may also spread laterally from the impact site. Inward
bending of the skull has been associated with brain contusion [100] and intracerebral

hematoma [74].

2.2.5 Summary

Concussions, causing short-term functional impairments and long-term health
problems [4,5], are recognised as a public health concern. They are caused by
biomechanical forces to the head where linear and angular kinematics can be injurious
[75]. One of the highest concussion rates throughout sports is reported in ice hockey
and concussions are one of the most common injuries within the sport [24,25]. Most
concussions are caused during collisions with other players on the ice (~93%) and falls
onto the ice or against the boards (~7%) [30,31]. Clearly, there are various head and
brain deformation mechanisms that can contribute to concussion risk, making the
design space for helmets complex. Helmets need to minimise multi-objective metrics

in various types of impact.
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2.3 Head Impact Testing

2.3.1 Introduction

Assessing helmets during representative impacts can help towards understanding and
developing better head protection. Laboratory-based testing, designed to recreate real-
world ice hockey head impacts, has been common practice since the introduction of
the first ice hockey helmet standard in 1962 [21,22]. Test standards ensure minimum
protective requirements, are a driving force for product improvement, and as a result,
have helped to reduce the number of severe head injuries [23,101]. However, since
their introduction, the standards have not been updated regularly to account for new
developments and now, face substantial criticism [22,101,102]. Helmet testing in
published research describes a wide range of test methods, often used in combination
to assess multiple concussive loading conditions [22,23,32,33,103,104]. These
protocols are often too complex for standard testing and the required equipment is
often expensive or unavailable to research facilities [22] making representative helmet
testing not widely available. Understanding helmet impact test protocols and how
different factors can be modified to replicate different concussive events is essential to
developing a suitable test method that may be used in standards and research.
Therefore, this chapter critically discusses the state-of-the-art research and test

standards for ice hockey helmets.

2.3.2 Anthropomorphic test devices

Instrumented anthropomorphic test device (ATD) headforms allow repeatable and
controllable study of head impacts, unlike investigation with animal or cadaver skulls
that have been used historically [22]. Three different headforms are commonly used in

head impact tests: the EN 960 [105,106], the Hybrid Ill (Humanetics Innovative

15



Solutions, Inc.) [107], and the National Operating Committee on Standards for Athletic
Equipment (NOCSAE) headform [108]. All three come with varying degrees of
biofidelity and are used in test standards and research, depending on their advantages

and limitations [22,109,110].

The EN 960 and ASTM F2220 headforms (Fig. 2.3 (A)), when used in helmet
standards, are typically manufactured out of K1A- magnesium, or another appropriate
metal. Both are based on the never published ISO DIS 6220 international standard and
are used in all head impact testing standards prescribed by their respective institutions.
Occasionally they are also used in test setups described in published literature [111—
113]. They are specified in a range of sizes to allow helmet testing for all sizes of junior
and senior helmets with respective masses from 1.97 to 6.1 kg [105,106]. The
simplistic design of the EN 960 headform causes low biofidelity and the magnesium

alloy possesses higher stiffness than a human head.

The Hybrid 11l (HIIl) headform (Fig. 2.3 (B)), developed in 1974, is designed and
optimised for use in frontal vehicle crash testing [108,114]. The headform comes in
three size percentiles (5" female, 50" male, 95" male) and is made from cast
aluminium parts covered with a removable vinyl skin cover [108,110,114]. The 50t
male HIll is the most used headform in head impact research [22,32-35,103,111,112,
114-141] and most injury risk estimates were developed with HIll test data [22]. The
5 female HIll is also commonly used where helmets for children are tested
[111,123,143,144]. Despite its popularity, the HIll has limited biofidelity and in some
cases, the headform does not contact the helmet padding at the occipital bottom edge
of helmets [22,108,109,145]. Some test setups use special skin covers or nylon
stockings to improve biofidelity of the interface between headform and helmet

[140,141,146,147].

16



The NOCSAE headform (Fig. 2.3 (C)) has been developed to accurately simulate
human head response to impact for the certification of commercially produced sports
helmets [108,145,148]. The headform is available in three sizes and consists of a
urethane covering that is moulded to a headform [22,108,110]. Itis used in all NOCSAE
helmet standards [149-155] and commonly used in research [39,103,118,156—-165].
Compared to the HIll, the NOCSAE headform better resembles human anatomical
features, however, it was not designed to be used in combination with an

anthropomorphic neckform limiting representative testing [108].

Anthropomorphic neckforms, attached to the headforms, are often used to achieve
more realistic post-impact behaviour. The post-impact movement allows energy to be
dissipated, resulting in a lower transfer of energy to the head and a longer duration
impact event [104]. The HIll neckform is commonly used [112,131-140,144], however,
its bending stiffness properties are only representative in anterior-posterior direction
[22]. Alternative neck surrogates that overcome the limitation of directional sensitivity,
such as the unbiased neckform, have been used increasingly in published research

[22,32,34,39,104,120,125,143,162,163].

(A) (B)

Fig. 2.3: (A) EN 960, (B) Hybrid IIl, and (C) NOCSAE headform.
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2.3.3 Test Methods

Helmets ideally should provide protection throughout the anticipated range of impacts
in their field of application. Therefore, helmet impact protocols are specific to the
respective sport. In-field measurements [166,167] and video analysis [67,75,101,120,
124,136,142,143] can be used to characterise impacts. In ice hockey, the range of
common head impacts and corresponding injury mechanisms is too broad to
accurately replicate loading conditions with one test setup [22,23,32,104,168].
Methods described in test standards can be put into three categories: drop test,
horizontal impactor test, and projectile impact test (Table 2.2). However, various

considerations have to be made for all replicated impact scenarios.

The inbound loading vector, consisting of the impact site and the direction of the force,
is an important consideration that depends on the helmet’s field of application.
Directional sensitivity [169] and increased angular kinematics due to non-centric
impacts influence brain injury risk [132,134,135,170]. Standards typically either
describe a test area (Fig. 2.4 (C)) that must be impacted [18,20,171-174] or precisely
define locations (Fig. 2.4 (A & B)) [128-130,152,153, 158,159]. Most of the prescribed
impact vectors in test standards are centric, with some exceptions [149,175]. Test
protocols in published research typically use the same impact sites as prescribed in
test standards [22], however, non-centric impact vectors are seen more often
[32,116,121,134—-136,156]. Multi-impact helmets, as used in ice hockey, are usually
tested more than once (typically three times) for each impact vector to assess

degradation effects [18—-20,23,104,135,149,150,154,161,168].

Helmet padding temperature can range from ~0 °C to ~40 °C [176], depending on
ambient temperature and the wearer’s head temperature [160]. As some materials

commonly used in helmets are temperature and moisture-dependent [177,178], testing
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in different environmental conditions is necessary. Test standards for ice hockey
helmets assess impact properties at ambient (20 °C), cold (-25 °C), and hot (30 °C)
temperatures [18-20]. Test standards for helmets in other sports additionally include
wet conditions [171,172,179-185] and artificial ageing of the helmet [172,174,184—

187].

Table 2.2: Test methods in sports helmet standards.

Method Required in Reference
Drop test Ice hockey [18-20,149]
American Football [150]
Bicycle [171-173,179-181,188]
Baseball & Softball [151,152,189]
Cricket [187]
Equestrian sports [173,182,186,190]
Lacrosse [154]
Motor Sports [183,191-193]
Skateboard [194]
Snow Sports [184,195-197]
Horizontal impactor test American Football [150]
Projectile impact test Ice hockey [149]
Baseball & Softball [151,152,189]
Cricket [187]

(©) "

Fig. 2.4: (A & B) Prescribed impact sites (1: Crown, 2: Rear, 3: Side, 4: Front Boss, 5: Front, 6: Rear
Boss) and (C) reference line for impact area [18].
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2.3.3.1 Drop test

The most common method for helmet impact testing throughout test standards and
research is a drop test (Fig. 2.5 (A)), as it is simple and consistently reproducible [22].
The headform is dropped, either guided [80-82,91,99,102,104,115,123,124,137,138,
141-143,145,182—-184] or in free fall [201-204] onto a stationary high-mass anvil,
topped with sport specific impact surfaces [22,23,133]. Drop tests typically replicate
fall-type impacts; in ice hockey, these include the ground [142,205], ice [35,122],

boards [35,122,143], or glass [35,143].

Test standards typically use a guided drop test onto sport-specific shaped anvils, such
as a kerbstone [171,172,174,179-181,188,191,192], hemisphere [170,178,179,186,
187], or horseshoe [155,182,190]. Drop heights, impact surfaces, and impact locations
are based on typical sport-specific impacts. Standards published by the NOCSAE
generally use the NOCSAE headform [149-152,154,155,189], while all others use the
EN960 [105] / ASTM F2220 [106] headform. All drop tests in ice hockey standards use
a rigid Modular Elastomer Programmer (MEP) Pad as the impact surface and a drop
height of 1 m, resulting in 4.5 m/s impact velocity. If the measured resultant peak linear
acceleration does not exceed a threshold of 275 g, the helmet passes and is deemed

suitable for use [18,20,149,206].

In published research, modifications to the standard test protocol are commonly made
to tailor the test method for specific helmets. Many include angular kinematics in
measurements, to account for the injurious effect rotation can have on the brain
[3,22,23]. Wider ranges of impact velocities are commonly described in published
literature than in test standards. Specifically, lower impact velocities and respective
impact energies are tested to assess helmets throughout the range of impacts common

in their field of application [22,111,118,142]. Additional test equipment, such as an ATD
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neckform [32,120,137] or oblique impact surfaces [118,124,146,147,207], are often
used to allow more realistic post-impact behaviour, and induce higher angular

kinematics into the headform.

2.3.3.2 Horizontal impactor

The most common method to replicate a head impact caused by a collision between
two ice hockey players is horizontal impacting of a stationary headform (Fig. 2.5 (B))
[22]. The impact is induced with either a pendulum rig [65,91,105,109,118,123,124,
192,193] or a pneumatic impactor [65,80-83,94,96,99,102,107,109,111,113-115,118,
119,124,136,139,142-146,149,151,191,192], while the headform is mounted onto a
linear bearing track [112,165] or sliding system [103,116,120,130,163,208], to allow

post-impact movement [104].

T (A)

Fig. 2.5: (A) Guided drop test [18] and (B) horizontal impactor test setup [175].

The only test standard currently requiring a linear impacting system is the NOCSAE
ND 002 for American Football helmets. The impacting system (15.5 kg) with a convex

polyurethane impactor head impacts the helmeted headform at 6.0 m/s in six different
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locations [150,175]. Modifications to this standard test setup are seen in published
literature where reported impact velocities range from 2.0 m/s [112] to above 9.0 m/s
[92,116,119,122,162,208]. The impactor shape [208] or stiffness [33,119,168,210] are
commonly modified, and can be equipped with protective equipment that might impact

the head, such as shoulder or elbow pads [32,122,144].

2.3.3.3 Projectile Impact

During projectile impacts, a low-mass object hits a stationary headform at high
velocities [23]. They are used where athletes are more susceptible to being injured by
a flying ball or puck. Hence, the impacting projectile is the ball or puck that the game

is played with [149,151,152,189,211].

The NOCSAE ND 030, although not currently required by any legislation, is a projectile
test standard for ice hockey helmets that tests at puck speeds of 28 m/s [149]. Similar
protocols are described in published literature with impact velocities ranging from 19

to 45 m/s [23,32,39,103,111,125,126,129,138,162,163].

2.3.3.4 Other helmet impact tests

During more exploratory research or where standard protocols are not able to replicate
the impact suitably, more complex test protocols have been described. Reported
setups include full ATDs [92,212] colliding with sport-specific bodies such as
headforms [92], other full-sized dummies [212], boards [213], or water [214]. Human
interaction to induce impacts on the headform has also been reported [112,138,210].
Modifications to a drop test setup included horizontal motion of the impacting surface
to simulate collisions with vehicles [131]. While generally too complex to be adopted
as standard procedures, these exploratory test setups serve a vital role in defining

head impact events.
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2.3.4 Assessment criteria

To assess head impacts and helmet effectiveness, kinematics of the head must be
quantified. Due to the complexity of head injuries and injury mechanisms, numerous
measures have been developed [22]. Complexity ranges from peak accelerations to
numerical simulations of the head and brain [215]. Each comes with different
advantages and is designated for a specific kind of head injury with individual injury
thresholds. Consequently, there is limited consensus on which kinematic measure is
preferential, and careful consideration is required when choosing a head impact

severity measure [22,137]. The most used measures are discussed below.

2.3.4.1 Linear acceleration

As mentioned previously (Section 2.2.4), linear acceleration of the brain is a
mechanism of concussion. Several attempts have been made in defining a maximum
tolerable threshold of peak linear acceleration (PLA) for head injuries such as skull
fractures and concussions [92,96,99,216-219]. PLA is used as a measure of head
impact severity throughout most head impact testing literature and helmet test

standards [22].

The Wayne State Tolerance Curve (WSTC) (Fig. 2.6), derived from animal and cadaver
impacts in 1953, was the first to associate linear acceleration with impact duration
when assessing injury risk [220,221]. It describes tolerable average acceleration as a
function of duration. Accelerations above the curve are assumed to be life-threatening
while accelerations lower than the curve are assumed to be not life-threatening.
Further threshold curves, based on the WSTC, have been developed to include

different injuries or impact scenarios [219,222].
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Fig. 2.6: The Wayne State Tolerance Curve. An impact with PLA and impact duration that results above
the curve is considered life-threatening, while any impact below the curve is considered not life-
threatening [218].

The Severity Index (SI) integrates the acceleration signal over the impact duration with
a weighting factor (Equation (2.1)). Sl allows for a comparison of head impacts of
different pulse shape and impact duration. An Sl of 1000 is described as the maximum
pulse intensity without danger to life. Sl is regularly used in head impact literature
[22,92,117,141,157,158,161,200] and all NOCSAE test standards use Sl threshold

values (1200 — high-energy, 300 — low-energy) [149-152,154,155,189,223].

The Head Injury Criterion (HIC) (Equation 2.2), designed for frontal impacts in vehicle
collisions, is a modification of the S| that only considers a pre-defined time interval (15
or 36 ms) [224,225]. HIC is a common measure for head impact severity in literature

[124,141,212] but is not currently used in any helmet standards.
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SI = [ a(t)>>dt (2.1)

HIC = [(Ltl aresdt)z'5 (t, — tl)] (2.2)

t2= max

Where a is the resultant linear acceleration, T is the end of the impact, and values for

ts and {2 are chosen to maximise the HIC value.

2.3.4.2 Angular acceleration

Peak angular acceleration (PAA) and peak angular velocity (PAV) are commonly
considered as injury probability measures in head impact literature [65,80,211,212,91,
99,101-103,110,118,140]. Various thresholds, up to ~200 krad/s?, for different injuries
have been suggested [219,228-231] and a PAA threshold (6 krad/s?) is defined in the

NOCSAE 002 test standard for American Football helmets [150].

The Rotational Injury Criterion (RIC) (Equation 2.3), based on the assumption that
injury risk from linear and angular acceleration are both inversely proportional to time
duration, uses the resultant angular acceleration in the HIC equation (Equation 2.2).
RIC was developed to be used complementary with HIC to assess all six degrees of

freedom [232].

The Brain Injury Criterion (BrIC) (Equation 2.4) considers the angular velocity and the
head's directional sensitivity to injuries caused by rotation [233,234]. RIC and BrIC are
both designed to complement HIC to be able to capture skull fractures and brain
injuries [232-234].

RIC = [(ﬁ Gresdt) (&, - tl)] 2.3)

max
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BriC = j (a‘)"—;)z + (j—;)z + ((“)"ZZC)2 (2.4)

Where ares is the resultant angular acceleration and w is the angular velocity, while wxc
is the threshold velocity around the x-axis (typically, wxc = 66.25 rad/s, wyc = 56.45

rad/s, wzc = 42.87 rad/s) [233,234].

2.3.4.3 Combined linear and angular acceleration

The Generalized Acceleration Model for Brain Injury Tolerance (GAMBIT) weights the
effects of the two forms of motion (Equation 2.5). GAMBIT applies a classical material
failure engineering approach [235]. Head Impact Power (HIP) uses the rate of change
of kinetic energy of the head and compares it to critical injury threshold values
(Equation 2.6) for each degree of freedom individually [236,237]. Both are used
sparsely in published literature, however, HIP has been the most reliable in predicting

concussions when compared with the other measures [236,238].

1

GAMBIT = [(“(“)m + (“(“)n]g (2.5)

ac Ac

HIP = Ciiaii f aiidt + ijaii f aiidt (26)

Where a is the linear acceleration, ac the threshold linear acceleration, a the angular
acceleration, ac the threshold angular acceleration, and C the relative sensitivity for
each degree of freedom of the head (Due to a lack of knowledge on directional
sensitivity, the coefficients are currently reflecting the mass and mass moments of
inertia of the HIll headform: C1, C2, C3 =4.5 kg, C4 =0.016 Nms?, Cs = 0.024 Nms?, Cs

= 0.022 Nms?) [236].
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2.3.4.4 Numerical

Numerical simulations use measured kinematics as input variables to compute
deformation metrics such as principal strain, cumulative strain damage measure, or
pressure in the brain as injury prediction tools [102]. Predicted strain in the corpus
callosum and thalamus (both located in the centre of the brain) showed strong
correlation with clinical diagnosis of concussion [239-244]. Different numerical brain
trauma models have been developed and used in published literature over time such
as the University College Dublin Brain Trauma Model (UCDBTM) [89,245,246] or the
Simulated Injury Monitor (SIMon) [129,137]. Despite increased complexity and
computational effort, the use of predicted brain deformation metrics has been
recommended over kinematic measures as higher correlations with occurring

concussions have been shown [122,135].

2.3.5 Summary

Helmet tests replicate real-world head impacts in a laboratory setting. Standard
procedures for ice hockey helmets prescribe a guided drop test onto a rigid surface,
simulating falls onto the ice. This helped to nearly eliminate catastrophic head injuries,
however, common impact scenarios that are thought to cause concussions, including
angular kinematics or more compliant impact surfaces, are currently not considered.
In published literature, a wide range of test methods and impactors are described.
There is limited consensus on the ideal way to replicate head impacts and extensive

laboratory equipment is currently required.
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2.4 Ice hockey helmets

2.4.1 Introduction

One of the earliest documentations of a helmet worn in sports was during an American
Football Game in 1893 [247]. Early helmets, using pieces of leather lined with felt
padding and held together by straps, were not effective in injury prevention
[21,247,248]. The first test standard for ice hockey helmets, introduced in Sweden in
1963 [249], and the mandatory use of helmets in 1979 [21], created pressure on
manufacturers and boosted developments. Innovations in manufacturing and materials
such as injection-moulded shells and foam materials [21] have helped to reduce
number and severity of head injuries in ice hockey, despite a great increase in hours
of play [249]. More recent innovations in helmet technology include new materials,
such as shear-thickening polymers [250] or cellular structures [251,252], as well as
designated systems to reduce head rotations [253,254]. This section provides an
understanding of helmet design, energy absorption mechanisms, and currently
available materials and systems which is essential to addressing limitations in current

helmets.

2.4.2 Helmet design

The broad goal of all impact protective equipment is to absorb all foreseeable induced
impact energies while minimising metrics associated with injury risk. For a predictable
and consistent impact scenario, the optimisation process for an energy-absorbing
material, described below, is effective and well understood. The challenge with
helmets, especially in sports such as ice hockey, is the variety of different impact
scenarios. These can range from rigid surfaces to compliant bodies or projectiles, and

the helmet should ideally protect effectively during all of them. Consequently, the range
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of different helmet designs is as wide as the range of different fields of applications
[21,23,40]. However, any sports helmet can typically be classified as one of two

designs.

e Crash helmets: Crush under impact and are in use where the head is likely to
be impacted once at high energy, such as motorsports, bicycling, and alpine
sports. After an impact, these single-impact helmets lack much of their original
ability to offer protection and need replacement [21,23].

¢ Multi-impact helmets: Designed to maintain their impact performance during
many impacts over long durations and return to their original shape after each

impact. Typical sports are American Football, ice hockey, and lacrosse [21,23].

Despite differences in design and additional impact attenuation systems applied
commonly, helmet designs in most applications consist of a minimum of two layers. A
stiff outer shell (Fig. 2.7 (A)) prevents penetration and spreads loads over a larger
area, while a compressible liner (Fig. 2.7 (B)) absorbs energy through deformation

[23,255].

Fig. 2.7: Ice hockey helmet with (A) HDPE outer shell and (B) dual-density foam liner.
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2.4.3 Energy absorption of cellular structures

The principal idea of impact protection is converting kinetic energy into another form
of energy, while keeping forces and accelerations to a minimum [36]. Through bending,
fracturing, hinging, and buckling of cell walls, cellular structures exhibit a higher
capacity to absorb energy than solid materials under the same stress conditions [256].
Foams, historically the most common helmet liner material, are such a cellular
structure, and can be tailored to specific impact loads by controlling (relative) density
and thickness [36,255]. Specifically, increasing foam relative density (foam
density/density of the constituent material), without modifying cellular structure,
increases foam stiffness and plateau stress [257]. To make design choices for any
impact protection structure, an understanding of energy-absorption mechanisms is

essential.

Energy absorption diagrams provide a systematic approach to choosing a suitable
material for impact protection and energy absorption. They are based on compression
stress (0) vs. strain (¢) curves (Fig. 2.8 (A)), where the area under the curve is the work
per unit volume (W) [36]. The stress vs. strain curves of cellular materials such as
foams can often be divided into three sections. (i) linear elasticity: Up to about 3 to 5%
strain; (ii) Plateau: Depending on the material, either elastic buckling, plastic collapse,
or ductile failure of the cell walls; (iii) Densification: Cells undergo self-contact, cell
walls are completely collapsed, opposing cell walls are crushed together, and the

constituent material is compressed [36].
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Fig. 2.8: (A) Compression stress-strain curves for different relative densities of a foam material at
identical strain rates. Area W under the curve illustrates the absorbed energy. (B) Minimum acceleration
achievable for a given thickness [36].

Energy absorption efficiency is highest during the plateau region. The level of this
plateau can be tailored by material, respective density, and layer thickness [36]. To
maximise the area under a stress vs. strain, or force vs. displacement curve, and
therefore absorb a maximum amount of energy before the material densifies, the
material should be chosen based on the expected impact energy, impactor, and
impacted body [36]. Possible scenarios of material compression upon impact are
shown in Fig. 2.8 (A). An overly stiff material (Curve 0.3 and 0.1) with a high plateau
stress will not densify upon impact. Due to the low compressive deformation, large
forces are required to absorb the applied impact energy, causing greater accelerations.
If the material is too soft (Curve 0.01), it will densify before most of the energy is
absorbed, meaning high forces are required to absorb the applied energy over the
small remaining distance, once again causing high accelerations. An ideal impact
material (Curve 0.03) absorbs the induced energy, without densifying, during the
plateau region and keeps transmitted forces and accelerations to a minimum [21,36].
The above trend provides an intuitive explanation of foam selection but neglects the

effects of impactor/helmet shape or stiffness, anisotropy, visco-elasticity, and dynamic
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wave propagation, which are not only reliant upon stress vs. strain curves. So, such a
selection process should be seen as an approximate rule of thumb only, while further

testing is often used while designing or modifying a helmet.

Energy absorption and therefore provided impact protection increases with increasing
thickness. While high densification strain results in an increase in absorbable impact
energy before the onset of high accelerations, increasing compressive displacement
by increasing thickness also decreases acceleration (Fig. 2.8 (B)). However, increased
thickness comes at the expense of helmet size which has been associated with
increased angular accelerations, comfort, and aerodynamics. Another limiting factor is
athletes’ willingness to wear the helmet. An overly bulky or inaesthetic helmet could be

rejected by athletes, so is not feasible even if it provides better protection [21,36].

2.4.4 Helmet materials

Shell materials

The stiff outer shell of the helmet serves multiple purposes. Upon impact, the shell
prevents penetration of the helmet to protect the head from sharp objects [258], and is
intended to spread the impact over a larger area to avoid concentrated loads and
engage more liner material [21,23,40,255,258,259]. The helmet shell also absorbs
energy and serves as the first layer of protection. Shell deformation, which depends
on material and geometry [21,260], accounts for about a third of the overall absorbed
energy [255,261]. Lastly, the shell provides a structure for the helmet liner to be

secured to [258].

Helmet shells are usually injection moulded, semirigid thermoplastics [40]. The most
common shell material for ice hockey helmets is high-density polyethylene (HDPE)

(Fig. 2.7 (A)). HDPE is inexpensive, dimensionally stable, easily moulded, chemical
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resistant, and notch-insensitive, making it suitable for mass-produced helmet shells.
Polycarbonate (PC) offers high impact strength and possesses many desirable
characteristics for helmet shells. PC is, however, also more expensive, and sensitive
to notches or cracks than HDPE, so is less commonly used. Acrylonitrile butadiene
styrene (ABS) provides reduced cost, notch-sensitivity, and chemical resistance, but
lower impact strength compared to PC. ABS is commonly seen as shell material for ice

hockey, baseball, and lacrosse helmets [40].

Integrated systems

A low-friction layer, placed between the head and the helmet, between the helmet’s
liner and shell, or between layers of helmet foam [262] allows the components to rotate
relative to each other, which can reduce angular kinematics [203,263—265]. The most
well-known example of this technology is the multi-directional impact protection system
(MIPS) (Fig. 2.9). The 1 mm thick plastic sheet is elastically suspended and allows 10
— 15 mm motion of the helmet relative to the head [266]. Low-friction layers can reduce
angular kinematics during oblique impacts [146,147,203,204,263,267] and are applied

in various helmets throughout different sports (Fig. 2.9 (B)) [266].

Fig. 2.9: (A) MIPS system acting as a low-friction layer between the head and the helmet and (B) MIPS
system integrated into a commercially available ice hockey helmet.
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Liner materials

A conventional foam, as used in the example in section 2.4.3, is only ideal for one
impact energy [36—38]. However, as described previously (section 2.2.2), ice hockey
has a wide range of common head impacts [30,31], and a helmet should protect during
all of them. Certification standards — designed to replicate falls - are the only barrier for
a helmet to be allowed in competition. Hence, helmet liners are optimised for the
specific impact energy prescribed in the standards [21,23,32]. During impacts with
more compliant bodies, such as a padded shoulder, traditional helmet liners are
typically too stiff. Therefore, they exhibit only a small amount of deformation, causing
little reduction in peak acceleration [32,33]. Consequently, head injury rates in ice
hockey caused during falls have decreased, while those caused during collisions

remain high [30,31].

Different approaches to make helmet liners more effective over a wider range of
impacts have been made. Multilayer foam, where a soft foam is paired with a harder
foam (Fig. 2.7 (A)) can achieve a wider range of manageable impacts by producing
more than one plateau region (Fig. 2.10) [40,41]. Shear-thickening polymers gradually
increase in stiffness with increasing loading rate, providing adaptation to the occurring
impact [42,43]. Designing a helmet that can manage the range of common head
impacts in ice hockey requires an understanding of what materials and systems are

currently available and used in helmets or other impact applications.
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Fig. 2.10: Stress vs. strain curves for (A) homogenous and (B - D) multi-layered foams (numbers in
legend describe foam density) under quasi-static compression [268].

Foam

The predominant liner material for single-use crash helmets is expanded polystyrene
(EPS). Energy absorption of EPS relies on crushing (plastic deformation and
fracturing), causing most of the original protection to be compromised after one impact
[40,269]. Ice hockey helmets, which must withstand multiple impacts, require liner
materials to recover after an impact. Vinyl nitrile (VN) (Fig. 2.11 (A)) and expanded
polypropylene (EPP) (Fig. 2.11 (B)), the most common foams in ice hockey helmets,
can be compressed with limited structural damage and efficiently absorb energy during
impact [21,37,226,270,271]. Both are low cost and easy to process by cutting from a
larger sheet or moulding, respectively [226]. While VN and EPP show small differences
in provided protection from angular motion [226], conventional foams are not effective

in reducing angular kinematics.
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Fig. 2.11: (A) VN foam, (B) EPP foam, and (C) a shear-thickening polymer pad as parts of an ice hockey
helmet liner.

Shear-thickening polymers

Conventional fluids are nearly Newtonian, meaning that their viscosity does not change
with shear strain rate (Fig. 2.12). Newton's approximation does not always apply [272].
Shear-thickening polymers (STP) are a non-Newtonian material, with viscosity
increasing with the rate of applied shear strain, meaning they are flexible during quasi-
static loading, but appear to harden under dynamic loads (Fig. 2.12) [273]. Viscosity
returns to the quasi-static value after the external load is removed [272], and the
material may recover. This reversible transition of viscosity has been shown to increase
energy absorption through dissipation into heat energy and can improve the

performance of protective equipment [274,275].

During impact tests, STP sheets have been shown to reduce accelerations and peak
forces more effectively than conventional foam materials [42,272]. This difference in
impact performance increases progressively the higher the strain-rate [42,43]. The
flexibility of STPs under low shear strain rates allows for increased comfort when worn
as protective equipment [274,275]. STPs are used for impact protection in a variety of

applications such as sports and the military (Fig. 2.11 (C)) [250].
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2.4.5 Mechanical metamaterials

Mechanical metamaterials are designed structures with a micro/nano-architecture to
achieve properties that usually cannot be found in natural materials [276-279]. They
can be fabricated from conventional materials such as foam [280] or designed as
periodical cellular structures [278]. Some mechanical metamaterials have shown

desirable properties for impact protection [201].

Auxetics

Auxetic materials have a negative Poisson’s Ratio [267]. Poisson’s Ratio is the
negative product of the ratio of lateral to axial strain; auxetic materials expand laterally
when stretched axially and contract (laterally) in compression (Fig. 2.13) [267]. Auxetic

open-cell foam can be fabricated from conventional thermo-plastic foam by thermo-

37



mechanical conversion [280-282], while steam or pressure vessel processes can be
used for closed-cell foam [283—-285]. In comparison to their conventional parent foams,
which are currently used in some helmet systems, auxetic foams can have altered
properties such as increased density [281], indentation resistance [286,287], and
stiffness [281,288]. Impact tests based on sporting standards have shown lower peak
forces for auxetic foams than conventional ones, when conventional foams ‘bottomed
out’ [289]. Conventional and auxetic foams often show similar peak forces during low-

energy impacts but differ above a critical impact energy [201].
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Fig. 2.13: Deformation due to positive and negative Poisson's ratio during tensile and compressive
loading.

Designed cellular structures

Advancements in additive manufacturing and moulding methods, allowing fabrication
of complex geometries, increased the possibilities to design and produce periodic
cellular structures such as honeycombs and lattices [290-293]. Topology, base
material properties, and relative density can be optimised to tailor impact behaviour
and mass [294-296] using numerical analysis methods [294,295,297-303]. Further

advantages include the possibility to laterally spread impact energy more efficiently
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than conventional foams [294,304] or progressive layer-by-layer failure under dynamic

loading, widening the range in which impacts can be managed [297,303].

2D periodic cellular structures, such as honeycomb and tubular structures (Fig. 2.14),
periodically repeat in two directions [305] and have high in-plane stiffness while being
low mass [297,306-309]. The structural response during impacts in the extruded
direction includes crumpling and buckling of cell walls [308] with densification occurring
at ~75% strain [307]. Design choices like cell size, wall thickness, and depth can be
used to tailor macro-scale properties of honeycomb and tubular structures. Further
modifications such as graded or hierarchical honeycomb structures can improve the
range of manageable impacts and out-of-plane impact behaviour [307,310-312].
Honeycomb and tubular structures as impact absorbing elements in sports equipment
and helmets (Fig. 2.14 (B) are commonly described in literature [307,310,313-316]

and are commercially available [251,252,317,318].

Fig. 2.14: (A) Honeycomb structure [312] and (B) tubular structure (Koroyd) [251] draped into an oval
shape to serve as a helmet liner.

3D periodic cellular structures, such as lattices, consist of unit cells periodically
repeating in three directions [303,305,319,320]. While properties of conventional
materials degrade with reduced density, lattices maintain nearly constant stiffness

when relative density is decreased [293]. When unit cell size is sufficiently small
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compared to the contacting body, lattices can be viewed as homogeneous materials
and heterogeneous structures [290,293,296,302]. This allows to create new materials

with previously unattainable macro-scale properties [319,321].

Many different unit cell geometries for lattices in impact applications have been
proposed and analysed throughout published literature. Exemplary unit cell designs
include square/cubic- (Fig. 2.15 (A)) [322] or octet (Fig. 2.15 (B)) [290] truss lattice
configurations, chiral (Fig. 2.15 (C)) [323-326] or anti-chiral (Fig. 2.15 (D)) [327]
structures, Miura-ori (Fig. 2.15 (E)) [328,329], and re-entrant structures (Fig. 2.15 (F))
[330,331]. All the above-mentioned structures can have low mass, and additional
potentially beneficial characteristics, such as auxeticity for re-entrant or chiral
structures [323,331]. 3D periodic cellular structures can already be found in certified
and commercially available helmets (e.g. ice hockey (Fig. 2.16 (A)) [317] and American

Football [332]).

(A

Fig. 2.15: Unit cell geometries for different 3D periodic cellular structures: (A) cubic truss lattice, (B)
octet truss lattice, (C) chiral, (D) anti-chiral, (E) Miura-ori, and (F) reentrant.
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Foldable (origami) structures are produced from a flat sheet by a simple folding process
[333]. Geometries include zigzag [333,334] dome [335-337], tubular [338], or
truncated structures [337-339]. High energy absorption, low initial crushing peak
forces, large densification strain, and low strain rate sensitivity can be achieved,
depending on geometry [335-337,339-341]. Foldable impact absorption elements are
used in some helmets (Fig. 2.16 (B)) [342] as well as blast and shock mitigation

systems [343].

Fig. 2.16: (A) Hexagonal lattice structure as ice hockey helmet liner and [317] (B) truncated (Viconic)
structures as equestrian helmet liner [344].

Negative stiffness

Snap through elements cause negative stiffness behaviour, resulting in a drop in force
as applied deformation increases [345-351]. Negative stiffness can be achieved by
buckling an end constrained beam (Fig. 2.17 (A)). The beam snaps from one state of
equilibrium to the next during the application of perpendicular load (often via a
connecting rib) [345,346,351]. Negative stiffness is present for a segment of the force
vs. compression relationship, corresponding to when the beam snaps through (Fig.
2.17 (B)). The onset and length of the segment and the critical buckling load can be
tailored by changing the diagonal angle of the symmetric beam and the second

moment area of the beam, respectively [349]. Negative stiffness has been shown to

41



improve protection during impacts [352], balancing positive stiffness of neighbouring

unit cells to flatten and elongate the stress plateau (Fig. 2.17 (B)).

(N %

Force

Stable
Unstable

Displacement

Fig. 2.17: (A) Stages of snap through in a buckling beam, and direction of applied force; (B) Example
force vs. displacement, including stages from (A).

Adaptive metamaterials

Janbaz et al. presented a mechanical bi-beam metamaterial with rate-dependent
buckling behaviour that achieved negative viscoelasticity [44]. Presented compression
test results suggest (Fig. 2.18 (B)), that a shear-thickening response that is more
tailorable than that of a shear-thickening polymer alone, could be achieved. Further,
switching the orientation would achieve high stiffness at high strain-rates and lower
stiffness at lower strain-rates. This behaviour could be desirable for helmet liners in

sports that experience a wide range of different head impacts [44].

When two laterally connected beams (i.e. bi-beams) are compressed (Fig. 2.18 (A)),
the stiffer beam drives the buckling direction while the softer beam provides support;
buckling is towards the unsupported side of the stiff beam. So, buckling direction can

be controlled with the use of a low elastic modulus but highly viscoelastic, strain rate
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dependent (SRD) beam laterally connected to a higher elastic modulus, strain rate
independent (SRI) beam (Fig. 2.18) [44]. Atlow compression rates, the SRD material
possesses a lower stiffness than the SRI material — meaning the bi-beams buckle
towards the SRI beam (Fig. 2.18 (A)). Exceeding a threshold strain rate switches the

order of stiffness and the direction of buckling (Fig. 2.18 (A)) [44].

A unit cell of this metamaterial consists of two bi-beams, positioned at a small distance
from each other and with opposite orientations. Depending on strain rate, the bi-beams
bend either towards or away from each other (Fig. 2.18 (B)). Bending towards each
other prevents or limits buckling, whereas bending away from each other allows
buckling (Fig. 2.18 (B)). A sheet layer consisting of bi-beam unit cells could be scaled

and draped into a helmet liner to create an adaptive helmet system [44].

(A) Low loading rate  High loadingrate  (B)
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Fig. 2.18: (A) Single bi-beam design and buckling direction for different axial strain rates and (B) stress-
strain curves for different loading conditions [44].

The dominant deformation mode in hexagonal honeycombs and lattices is cell rib
flexure [353,354] (Fig. 2.19). This flexure reduces the distance of neighbouring
junctions, reducing the magnitude of positive compressive Poisson’s ratio, or
increasing that of negative Poisson’s ratio. Introducing viscoelastic material in the cell
ribs may switch the dominant mode, increasing the magnitude of Poisson’s ratio, and

hardness, during more severe impacts (Fig. 2.19). Introducing viscoelastic material in
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the junction of auxetic, re-entrant honeycombs or lattices may have a similar effect,
through amplification of the dominance of rib flexure to draw neighbouring junctions
inward. These concepts have been shown in structures with dual materials of different
stiffness [355,356], but not viscoelastic materials. Designed to fit into a helmet, these

structures may provide an adaptive response to impacts.

Hyperelastic

Fig. 2.19: Multi-material hexagonal cell causing a switch in the dominant deformation mode.

2.4.5 Summary

Ice hockey helmets, as a minimum, consist of a stiff outer shell and an energy
absorbing liner. In applications where multiple impacts are sustained, as with ice
hockey, the liner must recover quickly and without losing its impact protection
properties. Conventional helmet materials absorb energy through compression,
limiting their effectiveness to protect from rotation and the manageable range of
impacts. Various approaches, involving novel materials and integrated systems, have

been made to improve helmets - so far with limited success.
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2.5 Chapter summary

Due to a lack of structural damage, concussions are difficult to diagnose and treat.
However, it is generally agreed upon that the cause of concussions is excessive or
overly rapid deformation of brain tissue, due to high accelerations of the head. Ice
hockey has one of the highest concussion rates in sports. Most reported concussions
(~93%) in professional ice hockey are caused during collisions with other players on

the ice.

Ice hockey helmet certification standards prescribe a guided drop test onto a rigid
surface, replicating falls onto the ice. This protocol does not consider more compliant
impact bodies or angular kinematics of the head, hence, leaving uncertainty about
helmets’ capabilities to protect wearers during head impacts that are not falls. More
thorough helmet assessments, as described in published research, require extensive
laboratory equipment that is unavailable to most research facilities, limiting the work

that is carried out in the field.

Currently, available ice hockey helmets are effective within the range of impact
energies they are designed and tested for - falls. This does not cover the range of
commonly concussive head impacts in ice hockey, leaving wearers susceptible to
concussions. Various approaches in design and material choices can be seen
throughout the range of commercially available helmets. So far, with limited success in
preventing concussion during the most commonly concussive head impacts
(collisions), as protection during falls must not be compromised and no current helmet

liner provides sufficient protection during both kinds of impacts.
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3.Chapter - Free-fall drop test to replicate head
impacts in ice hockey

3.1 Introduction

The literature review highlighted that most concussions in ice hockey (~93%) result
from a collision between players on the ice [30,31]. During collisions, a player’s head
impacts several layers of textiles, protective equipment, and the other player’s body,
which are typically less stiff than the MEP Pad impacted in test standards.
Consequently, helmet performance during the most common concussion scenario is
currently not assessed during certification. A deep understanding of helmets and their
energy-absorbing components during impact is essential to improve helmets to better
protect against concussions without compromising other aspects. Widespread and in-

depth helmet testing could inform and drive helmet development and innovations.

An adaptable test method, requiring less laboratory equipment, that can replicate a
range of head impacts could facilitate modifications to certification standards and
testing by more researchers. The presented test method was developed to recreate
commonly concussive head impacts in ice hockey using interchangeable impact
surface compliance and orientation.

The objectives of this chapter were to:

e Assess the feasibility of a free-fall drop test method with interchangeable impact
surface compliance and orientation to replicate headform kinematic responses
typical for ice hockey head impacts.

e Assess the protective capabilities of a range of commercially available ice
hockey helmets during impact.

e Assess the reliability of the developed test method.
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3.2 Methods

3.2.1 Materials

An adult 50" percentile male Hybrid lll headform (mass: 4.54 kg; JASTI Co. Ltd),
equipped with a sensor system (Slice Nano, Diversified Technical Systems, Inc. (DTS))
with three linear accelerometers (ACCEL SLICE, DTS) and three angular rate sensors
(ARS3 PRO, DTS) in its centre of mass, was used for all impacts (Fig. 3.1 (A)). The
drop mechanism was an “energise to release” electromagnet, attached to a wall-
mounted drop rig (Fig. 3.1 (B)). Before each drop, the headform was positioned in the
required orientation and height using strings attached to the electromagnet. For
unhelmeted impacts, the strings were used as slings (Fig. 3.1 (C)) while for helmeted
impacts the strings were attached to the helmets’ ventilation openings (Fig. 3.1 (D)).
The anvil for all impacts was a high-mass (~700 kg) steel table (Fig. 3.1 (B)). A high-
speed video camera (Phantom Miro R311, Vision Research Ltd., Bedford, UK) was set
up at a distance of 1 m from the impact location, with the field of view perpendicular to

the impact surface (Fig. 3.1 (B)).

For flat (perpendicular) impacts, impact surfaces were attached directly to the steel
table (Fig. 3.1 (B)). For oblique impacts, impact surfaces were attached to a 45° angled
wedge that was clamped to the table (Fig. 3.3). During flat impacts, five different
surfaces were used; MEP Pad (1-inch height, CadexInc) and layered Ethylene-vinyl
acetate (EVA) foam (EVAZOTE-50, algeos.com) sheets bonded with double-sided
tape giving 24, 48, 72, and 96 mm overall thickness, providing increasing compliance
during impacts. During impacts onto the oblique anvil, three layered EVA foam

thicknesses (24, 48, and 72 mm) were used.
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Fig. 3.1: (A) DTS system mounted inside the HIll headform. (B) Setup used for free-fall drop test onto
the flat 96 mm foam (8 layered sheets) surface with a high-speed camera at 1 m distance from the
impact location. (C) HIll headform held over the impact surface by strings. (D) Helmeted HIIl headform
held over the impact surface by strings attached to the helmet's ventilation openings.

Five different certified and commercially available ice hockey helmets (Fig. 3.2) were
fitted to the headform. Five helmets of each model were used, and all helmets were a
medium size. The helmets represented various price ranges, liner materials, and

helmet designs:
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Helmet 1: The Bauer Hockey IMS 5.0 helmet (Fig. 3.2 (A-C)) represented the
low end of the price range (44.99 US$), and the recommended level of play is
“‘Recreational”. The shell is a two-piece adjustable design made from HDPE.
The liner is a dual-density foam layer made from VN. The overall mass is 498
grams.

Helmet 2: The Bauer Hockey 5100 helmet (Fig. 3.2 (D—F)) is at the lower end
of the price range (89.99 US$), and the recommended level of play is
“Performance”. The shell is a two-piece adjustable design made from HDPE.
The liner is a triple-density foam layer where the top and bottom layers are made
from VN, and the middle layer is an HX-SORB® high-density honeycomb
structured foam. The overall mass is 549 grams.

Helmet 3: The CCM Hockey FitLite 90 helmet (Fig. 3.2 (G—I)) is in the middle of
the price range (179.99 US$), and the recommended level of play is
“Performance”. The shell is a two-piece adjustable design made from HDPE.
The liner consists of shear-thickening polymer pads (D30®), dual-density VN
foam, a hexagon matrix foam, and an open-cell foam (i.Q.SHION®) comfort
layer. The overall mass is 558 grams.

Helmet 4: The TRUE Dynamic 9 Pro Helmet (Fig. 3.2 (J-L) is at the higher end
of the price range (259.99 US$), and the recommended level of play is “Elite”.
The shell is a one-piece design made from PC. The liner is made from EPP
foam and fitted with the MIPS® system. The overall mass is 543 grams.
Helmet 5: The Bauer Hockey Re-Akt 200 helmet (Fig. 3.2 (M-0O)) represents
the top end of the price range (299.99 US$), and the recommended level of play

is “Elite”. The shell is a two-piece design made from HDPE. The liner consists
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of shear-thickening polymer pads (XRD® Impact), multi-density foams, and is

fitted with a low-friction layer (Suspend-Tech®). The overall mass is 747 grams.

Fig. 3.2: (A, D, G, J & M) Front and (B, E, H, K & N) side view of the helmet shell and (C, F, I, L & O)
liner system for all five helmets. (A — C) Bauer IMS 5.0, (D — F) Bauer 5100, (G — 1) CCM FitLite, (J - L)
TRUE Dynamic, (M — O) Bauer Re-Akt 200.
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3.2.2 Test method

The headform was impacted either unhelmeted or fitted with one of the five helmets.
The drop height for all impacts was 1 m, resulting in an impact velocity of 4.5 m/s and
energy of 51.3 — 53.8 J, varying with helmet mass. The height was checked before
every drop using a laser distance measure (Leica Disto D210, accuracy £1 mm). The
helmets’ chin straps were closed, and a tight fit, following manufacturer and retailer

recommendations, was checked before every impact.

Three centric sites (force vector passing through headform centre of mass) on the outer
shell of the headform or helmet were impacted for the five flat impact surfaces; Front,
Side, and Rear (Fig. 3.3 (A—C)). Two centric sites (Front, Rear) and three non-centric
sites (force vector not passing through headform centre of mass) were impacted for
the three oblique impact surfaces; Front, Rear and FrontBoss, Side, RearBoss,
respectively (Fig. 3.3 (D—H)). A new helmet was used for each flat impact surface. The
three helmets used to impact the three most compliant surfaces (48, 72, and 96 mm)
during the flat surface impacts were used again for the oblique impacts. For every

impact configuration, three trials were carried out resulting in a total of 540 impacts.

Linear acceleration and angular velocity were measured with a sampling frequency of
100 kHz for 70 ms (20 ms pre-trigger and 50 ms post-trigger), triggered when a 5 g
threshold was exceeded in any axis. High-speed video footage was captured at 2,000
frames per second (fps) (resolution, 1024 x 768 pixels, 0.5 mm/pixel; exposure, 500

ps). High-speed video footage was used to calculate impact velocities.

For an inter-rater reliability study, a proportion of the data collection was repeated by a
second appraiser with no previous involvement or experience in developing or using

the test method. A Bauer 5100 helmet was dropped onto the same impact surfaces as

51



described previously. For flat surface impacts the Front site was chosen and for oblique

surface impacts Front and FrontBoss sites were impacted.

Fig. 3.3: Impacts onto the (A - C) Flat and (D - H) 45° oblique anvil; (A & D) Front, (E) FrontBoss, (B &
F) Side, (G) RearBoss, and (C & H) Rear impact location.

3.2.3 Data analysis

A CFC 1000 filter, as recommended by Post et al. [125], was applied to each linear
accelerometer axis using DTS SLICEWARE (Version 1.08.0868). A 4-pole Butterworth
low pass filter with a cut-off frequency of 200 Hz was applied to each angular velocity
axis, chosen based on a frequency analysis using a Fast Fourier Transform [357]. After
filtering, the angular velocity data were differentiated to obtain angular acceleration.
Peak linear (PLA) and peak angular acceleration (PAA), impact duration (D), time to
peak (TTP), and rebound time (RT) were obtained from filtered data using MATLAB
(R2018a). These values were compared quantitatively while the acceleration vs. time
trace shapes were compared qualitatively to reference values from concussive head
impacts (Table 3.1), recreated in a laboratory setting. To assess the intra-rater reliability

of repeated measurements, two-way mixed model intraclass correlation coefficients
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(ICC (3,1)) with absolute agreement definition and their respective 95% confidence
intervals (Cl) were calculated for PLA, PRA, and D [358,359]. To assess inter-rater
reliability of repeated measurements, a two-way random effects model with absolute
agreement between multiple raters (ICC (2,k)) and the respective 95% Cls were

calculated (IBM SPSS 26) [358,359].

To enhance visualisation, a pairwise distance function, normalised to measured
maximum values (linear acceleration / 350 g, angular acceleration / 11 krad/s?, and
duration / 35 ms) was added to Fig. 3.5 & Fig. 3.6 as a shaded area using a colormap
function in MATLAB. A 10% pairwise distance corresponded to 35 g, 1.1 krad/s?, 3.5
m/s, or the Pythagorean equivalent distance from a reference value (i.e., V (APLA? +

AD?) or \ (APRAZ? + AD?)).

Two measures to assess head impact severity, the Head Injury Criterion (HIC, Equation
2.2 [224], chapter 2.3.4.1) and the Rotational Injury Criterion (RIC, Equation 2.3 [232],
chapter 2.3.4.2), were calculated. HIC was chosen to allow comparison with other head
impact data as it is commonly used in published research. RIC was chosen to allow
consideration of angular kinematics and to complement the use of HIC. All obtained
values were compared between tested helmets and the unhelmeted impacts to assess

the helmets’ impact performance.

Table 3.1: Statistical characteristics of the reference dataset.

PLA[g] PAA [krad/s?] D [ms]
Mean (+ SD) 28.8 (+ 11.8) 3.44 (£ 1.40) 26.2 (£ 3.2)
Minimum 7.7 0.69 18.0
Lower quartile (Q1) 20.9 2.58 24.6
Median 26.8 3.55 25.5
Upper quartile (Q3) 35.3 4.00 28.6
Maximum 67.8 7.85 35.8
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3.3 Results

Linear acceleration vs. time data shows a single peak (Fig. 3.4 & Appendix 1). This
shape is similar for flat and oblique surface impacts and characteristic of collisions
between players. Acceleration vs. time traces for Front site impacts (Fig. 3.4) are
similar in shape to other tested impact sites for flat and oblique surface impacts. The
highest accelerations (highest obtained peak values: 325 g, 15.5 krad/s?), and shortest
durations (5.5 ms), were produced during impacts onto stiff surfaces (i.e. MEP Pad
and 24 mm foam layer). Peak accelerations decreased (lowest obtained peak values:
21 g, 0.5 krad/s?) with increasing impact surface compliance, while impact duration

increased (37.4 ms) (Fig. 3.4 & Appendix 1).
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Fig. 3.4: Helmeted (dashed line) and unhelmeted (solid line) linear acceleration vs. time traces for (A)
flat and (B) oblique surface, Front site impacts onto the range of impact surfaces. Helmet 2 data is
shown, representative of other helmets.

For the flat surface, most helmeted impacts were within 10% of the reference values,
according to the pairwise distance function, normalised to maximum values, shown as
shaded areas. All impacts on foam thicknesses of 48 mm and thicker, were within the
10% range (Fig. 3.5). Similarly, most impacts were within the 10% range for oblique

surface impacts for linear as well as angular acceleration, and all impacts onto the 48
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mm foam layer were within the 10% range (Fig. 3.6). The 10% pairwise distance
corresponded to 35 g, 3.5 ms, or the Pythagorean equivalent distance for the flat
surface and 35 g, 1.1 krad/s?, 4 ms, or the Pythagorean equivalent distance for the

oblique surface.
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Fig. 3.5: Peak linear acceleration vs. impact duration for all impacts onto the flat surface; filled markers
represent helmeted impacts and unfilled markers represent unhelmeted impacts. Shaded areas
represent a normalised (acceleration / 350 g and duration / 35 ms) pairwise distance from the reference
values in percent. Reference values of concussive impacts, recreated in a laboratory environment,
obtained from [104].
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Fig. 3.6: Peak (A) linear and (B) angular acceleration vs. impact duration for all impacts onto the oblique
surface; filled markers represent helmeted impacts and unfilled markers represent unhelmeted impacts,
circles represent centric impacts, and diamonds with a black outline represent non-centric impacts.
Shaded areas represent a normalised (linear acceleration / 350 g, angular acceleration / 1.1 krad/s?,
and duration / 35 ms) pairwise distance from the reference values in percent. Reference values of
concussive impacts, recreated in a laboratory environment, obtained from [104].
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On average, helmets reduced peak accelerations and increased impact durations for
all impacts when compared to unhelmeted impacts. The influence of a helmet on
measured accelerations and durations decreased with increasing impact surface
compliance (Fig. 3.5, Fig. 3.6, Fig. 3.7, Fig. 3.8, Table 3.2 & Appendix 1). For impacts
onto perpendicular impact surfaces, helmets reduced peak linear acceleration by up
to 71% and increased the impact duration by up to 161%. For stiff surface impacts (i.e.
24 mm foam layer) onto the oblique anvil, helmets reduced peak linear and angular
acceleration by up to 64 and 53%, respectively, while increasing impact durations by
up to 66%. For some compliant surface impacts (i.e. 72 mm and 96 mm foam layer),
mean PLA was reduced by only 3% and mean D was not consistently increased,

compared to unhelmeted impacts.

Table 3.2: Mean unhelmeted (UH) and helmeted (H) PLA & D for flat surface impacts and PLA, PAA,
and D for oblique surface impacts with the percentual increase/decrease the helmet had on the
headform’s kinematic response when compared to unhelmeted impacts (%).

Flat Oblique
PLA[g] D [ms] PLA [g] PAA [krad/s?] D [ms]

- UH 257 (+29) 6.8 (x0.8) - - -
- H  111(220) 12.9 (+1.7) - - -

- % - 57 90 - - -

24 mm
- UH 208 (x27) 12.1(+0.4) 103 (x17) 6.4 (£1.9) 13.8 (x0.7)
- H 90 (+12) 17.5 (21.3) 57 (x14) 3.9 (£0.8) 22.0 (6.9)
- % - 57 45 -45 -39 59

48 mm
- UH 76 (£2) 21.1(20.9) 40 (£7) 3.0 (20.9) 23.2 (x0.8)
- H 60 (5) 23.7 (£1.1) 38 (19) 2.4 (x0.6) 29.3 (£7.0)
- % -21 12 -5 -20 26

72 mm
- UH 54 (£3) 25.5 (x1.4) 29 (£3) 2.1 (20.5) 28.9 (+1.2)
- H 49 (+3) 27.2 (+1) 27 (£3) 1.7 (x0.4) 34.4 (16.8)
- % -9 7 -7 -19 19

96 mm
- UH 48 (£3) 28.1 (£1.6) - - -
- H 43 (+2) 29.4 (£1.2) - - -
- % -10 5 - - -
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Fig. 3.7: Linear acceleration vs. time traces for flat surface, Front site impacts onto the (A) MEP Pad,
(B) 48 mm foam layer, and (C) 96 mm foam layer.
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During oblique impacts, centric impact sites produced higher linear accelerations and
lower angular accelerations than non-centric impact sites (Fig. 3.6). For non-centric
impact sites angular accelerations were higher than linear accelerations. Impact
durations and the difference between unhelmeted and helmeted tests were typically
smaller for centric impact sites (Fig. 3.6). Across all helmeted impacts, mean PLA
ranged from 27 to 111g and mean PAA from 1.7 to 3.9 krad/s? (Table 3.2),
corresponding to an estimated risk of concussion below 5% for all impact scenarios
[216,360]. The highest mean PLA (257 g), obtained from unhelmeted impacts onto the
MEP Pad corresponds to an estimated risk of concussion of ~50% [216]. For 48-mm
foam, non-centric impacts, mean PLA (31.5 + 2.8 g) is between the median and Q3,
mean PAA (2.8 + 0.3 krad/s?) is between Q1 and the median, and mean D (25.8 +1.8

ms) is between Q1 and Q3 of the reference data (Table 3.1), respectively.

Differences in linear (Fig. 3.9 (A) & Appendix 2) and angular (Fig. 3.9 (B) & Appendix
2) peak accelerations between tested helmets were seen in some impacts. No trend
of a helmet producing lower peak accelerations compared to other helmets was
observed. Helmets increased mean impact durations for all impact surface
compliances. The proportion of time to peak (TTP) and rebound time (RT) increased
from 48% to 52% with increasing surface compliance (Fig. 3.10 & Appendix 2).
Observable differences between helmets were obtained for the HIC and the RIC (Fig.
3.11 & Appendix 2). Throughout all impacts, the highest obtained HIC was 347.1
(unhelmeted, 24 mm, Front site) and the highest RIC was 2.26*108 (unhelmeted, 24
mm, Side site), corresponding to an estimated risk of concussion of under 10% [216]
and under 5%[232], respectively. Values for additional assessment criteria are shown

in Appendix 2.
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Fig. 3.11: Mean (A) HIC and (B) RIC from oblique, Front site impacts for unhelmeted and helmeted

events with each helmet individually.

ICCs and their respective 95% Cls suggest excellent intra and inter-rater reliability

(Table 3.3). To mitigate the effect of the large true score variance in the dataset,

additional ICCs, where data were grouped by impacted surface and where unhelmeted

impacts were excluded, were calculated. The lowest obtained ICC for intra-rater

reliability was 0.838 with lower and upper limits of a 95% CI of 0.619 and 0.941,

respectively. The lowest obtained ICC for inter-rater reliability was 0.887 with lower and

upper limits of a 95% CI of 0.813 and 0.931.

Table 3.3: Intra and Inter-rater reliability ICCs and their respective 95% Cls for flat surface and oblique
surface impacts. Unhelmeted impacts were excluded in the calculations of the ICC values shown.

Intra-rater Inter-rater
ICC 95% Cl ICC 95% Cl
Flat, PLA [g] 0.995 0.991 > 0.997 0.967 0.929 > 0.984
Flat, D [ms] 0.996 0.994 > 0.997 - -
Oblique, PLA [g] 0.991 0.987 > 0.994 0.980 0.958 > 0.990
Oblique, PAA [krad/s?] 0.997 0.995 > 0.998 0.952 0.897 > 0.977
Oblique, D [ms] 0.990 0.984 > 0.993 - -
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3.4 Discussion

A broad range of headform kinematic responses, expressed in PLA, PAA, and impact
duration, was obtained for comparison with a reference dataset and assess the
feasibility of interchangeable impact surface compliance in a free-fall drop test.
Additional two commonly used head injury criteria (HIC and RIC) were calculated for
helmet comparison. Some impact scenarios achieved a good match with the reference
data. As expected, peak accelerations decreased (Fig. 3.9) while impact durations
increased (Fig. 3.10) with increasing surface compliance (Fig. 3.5 & Fig. 3.6)
[32,33,121]. Obtained linear and angular acceleration vs. time traces show a single
peak shape (Fig. 3.4, Fig. 3.7 & Fig. 3.8), similar to reported shoulder to head collisions
[23]. Commonly used guided drop tests [22] produce acceleration vs. time traces with
an initial high, short-duration peak followed by a longer duration, lower magnitude peak
similar to falls [23]. In head impact research, the single peak shape, characteristic of
collisions, is generally achieved using a horizontal impactor [22,23,104]. This test setup

produced a collision type acceleration vs. time trace shape with a drop test.

Comparing impacts with reference values published by Post et al. [104], the closest
representation was achieved with oblique, 48-mm foam, non-centric impacts (Fig. 3.6).
Flat surface impacts generally produced higher linear accelerations than the reference
data (Fig. 3.5). Impacting foam layers of 72 mm, or thicker, produced longer duration
impacts than the reference data. Impact surfaces that were stiffer than the 48 mm foam
layer resulted in linear accelerations being too high and impact durations too short to

match the reference data (Fig. 3.5 & Fig. 3.6).

Increasing surface compliance had a greater effect on the unhelmeted headform than

the helmeted one, as expected [32,33,121,162]. As such, the difference between
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helmeted and unhelmeted impacts decreased up to a point where a fitted helmet made
no consistently measurable difference to peak accelerations, but impact durations
were still increased (Fig. 3.5 & Fig. 3.6). No assessment on the representativeness of
layered EVA foam to represent real-world impact bodies in ice hockey was carried out.
However, this effect of decreasing helmet effectiveness with increasing surface
compliance, also shown previously, suggests that the free-fall drop test with
interchangeable surfaces can replicate ice hockey shoulder and elbow to head impacts

[32,33].

Impacting centric impact sites during oblique impacts resulted in higher linear
accelerations and lower angular accelerations than the reference data (Fig. 3.6).
Impacting non-centric locations produced magnitudes within the range of the reference
data (mean difference < 3 g & 0.62 krad/s?). Due to the spread and skew in the
reference data, and the lower variation and relatively normal distribution in the data we
collected, this free-fall drop test can only replicate a proportion of the dataset. For 48-
mm foam, non-centric impacts mean PLA (31.5 + 2.8 g) is between the median and
Q3, mean PAA (2.8 £ 0.3 krad/s?) is between Q1 and the median, and mean D (25.8
+1.8 ms) is within interquartile range of the reference data, respectively (Table 3.1).
Hence, the presented results lie in a range of potentially concussive real-world ice
hockey collision head impacts (Fig. 3.6, [104]), and while they do not cover the whole

range within the dataset, they are more precise (less variable).

Comparing measured peak accelerations between helmets shows differences in some
impacts. Most (538 of the 540) impacts produced lower peak accelerations than the
275 g threshold used in the standards [18-20], with two unhelmeted tests onto the
MEP pad exceeding the threshold (Fig. 3.5). We used a different test setup — a free-

fall drop test — and a different headform so the pass/fail threshold should only be
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indicatively applied. No helmet consistently produced lower peak accelerations
compared to the other helmets (Fig. 3.9). Greater differences between helmets were
found for the calculated Head Injury Criterion and the Rotational Injury Criterion, which
both consider a maximum time interval (Fig. 3.11, [224,232]). Helmets that produced
high linear acceleration (or HIC) generally produced low angular acceleration (or RIC),
and vice versa. However, no conclusions can be made about which materials or design
features are preferential in an ice hockey helmet based on the obtained data. The
proportion of time to peak of the total impact duration increased with increasing surface
compliance, which is likely caused by the compressed surface and not the helmet (Fig.

3.10).

Intra and inter-rater ICCs and SDs (Fig. 3.9, Fig. 3.10, Fig. 3.11 & Table 3.3) suggest
excellent reliability of repeated measures. Due to the large true score variance in the
dataset, ICC should be considered cautiously [359]. However, due to the ICC still
suggesting excellent reliability when measures were grouped by surface and when
unhelmeted impacts were not considered, the test method (within-subjects) appears to

have high reliability [358].

3.4.1 Limitations

The reference dataset was obtained from laboratory-recreated head impacts [104], as
an in-field head injury data set is not publicly available. Despite being considered the
best available estimate, a dataset of measured concussive impacts in ice hockey could

increase confidence in head impact research, including this study.

Analysis of the high-speed video footage shows that it is difficult to precisely hit the
predefined impact site consistently. Even though variations in measurement data are

small and ICCs (within and between-subject) suggest excellent reliability (Table 3.3),
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future work could modify the test setup to use a drop carriage similar to Meehan et al.
[168], carry out more repeated measures per impact scenario, and test at different

impact energies.

It is possible that the EVA foam, used to produce different impact surface compliances,
degraded between tests. Future testing could consider the durability of the impacted
surface. An anthropomorphic headform such as the 50" percentile Hybrid Ill used here
has limited biofidelity and only partially represents head geometry, helmet fit, and
friction between head and helmet [110,361]. The Hybrid Il headform is, however,
widely accepted and used in head impact research and provides reliable comparability
to other published head impact research [22]. Further work could include additional
materials described in the literature review, such as different headforms or an
anthropomorphic neckform. Brain stresses and -strains, predicted using a finite
element model, could further assess loads on the brain and injury probability. The five
different helmets fitted onto the headform in this study were chosen to represent the
range of helmet designs and the price range of commercially available helmets. In
future work, adding additional helmets could increase confidence in the dataset and

would give further insights into the effectiveness of different helmet designs.

3.5 Conclusion

This study demonstrated that by modifying the impacted surface, a free-fall drop test
can produce kinematic responses similar to the method currently used to replicate ice
hockey collisions. A wide range of head impact scenarios, representative of falls onto
ice and collisions with other players, can be replicated using this method by adjusting
compliance and orientation of the impacted surface. A drop height of one metre onto a

48 mm layered EVA foam surface, aligned at 45°, gave peak linear and angular
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accelerations, and impact durations, within 10% of those obtained by current best
practice methods. These findings facilitate a simpler test protocol for ice hockey

helmets, either for adoption in certification standards or research.
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4. Chapter — Compressive behaviour of bi-beams

4.1 Introduction

The presented literature review (chapter 2) and results of chapter 3 highlighted
limitations of current ice hockey helmets, not reducing peak linear and angular
accelerations effectively throughout the whole range of common head impacts in ice
hockey [32,33,39]. Player-to-player collisions, where the impacting body possesses
lower stiffness than the helmet liner, is commonly associated with clinical diagnosis of
concussion [30,31]. Typically used helmet liner materials are relatively stiff, as they are
usually selected to pass certification requirements and protect well during the most
severe impacts — falls onto the ice. During player-to-player collisions, compression and
crushing, the primary energy absorbing mechanism of a helmet [36], does not always
occur sufficiently due to the deformation of the impacting body [32,33]. Consequently,
helmet performance is limited, leaving players susceptible to injury. Due to the severity
of injuries caused by rigid surface impacts (i.e. the ice and boards), helmets need to
work well in these impacts, so using lower stiffness liners, which would be more

effective during collisions, is not feasible.

A helmet liner with adaptable stiffness, could improve helmet performance during
impacts with more compliant bodies, while maintaining the required high stiffness
during rigid surface impacts. This chapter explores strain rate-dependent bi-beam
structures, previously introduced by Janbaz et al. [44], with tailorable buckling
behaviour. A bi-beam consists of two laterally attached beams, each with the same
geometry, made from two different materials (Fig. 4.1). One of the materials is highly
deformable and stiffens at high strain rates (i.e., visco-hyperelastic), while the other is

highly deformable, largely strain rate-independent (i.e., hyperelastic), and stiffer than
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the visco-hyperelastic beam under quasi-static conditions. Beams typically buckle
when they are compressed beyond a critical load [362]. The softer side acts as a
support — so both beams buckle toward the unsupported, stiffer side of the bi-beam.
Consequently, these bi-beams should buckle towards the stiffer (hyperelastic) side at
low compression rates. Exceeding a threshold strain rate switches the order of stiffness

and the direction of buckling (Fig. 4.1) [44].
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Fig. 4.1: (A) Side view and (B) top view of beam geometry [mm]. (C) Bi-beam. (D) A bi-beam made of
a visco-hyperelastic and a hyperelastic beam. (E) Buckling towards the hyperelastic side (i.e. at low
strain rates), and (F) buckling towards the visco-hyperelastic side (i.e. at high strain rates).

A unit cell of the mechanical metamaterial consists of two bi-beams, positioned at a
small distance from each other and with opposite orientations (Fig. 4.2). Due to the
positioning of the two bi-beams relative to each other, and the switch of buckling

direction depending on compression rate, two different loading conditions can occur.

1. Atlow compression rates, both bi-beams buckle in opposite directions and thus
do not restrict each other’s buckling motion, causing a relatively compliant
response (Fig. 4.2 (B)).

2. At high compression rates, both bi-beams buckle towards each other. Contact
between the two beams prevents further buckling, causing an increase in

stiffness (Fig. 4.2 (C)).
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The strain rate dependant switching of buckling direction increases the stiffness
abruptly, and allows a tuneable response to loading conditions, such as stiff or
compliant surface impacts. Buckling behaviour has been shown to be reliable and
predictable, while the design was scalable in size [44]. Nonetheless, a rigorous
analysis of the effect of beam stiffness on buckling direction is required before
application in a helmet, where reliability is critical. So, this chapter first characterises a

range of polymers, and then uses these to demonstrate repeatability of bi-beam

IA (B) (C)

M visco-hyperelastic B hyperelastic

response.

Fig. 4.2: Bi-beam unit cell (A) uncompressed, (B) buckling out, and (C) buckling in.

Firstly, materials for the fabrication of beams were characterised as properties of 3D
printed materials are often not openly available or can be unsuitable due to material
properties changing with printing parameters [363]. Additive manufacturing was used
for the fabrication of all bi-beam samples. Consistent quality of samples, understanding
of material behaviour, and knowledge of material parameters, were obtained for the

planning of experimental testing and the creation of material models for numerical
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simulations. A material characterisation following a previously suggested protocol for
finite element (FE) modelling of mechanical metamaterials for sports applications, was
carried out for four 3D printable thermoplastic polyurethane (TPU) materials for defined

print parameters [364].

Secondly, bi-beam prototypes were produced and experimentally tested individually
and as unit cells. Results from experimental testing and numerical simulations,
presented by Janbaz et al. [44], suggest an adaptive reaction to different compression
rates, however, testing was carried out at low speeds (maximum of 500 mm/min, 8.3
s"). Building on insights on material properties from the material characterisation,
mechanical testing of bi-beams to gain an understanding of buckling behaviour at
increased strain rates and to further assess the potential of a bi-beam metamaterial
structure for impact applications was undertaken. Individual bi-beams and unit cells,
consisting of two bi-beams orientated to each other, were compressed uniaxially using
a mechanical test machine. Rate-dependence was not considered as the order of
stiffness of chosen constituent materials remained unchanged for all compression
rates. Insights gained were used to inform the subsequent design of a metamaterial
structure consisting of bi-beam unit cells and testing at velocities and energies

representative for impact events.
The objectives of this chapter were to:

¢ Define print settings for each material to consistently achieve successful prints.

e Measure material parameters required for the planning of experimental studies
and the creation of material models for numerical simulations.

¢ Rigorously demonstrate the effect of beam stiffness on bi-beam buckling

direction, under quasi-static and dynamic loading.
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e Understand buckling behaviour of bi-beams and the switching of compressive

stiffness of unit cells depending on the contact situation.

4.2 Methods

4.2.1 Material characterisation

4.2.1.1 Sample fabrication

UltiMaker S5 fused filament fabrication (FFF) 3D printers with a Bowden extruder and
0.4 mm nozzle were used for the fabrication of all test samples. Four commercially
available TPU filaments (Table 4.1) with a diameter of 2.85 mm were selected to
represent a range of common flexible materials. All samples were printed with a 0.12
mm layer height, and with 100% infill. All other print settings were determined through
an iterative refinement of the print process for each material (Table 4.2). Twelve type 1
dog-bone samples, as specified in BS ISO 37:2017 [365], and 27 cubic (compression)

samples (side length 10 mm), were produced and tested for each material (Fig. 4.3).

Table 4.1: TPU material parameters according to manufacturer’s technical data sheet (TDS).

Material Density Shore Hardness Tensile Modulus
[kg/m?] [MPa]
Flex Medium, Extrudr, AT [366] 1190 98 A 40
MD Flex, Copper 3D, CHL [367] 1160 98 A 150
TPU 95A, Ultimaker, NLD [368] 1220 95 A 26
NinjaFlex, Ninjatek, USA [369] 1190 85A 12

Table 4.2: Material-specific 3D print settings.

Material Print temp. Bed temp. Print speed Flow
[°C] [°C] [mm/s]

Flex Medium 210 30 30 110%
MD Flex 235 60 75 100%
TPU 95A 223 60 25 106%
NinjaFlex 235 50 20 100%
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Fig. 4.3: (A) Dog-bone tensile test sample geometry [mm], thickness: 2 mm [365] and (B) tensile and
compression test samples (from top to bottom: Flex Medium (neon green) [366], MD Flex (grey blue)
[367], TPU 95A (red) [368], and NinjaFlex (sapphire blue) [369]).

4.2.1.2 Test procedure

Material characterisation was carried out using an Instron Electropuls E3000 dynamic
testing instrument (lllinois Tool Works Inc., US) equipped with a 5 kN load cell (Fig. 4.4
(A)). Quasi-static tensile tests were undertaken for the “dog-bone” samples, with a grip
distance of 70 mm, to an engineering strain of 0.5 (35 mm), with strain rate set to 0.006
s'(0.42 mm/s). The cubes were compression tested to an engineering strain of 0.5 (5
mm) at a strain rate of 0.008 s=' (5 mm/min) with a pre-load of 10 N. Machine force,
displacement data, and sample dimensions were used to compute engineering stress
(o) and strain (¢). A linear trend line was fitted between strains of 0 and 0.1 to obtain
Young’s Modulus (E). To assess the effects of print layer building direction on final
mechanical properties, cubic samples were compressed in their building direction (Z-
direction) and perpendicular to building direction (X-direction), with each test repeated
three times. For full-field strain measurements using Digital Image Correlation (DIC), a
spray paint speckle pattern was applied to the narrow portion of all tensile samples
(Fig. 4.4 (B)) and to one face of all cubic samples (undercoat: matt white acrylic,
speckles: matt black acrylic). A camera (Phantom Miro R311, Vision Research Ltd.,
UK; resolution 1280 x 800 pixels, sample rate 24 fps; lens, Nikon AF Nikkor 24 — 85

mm), positioned 500 mm from the test sample, and with the field of view perpendicular
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to the speckled surface, filmed all the tests (Fig. 4.4 (A)). Lateral and axial engineering
strains were obtained by 2D DIC using GOM Correlate (2019 Hotfix 7, Rev. 128764,
Build 2020-06-18). Poisson’s Ratio (v) was obtained by fitting a linear trendline to the

lateral vs. axial strain data [370] up to an axial strain of 0.1.

Additional tests were carried out to assess rate dependence. Firstly, tensile tests to an
engineering strain of 0.4 (28 mm) were undertaken, at applied strain rates of 1, 2, 3 s~
(70, 140, 210 mm/s); with the camera filming at 210 fps. Secondly, compression tests
to an engineering strain of 0.4 (4 mm) were undertaken, at applied strain rates of 1, 2,
4, 8, 16 s (10, 20, 40, 80, 160 mm/s), with the camera filming at 1600 fps. These
compression tests were only performed in the Z-axis, with each test repeated three
times. Stress, strain, and Young’s modulus were obtained using the same method as
the quasi-static tests. Viscoelastic material data were obtained through stress
relaxation testing. Three cubic samples of each material were compressed to an
engineering strain of either 0.2 (2 mm) or 0.4 (4 mm) at a rate of 0.005 s™' (0.05 mm/s).

Force was measured while compression was held for 600 s.

Fig. 4.4: (A) Tensile test setup and (B) still from video footage for DIC analysis, showing a sample with
applied speckle pattern.
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4.2.2 Experimental compression of bi-beams

4.2.2.1 Sample fabrication

The two materials chosen to fabricate bi-beam samples for testing were TPU 95A (red)
and NinjaFlex (blue) (Fig. 4.5), for their difference in stiffness. Both materials can be
considered hyperelastic and do not have notably different rate dependence properties
(Fig. 4.9 & Fig. 4.10). They were chosen to obtain a rigorous and controlled
assessment of the system; bi-beams are expected to buckle towards the stiffer TPU
95A beam at all compression rates. Print settings were similar to the ones described
previously (Chapter 4.3.2). TPU 95A and NinjaFlex beams were bonded using an
epoxy adhesive (Metalset A4, Smooth On) and left to cure at room temperature for at

least 24 hours.

Fig. 4.5: Beam (left) made from Ninjaflex (blue) and bi-beam (right) with dimensions [mm] made from
TPU 95A (red) and Ninjaflex (blue).

4.2.2.2 Test procedure

To assess their effective stiffness, bi-beams were compressed using the Instron
Universal Test machine (Electropuls E3000, 5kN load cell). Bi-beams were tested
individually (Fig. 4.7 (A)) and in three different unit cell configurations (2 mm gap —
orientated to buckle away from each other (known as “out” herein Fig. 4.7 (B)), 2 mm

o

gap — orientated to buckle towards each other (known as “in” herein Fig. 4.7 (C)), 10
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mm gap — in (Fig. 4.7 (D)). Gap sizes were selected based on pilot testing, so that bi-
beams underwent a second buckling, at the unit cell level when 2 mm apart, and did
not when 10 mm apart. To position the bi-beams and prevent slipping during
compression, 3D-printed plates (tough polylactic acid (tPLA), PLA Pro+, RS PRO
[371]) with rectangular slots (Fig. 4.6) were clamped into the test machine for all testing

(Fig. 4.7).

Fig. 4.6: Plates with rectangular (2.9 x 7.2 mm) cavities for clamping into the Instron test machine to
position and test (A) an individual beam, (B) a unit cell with a 2 mm gap between bi-beams, and (C) a
unit cell with 10 mm between bi-beams.

Bi-beams were compressed in axial direction to a strain of 0.15 (5.76 mm
displacement) at a strain rate of 8.3 s' (5.31 mm/s), similar to the original work on bi-
beam structures presented by Janbaz et al. [44]. Additional tests with compression
rates of 0.83 s (0.53 mm/s) and 83.3 s (53.12 mm/s, close to Instron machine
maximum) were carried out. For each configuration, five tests were carried out,
resulting in a total of 60 uniaxial compression tests. Force vs. displacement raw data
was obtained from the Instron machine and all tests were filmed (Phantom Miro R311,

Vision Research Ltd., Bedford, UK).

Fig. 4.7: Uncompressed (A) individual bi-beam, (B) unit cell in buckling “out” configuration, (C) unit cell
in buckling “in” configuration with a 2 mm gap, and (D) unit cell in buckling “in” configuration with a 10
mm gap.
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4.3 Results

4.3.1 Material characterisation

Mean Poisson’s ratio were all ~0.4 (Table 4.3 & Fig. 4.8). Tensile moduli was up to 3.9

times greater than stated on the respective TDS (Table 4.3) [366,368]. For Flex

Medium and TPU 95A, compressive modulus did not change depending on the

direction relative to layer orientation. For MD Flex and NinjaFlex, lower compression

moduli were found when compressed perpendicular to layer orientation (Table 4.3).

Table 4.3: Poisson's Ratio, Tensile Modulus, deviation from TDS [366—369], and directional sensitivity

for all four TPU materials obtained from quasi-static testing.

Material Vax E. - Tensile E./Etps E./Ex
[MPa]

Flex Medium 0.38 £ 0.01 147.2+14.3 37 0.99
MD Flex 0.37 £ 0.01 130.9+6.3 0.9 0.89
TPU 95A 0.40 £ 0.01 101.2+6.8 3.9 1.0
NinjaFlex 0.36 £ 0.02 244 +89 2.0 0.78
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Fig. 4.8: Lateral vs. axial strain during tensile tests with plotted linear trendline and respective equation

obtained from DIC for (A) Flex Medium, (B) MD Flex, (C) TPU 95A, and (D) NinjaFlex.
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Increased strain rates showed all four TPUs to be rate dependant. For both, tensile
(Fig. 4.9) and compression tests (Fig. 4.10), stiffness increased with increasing strain
rate. During stress relaxation tests, shear modulus decayed over time. After 600 s
holding time, measured forces decreased to ~75% of the initial magnitude for all four

characterised materials (Fig. 4.11).
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Fig. 4.9: Tensile stress vs. strain data at four different strain rates for (A) Flex Medium, (B) MD Flex, (C)
TPU 95A, and (D) NinjaFlex (note y-axis variation to ensure all data was visible).
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Fig. 4.10: Compression stress vs. strain data at six different strain rates for (A) Flex Medium, (B) MD
Flex, (C) TPU 95A, and (D) NinjaFlex (note y-axis variation to ensure all data was visible).
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Fig. 4.11: Stress relaxation shear modulus vs. time curve with a holding time of 600 s for (A) Flex
Medium, (B) MD Flex, (C) TPU 95A, and (D) NinjaFlex.

4.3.2 Experimental compression of bi-beams

In 4 out of the 60 tests carried out, one of the bi-beams did not buckle in the predicted
direction. The data from these tests is not included in the results below, but indicates
there is some potential uncertainty in the system. With increasing strain rate, the mean
peak force increased in most cases (Table 4.4). Mean peak forces increased by up to
48% when comparing the lowest to the highest compression rate. For an individual bi-
beam in uniaxial compression, mean peak forces increased (34%) from a 0.83 s to
an 8.3 s strain rate, but not from an 8.3 s to an 83.3 s strain rate. The standard
deviation from the mean peak forces was above ~20% for 8.3 s*! strain rate tests (Table
4.4). Buckling “in” with a larger gap (10 mm) between the beams, preventing a “pushing

away” and subsequent change in on bi-beams buckling direction, increased mean

peak forces 2 to 3-fold compared to the buckling out scenario (Table 4.4).
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Peak forces were measured between 0.03 and 0.04 compressive strain (1 — 1.5 mm
compressive displacement). The buckling deformation of the bi-beam takes place after
reaching the peak force, from which point the force constantly decreases. At the
maximum compression of 0.15 strain (5.76 mm), force is at a level of about two thirds

of the maximum value (Fig. 4.12 & Appendix 3 for all sample results).

Table 4.4: Mean (+ SD) peak force [N] for all four test configurations at three strain rates.

0.83s"! 8.3s" 83.3 s
(0.53 mm/s) (5.3 mm/s) (53 mm/s)
Individual 30.64 (£ 2.82) 41.06 (+ 9.18) 41.06 ( 4.93)
Out 65.12 (+ 4.36) 73.5 (£ 6.21) 96.54 (+ 6.04)
In—2 mm gap 106.52 (+ 13.96) 125.45 (+ 19.3) 119.38 (= 10.12)
In — 10 mm gap 167.4 (£ 4.71) 204.28 (+ 20.38) 247 .4 (+ 31.83)

During uniaxial compression of a unit cell, when both bi-beams buckled out, mean peak
forces increased (12.8% and 31.3% respectively) with increasing compression rate
(Table 4.4). Peak forces were measured between 0.05 and 0.065 compressive strain
(2 — 2.5 mm). At maximum compression, measured force dropped to ~60% of the

obtained maximum value (Fig. 4.13 & Appendix 3).
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Fig. 4.12: Uniaxial compression test of representative individual bi-beam (dark: NinjaFlex, light: TPU
95A) in (A) maximal (0.15 engineering strain) compression and (B) Force [N] vs. displacement [mm]
traces for all three strain rates.
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Fig. 4.13: Uniaxial compression test of a representative bi-beam unit cell buckling “out” in (A) maximal
(0.15 engineering strain) compression and (B) Force [N] vs. displacement [mm] traces for all four strain
rates.

During uniaxial compression of a unit cell, when bi-beams were positioned 2 mm apart
and both bi-beams buckled “in”, mean peak forces increased from 0.83 s' to 8.3 s
strain rate (17.8%) but not from 8.3 s to 83 s (- 4.8%) (Table 4.4). After an initial

buckling towards each other and making contact, one bi-beam would push the other
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one back to change its initial buckling direction, resulting in both beams buckling into
the same direction. Maximum forces varied more than during the buckling out scenario
as the interaction between bi-beams affects the deformation. Peak forces,
corresponding to maximum compressive strength, were measured between 0.04 and
0.065 compressive strain (1.5 - 2 mm). At maximum compression, measured forces

dropped to ~30 — 40% of measured maximum values (Fig. 4.14 & Appendix 3).

During uniaxial compression of a bi-beam unit cell, when bi-beams were positioned at
10 mm distance and both bi-beams buckled “in”, the highest peak forces were
measured and mean peak forces increased (22% and 21.1% respectively) with
increasing strain rate (Table 4.4). The shape of the force vs. displacement trace differs
from the other configurations. Rather than declining after the initial peak (0.05 — 0.065
strain), the force increases again to a second, higher peak around 0.1 to 0.12
compressive strain (4 — 4.5 mm), due to the bi-beams restricting each other’s buckling

deformation. The higher the compression rate, the less pronounced the transition area

after the initial peak (Fig. 4.15 & Appendix 3).
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Fig. 4.14: Uniaxial compression test of a representative bi-beam unit cell buckling “in” with the bi-beams
positioned at a distance of 2 mm from each other in (A) maximal (0.15 engineering strain) compression
and (B) Force [N] vs. displacement [mm] traces for all four strain rates.
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Fig. 4.15: Uniaxial compression test of a representative bi-beam unit cell buckling “in” with the bi-beams
positioned at a distance of 10 mm from each other in (A) maximal (0.15 engineering strain) compression
and (B) Force [N] vs. displacement [mm] traces for all four strain rates.

Comparing the three compression scenarios for the bi-beam unit cell with each other,
the two desired compression scenarios — buckling “out” and buckling “in” with a 10 mm
gap — occurred consistently and predictably at all strain rates (Fig. 4.16). Bi-beams

buckling against each other, restricting each other’s deformation, increased the
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compressive strength of a unit cell. Maximum forces were 157%, 178%, and 156%

higher for 0.83, 8.3, and 83 s™' strain rate, respectively (Table 4.4 & Fig. 4.16).
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Fig. 4.16: Force vs. Displacement trace for buckling conditions of the bi-beam unit cell at (A) 0.83 s
and (B) 83 s compression rates.

4.4 Discussion

Obtained material data allows for modelling of all four TPU materials in numerical
simulations. The properties can also be used by other researchers without the need to
do a separate characterisation. However, as material properties of additively
manufactured materials always depend on the printer settings [363], the same settings
as described in section 4.2.1.1 must be used when using provided material
parameters. Consistency in prints and availability of parameters for simulations can

facilitate developments in sports equipment and other fields.

Poisson’s Ratio of NinjaFlex (0.36) was below the value of 0.45 measured previously
[364]. Directional sensitivity was observed for two (MD Flex and NinjaFlex) of the four
TPUs (Table 4.3). The obtained material data are suitable for obtaining coefficients for
non-linear hyperelastic material models via a curve fitting procedure. Similarly, the

stress relaxation data can be used to obtain coefficients to model viscoelastic material
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behaviour. Material properties (Table 4.3) and model coefficients allow for a realistic

representation of materials in numerical simulations, described in chapter 5.

The buckling direction of bi-beams during uniaxial compression was consistently
predictable. Despite sources of variation on bi-beam properties, such as the 3D
printing, the bonding, and the manual loading into the test machine, beams buckled
the intended way 95% of the time. Hence, a sufficient number of bi-beams would be
required in a cellular structure to ensure incorrect buckling would not notably increase
injury risk. The two buckling scenarios required for the intended switch in uniaxial
compressive strength were achieved by both bi-beams buckling “out” and by both bi-

beams buckling “in” with a larger (10 mm) gap between them.

As expected, mean peak forces of the unit cell buckling out were about double the
mean peak forces of an individual beam. Peak forces occurred at higher strains for unit
cell compression which is likely due to the bi-beams buckling at different times. For the
buckling “in” with the smaller (2 mm) gap, the buckling direction after the initial contact
of both bi-beams was not predictable. The interaction between the two bi-beams also

introduced higher variations in measurements.

Increasing compression rate increased mean peak forces by ~10 — 30% due to the
rate dependence of both TPUs. The tested compression rates were below
compression rates expected in a real-world impact. However, the tested range
provides insights on the effect of compression rate. A switch in buckling behaviour
increased mean peak forces by ~155 — 180%. The higher the compression rate, the
smoother the transition between the first and the second peak of the buckling “in” force
vs. displacement trace was. This drastic increase in compressive strength of one unit

cell, based on buckling behaviour and rate-dependence, suggests that a similar effect
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is possible for a cellular sheet structure consisting of multiple unit cells. Expanding to
a cellular structure and tailoring the buckling direction threshold, determined by strain
rate, may create a mechanical metamaterial sheet layer with large potential in impact

applications, such as ice hockey helmets.

Further work could explore alternative interfaces between bi-beams and sandwich
plates and friction effects between bi-beams. Further, a strain rate-dependent switch
in buckling direction as described in chapter 2.4.5 and section 4.1 would provide further

insights into the structures feasibility in impact applications.

4.5 Conclusion

Consistent buckling in the predicted direction and no observable signs of damage or
material failure to test samples suggests that the fabricated bi-beams are suitable for
subsequent testing. Depending on the contact situation of a unit cell, a clear difference
in the compressive response (i.e., increased compressive strength and no drop in force
after initial buckling) can be observed. Due to the controlled stiffness of samples (i.e.,
eliminating strain-rate dependent switch in buckling direction), a rigorous
demonstration of the effect of contact situation in a unit cell on compressive strength
was achieved. Two different responses to compressive deformation from two identical
structures suggests potential for bi-beam cellular structures for use in applications

where a wide range of different impact events is expected, such as sports helmets.

4.6 Chapter summary

This chapter detailed the concept of bi-beams, tailorable buckling behaviour depending
on compression rate, and an associated switch in order of stiffness depending on the
resulting contact situation. This effect can be used in a unit cell to create different

contact situations during compression which result in an increase in compressive
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strength. This effect could be used in impact applications, such as ice hockey helmets,

where a wide range of different impacts are common.

Optimal print settings for four different 3D printable TPU materials were determined.
Subsequently, a material characterisation was carried out. Results informed decisions
on bi-beam sample materials and fabrication parameters. Further, obtained material
parameters are suitable to create hyperelastic material models to be used in numerical

simulations.

Bi-beams and unit cells were compressed axially at different compression rates.
Buckling deformation and the effect of different contact situations within unit cells were
assessed to further develop the bi-beam structures into a cellular structure.
Predictability in buckling direction towards the side of higher instantaneous stiffness

and an abrupt increase in compressive strength were shown.

Findings of this chapter suggest potential for bi-beam structures to be further
developed into a cellular mechanical metamaterial with an adaptable compressive
response that can be fitted into a helmet or similar impact protection application. The
shown abrupt switch in compression behaviour may facilitate increased protection
throughout a wider range of impacts or increased protection during impact events
where helmet protection is currently limited, without compromising protection during

impacts where helmets already work well.
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5. Chapter — Modelling of bi-beams

5.1 Introduction

The experimental results described in chapter 4 highlighted the potential of bi-beam
structures for an adaptive response to impacts. Gaining further insights on bi-beam
behaviour during compression, via fabrication and experimental testing of a large
number of bi-beams, would require time and material expenditure. Predictive models
of bi-beam deformation and stiffness, depending on constituent materials and design
choices, could provide an efficient method to develop bi-beams for expected impact
scenarios. In this chapter, insights gained from chapter 4 were utilised to develop

predictive models of bi-beam compression.

Firstly, deriving an analytical model, using material properties (chapter 4.3) and bi-
beam geometries, could provide an efficient way to estimate bi-beam behaviour and
inform design choices. The ability to estimate forces and deformations with the
developed model could save time and material cost compared to experimental testing,
and does not require specialist software and computation time such as a numerical
model. Secondly, a numerical model using FE analysis could facilitate the testing of
scenarios and designs computationally. All required material parameters to create
material models, representative of TPU materials, were obtained in chapter 4.3.
Experimental testing results, described in chapter 4.4, provide a dataset that can be

used to validate FE models.
The objectives were to:

e Derive an analytical model to predict critical loads and buckling deformation.
e Create material models for bi-beam constituent materials to be used in FE

simulations.
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¢ FE simulation of bi-beam compression scenarios
e Validate obtained results from models against results from chapter 4
e Assess the potential of created models to simulate and inform the development

of bi-beam structures.

5.2 Methods

5.2.1 Analytical model

The critical load at which a bi-beam (slenderness ratio = 33.3), compressed axially,

would buckle was calculated using Euler’s critical load formula [362].

_ nZxmAXEXI

P. = 5.1
= (5.1)

Where E = 63.3 MPa (mean of Exr and Eteu (chapter 4.3.3, Table 4.3) for simplicity of
the presented model), beam length Lo = 38.4 mm, and end condition n = 1.2. The end
condition was approximated to represent a pinned condition and account for the initially
restricting effect of the slot configuration during the pivoting of the bi-beams’ ends. The

bi-beam moment of inertia was calculated using:

wxt3
12

I, = (5.2)

where width wbeam = 6.72 mm and thickness tbeam = 4.8 mm. Change in length at critical

load Pcr was calculated using Hooke’s law equation:

__ Pcyxhy

Ah id (5.3)
where the bi-beam cross-sectional area is:
A = Wypeam * theam (5.4)
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For the calculation of bi-beam deflection during buckling, it is assumed that the buckled
shape can be approximated as a circular section. Firstly, half of the central angle ¢ is

approximated numerically using the Newton-Raphson method [372]:

f(on
Pn41 = Pp + f’(((:’n)) (5.5)
where:
. he
f (@) =sin(g) — nF P = 0 (5.6)
' h¢
f'(¢) = cos(p) — e (5.7)

And the cord length hc, representing the distance between the endpoints of the beam.
h. = hy — Ah (5.8)

Based on the assumed circular segment representing the shape of the buckled bi-

beam, the radius was calculated using:

he

r= 2+sin(¢) (5:9)

The sagitta of the circular segment, representing the lateral deflection of the neutral

axis of the bi-beams was calculated using:

d=rx*(1—cos(p)) (5.10)

Angle @, radius r, and lateral deflection d were calculated for 13 increments of 1 mm
axial compression to estimate bi-beam deformation during buckling. Calculated values
were compared to values obtained from video analysis of the experimental

compression tests, described in chapter 4.
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5.2.2 Numerical model

Bi-beams and plate geometries with the same dimensions as samples used in the
experimental testing (chapter 4.4), were created in Creo Parametric (V 9.0.0.0). Ansys
Mechanical (via. Workbench, 2020 R2) was used for all further steps of the numerical
simulations. Three scenarios (Individual beam, unit cell buckling “out”, and unit cell
buckling “in” with a 10 mm gap) of 5.76 mm uniaxial compression (0.15 engineering
strain) over 0.109 s (0.83 s), 1.09 s (8.3 s), and 10.9 s (83 s), similar to
experimental testing (chapter 4), were simulated. Simulated compression rates were
chosen to be similar to compression rates during experimental testing to allow for
validation of the numerical model. A static structural solver was set to 200 iterative sub-
steps for all simulations. Based on a mesh convergence study, 6 hexahedral elements
were seeded through the width of the bi-beams, resulting in 800 elements and 5242
nodes in the meshed model for the individual beam with plates (Fig. 5.1 (A)), and 1600

elements and 3036 nodes for the unit cell with plates (Fig. 5.1 (B)).

Material models for TPU 95A and NinjaFlex, the same materials used for experimental
testing, were developed and applied to each side of the simulated bi-beams. Density
(p), obtained from the materials technical datasheets [368,369], and v, obtained from
quasi-static material tests (chapter 4.3), were put in the material model. Multiple
material models were trialled, including Linear-elastic, Neo-Hookean, Mooney-Rivlin 5
parameter, and Ogden. A linear-elastic model (Table 5.1) gave the most realistic
representation of stiffness at low strain rates, considered most important for buckling

behaviour, while keeping computation times manageable.
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Fig. 5.1: Meshed geometries for (A) individual beam and (B) unit cell FEA simulations.

Additionally, each material’s stress relaxation data was curve fitted to a 6-term Prony
series to describe the materials’ full viscoelastic response (Fig. 5.2 (C) & (D) & Table
5.2). To ensure the plates had much higher stiffness than the beams and would not

deform during simulations, properties of structural steel were assigned.
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Fig. 5.2: Curve fit for stress relaxation data for (A) TPU 95A and (B) NinjaFlex. A linear scale time axis
was chosen to visualise the curve fitted to relaxation data.
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Table 5.1: Linear elastic material parameters used in FEA simulations.

Material TPU 95A NinjaFlex
Young’s Modulus [MPa] 101.2 24 .4
Poisson’s ratio v 0.40 0.36

Contact information for all structures was assigned. Individual sides of the bi-beams
and all contacts between plates and beams were assigned bonded, to ensure reliable
convergence of the model. For the unit cell buckling “in” configuration, contact between
the bi-beams was assigned frictional with a friction coefficient of 0.5. Additionally, a

pinball radius of 0.2 mm was specified for the touching surfaces of the bi-beams.

Table 5.2: Parameters of the 6-term Prony series for both material models.

TPU 95A NinjaFlex
Relative Moduli Relaxation Time [s] Relative Moduli Relaxation Time [s]
1 0.03263 347.95 0.10876 3.82
2 0.05213 25.82 0.10817 3.82
3 0.05207 26.10 0.10886 3.82
4 0.05207 25.82 0.10037 3.86
5 0.60623 0.60 0.09322 32.10
6 0.05212 25.82 0.09451 108.30

5.3 Results

5.3.1 Analytical model

Predicted Euler’s critical buckling load was 31.5 N. Predicted cord length hc, central
angle @, radius, and lateral deflection of the neutral axis are shown in Table 5.3 and
illustrated in Fig. 5.3. Based on the predicted lateral deflection when a unit cell buckles
‘in”, contact between bi-beams occurs between 0.6 mm and 1.6 mm axial

compression. Compared to results from chapter 4, predicted contact occurs at lower

compression than what was obtained experimentally.
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Comparing lateral deflections predicted by the analytical model to lateral deflections
obtained from video analysis (Table 5.4 & Fig. 5.4) shows good agreement between
the model and experimental results. However, lateral deflections are slightly

overestimated at small compressions and slightly underestimated at higher strains.

Table 5.3: Cord length hc [mm], half the central angle ¢ [°], radius [mm], and maximum lateral deflection
of the bi-beam neutral axis [mm] as predicted by the analytical model.

hc [mm] o [°] Radius [mm] Lat. Deflection [mm]
37.8 17.5 63.0 3.0
36.8 28.8 38.3 4.7
35.8 36.8 29.9 6.0
34.8 43.6 25.3 7.0
33.8 49.5 22.2 7.8
32.8 54.8 20.1 8.5
31.8 59.8 18.4 9.1
30.8 64.4 17.1 9.7
29.8 68.8 16.0 10.2
28.8 73.1 15.1 10.7
27.8 77.1 14.3 11.1
26.8 81.1 13.6 11.5
25.8 84.9 13.0 11.8

Table 5.4: Modelled and measured maximum lateral deflection [mm] for compressive displacement of
0.6 mm to 5.6 mm.

hc [mm] Deflection (model) [mm] Deflection (measured) [mm]
37.8 3.0 1.3
36.8 4.7 3.6
35.8 6.0 6.7
34.8 7.0 8.3
33.8 7.8 9.1
32.8 8.5 9.9
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Fig. 5.3: Predicted beam shape based on analytically predicted values.
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Fig. 5.4: Lateral deflection [mm] vs. compressive displacement [mm] of bi-beams during uniaxial
compression obtained from the analytical model and from DIC of test video footage.
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5.3.1 Numerical model

Simulations of individual bi-beams show a stark increase in forces up to an axial
compression of 1.3 mm (~0.3 engineering strain), which is where the beam started
buckling. Exceeding 1.3 mm compression, the force levels of the buckling beam started
plateauing until the maximum compression of 5.76 mm (0.15 engineering strain) was
reached (Fig. 5.5 & Fig. 5.6). Maximum forces were increased by 22 - 35% in no-
contact scenarios and increased by 43 — 64% for buckling “in” scenarios. Work was
increased by 32 —43% in no-contact scenarios and increased by 37 — 52% for buckling
‘in” scenarios (Table 5.5). Maximum forces were similar to the maximum forces
measured during the experimental compression testing (Section 4.4.3, Table 4.4).
Despite bi-beams bonded to the compression plates in simulations, a similar buckling

mode as during the experimental testing was obtained (Fig. 5.5) due to the 1.2 mm

cut-outs at both ends of a bi-beam.

(A) (B)

Fig. 5.5: Simulated deformation of an individual bi-beam compressed axially to an engineering strain of
0.15 (5.76 mm) (A) before compression and (B) at maximum strain.
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Fig. 5.6: Force [N] vs. displacement [mm] traces for numerical simulations of an individual bi-beam
compressed axially to an engineering strain of 0.15 (5.76 mm) at 0.83 s1, 8.3 s1, and 83 s

Table 5.5: Maximum force [N] and work done [mJ] for all scenarios simulating 5.76 mm axial
compression.

Strain rate Maximum force Work

[N] [mJ]

0.83 s 28.47 137.2

83 s! 38.56 196.9

0.83 s 56.93 274.5

Unit cell - Out 8.3s" 69.55 363.5
83 s! 77.11 393.8

0.83 s 180.18 498.5

Unit cell - In 8.3s 258.58 685.3
83 s! 295.28 759.8

Simulations of bi-beam unit cells (Fig. 5.7) show rate dependence (i.e., lower strain
rate results in lower forces), similar to the individual bi-beam simulations. As there was
no interaction between bi-beams of a unit cell when bi-beams buckled “out” (Fig. 5.7
(B)), simulated forces and deformations of one bi-beam are identical to the individual

bi-beam simulations. Maximum forces were similar to the maximum forces obtained
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during experimental testing (Fig. 5.8, Fig. 5.9 (A) & Table 5.5), however, the observed
drop in forces after buckling during experimental testing is not seen in the simulated

results (Fig. 5.9 (A)).

(A) (B) (€)
Fig. 5.7: Simulated deformation of a bi-beam unit cell compressed axially to an engineering strain of

When bi-beams buckled “in” (Fig. 5.7 (C)), axial forces started increasing further when
contact was made between the bi-beams (Fig. 5.8) around 2.75 mm compression (0.07
engineering strain). At maximum compression of 5.76 mm (0.15 engineering strain),
the force vs. displacement trace did not yet reach a peak, in contrast to experimental
results where forces decreased after reaching a second peak (Fig. 5.9 (B)). After initial
contact, the deformation of bi-beams was symmetrical (Fig. 5.7 (C)) and did not result

in deformations seen in experimental testing.
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Fig. 5.8: Force [N] vs. displacement [mm] traces from numerical simulations of bi-beam unit cells

0.15 (5.76 mm) at 0.83 s'1, 8.3 s1, and 83 s°1.
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Fig. 5.9: Force [N] vs. displacement [mm] traces from numerical simulations (dashed line) and
experimental testing (solid line) (A) buckling “out” and (B) buckling “in” during axial compression to an
engineering strain of 0.15 (5.76 mm) at 0.83 s, 8.3 s'1, and 83 s1.
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5.3 Discussion

Estimating the behaviour of a bi-beam structure prior to experimental testing can inform
design choices depending on the expected impact scenarios. Calculated Euler’s critical
load gave a realistic force level for buckling (Difference of 0.9 N (2.8%) and 3 N (10.5%)
when compared to experimental and numerical results, respectively). It can provide an
estimate for maximum stiffness of a bi-beam as forces decrease once the bi-beam is
buckling. Further, it provides an understanding of the forces required to initiate buckling
deformation. However, due to the slenderness ratio of the bi-beam, the use of the
Rankine-Gordon formula should be considered. Predicting the lateral deflection allows
to estimate at what compressive displacement the bi-beams in a unit cell buckling “in”
make contact, leading to a further increase in stiffness. The gap between bi-beams in
a unit cell is determining the point of compression at which stiffness is abruptly

increased. Hence, estimating the compression at which bi-beams make contact can

aid the design and development process.

Characteristics, such as compressive displacement at peak force and curve shape, of
force vs. displacement traces of the numerical simulations of all three loading
conditions are similar in shape to the ones obtained from experimental testing (chapter
4.4, Fig. 5.9). Obtained forces are similar to the forces obtained from experimental

uniaxial compression tests.

The linear elastic material models were based on the results of the material
characterisation described in chapter 4.3. Various material models, meshes, solvers,
and numbers of iteration steps have been trialled. A linear elastic model was chosen
because it achieved a good fit with the experimental results, while hyperelastic material

models underestimated stiffness at low strains by a factor of 2 — 3. Bonding the bi-
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beams to the compression plates was required to ensure consistent convergence of
the numerical model. Restricting the bi-beams from pivoting, as seen during
experimental testing, could have an influence on obtained results. When unit cells were
designed to buckle “in” and compress towards each other, contacts and deformations
were symmetrical between the two bi-beams. Contact between bi-beams during
experimental testing resulted in each bi-beam buckling in two points and a folding-like,
large contact area situation. Further work on a numerical model could include solutions

to simulate this kind of deformation.

5.4 Conclusion

An analytical model to predict bi-beam behaviour during compression can be used to
inform design choices for bi-beam metamaterial structures, while requiring no material
expenses or computational time. Further, this chapter demonstrates the potential for
numerical analysis to further understanding and predict the behaviour of the bi-beam

metamaterial structure.

5.5 Chapter summary

This chapter utilised insights gained from chapter 4 to model uniaxial compression
tests of bi-beams and unit cells. Firstly, an analytical model to calculate critical buckling
load and lateral deflection during compression was derived and compared to
experimental results. Secondly, numerical models were created and compared to

experimental results.

The analytical model, described above, estimates Euler's critical buckling load and
lateral deflection of bi-beams during buckling. These parameters can be used to inform

design choices, such as constituent material stiffness and the gap between two bi-
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beams, before conducting more time-consuming mechanical testing or numerical

simulations.

Created FE models, detailed in this chapter, produced force vs. displacement traces
and axial forces similar to the ones obtained from experimental testing. Presented
models can be used for further assessing and developing bi-beam structures, and to

trial different designs and material properties.
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6. Chapter — Bi-beam cellular structure for impact
applications

6.1 Introduction

Chapters 4 and 5 highlighted an abrupt switch in stiffness, based on bi-beam buckling
direction and resulting contact situation, within a unit cell. This response to axial
compression suggests potential of bi-beam structures to create an adaptable response
to impact events and be further developed into a cellular mechanical metamaterial
structure for impact protection. Insights on bi-beam structures, gained from
experimental testing and modelling, can be used to inform design decisions such as
the dimensions, constituent material stiffness, and the gap between bi-beams. A
cellular sheet structure, as would be required for impact applications, can be
constructed by multiple unit cells, orientated to each other. There are some
uncertainties around buckling behaviour of multiple unit cells within one structure, as
post-buckling effects are often a-periodic and assumptions from a single unit cell
cannot be applied to a whole sheet structure. This section describes compression tests

of cellular structures of bi-beams.

All testing of bi-beams described previously (chapter 4.4) was carried out using an
Instron universal testing machine (Electropuls E3000, 5kN load cell). While allowing
for consistently repeatable test conditions, this also restricted displacement speeds to
machine limits. Further, out-of-plane motion was not possible. To assess the potential
of bi-beam cellular structures to be used in impact protection, insights on compressive
behaviour during strain rates representative of impacts are required. This section

details how multiple unit cells, orientated to each other to form a cellular sheet
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structure, were impacted at various speeds (and energies) ranging up to strain rates

representative of impact scenarios.

A controllable buckling reaction is required for the material to be efficient in impact
applications. Bi-beam buckling direction, in some test conditions, was inconsistent and
not predictable. Various factors such as glueing bi-beam samples to plates, increased
strain rates, and shelf life of filaments and adhesives could have had an influence on
the impact response of the bi-beams. An investigation, similar to the testing described
in chapter 4.4, could provide insights into potentially influencing factors of inconsistent

buckling behaviour.
The objectives of this chapter were to:

e Assess compression behaviour of cellular structures compared to unit cells.

e Test cellular structures at compression rates representative of impact scenarios
and without restricting out-of-plane deformations.

¢ Investigate the influence of bi-beam and study design choices on the buckling

direction during compression.

6.2 Methods

6.2.1 Uniaxial compression of bi-beam cellular structures

Two different configurations (Fig. 6.1 (A)) of multiple bi-beam unit cells (4) were tested
in uniaxial compression. 3D-printed sandwich plates with slots for the bi-beams in
different locations, made from tPLA, were clamped to the Instron machine’s
compression plates (Fig. 6.1 (B)). No new bi-beams were produced for this testing and

the bi-beams used were previously tested in chapter 4.4.
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Configurations of the cellular structure testing were either all bi-beams buckling “out”,
for a compliant response during compression, or all bi-beams buckling “in” with a 10
mm gap, for a high-stiffness response during compression. Bi-beam structures were
compressed to 0.15 engineering strain (5.76 mm displacement) at strain rates of 0.83
and 83 s (0.53 and 53 mm/s), similar to the experimental testing of individual unit

cells.

(A) I

-
0 0= 00
00 00
0000 -
= S !

Fig. 6.1: (A) Bi-beam unit cell configurations (config. 1 - black, config. 2 - blue) on the sandwich plate
and (B) configuration 2, buckling “in”, loaded into the Instron test machine.

6.2.2 Impact tests of cellular structures

Cellular sheet structures consisting of 4 bi-beam unit cells (Fig. 6.2 (B)), similar to
configuration 2 (Fig. 6.1 (A)) were fabricated for impact tests. Bi-beams were glued to
additively manufactured sandwich plates (tPLA, thickness 2 mm) using a silicone
adhesive (Sil-Poxy™, Smooth-On, Inc.) and arranged for buckling “in” and “out”
scenarios, respectively. The top plate of the sheet structure was attached to an
impactor mass of 2136 g and dropped onto a force plate (Kistler Type 9257BA) (Fig.

6.2 (A)) measuring force in vertical direction at 20,000 Hz. Informed by the results from

section 4.4, drop heights were 20, 40, and 60 cm resulting in impact velocities of 1.98,
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2.8, and 3.43 m/s and impact energies of 4.27, 8.55, and 12.82 J, respectively. Each
impact scenario was repeated 5 times resulting in 30 impacts using a total of 240 newly
manufactured bi-beams. A high-speed camera (Phantom Miro R311, Vision Research
Ltd., Bedford, UK) filming at 2,000 fps was set up at a distance of 60 cm from the
impacted sample. Vertical force [N] and time [s] were obtained from force plate data.
Compressive displacement [mm] of the top plate was obtained using digital image

correlation (GOM Correlate, 2019 Hotfix 7, Rev. 128764, Build 2020-06-18).

Fig. 6.2: (A) Drop test setup and (B) cellular structure in buckling "Out" configuration.

6.2.3 Validation of bi-beam buckling direction

Ten bi-beams that were previously buckled during the impact testing described in
section 6.2 were chosen for additional compression testing. Selected bi-beams were
axially compressed between plates clamped into an Instron universal testing machine
(Electropuls E3000, 5kN load cell) to an engineering strain of 0.15 (5.76 mm), similar
to testing in section 4.4. Compression rates of 0.83 s, 8.3 s!, and 83 s (0.53, 5.3,
and 53 mm/s) were tested and bi-beam orientation was switched after each test,

resulting in 6 trials for each sample. 60 axial compression tests were carried out in
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total, and the order of test parameters was randomised for each bi-beam. A camera
(Phantom Miro R311, Vision Research Ltd., UK; resolution 1280 x 800 pixels; lens,
Nikon AF Nikkor 24 — 85 mm) was set up at 500 mm from compressed bi-beams.
Buckling direction during all trials was recorded and force vs. displacement data was

obtained from the Instron machine.

6.3 Results

6.3.1 Uniaxial compression of bi-beam cellular structure

Uniaxial compression of a sheet structure, consisting of four bi-beam unit cells, did
result in a similar switch in material stiffness as observed for an individual unit cell (Fig.
6.3). All bi-beams buckled in the predicted direction for all four test scenarios (Fig. 6.4).
When buckling “out”, forces at 0.15 engineering strain were reduced to 40 to 50% of
the peak force (Table 6.1 & Fig. 6.3). When buckling “in”, a second increase can be
seen in the force vs. displacement trace (Fig. 6.3) and peak forces are increased by
68 to 125% (Table 6.1). Increasing compression rate increased compressive stiffness
and, hence, measured forces by 30 to 70%. Similar to the individual unit cell, the
transition to the second increase in force when bi-beams buckled “in” was less
pronounced at a higher compression rate (Fig. 6.3). No consistent difference between

peak forces was found between the two tested unit cell configurations and differences

in peak forces were below 9% for all four test scenarios (Table 6.1).

Table 6.1: Peak force [N] for both unit cell configurations and buckling conditions for 0.83 st and 83 s?
compression rates.

0.83s"" 83 s

(0.53 mm/s) (53 mm/s)
Config. 1 — Out 477.7 559.4
Config. 1 —1In 801.3 1244.9
Config. 2 — Out 441.3 600.4
Config. 2 - In 787.3 1349.3
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Fig. 6.3: Force [N] vs. displacement [mm] traces for both unit cell configurations and buckling conditions
for (A) 0.83 st and (B) 83 st compression rates.

Fig. 6.4: (A, C & E) Configuration 1 and (B, D & F) configuration 2 sheet structures consisting of four
bi-beam unit cells while (A & B) uncompressed, (C & D) at 0.15 compressive strain while buckling “out”
and (E & F) at 0.15 compressive strain while buckling “in”.
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6.3.2 Impact tests of cellular structures

Resulting contact situations for individual unit cells were as predicted in only 30% of
scenarios for 20 cm, 37.5% for 40 cm, and 10% for 60 cm. With increasing drop height
and respective impact energy, the direction of buckling became more consistent,

however, in the opposite direction as predicted (towards NinjaFlex beam).

During these impacts, the contact situation in each unit cell appears random. So, the
post buckling response is described based on the number of contacting unit cells (Fig.
6.5). The shape of force vs. time traces changes depending on the number of
contacting unit cells. No-contact scenarios (Fig. 6.5 (B)) show an initial peak, followed
by a 10-15 ms period of increased forces, resulting in 20 — 25 ms impact durations
(Fig. 6.6 & Appendix 4). Unit cells contacting during impact (Fig. 6.5 (C) & (D)) causes
a second increase in forces after the initial peak (Fig. 6.6 & Appendix 4). Maximum
forces, compressive displacement, and impact durations increased with an increasing
drop height of the impactor. Maximum forces increased while compressive
displacement and impact duration decreased with an increasing number of contacting

unit cells (Fig. 6.6, Table 6.2 & Appendix 4).

Fig. 6.5: Structures consisting of four unit cells during impact (A) uncompressed and in maximum
compression for (B) all four unit cells buckling “out”, (C) both contact situations, and (D) all four unit cells
buckling “in”.
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Table 6.2: Maximum force, maximum displacement, and impact duration for all three drop heights and

grouped based on the amount of contacting unit cells during impact.

Max. Force Max. Displacement Impact duration
[N] [mm] [ms]
<2 1830.8 (£ 76.1) 44 (x04) 10.3 (£ 0.8)
20 cm >2 1822.5 (+ 49.9) 4.0(x0.2) 8.9 (£ 0.5)
<2 2167.9 (£ 138.9) 9.8 (x1.4) 21.3 (x4.1)
40 cm >2 2202.3 (£ 330.7) 8.0 (x 2.6) 12.8 (+ 3.8)
60 cm <2 2261.2 (£ 83.0) 20.13 (£ 2.2) 28.4 (£ 0.8)
>2 2721.2 (£ 738.2) 7.9 (£ 0.6) 13.0 (x 1.4)
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Fig. 6.6: Force [N] vs. time [ms] traces for impacts onto cellular structures consisting of four bi-beam
unit cells from a drop height of (A) 20 cm, (B) 40 cm, and (C) 60 cm. Line colour represents the number

of unit cells making contact during compression.
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6.3.3 Validation of bi-beam buckling direction

Bi-beams buckled towards the TPU 95A beam in 58 out of 60 tests (~ 97%). The two
occasions of buckling towards the NinjaFlex beam were for the same bi-beam,
compressed at a strain rate of 83 s (53 mm/s) at both orientations. Initial deformation
during compression is shown in Fig. 6.7 for the individual beam compressed by the
Instron machine (Fig. 6.7 (A — C)) and during impact tests (Fig. 6.7 (D — F)).
Compression rate had a similar effect on the force vs. displacement curve as described
in chapter 4.4.3. Force vs. displacement traces were similar in magnitude and shape

to the results shown in chapter 4.4.3 (Appendix 5).

Fig. 6.7: Stills of initial deformation during compression of (A - C) individual bi-beam, compressed using
the Instron test machine, and (D - E) a bi-beam cellular structure during impact tests.

6.4 Discussion

After reaching the critical buckling load, the buckling direction of bi-beams was as
predicted during all uniaxial compression tests. However, the beams were buckled in
previous testing (chapter 4.4) which could have affected subsequent buckling.

Changes in stiffness due to strain rate that were observable in the compression test
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data of individual bi-beams can also be seen in the compression test data of bi-beam
cellular structures (i.e. increasing stiffness with changing buckling behaviour and
increasing compression rate). The configuration of bi-beam unit cells did not make a
notable difference in compression behaviour, suggesting that increasing the number of
unit cells and various configurations are feasible. However, only one compression test
for each of the two configurations and strain rates was carried out and results should

be considered cautiously.

During impact testing the buckling direction of bi-beams was not predictable. Some
changes were required to the experimental set up, to facilitate the impact testing, (i.e.,
glueing bi-beams to plates). While Bi-beams could still pivot in place for similar
deformation, these changes introduced an influence on buckling direction that may
have been larger than the difference in material stiffness. Consequently, the described
test setup is not feasible to ensure desired buckling directions in impact applications
and further design work is required. This inconsistency in buckling direction was
unexpected since Janbaz et al. [44] achieved reliable buckling despite material
imperfections and out-of-plane compression, and testing described in chapter 4.4 and

chapter 6.2.1 (Fig. 6.4) were consistent and predictable.

Analysing collected data, based on the occurring contact situations during impact,
shows differences in force vs. time traces (Fig. 6.6). The first, buckling, peak in force
was generally the same for all samples. No contact within bi-beam unit cells then
generally created a compliant material response to compression, whereby force
reduced after buckling. Between ~5 and 10 ms, impact force was lower for the non-
contacting than the self-contacting samples, resulting in lower energy absorption for
the non-contacting samples during the first ~10ms. When self-contact occurred, a

second force increase was seen. So, after ~10 ms, force was then higher for the non-
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contacting samples, because less of the impact energy had been absorbed. Presented
results and force vs. time curves suggest that a change in impact response occurs
when the contact situation of bi-beam unit cells changes. Designing the bi-beam
metamaterial structure to be applied as a helmet liner and tested according to the
method described in chapter 3 could give further insights into the efficacy of each

buckling scenario for head injury prevention.

During testing in the Instron machine, the buckling direction of bi-beams, which buckled
unpredictably during testing described in chapter 6.2.2, was again predictable (~ 97%).
Differences in initial deformation can be seen when visually comparing the initial
deformation of bi-beams during machine testing with impact testing (Fig. 6.7).
Impacted (glued) beams start a bending deformation from the onset (Fig. 6.7 (D — F))
rather than compressing prior to reaching Euler’s critical buckling load, as seen for the
machine compressed (non-glued) bi-beams (Fig. 6.7 (A — C)). Further, during impact
testing the buckling mode for some of the glued beams is different (i.e. fixed end
condition — initially no pivoting) (Fig. 6.7 (F)). This suggests a change in end conditions
for the buckling bi-beam, caused by the glueing. These observations and the
consistency in buckling behaviour suggest that neither filament, adhesive shelf life, nor
imperfections due to the manufacturing process were influencing buckling behaviour
during impact tests. While the Instron test machine cannot produce displacement
speeds high enough to replicate impact scenarios (maximum speed ~55 mm/s, while
all impacts were > 2,000 mm/s), findings described in chapter 4.3 suggest that no
increase in strain rate would switch the order of stiffness between the two constituent
materials. So, the silicone adhesive used to attach the bi-beams to the top and bottom
plates (and needed to hold the unit cell together before the drop tests), is the most

likely cause of the unpredictable buckling direction.

111



6.5 Conclusion

Unit cell deformation during compression remains similar when they are periodically
arranged as a larger cellular structure, suggesting an increase in stiffness proportional
to the increasing number of unit cells. Inconsistency in buckling direction requires
further investigation, and must be addressed before a bi-beam cellular structure can
be used in a real-world impact application. No contact between constituent bi-beams
resulted in a relatively compliant response, while stiffness increased with an increasing
number of unit cells buckling in, suggesting that the desired effect of adaptable stiffness

is still present at impact strain rates.

Inconsistency in buckling direction of bi-beams during impact testing is likely caused
by the assembly method. When compressing bi-beams axially, without pre-loading and
additional adhesives, buckling behaviour is predictable. Future work requires

alternative methods for the assembly of the cellular structure.

6.6 Chapter summary

This chapter utilised insights gained from chapters 4 and 5 to gain further
understanding of cellular structures comprising bi-beam unit cells and their potential
for application in impact protection. Cellular structures were fabricated and
compressed mechanically at various strain rates. Further, a follow-up study,

investigating inconsistencies in buckling behaviour, was conducted to explain findings.

Compression tests of cellular structures show that the stiffness of a cellular structure
scales proportionally to the number of unit cells it comprises. When tested at strain
rates representative of impact events, system stiffness changes depending on the
number of unit cells buckling towards each other (i.e., increasing stiffness and

decreasing impact duration), suggesting an adaptable response to compression during
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impact. Buckling behaviour was inconsistent and not predictable during impact testing.
A validation study, compressing bi-beams used during impact tests in a mechanical
test machine, suggests that inconsistencies in buckling behaviour were caused by the

adhesive that was necessary for the assembly of the cellular structure.
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7. Chapter — Overall Discussion

7.1 Introduction

The aim of this programme of research was to contribute to the prevention of
concussions from head impacts in ice hockey. The developed free-fall drop test method
(Chapter 3) replicates common head impacts in ice hockey, and requires less
laboratory equipment than other test methodologies in peer-reviewed literature [104].
This facilitates improved access to representative testing and may form a prerequisite
to certification standards [18-20]. The investigated mechanical metamaterial
(Chapters 4 — 6), with adaptable stiffness properties, may improve protection during
compliant collisions without compromising protection during the most severe head

impacts — falls onto the ice.

This research was motivated by peer-reviewed literature (Chapter 2) which suggests
that concussion rates in ice hockey are high [24—26,46], and symptoms commonly
persist beyond the typical time for recovery [4,5]. The most common cause for clinical
concussions is collisions between players on the ice where the head hits a relatively
compliant body [30,31]. Certification standards currently do not consider compliant
surface impacts [18-20] and helmets are not designed for that kind of impact scenario
[32,33]. Consequently, players are susceptible and concussion rates remain high while

most other head injuries are currently less common [12,25,47].

This chapter summarises the findings of this programme of research in relation to each
specified objective, as well as the primary contributions to knowledge, practical

implications, limitations, potential areas for further research and overall conclusions.
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7.2 Research objectives outcomes

7.2.1 Objective One: Review published literature regarding
concussions in ice hockey, designs and materials for helmets and

impact protection, and helmet testing.

This was achieved in Chapter Two through a review of peer-reviewed literature within
the field of concussions and injury mechanisms, helmet and head impact testing, and

designs and materials for helmets and impact protection.

Peer-reviewed literature suggests that concussion rates in ice hockey are still at a high
level despite a general decline in head injuries [14,24—-26]. Most concussions are
caused by player-to-player collisions, with the head impacting a compliant structure,
rather than in a severe fall onto the ice where the head impacts this rigid surface
[30,31]. Currently, certification standards do not consider impact scenarios other than
falls [18-20], and other test protocols, described in peer-reviewed literature, require
extensive laboratory equipment [104,168]. Further, helmets offer only limited protection
during collisions, due to limited helmet liner compression [32,33]. Conventional
materials can only absorb energy effectively within a defined range respective to the
material [36]. The range of commonly injurious head impacts in ice hockey is too wide
for one conventional material to protect effectively. Engineered materials, in particular
the investigated rate-dependent bi-beam mechanical metamaterial with adaptable
buckling behaviour [44], may offer energy absorption properties that could enhance

helmets during collisions without compromising protection during falls.

Further research into test methods that allow a representative but simplified
characterisation of a helmet’s impact protection could facilitate widespread testing.

This would in turn expand the knowledge on helmets and allow further developments.
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A mechanical metamaterial with adaptable stiffness behaviour depending on the
occurring impact [44], which has not been tested for impact applications, may help in
reducing concussion rates in ice hockey and other sports without risking more serious
injuries from more severe impacts. Consequently, work in described fields to protect

players better and reduce injury rates was warranted.

7.2.2 Objective Two: Develop a method to replicate common head

impacts in ice hockey for helmet testing.

Work undertaken in achieving this is described in Chapter Three, which details the
development of a free-fall drop test method with interchangeable impact surfaces to

replicate concussive head impacts in ice hockey.

This included dropping an instrumented headform, helmeted and unhelmeted, from a
height of 1 m onto impact surfaces of different compliance and orientation. The
obtained kinematic responses of the headform were used to assess helmet
performance during different impacts and compared to a representative dataset of
concussive head impacts in ice hockey [104]. A test configuration (45° anvil and 48
mm of EVA foam layer) was determined to replicate kinematics which are typical of a
concussive collision type head impact in ice hockey. All commercially available helmets
tested in this study provided decreased protection during more compliant surface
impacts and differences were found between different helmets. A subsequent reliability

study of the test method suggests excellent reliability (ICCs > 0.95).

This study suggests that a free-fall drop test method can produce kinematic responses
similar to the method currently used in academic research [104,168]. The simplified
test setup may facilitate a test protocol to assess ice hockey helmets that can be

adopted by a wider range of research facilities. Further, the use of different compliance
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impact surfaces may facilitate modifications to current certification standard test

protocols.

7.2.3 Objective Three: Investigate the potential of a bi-beam design
to create an adaptable response in deformation and stiffness to

compression.

This was achieved in Chapter Four, which details the principle of a rate-dependent
mechanical metamaterial with adaptable stiffness properties that are dependent on the
impact scenario [44], and Chapter Five, detailing the modelling of these bi-beam
structures. The metamaterial is comprised of bi-beam structures that exhibit a variable

buckling behaviour as determined by the initial deformation rate.

This included a material characterisation of additively manufactured TPU materials that
were used to fabricate prototype samples for further testing. Optimal print settings were
determined in an iterative process, while material parameters, required to design bi-
beams and create material models for simulations, were obtained through various
material tests. Further, bi-beams and unit cells (comprising two bi-beams orientated to
each other) were compressed uniaxially at different strain rates. Occurring buckling
deformations and contact situations within unit cells suggest an adaptable response to
different compression rates and the metamaterials' potential to be used in impact

applications.

Further, bi-beam stiffness and deformation were modelled using an analytical and
numerical approach. Both models were validated against results from experimental
testing. These models are a time and cost-effective method to aid the design and

evaluation of bi-beam structures.
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Findings suggest that bi-beam prototype samples could be additively manufactured,
however, strain rate-dependence was not considered. Further, the abrupt switch in
stiffness, based on buckling behaviour, and consequential either stiff or compliant
response to compression may be beneficial in impact applications where a wide range

of impacts is expected, such as ice hockey helmets.

7.2.4 Objective Four: Develop and critically evaluate a mechanical
metamaterial sheet, comprising bi-beam structures, to be used as an

adaptive helmet liner for ice hockey helmets.

This was achieved in Chapter Six, which details the mechanical testing of cellular

structures, comprising bi-beam unit cells, at various strain rates.

Cellular structures were compressed in a universal test machine, and subsequently
positioned on a force plate and impacted using a drop rig. Due to inconsistent buckling
behaviour during impact tests, where the assembly method had to be modified, a
validation study was carried out. Impacted bi-beams were compressed in a test

machine where consistent buckling was observed again.

Findings suggest that a cellular structure, comprising bi-beams, can be developed by
arranging unit cells relative to each other between two stiff sandwich plates. Sheet

stiffness increases proportionally to the number of unit cells.

7.3 Contribution to knowledge

This programme of research makes several contributions to the body of knowledge
within the field of impact protection and concussion prevention through helmets in

sports, specifically ice hockey.

First, a novel test method to replicate common head impacts in ice hockey has been

developed. This method, as described in Chapter 3, comprises an instrumented
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headform dropped from a height of 1 m onto impact surfaces of different compliance
and with different orientations. It has been shown that by adapting the compliance and
orientation of the impacted surface, kinematic responses representative of various
commonly injurious head impacts (i.e., falls and collisions) can be replicated.
Previously, extensive laboratory equipment and a designated test rig for each impact

scenario were required [104,168].

This programme of research has also contributed to the body of knowledge regarding
a mechanical metamaterial, comprising bi-beam structures, that provides an adaptable
compression response depending on the impact scenario (Chapters 4 — 6). Through
elimination of rate dependence on buckling direction, described in Chapter 4, it has
been shown that the associated contact situation within a unit cell, can cause an abrupt
switch in stiffness in axial direction. The same effect was observed in Chapter 6 when
multiple unit cells were orientated to each other between two stiff sandwich plates to
deform simultaneously during compression without making contact with each other,
suggesting that the metamaterial can be scaled to create a sheet layer that can react
differently to different impact scenarios. Further, the analytical and the numerical model
described in Chapter 5 obtained similar results as mechanical testing, suggesting that
future design steps can be carried out computationally, reducing time and material

expenditure.

7.4 Practical applications

The primary contributions to knowledge of this programme of research offer practical
applications in a range of fields, including head impact and helmet testing, and design

of personal protective equipment such as ice hockey helmets.
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7.4.1 Head impact and helmet testing

Current ice hockey helmet certification standards test “shock absorption” of helmets
with a linear guided drop test onto a rigid polymer surface — representing falls onto the
ice [18—-20]. While this test protocol helped in nearly eliminating catastrophic injuries
from the sport, it does not consider the whole range of commonly injurious head
impacts in ice hockey. As discussed in Chapter 2.3, helmet testing described in peer-
reviewed literature is inconsistent and a thorough analysis of a helmet's impact
protection capabilities requires extensive laboratory equipment [104,168], which is
often not available to researchers. The findings outlined in Chapter 3 suggest that it is
possible to replicate various head impact scenarios with a drop-test method by

adapting the compliance and orientation of the impacted surface.

Interchangeable surface compliance may facilitate modifications to certification
standards. Test protocols could remain mostly unchanged with the exception of the
orientation and the compliance of the impacted surface. This simple and feasible
adaptation could allow certification standards to incorporate a wider range of head
impact scenarios without affecting the repeatability of tests, required for certification
testing. More thorough certification procedures would also put pressure on
manufacturers to design and produce helmets that provide protection for a wider range

of impacts.

Increased helmet testing carried out in academic research generates increased
insights and understanding of helmet design, the efficacy of materials and material
combinations, and prevention strategies for head injuries. The developed test method
utilises laboratory equipment which is available to most researchers with an interest in

impact protection. Enabling more researchers to carry out representative head impact
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and helmet testing opens up the field, facilitates more testing, that in turn will increase

understanding.

7.4.2 Impact protection and injury prevention

Currently, commercially available ice hockey helmets protect well against the impacts
that they are designed for — falls onto the ice and against the surrounding boards.
However, protection during the most common concussive scenario (~93% player-to-
player collisions), has been shown to be limited [32,33]. Impact energy absorption of
cellular solids, which are typically used for helmet liners, relies on material
compression [36]. Ice hockey helmet liners are designed to be stiff to allow for
compressive deformation without bottoming out during the most severe impacts.
Consequently, they don’t compress sufficiently to absorb energy when a more
compliant body is impacted [32,33]. Conventional liner materials can only be effective
within a certain impact range. This range is insufficient to protect against all commonly
injurious head impacts in ice hockey [32,33]. Multilayer foam [40,41] and shear-
thickening polymers [42,43] are typically used in current helmets to increase impact
protection but with limited success. This programme of research investigated the
potential of a strain rate-dependent mechanical metamaterial (Chapters 4 — 6). The
adaptable stiffness properties [44] of this engineered material structure has potential
to provide enhanced protection during compliant surface impacts without

compromising protection during rigid surface impacts.

The investigated sheet structure, comprising bi-beam unit cells, can achieve an abrupt
switch in axial stiffness dependent on the bi-beam buckling direction and resulting
contact situation within unit cells, as described in Chapter 4. This effect can be utilised
to achieve optimised compressive properties for two different impact scenarios.

Consequently, impact protection for applications where a wide range of impacts is
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expected, such as ice hockey, could achieve enhanced protection against an additional
cause of injury — collisions — without compromising the performance in the scenario
the helmets are currently designed for — falls. An analytical and a numerical model of
the bi-beam design have both obtained similar results as mechanical testing. These
findings, depicted in Chapter 5, suggest that it is possible to utilise computational

approaches to design and further develop the investigated bi-beam metamaterial.

Obtained results from testing of cellular bi-beam structures (Chapter 6) show that axial
stiffness increases proportionally to the number of unit cells when sandwich plates
possess high stiffness. Further, bi-beam dimensions are scalable in size provided the
geometric aspect ratio is maintained. This suggests that adaptable stiffness properties
are achievable for a wide range of shapes and sizes. Consequently, sheet layers of
the investigated bi-beam metamaterial, assessed for their potential as helmet liners,

can be developed for a wide range of impact protection equipment.

7.5 Limitations

Several limitations have been identified in each chapter of this programme of research.

Four aspects warrant further consideration which are discussed in this section.

Firstly, the test method developed during this programme of research and described in
Chapter 3 includes several limitations. The headform’s kinematic responses were
validated against a dataset of laboratory-recreated head impacts [104], as in-field head
injury data is not publicly available. Despite being considered the best available
estimate, a dataset of in-field measured concussive head impacts in ice hockey would
increase confidence in findings. Further, possible degradation of the EVA foam, which
was used to produce increasingly compliant impact surfaces, over time or after multiple

impacts was not controlled. It is assumed that the material recovered between impacts
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and no degradation effect influenced measurements, however, this is an aspect of the
test method that could be controlled in future work. Using an anthropomorphic
headform always includes limited biofidelity. Even though the Hybrid Il headform is
widely used and accepted, additional anthropomorphic headforms or a skin surrogate
to increase the helmet-headform interface’s biofidelity could be considered when using

the method.

Second, the design of bi-beams, as detailed in Chapter 4, included limitations due to
time and material constraints. The two constituent materials did not switch order of
stiffness at any of the tested strain rates. While a proof-of-concept was achieved in this
programme of research, the investigated mechanical metamaterial relies on a rate-
dependent switch of buckling direction to enable real-world application. Further, the
positioning of bi-beams between sandwich plates, while suitable for this programme of
research, is not feasible for application in protective equipment. During the machine
testing, the thin end of the bi-beams was fitted into rectangular cavities on the sandwich
plates, which were held in position by the Instron machine. During the subsequent
impact testing (Chapter 6), bi-beams were glued into the sandwich plate’s cavities so
the structure would not collapse. Neither method of assembly is feasible for a system
that will have to endure multiple impacts or cannot be set up individually before every

impact.

Third, the mechanical testing of Chapter 4 and 6 (Bi-beams, unit cells, and cellular
structures) with the Instron machine was carried out to an axial compressive
engineering strain of 0.15. This strain was chosen to replicate the experimental testing
from previous work [44]. However, during impact testing of cellular structures, the
compressive strain exceeded 0.15 in all tests of medium and high impact energy.

Applied into a piece of protective equipment, compressive strains are likely to also
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exceed the 0.15 engineering strain during more severe impacts. Consequently, not
having test data from the experimental axial compression of bi-beams beyond an

engineering strain of 0.15 is a limitation of this programme of research.

Finally, the FE model, informed by findings and results detailed in Chapter 4 and
described in Chapter 5, obtained similar forces and a similar abrupt switch in stiffness
as the experimental testing. However, the linear-elastic material model only represents
the constituent materials' stiffness at low strains. Further, in the FE model, the bi-beams
were bonded to the sandwich plates. This was necessary to ensure consistent
convergence of the model, however, it did not allow the bi-beams to pivot in the same

way that was seen in the mechanical testing of Chapters 4 and 6.

7.6 Future research

Several areas of further research have been highlighted through this programme of

research.

First, the presented drop test method uses a free-fall drop test rig (Chapter 3). A
reliability study suggests excellent reliability; however, an analysis of high-speed video
footage suggests that it is difficult to consistently impact the same location at the same
orientation. A guided drop test rig, equipped with a cradle to hold the headform, may
increase repeatability and consistency of impacts. A guided drop test is also used in
certification standards, and using similar equipment would increase the feasibility of
modifications to standard procedures. Future research, assessing if a guided drop test
obtains similar results when impacting a compliant surface, could make the test

method adoptable more widely.

Second, the bi-beams, introduced in Chapter 4, tested in this programme of research

were prototypes, designed specifically for the conducted studies. As discussed in the
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previous section, introducing strain rate-dependence as the mechanism to switch
buckling direction is an essential step towards using the mechanical metamaterial in
impact protection equipment. Further, the connection between bi-beams and stiff
sandwich plates requires more development for a connection that recovers to its
original state after compression while still allowing the bi-beams to pivot and maintain
the desired mode of buckling. Further work may focus on the design of bi-beams to

create a structure that could be applied to a multi-impact piece of protective equipment.

Third, the bi-beam testing carried out in this programme of research (Chapters 4 and
6) assessed only one material combination and axially compressed the structure to a
strain of 0.15 to obtain a proof-of-principle. Further, no out-of-plane testing or
assessment of angular acceleration attenuation was done. Testing a wider range of
material combinations and the effect on axial stiffness, shear behaviour, as well as
compressing bi-beams further to assess whether a buckling-out effect occurs during
the most severe impacts could provide a wider understanding of the structure’s
response to different impacts. Further research may focus on more extensive testing
to fully understand behaviour in all potentially occurring impact scenarios. As presented
in Chapter 5, these investigations could be aided by using FE analysis to save on time
and material expenditure. Furthermore, implementing the metamaterial structure in a
helmet system and following the test protocol detailed in Chapter 3, could provide

further evidence that a bi-beam metamaterial could be used within ice hockey helmets.

Finally, the FE analysis in this programme of research (Chapter 5) suggests that it is
feasible to utilise numerical analysis for the development and design of the bi-beam
metamaterial. Further research could expand the work that was carried out with FE

analysis to assess cellular structures of multiple unit cells, create material models from
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testing with higher strain rates, and analyse impact scenarios that are more

representative of ice hockey head impacts.

7.7 Conclusions

The findings of this programme of research demonstrate an improved test method
which could make helmet testing more widely available and advance current
understanding of head impacts. In addition, this programme of research contributes to
improvements in helmet performance, as well as the creation of a metamaterial
structure that may protect effectively against a wider range of impacts. It has been
shown that a simplified test setup can be used to create head impact scenarios that
are representative of real-world injurious head impacts in ice hockey. Further, a proof-
of-concept for a mechanical metamaterial with adaptable stiffness response,
dependent on strain rate, has been obtained. This programme of research contributes
to pathways that may help to obtain a better understanding of helmet technologies and
to better protect players against a wider range of common head impacts. Both are
assumed to contribute to reducing concussion incidences and making participation

safer without altering how the game is played.
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9. Chapter - Appendices

Appendix 1 — Acceleration vs. time traces from free-fall drop

tests

A.1.1: Representative linear acceleration [g] vs. time [ms] traces of all five helmets and unhelmeted
impacts for flat surface, Front site impacts onto the (A) MEP Pad, (B) 24 mm foam layer, (C) 48 mm

foam layer, (D) 72 mm foam layer, and (E) 96 mm foam layer.
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A.1.2: Representative linear acceleration [g] vs. time [ms] traces of all five helmets and unhelmeted
impacts for flat surface, Rear site impacts onto the (A) MEP Pad, (B) 24 mm foam layer, (C) 48 mm
foam layer, (D) 72 mm foam layer, and (E) 96 mm foam layer.
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A.1.3: Representative linear acceleration [g] vs. time [ms] traces of all five helmets and unhelmeted
impacts for flat surface, Side site impacts onto the (A) MEP Pad, (B) 24 mm foam layer, (C) 48 mm
foam layer, (D) 72 mm foam layer, and (E) 96 mm foam layer.
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A.1.4: Representative (A — C) linear [g] and (D — E) angular [krad/s?] acceleration vs time [ms] traces
of all five helmets and unhelmeted impacts for oblique surface, FrontBoss site impacts onto (A) & (D)
24 mm foam layer, (B) & (E) 48 mm foam layer, and (C) & (F) 72 mm foam layer.
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A.1.5: Representative (A — C) linear [g] and (D — E) angular [krad/s?] acceleration vs time [ms] traces
of all five helmets and unhelmeted impacts for oblique surface, RearBoss site impacts onto (A) & (D)
24 mm foam layer, (B) & (E) 48 mm foam layer, and (C) & (F) 72 mm foam layer.
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A.1.6: Representative (A — C) linear [g] and (D — E) angular [krad/s?] acceleration vs time [ms] traces
of all five helmets and unhelmeted impacts for oblique surface, Rear site impacts onto (A) & (D) 24
mm foam layer, (B) & (E) 48 mm foam layer, and (C) & (F) 72 mm foam layer.
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A.1.7: Representative (A — C) linear [g] and (D — E) angular [krad/s?] acceleration vs time [ms] traces
of all five helmets and unhelmeted impacts for oblique surface, Side site impacts onto (A) & (D) 24
mm foam layer, (B) & (E) 48 mm foam layer, and (C) & (F) 72 mm foam layer.
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Appendix 2 — Head impact metrics from free-fall drop tests

A.2.8: Mean peak acceleration [g] with standard deviation error bars for all flat surface (A) Front, (B)
Rear, and (C) Side site impacts.
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A.2.9: Mean impact duration [ms] with standard deviation error bars and horizontal bars indicating the
proportion of time to peak (bottom half) and rebound time (top half) for all flat surface (A) Front, (B)
Rear, and (C) Side site impacts.
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A.2.10: Mean percentage with standard deviation error bars of time to peak of the total impact duration
for all flat surface (A) Front, (B) Rear, and (C) Side site impacts.
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A.2.11: Mean HIC with standard deviation error bars for all flat surface (A) Front, (B) Rear, and (C)
Side site impacts.
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A.2.12: Mean Sl with standard deviation error bars for all flat surface (A) Front, (B) Rear, and (C) Side
site impacts.
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A.2.13: Mean peak linear acceleration [g] with standard deviation error bars for all oblique surface (A)
FrontBoss, (B) RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.14: Mean peak angular acceleration [krad/s?] with standard deviation error bars for all oblique
surface (A) FrontBoss, (B) RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.15: Mean impact durations [ms] with standard deviation error bars and horizontal bars indicating
the proportion of time to peak (bottom half) and rebound time (top half) for all oblique surface (A)
FrontBoss, (B) RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.16: Mean percentage with standard deviation error bars of time to peak of the total impact duration
for all oblique surface (A) FrontBoss, (B) RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.17: Mean HIC with standard deviation error bars for all oblique surface (A) FrontBoss, (B)

RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.18: Mean RIC with standard deviation error bars for all oblique surface (A) FrontBoss, (B)
RearBoss, (C) Rear, and (D) Side site impacts.
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A.2.19: Mean Sl with standard deviation error bars for all oblique surface (A) Front, (B) FrontBoss, (C)
Rear, (D) RearBoss, and (E) Side site impacts.
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A.2.20: Mean BrIC with standard deviation error bars for all oblique surface (A) Front, (B) FrontBoss,
(C) Rear, (D) Rear, and (E) Side site impacts.
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A.2.21: Mean BrIC with standard deviation error bars for all oblique surface (A) Front, (B) FrontBoss,
(C) Rear, (D) RearBoss, and (E) Side site impacts.
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Appendix 3 — Force vs. displacement traces from bi-beam

compression tests

A.3.22: Force [N] vs. displacement [mm] traces of uniaxial compression tests of individual bi-beam at
(A) 0.83 s, (B) 8.3 s1, and (C) 83 s strain rate.
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A.3.23: Force [N] vs. displacement [mm] traces of uniaxial compression tests of unit cells buckling
"out" at (A) 0.83 s, (B) 8.3 s, and (C) 83 s*!strain rate.
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A.3.24: Force [N] vs. displacement [mm] traces of uniaxial compression tests of unit cells buckling "in"
with a 2 mm gap at (A) 0.83 s, (B) 8.3 s1, and (C) 83 s'strain rate.
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A.3.25: Force [N] vs. displacement [mm] traces of uniaxial compression tests of unit cells buckling "in"
with a 10 mm gap at (A) 0.83 s, (B) 8.3 s1, and (C) 83 s strain rate.
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Appendix 4 — Force vs. time traces from cellular structure

impact tests

A.4.26: Force [N] vs. time [ms] traces for impacts onto cellular structures consisting of four bi-beam
unit cells from a drop height of (A) 20 cm, (B) 40 cm, and (C) 60 cm. Line colour represents the
number of unit cells making contact during compression.
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Appendix 5 — Force vs. displacement traces from buckling
direction validation

A.5.27: Force [N] vs. displacement [mm] traces of uniaxial compression tests of individual bi-beams at
0.83, 8.3, and 83 s strain rate
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