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Abstract

Physical activity that includes elevation or speed, such as cycling, carries the risk

of head injury. The risk of injury is mitigated by wearing safety helmets. Whilst

cycling is adopted as an exemplar when evaluating new helmets, garnering notable

research interest in recent years, head injury remains a notable cause of mortality

and morbidity in cycling accidents. Indeed, head injury still causes 69–93% of

fatal bicycle accidents; hence, new helmet technologies have significant social

importance.

A critical strategy in head injury mitigation in cycling accidents is the use of a pro-

tective helmet and is strongly advocated by The World Health Organisation. It

has been reported that the likelihood of sustaining a traumatic brain injury (TBI)

is reduced (18%) when wearing a helmet compared to non-helmet cyclists (48%).

Current bicycle helmets are designed to protect the user by deforming to miti-

gate the impact energy and reduce the resultant acceleration. Due to the onset

of permanent deformation within the helmet following an impact, its protective

capacity is diminished. Consequently, they do not provide adequate performance

when subject to a history of loading, such as multiple or consecutive impacts.

Indeed, it is common to wear a previously damaged helmet despite contrary ad-

vice. Current multi-hit solutions are derived from elastomeric foams which have

been applied in several other sporting helmets. These materials, however, suffer

from a lack of development in recent years. Furthermore, they have limited geo-

metric freedom, which precludes optimisation. This thesis describes four related

investigations which present a finite-element based optimisation approach to the

development of new helmet liners leveraging the mechanical benefits of cellular

structures and elastomeric materials realised through additive manufacturing.
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A laser sintered elastomer was characterised by performing low, intermediate

and high rate uniaxial tension tests manufactured under three build orientations.

Furthermore, planar, equibiaxial tension and stress relaxation tests were carried

out. These data demonstrated notable anisotropy, as well as significantly different

behaviour across strain rates and deformation modes, necessitating fit of an aug-

mented hyperelastic and linear viscoelastic model. FE software was then used to

calibrate material model coefficients, with their validity evaluated by comparing

the simulated and experimental behaviour of the material in isolated (uniaxial

tensile) and mixed modal (honeycomb compression) deformation states. Close

correlation demonstrated that the material model coefficients were valid, remov-

ing a barrier to adopting exclusive finite-element based in future investigations.

Further, laser sintering was used to manufacture different structural variations

of a novel pre-buckled circular honeycomb. The mechanical behaviour of these

structures was examined under both quasi-static and dynamic impact loading.

Pre-buckled circular honeycombs with aspect ratios, defined as the ratio of mi-

nor to major axis of the honeycomb elliptical profile, e = 0.8 and e = 0.6 were

compared to a traditional, straight-walled honeycomb, e = 1.0. It was found that

the mechanical behaviour of the honeycomb can be tailored to yield different

mechanical responses. Principally, decreasing the aspect ratio reduced the stress

at yield, as well as the total energy absorbed until densification, however, this

alleviated the characteristic stress-softening response of traditional honeycombs

under static and impact conditions. When subjected to multiple cycles of load-

ing, a stabilised response was observed. Finite element simulation closely agreed

with the experimental results. A simplified, periodic boundary condition model

was also investigated, which closely represented the experimental results whilst

alleviating computational run time by nominally 75%. The numerical full fac-

torial parameter design sweep identified a broad range of mechanical behaviour,

enabling identification of geometric bounds to be used in future optimisation

studies.

Finite element simulation was used to analyse the response of an elastomeric pre-

buckled honeycomb structure under impact loading, to establish its suitability

for use in helmet liners. Finite element-based optimisation was performed using

a search algorithm that uses a radial basis function. This approach identified

optimal configurations of the pre-buckled honeycomb structure, based on struc-
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tural bounds identified from previous investigations, subject to impact loading

conditions. Furthermore, the influence of objective function, peak acceleration

and head injury criterion was analysed with respect to the resultant mechani-

cal behaviour of the structure. Numerical results demonstrate that this class of

structure can exceed the performance threshold of a common helmet design stan-

dard and minimise the resultant injury index. Experimental testing, facilitated

through laser sintering, validated the output of the numerical optimisation. When

subject to initial impact loading, the fabricated samples satisfied their objective

functions. Successive impact loading was performed to assess the performance

and degradation. Samples optimised for peak acceleration demonstrated superior

performance after stabilisation, relative to their initial response.

The finite-element based optimisation sequence was repeated using boundary con-

ditions (contact area, mass and velocity) associated with the helmet design en-

velope and standard. Two optimal configurations, based on different objective

functions, peak translational acceleration and head injury criterion, were then

proliferated throughout a helmet liner before being subjected to typical frontal

head impacts under direct and oblique conditions. Comparison was drawn relative

to two densities of a common multi-hit material used in helmet liners, vinyl nitrile

foam. Kinematic-based injury criteria were calculated, as well as tissue-based in-

jury criteria, using a validated finite element model of the human head for each

impact. Results demonstrated that the optimal pre-buckled honeycomb liners

had the best performance, yielding reductions in both kinematic and tissue-based

injury criteria. Under direct impacts, values for head injury criterion, maximum

principal strain and cumulative strain damage measure were reduced by 34%,

8.6% and 23.7%. Under oblique impact, values for head injury criterion, rota-

tional injury criterion, generalized model for brain injury threshold, head impact

power, maximum principal strain and cumulative strain damage measure were

reduced by 49.9%, 56%, 29.6%, 40.8%, 14.9% and 66.7%. Honeycombs optimised

using head injury criteria as the objective function yielded a reduction in all

severity metrics relative to honeycombs optimised using peak translational ac-

celeration, though design standards mandate an acceptable threshold for peak

translational acceleration yet not for other injury metrics. The work reported

in this thesis identifies a successful design and optimisation strategy to aid and

inform the development of next generation helmet liners.
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Chapter 1

Introduction

1.1 General

Use of a bicycle is a popular method of transport or active exercise, with the

number of cyclists increasing steadily since 2009 [1]. It is estimated that in the

United Kingdom alone, over 40% of people have access to a bicycle, whilst over

30% have been cycling in the last year [2]. Consequently, pedal cyclist traffic

has increased by 16% between 2009 and 2019 [3]. Further interest in cycling

has occurred more recently too; since the COVID-19 pandemic, weekday and

weekend cycling has seen increases of 100% and 200% respectively compared to

pre-COVID-19 levels [3]. Whilst cycling is associated with several environmental

[4], social [5] and economic benefits [6], the growing interest in cycling is, however,

paralleled by increases in related injuries [7]. Cyclists are among the most at-risk

road user. When switching transport mode, the reported injury risk is 29 times

greater for cyclists compared to car occupants [8]. Furthermore, recent Transport

for London (TfL) reports indicate that between 2017 – 2020 cyclists represented

16% of all casualties by mode of travel [9]. Of all types of injury sustained to a

cyclist, a blow to the head is the most significant as impacts to the head can lead

to the development of traumatic brain injury (TBI), a notable cause of mortality

and morbidity [10].

A critical strategy in TBI mitigation in cycling accidents is the use of a protec-
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tive helmet [11] and is strongly advocated by The World Health Organisation

[12]. The prevalence of TBI of any severity has been reported to be higher in

non-helmeted accidents when compared to helmeted accidents [13]. Furthermore,

the likelihood of sustaining a TBI is reduced (18%) when wearing a helmet com-

pared to non-helmet cyclists (48%) [14]. Current bicycle helmets are designed

to protect the user by deforming to mitigate the impact energy and reduce the

resultant acceleration. Due to the onset of permanent deformation within the

helmet following an impact, its protective capacity is diminished. Consequently,

they do not provide adequate performance when subject to a history of loading,

such as multiple or consecutive impacts [15]. Indeed, it is common to wear a pre-

viously damaged helmet despite contrary advice. Current multi-hit solutions are

derived from elastomeric foams which have been applied in several other sporting

helmets. These materials, however, suffer from a lack of development in recent

years. Furthermore, they have limited geometric freedom, which precludes op-

timisation. Advances in computational modelling and additive manufacturing

(AM) now poses an alternative route to developing novel alternative helmet lin-

ers that could exceed contemporary materials’ performance. Therefore, there is

growing motivation in identifying a new multi-hit solution.

1.2 Research aim

This work aims to improve head protection by exploiting the mechanical benefits

of cellular structures and elastomeric materials, by use of finite element analysis,

numerical optimisation and additive manufacturing.

1.3 Thesis structure

In this thesis, an approach is established to enabling the optimisation of an elas-

tomeric honeycomb structures for impact mitigation by use of experimental and

computational methods. The motivation for this is the development of new,

higher performing helmet liners which benefit from the use of elastomers to be able

to sustain a series of impacts for improved user safety. Material model calibra-
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tion was carried out based on extensive characterisation data to enable numerical

analysis. The design and optimisation of these structures are carried out us-

ing finite element analysis and implementation of an intelligent search algorithm.

The manufacture of these structure is facilitated through additive manufacturing

from elastomeric materials and subject to experimental testing for validation of

a multi-impact solution. The full scale behaviour of the optimisation honeycomb

helmet was numerically investigated under direct and oblique conditions. The

performance of the proposed liner was compared to contemporary elastomeric

foams via calculation of tissue-based and kinematic-based severity metrics. The

structure of this thesis is as follows.

Chapter 2 establishes an overview of the key topics of this work: head injury,

helmets, prismatic cellular structures and additive manufacturing. The avail-

ability of elastomeric materials and design freedom afforded by laser sintering

motivates the development of prismatic cellular structures (i.e., honeycombs) to

create an improved helmet liner, when compared to the shortcomings of current

materials. This chapter culminates in the identification of the research focusses of

this thesis. Namely, additively manufactured helmets, honeycombs with variable

energy absorption and finite element based optimisation.

Chapter 3 begins the investigation with a detailed inspection and characteri-

sation of an additively manufactured thermoplastic elastomer realised through

selective laser sintering. A finite element material model suitable for quasi-static

and dynamic explicit simulation is calibrated before being validated through com-

parison to experimental data. The influence of manufacturing build orientation

is established with respect to the resultant mechanical behaviour.

Chapter 4 introduces an exemplar circular honeycomb structure with a pre-

buckled design feature as a candidate structure for helmet applications. Laser

sintering is utilised to manufacture samples before being subjected to uniaxial

compression under quasi-static and impact conditions. The calibrated material

model, developed in chapter 3, is then used as part of the development of an equiv-

alent finite element model. A full-scale finite element model is established prior to

developing a computationally efficient periodic boundary condition model which

enables approximation of the full-scale model. Both models are closely compared

to the experimental data, building confidence in the validity of the models for
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subsequent investigations. Lastly, the periodic boundary condition models are

used to investigate the geometric parameters with respect to yield stress, en-

ergy absorption and efficiency under dynamic conditions. The validated periodic

boundary condition model provides the foundation for exclusive, simulation-based

investigation in the following chapter, whilst the parametric sweep enables iden-

tification of suitable bounds and limits for future optimisation.

Chapter 5 identifies a computational procedure for the design and optimisation

of parametrically defined cellular structures, subject to loading conditions and

performance thresholds of the bicycle helmet design standard EN1078. In this

study, the pre buckled honeycomb, introduced in chapter 4, is used as an exem-

plar. Effectiveness of the procedure, and associated mechanical behaviour of the

honeycomb, is investigated relative to changing performance objective functions.

The optimal design for each objective function is then manufactured and exper-

imentally tested under the design standard loading conditions for single impact

and repeat impact conditions. This investigation serves as a validation for the

proposed procedure before application to the helmet design envelope.

Chapter 6 leverages the computational optimisation procedure reported in chap-

ter 5. The design envelope of the helmet is considered and anticipated contact

area under impact is identified to inform the structural geometric bounds. Fol-

lowing optimisation, the incumbent design is then propagated through a helmet

liner volume. The prototype helmet is compared to a contemporary foam liner,

derived from Vinyl Nitrile, under direct and oblique impacts conditions, where

the resultant acceleration time histories, as well as kinematic-based severity met-

rics are compared. Lastly, a validated human head finite element model is utilised

to establish the risk of traumatic brain injury by comparing tissue-based severity

metrics for each case.

Chapter 7 reports the conclusions relative to the research objectives of the the-

sis, describing the findings of chapters 3, 4, 5 and 6. Further work is described to

inform future research, so this work may be continued. Lastly, academic contri-

butions to the literature, by means of journal publications, are listed.

4



Chapter 2

Literature review

2.1 Introduction

This chapter first provides an overview of the four core topics of the study:

1 Head injury

2 Helmet design

4 Prismatic cellular structures

4 Additive manufacturing

Together, these form a basis for a more detailed description of the research focuses:

5 Additively manufactured helmets

6 Tailorable honeycomb behaviour

7 Finite element-based optimisation
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2.2 Head injury

This section describes the literature that was reviewed concerning head injury. In

particular, the anatomy of the head is described relative to their intrinsic protec-

tive features. Furthermore, injury mechanisms are discussed and common cycling

injuries identified. Lastly, injury metrics are reviewed in terms of kinematic and

tissue-based metrics.

2.2.1 Anatomy of the head

To aid the development of helmets, an understanding of the anatomy of the

human head is important. In particular, the intrinsic mechanisms which serve

to protect the brain have provided the inspiration for present head protection

solutions previously. Whilst the individual characteristics of the brain such as

morphology and material properties vary as a function of age, health, and sex,

the broader anatomy is similar for all humans and will be discussed generally in

the section.

The human head is the most complex system within the body. Structurally,

the various layers of the head work as protective barriers for the brain and are

illustrated by figure 2.1. Considering the outermost layer first, the scalp covers

the bony structure of the skull bordering the front of the face and neck. The word

SCALP itself is a mnemonic which describes its component layers, termed: skin,

connective tissue, aponeurosis, loose areolar connective tissue and periosteum

[16]. The thickness of the scalp is subject to age and location and can vary

between 3 mm to 8 mm from children to adults [17]. Whilst serving to provide

an immunological barrier and thermal insulation, the scalp clearly also plays a

role in head impact mechanics. It has been reported that the scalp absorbs and

distributes external forces by sliding freely over the skull. This was examined

experimentally, where cadaveric testing demonstrated the impact force imparted

to the head is 35% higher than without the presence of the scalp [18]. Moreover,

the presence of the scalp on a headform reduces the magnitude of translational

and rotational acceleration as much as 70% under oblique head impacts [19].

Below the scalp, the skull forms the head and supports the structure of the face
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Figure 2.1: Sectional view of the scalp, skull, and brain. Adopted from [20]

and cavity for the brain (cranium). The skull is a complex geometric structure

comprised of 22 fused bones, 14 of which form the facial bones, whilst the remain-

ing 8 form the cranium. The thickness and curvature, varies across the surface

of the cranium. Notably, the frontal and occipital bones are thicker with a high

curvature than the upper temporal and side parietal regions [21]. Consequently,

thicker sections are likely to fracture rather than elastically bend when subject

to deforming forces [22]. The varying regional differences in strength of the skull

ultimately influences the energy transfer under impact, suggesting the potential

need for variable protection within head protection.

The internal surface of the skull bone is characteristically irregular, encompassing

several protrusions and acute geometric features. The incidence of brain injuries

because of these features, however, are largely mitigated by the presence of tough
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meninges. The meninges consist of three layers: the dura mater, arachnoid and

pia mater. The dura mater is a tough and fibrous membrane which is directly con-

nected to the skull and reflects the negative of the protrusions. Moving inwards,

the arachnoid membrane has a spider-like structure that provides a cushioning

effect. Lastly, the pia mater is a delicate membrane which is directly connected

to the outer surface of the brain [23]. Within this region, termed the subarach-

noid space, cerebrospinal fluid (CSF) is present, buoyantly suspending the brain

relative to the cranium. This anatomical arrangement serves to provide relative

degrees of freedom from the motion of the head whilst cushioning impact loads.

It is important to note, however, that even with the presence of these protective

features, the movement of the brain inside the skull can lead to strain within the

brain tissue that result in injury.

The brain is connected to the spinal cord and is responsible for a range of func-

tions, from breathing and sleeping to co-ordination and balance. Consequently,

interruption to this system can prove debilitating. The brain itself is a compli-

cated assembly of grey and white matter as well as blood vessels, membranes,

fissures, and voids surrounded by the CSF. As illustrated by figure 2.2, it is made

up of the frontal, parietal, temporal and occipital lobes. Each lobe is made up of

subsections which control different functions of the brain. Consequently, injury

to different regions within the brain results in loss or diminished use of function

controlled by that region.

Figure 2.2: Illustration of the brain, identifying the frontal, parietal, temporal and
occipital lobes. Adopted from [24].
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2.2.2 Injury mechanisms

Head injuries are defined as damage to regions of the scalp, skull and brain

occurring when energy is transferred to the head and is not effectively attenuated.

Consequently, structures of the head may undergo changes in terms of shape and

strain beyond a recoverable limit [25]. These injuries can be classified as skull

fracture, vascular injury, focal injury or axonal injury.

The major mechanisms of brain injury are defined by one or a combination of skull

fracture, bending of the skull, translational motion, as well as rotational motion

of the skull [10]. These mechanisms of injury may occur during contact loading

where the head is struck by an object, or by inertial loading where the head is

not necessarily in contact but undergoes a regime of acceleration or deceleration.

As the head is subjected to these loading conditions, positive pressure, negative

pressure, and shear due to the presence of pressure gradients or relative motion

of the brain with respect to the skull occurs. Positive pressure, arises due to com-

pressive pressure at the impact site. This is further accentuated by the in-bending

deformation of the skull. In contrast, negative pressure develops at the opposing

region of the impact site. This can lead to either tensile loading or cavitation,

where compressive loading arises due to the collapse of vapour bubbles formed

under negative pressure. Lastly, shear is attributed to pressure gradients as well

as the relative motion of the brain inside the skull. As previously discussed, the

CSF serves to largely mitigate the prominence of the injury mechanism, however,

excessive shear leads to contusions on the surface of the brain and diffuse straining

within. These mechanisms are largely attributed to the prominence of rotational

acceleration, since the brain tissue is nearly incompressible, and its bulk modulus

is orders of magnitude greater than its shear modulus the brain has a propensity

to deform under these conditions.

2.2.3 Common cycling injuries

Compared to other commuters, cyclists are at an elevated risk of injury due to the

unpredictable nature of traffic collisions. The most common areas of the human

body injured following a cycling accident are the upper limb, lower limb head

and facial regions. Since this thesis relates to the development of new helmet
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liners, the following section shall focus exclusively on head injuries. Notably,

skull fracture (86%), brain contusions (73%), acute subdural haematoma (43%)

and diffuse axonal injury (17%) are among some of the most common injuries

sustained to the head and brain following a cycling accident that required surgical

intervention [26]. Interestingly concussion was not reported, however, this shall

be described too due to its prominence as an injury during helmet impacts [27].

Skull fractures are classified as focal injuries and arise due to contact loading

where the resultant force exceeds the failure criterion of the cranium [28]. These

fractures are by the nature of the break as either linear, depressed, diastatic or

basilar, as illustrated by figure 2.3. Linear fractures are thin line breaks which

occur at points remote from the impact site. Depressed fractures result from

when an object penetrates the skull, and the bone protrudes inwards into the

brain. Lastly, diastatic fractures occur when the fracture liner traverses one or

more sutures, resulting in widening of the suture.

Figure 2.3: Classification of skull fractures, linear (left), depressed (centre) and
diastatic (right)

A contusion is where the brain tissue is bruised focally, associated with micro-

haemorrhage of the blood vessels [29]. Contusions are categorised as coup or

contrecoup. Coupe contusions manifest at the site of the impact as the skull flat-

tens and deforms or depresses the underlying brain, as the brain moves around

the skull bone fragments may thrust into the brain. Conversely, contrecoup con-

tusions, are caused by the brain rebounding after the initial impact and deforming

against the opposing skull wall.

A haematoma is characterised as a focal volume of blood that develops near the

surface of the brain due to damage to the vasculature, as described by figure 2.4.

Haematoma are further classified by their location above (epidural), or below
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(intracranial) the dura layer. Epidural haematomata are most commonly caused

by large contusions that bleed, developed by a fracture to the skull, whilst in-

tracranial haematoma are caused by tearing of the bridging veins [30]. Tearing

of bridging veins commonly result from high magnitude rotational acceleration.

It has been reported that purely translation movement alone cannot induce such

tearing [31], hence why the minimisation of rotational acceleration during an

impact is an important consideration.

Figure 2.4: Cross-sectional view of the human head, illustrating a haematoma.

Diffuse Axonal Injury (DAI) is disruption of neurons within the white matter of

the brain, either through stretching, pulling or tearing. Nuerons are composed

of two different constituents, the cell body and axon. Owing to the disparity

in mass and density, under impact loading which involves rotational acceleration

each constituent moves at a different velocity which can ultimately shear the axon

from the cell body [32]. The proliferation of shearing disrupts communication

throughout the brain [33]. Moreover, the damaged cells result in further swelling

and bleeding within the brain. Concussion is a milder form of diffuse axonal

injury. Similar to DAI, concussion is predominantly caused by impact loading that

undergoes rotational acceleration in combination with linear acceleration loading.

It has been reported that diffuse stresses and strain development in the brain

tissue result in minor stretching of axons. Both DAI and concussion, however, are

difficult to detect because abnormalities are not registered by standing imaging

techniques.
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2.2.4 Injury metrics

Metrics can be used to assess the severity of an impact sustained to the head,

whilst also providing helmet designers with an objective for optimal design. These

injury metrics can be categorised as kinematics-based, relating to peak kinematic

values and equations, or tissue-based criteria obtained from finite element models

[34].

Simple analysis of the 6 degree of freedom acceleration-time history recorded from

the centre of gravity of a test headform can be undertaken to report peak trans-

lational acceleration (PTA) and peak rotational acceleration (PRA) providing an

indication of behaviour during an impact. PRT and PRA are the maximum values

of the vector magnitude for translational and rotational acceleration time vector,

respectively. A criticism, however, of using peak values is that it does not account

for the duration dependence of the impact event. As such, the Wayne State Tol-

erance Curve (WSTC) [35] was developed from frontal impacts to animals and

cadavers to identify a relationship for translational acceleration, duration of ex-

posure and the likelihood of head injury [36]. These initial findings were then

used to develop the Severity Index (SI) [37], as illustrated by equation 2.1:

SI =

∫ T

0

|a(t)|2.5dt (2.1)

Where |a(t)| is the resultant translational acceleration time history recorded from

the centre of gravity of the head (recorded in g) and T is the impact pulse duration.

A nominal injury limit of 1000 was set for the solution of the formula.

An extension of the SI was proposed to account for the sensitivity of large accel-

eration in short intervals, and small accelerations over long intervals. Hence, the

Head Injury Criterion (HIC) [38] was reported as:

HIC = max

[
1

t2 − t1

∫ t2

t1

a(t)dt

]2.5
(t2 − t1) (2.2)

Again, a(t) is the resultant translational acceleration time history recorded from

the centre of gravity of the head (recorded in g). The time interval, t2− t1, should
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be chosen such that the solution of the equation is maximised.

It is widely accepted that the human head is in fact more susceptible to rotational

kinematics [32], where these loading conditions are linked to traumatic brain

injury [39]. Hence, the formula for HIC can be modified for the Rotational Injury

Criterion (RIC) [40].

RIC = max

[
1

t2 − t1

∫ t2

t1

α(t)dt

]2.5
(t2 − t1) (2.3)

Where α is the resultant rotational acceleration time history recorded from the

centre of gravity.

Whilst HIC and RIC serve to analyse the impact response in terms of the transla-

tional and rotational components in isolation, they are limited by the fact that a

real-world impact achieves multi-axial loading. Thus, both translational and ro-

tational accelerations are simultaneously present. The Generalised Acceleration

Model for Brain Injury Threshold (GAMBIT) [41] serves to incorporate both

translational and rotational acceleration by normalising the peak values of PRT

and PRA by critical thresholds. Hence, GAMBIT is reported as:

GAMBIT =

√[(
amax

acr

)2

+

(
αmax

αcr

)2]
(2.4)

Where the critical values for acr and αcr are 250 g and 10000 rad/s2 respectively.

Another important consideration and therefore limitation of the discussed metrics

so far as is that the head is sensitive to the direction of loading [42]. Head Impact

Power (HIP) suggests that the rate of change of translational and rotational

kinetic energy can be used as a biomechanical assessment tool for brain injury

[43].

HIP = max

∫
axdt + may

∫
aydt + maz

∫
azdt

+ Ixxαx

∫
αxdt + Iyyαy

∫
αydt + Izzαz

∫
αzdt

(2.5)
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Where m is the mass of the headform and helmet, a is the component of trans-

lational acceleration, α is the component of rotational acceleration and I is the

moment of inertia along each axis of the headform.

Currently, the discussed metrics have only considered the components of transla-

tional and rotational acceleration that are transmitted to the head. Since acceler-

ation changes during the impact, so does the velocity. It has been proposed that

rotational velocity can be better correlated to mild traumatic brain injuries than

angular acceleration [44]. Hence, the Brain Injury Criterion (BrIC) was proposed

as defined by equation 2.6.

BrIC =

√(
ωx(t)

ωx,c

)2

max

+

(
ωy(t)

ωy,c

)2

max

+

(
ωz(t)

ωz,c

)2

max

(2.6)

Where ωx, ωy, and ωz are the components of rotational velocity and ωx,c, ωy,c,

and ωz,c are the critical values of rotational velocity 66.25, 56.45 and 42.87 rad/s

respectively [45].

It should be noted that the metrics described so far only provide an indication of

injury as a function of the kinematic response of the head. To better understand

how these kinematics yield brain injury, tissue-based criteria should be used.

Tissue-based criteria are captured using finite element models of the human head,

which are then inertially loaded using the 6 degrees of freedom acceleration time

history recorded during the impact [46].

Established models within the literature include the Global Body Model Con-

sortium [47], the Imperial College model [48], the Royal Institute of Technology

(KTH) model [44], the Total Human Model for Safety [49] and the University

College Dublin Brain Trauma Model (UCDBTM) [50]. These models have been

used in an extensive number of studies including the development of injury met-

rics [51], accident reconstruction [52] and assessing the effectiveness of helmets

[53].

Maximum principal strain (MPS) has commonly been used as tissue-based criteria

for injury prediction [54]. Defined as the elongation of a tissue along one of

its principal axes relative to its original length, MPS is used in brain injury
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biomechanics due to its correlation to mechanical failure in anatomical testing.

The limitation, however, of MPS is that it accounts for the largest elongation and

therefore may not be representative of the mechanism of injury which is spread

across a region of the brain [55]. Another tissue based criteria, von Mises stress

(VMS), is equally eminent as MPS [54]. The computation of VMS is used to

represent a threshold or yield criteria. This is particularly useful for prediction

of brain injury because it accounts for different directions of stress acting on a

volume. Cumulative Strain Damage Measure (CSDM) [56] is another tissue based

criterion which is more suited for prediction of diffuse brain injury [57], that occurs

over a large region of the brain. It is calculated by measuring the volume of the

brain that experiences strain above an established threshold. This measurement

is based on the theory that diffuse brain injury occurs due to the exposure of a

volume of tissue to injurious levels of strain. Given CSDM considers a volume of

brain tissue exposed to a certain level of strain, it may provide some advantages

over the limitations of measuring strain in one element, as is the case for MPS.

Consequently, it is important to assess the resultant brain injury severity using

finite element models to identify the performance of new helmet designs.

2.3 Helmet design

This section describes the literature that was reviewed concerning helmet design.

In particular, current functional requirements of helmets, their construction, and

the role each subcomponent’s play are reported. Furthermore, the principles

of design for impact mitigation are discussed before expansion on impact test

protocols. Lastly, emerging technologies are critically reviewed in terms of their

efficacy and their mechanisms for impact mitigation.

2.3.1 Functional requirements

Wearing a helmet is an effective strategy for reducing the likelihood of sustain-

ing a head injury during an impact. There is extensive literature supporting the

evidence for helmet efficacy and the overwhelming benefits versus not wearing a

helmet [58]. Owing to the diverse applications within which a helmet is worn,
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the functional requirements differ based on application. For example, bicycle

helmets, motorcycle and equestrian helmets are designed to mitigate a single im-

pact whilst American football, ice hockey and combat helmets serve to mitigate

against a series of impacts. Furthermore, the anticipated severity of the admin-

istered impact may vary as a function of the increased elements of speed and

height present in the sport, e.g., motorcycle helmet’s protective capacity exceed

that of soccer [59]. Application specific loading conditions inform helmet design

too. Equestrian and motorcycle helmets both include rigidity and penetration

tests to mitigate against the likelihood of crushing under high static loads or

impact involving sharp objects, whilst softball and combat include ball and fist

shaped impactors respectively [60]. Other practical concerns also dictate helmet

design. For example, if a helmet is to be worn for a long period of time, the

helmet should have good thermal management and be well ventilated [61]. This,

however, is often a conflicting requirement for motorcycling and equestrian, which

require full coverage to provide sufficient penetration cover and rigidity [62]. In

contrast, bicycle helmets, which do not have these additional requirements, easily

include unique geometries to facilitate thermal comfort as well as aiding aesthetic

designs. Some helmets have other protective elements too, such as visors, goggles,

or face cages, which ultimately requires consideration of how they are fixed to the

helmet without reducing or inhibiting performance. Therefore, when designing a

helmet, the following functional requirements are considered. The helmet must:

1. Attenuate the energy of the impact.

2. Reduce the translational acceleration exposed to the head.

3. Reduce the rotational acceleration exposed to the head.

4. Remain fixed to the head during the impact.

5. Prevent penetration during the impact.

6. Prevent crush during the impact.

7. Cover the head without hindering vision.

8. Be mechanically and thermally easy to wear.
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Principally, these tenets of design inform the choice of material and construction

of the helmet.

2.3.2 Components

The components of modern helmets have remained relatively unchanged in re-

cent years, typically consisting of a hard external shell which houses an impact

mitigating liner followed by a comfort liner positioned immediate to the user’s

head [59]. Certain designs include the addition of a slip liner, or other technol-

ogy, which aid rotational mitigation [53], although this will be described further

in later sections. While the aforementioned components are synonymous across

a variety of sporting helmets, the materials used in their construction differ to

suit the needs of the application. A distinction, therefore, can be made between

helmets for single-hit applications (e.g., cycle, motorcycle, and equestrian) and

multi-hit applications (e.g., American football, ice-hockey, and combat) where the

latter requires the ability to recover to efficiently manage a history of successive

loading compared to the former which is only required to mitigate a single impact

[63]. As such, the impact mitigating liner and shell varies between helmet type,

whilst comfort liner remains largely generic.

The comfort liner consists of a thin layer of low-density of elastomeric foam which

serves to improve user comfort between the denser impact mitigating liner and

the head. Positioned inferior and secured to the impact mitigating liner, the

soft and malleable nature of the comfort liner, bottoms-out upon compression

and provides minimal effect to the overall impact performance. Of note, however,

finite element simulations have demonstrated that the frictional interplay between

the head and comfort liner is important where high friction can yield increases in

rotational components of acceleration [64], therefore the friction of the comfort

liner is important.

The primary role of the shell serves to provide a large contact area over which

to engage the impact mitigating liner, thus distributing the force of the impact

and reducing local stress. The secondary role of the shell can be considered

application specific but includes penetration resistance [65], maximising sliding

friction between the impact surface and shell [66], resistance to crush [62] or in-
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creased thermal comfort [61]. The helmet shell is commonly either derived from

thermoplastic polymers, such as polyvinyl chloride, polycarbonate, or acryloni-

trile butadiene styrene (ABS) which can either be injection moulded as well as

in-moulded during liner manufacture. Or, derived from alternative materials in-

clude carbon, Kevlar and glass fibre composite impregnated with resins which

are laid up in moulds and cured by heat or chemical reaction. Helmets for multi-

impact applications exclusively use polymer shells, whilst single-hit applications

use both polymers and composites.

Under impact, the shells act differently based on their material composition. For

example, polymer shells deform, demonstrating elastic bending and viscoelastic

dissipation. Due to the relatively low modulus, however, it has been reported

that load distribution is in fact determined by the impact object and minimal

impact attenuation is achieved [67]. The benefit, however, of polymer shells are

in their ease of manufacture and low cost, as well as their ability to undergo re-

peat impacts without incurring significant damage. In contrast, composite shells

not only attenuate the impact by buckling but also through damage mechanisms

like delamination, fibre breakage and matrix failure [68]. Moreover, composite

materials have notably greater stiffness when compared to polymer shells leading

to better load distribution and more effective impact mitigation under high ve-

locity impacts, albeit at the expense of low velocity performance [69]. Leveraging

damage mechanisms, however, makes them an unsuitable candidate material for

multi-hit applications. At the time of writing, the literature is limited on the

development of helmet shells in comparison to that of helmets liners for improved

rider safety. Nevertheless, examples do exist whereby topology optimisation [70],

application of novel resins [71] and composites [72] have been applied to aid lateral

crush resistance and enhance energy absorption under impact respectively.

The primary role of the impact mitigating liner is to attenuate the energy of the

impact, and reduce the transmitted force to the head below a sub-injurious level.

During the impact, forces acting on the head give rise to translational and rota-

tional acceleration, which is transmitted to the head and must be minimised to

ensure that likelihood of injury is reduced. This is nominally achieved through

use of lightweight, crushable materials which can undergo large regimes of defor-

mation at a near constant stress [63]. Liners for single-hit helmets are routinely

manufactured from rigid polymeric foams, such as expanded polystyrene, and
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leverage non-recoverable deformation mechanisms, such as plasticity and fracture,

to facilitate high volumetric energy absorption under impact. In contrast, multi-

hit liners are derived from elastomeric foams such as polypropylene, polyurethane

and vinyl nitrile which are nominally denser than their single-hit counterparts.

Unlike, single-hit liners, these materials exhibit lower volumetric energy absorp-

tion due to their exclusive use of non-permanent deformation mechanisms such

as viscoelastic dissipation and elastic buckling.

Clearly an ideal impact mitigating liner would be multi-hit capable as the onset of

permanent deformation will diminish helmet performance. This would be particu-

larly beneficial to cycling and motorcycling, where instances of secondary impacts

through interactions with a car and then the ground occur frequently [73]. More-

over, it is common for a user to unknowingly wear a previously damaged helmet

via seemingly innocuous drops, or by virtue of resistance to replacing the helmet

following an impact despite contrary advice [15]. The use of a multi-hit materi-

als are limited by mass, volume, and manufacturing constraints, necessitating a

design choice and ultimately limiting them to the applications that truly require

it. Whilst elastomeric foams are well established as impact mitigating materials

for helmets, they have progressed minimally. Small improvements have been re-

ported in manufacturing optimisation [63] and the use of advanced materials [74],

however, an obvious step change has not been achieved. Consequently, there is a

growing motivation to develop multi-hit liners which can replace elastomeric or

ultimately rigid polymeric foams.

2.3.3 Design for impact mitigation

The design for impact mitigation of a helmet focuses on identifying the ideal

design parameters which satisfy the objective of protection prescribed by a design

standard. In this case, protection refers to impact mitigation. It can, and does,

refer to the other aspects of helmet design that have previously been mentioned,

although the primary focus shall be impact mitigation within this thesis. During

an impact, the kinetic energy is defined by the sum total of mass of the head1

1It is important to note that the body contributes to the impact energy, where the presence of the body
increases the helmet liner crushing distance. Headforms with up to a 40% increase in mass, yielding an equivalent
increase in impact energy, have been proposed to capture this influence [75], however, this has not been adopted
within the present investigation as it is not currently reflected in the design standards tests.
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and velocity. Initial contact with the impact surface gives rise to a contact force

which opposes the motion, causing it to deform. Energy is stored in the contacted

material in the form of strain energy due to the deformation. The velocity of the

head will decrease from its initial value due to the opposing contact force until

it reaches zeroes. A restoring force then reverses a portion of the force causing

rebound, leaving the impact surface.

The typical strategy to minimise the transmission of force and resultant acceler-

ation exposed to the head is to use a deformable structure which attenuates the

energy at a permissible stress [59]. To deform a structure, however, an energy

expenditure is required. This energy expenditure is a product of the reactive force

and extent of deformation, which can be visualised by the area beneath a force-

displacement, or similarly, stress-strain curve where the area is in fact volumetric

energy absorption.

Figure 2.5: Exemplar behaviour of a crushable material used for impact
mitigation. Adopted from [76]

As illustrated by figure 2.5, for an exemplar crushable material such as a poly-

meric foam, a large proportion of energy absorption occurs beyond the point of

yielding within a long plateau phase [76]. Considering the simple case of pure

compression arising from a direct helmet impact with a flat anvil, which for the

sake of simplification shall be analogous to the crushing of material between rigid

plates. When the work done by the restoring force via deformation of the struc-

ture is equal to the kinetic energy of the impact energy, the motion of the impact

either stops in the case of a perfectly plastic impact or reverses in the case of
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elastic recovery. Consequently, consideration of static properties such as strength

and stiffness are not sufficient for the selection of helmets materials. Rather yield

stress, plateau behaviour, densification strain and volumetric energy absorption

are more informative, as well as the overall thickness of the liner section.

The impact absorption capability of common helmets can be tuned by balancing

the thickness and, for the case of foam materials, the density used in the liner

[77]. Increasing thickness2 promotes greater capacity for absorbing energy by

extending the distance available to mitigate the impact via compression, however,

it as at the expense of helmet size and therefore user comfort. Increasing foam

density increases the yield stress which enables a greater magnitude of energy

to be absorbed, however, exposes the user to a greater peak acceleration as a

result. A dilemma therefore arises, whereby a compromise between the maximum

acceleration transmitted to the head and the helmet liners mechanical properties

must be selected for a given thickness [59]. This is further limited by a low number

of design parameters to achieve this optimally.

Figure 2.6: The influence of material selection when the equivalent magnitude of
energy is absorbed. Adopted from [59]

As illustrated by figure 2.6, a spectrum of different liner material behaviours can

be used within a helmet, which ultimately yield varied responses when subject

2Increasing thickness of the liner also has an implication on the development of rotational
acceleration which shall be discussed later in this section
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to an impact of equivalent energy. A softer material results in a reduced initial

contact force and therefore acceleration level, however, is likely to densify before

suitably mitigating the entirety of the impact energy. As a result, the densifi-

cation will be reached, yielding a high acceleration level which might exceed the

permissible limit on the head. Conversely, adopting a stiffer material, which yields

at a high force, results in less deformation and exposes the user to an intolerable

level of acceleration. The ideal scenario, as depicted here, is the intermediate

response where a force limiting strategy is used, keeping the force exposure at an

almost constant level whilst avoiding densification.

The impact mitigation strategy described so far considers only the case of direct

helmet impacts that yield pure compression. This results in minimising transla-

tional acceleration without consideration of rotational acceleration. There is lim-

ited information on how the effect of material selection influences the behaviour

under oblique conditions. This, however, is contrary to the fact that most helmet

impacts are oblique in nature [78], which leads to loading of the liner under a

combination of compression and shear [79]. This loading condition leads to si-

multaneous components of tangential and normal forces acting on the head. The

normal force can act through the centre of gravity, giving rise to translational

acceleration, or act off-set from the centre of gravity, giving rise to both transla-

tion and rotational acceleration. The tangential force acts perpendicular to the

helmet surface and causes a moment which rotates the head. It is the presence

of the tangential force, as well as the off-centre normal force [80], which gives rise

to components of rotational acceleration.

Considering figure 2.7 (overleaf), by resolving moments about the headform centre

of mass, equation 2.7 demonstrates that rotational acceleration is a function of

the normal and tangential force, their distance from the centre of gravity (i.e.,

the lever arm) and the total sum of head and helmet inertia.

FT (R + t) + FN(h) = (Iheadform + Ihelmet)α = Itotalα (2.7)

Where FT and FN are the components of normal and tangential force, R is the

head form radius, t is the liner thickness, h is the off-set distance of the normal

force from the centre of gravity, Itotal is the total inertia and α is rotational
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acceleration.

Since headform inertia and the normal force off-set distance is not a design vari-

able, there are two strategies to minimising the rotational acceleration. First,

reducing the overall thickness of the helmet liner, ultimately reduces the lever

arm. This, however, has a competing effect on the performance of the liner in

mitigating the normal component of force, as there is a reduced distance over

which to decelerate the impact. Secondly, reducing the magnitude of tangential

force transferred to the head can reduce rotational acceleration. This can be

achieved by choosing a liner with greater shear compliance, or one which facili-

tates enhanced decoupling between the helmet and head rotation.

Figure 2.7: Free body diagram of a helmeted undergoing an oblique impact, giving
rise to simultaneous components of normal and tangential force components

Based on the earlier discussions, a helmet’s impact mitigating liner should there-

fore provide sufficient stiffness and deformation such that the impact energy is

attenuated without a stress and acceleration arising that exceeds a permissible

threshold (e.g., skull fracture) whilst preventing densification. The issue, however,

with this approach is that the materials adopted to facilitate this (e.g., polymeric

and elastomeric foam) are ultimately too stiff under shear [81] leading to high

tangential force and ultimately rotational acceleration. It has been reported that

the use of anisotropic materials are better suited for helmet impact mitigation
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under oblique conditions [82]. This is due to the combination of high out-of-plane

and low in-plane stiffness which, when subjected to oblique conditions, yields a

greater shear compliance whilst still sustaining high compression resistance. One

such exemplar anisotropic structure, the honeycomb, shall be discussed in the

future sections.

2.3.4 Impact test protocols

Whilst the previous discussions have remained broad, incorporating functional

requirements, components, and impact mitigation strategies for both single-hit

and multi-hit helmets, the following section shall focus on the route for certifi-

cation of a cycling helmet and the impact test protocols used when evaluating

helmet performance.

In order to commercialise a helmet for cycling, it must be subjected to a series

of standardisation tests, which take the form of the design standards. Design

standards evaluate the helmet performance specifying construction requirements,

as well as a minimal level of acceptable performance under a range of testing

relative to its field of vision, retention, coverage and shock absorption3. Since

cycling is a global endeavour, there are distinct standards set within each ter-

ritory including the Canadian Standards Association (CS), the U.S. Consumer

Product Safety Commission (CSPC), the American National Standards Insti-

tute (ASNI), the American society of Testing and Materials (ASTM), the Snell

Memorial Foundation, the European Committee for Standardisation (CEN) and

the International Organization for Standardization (ISO). Of particular interest

to this thesis, shock absorption testing demonstrates a large variability across

the testing bodies. In particular, the use of varying impact conditions, human

head test surrogates, assessment criteria and thresholds demonstrate there is a

lack of harmonisation [60]. Notably, the expected impact energy for a flat impact

varies from 55 J to 110 J, arising from impact velocities equivalent to 4.7 m/s

and 6.63 m/s respectively. The associated permissible acceleration thresholds for

these tests also range from 250 g to 300 g. The consequence of this is that a hel-

met that passes one standard may not necessarily pass another. In fact, helmet

3Within this thesis shock absorption is synonymous with impact mitigation
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standards do not differentiate performance between models [83]. It is only since

the inception of the STAR (Summation of Tests for Analysis of Risk) evaluation

system that informed consumer choice has been enabled [84].

Further disparities are observed within the experimental setup and therefore

boundary conditions of the test, which have a knock down effect on helmet perfor-

mance. All tests use a rigid headform, either EN960 or ISO6220, however, there

is distinction between guided fall and free fall test configurations as illustrated

by figure 2.8. In a guided impact setup, as used by the CSA, CSPC, ASTM and

Snell, the impact headform is aligned and restrained by a rigid metallic arms such

that only translational motion in the vertical direction is permitted in response

to an impact with the anvil. In contrast, the free fall setup used by CEN al-

lows headform motion in three-dimensional space following an impact. The lack

of restraint allows for rotation, however, these kinematics are not considered in

the pass / fail criteria of the standard. Comparison of the two methods under

equivalent impact conditions has revealed that the free fall method is a less se-

vere condition, reporting that the presence of rotation facilitates re-direction of

impact energy to rotational kinetic energy whilst minimising peak translational

acceleration [85]. Therefore, without consideration of all kinematics, there is a

danger that helmet manufacturers could inadvertently exploit rotation to facili-

tate improved translational kinematics.

Currently, the review has focused on impact test protocols used within the cur-

rent design standards. Notably, these adopt direct impacts, which yield transla-

tional kinematics without consideration of rotation. There is a significant body

of research that shows rotational kinematics are in fact the key determinant of

brain deformation and subsequent damage to the tissues [10]. Oblique testing

which yields rotational kinematics should therefore be included in future test

standards. Whilst this disparity exists within the certification standards, various

testing protocols have been developed within the scientific literature and third

party test houses, that enable measurement of rotational kinematics as a result of

an oblique impact. Early examples included a guided helmeted headform dropped

onto a moving sled [80]. In this setup, an oblique impact is achieved by the hor-

izontal motion of the sled. Newer protocols achieve an oblique impact through

an angled anvil, which helps to reduce the complexity of the setup and space

required [86]. In addition to these setups, increased biofidelity and more physi-

25



Chapter 2 Rhosslyn Adams

Figure 2.8: Comparison of impact test conditions for guided and free fall. Adopted
from [85]

ological loading has been achieved through the inclusion of neck surrogates [84]

and the body [75]. The presence, however, of the neck for helmet impact testing

is contested. It is well known that the Hybrid III neck is far too rigid in flexion

and is not designed for extension, lateral flexion or torsion. Moreover, for short

impacts the influence is of the neck is negligible as peak values are similar for case

with and without the neck for the first 10 ms [87]. Since cycle helmet impacts

typically occur over 5 - 10 ms the omission of the neck is generally acceptable for

helmet testing.

Guided by the current literature, the CEN working group 11 (CEN/TC158/WG11)

has recently suggested a new method for inclusion in the next generation of stan-

dards. As illustrated by figure 2.9, modification has been made to the current

EN1078 free-fall protocol, which now includes a vertical drop towards a 45 degree

anvil to enable measurement of rotational kinematics. Furthermore, a newly de-

veloped headform with biofidelic inertia [88] and surface coefficient of friction [19]

has also been suggested for use in addition to the impact surface being finished

with rough grinding paper to better represent the impact surface friction.
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Figure 2.9: CEN WG11 proposal of test methods for direct and oblique impacts

2.3.5 Emerging technologies

As previously discussed, common bicycle helmets employ a liner of rigid polymeric

foam which serves to attenuate the impact energy, reducing the impact force and

in turn minimising the translational and rotational head acceleration. Recently,

emerging technologies that are aimed at improving the safety performance of a

helmet have been introduced to helmet designs. These systems can take various

approaches, either using a slip liner, collapsible or inflatable4 structures.

The recent developments in emerging technologies for bicycle helmet designs are

promising for the future of cycling safety and injury prevention. Overall, the

introduction of these technologies provides a performance benefit [90]. For low

velocity impacts (4.2 m/s), PTA and PRA are reduced by 20.2% and 21.8%

respectively when compared to a conventional polymeric foam liner. Moreover,

when considering the injury severity metric, GAMBIT, the relative reduction

was 52.6%. For high velocity impacts (5.9 m/s), the reduction, however, is less

notable. For PTA, PRA and GAMBIT, the relative reduction was 5.6%, 6.6%

and 17.6%. This is likely due to the test velocity exceeding the design standard

velocity (5.42 m/s) which will have informed the design rationale.

4Inflatable structures have been omitted from the review as they are not subject to the same
design volume constraints as contemporary helmets or helmets with slip liners and collapsible
structures. For a more in-depth review, refer to [89].
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Multi-directional impact protection system (MIPS) [91], is an established slip

liner technology which aims to improve the protective capacity of helmets by

introducing a low-friction layer between the foam liner and head (figure 2.10a).

Under impact the foam manages the normal forces which results in translational

acceleration whilst the slip liner improves the decoupling of the head and helmet

rotation yielding a reduction in tangential force and thus rotational acceleration

[91]. It is important to note, however, that the efficacy of the system may be

limited by both the tightness of fit and shape of the head, which may inhibit

relative movement in certain orientations [53]. Nevertheless, the value of this

technology is that it can be installed in addition to newer, more advanced liners

and therefore its use is not prohibitive of different liners designs.

(a) (b)

(c)

Figure 2.10: Slip liner technologies, MIPS (a), SPIN (b), and ODS (c), available
within cycling helmets.

Similarly, shear pads inside (SPIN), is another example of a slip liner which also

serves to improve rotational mitigation of helmets [92] (figure 2.10b). Compris-

ing a pad which contains low friction silicone, the pad shears during oblique
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conditions, improving the decoupling of the head and helmet rotation. The last

example of a slip liner system is omnidirectional suspension (ODS) (figure 2.10c).

ODS comprises a dual EPS liner connected by an array of elastomeric hour-glass

shaped dampers. The unique geometry improves the decoupling of the upper

EPS liner and shell which is in contact with the ground and the lower EPS liner

in contact with the head.

(a) (b)

Figure 2.11: Collapsible structure technologies, WaveCel (a) and Koroyd (b),
available within cycling helmets

WaveCel is an example of a collapsible structure which takes the form of a poly-

meric auxetic honeycomb embedded within a foam liner [93] (2.11a). This serves

as an alternative strategy to introducing a slip liner to achieve a similar effect in

terms of rotational acceleration mitigation. The collapsible structure is designed

such that there is a distinct mechanism of mitigation for the tangential force.

Specifically, each cell has a transverse crease to initiate organised cell buckling

deforming in-plane as illustrated by 2.12 (overleaf). This is also in addition to

the impact mitigation achieved by the foam liner, however, this has a reduced

capacity as the liner thickness is reduced to house the structure therefore the

collapsible structure must also provide additional normal force mitigation.

Koroyd is another example of a collapsible structure [94] (figure 2.11b). Com-

prised of a hexagonally packed circular honeycomb liner which is either used in

its entirety through the helmet liner or sits within a recess of a pre-existing foam

liner. The specific mechanisms for reducing tangential force is unclear, however,

it is claimed that this technology reduces translational acceleration which also re-

duces angular acceleration, regardless of the impact direction. It may however be
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due to the anisotropic nature of the honeycomb as to why a reduction is observed,

although limited analysis exists.

Figure 2.12: WaveCel deformation mechanisms under axial buckling and cell
folding. Adopted from [95]

Both types of emerging technologies improve the protective capacity. In addition

to the performance benefits of collapsible structures, however, other advantages

such as light weight, high heat transfer rate and airflow permeability makes liners

derived from prismatic cellular structures, or other cellular structures, a good

potential to replace conventional foam liners. Either derived from a polymer for

single-hit applications or, elastomers for multi-hit, there is potential to improve

rider safety. These could be further augmented with a slip liner technology to

combine the performance benefits of both.

2.4 Prismatic cellular structures

This section describes the literature that was reviewed concerning prismatic cel-

lular structures. In particular, the topology and mechanical properties are de-

scribed. Furthermore, numerical methods are identified and reviewed. Lastly,

manufacturing methods are described.
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2.4.1 Topology

Prismatic cellular structures are one of three groups used to classify cellular

structures, the others being foams and lattices [76]5. Prismatic cellular struc-

tures, hereafter referred to simply as honeycombs, are denoted as two-dimensional

shapes extruded in the third dimension. The most obvious example of these struc-

tures is the hexagonal honeycomb which occurs in nature, however, outside of na-

ture, the use of honeycombs have been widely adopted for use in several industries

such as aerospace, transportation, build construction and sporting equipment [96].

Owing to the intrinsic simplicity, other topological variations may be formed from

2D shapes such as circular [97], triangular [98], and square [99] to name but a

few. As illustrated by figure 2.13, these single unit cells, nest together to fill a

plane and form an array.

The parameters which describe the unit cell topology of a honeycomb are cell

size, depth, and wall thickness. Cell size is defined as the distance between the

top and bottom edge, if these are equal then the unit cell is considered regular.

The depth of the honeycomb is the extrusion distance of the 2D shape, whilst the

wall thickness equates to the thickness of material from which the honeycomb is

constructed.

Honeycombs can be differentiated from the solid material which they are derived

from by consideration of the relative density. Relative density, Rρ represents the

ratio between the volume encompassed by the honeycomb core and the unit cell

extremities, as reported by equation 2.8.

Vf =
Vhoneycomb

Vreference

(2.8)

Where Vhoneycomb is the volume of the honeycomb and Vreference is the volume

defined by the unit cell extremities.

Owing to the construction of honeycombs, relative density can be simplified as

the area ratio of the cross-section. Equations 2.9-2.12, list various relative density

5It can be argued that in fact there are only two groups, honeycombs and foams, where a
lattice is classified as an open-cell foam.
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Figure 2.13: Illustration of a hexagonal honeycomb unit cell (top) and an array
(bottom)

relationships based on the topology of common unit cells [100].

[Rρ]h =
2th
sh

(2.9)

[Rρ]s =
2ts
ss

(2.10)

[Rρ]t =
2
√

3tt
st

(2.11)

[Rρ]c =
πtc
sc

(2.12)
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Where t is the wall thickness and s is the unit cell width, for which it is assumed

that the unit cell is regular. Superscript h, s, t and c denotes the hexagonal,

square, triangular, and circular topology respectively.

2.4.2 Mechanical properties

Honeycomb mechanical properties are commonly described relative to three di-

rections termed ’W’, ’L’ and ’T’, as illustrated by figure 2.14. ’W’ and ’L’ refer

to the in-plane behaviour, whilst ’T’ refers to the out-of-plane behaviour [101]

Figure 2.14: Definition of honeycomb orientations

Honeycombs have distinctly different in-plane and out-of-plane response. Con-

sequently, they are anistropic and depending on the construction, they can be

either orthotropic or transversely isotropic [76]. The in-plane response is soft and

spring-like, dominated by bending and the collapse of the cell walls. The out-

of-plane response is stiffer, as the walls must be compressed and resist buckling

as a hollow tube. As such, the out-of-plane orientation is commonly adopted for

engineering applications that require impact resistance and mitigation by lever-
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aging the intrinsic high specific energy absorption [102]. Despite this, in-plane

behaviour has been extensively studied experimentally [76] and numerically [103]

with respect to its structural parameters [104], loading conditions [105] and strain

rate [106]. This is due to the fact that honeycomb manufacturers commonly omit

this information. Nevertheless, the out-of-plane orientation remains the most

suited for helmet applications where protection from multi-directional loading is

required [107]. Hence, this section and the remainder of the thesis shall focus on

the mechanical behaviour in the out-of-plane orientation exclusively.

Out-of-plane loading is defined by the component of stress acting parallel to the

axis of the cells. The stress is reported using equation 2.13.

σ =
P

A
(2.13)

Where σ is the out-of-plane stress, P is the applied force and A is the projected

cross-sectional area of the honeycomb array extremities.

Under compressive out-of-plane loading, honeycomb structures demonstrate typ-

ical stretch-dominated behaviour which is defined by initial high stiffness with

a post-yield softening and non-monotonic plateau stress as illustrated by figure

2.15 (overleaf). This behaviour can be further divided into five phases which

are termed linear elastic (1), non-linear elastic (2), softening (3), plateau (4) and

densification (5) [108].

Phase 1 is defined by an initialy linear elastic response where, for increasing

strain, the stress rises. As the cell wall begins to deform axially, this behaviour is

truncated by phase 2 where cell wall buckling gives rise to a non-linear response.

The end of the non-linear phase is defined by the point at which the local stress

in the cell wall exceeds the yield stress of the base material. This is characterised

by a peak in stress value. Following, phase 3 occurs, which is characterised by a

sharp drop in the stress value as the cell walls buckle and the load bearing capacity

of the honeycomb is reduced. Accordingly, the structure collapses, giving rise to

deformation in the cell walls. Here phase 4 begins as the stress plateaus and

progressive buckling continues for increasing strain. As the strain increases, the

progressive buckling results in densification indicated by a sharp increase in stress
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where the honeycomb is fully compressed, and the response is equivalent to that

of the base material. Entering densification indicates that the honeycomb can no

longer absorb energy effectively.

Figure 2.15: Honeycomb out-of-plane compressive response, characterised by
typical stretch dominated behaviour.

The effect of relative density on compressive out-of-plane mechanical behaviour

is shown in figure 2.16. As illustrated by the previously discussed equations 2.9

- 2.12, the relative density for a set cell size is proportional to the wall thick-

ness. Therefore, under normal compressive loading, the initial response reflects

the solid modulus of the base material scaled by the load-bearing area section.

Consequently, there is a direct dependence of compressive behaviour to relative

density [76]. Furthermore, the modulus of elasticity, yield and plateau stress

increases with increasing relative density, whilst the length of plateau and the

strain at the onset of densification decreases [109]. This is attributed to increased

wall thickness resisting buckling and consequently the neighbouring cells walls

touching earlier.

The applied strain rate also affects the compressive out-of-plane behaviour. Typi-

cally the behaviour under increased strain rate is characterised by increased stress

at yield and energy absorption capability when compared to quasi-static condi-

tions. This behaviour can be attributed to four phenomena namely, strain rate

sensitivity of the base material [110], entrapped air contributions [111], as well

as inertial stabilisation and plastic wave propagation [112]. Base material rate

dependence is exclusively due to the adopted material, where honeycombs man-
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Figure 2.16: Influence of relative density on the honeycomb mechanical behaviour.
Adopted from [76]

ufactured from polymeric and composite materials present greater strain rate

sensitivity than metals. The compression of entrapped air within the unit cells

causes pressure changes which yield enhanced dynamic stiffness, although this re-

quires a seal between the supported and impact faces, otherwise the air escapes.

Inertial stabilisation gives rise to rate dependence due to the activation of high

order buckling modes, whilst further enhancements are unlocked via plastic wave

propagation. The last two phenomena, however, occur at dynamic velocity of 30

m/s and greater than 50 m/s respectively. Therefore, it is unlikely these con-

ditions will be met, or leveraged, for the application of helmet design. Rather,

rate-dependence may be leveraged through adopting materials which have notable

rate-dependence, such as elastomers [113].

Whilst most applications ensure that the out-of-plane behaviour is orientated to-

wards the anticipated loading direction such that normal compression is achieved,

it is unlikely that this can always be ensured. As such, a honeycomb may be sub-

jected to combinations of normal compression and shear loading [114] relative

to the ’TL’ and ’TW’ orientation, as illustrated by figure 2.14. The effect of

combined loading regimes has a notable effect on the mechanical behaviour of

the honeycomb [115]. As illustrated by figure 2.17, deviation from the classical

normal compressive response is observed with a reduced yield and diminishing
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plateau [116]. This is further influenced by the loading angle and orientation

[117]. Furthermore, the shear response presents an initial yield followed by a

regime of negligible stress as the cell walls buckle in-plane. This is attributed

to the anisotropy of the structure, where the out-of-plane response is stiffer than

the in-plane response. Notably, the ratio of shear to compressive stress yields a

nominal value of between 0.15 - 0.30. When compared to equivalent conditions,

other commonly used impact mitigating materials such as vinyl nitrile, expanded

polypropylene and expanded polystyrene report ratios of 0.50 [81], 0.80 [118] and

0.4 [119] respectively. Hence, for conditions which incur combined loading regimes

such as an oblique impact in a helmet, a honeycomb could transmit proportionally

less force in shear than in compression compared to existing foams.

Figure 2.17: Honeycomb under combined compression shear loading, adopted from
[117]

Currently, the description of behaviour has focused on metallic honeycombs.

Whilst metallic honeycombs have been adopted with success for use in a helmet

either as localised reinforcement [120], exclusive use [121], or a hybrid system of

foam and honeycombs [122], providing superior performance relative to a mono-

lithic equivalent. In all cases, the principal mechanisms leveraged to mitigate

the impact energy are plastic deformation and material fracture. These solu-

tions are unsuitable for applications with potential for multiple (or consecutive)

impacts however, as the onset of permanent deformation will diminish helmet
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performance [15] Therefore, adopting robust materials such as elastomers may

enable a honeycomb structure capable of repeat impact mitigation [123].

Changing the material, however, has a notable effect on the mechanical behaviour

[110]. Honeycombs manufactured from elastomers deform elastically and are re-

coverable, whilst metal and rigid polymer, deform plastically resulting in perma-

nent deformation and fracture. The mechanism of buckling also changes, from

buckling plastically at folding hinges as illustrated by figure 2.18a, to elastic buck-

ling as illustrated by figure 2.18b. This results in a change in the stress strain

profile, where the period of stress softening is greater, the non-linear profile of

buckling is more pronounced and the plateau region is diminished [124].

(a) (b)

Figure 2.18: Illustration of different buckling phenomena, folding plastic hinges (a)
and elastic buckling (b), observed in honeycombs under out-of-plane compression

2.4.3 Numerical modelling

The mechanical behaviour of a honeycomb can be explored using analytical ap-

proaches [76], numerical simulations [125] and experimental techniques [126].

Whilst experimental approaches can provide accurate results as true to reality

as possible, they are, however, time-consuming and expensive to run over succes-

sive, iterative design cycles. Analytical approaches can enable analysis of simple

honeycomb topologies, such as circular, rectangular in terms of their elastic mod-

ulus, although are limited in the representation of novel topologies. Furthermore,

they fail to accurately predict the shear behaviour and progressive collapse of

honeycomb cells. Numerical simulation based on finite element analysis can be
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adopted to predict the behaviour of structures under a wide range of loading

conditions, strain rates and facilitates exploration of complicated geometries oth-

erwise unobtainable using analytical approaches.

Finite element has been used extensively to analyse the mechanical behaviour

of honeycomb structures. This is motivated by unlocking the potential of these

structures for improved bending and impact resistance as well as energy absorp-

tion. Depending on the application, honeycomb arrays can be comprised of hun-

dreds of cells under loading. As each cell has a nominally small wall thickness, the

resultant mesh will comprise thousands of elements. Consequently, this comes at

high computational expense. To reduce the computational cost of running these

simulations, an established strategy is taking advantage of symmetry through

representative area or volume elements with periodic boundary conditions ap-

plied [127]. These reduced periodic boundary condition models consist of one,

or a few, unit cells which are restrained by pairs of opposing boundaries. This

results in identical deformation, thus creating a scenario where edge or boundary

effects are eliminated. The rationale for this approach assumes that a system

comprised of a large number of repeating cells will deform similarly to an infinite

system. In this system, the ratio of boundary units to internal units is very low,

and therefore the overall behaviour is determined by deformation of the internal

units. This represents an ideal strategy for design optimisation, increasing the

number of design cycles by reducing the computational expense of each finite

element simulation.

Within the finite element solver, there are various approaches to modelling the ge-

ometry of a honeycomb structure. Previous investigations have adopted a variety

of element types including brick [124], shell [120], and beam [128]. Brick elements

are recommended for large deformation analysis as they are computationally ef-

ficient and accurate, however, require hourglass control and high element counts

to prevent shear locking which can lead to spurious results under bending condi-

tions [129]. Shell elements require fewer computations when compared to brick

elements due to the reduction in nodes, and are suited to applications where the

shell thickness is significantly smaller than the other dimensions. Beams elements

are simpler still and more computationally efficient. Whilst adopting shell ele-

ments for honeycomb analysis is common practise [102] when compared to the

response of brick element and beam elements under equivalent conditions, hon-
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eycombs meshed with brick elements best match experimental data sets [128].

Hence, this approach will be leveraged within the methodology of this thesis.

2.4.4 Manufacturing methods

Since the inception of commercialised manufacture of honeycombs, several man-

ufacturing methods have been developed. These include expansion, slotting and

corrugation joining which comprise several steps, as illustrated by figure 4.6, and

are exclusive to certain materials and wall thicknesses [130]. Expansion forming is

suited to honeycombs with thin walls derived from metals, as well as composites,

and is characterised by the stacking of material along offset bond lines. After

being cut to the appropriate thickness, they are expanded to form a honeycomb.

Whilst compatible with similar materials to expansion, slotting is best achieved

by thick strips of material. Slotting, is the interlocking and bonding by braz-

ing or adhesive of individual strips. This is best represented by an interlocking

square formation, although other topologies can be realised. Lastly, corrugation is

compatible with intermediate wall thickness, where sheets are corrugated between

rollers prior to stacking and bonding. Polymeric honeycombs are compatible with

expanding and slotting manufacturing methods, although this doesn’t extend to

the use of elastomeric materials. Elastomeric honeycombs can be manufactured

using casting [131], although this ultimately requires manufacture of moulds,

which limits the design freedom afforded by the process.

The issue associated with these manufacturing methods is that they result in

a flat, planar section. When a honeycomb is wrap into a curved volume, such

as a dome, or the curvature of the head, the resultant curvature is anticlastic

[132]. Modern manufacturing methods can now facilitate curved volumes by use

of thermal welding (such is the case for fabricating Koroyd [133]). At present,

however, these new techniques do not allow for changes in out-of-plane profile

(e.g., folds) which can enable tailorable energy absorption [124]. Additive manu-

facturing presents both the geometric freedom to enable fabrication throughout

a curved volume whilst retaining the ability for fine features.
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Figure 2.19: Several conventional manufacturing methods for honeycombs
including expanding, slotting and corrugation & joining. Adopted from [130]
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2.5 Polymer Additive Manufacturing

This section describes the literature that was reviewed concerning polymer ad-

ditive manufacture. An initial overview and definitions are provided relating to

additive manufacturing and its various processes available for manufacturing poly-

mers, before focusing on laser sintering. Next, further descriptions are provided

referring to the manufacturing mechanics and artefacts which arise due to laser

sintering and how they influence the sintered mechanical behaviour. Lastly, cur-

rently available materials are established and reviewed relative to the mechanical

properties.

2.5.1 Process definitions

Additive manufacturing (AM) is the process of building parts through controlled

deposition or binding, of material rather than conventional means such as sub-

tractive (e.g., machining) and formative (e.g., injection moulding) methods which

use a tool to form a part. This therefore enables manufacturing structures which

would otherwise be unobtainable based on conventional manufacturing restraints

and costly tooling overheads. This can facilitate topology optimisation in the

pursuit of lightweight structures [134], as well as low-cost geometric freedom to

enable user-specific customisation of components [135]. Consequently, AM has

been applied to several industries such as construction, prototyping, biomedical,

sportswear and protective equipment [136].

ASTM international has consolidated and characterised AM technologies into 7

broad categories which include: Material Extrusion, Material Jetting, Binder Jet-

ting, Sheet Lamination, Vat Photopolymerisation, Direct Energy Deposition and

Powder Bed Fusion [137]. Table 2.1, lists each category, providing a description

of the process and examples of technology available. Of note, however, Direct

Energy Deposition has been omitted from the review as it cannot facilitate poly-

mer manufacturing. For more information relating to detailed description of the

technologies, refer to [138].
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Table 2.1: Description of additive manufacturing processes and their relevant
technologies

Process definition Description Technologies

Material Extrusion
Continuous extrusion of build material through a nozzle
or orifice onto a build platform where it subsequently solidifies.

Fused Deposition
Modelling (FDM).

Material Jetting

Analogous to conventional 2D inkjet printing whereby liquid
material is deposited from the printhead onto a platform, either
on demand or continuously, which is then subsequently
solidified through photopolymerization.

Multi-jet
Modelling (MJM),
Three Dimensional
Printing (3DP).

Binder Jetting
Uses two materials, a powder-based material and a binder. The
binder acts as an adhesive between powder layers.

Binder Jetting.

Sheet Lamination
Cut sheets of material are stacked to form a 3D object and then
joined either using an adhesive or heat source.

Laminated Object
Manufacturing,
Ultrasonic
Consolidation.

Vat Photo-
polymerisation

Radiation curable liquid resins (photopolymers) are irradiated,
enabling a chemical reaction to occur, causing solidation of the
resin.

Stereolithography,
Digital Light
Processing.

Powder Bed
Fusion

Sequentially stacked layers of powder are sintered using a
thermal source (e.g., laser) to fuse the powder particles together.

Laser Sintering

From the perspective of selecting a process for the development of a helmet liner,

some technologies discussed in table 2.1 are prohibitive. To develop a continuous

liner, which takes the form of a prismatic cellular structure within a doubly-convex

volume, the process must:

1. Be self-supporting to achieve a conformal geometry.

2. Achieve fine detail on the scale of a mm.

3. Have equivalent material properties to established polymer processes.

4. Be able to process elastomeric materials.

Considering these requirements, the use of binder jetting was deemed inappro-

priate due to the material characteristics not being suitable for structural parts.

Sheeting lamination was also excluded as it is unable to create complex geome-

tries. Material jetting is known to exhibit fatigue over multiple loading cycles, so

was not considered. Material extrusion and Vat Photopolymerisation both have a

large array of materials available, can yield fine detail and achieve near equivalent

material properties to injection moulded parts, however, cannot achieve conformal

geometries without additional supports. Hence, powder bed fusion, in particular

laser sintering, was adopted for use within this thesis. As such, the remainder

of the section shall focus on process mechanics, artefacts of manufacturing and

currently available materials relevant to laser sintering.
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2.5.2 Laser sintering mechanics

Sintering refers to coalescing of powder material into a solid by means of heating

without liquefaction. Laser sintering is therefore achieved by selective fusing of

powder via application of a laser. This occurs over successive layers of 2D slices,

which represents a 3D geometry.

As illustrated by figure 2.20, thermal energy supplied in heating of the powder and

application of the laser raises the temperature of the powder beyond its melting

point. Following, sintering begins where the outer region of the powder particles

melt first, giving rise to necks at the contact points between adjacent particles.

The evolution of the liquid phase from the solid phases begins and coalesces

around the particle core, which commonly remains solid [139]. Following removal

of the laser, the regions where melting occurred cool and return to their solid

state.

Figure 2.20: Illustration of the sintering particles giving rise to a liquid phases
which coalesce and form a solid upon cooling. Adopted from [140]

As illustrated by figure 2.21, the laser sintering process includes several steps.

Firstly, powder is distributed over the build bed via a roller fed from powder

reservoirs. This powder is heated to a point just below the polymer powders

melting point, such that melting can be triggered easily by the laser. Following,

a laser is then used to fuse the first layer of the cross-section of the model. The

build platform is then lowered, and powder is re-distributed using a roller to

cover the sintered layer. Further layers are subsequently fused and added. The
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process then repeats until the entire model is created. Loose, unfused powder

remains in position, supporting the model until it’s removed upon completion

of the build during the post-processing. The powder that is not sintered during

manufacturing can be used during subsequent builds, however, repeat thermal

cycling of the material eventually degrades the material characteristics [141]. The

consequences of this shall be discussed in the later section.

The quality of the build is subject to operational parameters. Whilst default

operational parameters are provided by powder manufacturers, there is inher-

ent variability across machines. Consequently, this requires optimisation [142].

Notably, the processes parameters that have an influence on the laser sintering

process are laser power, fill scan spacing, beam speed, scan count, part heater

set point and powder layer thickness [143]. Manufacturing artefacts can arise

from improper selection of these parameters, leading to compromising mechani-

cal properties.

Figure 2.21: Illustration of the sintering process. Adopted from [144]
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2.5.3 Manufacturing artefacts

Parts fabricated using laser sintering distinguish themselves from other AM pro-

cesses. Notably, laser sintering allows for a wide range of thermoplastic materi-

als with high performing mechanical properties to be leveraged. As such, laser

sintered parts are durable enough to be used in applications whereby they are

subjected to mechanical loads. Despite this, they often exhibit artefacts which

inhibit mechanical behaviour. In this instance, comparison is typically drawn to

part fabricated using injection moulding as a benchmark for quality [145].

As previously mentioned, repeat heating cycles of unsintered powder gives rise to

changes in its mechanical characteristics. Whilst laser sintering aims to recycle

unsintered powder, the thermal history and ratio of virgin to used powder can be

detrimental to the manufactured mechanical properties. Notably, whilst tensile

strength can in fact be improved in builds using the same powder (for a low num-

ber of cycles), in subsequent builds it can decrease notably [141]. Moreover, this

can also affect the elongation at break [146]. The influence of these phenomena

can also be observed visually, where so-called “orange peeling”, as illustrated by

figure 2.22, develops as surface roughness [147].

Figure 2.22: Identification of orange peeling artefact on the sintered part. Adopted
from [148]

Warping and curling are features of distortion which occur due to the forces which

arise due to the contraction of cooling material during laser sintering polymers and

give rise to poor quality parts [149]. Curling is associated with the deformation

of a localised section of the geometry, most prevalent at the base section (see

figure 2.23a). Warping is the distortion of a whole part [150], such that the effect

is global (see figure 2.23b). The distinction between the two phenomena is that

46



Chapter 2 Rhosslyn Adams

material is lost from the geometry because of curling, however, distortion can be

managed with thermal treatment.

(a)

(b)

Figure 2.23: Examples of distortion due to laser sintering, curling (a) and warping
(b). Adopted from [149]

The density, also known as porosity, of laser sintered parts is known to influence

the overall mechanical properties [151]. For example, laser sintered PA12 reports

on average a density of 0.95 kg/m3 which is less than the 1.04 kg/m3 reported

for equivalent compression moulded PA12 [152]. Consequently, considerably lower

tensile strength is reported, however, compression properties remain similar. This

is likely due to the ease of crack propagation through the inclusion of voids.

Similarly, the fatigue performance is notably influenced by the inclusion of unfused

powder particles, which give rise to the initiation of cracks and damage [153].

Poor part density arises from inadequate energy [154] or very high-energy levels

[155] provided by the laser during the manufacturing. In the latter case, polymer

pyrolysis occurs (i.e., thermal degradation), giving rise to a porous structure. The

former, however, represents a strategy to achieving variable mechanical properties

throughout a build volume [156].

Anisotropy caused by the build orientation and placement within the build volume

is a feature of laser sintering process due to the layer-by-layer process [157]. This

is similar to other processes such as fused material extrusion [158] and jetting

[159]. As illustrated by figure 2.24, as the laser scans across the powder, necks

arise between particles. Subsequent parallel laser vectors give rise to similar necks,

as the previous scan will have cooled and subsequently contracted. As the layer

height increases, fresh powder is spread over each sintered layer, meaning the bond
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between particles is different and is further reduced. The weakest properties are

therefore experienced when the applied stress is perpendicular to the layer-to-

layer bonding.

Figure 2.24: Illustration of sintering showing (a) the development of necking
between particles in a single vector, (b) necking between parallel vectors and (c)

necking between different layers. Adopted from [143]

Anisotropy, on the material scale, is not a desirable feature within laser sinter-

ing as it leads to variable mechanical behaviour unlike traditional methods like

compression and injection moulding. There is a distinct hierarchy in magnitude

of behaviour for each orientation, whereby parts build in the z-axis report less

favourable tensile and compressive modulus compared to the y-axis and x-axis

respectively (refer to figure 2.25) [157]. The development of anisotropy for poly-

meric laser sintered materials is well documented [160], however, less information

is available regarding elastomeric materials.

Figure 2.25: Illustration of the build orientations aligned with the x, y and z axis
of the build bed. Adopted from [157]
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2.5.4 Available materials

Laser sintering has the potential to process a large array of materials with vastly

different bulk properties. The polymeric powders used can be derived from amor-

phous and semi-crystalline polymers. Amorphous polymers (e.g., polycarbonate,

PC) do not exhibit a distinct melting temperature. When heated above their

glass transition temperature, they gradually soften, eventually reaching a liquid

state with no clear transition. Typically, these materials are processed by pre-

heating the part bed surface to a temperature just below the glass transition

temperature, with the laser adding enough energy to initiate sintering above the

glass transition temperature. Only partial consolidation and significant residual

porosity occurs, meaning that parts suffer from low strength compared to tradi-

tionally processed counterparts [143]. Consequently, their functional application

is limited. One advantage of amorphous polymers is that they exhibit minimal

shrinkage upon cooling, which enables the manufacture of components with high

dimensional accuracy [161]. In contrast, semi-crystalline polymers do not gradu-

ally soften, but change rapidly from a solid to a viscous liquid at a defined melting

temperature [162]. Processing involves preheating the part bed surface to a tem-

perature just below Tm, with the laser adding enough energy to enable complete

melting. Semi-crystalline polymers can be processed to produce near-full density

parts exhibiting mechanical properties comparable to injection moulded equiva-

lents [160]. However, significant levels of shrinkage upon cooling (3 − 4%) [161],

with a notable step-change in volume as the material cools through the melting

temperature [149].

The availability of commercialised polymer powders for laser sintering is scant

in comparison to other AM processes [163]. This is due to the complexity of

material development. Challenges include fabrication of a polymer powder with

an appropriate particle size, size distribution and morphology [164], as well as

identifying polymers with a wide thermal processing window [160]. Nevertheless,

companies such as 3D systems [165] and EOS [166] supply a variety of polymer

materials. These materials are predominantly polyamide-based thermoplastics,

which represent an overwhelming proportion of the laser sintering market; how-

ever, elastomers are becoming more widely available. In comparison to injection

moulding, the availability of processable materials is notably limited. For ex-
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ample, several thousands of materials exist for injection moulding, however, less

than 50 are available for laser sintering [163]. Increasing research interest is being

carried out on the development of laser sintering materials, although the main

focus of this is the inclusion of additives such as resin [167], fibre and carbon

particles [143] within a polyamide matrix.

Figure 2.26: Classification of laser sintering materials according to the pyramid of
polymer materials. Adopted from [163]

A review of commercially available materials is illustrated by figure 2.27 6. No-

tably, the available range in modulus lies over several orders of magnitude from

less than 10 MPa to 1000 MPa, with the associated range in engineering strain

ranging from 6 mm/mm to 0.05 mm/mm. Despite a narrow academic focus on

elastomer laser sintering materials to-date [168], especially on understanding the

range of physical properties required for optimum sintering within the process,

there are a few thermoplastic elastomers available [169]. Nevertheless, laser sin-

tered elastomers have been developed and adopted within functional designs [170].

One such example, Luvosint, has been adopted for made-to-measure shoe mid-

soles [171], robotic actuators [172] and in the development of cellular structures

[173]. Therefore, it stands to reason to be adopted as a candidate material within

this thesis.
6Whilst the figure is not exhaustive of every variant offered, it covers all main polymer types

available.
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Figure 2.27: Distribution of material properties relative to elongation and Young’s
modulus for laser sintered polymers.

2.6 Research Focus

Within this section, the research focuses associated with this thesis shall be pre-

sented, these include additively manufactured helmets, tailorable honeycomb be-

haviour and finite element based optimisation.

Additive manufacturing processes are finding an increasing range of design appli-

cations. One such application garnering attention is the design and development

of helmet liners. In this application, AM offers a number of advantages compared

to traditional fabrications routes. A primary focus of this study is to exploit the

capabilities of additive manufacturing to create an improved helmet liner derived

from a prismatic cellular structure for impact protection.

Additively manufactured cellular structures have previously been evaluated with

respect to the loading conditions of a helmet impact. For example, Soe et al.

numerically explored the use of an ordered lattice structure for impact mitigation

within the volume of a helmet liner [174], demonstrating that tailorable energy ab-

sorption and thus impact mitigation can be achieved through structural changes.
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This concept has since been expanded by Khosroshahi et al., who investigated

lattice grading schemes [175] and relative density on resultant head injury severity

[176]. Clough et. al fabricated micro lattice impact attenuators, which afforded

greater specific stiffness and densification strain, resulting in a reduction in peak

linear acceleration under impact versus stochastically architecture foams [177].

The greater geometric freedom means architectured cellular structures hold a

notable advantage over stochastic cellular structures [178]. Architectured cellu-

lar structures with tailorable mechanical properties, therefore, represent a viable

route to improving helmet liner performance by identifying optimal configurations

to ultimately head protection.

Outside of academic research, these concepts have been translated to commer-

cial reality. Hexr [179] have developed the first user specific, laser sintered cy-

cling helmet. Comprised of a continuous honeycomb array and fabricated from

Polyamide-11 using laser sintering, it has been reported to lower risk of brain

injury compared with a foam helmet by 26%, as well as reducing other severity

metrics, such as rotational and translational acceleration by 30%. Other com-

panies such as KAV [180], Kupol [181] and Rheon [131] have leveraged similar

technologies to achieve a performance benefit versus contemporary foams. This

suggests that there is a viable commercial route to leveraging these structures as

an alternative material.

Honeycomb structures can undergo large regimes of compressive strain, making

them ideal structures for energy absorption. A typical honeycomb mechanical be-

haviour is characterised by an initial high peak stress, followed by a relatively flat

plateau and densification. Such a response typically results in low energy absorp-

tion efficiency, as the initial peak absorbs little energy, though incurs a very high

stress level [182]. The consequence of which, when discussing materials for helmet

liners, would be exposing the head to a large resultant acceleration. Neverthe-

less, the remarkable stiffness-to-weight ratio of honeycombs loaded out-of-plane

and comparatively reduced in-plane behaviour makes them a viable alternative

to current helmet liner materials. A primary focus of this study is to exploit this

class of structure as an alternative helmet liner.

An established methodology for minimising the prominence of the high peak

stress observed during honeycomb out-of-plane compression is the adoption of
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pre-crushing or built-in imperfections [67]. These, however, can only be facili-

tated in planar sections manufactured using contemporary methods. Strategic

material and geometry selection represents an effective method to tailor a honey-

comb’s mechanical behaviour. For example, Bates et al. reported that hexagonal

honeycombs manufactured from thermoplastic polyurethane achieved recoverable

and repeatable behaviour under cyclic compression [123]. Furthermore, the be-

haviour of these structures could be tailored by changing the unit cell geometry

[183]. Park et al. investigated personal protective equipment by leveraging ad-

ditive manufacturing, demonstrating the efficacy of elastomeric honeycombs at

mitigating impact loads associated with falls [184]. A design strategy now gar-

nering research attention is the introduction of folds in axially compressed struc-

tures. Townsend et al. investigated the energy absorption ability of elastomeric

origami-inspired honeycombs [124]. Through inclusion of a pre-buckled feature

(i.e., a fold), it was reported that it is feasible to retain the characteristic stiffness-

to weight ratio of honeycombs, whilst removing the undesirable stress-softening

phenomena. Outside of origami, however, fold patterns have been implemented

which approximate the higher order buckling modes of honeycombs, thus provid-

ing the theoretical grounding, to modify current honeycombs with a pre-buckled

feature. The same crush mode is reported in circular tube-like structures [185] and

therefore informs the choice of geometry for this study. Hence, there is good po-

tential to tune the mechanical behaviour of elastomeric pre-buckled structures for

repeat, impact mitigating applications that are subject to variable, application-

specific loading regimes which would not otherwise be effectively mitigated by

elastomeric foams.

Finite element analysis is a useful and effective tool for design, development, and

application of mechanical structures subject to dynamic loading. By facilitating

the ability to run simulations equivalent to in-situ loading conditions, optimal

configurations can be identified without lead times associated with manufactur-

ing and running physical experiments. Moreover, when coupled with intelligent

search algorithms this can facilitate iterative, virtual prototyping enabling design

optimisation relative to an objective function. A primary focus of this study

is to establish a computational approach for design and optimisation of cellular

structures for application in helmet liners.

Limited literature exists on the computational design optimisation of helmets,
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and rarely is an optimisation route, or best practises, presented. Shuaeib et

al. performed single objective optimisation on a motorcycle helmet to determine

foam density, foam thickness and shell thickness to minimise the peak acceler-

ation [77]. Tinard et al. applied manual modifications to a motorcycle helmet

based on modal analysis in order to reduce severity metrics [186]. Soe et al.

[174] and Khosoroshi [176] carried out investigation on lattice structures within

a full-scale helmet, however, this was limited to a single parameter sweep which

couldn’t be leveraged for more complicated structures with multiple design pa-

rameters. Furthermore, exploring novel structures requires finer meshing which

can take as long as 48 hours to complete, for a single simulation, [187]. Thus,

full scale iterative design optimisation is computational prohibitive. Caccese et

al. are one of few authors describing design optimisation using intelligent search

algorithms to develop optimal elastomeric honeycomb structures for head impact

mitigation [188]. Adopting a simplified genetic search algorithm, minimum unit

cell depth could be identified to achieve a reduced peak acceleration. Here, a

several simplifications were made, including symmetric periodic boundary condi-

tions, to facilitate expeditious finite element analysis whilst retaining equivalence

to in-situ loading conditions. This, however, was not validated by comparison

to the full-scale model to identify how effective the predictions were, nor was it

undertaken at an impact velocity equivalent to design standard testing. Hence,

this will be further investigated in this thesis.

2.7 Conclusion

Despite continued effort in the head protection sector, head injury remains a per-

sistent problem. Investigating new materials and structures for helmets is there-

fore of significant social importance. Whilst current solutions for cycle helmets

serve to mitigate the impact load under a singular impact, they are unsuitable

for applications with potential for multiple (or consecutive) impacts. Further-

more, limiting the likelihood of consumers wearing a previously damaged helmet

by identifying a multiple impact solution adds further motivation. Currently,

solutions to this problem include multi-hit capable materials such as expanded

polypropylene and vinyl nitrile foams, however, they are limited in terms of their

geometric freedom so prohibit optimisation.
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Honeycomb structures are versatile and have previously found application within

helmets, however, when manufactured from materials which plastically deform,

such as metals and polymers, these solutions only serve to mitigate a single im-

pact. Furthermore, recent advances have demonstrated that architectured hon-

eycombs can attain variable stress-strain responses that exceed contemporary

materials. A honeycomb structure manufactured from an elastomeric material is

therefore an ideal candidate due to their recoverable specific energy absorption.

Furthermore, these structures can now routinely be additively manufactured,

facilitating rapid design exploration of novel geometries otherwise not possible

through conventional methods. Continued development of additive manufactur-

ing technologies has made possible new exotic materials such as polyurethane

powders within laser sintering. Polyurethane materials can undergo large regimes

of elastically recoverable deformation. This now unlocks a feasible route to a

manufacturing method which can realise architectured honeycombs from recover-

able elastomeric materials within the doubly convex profile of a helmet. Several

barriers, however, have been identified before a pathway for design optimisation

of elastomeric additively manufactured honeycomb structures for helmet impact

mitigation can be established. These are :

1. A lack of material behaviour relating non-linear, rate dependant and aniso-

tropic material behaviour to inform finite element models.

2. A honeycomb structure with a mechanism to achieve tailorable energy ab-

sorption.

3. A numerical approach for optimising the structure in a computationally

efficient manner subject to user specified boundary conditions.

These barriers will be investigated, and the culmination of this thesis aims to

establish a pathway for efficient design and optimisation, including the best prac-

tises using computational approaches, of new materials and structure for enhanced

head protection.
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Experimental Characterisation

and Numerical Material Model

Calibration of a Laser Sintered

Elastomer

Sections of this chapter have been published as:
R. Adams et al. A novel pathway for efficient characterisation of additively manufactured
thermoplastic elastomers. Materials and Design (2019), article number: 107917.
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3.1 Introduction

As described in the literature review, Additive Manufacturing (AM) serves as a

feasible route to fabrication of a helmet liner based on a cellular structure design.

In particular, laser sintering boasts both the capability to achieve fine-scale struc-

tural features that are self-supporting, and the capacity for utilising elastomeric

materials that can undergo large regimes of elastically recoverable deformation.

This makes laser sintering an excellent candidate manufacturing process, however,

material information and experimental data for mechanical behaviour is scant and

therefore cannot accurately inform a numerical material model for finite element

simulation which captures non-linearity and rate dependence. Moreover, since

parts can be manufactured under different orientations using laser sintering, it is

unclear how the build orientation influences the mechanical performance of man-

ufactured components. Consequently, the route for leveraging this material for

future design optimisation using finite element analysis is limited.

This chapter aims to address two specific issues that restrict the design for op-

timisation capability of laser sintered elastomers. Firstly, further understanding

is required regarding the development of anisotropy as a function of the build

orientation. This will highlight the limitations in mechanical behaviour when

designing for manufacture. Secondly, non-linearity and rate dependence of the

sintered elastomer will be investigated to calibrate a material model for finite

element simulation under quasi-static and impact conditions. The real behaviour

of elastomers under deformation is complex. Specifically, the material behaviour

demonstrates non-linearity as well as rate dependence. Previously, investigations

have been enabled through the assumption of linear elasticity, however, this is

inappropriate since it cannot predict the discussed material behaviours.

This chapter is organised as follows. Firstly, to assess the material’s strain-rate

and build orientation sensitivity, tensile coupons were sintered in orthogonal build

orientations and tested under different strain rates. Secondly, to calibrate a nu-

merical material model suitable for use in finite element analysis, quasi-static uni-

axial, planar and equibiaxial tension deformation state experimental data were

collected to define the non-linear elastic behaviour, whilst single step relaxation

data were collected to define the rate-dependant behaviour. The suitability of

each native hyperelastic material model within Abaqus, a finite element software,
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was then assessed for the ability to robustly predict both the single and com-

bined deformation state. The selected hyperelastic model was then augmented

with a linear viscoelastic model to predict rate-dependence. Finally, compari-

son is drawn between experimental and simulation data of the characterisation

tests, high strain rate tensile testing, quasi-static and impact loading of a honey-

comb structure to assess the accuracy of the calibrated model. The culmination

of this chapter provides a validated approach for characterising newly developed

elastomers. Furthermore, it will enable further numerical investigation using the

material model in subsequent chapters.

3.2 Materials & Methods

3.2.1 Laser Sintered Elastomer

The commercially available laser sintered thermoplastic polyurethane powder,

Luvosint TPU X92A-1 NT (Lehmann Voss Co; Germany), hereafter to referred to

as Luvosint, was adopted for use within this investigation. Luvosint was identified

within the literature review and was deemed suitable for use in the development of

a new helmet liner. Luvosint material properties are reported in table 1, however,

they are insufficient to calibrate an accurate numerical material for use in finite

element analysis.

In the following study, mechanical test coupons and a circular honeycomb were

modelled using computer aided design software (Solidworks, Dassault Systemes,

France), exported as standard tessellation language (STL) files and provided to

a third party for manufacture (FKM, Germany). The recommended processing

parameters, as provided by the manufacturer, are presented in table 2. since

manufactured was subcontracted, however, the exact processing parameters are

confidential.
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Table 3.1: Luvosint TPU X92A-1 NT physical and mechanical properties. Adopted
from [171].

Property Value Units

Specific gravity 1.2 g/cm3

Shore hardness 92 A

Poisson ratio 45 -

Elongation 5.0-5.2 mm/mm

Tensile Strength 16-20 MPa

Compressive Strength 33-40 MPa

Compressive Modulus 33-40 MPa

Table 3.2: Luvosint TPU X92A-1 NT recommended processing parameters.
Adopted from [171].

Paramter Value Units

Powder bed temperature 94 ◦C

Laser power 2 x 55 W

Scanning speed 12.5 m/s

Heater output limit 30 %

Layer height 0.1 mm

Fill scan spacing 0.15 mm

3.2.2 Strain Rate and Build Orientation Sensitivity

Uniaxial tension tests were performed at three strain rates, low, intermediate and

high equivalent to 0.05 /s, 5 /s and 100 /s respectively. These strain rates were

selected as they represent the spectrum of strain rates expected in the application

of personal protective equipment. Coupons were manufactured in three orthogo-

nal build directions, with sintered layers lying through thickness (xy), width (xz)

and length (zy) per previous investigations [157], as illustrated by figure 3.1. As

described by figure 3.2, the coupon gauge lengths were dependent on the test-

ing strain rates, where 0.05 /s = 33 mm, 5 /s = 5 mm and 100 /s = 100 mm,

which is equivalent to previous tests in the literature [189]. The area of analy-

sis within the gauge length was limited to mitigate against any potential stress

concentrations that may arise from the internal corns of the specimen tabs. It is

important to note, that for this section the experimental procedure was under-

taken by Dr. Rafael Celeghini Santiago, adjunct professor, at Federal University

of ABC (Brazil) in collaboration with Cardiff University facilitated by a Royal

Society Newton International Exchange award. Data sets were provided to the
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author, who analysed them within this chapter.

Figure 3.1: Illustration of orthogonal build orientations for a tensile coupon aligned
with the x, y and z axis.

Figure 3.2: Illustration of tensile coupon variants for material anisotropy and rate
sensitivity tests for low (left), intermediate (centre) and high (right) strain rate.

Coupon gauge length is provided in text.

Low strain rate testing was performed using a universial testing machine (Instron

3369, Instron, US), with each coupon loaded in uniaxial tension. The reaction
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force was recorded using the in-built load cell, whilst specimen strain was mea-

sured with video extensometry system (VIC-2D, Correlated Solutions Inc, US).

Intermediate strain testing was performed using another univerisal testing ma-

chine (ElectroPulse E100, Instron, US), whilst high strain rate testing used an

in-house twin rail rig that achieved deformation of the sample through reaction

of a falling mass where the reaction force was recorded using a 50 kN load cell

(Type: 9532A, Kistler, Switzerland) [189].

Samples had a high-contrast black and white speckle pattern applied to the surface

prior to testing to enable strain measurements via digital image correlation using

a high speed camera (APX-RS, Photron, Japan) at a frame rate of 10,000 fps. For

further information, relating to the application of the speckle pattern and setup,

refer to [189, 190] Annotated figures 3.3 and 3.4 illustrate the experimental set-

up adopted for the intermediate and high strain rate tests. All experiments were

performed at ambient room temperature (18 ±2◦C).

Figure 3.3: Intermediate strain rate test setup including universal testing machine
(A), DIC camera (B), data acquisition (C) and LED light sources (D).
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Figure 3.4: High strain rate test setup including twin rail falling mass (A), DIC
camera (B), test sample (C) and LED light source (D).

3.2.3 Characterisation for Material Model Calibration

Quasi-static uniaxial, planar and equibiaxial tension data within the range of 0

mm/mm to 0.4 mm/mm [113] was collected to define the hyperelastic behaviour,

whilst uniaxial tension stress relaxation data was collected to define the strain-rate

behaviour. The data collected for material model calibration is representative of

the material printed in the ’xy’ build orientation. All experiments were performed

at ambient room temperature (18 ±2◦C).

As illustrated by figure 3.5, uniaxial tension testing was performed using a uni-

versal testing machine (Zwick Z50, Zwick, Germany) fitted with non-slip grips at

a crosshead speed of 100 mm/min as per previous investigations [113]. An oil-

based ink was used to mark discrete strain markers within the gauge length. A

video extensometry system (iMetrum, UK) was used to enable relative strain mea-

surement of the markers under deformation. Coupon dimensions were measured
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at multiple positions across the gauge length using a vernier caliper (Mitutoyo,

Japan) and averaged.

Figure 3.5: Uniaxial tension test setup including non-slip grips (A), strain gauge
markers (B) and test coupon (C). Where Uz denotes the direction of the applied

displacement.

The reaction force was recorded using the in-built load cell and the tensile engi-

neering stress developed within the gauge length was defined as:

σuni =
f

wt
(3.1)

Where f is the recorded force by the load cell, w and t are the measured width

and thickness of the coupon.

As illustrated by figure 3.6, planar tension testing, equivalent to pure shear, was

performed [191]. A jig was designed to enable application of a wide load across

a sheet of material, achieving a 10-fold width-to-height gauge area ratio, at a

crosshead speed of 100 mm/min. Flat 60×200×2 mm coupons were manufactured

and 20× 200× 2 mm strips of aluminium were affixed across the top and bottom

using epoxy, which provided a non-slip boundary and enabled an even clamping

pressure when mounted within the jaws of the jig.
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An oil-based ink was used to mark discrete strain markers within the gauge length.

Video extensometry enabled strain measurement within the gauge length at three

locations across the width. The reaction force was recorded using the in-built load

cell and planar engineering stress was calculated using equation 3.1.

Figure 3.6: Planar tension test setup including non-slip boundary (A), strain gauge
markers (B) and test coupon (C). Where Uz denotes the direction of the applied

displacement.

As illustrated by figure 3.7, equibiaxial tension testing, equivalent to pure com-

pression, was performed using an in-house jig [192]. The jig was designed to

achieve multi-axial loading. Circular test coupons, d = 60 mm and t = 2 mm,

with a perimeter comprising 16 clamping tabs were manufactured. A series of

cuts and radii edges around the perimeter of the coupons ensured a homoge-

neous circular strain area, reducing the contribution of the stress concentrations

and mitigating premature failure. Non-contact video extensometry was used to

measure the specimen strain across 4 distinct pairs of strain locations.

The reaction force was recorded using the in-built load cell and equibiaxial engi-

neering stress was defined as:

σequi =
f

πdt
(3.2)

Where f is the force recorded by the load cell, d is the diameter of the gauge area

and t is the thickness of the coupon.
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Figure 3.7: Equibiaxial tension test setup including clamps (A), test coupon (B),
strain gauge markers (C). Where Ur denotes the radial direction of the applied

displacement.

Single step stress relaxation testing was performed using identical test setup and

coupons as the uniaxial tension testing. Stress relaxation requires instantaneous

straining of a material followed by a period of relaxation at a constant strain,

therefore the maximum loading rate of the machine was used to achieve a strain

of 0.4 mm/mm followed by an 100 s relaxation period. During testing, video

extensometry enable strain measurement in the gauge length. The reaction force

was recorded using the in-built load cell and normalised stress was defined as:

σ̄ =
σ

σo

(3.3)

Where σ is the stress calculated during testing, σo is the initial stress at the point

of instantaneous strain. Due to normalisation this can be simplified to the applied

force.

3.2.4 Material Model Callibration

Hyperelastic material model calibration was performed within the Abaqus finite

element solver (Dassault Systèmes, France) using the uniaxial, planar and equib-

iaxial tension data collected in section 3.2.3. The in-built solver was used to run

a non-linear least squares curve fitting algorithm which calculated the coefficients
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for the material model. The material models considered during this analysis are

listed in table 3.3

Table 3.3: Hyperelastic material models available within Abaqus classified as
phenomenological, mechanistic and hybrid.

Class Material model

Phenomenological

Mooney-Rivlin
Ogden
Polynomial
Yeoh
Marlow

Mechanistic
Arruda-Boyce
Neo-Hookean

Hybrid Van deer Waals

Rate-dependant material model calibration was performed within the Abaqus

finite element solver using the single step stress relaxation data in section 3.2.3.

Data was treated and back extrapolated using the procedure reported in [193].

Unlike the previous hyperelastic model calibration there is only one viscoelastic

model available within the solver – the linear viscoelastic model, therefore, this

model was adopted. The linear viscoelastic model is defined by a Prony series,

which is the sum of exponential terms as described by equation 3.4. The in-built

solver was used to perform a curve fitting procedure, utilising a non-linear least

squares fit, which calculated the coefficients of the model.

gr(t) = 1 −
N∑
i=1

gPi (1 − e
− t

τG
i ) (3.4)

Where t is time, and ḡPi and τ are constants of the Prony series expansion.

3.2.5 Finite Element Analysis

Hyperelastic models are effective at predicting the behaviour of elastomeric ma-

terials, however, they are limited by the fact that they cannot predict strain rate

effects. A simple approach to extending the predictive capacity of the model is to

augment it with a linear viscoelastic model. Since the proposed material model
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is a function of multiple data sets, the steps to validating the model are now

multi-faceted. The proposed series of tests for validation are as follows:

1. Quasi-static isolated deformation

2. Dynamic isolated deformation

3. Quasi-static mixed deformation

4. Dynamic mixed deformation

This section outlines the finite element simulations undertaken to assess the pre-

dictive capability of the newly calibrated model, whilst the following section,

section 3.2.6, describes the experimentation that validates the simulation tests.

To test under isolated quasi-static deformation, a single element approach was

adopted to assess each candidate material model [129]. The single element ap-

proach utilises a cube of unit dimensions, an established strategy for analysing

material models without enabling deformation in an isolated state without edge

effects [194]. The single eight-node element was of hexahedron shape type, the

Abaqus explicit solver enabled consideration of large deformation effects. To sim-

ulate deformation, a ramp deformation-time history was applied, which yielded

a strain of 0.4 mm/mm. This strain level was selected as it has been previously

been reported to be the local strain of the cells walls during compression of a

honeycomb [113]. Force was extracted, and engineering stress was calculated as

per equation 3.1 and 3.2. The boundary conditions adopted to achieve isolated

deformation is detailed in table 3.4

In order to compare the suitability of each model, the area under the curve for each

model was assessed and compared in terms of the relative difference between the

model output and experimental data (equation 3.5). The relative difference metric

was calculated for each individual deformation condition as well as combined pairs

of each. The most appropriate model was defined as that which minimised the

total relative difference

rd =

∫ εmax

εmin
|σmod − σexp|dε∫ εmax

εmin
σexpdε

(3.5)
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Table 3.4: Abaqus boundary conditions used in quasi-static isolated deformation
testing.

Deformation Boundary conditions

Uniaxial tension
ux = U
uy = free
uz = free

Planar tension
ux = U
uy = fixed
uz = free

Equibiaxial tension
ux = U
uy = U
uz = free

Where σexp and σmod are stress for experimental and material model data, respec-

tively, and ε is the applied engineering strain.

Once the most appropriate hyperelastic model was identified, the model was aug-

mented with the linear viscoelastic model to extend the predictive capability into

the dynamic regime. Again, a single element approach was used within Abaqus.

Uniaxial tension was achieved by applying the boundary condition specified in ta-

ble 3.4. To simulate high strain rate conditions (ε̇ = 100 /s), the deformation-time

history from the experimental testing (section 3.2.2) was applied to the upper face

by means of an amplitude boundary condition. Force was summed across the face

and engineering stress was calculated for comparison to experimental data.

To assess the predictive capacity of the hyperelastic model in a mixed deforma-

tion condition, quasi-static compression of a circular honeycomb was simulated.

The circular honeycomb was adopted due to its potential application to personal

protective equipment, a theme which will be explored later in the thesis. For this

analysis, the linear viscoelastic model was not applied such that rate dependence

effects were isolated. Uniaxial compression of the honeycomb structure results

in bending and buckling of the cell walls. Consequently, this is a challenging

deformation condition for the proposed model to accurately predict. The struc-

ture was positioned between two analytically rigid plates which were assigned a

ramp deformation boundary condition which achieved a strain of 0.6 mm/mm.

An eight node brick element, with hexahedron shape type, reduce integration

(C3D8R) and hourglass control was utilised. Mesh size was selected to be half

that of the wall thickness, and a global friction value of µglobal = 1.0 [124] was
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adopted. The force deformation history was extracted from a reference node at

the centre of the upper rigid plate. Engineering stress and strain were calculated

for comparison against experimental data.

To assess the predictive capacity of the hyperelastic model augmented with the

linear viscoelastic model in mixed deformation condition under dynamic condi-

tions, impact loading of the circular honeycomb was simulated. A similar simula-

tion setup was used as before, where the honeycomb was positioned between two

analytically rigid plates, however, the upper plate was assigned a point mass of

6.1 kg, representing the total mass of the experimental setup, and prescribed a

pre-impact velocity of 2.5 m/s which is equivalent to a strain rate of 100 /s. The

kinetic energy (i.e. mass) of the impactor was chosen such that densification of

the structure was achieved. Force and displacement history were extracted from a

reference node at the centre of the upper rigid plate and converted to engineering

stress and strain, respectively. It is important to note that in this chapter, the

circular honeycomb is utilised as a tool to validate the capacity of the material

model to analyse mixed deformation state. Further description of the finite ele-

ment model and analysis of the circular honeycomb and its geometric parameters,

relative to mechanical behaviour, will be investigated in the forthcoming chap-

ters. For a more detailed description of the finite element model setup, refer to

Chapter 4.

3.2.6 Experimental Material Model Validation

To validate the proposed material model, additional experimental data was col-

lected that emulated the finite element simulation conditions. Quasi-static uniax-

ial compression testing was performed using a universal mechanical tester (Z50,

Zwick, Germany), as illustrated by figure 3.8. The specimen was placed between

two horizontal, rigid plates fitted. The upper platen was translated vertically at

a rate of 100 mm/min, until a strain of 0.6 mm/mm. Force was measured using

a load cell and displacement was recorded using the in-built measurement sys-

tem. A video capture system (iMetrum, UK) was used to record the deformation

mechanisms. All specimens were compressed out-of-plane, aligned with the build

orientation. All experiments were performed at ambient room temperature (18

±2◦C).
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Impact tests were performed using a spring-loaded linear impactor (Dynatup

9250 HV, Instron, US) as illustrated by figure 3.9. The carriage and flat platen

attachment had a total mass of 6.1 kg. The carriage was guided by two solid rails

onto the honeycomb, which was taped to the lower platen positioned beneath

the impactor. The sample was subjected to an initial impact velocity of 2.5 m/s

equivalent to a strain rate of 100 /s. A load cell measured the reactive force

during the impact, whilst a light gate measured the inbound velocity. A high-

speed video camera (Edgertronic SC1, Sanstreak Corp, US) was used to record

the deformation mechanisms. All experiments were performed at ambient room

temperature (18 ±2◦C).

Figure 3.8: Experimental setup for the quasi-static honeycomb compression
including LED light source (A), video camera (B), load cell (C), platens (D) and

honeycomb structure (E).

Figure 3.9: Experimental setup for honeycomb impact loading including LED light
source (A), high speed camera (B), load cell (C), carriage weight (D), platen (E),

honeycomb (F) and ruler (G)
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3.3 Results

3.3.1 Strain Rate and Build Direction Sensitivity

The influence of build orientation and strain rate was investigated through uni-

axial tension testing under three distinct strain rates using coupons sintered in

three orthogonal orientations. Figure 3.10a - 3.10d, illustrates the mechanical

behaviour under the experimental conditions.

Across several decades of strain rate, the magnitude of stress-strain behaviours

increases. For increasing strain rates, higher values of engineering stress are

observed for equivalent engineering strains. For example, at an engineering strain

of 0.4 mm/mm, values of engineering stress for intermediate and high strain

rate testing are 49 - 51 % and 107 - 122 % greater than low strain rate testing.

Furthermore, this is also reflected in the initial modulus, which was 33 - 47 %

and 117 - 103 % greater, respectively.

It is evident that the build orientation of Luvosint has a significant effect on

overall mechanical performance. In figure 3.10d, notable build direction sensi-

tivity is observed relative to mechanical performance. Trends vary across build

orientation, with a clear hierarchy observed. Build orientation ‘xy’ exhibits su-

perior performance ‘xz’ and ‘zy’. For high strain rates, ultimate tensile strain

ranged from 0.56 – 0.42 mm/mm for ’xy’, ’xz’ and ’xy’ respectively. For low and

intermediate strain rate conditions, tensile failure was only achieved by the ’zy’

orientation for a strain of 0.41 – 0.82 mm/mm respectively. Tensile failure was

not achieved for the other orientations, due to limitations of the test facilities.
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Figure 3.10: Mechanical response of Luvosint under uniaxial tension at different
strain rates subject to changing build orientation for xy (a), xz (b), zy (c)

orientation as well as combined plot for comparison (d).

3.3.2 Hyperelastic Material Model Calibration

The influence of deformation state relative to the mechanical behaviour was inves-

tigated by undertaking uniaxial, planar and equibiaxial tension testing. Figures

3.11 illustrates engineering stress strain behaviour under the experimental con-

ditions. Under monotonic deformation, each state yields behaviours that are

characteristically linear in the range of 0 − 0.1 mm/mm, after which, notable

non-linearity is observed. No upwards progression is observed in the stress-strain

curves, signifying that there was no yielding; therefore, plasticity wasn’t con-

sidered for material modelling in the strain range. This is intuitive, since ther-
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moplastic elastomers demonstrate recoverable elasticity. The initial modulus for

uniaxial, planar and equibiaxial tension was calculated as 30.86 MPa, 37.13 MPa

and 49.58 MPa respectively. Relatively, the planar and equibiaxial modulus is

greater than the tensile modulus by 20.3 and 60.7 % respectively. At an engineer-

ing strain of 0.4 mm/mm, uniaxial stress was 5.92 MPa, planar stress was 6.97

MPa and equibiaxial stress was 7.43 MPa.
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Figure 3.11: Luvosint mechanical behaviours under uniaxial, planar and
equibiaxial tension.

Figure 3.12a - 3.12c compares each model to the experimental data used for

calibration. The Drucker stability criterion was considered to ensure that the

models would be well-suited to numerical analysis [195]. The suitability of each

hyperleastic material model relative to the mechanical behaviour was investigated

using finite element analysis. Consequently, fewer models are illustrated in this

figure than were initially considered. Models that did not satisfy the criterion

were omitted from further analysis. The calibrated models that satisfied the

criterion were: Ogden N = 1 and N = 5, reduced polynomial N = 3 (Yeoh), Van

Der Waals and Aruda Boyce.
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Figure 3.12: Comparison of hyperelastic material model and their capacity for
predicting the mechanical behaviours of Luvosint for uniaxial (a), planar (b) and

equibiaxial (c) tension.

Figure 3.13 presents the analysis of each candidate model. Varying degrees of

agreement are observed. Relative difference and number of material model coef-

ficients, inferred as computational expense, was assessed. The relative difference

was calculated for each independent deformation state and coupled deformation

states, to determine efficacy at assessing deformation loading scenarios which

combined more than one state. In both cases, the Ogden N = 5 model presented

the best fit to experimental data, with a relative error of 0.048 and 0.095 respec-

tively. The Ogden N = 5 model is presented in figure 3.14 where comparison is
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drawn to the experimental data used for calibration.
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Figure 3.13: Comparison of relative difference to experimental data and number of
coefficients for each hyperelastic model.
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Figure 3.14: Comparison of experimental data to calibrated material for
deformation states uniaxial, planar and equibiaxial tension. Material model

oefficients are available in table 8.1 of Appendix 1.
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3.3.3 Linear Viscoelastic Material Model Calibration

Figure 3.15 illustrates the experimental normalised single-step relaxation data

compared to the calibration linear viscoelastic model (Prony series). The model

is closely calibrated due to the low root-mean-square error prescribed by the

solver. Inspecting the presented viscoelastic behaviour, the normalised long term

modulus is calculated as 0.5.
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Figure 3.15: Normalised stress relaxation test data and Prony representation.
Material model coefficients are available in table 8.2 of Appendix 1.

3.3.4 Finite Element Validation

To validate the proposed material model, a sequential approach including several

simulations and comparison to experimental data sets was undertaken. Firstly,

simulation in an isolated state of deformation under dynamic conditions was

carried out. Next, simulation in a mixed state of deformation under quasi-static

conditions was carried out. Lastly, simulation in a mixed state of deformation

under dynamic conditions was carried out, which was achieved through impact

loading.

Figure 3.16 illustrates the results of the experimental and simulation investigation

described in section 3.2.5 and 3.2.2 for dynamic uniaxial tension tests. In this case,
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the hyperelastic and linear viscoelastic material model was used under an isolated

deformation condition. The result of the numerical analysis match well with the

experimental data collected. The stress-strain behaviour favourably represents

the high strain-rate behaviour. At a strain of ε = 0.1 mm/mm, the numerical

prediction of stress is σ = 5.6 MPa whilst at a strain of ε = 0.4 mm/mm, stress

is σ = 10.8 MPa. For these points, the calculated values of error are 10% and 7%

respectively.
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Figure 3.16: Validation of hyperelastic and linear viscoelastic material model for an
isolated deformation mode, comparison of high strain rate tensile (100 /s) loading

data against simulation.

Figure 3.17 and 3.18 illustrates the results of the experimental and simulation

described in section 3.2.5 and 3.2.6 for quasi-static uniaxial compression of the

honeycomb. In this case, under a mixed deformation condition, the hyperelastic

material model is used in isolation. The results of the numerical analysis match

well with the experimental data collected. When compared to the experimental

results, the non-linear mechanical response of the honeycomb is well represented

by the simulation. For the stress at yield, the numerical value was 47% greater

than the experimental result. Nevertheless, the prediction of total energy ab-

sorbed by the structure was 13%. When comparing the video captured during

the experiment to snapshots of the simulation, a good degree of comparability is

observed, specifically, location and mode of buckling.
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Figure 3.17: Comparison of mechanical behaviour of experimental and simulation
honeycomb quasi-static compression to validate hyperelastic model under mixed

deformation conditions.

Figure 3.18: Comparison of deformation mechanisms of experimental and
simulation honeycomb quasi-static compression to validate hyperelastic model

under mixed deformation conditions.

Figure 3.19 and 3.20 illustrates the result of the experimental and simulation

described in 3.2.5 and 3.2.6 for impact loading of the honeycomb. Both the hy-

perelastic and linear viscoelastic model were adopted for the mixed deformation

mode case. The results of the numerical analysis match well with the experimen-

tal data collected. When compared to the experimental results, the non-linear

mechanical behaviour is well represented by the simulation, except for the stress

at yield. The reported numerical value was 48% greater than the experimental
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result. Notably, this is similar to the quasi-static case, too. Nevertheless, the pre-

diction of total energy absorbed by the structure before densification was within

11%. When comparing the video captured during the experiment to snapshots of

the simulation, a good degree of comparability is observed, specifically, location

and mode of buckling.
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Figure 3.19: Comparison of mechanical behaviour of experimental and simulation
of honeycomb impact loading to validate hyperelastic and linear viscoelastic model

under mixed deformation conditions.

Figure 3.20: Comparison of deformation mechanisms of experimental and
simulation honeycomb impact to validate hyperelastic and linear viscoelastic model

under mixed deformation conditions.
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3.4 Discussion

The aim of this chapter was to address two specific issues that restrict the de-

sign for optimisation capability of laser sintered elastomers. Principally, these are

anisotropy, as a consequence of the manufacturing build orientation, and the lack

of mechanical behaviour provided by manufacturers that precludes the calibration

of a material model for use in finite element analysis. Consequently, a pathway

was established which enabled identification of material model coefficients directly

from experimental data for laser sintered elastomer Luvosint. The calibrated ma-

terial model was validated through comparison to isolated and mixed deformation

cases under quasi-static and impact loading conditions.

The mechanical behaviour of Luvosint was reported with respect to build ori-

entation, stain rate and deformation condition. Classically, highly non-linear

elastomer-like behaviour was reported [191]. For uniaxial tension under a large

monotonic deformation regime, a small period of linear elastic behaviour was

followed by a softening region, under large strain. This demonstrates similarity

between an isotropic elastomer, achieved through injection moulding, and an addi-

tively manufactured alternative. The mechanical behaviour was sensitive to build

orientation. Specifically, a notable hierarchy in behaviour was observed, where

parts build in the ’xy’ direction exhibit superior performance versus ’xz’ and ’zy’.

This trend is consistent with other studies investigating laser sintered materials,

including elastomer [196] as well as other sintered materials [197]. Furthermore,

this also aligns with the behaviour observed for elastomers manufactured from

other AM processes [159]. The variation in behaviour observed demonstrates

the weakness underpinning the AM process. Notably, when attempting to eco-

nomically pack a build volume, parts may be subject to re-orientation from the

intended design plane, perhaps yielding parts which have variable mechanical

behaviour [157].

Advanced characterisation techniques, planar and equibiaxial tensile testing were

employed to obtain sufficient data that calibrates a robust material model. The

observed behaviour was notably different between each deformation mode, where-

by the magnitude of equibiaxial tension was greater than planar and uniaxial

tension. The response is analogous with similar materials, indicating that a hy-

perelastic material was required to model the behaviour [113]. Moreover, this
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model would require augmentation with a linear viscoelastic material, to accu-

rately mimic the rate sensitivity too [193].

This study captured the time-dependent behaviour for linear viscoelastic calibra-

tion using stress relaxation experiments. Stress relaxation experiments cannot

achieve an instantaneous step input and will always include an initial loading

ramp, as well as inertial effects from the test equipment loading. This is, how-

ever, compensated for by analysing the data and back-calculating to a theoretical

instantaneous load point, an approach which demonstrated favourable results

here and in a previous study [113]. An alternative method is to utilise resonance

methods, e.g., Dynamic Mechanical Analysis [159], which also captures the vis-

coelastic behaviour for strain-rates in a range near that of the impact. It is,

however, equally susceptible to the incorporation of user and/or analytical error,

due to the utilisation of shift factors [198].

The Abaqus solver enabled comparison of different constitutive material models

using the same experimental data input. The conditions of a simple hyperelastic

model were considered to aid in selecting the most appropriate model [199], whilst

the predictive capability in isolated and mixed deformation modes was assessed

through relative difference when comparing models. The Ogden N=5 model is

known to be easy to calibrate when using data from multiple tests [200]. As

such this model presented the least total relative different versus the other mod-

els, however, it is computationally expensive [201]. The Van Der Waals model

utilised few coefficients, whilst demonstrating the second most favourable fit from

the experimental data. The high degree of accuracy afforded by the Ogden N=5

provides the foundation for investigation with the dynamic regime when undergo-

ing large deformation, therefore was used for the rest of the thesis. The low RMS

error requirement applied to the linear viscoelastic model solver implemented by

Abaqus, results in the Prony series strongly agreeing with the experimental data.

Simulation using the material model coefficients compared accurately to exper-

imental behaviour for a given strain range, therefore, it is anticipated similar

accuracy would be found within a dynamic regime in the same range for both

isolated and mixed deformation modes.

Strong comparability was evident between the experimental and simulation data

in isolated deformation under dynamic conditions, demonstrating the efficacy of
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the proposed material model. The calculated engineering stress relative to the

applied strain was accurately predicted. For mixed deformation mode testing (i.e.,

honeycomb uniaxial compression), under quasi-static and impact loading, good

comparison was achieved. The total energy absorbed was within an acceptable

error tolerance as observed in similar finite element studies [192]. The stress

at the on-set of buckling, however, was markedly different from the observed

experimental results. This is due to the prominence of curling which resulted

in a tapered cross-section through the wall thickness, which is an artefact of

the sintering process [149]. Strategies to account for discrepancies between the

design and manufactured specimen including CT scanning to develop an accurate

mesh to better inform the finite element model [202], however, this would require

higher computational cost due to the anticipated mesh element size on the scale

of a micron to account for the fault.

The quantification of mechanical behaviour as function of build orientation and

layer-by-layer fabrication was not included within the finite element model. De-

spite being adopted for other investigations [203], this was not adopted to the

higher computation computational cost for marginal improvement in accuracy.

Moreover, experimental studies have demonstrated that the behaviour is recog-

nised to be less sensitive to anisotropy when exposed to compressive loads [159],

as compared to the uniaxial tensile results of this study. Since honeycombs are

commonly loaded in compression, this simplification was deemed acceptable.
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3.5 Conclusion

This chapter presents experimental data that characterises the mechanical be-

haviour of the laser sintered elastomer Luvosint. Furthermore, a finite element

material model was calibrated and validated. Establishing this behaviour lays

the foundation for subsequent investigations, which adopt this material for de-

sign optimisation using finite element analysis. A list of conclusions is presented

below:

1. Anisotropy was observed with respect to build orientation. Superior me-

chanical performance was achieved in coupons build in the ‘xy’ direction

compared to ‘xz’ and ‘zy’. Consequently, subsequent investigations will

adopt the ‘xy’ build direction.

2. Luvosint demonstrated non-linear and rate-dependant mechanical behaviour

– necessitating fit of a hyperelastic material model augmented with a linear

viscoelastic model.

3. Hyperelastic (Ogden N=5) and rate-dependant(linear viscoelastic) materi-

als models were calibrated, where coefficients were reported for use in future

studies.

4. The material model was systematically validated under isolated and mixed

deformation state for quasi-static conditions, yielding good comparison.

5. The material model was systematically validated under isolated and mixed

deformation state for dynamic conditions, yielding good comparison.
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4.1 Introduction

Laser sintering of elastomers is a highly promising approach to manufacturing im-

pact mitigating structures for use in helmets. Chapter 3 described the mechanical

behaviour of a laser sintered elastomer, Luvosint, which culminated in a calibrated

and validated finite element model. This material, when used to manufacture cel-

lular structures, such as honeycombs, may leverage a performance benefit for head

protection when compared to contemporary materials. The route to optimising a

candidate cellular structure using finite element analysis, however, is limited by

the unknown cellular structure behaviour relative to its parametric design space.

Moreover, owing to the scale and topology of typical cellular structures it is likely

each structural variant will necessitate a fine mesh, made up of thousands of ele-

ments. Consequently, computational cost will be high, where a high throughput

of design variants may be analysed, leading to an inefficient optimisation process.

This chapter aims to employ two strategies to improve the design optimisation

route for cellular structures such as honeycombs. Firstly, a periodic boundary

condition (BC) model shall be constructed to enable approximation of the full-

scale model under quasi-static compression and impact loading. This model shall

be validated relative to a full-scale model as well as additional experimental data.

Secondly, using the proposed periodic BC model, the design space of the proposed

structure shall be interrogated and analysed relative to its structural parameters

and performance metrics to limit the search space of future optimisation studies.

This chapter is organised as follows. Firstly, the candidate structure is presented,

a circular pre-buckled honeycomb, and its structural parameters are highlighted

and discussed. Secondly, a series of honeycomb variants are laser sintered from Lu-

vosint. Specimens are tested under quasi-static compression and impact loading.

Performance metrics yield stress, energy absorption and efficiency are reported

under initial loading as well as secondary and tertiary loading. Next, parametric

full-scale finite element models are developed for each honeycomb variant and

validated relative to experimental data. Following, periodic BC models are devel-

oped for each honeycomb variant, the efficacy of which is established relative to

the experimental test data and the aforementioned full-scale models. Lastly, the

periodic BC models are used to undertake a full-factorial, design of experiment,

parameter sweep and rich performance maps are developed. The culmination
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of this chapter provides the foundation for numerical optimisation by establish-

ing a validated periodic BC finite element models, to understand the structural

parameters relative to energy absorption and to determine a suitable geometry

bounds.

4.2 Materials & Methods

4.2.1 Honeycomb Structure

A circular pre-buckled honeycomb was selected as an exemplar structure for use

within this thesis. It is an ambition of this thesis, however, that the optimisation

design route is generic such that any additively manufactured structure can be

analysed using these principles. As illustrated by figure 4.1, the circular honey-

comb topology unit cell is defined by geometric parameters: cell size (w), wall

thickness (t), and depth (h). The pre-buckled design feature, characterised as

a smooth cosine curve propagated through the z axis, is defined by geometric

parameters: aspect ratio (e = r1
r2

) and number of folds (f).

Computer-aided design (CAD) models were generated using an in-house software

written in python code. As illustrated by figure 4.2, the honeycomb with an

aspect ratio of e = 1.0 retrieves a basic circular cross-section and straight walls

in the z-direction. As e reduces, the tube cross-section becomes more elliptical,

and the pre-buckled feature becomes more pronounced. As such, e controls both

the ratio of side lengths in the cross-section and the angle in the z-direction.
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Figure 4.1: Annotated circular honeycomb (2x2) illustrating the geometric
parameters of the unit cell

Figure 4.2: Variation in pre-buckled honeycomb design subject to changing aspect
ratio.
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4.2.2 Honeycomb Fabrication

The circular honeycomb used in the experimental testing was manufactured from

Luvosint using selective laser sintering, as depicted by figure 4.3. As previously

discussed, manufacturing was outsourced to a third party. For more information,

refer to Chapter 3.

Figure 4.3: The fabrication method for the optimal honeycomb design including
digital design, laser sintering overview and final part. Scanning electron imagery of

Luvosint powder has been adopted from [168]

Three structural variations, comprised of 16 cells (4 x 4 array), were manufactured

with geometric properties described by table 1.

Table 4.1: Structural parameters cell width, wall thickness, aspect ratio and
number of folds of the manufactured honeycombs

Cell width,
w (mm)

Wall thickness,
t (mm)

Aspect ratio
e (-)

Number of folds,
f (-)

Relative density,
Rd (-)

Density,
ρ (kg/m3)

12.5 0.60 1.00 1 0.14 168
12.5 0.60 0.80 1 0.14 168
12.5 0.60 0.60 1 0.14 168
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4.2.3 Experimental Characterisation

Quasi-static uniaxial compression testing was performed with a universal mechan-

ical tester, the details of which are described in Chapter 3. The specimen was

placed between two horizontal, rigid platens fitted with a 50 kN load cell; the

upper platen was translated vertically at a rate of 100 mm/min until the onset

of densification. Force was measured using the load cell and displacement was

recorded using the in-built measurement system. All specimens were compressed

out-of-plane, aligned with the build orientation. Three specimens of each struc-

tural design were tested, for statistical analysis. All testing was performed in

ambient conditions as per previous characterisation testing.

Impact tests were performed using a spring-loaded linear impactor, the details

of which are described in chapter 3. Each honeycomb struck with an impactor,

which had a total mass of 6.1 kg. Each sample was subjected to an initial impact

velocity of 2.5 m/s (equivalent to 100 /s). The honeycomb was taped across

the out-of-plane face of the lower anvil to prevent it from jumping out of the

impact area of each strike, which could lead to the anvils striking one another

and damging the equipment. All specimens were compressed out-of-plane to the

build orientation. Three specimens were again tested for each structural design

for statistical analysis. All testing was performed in ambient conditions as per

previous characterisation testing.

An aim of this thesis was to achieve a structure which could mitigate a load-

ing history. Therefore, specimens were subjected to subsequent repeat under the

previously discussed quasi-static and impact conditions. The virgin response was

captured and then, after an hour, testing was repeated. Testing was then repeated

the following day. Repeat testing was performed to capture the recoverable be-

haviour of the manufactured honeycomb.

4.2.4 Performance Parameters

To assess the energy absorption capacity of each honeycomb variant, the following

performance parameters were used: yield stress, energy absorption and absorption

efficiency. Yield stress was defined as the peak load during initial yield (nominally
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between 0 – 0.2 mm/mm). Energy absorption was defined as the cumulative work

done by the structure until densification, as per equation 4.1

E =

∫ εd

0

σ dε (4.1)

Where E is the energy absorbed, σ is the engineering stress, ε is engineering

strain and εd is the densification strain.

Lastly, energy absorption efficiency (equation 4.2), was defined as the ratio of

cumulative absorbed energy up to densification strain, divided by the peak stress.

η =

∫ εd
0

σ dε

σpeak

(4.2)

Where η is the energy absorption efficiency and σpeak is the peak stress.

4.2.5 Finite Element Model

Finite element models of the honeycomb structure were developed, to establish

a route for optimisation in future studies. Abaqus was utilised leveraging the

material model from Chapter 3. The honeycomb structure was modelled using

the geometric parameters measured from the manufactured specimens to account

for the discrepancy in digital design versus the as-built configuration that can

occur due to thermal expansion during the sintering process [204].

Figure 4.4 presents the quasi-static compression finite element model. It is im-

portant to note that although in this investigation the quasi-static response is

analysed, the explicit dynamic solver in Abaqus was utilised to access the general

contact algorithm, as this enables better representation of the behaviour during

post-buckling and densification. The honeycomb structure was positioned be-

tween two analytically rigid plates. The lower plate was assigned an encastre

boundary condition, whilst the upper plate was assigned a ramp deformation

boundary condition, achieving a strain of 0.75 mm/mm in the z-direction. An

eight-node brick element, with hexahedron shape type, reduced integration and
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hourglass control was utilised (C3D8R). Mesh size was identified through an in-

dependence study, where an average element size of 0.3 mm was sufficient, with

a finer mesh yielding better results, however, dis-proportionality greater compu-

tational run-time. A global friction value of 1.0 was adopted as per the previous

chapter. Reaction force and displacement was extracted from a reference point at

the centre of the upper plate. Engineering strain was calculated by dividing the

displacement of the upper plate by the honeycomb height. Engineering stress was

calculated by dividing the recorded force by the projected area of the honeycomb.

Figure 4.4: Finite element model of the honeycomb for quasi-static and impact
conditions.

The impact compression model was constructed analogous to the quasi-static

model. The lower plate was assigned an encastre boundary condition, whilst the

upper plate was assigned a 6.1 kg point mass and prescribed a pre-impact velocity

of 2.5 m/s.

In addition to the previously discussed finite element models, hereafter referred

to as the full-scale models, two computationally efficient models for quasi-static

and impact conditions were developed, termed periodic boundary condition (BC)

models. As illustrated by figure 4.5, these were achieved by taking advantage of

the symmetry in the X and Y plane and utilising zero displacement boundary

conditions around the perimeter of the unit cell.

In the quasi-static model, a 2 x 2 honeycomb configuration was modelled with

zero displacement in the X and Y axes prescribed along the perimeter nodes. The
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displacement conditions of the upper and lower plates were identical to the pre-

vious model. The impact model adopted a similar boundary condition approach.

The lower plate boundary conditions remained the same, whilst the upper plate

point mass was scaled by 25%, which is proportional to the kinetic energy, to

account for load distribution over a quarter of the projected area.

Figure 4.5: Location of nodal zero displacement boundary conditions for the
honeycomb periodic BC model (upper and lower plates removed for clarity).

4.3 Results

4.3.1 Review of Fabricated Honeycombs

The manufactured honeycombs are illustrated by figure 4.6. Prior to testing,

individual mass and dimensions of all specimens (N = 18) were recorded using

digital scales and a Vernier Caliper. Table 4.2 reports the mass, length, width,

depth and average wall thickness for each sample. Length, width, and depth

varied about the design value by 0.76 mm, 0.62 mm, and 0.19 mm respectively,
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when compared to the CAD models, for all structural variations. For samples

with an aspect ratio of e = 1.0, wall thickness exceeded the design value by 0.23

mm. For samples with an aspect ratio of e = 0.8 and 0.6, the variation was 0.17

mm and 0.16 mm respectively.

Table 4.2: Recorded dimensions of manufactured honeycomb samples. Variants
were labelled from A, B and C representing honeycombs with an aspect ratio of e

= 1.0, e = 0.8, and e = 0.6 respectively.

Aspect ratio,
e (-)

Specimen
name

Mass
(g)

Width,
x (mm)

Breadth,
y (mm)

Depth,
h (mm)

Average wall
thickness, tavg

(mm)

1.0

A-1 10.51 49.44 49.78 24.98 0.71
A-2 11.22 49.51 49.75 25.01 0.76
A-3 11.84 49.56 49.88 25.08 0.81
A-4 12.64 50.04 49.89 24.99 0.83
A-5 11.15 49.24 50.10 25.02 0.76
A-6 11.73 49.88 49.91 24.89 0.77

0.8

B-1 11.85 49.89 49.88 24.96 0.77
B-2 10.83 49.87 49.93 24.92 0.71
B-3 10.21 49.95 49.68 25.01 0.68
B-4 10.51 49.58 49.48 25.12 0.68
B-5 10.74 49.53 49.38 24.92 0.72
B-6 11.23 49.67 49.73 24.81 0.74

0.6

C-1 9.83 49.82 49.67 25.01 0.68
C-2 11.46 49.96 49.70 24.94 0.74
C-3 11.83 49.75 49.83 24.89 0.76
C-4 10.75 49.61 49.83 24.89 0.71
C-5 11.33 49.84 49.78 24.93 0.75
C-6 11.18 49.54 49.83 24.93 0.72
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Figure 4.6: Fabricated honeycomb samples subject to changing aspect ratio, e =
1.0 (left), e = 0.8 (centre), and e = 0.6 (right).

Visual inspection identified artefacts of the sintering process in certain samples.

As highlighted in figure 4.7, samples with an aspect ratio of e = 1.0, had a series

of ribs distributed throughout the build axis. . At these locations, localised

curling has occurred due to a raised area of powder on the build layer. During

the following build layer, the raised area limits the deposition of new powder

directly on top of the sintered layer, instead being pushed outward causing the

rib feature. This feature occurs multiple times throughout the build height due to

variation in the bed temperature profile of the build. This feature is not observed

in samples with an aspect ratio of e = 0.8 or e = 0.6, because the fold provides

a moving cross-sectional area through the z-axis, meaning the material is not

sintered normal to the subsequent layer, mitigating the phenomena.
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Figure 4.7: Identification of sintered rib artifact proliferated through the z-axis
height of honeycombs with an aspect ratio of e = 1.0 (straight walled honeycombs).

4.3.2 Experimental Quasi-Static Compression

Quasi-static uniaxial compression was undertaken for each honeycomb variant,

with stress-strain curves reported in figure 4.8a - 4.8c. For completeness, all data

sets (n = 9) for each variant (n = 3) are reported here. Video snapshots are

reported 4.9 to illustrate the deformation mechanisms.
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Figure 4.8: Engineering stress-strain curves for honeycomb variants subject to
changing aspect ratio e = 1.0 (a), e = 0.8 (b) and e = 0.6 (c), under quasi-static

uniaxial compression.

As reported by table 4.3, for an aspect ratio of e = 1.0, the average yield stress

was 0.33 MPa whilst at e = 0.8 and e = 0.6, the average value was 0.24 MPa

and 0.18 MPa, respectively. For decreasing aspect ratio, the energy absorbed

decreases, yielding 8.72 J, 6.20 J and 5.17 J respectively. Conversely, the energy

absorption efficiency increases to 0.41, 0.43 and 0.46.
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Figure 4.9: Photographic stills of the honeycomb variants subject to changing
aspect ratio e = 1.0 (top-row), e = 0.8 (middle-row) and e = 0.6 (bottom-row)

under quasi-static compression.

Table 4.3: Average performance parameters yield stress, absorption efficiency and
energy absorbed for changing aspect ratio of each honeycomb variant under
quasi-static uniaxial compression. Standard deviation in parentheses, CV

=coefficient of variation.

Aspect Ratio e = 1.0 e = 0.8 e = 0.6
σyield

(MPa)
Mean 0.33 (0.04) 0.24 (0.02) 0.18 (0.01)

CV (%) 12.08 10.34 5.86

E (J)
Mean 8.72 (1.53) 6.20 (0.53) 5.17 (0.06)

CV (%) 17.56 8.49 1.12

η
Mean 0.41 (0.03) 0.43 (0.01) 0.46 (0.01)

CV (%) 6.39 1.07 1.46

4.3.3 Experimental Impact Loading

Impact tests were performed for each honeycomb variant, with stress-strain curves

reported in figure 4.10a - 4.10c. For completeness, all datasets (n = 9) for each

variant (n = 3) are reported here. Video snapshots are reported 4.11 to illustrate
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the deformation mechanisms.
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Figure 4.10: Engineering stress-strain curves for honeycomb variants subject to
changing aspect ratio e = 1.0 (a), e = 0.8 (b) and e = 0.6 (c), under uniaxial

compression impact loading

98



Chapter 4 Rhosslyn Adams

Figure 4.11: Photographic stills of the honeycomb variants subject to changing
aspect ratio e = 1.0 (top-row), e = 0.8 (middle-row) and e = 0.6 (bottom-row)

under uniaxial compression impact loading.

As reported by table 4.4, for an aspect ratio e = 1.0, the average yield stress

was 0.58 MPa, whilst at e = 0.8 and e = 0.6 the observed yield stress were

0.38 MPa and 0.29 MPa, respectively. In all cases, densification was achieved for

the impact, thus enabling calculation of energy absorption efficiency and energy

absorbed. In a similar trend to yield stress, values for energy absorbed decreased

to 14.69 J, 10.04 J and 8.31 J for decreasing aspect ratio. For energy absorption

efficiency the results were 0.39, 0.40 and 0.41 for decreasing aspect ratio.
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Table 4.4: Average performance parameters yield stress, absorption efficiency and
energy absorbed for changing aspect ratio of each honeycomb variant under impact

uniaxial compression. Standard deviation in parentheses, CV = coefficient of
variation.

Aspect Ratio e = 1.0 e = 0.8 e = 0.6
σyield

(MPa)
Mean 0.58 (0.05) 0.38 (0.02) 0.29 (0.04)

CV (%) 8.66 5.42 12.37

E (J)
Mean 14.69 (0.90) 10.04 (1.39) 8.31 (0.92)

CV (%) 6.15 13.81 11.03

η
Mean 0.39 (0.02) 0.40 (0.01) 0.41 (0.01)

CV (%) 4.40 2.06 2.95

4.3.4 Experimental Rate Dependant Behaviour

Comparison of the static and impact test results enables identification of the

rate-dependant behaviour. Figure 4.13a and 4.13b, reports the change in energy

absorption with respect to aspect ratio for both the quasi-static and impact con-

ditions. The honeycomb structures are sensitive to loading regime. Structures

with an aspect ratio of e = 1.0 yield an increase in energy absorption by 69 %

between the static and impact regime. As the aspect ratio decreases to e = 0.8

and e = 0.6, the associated rate effects decrease and energy absorption is only

62% and 61% greater than the static case, respectively.
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Figure 4.12: Comparison of strain rate behaviour for yield stress (a) and energy
absorbed (b) under quasi-static and impact uniaxial compression.
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The relative increase in yielding stress and energy absorbed is due to the rate

dependence of the base material. This aligns with the uniaxial tension results

of Chapter 3 whereby a similar relative increase in magnitude of behaviour was

observed. The similarity in increase suggests that the rate-dependence observed

in this study is due to the base material rate dependence and not structural

dependence, such as inertial stabilisation and plastic wave propagation, which

can only be attained at higher strain rates.

4.3.5 Experimental Multi-Loading Behaviour

Following initial tests, each sample was subjected to secondary (1 hour after

the initial test) and tertiary (24 hours after the secondary test) testing under

identical conditions, to identify the multiple loading behaviour of the additively

manufactured honeycomb structure. Fig. 4.13a and 4.13b reports change in en-

ergy absorption with respect to aspect ratio for quasi-static and impact conditions

for each repeat.
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Figure 4.13: Comparison of multi-loading energy absorbed for quasi-static (a) and
impact (b) loading uniaxial compression.
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For quasi-static conditions, the average energy absorbed was greatest for the

virgin compression. A subsequent compression performed an hour later reported

a decrease in total energy absorbed of 41 %, 40 % and 35 % for decreasing aspect

ratio. The final, tertiary compression occurred 24 hours after the secondary test.

The calculated energy absorbed during these tests reported a reduction, when

compared to the initial response, of 43 %, 38 % and 30 %. In a similar trend

to quasi-static conditions, the calculated energy absorbed under impact testing

was greatest for the virgin impact. Secondary loading yielded a reduction in

total energy absorbed of 31 %, 21 % and 28 % for decreasing aspect ratios. The

calculated energy absorbed during the tertiary tests reported a reduction, when

compared to the initial response, of 27%, 28 % and 28 %.

Under initial compression, the base material undergoes both elastic and plastic

deformation, characterised by base material stress softening (i.e., Mullins effect

[191]), this is confirmed by the stress reduction in the secondary compressive

cycle. During the secondary loading cycle, the base material undergoes exclusively

elastic deformation, representing a relaxed state. The relaxed state is present in

the subsequent compression cycle, where the values of yield stress and energy

absorbed are consistent with one another. The magnitude of relative decrease

in energy absorption, over successive compressive cycles, is markedly greater for

quasi-static than impact testing. This is attributed to the viscoelastic stress

relaxation of the bulk material attaining a greater degree of relaxation. Repeat

successive loading was not carried out after 24 hours due to a stabilised response,

as well as the change in sample height recording less than 2.0% of the overall initial

recorded height, suggesting that minimal plasticity had occurred. The behaviour

reported in this investigation, aligns with others which investigated laser sintered

elastomer cellular structures [205], suggesting it is feasible to achieve a recoverable

energy absorbing structure.
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4.3.6 Finite Element Mesh Independence

The influence of mesh size on the honeycomb mechanical behaviour was investi-

gated by simulating quasi-static conditions for models with different number of

elements through the wall thickness of the honeycomb, as reported by table 4.5

and figures 4.14a - 4.14c.
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Figure 4.14: Variation in simulated mechanical behaviour of honeycombs with
changing aspect ratio e = 1.0 (a), e = 0.8 (b) and e = 0.6 (c) under quasi-static

uniaxial compression subjected to increasing mesh density
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It is clear that as the number of elements increases from 2 to 3, the change in

stress-strain behaviour becomes less significant, however, computational cost in-

creases considerably. The computational cost of utilising a mesh with 3 elements,

in combination with increased structural complexity necessitating fine meshing,

would otherwise make further studies impractical. As previously stated, the dif-

ference in yield stress and energy absorbed recorded between structures with 2

and 3 elements is small, therefore, for the rest of this study a mesh with 2 elements

through the wall thickness was adopted.

Table 4.5: Computed performance parameters and relative error subject to
increasing mesh density for each structural variant.

Aspect
ratio,

e

No.
elements

Yield stress,
σyield

(MPa)

Yield stress
relative error,

σyield,re

(%)

Energy
absorbed,

E (J)

Energy absorbed
relative error,

Erd(%)

1
1 0.46 - 8.29 -
2 0.44 3.48 6.67 24.3
3 0.44 1.35 6.39 4.42

2
1 0.29 - 7.40 -
2 0.28 6.10 6.83 8.32
3 0.27 2.72 6.62 3.17

3
1 0.22 - 5.47 -
2 0.22 2.68 5.26 4.01
3 0.22 2.63 5.11 2.86
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4.3.7 Finite Element Quasi-Static Compression

To validate the quasi-static full model of the honeycomb structure, uniaxial com-

pression was simulated and compared to the experimental data. Moreover, the

periodic BC model was also simulated to determine how well it approximates

experimental data. The results of both simulations are combined and compared

to the experimental data as seen in figure 4.15a - 4.15c.
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Figure 4.15: Comparison of the experimental quasi-static compression mechanical
behaviour to the full and periodic BC finite element simulation result for various

aspect ratio e = 1.0 (a), e = 0.8 (b), and e = 0.6 (c).
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The reduction in CPU run-time, when comparing the full-scale to the periodic BC

model, was between 70.39% – 70.63%. Calculated error values for yield stress and

energy absorption, when compared to the experimental data, are reported in table

4.6. The full model reports good agreement when compared to the experimental

data. Generally, the non-linear profile is best represented for the model with an

aspect ratio of e = 1.0, where decreasing aspect ratio yields a fair approximation

to the stress-strain profile. Yield stress was over- reported by 46.01 %, yet the

prediction of the total energy absorbed was within 7.50 %. For decreasing aspect

ratio, the full model error reported for peak stress was between 10.55 % – 13.30

% and energy absorbed was 0.77 % – 12.28 %. The periodic BC model reports

fair agreement when compared to the experimental data. For an aspect ratio of

e = 1.0, the yield stress was over-reported by 94.17 % and energy absorbed by

31.24 %. For decreasing aspect ratio, the periodic BC model error reported for

peak stress is between 19.58 % – 27.83 % and energy absorbed by 2.14 % – 15.70

%.

Table 4.6: Comparison of the experimental quasi-static compression mechanical
behaviour to the full simulation and periodic BC model result for various aspect

ratios

Aspect ratio,
e (-)

Finite element
Model

Yield stress
error, σyield,re (%)

Energy absorbed
error, Ere (%)

1.0
Full 46.01 7.38

Periodic BC 94.17 31.24

0.80
Full 10.55 12.28

Periodic BC 19.58 2.14

0.60
Full 13.30 0.77

Periodic BC 27.83 15.70
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4.3.8 Finite Element Impact Loading

Full-scale and periodic BC model impact simulations were performed and com-

pared to the collected experimental data to determine their predictive capacity.

The results of both simulations are combined and compared to the experimental

data as seen in figure 4.16a - 4.16c.
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Figure 4.16: Comparison of the experimental impact compression mechanical
behaviour to the full and periodic BC finite element simulation result for various

aspect ratio e = 1.0 (a), e = 0.8 (b), and e = 0.6 (c).

107



Chapter 4 Rhosslyn Adams

The reduction in CPU run-time, when comparing the full-scale to the periodic BC

model, was between 75.77 % – 76.15%. Calculated error values for yield stress and

energy absorption, when compared to the experimental data, are reported in table

4.7. The full-scale finite element models report good agreement when compared

to the experimental data. Generally, the non-linear profile is well represented for

all models. In a similar trend to the quasi-static full model, the yield stress was

over reported by 48.70%, whilst the prediction of energy absorbed was within

23.56 %. For decreasing aspect ratio, the error reported for peak stress was

between 0.36 % – 1.91 % and energy absorbed was 2.86 – 6.29 %. The periodic

BC model also achieved good agreement with the experimental data, except for

the structure with an aspect ratio of e = 1.0, where yield stress was over-reported

by 93.36 % and energy absorption by 62.01 %. For decreasing aspect ratio, the

periodic BC model error reported for yield stress was between 17.40 % – 26.5 %

and 11.94 % – 25.50% for energy absorption. For the case of e = 1.0, analysis

was limited to ε = 0.4 mm/mm because the periodic BC model simulation did

not yield densification

Table 4.7: Computed performance parameter error when compared to
experimental data for impact uniaxial compression full and periodic BC model.

Aspect ratio,
e (-)

Finite element
Model

Yield stress
error, σyield,re (%)

Energy absorbed
error, Ere (%)

1.0*
Full 48.70 23.56

Periodic BC 94.36 62.01

0.80
Full 0.36 2.86

Periodic BC 26.5 25.5

0.60
Full 1.91 6.29

Periodic BC 17.40 11.94

4.3.9 Finite Element Parameter Sweep

To understand the relationship between the aspect ratio and wall thickness under

impact conditions, the periodic BC model under a constant strain rate conditions

was leveraged to undertake a full factorial parameter sweep. Analysis was limited

to the dynamic regime, since the anticipated loading conditions in a helmet ap-

plication is impact loading. This approach combined the quasi-static modelling,

dynamic material properties and a constant strain rate equivalent to the previous

impact loading. This approach was adopted such that each simulation achieved
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densification, enabling calculation of energy absorption and absorption efficiency.

The validity of adopting this approach compared to impact loading was assessed

and did not yield a notable difference. Yield stress, energy absorption and effi-

ciency were calculated for each simulated response. The results were assembled

into contour plots, as illustrated in figures 4.17a - 4.17c. The overlaid black crosses

indicate each simulation point. Energy absorption and efficiency were calculated

up to densification strain.
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Figure 4.17: Variation in dynamic honeycomb mechanical behaviour yield stress
(a), energy absorbed (b) and efficiency (c) relative to changing wall thickness and

aspect ratio.
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Figure 4.17a and 4.17b exhibit similar trends, where yield stress and energy ab-

sorbed increase towards the right-hand corner of the plot. Values reported range

from 0.37 MPa – 11.82 MPa and 10.20 J – 222.0 J respectively, representing

an increase of several orders of magnitude. The area of maxima corresponds

to a traditional honeycomb, e.g., wall thickness, t = 2.2 mm, and aspect ratio,

e = 1.0. Figure 4.17c reports a range of energy absorption efficiency between 0.30

and 0.45. Unlike figure 4.17a and 4.17b, a broad region of maximum values is

observed and positioned in the lower left-hand region. This region of maximum

values corresponds to a honeycomb of varying structure and is defined by values

of wall thickness, t = 0.6–1.2 mm, and aspect ratio, e = 0.6–0.9.

4.4 Discussion

The aim of this chapter was to improve the finite element based design optimi-

sation route of cellular structures. The issues that currently inhibit an effective

design optimisation of these materials for design applications are the computa-

tional expense in running full scale finite element models, and, establishing suit-

able bounds for the design space. Consequently, a periodic BC, representative

of full-scale simulations, were established and validated relative to experimental

data. These were further leveraged to undertake a full-factorial parameter sweep

to establish relationships between energy absorption, yield stress, efficiency and

geometries parameters. This will enable informed selection of geometric bounds

subject to anticipated in-situ loading conditions and injury thresholds in future

design optimisations in the later chapters.

A circular honeycomb was selected as candidate structure for this investigation

and was additively manufactured using laser sintering. A review of the as-built

part dimensions identified that thin features, such as the walls of the honeycomb,

are particularly susceptible to thermal distortion because of the sintering process.

This aligns with studies that have utilised sintering, although with other poly-

mers, and observed that the print quality was subject to operation parameters

that must be calibrated to achieve acceptable results [206]. To account and miti-

gate for these phenomena, adopting linear or non-linear scaling factors along the

principal axis is suggested [150]. It is well known that the mechanical behaviour
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of traditional honeycombs is proportional to the cell wall thickness, for a fixed

cell size [76]. The ability to achieve desired, and consistent thin wall features

is therefore particularly important when manufacturing honeycomb structure.

This becomes increasingly important when optimising for a specific mechanical

response in a mass-sensitive application such as a helmet. The implication of

overly thickened cell walls will yield a suboptimal response when subjected to

impact loading, resulting in high resultant accelerations.

Visual inspection identified artefacts of the sintering process were prevalent in

certain samples. Samples with an aspect ratio, e = 1.0, had a series of ribs

distributed throughout the build axis. At these sections localised curling had

occurred which yields a raised area of material on the layer [149]. Consequently,

during the subsequent build layer, the curled edge limits the deposition of new

powder directly on the top of the sintered layer. Instead, the new powder is pushed

outward, causing the ribbed feature. Accordingly, this feature is not observed in

samples with an aspect ratio of e = 0.8 or e = 0.6 because of the prevalence of

the fold, which has a moving cross-sectional area through the z-axis, necessitates

that material is not sintered normal to the subsequent layer.

When tested experimentally, the axially compressed honeycomb samples demon-

strated various mechanical behaviours. For an aspect ratio e = 1.0, typical honey-

comb behaviour is observed, where there is an initial linear response. Continued

strain introduces stress non-linearity. Buckling occurs once the walls of the hon-

eycomb cells are axially deformed beyond a critical yield point. The period of

buckling is associated with stress softening. In contrast to metallic, polymeric,

or paper honeycombs, honeycombs derived from elastomeric materials present

softening for a greater period of compression. The onset of buckling reduces the

stiffness of the structure; however, the deformation mechanism is characterised

by bending of the cell walls rather than folding at plastic boundaries [124]. Con-

sequently, the non-linear region of buckling is more pronounced, and the plateau

region is diminished. In contrast, the introduction of an aspect ratio less than 1.0

yields atypical honeycomb behaviour, achieving a reduction in yield stress and

prolongation of the non-linear buckling region. Moreover, characteristic stress

softening, which is a limiting factor of traditional honeycombs, is less prominent.

As the aspect ratio is decreased, the buckling mode becomes more controlled as

axial crushing is guided by the introduction of the fold. The overall response
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tends towards a square shape, mimicking the response seen in conventional elas-

tomeric foams. This results in an improvement in energy absorption efficiency,

where the maximum value observed was 0.45 which exceeds the values observed

for other additively manufactured elastomeric honeycombs (η = 0.37, Rd = 0.18)

[123], polymeric foams (η = 0.40, Rd = 0.03) [207] and rival elastomeric foams

[81]. Given the versatility of absorption behaviours observed, the pre buckled

honeycomb structure holds excellent potential for applications requiring tailored

energy absorption profiles, such as multi-hit helmets.

Variability in the quasi-static response was identified through the examination

of standard deviation and coefficient of variation. The variance observed is at-

tributed to the prominence of slipping at the upper and lower faces, which changes

the characteristic response of the structure. This is most notable with structures

that have an aspect ratio of e = 1.0. The prevalence of slipping is due to a lateral

force that develops as each cell buckles, overcoming the friction at the upper and

lower face. As the aspect ratio decreases, the introduction of the fold facilitates

a reduction in the lateral force and therefore preserves the true response of the

honeycomb. Reduced values of standard deviation and coefficient of variation

in impact testing suggest the prevalence of a lateral force overcoming friction

at the impact interface is less significant. Previous authors have utilised design

modifications such as a solid boss at the upper and lower face [113], constrained

by adhesive tape at the platen. This restraint isolates the buckling response of

the honeycomb; however, it was not achievable in this present investigation as it

would trap a volume of un-sintered powder.

Finite element analysis highlighted the importance of mesh element density on

the resultant mechanical behaviour of the honeycomb. Adopting a coarse mesh,

where a single element represented the wall thickness, achieved artificially high

stress-strain behaviour. This erroneous behaviour is otherwise known as shear

locking. Linear brick elements are particularly susceptible to these phenomena

in bending dominated conditions [208], where zero stress modes are characterised

by inverted elements, which can result in terminated simulations. To mitigate

against this, finer meshes were examined. Accordingly, meshes with two and three

elements noted deviation when compared to the initial result, although reported

similarity when compared to one another. Based on diminishing returns, a mesh

with two elements through the wall thickness was adopted, aligning with previous
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studies[124].

Full scale finite element models were developed which represented the experimen-

tal setup. Greater comparability was obtained for energy absorbed than was for

yield stress. Failure to accurately predict the yield stress is associated with two

features of the experimental data which the finite element failed to model. Firstly,

the prevalence of fault lines throughout the mid-section of the honeycomb struc-

ture yields a taper in wall thickness, which contributed to a reduction in stress

during yield. Including this taper within the model would have been infeasible

due to the reduction in mesh size required to attain such a feature, necessitat-

ing greater computational cost. Secondarily, a standard value for metal to rubber

friction (µglobal = 1.0 [209]) was used in the global formulation used in the Abaqus

solver. This, however, may not have been wholly representative of the experimen-

tal conditions for Luvosint which may attain different frictional values due to its

surface roughness [210]. Adopting a surface-to-surface tie at the upper and lower

face could have proved a more suitable method as per [205] as it would have

isolated the buckling mechanism, however, it may not have represented in-situ

boundary conditions.

A series of periodic boundary condition models were developed to approximate

the response of the full-scale models whilst alleviating the associated computa-

tional cost. Adopting symmetry enabled a reduction in elements utilised for each

simulation by 75% when compared to a full-scale model. In general, the results of

the periodic BC models over-approximates the response, in terms of yield stress

and energy absorbed, of the honeycomb structure. The over-approximation is

due to utilisation of zero deformation nodal constraints at the perimeter. As has

been previously discussed, as the structure compresses and ultimately buckles, a

lateral force is generated around the perimeter of the structure. Due to the pres-

ence of zero deformation nodal constraints, the structure’s perimeter is restrained

from this. Consequently, the reduction in stress is less prominent, thus yielding

an overly stiff response. As was seen during experimental testing, the presence

of a fold and decreasing aspect ratio reduces the phenomena. Nevertheless, for

decreasing aspect ratio, the periodic BC model remains an over approximation of

the true result. Whilst it is an over approximation of the true result, it represents

an effective route to optimisation. The reduction in element count will enable

a higher throughput of simulations, when compared to adopting the full-scale
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model, in future optimisation studies.

The performance maps developed through the parameter sweeps enable closer

inspection of the variation in energy absorption relative to the geometric design

envelope. Within the context of this thesis, they are examined by establishing

boundaries of acceptable behaviour as follows, based on a helmet application.

Firstly, the energy absorption of the structure should be equal to, or greater

than, the potential energy of the impact defined by the design standard, e.g.,

EN1078 = 55J (size J headform) [60]. This limits the performance maps to only

consider structures which have the potential to effectively mitigate the impact

load. Secondly, the stress of the structure under yield shall not exceed 2.4 MPa.

This ensures that the structure’s response is limited to a magnitude of stress which

will not incur a skull fracture [63]. Lastly, the energy absorption efficiency shall

be maximised. This ensures a square response which is most effective at impact

mitigation. By applying these limits, the design envelope can be considerably

reduced, enabling a more effective search of the design space.

4.5 Conclusion

This chapter presents the mechanical behaviour of a circular pre-buckled hon-

eycomb structure through use of experimental and numerical data. Numerical

data was realised through computational efficient finite element periodic bound-

ary conditions models which are equivalent to full-scale models and experimental

data. Adopting the periodic BC models in future studies will alleviate the com-

putational cost when running iterative multi-parameter design optimisations. A

list of conclusions is presented below:

1. Honeycomb samples were sensitive to manufacturing process. Inaccuracies

between intended and actual design, as well as visual sintering artefacts,

affect the mechanical behaviour.

2. Introduction of the pre-buckled design feature improved the mechanical

behaviour of honeycombs alligning with previous results in the literature.

3. Base material rate dependence influences the mechanical behaviour of the
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honeycomb for impact loading regime when compared to the quasi-static

response.

4. Subject to multiple compressive loading cycles, the structure recovers and

offers good potential to be used as an alternative to traditional impact

mitigating materials.

5. Numerical full-scale models accurately predict the mechanical response of

the honeycomb structure under quasi-static and impact compression.

6. Numerical periodic boundary condition models provide an approximation

of the mechanical response of the honeycomb structure whilst alleviating

computational expense.

7. Rich performance maps were developed to inform future optimisation stud-

ies by enabling indication of suitable parameter bounds relative to specified

limits such as impact energy and injury thresholds.
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5.1 Introduction

Additively manufactured elastomeric honeycombs are a highly promising alter-

native to contemporary materials used in helmet liners. Chapter 4 investigated

the energy absorbing properties of a candidate structure, the circular pre-buckled

honeycomb, utilising a validated finite element model which enabled approxi-

mation of the honeycomb response in a computationally efficient manner. The

optimal form of the proposed structure, however, is currently unknown due to

changing expected boundary conditions such as impact velocity, mass and con-

tact area which are subject to change due to user attributes as well as design

specification. This is further exacerbated by a complex structure including sev-

eral parameters, which challenges the designer to make an informed decision.

Hence, there is a requirement to be able to rapidly develop new structures to see

if they can satisfy the design standards, assessing various design permutations, in

a time effective manner. Numerical optimisation, driven by intelligent search al-

gorithms, represents a viable solution to parameter identification. Coupled with a

computationally simplified and efficient finite element model, this approach may

prove an effective pathway for helmet liner development.

This chapter aims to leverage numerical optimisation for expeditious design and

development of the previously discussed additively manufactured pre-buckled cir-

cular honeycomb when subject to user specified boundary conditions, restraints

and objective functions equivalent to the impact conditions of a helmet liner.

Moreover, the geometric complexity of the proposed structure is such that exclu-

sive experimental testing methods, would make this process impractical experi-

mentally and unsustainable economically. Consequently, numerical optimisation

is performed using the periodic boundary condition model developed and vali-

dated in Chapter 4.

This chapter is organised as follows. Firstly, the computational procedure is

outlined establishing the user defined inputs such as loading conditions, geometric

bounds, optimisation variables and objective function. Moreover, the sequence of

mesh and finite element model generation, as well as results analysis, is discussed

for the finite element model. Next, optimisation is undertaken. A comparison of

varying objective function is performed and the associated change in honeycomb

behaviour discussed. Lastly, the optimal geometries are manufactured and subject
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to experimental conditions to provide a basis of validation. The culmination of

this chapter is a validated approach to rapidly developing additively manufactured

structures suitable for adoption in helmet liners.

5.2 Materials & Methods

5.2.1 Honeycomb Structural Bounds

The design and topology of the circular pre-buckled honeycomb has previously

been described and discussed (refer to Chapter 4). The performance maps, con-

structed in chapter 4, can now be used to identify the optimisation design en-

velope. A constraint was applied to the parameter range of e ≤ 0.8 to exclude

the spurious artificial stiff response identified in Chapter 4 for straight walled

honeycomb using the periodic BC model. Another constraint E ≤ 55 J, which

represents the anticipated energy of the impact, was applied to form a bounding

box around the design envelope, as illustrated by figure 5.1

0.6 0.7 0.8 0.9 1

Aspect Ratio (-)

0.6

1

1.4

1.8

2.2

W
al

l 
T

h
ic

k
n

es
s 

(m
m

)

20

40

60

80

100

120

140

E
n
er

g
y

 A
b

so
rb

ed
 (

J)

Search area

Figure 5.1: Identification of search area through examination of performance maps
subject to behaviour limits.
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5.2.2 Finite Element Analysis

To replicate the shock absorption test from a helmet design standard, the impact

conditions from EN 1078 were used and applied to the finite element model.

The material model utilised for the base material was calibrated and validated in

chapter 3, whilst the periodic BC model was validated in chapter 4. The periodic

BC model was used to mimic the behaviour of the full-scale model as close as

possible, whilst reducing computational run time for each evaluation by 75%. The

explicit dynamic solver was utilised to enable a general contact algorithm, whilst

a global friction coefficient of 1.0 was used [209]. Mesh generation was carried

out such that there were two elements across the wall thickness to prevent shear

locking. The model comprised of deformable honeycomb cells comprising 4 cells,

whose symmetry make up a single unit cell, positioned between two analytically

rigid plates, as illustrated by figure 5.2.

Figure 5.2: The finite element model of the pre-buckled honeycomb, comprising
two unit cells positioned between an upper and lower rigid plate. The upper plate

is assigned a pre-impact velocity and point mass, whilst the lower is fixed.
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The lower plate was assigned an encastre boundary condition and the upper plate

a point mass of 4.7 kg, equivalent to a size J headform. Pre-impact velocity of

vz = 5.42 ms-1 was adopted from the design standard, whilst global acceleration

due to gravity, ag = 9.81 ms-2 was assigned to the entire model. This represents

the experimental setup, refer to section 5.2.4, enabling validation of the numerical

outcome, whilst simplifying the anticipated crushing between the head and the

liner under impact.

A 15 ms simulation time was used to sufficiently capture the entirety of the

impact event. Reaction force, translational acceleration, and velocity, as well as

displacement in the Z-axis were recorded with respect to time and extracted from

the reference point located on the upper surface. This was then used to calculate

the dynamic engineering stress and strain at the reference point. Engineering

stress was calculated by dividing the reaction force by the projected cross-sectional

area (defined by the maximum width and breadth), and strain by normalising

the plate displacement by the honeycomb height. The recorded data was further

treated with a low pass Butterworth filter that had a 1000 Hz cut-off frequency,

a commonly used approach to treating helmet impact data [211]. Head injury

criterion (HIC) was also calculated, using equation 2.2, to establish the relative

severity of the resultant acceleration. Since there were no rotational kinematics

induced during the impact, rotational severity metrics were not considered.

5.2.3 Optimisation

To identify the ideal honeycomb parameters for impact mitigation, numerical op-

timisation was performed based on a finite number of simulations using the surro-

gate optimisation algorithm available in Matlab’s Optimisation Toolbox (Math-

Works, United States) [212]. The surrogate optimisation algorithm, which is

based on a radial basis function [213], was adopted over other search algorithms

available in Matlab, such as genetic, particle swarm or simulated annealing due

to its capability of accurately modelling arbitrary functions, handling scattered

training points in multiple dimensions and requiring fewer iterations [214]. More-

over, since it is a non-gradient based solver, it is more appropriate for problems

that include discontinuities due to self-contact. Lastly, it is more suited to time-

consuming objective functions, such as finite element problems, as it is proven to
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converge to a global optimum for bounded problems.

The surrogate optimisation algorithm occurs over multiple steps, as illustrated

by figure 5.3.

Figure 5.3: The optimisation steps for construction of the surrogate response used
by the search algorithm for an increasing number of sampled finite element

simulations including, (a) random sampling, (b) surrogate construction, (c) merit
function analysis, (d) the best point simulated, (e) surrogate model updated and

(f) final surrogate model approximation.

Initially, quasi-random points are sampled throughout the design space (a), with

the objective function evaluated following each successful design point simulation.

The surrogate, which approximates the relationship between each design point

and the objective function, is then constructed by interpolating a cubic spline

with a linear tail through the sampled points (b). Next, the algorithm searches

for the minimum. New values are sampled within the design space around the

incumbent value (c). A merit function is evaluated subject to the surrogate model

values at these points, as well as the distance between them and the points where

the objective function has already been evaluated. The best point, based on its

merit function, is simulated and the objective function evaluated. The surrogate

model is then updated to reflect the new information (d). This cycle repeats for

a finite number of iterations, where the fidelity of the surrogate model improves
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(e). Upon convergence, the surrogate model is reset, and new random samples

selected to ensure the design space is fully explored. Once the maximum number

of iterations is reached, the minimum point can be identified (f).

The objective function used in this optimisation was adopted from the bicycle hel-

met design standard too, which defines an acceptable shock absorption threshold.

The standard mandates that, for a singular impact, the resultant translational

acceleration shall not exceed 250g. Consequently, the objective function was de-

fined by equation 5.1. It is assumed that the acceleration reported by the periodic

boundary condition model is equivalent to the expected behaviour of the full-scale

helmet liner.

f(xd) =
Jcalc
Jcrit

(5.1)

Where f(xd) is the objective function, xd is the structural parameters array, Jcalc

is the calculated objective function recorded during the simulation, normalised

by Jcrit a critical threshold value. The optimisation problem is therefore defined

by the number of structural parameters, the constructed surrogate model and

subjected to the limits described as follows:

min
t,e

f(xd) =
Jcalc
Jcrit

s.t. w = 12.5

h = 25.0

1.0 ≤ t ≤ 2.2

0.6 ≤ e ≤ 0.8

f = 1.0

(5.2)

Where w is the unit cell width, h is the unit cell height, t is the wall thickness,

e is the aspect ratio and f is the number of pre-buckled folds. The lower limit

of aspect ratio was selected based on the lower bound of the performance maps,

whilst the upper bound was selected to avoid the prominence of the spuriously

stiff response reported in Chapter 4.
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To utilise the optimisation approach, a computational procedure was developed.

As illustrated by figure 5.4, Matlab, Python and Abaqus, were utilised to execute

the structural optimisation.

Figure 5.4: The outline of the computational procedure indicating the software
used during each step of the optimisation (oval = start/end, parallelogram =

input/output, rectangle = process, diamond = decision).
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Initially, user-specified inputs such as maximum number of iterations, loading

conditions (mass and velocity) and structural parameter limits were set. The

optimisation search algorithm was then initiated using Matlab. The structural

parameter vector was parsed, and a Python script was called that meshed the

structure. A secondary script consisting of indigenous Abaqus macros imported

the newly meshed configuration, applied boundary conditions and wrote the sim-

ulation job file.

Once the new job file was written, Matlab executed the job. Upon completion

of the simulation, the result file was automatically analysed and filtered using

another Python script, before being imported into Matlab which calculated the

objective function. This procedure was then repeated where the structural pa-

rameter vector changes with respect to the calculated objective function. Once

the user prescribed iteration limit, as described by equation 5.3, was reached, the

procedure ends.

imax = 75nvar (5.3)

Where nvar is the number of design variables in the vector xd. For this study

there were 2 parameters, hence the iteration limit was 150.

5.2.4 Experimental Validation

In order to validate the results of the design optimisation procedure, the optimal

honeycomb configurations were manufactured in a 4 × 4 array (equivalent to

50× 50mm) from Luvosint as per the previous chapters, and subjected to impact

loading.

Impact loading was performed using a spring-loaded linear impactor, the details

of which are described in chapter 3. Each honeycomb was taped to the lower

platen of the anvil and struck with an impactor, which had a total mass of 4.7

kg. Each sample was subjected to an initial impact velocity of 5.42 m/s, vali-

dated through use of a light gate). All specimens were compressed out-of-plane

to the build orientation. Three specimens of each structural design were tested
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for statistical analysis. All testing was performed in ambient conditions. Fol-

lowing initial impact loading, repeat impact loading was undertaken to establish

performance degradation.

5.3 Results

5.3.1 Optimisation PTA as objective function

Initial optimisation was undertaken to establish the validity of the proposed

method. Figure 5.5 reports the variation in the objective function, peak transla-

tion acceleration (PTA), for each evaluation relative to the acceptable 250g limit

during the optimisation.
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Figure 5.5: The variation in the objective function, peak translational acceleration,
for each function evaluation relative to a threshold of 250g.

The optimisation procedure successfully satisfied the objective function, yielding a

response less than 250 g. The first 20 evaluations are randomly sampled, yielding

a variation in objective function between 419.7 g and 158.0 g. The minimum

value reported in the random sample was at iteration 9. This represents a relative

reduction in the objective function by 36.8%. The optimal solution was identified

during the first surrogate, within the adaptive sampling phase between iterations
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20 and 75. The minimum solution reported was 140 g at the 56th evaluation,

representing a further reduction by 11.4% compared to the best point of the

random sample. To ensure that the current best point was the global minimum,

the surrogate model was reset after the 75th iteration and random sampling was

undertaken to construct a new surrogate. The surrogate reset failed to achieve

an improvement on the best point from the first surrogate. Similarly, a third and

final reset (started at the 125th iteration) also failed to achieve an improvement,

although the procedure was terminated prior to reaching adaptive sampling as

the maximum number of iterations had been exceeded (imax = 150).

Figure 5.6a - 5.6b illustrates the changing resultant acceleration and mechanical

behaviour of the honeycomb during the optimisation procedure. Comparison is

made to the acceptable shock absorption threshold of the design standard, as well

as the failure criterion for skull fracture.
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Figure 5.6: Variation in honeycomb mechanical behaviour, translational
acceleration – time (a), and engineering stress – strain (b) relative to iteration

number 1, 14 and 56
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Figure 5.7: Visualised deformation with respect to time relative to iteration
number 1, 14 and 56.

Iterations 1, 14 and 56, of the first surrogate model, are reported as they demon-

strate two characteristic behaviours and the optimal result. Iteration 1 represents

an overly compliant response. As the structure begins to deform, buckling occurs

at a relatively low stress, initially resulting in a low acceleration. As the structure

proceeds through the plateau region, the structure fails to sufficiently mitigate

the kinetic energy of the impactor. Consequently, the structure begins to den-

sify yielding a large and rapid increase in acceleration, exceeding the acceptable

threshold, as the impact is mitigated through compression of the base material.

The duration of the impact occurs over 9 ms, reaching a PTA of 412 g, and a peak

stress of 7.6 MPa. Conversely, iteration 14 represents an overly stiff response. The

structure deforms at a high stress, yielding a high initial acceleration, which ex-

ceeds the permissible threshold. By the time the structure buckles, entering the

non-linear region before the plateau phase, the kinetic energy of the impact has

been mitigated leading towards a response which is over in less than 6 ms reach-

ing a PTA of 288 g, and a peak stress of 5.3 MPa. Iteration 56 represents the

optimal solution. The response effectively mitigates the kinetic energy prior to

reaching the onset of densification, without exceeding the 250 g threshold. Buck-

ling occurs at a stress that is below the acceptable threshold; whilst structural

stress-softening is observed, acceleration remains nearly constant throughout.

Figure 5.8 further examines the data recorded in the optimisation procedure. In

addition to PTA, HIC was calculated at each function evaluation; the variation

in PTA and HIC is reported at each function evaluation.The data features two
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trends constructed in a slanted ‘V-shape’. Firstly, the left-hand side trend ranges

between 140 to 412g, within which the value for HIC varies between 1129 and

3024. Conversely, for a similar PTA range, the associated right-hand HIC values

range from 1129 to 5658. These two trends meet at a point of intersection located

at the bottom left-hand corner. The density of function evaluations in this region,

compared to the others, is indicative of the location of the identified minimum.

The ‘V-shape’ formulation of data reports an interesting feature, where points of

equivalent PTA have markedly different HIC.
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Figure 5.8: The variation in peak translational acceleration and head injury
criterion at each function evaluation.

One such instance is reported in figure 5.9a and 5.9b, which compares the me-

chanical behaviour of these two points. Similar behaviour to that observed in

figure 5.6a and 5.6b is observed, i.e., a stiff structure that mitigates the kinetic

energy prior to reaching the plateau, versus a compliant structure that mitigates

kinetic energy by deforming within the plateau and densification region. Inter-

estingly, the search algorithm qualifies both results equally based on the PTA

reported, however, the calculated HIC values are markedly different. Notably,

the HIC value for the stiff structure is 114.1% greater than the compliant struc-

ture. Since the search algorithm examines these two responses equally, a greater

number of iterations is required to attain the optimum solution. In both cases the

requirement of the design standard (PTA ≤ 250 g), and thus objective function

have been satisfied; however, owing to the significance of HIC as an injury sever-
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ity metric, it is prudent for further optimisation to consider HIC as the objective

function.
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Figure 5.9: The comparison of impact response and mechanical behaviour of
iteration 11 and 136.

Figure 5.10 compares the objective function, peak translational acceleration, rel-

ative to the structural parameters, wall thickness and aspect ratio.

The contour plot illustrates a band of minimum peak translational acceleration,

neighboured equally either side by areas of increasing values, indicating that

the results are forming a valley shape where the minima are located within the

gulley. The two localised clusters of function evaluations are representative of the

completed adaptive sample phases. The optimal values found for each surrogate

were within 1% of each other. This suggests that for the pre-buckled honeycomb

structure, there is a band of optimal values for various combinations of wall

thickness and aspect ratio, as indicated by the dashed lines. Within this band of

near contact performance for decreasing aspect ratio, an increase in wall thickness

is required to mitigate the impact. Hence, to minimise mass, the design variant

with the lowest wall thickness should be selected.
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Figure 5.10: The variation in peak translational acceleration relative to wall
thickness and aspect ratio when the objective function is set to PTA. Each

function evaluation is indicated by a black point.

5.3.2 Optimisation HIC as objective function

To examine the influence of objective function, HIC was used in a secondary op-

timisation. The head injury criterion was calculated and normalised by a value

of HIC = 1574, equivalent to an abbreviated injury score (AIS) of 4 which has

been as indicative of a serious injury [215], whilst all other optimisation and

structural parameters remained the same. Figure 5.11 reports the variation in

objective function, HIC, for each evaluation relative to the new acceptable thresh-

old during the optimisation. The optimisation procedure successfully satisfied the

objective function, yielding a response with a HIC less than 1574. The first 20

evaluations are randomly sampled, yielding a variation in HIC between 5412 and

1050. The minimum value reported in the random sample was at iteration 7. This

represents a reduction in the objective function by 33.3%. The minimum solution

was identified during the adaptive solution between iterations 20 to 85. The min-

imum solution reported was 1029 at the 48th evaluation, representing a reduction

of 2.0 % compared to the best point of the random sample. Subsequent function
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evaluations do not yield an improved result. After the 90th function evaluation

the surrogate model is reset and random sampling occurs again to construct the

surrogate model, however, this search does not attain improvement.
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Figure 5.11: The variation in the objective function, head injury criterion, for each
function evaluation relative to a threshold of 1574.

Figure 5.12 compares the objective function, HIC, relative to the structural pa-

rameters of wall thickness and aspect ratio. The contour plot illustrates a similar

trend to figure 5.10.

Figure 5.13a and 5.13b compares the optimal results from the PTA and HIC opti-

misation, hereafter referred to as PTAopt and HICopt respectively. The objective

function has a notable influence on the resultant mechanical response of the hon-

eycomb. Specifically, the PTAopt favours a higher yield and plateau stress than

HICopt. Conversely, HICopt favours a lower yield stress and takes advantage of

densification. The reported PTA and HIC values for each optimal are reported

in table 5.1

Table 5.1: Structural and performance parameters for the optimal configurations of
each objective function

Objective
function

Cell width,
w (mm)

Wall thickness,
t (mm)

Aspect ratio,
e (-)

Number of
folds, f (-)

PTA
(g)

HIC
Relative density,

Rd

Density,
ρ, (kg/m3)

PTA 12.5 1.37 0.70 1.0 140.0 1174 0.31 367.1
HIC 12.5 1.11 0.80 1.0 193.2 1029 0.25 305.7
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Figure 5.12: The variation in head injury criterion relative to wall thickness and
aspect ratio when the objective function is set to HIC. Each function evaluation is

indicated by a black point.
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Figure 5.13: Comparison of mechanical behaviour translational acceleration – time
(a) and engineering stress – strain (b) for optimal honeycombs based on an

objective function of PTA and HIC.
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5.3.3 Experimental Validation

This section presents the results of the experimental validation. Manufactured

parts were reviewed before being subjected to experimental impact tests. The

findings of this investigation will be used to validate the optimisation process.

Prior to testing, individual mass and dimensions of all specimens (N = 3) for

each variant (N = 2) were recorded.

Figure 5.14 identifies artefacts associated with the laser sintering process. The

grid pattern highlights neighbouring cells of varying density. This is attributed

to poor sintering which is a function of several factors such as localised curl-

ing (previously discussed in chapter 4) incomplete binding due to poor powder

distribution or laser scanning strategy.

Figure 5.14: Manufactured honeycomb variant exhibiting a build defect

Table 5.2, reports individual mass, length, width, depth and average wall thick-

ness for each sample. Through comparison to the CAD models, it was identified

that both the PTAopt and HICopt group’s overall dimensions (e.g., length, width

and depth) were accurate. Accordingly, for PTAopt length, width and depth var-

ied from the true value by +0.05 mm (0.1%), +0.06 mm (0.12%) and +0.04 mm

(0.16%), whilst the HICopt varied by +0.23 mm (0.46%), +0.67 mm (1.34%) and

+1.08 mm (4.32%). Moreover, wall thickness, which was identified as being sus-

ceptible to thermal distortion leading to notable deviation from the design value

in chapter 4, yielded a deviation of +0.048 mm (3.50%) and −0.049 mm (−4.42%)

for PTAopt and HICopt respectively.
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Table 5.2: Manufactured optimal honeycomb samples dimensions

Objective
function

Aspect
ratio, e (-)

Specimen
name

Mass
(g)

Width,
x (mm

Breadth,
y (mm)

Depth,
h (mm)

Average wall
thickness,
tavg (mm)

Relative density,
Rd

Density,
ρ (kgm3)

PTA 0.7
PTA-2 23.99 50.05 50.02 25.04 1.42 0.32 382.70
PTA-3 22.28 49.97 50.06 24.04 1.41 0.31 370.50

HIC 0.8
HIC-1 14.92 49.62 49.32 26.08 1.06 0.20 233.77
HIC-3 15.91 50.23 49.33 25.93 1.06 0.21 247.62

Impact loading was undertaken for the manufactured honeycombs to demonstrate

that the optimisation process yields structures which satisfy their objective func-

tions. Figure 5.15a and 5.15b reports the acceleration-time data for the PTAopt

and HICopt. The PTAopt solution satisfies its objective function, yielding a PTA

value ranging from 186.3 g - 232.2 g, representing a relative decrease of 7.1 %

– 25.5% compared to the threshold value. Moreover, the PTAopt solution also

satisfies the HIC objective function yielding values ranging from 804.1 – 1274,

representing a relative decrease of 19.1 % – 48.9%. The HICopt solution also

satisfies its objective function, yielding a HIC value ranging from 1085 to 1519

which is a relative decrease of 3.5 and 31.1% compared to the threshold value,

respectively. The HICopt solution, however, did not satisfy the PTAopt threshold.

The recorded PTA was 258.6 g – 316.3 g which exceeds the threshold value by

3.4% – 26.5%.
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Figure 5.15: Experimental data of single impact loading for PTA (a) and HIC
optimised solutions (b)

Additional simulation was undertaken for the configurations identified through

the optimisation sequence and compared to the experimental dataset to provide
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a basis for validation. Figure 5.16a and 5.16b reports the acceleration-time data

for the simulation relative to the experimental dataset. The results of the analysis

match well with the experimental dataset, whilst both simulations underreport

the acceleration, for the PTA optimal simulation the percentage error for accel-

eration at the point of restitution is 9.6% whilst for the HIC optimal simulation

the error reported was 18%.

(a) (b)

Figure 5.16: Validation simulation with comparison to experimental datasets of the
optimal configurations for PTA (a) and HIC optimised solutions (b)

5.3.4 Repeat Loading Behaviour

Following the initial single impacts, each sample was subjected to 4 additional

repeat impacts at 1-hour intervals to characterise the multiple loading behaviour

of the optimal structures. Figure 5.17a and 5.17b reports the acceleration-time

data for samples of PTAopt and HICopt with respect to the first, third and firth

repeat impact. Moreover, figure 5.17c and 5.17d reports the PTA and HIC values

reported with respect to the number of repeat impacts.

The PTAopt solution was optimised with respect to an objective function threshold

of PTA ≤ 250 g. The previous analysis demonstrated that the PTAopt solution

recorded a PTA less than the threshold for a single impact. Following the second
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impact, the PTA recorded was 172.3 g representing a relative reduction of 25.8

%. For an increasing number of impacts, an improvement in performance was

observed. For impacts 3 – 5, a successive relative reduction of 8.5 %, 1.8 %

and 2.5 % is observed. Moreover, repeat impacts 4 and 5 represent a stabilised

response when compared to impacts 1 – 3 which yields less variation and a more

predictable response. Comparing the performance of the final impact (number

5), the reported value is 39.6 % less than the objective function threshold PTA

= 250 g. The PTAopt results also satisfies the HICopt objective function for

repeat impacts. Similar to the PTA trends, the reported HIC values decreased

for increasing number of impacts. For a single impact, the reported HIC value was

1274. Following the second impact, the HIC value recorded was 945 representing

a relative reduction of 25.8%. For impact 3 – 5, a successive reduction of 3.5 %,

2.0 % and 1.0 % was observed. Comparing the performance of the final impact

(number 5), the reported value was 29.9% less than HICopt objective function

threshold.

The HICopt solution was optimised with respect to an objective function of HIC

≤ 1574. The analysis of the single impact behaviour demonstrated that the

HICopt solution recorded a HIC less than the critical value for a single impact.

Following the second impact, the HIC recorded was 2723 representing a relative

increase of 150.1%. For an increasing number of impacts, a common trend of

deteriorating performance is observed. For impacts 3-5, a successive increase

of 32.6%, 12.1% and 8.9 is reported. Comparing the performance of the final

impact (number 5), the reported value is 306.0% greater than the critical value.

As previously discussed in the analysis of single impact behaviour, the HICopt

solution does not satisfy the PTAopt objective function. For the first repeat

impact, the PTA recorded was 446.2 g representing an increase of 72.5%. For

an increasing number of impacts, a common trend of deteriorating performance

is observed. For impacts 3 – 5, a successive increase of 19.8%, 7.3% and 5.2%

of PTA is reported. Comparing the performance of final impact (number 5), the

reported value is 141.3% greater than the critical value.
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Figure 5.17: Experimental comparison of repeat impact loading behaviour for PTA
(a) and HIC optimised solutions (b), as well as a comparison when considering the

values of PTA (c) and HIC (d) recorded for all experiments.

5.4 Discussion

In this study, a numerical route to optimising parametrically defined cellular

structures when subjected to impact conditions and differing objective functions

associated with helmet performance was established and investigated.

Finite element simulations were employed to obtain the resultant acceleration of
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the parametrised pre-buckled honeycomb structure when subject to impact load-

ing. The surrogate optimisation algorithm from the MATLAB toolbox was used

to analyse the results of FE simulation response relative to the design space. It

was shown that the pre-buckled circular honeycomb design can minimise PTA and

therefore satisfy the requirements of the design standard, but this was achieved

at the expense of the HIC value. Varying the objective function from PTA to

HIC resulted in notable differences in honeycomb response. The PTA optimal

favoured a high yield and plateau stress, ensuring that the impact energy had

been mitigated prior to entering densification, avoiding the characteristic large

and rapid increase in acceleration. This is known as a force limiting approach

[59]. In contrast, the HIC optimal favoured a lower yield and plateau stress,

resulting in densification of the structure. Since the structure yields at a lower

comparative stress, the resultant acceleration is reduced in comparison to the

PTA optimal. Once the structure densifies, however, the resultant acceleration

exceeds that of the PTA optimal. This reduces the time of exposure to injurious

levels of acceleration.

Appropriate selection of the objective function effects the optimisation procedure

and results. This is particularly important when optimising structures which can

have large variation in response due to small changes in geometric parameter

value. A notable benefit of HIC versus PTA as an objective function was demon-

strated in this study. In particular, honeycomb behaviour was reported which

the optimiser ranked as equal due to equivalent PTA values, although their HIC

values were notably different. Since PTA fails to consider the time of exposure,

the optimiser stalls, requiring a greater number of function evaluations to come

to an optimal solution. The use of either PTA or HIC as a metric for head injury

in isolation is generally contested, rather, it is favourable to use a combination

[107]. When rotational kinematics are developed, these should be considered too.

This, however, is challenging for optimisation investigations as it is unclear how

they should be ranked or weighted. Within the design standards, PTA has his-

torically been used [60]. In comparison, HIC is used scantily, featuring only in

motorcycle design standards [215]. Importantly, the prevalence of HIC as an in-

jury criterion should not be dismissed and its inclusion in the design standards

should be considered as it will aid in the selection of new helmet designs rather

than using PTA. The resistance to HIC in the design standards may be due to a
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lack of consensus on an acceptable threshold.

Experimental testing aimed to validate the numerically identified optimal config-

urations. Both structures, when tested experimentally, satisfied their respective

objective function, however, the reported results did not match the numerical

analysis. The HICopt configuration adopts a low yield stress, which results in a

reduced translational acceleration for a large proportion of the impact. It, how-

ever, takes advantage of the densification region to mitigate residual impact force

for short periods at high acceleration. Consequently, there is a small operational

window with which this structure works optimally. Variance in performance is

therefore anticipated, subject to variation in structural parameters. In this case,

variation in wall thickness, as reported by table 5.2, led to an overly compliant

structure, meaning the structure was unable to sufficiently mitigate the impact.

The negative performance was compounded over successive impacts, yielding a

larger spike in acceleration as an increasing proportion of kinetic energy was

mitigated within the densification region. Conversely, the wall thickness for the

PTAopt configuration exceeded the design value. Over successive impacts, the

performance, however, improved. In both cases, repeat impact loading causes the

base material to transition into its relaxed state due to cyclic stress softening,

known as the Mullins effect [191]. In the polymer’s relaxed state, the resultant

stress is lower for the same strain compared to the initial response. Considering

the experimental PTAopt results, the initial response was overly stiff, deforming

at high stress and did not densify. The consequence of this was a larger resul-

tant acceleration than that anticipated in the computational result. During the

subsequent impacts, the structure deformed at lower stress due to the relaxation

of the base material. The structure then proceeded to deform at a lower stress,

yielding a reduced resultant acceleration whilst deforming further as characterised

by nearly reaching densification. These results align with previous studies and

indicates that there is opportunity for helmets to be pre-stressed (cycled / con-

ditioned) to achieve repeatable, consistent behaviour [173]. This structure would

be more long living than polymeric foams such as EPS, which tend to either plas-

tically deform or demonstrate permanent set. Consequently, this could benefit

the user by reducing the risk of unknowingly wearing a helmet that is already

damaged, from an innocuous drop or following an impact.

The present approach to defining and meshing geometries for finite element anal-
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ysis leveraged an in-house python code. This enabled novel structures to be

explored, such as the pre-buckled honeycomb, within the numerical optimisa-

tion finite element procedure. Whilst there are commercially focused software

packages, such as nTopology [216], which enable topology optimisation as well

as volume filling of cellular structures, this does not have the capability to im-

port custom structures. Moreover, the indigenous finite element solver is limited,

offering only static analysis with linear rate-insensitive material models and is in-

capable of contact analysis. Consequently, this means it is infeasible to adopt the

approach for use within the present study. Numerical optimisation was carried

out using Matlab’s optimisation toolbox. This enabled access to a large array

of optimization methods such as the radial basis function algorithm which has

been previously used in the design, optimisation, and analysis of safety structures

subject to dynamic loading and design standard objective thresholds [217]. Other

commercially focused programmes do exist, such as Abaqus’ integrated module

and iSight [129]. However, they were not adopted for use in this investigation.

Whilst they are designed to be generally easy to use and robust, they do not con-

tain a wide range of analysis options to handle real-world problems. Moreover,

they are constrained to default settings and do not allow for user modification.

Whilst the optimised configurations satisfied the design standard performance

threshold, the sample densities exceeded that of typical elastomeric foams used in

helmet liners, 0.011 kg (183 kg/m3 [81]) by 0.008 kg (305.7 kg/m3 ). The sample

dimensions, however, used to inform the optimisation may not be representative

of the true helmet contact area, and therefore it is likely these structures are

overly stiff for the intended loading conditions. For example, the finite element

model used in this study consisted of a 2 x 2 array with a cell width of 12.5 mm,

representing a 4 x 4 array with a total contact area of 50 x 50 mm equivalent

to 2500 mm2. Contact area, however, is likely to change on a user-by-user basis

as a function of head and helmet radii [218]. Previous investigations adopted

a similar contact area values when investigating impact mitigation materials for

helmet applications [178] although there seems to be little justification for this

design choice. Moreover, other examples exist where a value as high as 6400

mm2 has been used for similar impact conditions [219]. Increasing contact area

for the same resistive force will yield a reduction in local stress exposed to the

user. Therefore, selecting an appropriate contact area is paramount for future
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investigations. Analytical expression exists for the anticipated contact area based

on helmet and head radius, and liner crush [220]. Considering general values for

a size J headform (equivalent to 50th percentile human head), and a nominal liner

crush of 0.5 mm/mm for a 25 mm liner, the contact area is in fact 10,000 mm2.

This exceeds the value used in this study, as well as previous studies, suggesting

that an additional performance gain and reduction in sample mass can be achieved

through greater consideration of the anticipated contact area.

The performance of the optimised honeycomb was tested in isolation to reduce

the computational expense of a full-scale helmet model. In its assembled form,

the helmet would consist of other components, such as the shell. Therefore, the

model does not account for the contribution of impact mitigation that the poly-

meric shell provides either through viscoelastic, or hysteresis loading, or cracking

and delamination of a composite. Consequently, the optimal solution may be

overly stiff, as it is required to mitigate the entirety of the impact load without

contributions of other components. Additionally, flat compression of a planar

honeycomb was adopted to represent the loading conditions of the linear impact.

From an experimental perspective, cellular structures are generally created in

planar shapes to enable ease of design and test. In the helmet design application,

this is not truly representative of the in-situ boundary conditions, as the head

and helmet conform to a doubly convex surface and therefore the contact area

changes as the helmet liner is compressed. Consequently, there may be unac-

counted deviation between intended design and actual mechanical response. The

honeycomb is optimised for flat conditions, as such it must be analysed in a full

helmet configuration to examine the influence of this investigative choice.

5.5 Conclusion

This chapter presents a numerical optimisation procedure utilising the finite ele-

ment model presented in Chapter 4, however, can be applied to any parameterised

model. The procedure culminates in an optimal configuration of the honeycomb

structure when subjected to user specified boundary conditions, constraints and

objective functions equivalent to helmet impact conditions. Adopting this ap-

proach proves an efficient route to rapidly generating helmet liners using novel
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structures. A list of conclusions is presented below:

1. An effective framework is reported for optimisation of parametrised cellular

structures, subjected to boundary and performance thresholds of a helmet

design standard.

2. Informed selection of geometric bounds aided effective and efficient identi-

fication of optimal configuration.

3. Numerical optimisation revealed the influence of objective function on the

impact behaviour for this class of additively manufactured elastomeric hon-

eycomb.

4. For the limits prescribed in the analysis, optimising for peak translational

acceleration resulted in a structure that mitigates the kinetic energy of the

impact at a stress, which facilitates avoidance of the densification region.

5. In contrast, optimising for head injury criterion results in a structure which

yields at a relatively lower yield stress and resultant acceleration, however,

densifies thus resulting in a higher peak translational acceleration but for a

small duration.

6. Fabrication and experimental testing of the samples provided further in-

sights regarding the impact performance. Both structures satisfied their

respective objective function when subjected to experimental testing, there-

fore providing validity for the numerical procedure and its adoption in future

studies.

7. Over repeat impacts, PTA optimised structures reported improved perfor-

mance and stabilised after the third impact. performance was observed over

multiple impacts, stabilizing after the third impact.

8. In contrast, HIC optimised structures reported degrading performance over

successive impacts.
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6.1 Introduction

Numerical optimisation is a useful and effective tool for identifying designs that

can achieve or exceed performance criteria such as those specified in design stan-

dards. Chapter 5 described a framework for numerical optimisation, coupled with

a finite element model, for rapid optimisation of an exemplar honeycomb struc-

ture under impact loading. This approach could be advantageous for developing

new helmets liners that are comprised of honeycombs, as well as other paramet-

rically defined cellular structures. Currently, however, this approach optimises

for a flat-on-flat impact, and it is unclear whether this approach is equivalent or

provides a good indication, of the optimal configuration of a full-scale helmet.

Moreover, when designing helmet liners, a single best configuration, or one size

fits all approach, is inappropriate since changes in user boundary conditions (e.g.,

mass and contact area) necessitates different liner mechanical responses to miti-

gate the impact effectively. This is exemplified in the construction of foam helmet

liners, which utilises various densities to achieve impact mitigation throughout

size bands. Therefore, the helmet design envelope, e.g., anticipated contact area,

should be considered within the current optimisation framework.

This chapter aims to optimise the additively manufactured conformal pre-buckled

circular honeycomb for the helmet design envelope by consideration of design stan-

dard objectives and the anticipated contact area between the liner and the head.

Furthermore, the chapter aims to assess the efficacy of the optimised honeycomb

under helmet impact conditions whilst also quantifying the traumatic brain injury

mitigation effects compared to a contemporary impact mitigating material.

This chapter is organised as follows. Firstly, the anticipated impact contact area

based on headform and liner geometry was calculated. This variable was then

introduced into the optimisation procedure. Next, optimisation was undertaken

utilising the approach defined in chapter 5 subject to the design standard require-

ments EN1078. Once the ideal geometry was identified, a helmeted headform

model was constructed, where the optimised honeycomb structure was propa-

gated through the volume encompassed by the liner. The full-scale honeycomb

helmet model was then subject to two load cases defined as direct and oblique,

representative of typical lab-based helmet tests. Lastly, a finite element model of

the human head was loaded with the resultant acceleration-time pulses from the
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previous full helmet simulations to predict brain response during the impact and

assess the resultant severity in terms of tissue-based severity metrics.

6.2 Material & Methods

6.2.1 Helmet Contact Area Approximation

As illustrated by figure 6.1, to identify the anticipated load bearing contact area

during an impact between the head, helmet and anvil, equation 6.1 was used. This

equation, relates the head and helmet dimensions to identify the circular contact

area, assuming that the amount of liner crush is much less than the radius of

curvature. For simplification, the helmet was approximated to an ellipsoid shape.

Ac = 2πRx (6.1)

Where R is the radius of curvature and x is the maximum liner crush (assumed

to be 0.5 mm/mm based on the results of Chapter 4).

The helmet model utilised in this thesis (refer to figure 6.2) is approximated to

an ellipsoid shape. Consequently, it is defined by three radii, rx, ry and rz. The

contact area was calculated using equation 6.1 and the value of rx as this was the

axis coincident with the axis of the impact, yielding a contact area of 9032 mm2

for a liner crush of 15 mm. Considering the anticipated contact area is circular

in shape, the diameter is 107 mm. The propagation of the honeycomb, however,

is achieved along principal axis X, Y and Z, yielding a square configuration.

Therefore, the contact width based on an equivalent square (Ac,square) area was

calculated to be 95 mm. Alternative strategies were also identified, including a

square area which can be circumscribed within the circular area and a square area

which has a width equivalent to the diameter of the circular area. Both of these

strategies, however, were not implemented as they would under-approximate and

over-approximate the anticipated contact area respectively.
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Figure 6.1: Side helmet cross-section to illustrate and approximate contact area
geometry and with a flat surface, reconstructed from [220]

6.2.2 Optimisation

To identify the optimal configuration of the honeycomb structure, the structural

optimisation methodology, reported in chapter 5 was utilised. Similar to before,

boundary conditions representative of the helmet design standard, EN1078, were

adopted. Wall thickness (t) and aspect ratio (e = r1/r2) were set as parameters.

The cell width parameter was set to w = 20.0 mm, which was half the average size

of the guide mesh of the honeycomb helmet liner, refer to figure 6.4. A mass scale

factor of 0.18 (mf = 402/952) was used, which was calculated by normalising

the honeycomb contact area with the contact area calculated by equation 6.1

converted to a square area, as described by equation 6.2.

mf =
(2w)2

Ac,square

(6.2)

146



Chapter 6 Rhosslyn Adams

The optimisation was run twice. Previous investigations identified for a prob-

lem with 2 parameters, the random sampling and iteration limit can be reduced.

Hence, random samples were set to 25 and the maximum iteration limit (imax)

was to 75. The objective function, f(xd), was set to peak translational acceler-

ation and secondarily as head injury criterion. The limits for the wall thickness

were defined as a function of the cell width, where the minimum value yielded a

honeycomb with a density of 125 kg/m3 equivalent to the least dense contempo-

rary foam used in the comparison, whilst the maximum limit yielded a density of

300 kg/m3, to ensure an acceptable density limit [221]. The optimisation problem

was therefore defined as:

min
t,e

f(xd) =
Jcalc
Jcrit

s.t. w = 20.0

h = 25.0

0.033w ≤ t ≤ 0.072w

0.4 ≤ e ≤ 0.8

f = 1.0

mf = 0.18

imax = 75

(6.3)

6.2.3 Helmet Finite Element Model

To validate the predictive capacity of the optimisation, it was compared to a

full scale finite element model. Furthermore, comparison was undertaken to an

established multi-hit material, Vinyl Nitrile, to identify whether a performance

benefit can be achieved.

Finite element analysis was undertaken using Abaqus explicit solver to generate

a helmeted headform impact. As illustrated by figure 6.2, the model comprised

several components including: a headform, anvil and helmet (which further com-

prised of a shell and liner). A BS EN 960 headform (size J) was adopted and

utilised for this investigation. The headform was approximated as a surface and

considered analytically rigid, as the headform material is several orders of mag-
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nitude stiffer than the helmet and therefore does not contribute to impact miti-

gation. The surface was meshed using a 3-node shell surface element with tetra-

hedral shape type. A point mass of 4.7 kg was applied and moments of inertia

Ixx = 161 kgcm2,Iyy = 221 kgcm2, and Izz = 179 kgcm2 were applied to its centre

of mass. It is important to note that the moments of inertia of the EN960 head-

form were not used, because they are considered non biofidelic [88]. As such, the

Hybrid headform moments of inertia were applied instead.

The helmet shell was approximated to have the shape of a half ellipsoid with

principal radii, rx = 135.0 mm, ry = 120.0 mm and rz = 125.0 mm. The thickness

of the shell was set to ts = 1.0 mm equivalent to previous cycling helmet studies

[222]. The shell was modelled using linear brick elements with reduced integration

and hourglass control options. Two elements were meshed through the thickness

to mitigate against shear locking. Elements were assigned a linear elastic material

model with a Young’s modulus of E = 7250.0 MPa, Poisson ratio ν = 0.3 and

density ρ = 1200 kgm-3, equivalent to the material properties of polycarbonate

[222]. The shell-anvil surface interaction varied between the impact conditions.

For direct and oblique impact conditions, the coefficient friction value of 0.2 and

0.5 [223] was used respectively. To simulate the headform helmet interface, a

coefficient friction value of 0.16 was used [50].

The retention strap was modelled as an elastic axial connector element which

connects a reference node on the head from the chin surface to four points on

the helmet. The axial load in the connector element corresponded to tensile be-

haviour of the retention strap, which produced a primary linear elastic behaviour

based on data from the literature [175]. This modelling methodology was deemed

appropriate based on other helmet studies adopting a similar approach, enabling

a simplification which reduced computational expense [187]

The helmet liner was approximated to have the shape of a half ellipsoid with

principal radii, rx = 110.0 mm, ry = 95.0 mm and rz = 100.0 mm and a thickness

of 25.0 mm [82]. The liner was modelled using linear brick elements with reduced

integration and hourglass control options. At least 10 elements were meshed, as

per other studies [175] through the thickness to prevent shear locking.
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Figure 6.2: Construction of the finite element model including liner, shell,
headform and retention strap (modelled as an axial connector).

For the elastomeric foam liner, mechanical behaviour of Vinyl Nitrile obtained

from the literature was used to calibrate the material model [81]. Using equation

6.4 and the coefficients reported in table 6.1, the mechanical behaviour can be

established at discrete strain rates equivalent to the test impact velocity.

The contemporary foam liner elements were modelled as a hyperelastic material,

using the Hyperfoam model available in the Abaqus material library. This model

has been previously used for modelling elastomeric foams that present hyperelas-

tic behaviour. It is intended for finite-strain applications, where it can deform

elastically up to 80% strain. A 3 term (N = 3) polynomial was used with Poisson

ratio set to 0. Figure 6.3, illustrates the calibrated material model relative to the

data, calculated using equation 6.4.
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σ = P1+P2τ+P3ε+P4ετ+P5ε
2+P6τε

2+P7ε
3+P8τε

3+P9ε
4+P10τε

4+P11ε
5 (6.4)

Where σ is the engineering stress (MPa), ε is the engineering strain (mm/mm),

τ is the strain rate (/s) and P1 − P11 are the coefficients of the equation for the

strain rate dependant behaviour.

Table 6.1: Equation 6.4 coefficients for vinyl nitrile foam with densities 125 kg/m3

and 183 kg/m3 used as comparison to the state of the art.

Density,
ρ (kg/m3)

Coefficients
P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11

125 -0.00778 -8.5E-05 17.21608 -0.00916 -115.953 0.100709 326.1629 -0.24255 -410.552 0.173589 193.9375
183 0.020099 -0.0002 23.80014 -0.01559 -163.719 0.236052 475.953 -0.6654 -616.255 0.549516 300.7181
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Figure 6.3: Comparison of calibrated material model to experimental data for foam
with density of 125 kg/m3 and 183 kg/m3

For the conformal honeycomb liner, the optimised structure was generated using

an in-house mapped meshing system, as illustrated by figure 6.4. In this example,

a curved section of helmet was isolated and used as the guide mesh. The guide

mesh informs the position, orientation and scale of each unit cell. The gener-

ated mesh was imported into Abaqus resulting in a curved section of honeycomb

liner with the structural parameters identified through the previously discussed

optimisation process.
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Figure 6.4: Mapped meshing of honeycomb unit cells into hexahedral guide mesh.

6.2.4 Impact Conditions

The helmeted headform was subject to direct and oblique impact loading. The

following section describes the details of these impact conditions. As illustrated

by figure 6.5, direct impact testing onto a flat anvil was undertaken in accordance

with shock absorption test method of EN 1087. The helmeted headform was given

an initial velocity of 5.42 m/s. Simulations were performed for 15 ms and the

components of translational acceleration were recorded from the headform centre

of gravity. Additionally, oblique impact testing onto a 45◦ inclined flat anvil

was undertaken in accordance with typical lab-based testing [83]. The helmeted

headform was given an initial velocity of 6.3 m/s. Simulations were performed for

15 ms and components of translational and rotational acceleration were recorded

from the headform centre of gravity.
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Figure 6.5: Orientation and boundary conditions of direct and oblique impacts for
foam and honeycomb liner helmets
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6.2.5 Traumatic Brain Injury Finite Element Model

The University College Dublin Brain Trauma Model (UCDBTM) was used to

determine the severity of the resultant impacts [21]. The geometry of the model

was derived from a male cadaver as determined by Computed Tomography (CT),

Magnetic Resonance Tomograph (MRT) and slice contour photographs. The

head and brain are comprised of 10 sections including the: scalp, skull, pia, flax,

tentorium, cerebrospinal fluid (CSF), grey and white matter, cerebellum and

brain stem, however, does not include elements representing the cerebral blood

vessels. In total, the model consists of 26,000 elements in which the scalp, falx

and tentorium were modelled using shell elements, cortical bone, trabecular bone,

CSF, cerebrum, cerebellum and brain stem using brick elements and the dura

with membrane elements. A low shear modulus and sliding boundary conditions

between the interfaces of the skull, cerebrospinal fluid and brain were used.

Figure 6.6: Annotated finite element head model with components of translational
and rotational acceleration depicted as inputs to the centre of gravity.
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The model was validated against intracranial pressure data [224], cadaver im-

pact tests, and brain motion research [225]. Further validations accomplished

comparing real world brain injury events to the model reconstructions with good

agreement [226]. It is important to note that there are newer and more complex

finite elements models than the UCDBTM that have been reported in the litera-

ture for head and brain injury research. While not possessing the same refinement

and characteristics as some of these models, the UCDBTM benefits from having

been used to process a large spectrum of brain injured and non-injured subjects.

In this study, the components of translational and rotational acceleration recorded

during the helmeted headform impacts were used as the input to the centre of

gravity node of the UCDBTM, refer to figure 6.6. Abaqus enabled calculation

of the magnitude of maximum principal strain. Analysis was restricted to the

cerebrum, as per other studies [50]. To ensure that the simulation result was

valid, mesh integrity analysis was conducted for each simulation to ensure there

were no errors as a result of high element aspect ratios exceeding a value of 3.0. In

addition, the ratio of artificial energy and internal strain energy of the simulation,

associated with the prevalence of hourglassing was monitored, elements exceeding

a ratio of 3% were excluded from the analysis

6.3 Results

6.3.1 Optimisation

Numerical optimisation was undertaken to identify the optimal configuration sub-

ject to the two objective functions. Figures 6.7 and 6.8 reports the variation in

the objective functions, PTA and HIC, for each evaluation. The minimum value is

also presented, which represents the minimum objective function value recorded

so far at each iteration.

In both cases, the optimisation procedure successfully satisfied the objective func-

tion. For the PTAopt, the recorded PTA was 136.5 g and the calculated HIC was
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960.7, representing a reduction of 45.4% and 38.9 %, relative to the threshold of

values of 250 g and 1574 respectively. For the HICopt the recorded PTA was 165.9

g and the calculated HIC was 913.4, representing a reduction of 33.6 % and 41.9

% relative to the threshold of values. Of note, these values align with results of

chapter 5. Whilst similar performance is achieved, the identified structures have

a lower density (refer to table 6.2) as a more representative contact area was used.
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Figure 6.7: The variation in the objective function, peak translational acceleration,
for each function evaluation relative to the threshold of 250g
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function evaluation relative to the threshold of 1574
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Table 6.2: Structural and performance parameters for the optimal configurations of
each objective function

Objective
function

Cell width,
w (mm)

Wall thickness,
t (mm)

Aspect ratio,
e (-)

Number of
folds, f (-)

PTA
(g)

HIC
Relative density,

Rd

Density,
ρ, (kg/m3)

PTA 20.0 1.62 0.60 1 136.5 960.7 0.231 276.9
HIC 20.0 1.11 0.80 1 165.9 913.4 0.165 198

6.3.2 Full Scale Honeycomb Helmet Model

The honeycomb structures, identified through the optimisation procedure, were

propagated within the volume of a helmet liner. These helmet liners were sub-

jected to direct impact conditions equivalent to the EN1078 design standard, to

assess the predictive capacity of the optimisation sequence when the honeycombs

are subject to in-situ loading conditions. Figure 6.9 reports the resultant trans-

lational acceleration exposed to the headform during the impact.

0 4 8 12 16

Time (ms)

0

100

200

300

400

R
es

u
lt

an
t 

T
ra

n
sl

at
io

n
al

 A
cc

el
er

at
io

n
 (

g
)

250g threshold

HIC
opt

PTA
opt

Figure 6.9: The resultant acceleration time behaviour for a full scale honeycomb
helmet impact subject to the impact conditions of EN1078

Both helmet liner configurations satisfy the design standard threshold. The pro-

file of the acceleration curve for PTAopt presents marginally higher acceleration

during the loading of the helmet liner, when compared to HICopt up until the

point of peak acceleration where PTA is greatest for HICopt. Peaks in accelera-

tion are observed at 6.3 ms and 7.1 ms for PTAopt and HICopt respectively. At

these points, the calculated PTA was 184.6 g and 186.9 g. The reported duration

of each event was 12.5 ms and 13.7 ms, whilst HIC was calculated as 1162.2 and
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1012.6.

Table 6.3 compares the results of the periodic boundary condition model used in

the optimisation and the full scale helmet model. Percentage difference is reported

for both PTA and HIC and is used to assess the predictive capacity of the proposed

optimisation sequence. Generally, both PTA and HIC are underreported by the

optimisation sequence. For PTAopt, the relative difference was 35.2% and 20.9%

for PTA and HIC, respectively. Comparatively, the relative difference reported

for HICopt was less than that of PTAopt, where values of 12.7% and 10.9% were

reported.

Table 6.3: Comparison of PTA and HIC values for the prediction of the periodic
BC model used in the optimisation and full scale helmet model. Percentage

difference between the two cases is reported in brackets.

Objective
function

Periodic BC
model

Full scale helmet
model

PTA (g) HIC PTA (g) HIC
PTAopt 136.5 960.7 184.6 (+35.2%) 1162.2 (+20.9%)
HICopt 165.9 913.4 186.9 (+12.7%) 1012.6 (+10.9%)

6.3.3 Comparison to Elastomeric Foam for Direct Impact

The honeycomb structures were compared against Vinyl Nitrile foam to assess the

potential to replace them as a helmet liner. Vinyl Nitrile foam liners were subject

to an equivalent direct impact. Figure 6.10 reports the resultant translational

acceleration exposed to the headform during each impact. Furthermore, figure

6.11 reports a comparison of severity metrics PTA and HIC.

Comparison to Vinyl Nitrile foam demonstrates that both grades of material, 125

kg/m3 and 183 kg/m3, hereafter referred to as VN125 and VN183 respectively,

can satisfy the requirements of the design standard (PTA ≤ 250 g). The profile

of the acceleration curves for each foam report notably different behaviour when

compared between themselves as well as to the honeycomb structures. During the

loading of the liner (refer to figure 6.12 for visualisation), values for translational

acceleration exceed that of the honeycomb liners. Furthermore, at all points

during loading, the value of translational acceleration for VN183 foams exceeds
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that of VN125. Peaks in acceleration are observed at 5.1 ms and 5.9 ms where the

values for PTA are 226.5 g and 177.9 g for VN183 and VN125, respectively. The

calculated HIC for VN183 exceeds that of the imposed threshold (HIC ≤ 1574)

by 42.2%, whilst the HIC value for VN125 was 2.1% less than the threshold.
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Figure 6.10: Comparison of translational acceleration subject to the direct impact
for the full scale honeycomb helmet and vinyl nitrile foam
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impact for the full scale honeycomb helmet and vinyl nitrile foam
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The minimum value for PTA, as recorded during the impact of VN125, was 177.9

which is 3.8% and 5.1 % less than that of the values recorded during the impacts

of PTAopt and HICopt, respectively. When comparing HIC values, however, a

more notable difference in performance is observed. The minimum value for HIC,

as recorded again during the impact of VN125, was 1540 which is 24.5% and 34%

greater than of the values calculated during the impacts of PTAopt and HICopt,

respectively.

Figure 6.12: Snapshots of direct impact finite element simulation for vinyl nitrile
and honeycomb up to the point of densification

6.3.4 Comparison to Elastomeric Foam for Oblique Im-

pact

The four configurations of helmet liner (VN125, VN183, PTAopt and HICopt) were

also subjected to oblique impact conditions, to establish the relative performance.

Figure 6.13 and 6.15 reports the resultant translational and rotational acceleration

exposed to the headform during the impact, respectively. Furthermore, figure 6.14

compares the translational severity metrics, 6.16 compares rotational severity

metrics and lastly 6.17 compares combined metrics.
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Figure 6.13 shows that both liners with the pre-buckled honeycomb structure

yield reductions in translational acceleration when compared to the foam liners.

The profile of each translational acceleration curve reports notably different be-

haviour. During loading, up until the point of densification (refer to figure 6.18

for visualisation), values for translational acceleration of the foam liners exceed

that of the pre-buckled honeycomb liners. Peaks in translational acceleration are

observed at 6.3 ms and 4.3 ms for VN125 and VN183, respectively, where the

values for PTA are 135.1 g and 170.1 g. In comparison, the peaks in translational

acceleration for PTAopt and HICopt are observed at 6.8 ms and 7.7 ms, respec-

tively. At these points, the values for PTA are 111.7 g and 96.2 g, representing a

relative reduction of 17.3% and 28.8% percent when compared to best performing

foam (VN125). The impact duration recorded demonstrates a direct relationship

to the HIC values calculated. For VN125 and VN183, the impact duration was

11.3 ms and 9.9 ms, whilst the HIC values were 847.4 and 1207.7. Similarly, for

PTAopt and HICopt the impact duration was 12.9 ms and 15 ms, whilst the HIC

values were 529.8 and 424.8. Comparatively, this represents a reduction of 37.5%

and 49.9%.
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Figure 6.13: Comparison of translational acceleration subject to the oblique impact
for the full scale honeycomb helmet and vinyl nitrile foam
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Figure 6.14: Comparison of translational severity metrics, PTA and HIC, subject
to an oblique impact for the full scale honeycomb helmet and vinyl nitrile foam

Figure 6.15 shows that both liners with the pre-buckled honeycomb structure yield

reductions in rotational when compared to the foam liners. The profile of each

rotational acceleration, curve reports notably different behaviour. During loading,

(refer to figure 6.18 for visualisation), values for rotational acceleration of the

foam liners exceed that of the pre-buckled honeycomb liners. Peaks in rotational

acceleration are observed at 5.9 ms and 4.4 ms for VN125 and VN183, respectively,

where the values for PRA are 8.7 krad/s2 and 11.2 krad/s2. In comparison, the

peaks in rotational acceleration for PTAopt and HICopt are observed at 6.8 ms

and 8.1 ms which are co-located with the peaks of translational acceleration,. At

these points, the values for PRA are 7.1 krad/s2 and 5.8 krad/s2, representing

a relative reduction of 18.4% and 33.3% percent when compared to the best

performing foam (VN125). The impact duration recorded demonstrates a direct

relationship to the RIC values calculated. For VN125 and VN183, the impact

duration was 11.3 ms and 9.9 ms, whilst the RIC values were 25.2 × 106 and

30.2 × 106. Similarly, for PTAopt and HICopt the impact duration was 12.9 ms

and 15 ms, whilst the RIC values were 15.5× 106 and 11.1× 106. Comparatively,

this represents a reduction of 38.3% and 56.0%.
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Figure 6.15: Comparison of rotational acceleration subject to the oblique impact
for the full scale honeycomb helmet and vinyl nitrile foam
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Figure 6.16: Comparison of translational severity metrics, PRA and RIC, subject
to an oblique impact for the full scale honeycomb helmet and vinyl nitrile foam

Figure 6.17 reports the combined severity metric for the four different foam con-

figurations. For the foam liner configurations VN125 and VN183, the reported

GAMBIT values were 0.54 and 0.68 respectively. In comparison, for PTAopt and

HICopt the reported GAMBIT values were 0.45 and 0.38 respectively, representing

a reduction of 16.7% and 29.6%. Similar results are observed for HIP, whereby
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values reported by VN125 and VN183 were 41.06 kW and 48.53 kW respectively.

In comparison, PTAopt and HICopt were 29.17 kW and 24.32 kW respectively,

representing a reduction of 29% and 40.8%.
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Figure 6.17: Comparison of combined, translational and rotational, severity
metrics, GAMBIT and HIP, subject to an oblique impact for the full scale

honeycomb helmet and vinyl nitrile foam

Figure 6.18: Snapshots of oblique impact finite element simulation for vinyl nitrile
and honeycomb helmets up to the point of densification.
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6.3.5 Traumatic Brain Injury Assessment

The kinematic-based severity metrics that have been used so far do not account

for different tissues and details of the brain anatomy when considering traumatic

brain injury. Therefore, a finite element model of the head was used to predict the

Maximum Principal Strain (MPS) and volume fraction of elements, Cumulative

Strain Damage Measure, (CSDM), with an MPS exceeding a predefined strain

threshold of 0.25, as a result of the accelerations exposed to the head during each

impact. For the computation of MPS the 95th percentile value was adopted to

mitigate against spurious result that arise from single elements.

Figure 6.19 reports the MPS95 and CSDM0.25 for the direct impact conditions

reported in figure 6.10. The values of MPS95 reported for foam liner configurations

exceed the values reported for the honeycomb liner configurations. For VN125

and VN183, the MPS95 was 0.116 and 0.155 respectively. In comparison, the

MPS95 for PTAopt and HICopt were 0.112 and 0.106 respectively, representing

a reduction of 3.4% and 8.6%. Similarly, the values for CSDM0.25 reported for

foam liner configurations exceed the values reported for the honeycomb liner

configurations. For VN125 and VN183, the CSDM0.25 was 0.00097 and 0.0059

respectively. In comparison, the CSDM0.25 for PTAopt and HICopt were 0.00087

and 0.00074 respectively, representing a reduction of 10.3% and 23.7%.
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Figure 6.19: Comparison of TBI severity metrics, 95th percentile MPS and
CSDM0.25, subject to direct impact conditions for the full scale honeycomb helmet

and vinyl nitrile foam
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Figure 6.20 illustrates the distribution of MPS within the finite element head

model. It is important to note that the visualised data includes 100th percentile

values. The contours demonstrate that the MPS developed is 0.35 and 0.44 for

VN125 and VN183 respectively. In comparison, the distribution and concentra-

tion of MPS is less notable for PTAopt and HICopt where the maximum values

recorded were 0.33 and 0.30.

Figure 6.20: Comparison of the distribution of MPS within the finite element head
model when subject to direct impact conditions for the full scale honeycomb

helmet and vinyl nitrile foam
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Figure 6.21 reports the MPS95 and CSDM0.25 for the oblique impact conditions

reported in figure 6.13 and 6.15. The values of MPS95 reported for foam liner

configurations exceed the values reported for the honeycomb liner configurations.

For VN125 and VN183, the MPS95 was 0.275 and 0.284 respectively. In com-

parison, the MPS95 for PTAopt and HICopt were 0.252 and 0.234 respectively,

representing a reduction of 8.4% and 14.9%. Similarly, the values for CSDM0.25

reported for foam liner configurations exceed the values reported for the honey-

comb liner configurations. For VN125 and VN183, the CSDM0.25 was 0.105 and

0.102 respectively. In comparison, the CSDM0.25 for PTAopt and HICopt were

0.057 and 0.034 respectively, representing a reduction of 44.1% and 66.7%.
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Figure 6.21: Comparison of TBI severity metrics, 95th percentile MPS and
CSDM0.25, subject to oblique impact conditions for the full scale honeycomb

helmet and vinyl nitrile foam

Figure 6.22 illustrates the distribution of MPS within the finite element head

model. The contours demonstrate that the MPS developed is 0.50 and 0.54 for

VN125 and VN183 respectively. In comparison, the distribution and concentra-

tion of MPS is less notable for PTAopt and HICopt where the maximum values

recorded were 0.43 and 0.40.
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Figure 6.22: Comparison of the distribution of MPS within the finite element head
model when subject to oblique impact conditions for the full scale honeycomb

helmet and vinyl nitrile foam
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6.4 Discussion

In this chapter, the proposed elastomeric pre-buckled honeycomb was optimised

relative to the impact conditions of the EN 1078 design standard, informed by the

anticipated contact area of the helmet design envelope. The aim of this chapter

was to assess the predictive capacity of the periodic boundary condition model

used within the optimisation by comparing it to a full scale helmet model, as well

as identify the performance of the proposed structure relative to a commonly used

impact mitigating material in terms of kinematic-based and tissue-based severity

metrics when subject to direct and oblique conditions.

The improvements observed are due to adopting a structure with high stiffness

and densification strain which can be optimised relative to specific boundary

conditions (e.g., mass, velocity and contact area). Elastomeric foams, as well

as other foams, do not possess the geometric freedom to facilitate this degree of

optimisation, hence cellular structure such as the pre-buckled honeycomb holds

an advantage for this application. Moreover, foam absorb the energy of the

impact due to crushing, but they fail to distribute the load laterally due to their

negligible Poisson’s ratio. Since the foam deforms in a concentrated area, despite

its large deformation and significant local energy absorption, it cannot distribute

the energy of the impact. In contrast, honeycomb type structure, as well as other

cellular structures, can better distribute the energy of the impact by engaging a

larger portion of the liner in large deformation and energy absorption [176].

When subject to oblique conditions, the honeycomb structures yielded a reduction

in both translational and rotational acceleration. The intrinsic geometric proper-

ties facilitate a helmet with a lower shear stiffness, whilst maintaining sufficient

normal stiffness, such that the tangential force which gives rise to rotational ac-

celeration is reduced. Furthermore, in-plane collapse of the honeycomb cells aids

the mitigation of translational acceleration. This is attributed to the transversely

isotropic properties of the prebuckled honeycomb structure. Foams possess no-

tably greater isotropic behaviour, hence the rotational acceleration reported was

larger [81].

The results demonstrated that the prebuckled honeycomb liners reduced the

kinematic-based injury metrics when compared to the elastomeric foam liners.
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Kinematic-based injury metrics, however, fail to account for different material

and morphological details of the brain anatomy. Hence, established tissue-based

metrics, 95th percentile maximum principal strain and cumulative strain damage

measure were calculated using a finite element model of the head. Further anal-

ysis, demonstrated that both MPS95 and CSDM0.25 were reduced for impacts in-

cluding the prebuckled honeycomb liners. For direct impact conditions, marginal

decreases in MPS95 and MPS0.25 were observed. In contrast, for oblique condi-

tions, notable reductions were observed. This is because the main mechanism

of development of strain in the brain and ultimately brain injury, is rotational

kinematics [10].

The mass of the helmet liner is an important design constraint in the development

of helmet liners. Previous work has shown that a 20% increase in the mass of the

head-helmet assembly can decrease the head acceleration by 10% [227]. Further

analysis has identified that there is in fact an inverse relationship between peak

head acceleration and the square root of mass [228]. Adopting designs with in-

creased mass, however, is not an appropriate design strategy as this ultimately

leads to user discomfort. The reported density for the PTAopt and HICopt con-

figurations were 277 kg/m3 and 198 kg/m3, representing an increase in mass of

51.3% and 8.1%, respectively. Considering the inverse square law previously dis-

cussed, these increases in mass yield a reduction in peak accelerations of 7.2%

and 2.8%. However, the reported reductions in translation and rotational accel-

eration were notably greater. Therefore, it can be concluded that the benefit

was driven by the structure and not the addition of mass. Whilst the optimised

configurations satisfied the design standard performance threshold, and exceeded

the performance of materials currently used in helmets. It can be concluded that

the material Luvosint is a limiting factor in the design. Adopting a stiffer base

material is suggested, such as that available from EOS [166] (refer to figure 2.27)

as this would maintain the recoverable nature of elastomeric materials but would

allow use of thinner walls enabling weight reduction whilst retaining performance.

To approximate the helmet design envelope and better inform the periodic bound-

ary condition (PBC) model used within the optimisation, the anticipated contact

area between the headform and the liner was calculated using an established and

previously used relationship [220]. The finite element based optimisation proce-

dure identified optimal configurations that minimised peak translational acceler-

169



Chapter 6 Rhosslyn Adams

ation and head injury criterion. Comparison between the results for the periodic

boundary condition model and the full-scale helmet model reported notable de-

viation in terms of PTA and HIC. Generally, the PBC model under-reports both

the HIC (rd = 10.9 - 20.9%) and PTA values (rd = 12.7 - 35.2%). This is due

to modelling discrepancies between the PBC model and full scale helmet model.

Firstly, the kinematics of the PBC model do not match that of the helmet model.

In the PBC model, motion is restrained to exclusively translate in the Z axis,

whilst in the helmet model the headform is unrestrained and is therefore free to

translate and rotate. As such, the PBC model better represents the guided fall

loading conditions of the American standards (e.g. ASTM) which include a rigid

neck that restrains motion rather than the free fall conditions of the British and

European standards. Secondly, the PBC model fails to account for the curvature

of the headform and shell, instead adopting for a flat-on-flat impact. Whilst this

was adopted as a modelling simplification, in a typical helmet impact, the area

of the liner engaged during the impact increases with increasing strain, reaching

a maximum at the point of densification. Hence, mechanical behaviour which

adopts a flat plateau may not be appropriate. As such, the optimal performance,

based on the flat-on-flat performance, does not translate to the in-situ helmet

loading conditions, this suggests that whilst foams are considered to have ideal

energy absorption behaviour why they actually fail to show these characteristics

for impact loading. Lastly, the PBC model doesn’t account for the inclusion of

the shell. The polymeric shell, serves to distribute the load under impact and

behaves differently to the rigid plates used in the optimization. This modelling

decision assumes an infinitely rigid shell, thus facilitating overly effective load

distribution. In reality, the shell deforms away from the impact site and pushes

the liner from the impact site. It is the culmination of these factors which realise

the discrepancies between the PBC model and the full scale helmet model.

Commercially available helmet liners for cycling have been reported to achieve

a peak translational acceleration of 100g [53] which is less than the values re-

ported in this analysis. These helmets, however, are derived from rigid polymeric

foam and therefore are only suitable for a single-hit. Given the high volumet-

ric energy absorption of polymeric foams under impact, this is why lower peak

translational accelerations are recorded. The proposed route for optimisation of

cellular structures presented in this thesis has the potential to utilise low density,
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rigid polymers such as Nylon [175], which could yield equivalent behaviour under

impact. These materials were not investigated, however, as the focus of the thesis

was on identifying a robust, mult-hit solution.

6.5 Conclusion

This chapter presents the numerical findings on the behaviour of the optimal

configuration of the prebuckled honeycomb when subjected to the design envelope

of a helmet. Anticipated contact area was identified to inform the numerical

optimisation procedure presented in chapter 5. Comparison was then drawn

to a contemporary impact mitigating material relative to kinematic-based and

tissue-based severity metrics under direct and oblique conditions. Adopting this

strategy when designing for new helmet liners has been reported to exceed the

performance of an established material. A list of conclusions are presented below:

1. An established relationship for identifying contact area effectively informed

the numerical optimisation such that it was suitable for the helmet design

envelope.

2. Optimal configurations of the pre-buckled honeycomb structure, subject to

objective functions PTA and HIC, were identified using a reduced number

of iterations. Demonstrating that the optimisation time can be reduced to

achieve expeditious optimisation.

3. The periodic boundary condition model acts as a suitable surrogate for

identifying the potential structures for helmet liners.

4. For direct impact conditions, the pre-buckled honeycombs yielded a marginal

increase in terms of PTA (3.8%) when compared to elastomeric foams. How-

ever, the calculated HIC values were notably reduced (34%).

5. For oblique impact conditions, the pre-buckled honeycombs decreased sever-

ity metrics PTA, HIC, PRA, RIC, GAMBIT and HIP by 28.8%, 49.9%,

33.3%, 56%, 29.6% and 40.8% respectively.
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6. For the direct impacts, simulation of a finite element head model reported

that the pre-buckled honeycomb reduced the MPS95 and CSDM0.25 by 8.6%

and 23.7% respectively.

7. For the oblique impacts, simulation of a finite element head model reported

that the pre-buckled honeycomb reduced the MPS95 by 14.9% and 66.7%

respectively.

8. For the direct impacts, PTAopt yielded a reduction in PTA when compared

to HICopt. This, however, was at the expense of an increase in HIC, MPS95

and CSDM0.25.

9. For the oblique impacts, HICopt yielded a reduction in all severity metrics

when compared to HICopt
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7.1 Summary

This thesis aimed to improve head protection for helmets by exploiting the me-

chanical benefits of cellular structures and elastomeric materials by leveraging

finite element analysis, numerical optimisation and additive manufacturing. To

achieve this, the study had the following objectives:

1. Establish a pathway for the characterisation of additively manufactured

elastomeric materials.

2. Calibrate and validate a material model for implementation within finite

element analysis.

3. Identify relationships between structural parameters and performance pa-

rameters, to identify geometric bounds for the proposed honeycomb struc-

ture.

4. Validate a full scale and periodic boundary condition model for a honeycomb

structure.

5. Establish a numerical pathway for finite element based optimisation of cellu-

lar structures subject to changing boundary conditions and objective func-

tion.

6. Validate the optimisation procedure through experimental impact testing.

7. Numerically test the candidate material versus contemporary liner materi-

als, to quantify its ability to reduce kinematic based injury metrics.

8. Establish the traumatic brain injury mitigation effects of the proposed struc-

ture by use of an established finite element head model.

Characterisation of an additively manufactured elastomer revealed sensitivity to

build orientation, strain state and strain rate. The culmination of this identi-

fied a pathway for efficiently characterizing materials used in transient, dynamic

applications. Deriving model coefficients via uniaxial, planar and equibiaxial

data, followed by validation in isolated and mixed deformation states, provides
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an efficient pathway to perform accurate finite element simulations of elastomeric

additively manufactured materials.

Various configurations of pre-buckled circular honeycombs were designed and

fabricated using an elastomeric powder and the laser sintering method. The

mechanical behaviour of the additively manufactured pre-buckled honeycombs

was investigated under quasi-static and impact compression experiment to pro-

vide a basis for validation of finite element models. Further experimental testing

identified rate dependant and multi-loading behaviour. Full scale and computa-

tionally efficient periodic boundary condition models were developed and used

to run parameters sweeps to identify relationships between structural parameters

and performance in terms of yield stress, energy absorption and efficiency. This

culminated in a broad range of dynamic mechanical behaviour which provided a

foundation for optimising this structure subject to loading regimes and acceptable

performance thresholds.

An effective combined numerical framework was reported for optimisation of a

parametrically defined honeycomb-type structure, subject to the boundary condi-

tions of a common helmet design standard, was identified. Numerical optimisation

was realised through use of an algorithm derived from a radial basis function based

on finite element analysis, to form a surrogate model of the impact performance

relative to the honeycomb’s structural parameters. Numerical optimisation re-

vealed the influence of objective function on the impact behaviour for this class

of additively manufactured elastomeric honeycomb. For the limits prescribed in

the analysis, optimising for peak translational acceleration resulted in a structure

that mitigates the kinetic energy of the impact at a stress, which facilitates avoid-

ance of the densification region. In contrast, optimising for head injury criterion

results in a structure which yields at a relatively lower yield stress and resul-

tant acceleration, however, densifies thus resulting in a higher peak translational

acceleration but for a small duration.

Fabrication and experimental testing of the optimal configurations provided fur-

ther insights regarding the impact performance. Samples were fabricated using

laser sintering of a thermoplastic polyurethane powder, subjected to experimen-

tal impact conditions to validate the outcome of the numerical analysis, then to

successive impacts to explore multi-impact behaviour and performance degrada-
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tion. Both structures satisfied their respective objective function when subjected

to experimental testing, therefore providing validity for the numerical procedure.

Over repeat impacts, PTA optimised structures reported improved performance

and stabilised after the third impact. performance was observed over multiple

impacts, stabilizing after the third impact. In contrast, HIC optimised structures

reported degrading performance over successive impacts.

Application of the proposed finite element based optimisation to the design en-

velope of a helmet liner was undertaken by identifying the anticipated contact

area of the helmet liner interface. The results of the full scale honeycomb impact

behaviour demonstrated that the optimisation procedure can identify a structure

which satisfies the performance thresholds of the design standard. Comparison

between the periodic boundary condition model used during optimisation and the

behaviour of the full scale helmet model during a direct impact demonstrated the

PBC model was a suitable surrogate model to enable efficient optimisation of the

structure. Relative difference measures between the two models were less than

35% and 21% when comparing the PTA and HIC values.

Comparison was drawn between a common impact mitigating material, vinyl

nitrile, and optimal configurations of the pre-buckled honeycomb for direct and

oblique impact conditions to quantify its ability to reduce kinematic based injury

metrics. For direct impacts, the recorded PTA was 3.4% greater than that of

the foam liner. However, when comparing HIC values, a reduction of 34% was

reported. For oblique conditions, favourable behaviour was observed, whereby

reductions in metrics PTA, HIC, PRA, RIC and GAMBIT were reduced by 28.8%,

49.9%, 33.3%, 56% and 29.7%.

The traumatic brain injury mitigation effects of the pre-buckled honeycomb liner

were identified through simulation of a finite element model subject to the trans-

lational and rotational acceleration behaviour recorded during simulation of the

full scale model. 95th percentile MPS and the volume fraction of elements ex-

ceeding an MPS of 0.25 (CSDM0.25 were calculated. Notably, for direct impact

condition, MPS95 and CSDM0.25 were reduced by 8.6% and 23.7%. Under oblique

impact conditions, more notable reductions were observed, whereby MPS95 and

CSDM0.25 were reduced by 14.9% and 66.7%.

Comparison of the two configurations of pre-buckled honeycomb which were iden-
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tified through optimisation of PTA and HIC respectively identified the following.

For direct impacts, PTAopt yielded the lowest PTA, however, this was at the

expense of HIC, MPS95 and CSDM0.25. For oblique conditions, HICopt yielded

a lower value for all kinematic and tissue-based metrics when compared to the

PTAopt structure.

7.2 Further work

The work conducted in this thesis highlights a strategy to characterisation of a

candidate additively manufactured material and finite element based optimisation

of cellular structure for application to the design envelope of a helmet liner. Based

on this work, five possible areas of additional study have been identified, which

are related to the finite element material model, periodic boundary condition

model, numerical optimisation, test conditions and severity metrics. These could

further improve the fidelity and effectiveness of the proposed strategy.

The material model could be further investigated in a number of ways to improve

its fidelity and accuracy. Firstly, in this thesis, the material model represented

the non-linear elastic and rate-dependant behaviour. Elastomeric materials also

demonstrate energy dissipation at the molecular level over cyclic testing as well

as dependence on the maximum loading previously encountered, known as the

Mullins effect. A number of constitutive models have been proposed to describe

this effect (e.g., Ogden-Roxburgh) however, this was omitted as it would have

yielded an inequitable behaviour when compared to the elastomeric foams used

in this thesis which also demonstrate similar behaviour, although experimental

data was unavailable for material model calibration. The optimisation pathway

is focused on the structural aspect of the design so this omission was deemed

acceptable, however, future study should include these phenomena as it effects

the unloading portion of the impact behaviour. Secondly, data was collected to

characterise the anisotropy as a result of build orientation for uniaxial tension,

however, this degree of modelling was not included within the finite element simu-

lations due to the complexity and associated computational cost required. Future

work could include this and how it affects the behaviour when subjected to im-

pacts aligned and misaligned with the build direction. Thirdly, new materials
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could be identified and leveraged which demonstrate favourable properties. For

example, rate-sensitive materials could facilitate improvements in impacts at ve-

locities above and below that prescribed during optimisation. Highly dissipative

materials also could reduce the period of unloading force exposed to the head.

Lastly, global distribution of variable mechanical behaviour achieved through de-

liberate porosity via laser sintering could improve the transversely isotopic nature

of the helmet liner to improve behaviour under oblique conditions.

The periodic boundary condition model used within the finite element based

optimisation could be further improved to better represent the in-situ helmet

loading conditions. Firstly, the presence of the head and its localised curvature

could be included. By adopting varying curvatures, and associated contact areas,

a localised optimisation could be achieved which provides protection on an impact

orientation specific basis. Secondly, the PBC model leverages a 2 x 2 unit cell to

emulate an equivalent 4 x 4 array, which achieved a computation reduction of 75%.

However, future studies could investigate the use of a single unit or a periodic

section of the single unit to improve computational efficiency, further enabling

higher throughput of design iterations or a reduction in run-time. Moreover, the

use of linear brick elements could be omitted for shell elements to further improve

simulation time. Lastly, positioning of the symmetric boundary conditions could

also be investigated such that it can simulate direct and oblique conditions. This

would enable explicit optimisation of the oblique performance rather than implicit

performance as a function of an optimisation guided by direct impact conditions.

The proposed optimisation strategy was initially informed by the performance

thresholds of the design standards, however, results demonstrate that further

improvements could be achieved by changing the objective function from peak

translational acceleration to head injury criterion. Further improvements could

be achieved by adopting an objective function which is better correlated with

the development of strain within the brain. This could be achieved by using a

different kinematic-based injury metric, or, by coupling the output of the period

boundary condition model to the input of a finite element head model. By running

a secondary simulation, structures which minimised strain or cumulative strain

damage measure could be identified. Another consideration is the use of several

boundary impact conditions either based on the location of the impact relative to

the head surface (as previously discussed), or the different energy levels associated
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with impact velocities or the inclusion of extra mass associated with the presence

of the neck and body.

Although this work has shown the benefit of the pre-buckled honeycomb struc-

ture in outperforming vinyl nitrile foam, the level of energy absorption can still be

further scrutinised. The optimal configurations were tested under in one orienta-

tion under direct and oblique conditions. It is well established that the location

and direction of impact influences the resultant behaviour. Furthermore, helmets

are likely to provide different levels of protection against impacts at different

locations, whilst the brain is sensitive to the direction of loading. Hence, it is im-

portant to assess the performance of the newly proposed helmets under impacts

with different directions and locations. Furthermore, design standards include

secondary tests, based on application, such as impacts against kerbstones, as well

as crush and penetration resistance. As such, further consideration should be

given to these test conditions.

The likelihood of traumatic brain injury was assessed using the University College

Dublin Brain Trauma Model. Analysis was restricted to the cerebrum due to the

fact that is the only region that has been validated for the model. It is important

to note that there are newer and more complex finite elements models than the

UCDBTM that have been reported in the literature for head and brain injury

research. These include improved morphological details as well as anistropic

material behaviour. Adopting models with greater fidelity, may provide further

insights into the key regions of the brain, which are a common location of injury

after severe TBI.
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7.3 Academic contributions

The following academic contributions have been made to international journals,

by the author, during the completion of this thesis:

• R. Adams, S. Townsend, S. Soe, P. Theobald. Mechanical behaviour of
additively manufactured elastomeric pre-buckled honeycombs under quasi-
static and impact loading (2022). Materials & Design.

• R. Adams, S. Townsend, S. Soe, P. Theobald. Finite element-based opti-
misation of an elastomeric honeycomb for impact mitigation in helmet liners
(2022). International Journal of Mechanical Sciences.

• B. Hanna, R. Adams, S. Townsend, M. Robinson, S. Soe, M. Stewart, R.
Burek, P. Theobald. Auxetic metamaterial optimisation for head impact
mitigation in American football (2021). International Journal of Impact
Engineering.

• S. Soe, R. Adams, M. Hossain, P. Theobald. Investigating the dynamic
compression response of elastomeric, additively manufactured fluid-filled
structures via experimental and finite element analysis. Additive Manufac-
turing.

• S. Townsend, R. Adams, M. Robinson, B. Hanna, P. Theobald. 3D
printed origiami honeycombs with tailored out-of-plane energy absorption
behaviour (2020). Materials & Design.

• R. Adams, S. Soe, R. Celeghini, M. Robinson, B. Hanna, G. McShane, M.
Alves, R. Burek, P. Theobald (2019). A novel pathway for efficient char-
acterisation of additively manufactured thermoplastic elastomers (2019).
Materials & Design.

• M. Robinson, S. Soe, R. Johnston, R. Adams, B. Hanna, R. Burek, G.
McShane, R. Celeghini, M. Alves, P. Theobald (2019). Mechanical char-
acterisation of additively manufactured elastomeric structures for variable
strain rate applications. Additive Manufacturing.
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Appendix 1

8.1 Material Model Coefficients

Table 8.1: Hyperelastic material model, Ogden N=5, coefficients for
implementation in Abaqus.

N µ α D
1 903.01 3.72 0
2 -723.56 5.24 0
3 264.03 6.19 0
4 -669.43 2.26 0
5 236.66 1.42 0

Table 8.2: Linear viscoelastic material model, Prony series, coefficients for
implementation in Abaqus.

N G K τ
1 0.16 0 1.35E-03
2 0.13 0 7.13E-02
3 8.98E-02 0 0.92
4 7.29E-02 0 6.27
5 8.04E-02 0 49.41
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