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Abstract 

Cyclists are a rapidly growing group of the world population, particularly after the COVID-19 pandemic 

which made cycling an attractive form of active mobility for commuters. Yet, cyclists are among the 

most vulnerable road users. Their severe injury and fatality rate per passenger mile are several folds 

larger than car occupants and bus passengers. Analysis of accident data shows that impacts to a 

cyclist’s head occur at an angle in vast majority of real-world head collisions. This produces large 

rotational head motion. There is significant body of research that shows rotational head motion is the 

key determinant of brain deformation and subsequent damage to the brain tissue. Hence, novel 

helmet designs adopt shear-compliant layers within a helmet with the aim of reducing the rotational 

head acceleration and velocity during an impact, hence reducing risk of brain injury.  

Cellular materials can be engineered to have interesting mechanical properties such as negative 

Poisson ratio or anisotropy. Their cellular structure gives rise to a unique combination of properties 

which are exploited in engineering design: their low density makes them ideal for light-weight design, 

and their ability to undergo large deformations at relatively low stresses make them ideal for 

dissipating kinetic energy with near-optimal deceleration. As revealed in this thesis, it also is possible 

to engineer cellular structures to have high or low shear stiffness with minimal change to their axial 

stiffness, and vice versa. This has the potential to be very beneficial for cases that require oblique 

impact management where both axial and shear stiffnesses play a role. However, this domain has 

seldom been explored, let alone applied to a use case which may result in improved performance that 

saves lives such as helmets. 

The main question this thesis aims to address is: Can helmets be improved to reduce the risk of cyclist 

brain injury in oblique impacts? To answer this question, it was necessary to first assess conventional 

helmets and emerging technologies aiming to improve helmets in oblique impacts. Hence, 27 bicycle 

helmets with various technologies were assessed in three different oblique impact conditions. The 

outcome of studying this proved that helmets may be improved with shear compliant mechanisms 

between the head and helmet. However, the improvements were marginal and highly dependent on 

impact site. This is hypothesised to be due to the presence of expanded polystyrene (EPS) foam 

alongside these shear-compliant mechanisms which hinders their performance. We found that one of 

the best performing helmets in oblique impacts was one that utilises air and entirely replaces EPS 

foam yet had some drawbacks such as lack of reusability and shell structure. This encouraged the work 

that followed which aimed to replace the EPS foam layer in helmets with an air-filled rate-sensitive 

cellular structure. This work leveraged finite element modelling which employed visco-hyperelastic 

material models which were validated with axial and oblique impact tests of the bulk material and 
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cellular array samples different speeds. The novelty is that the axial and shear stiffness of the cells 

could be tailored independently with simple changes to the geometry of the cells. This led to an 

exciting investigation to determine whether shear-compliant cells outperformed their shear-

noncompliant counterparts, which exhibit similar axial stiffness, with respect to brain injury metrics in 

a helmet. The results showed that, although this may be the case, often the shear-compliant cells 

dissipated less energy during impact and bottomed-out as a result, leading to adverse effects. Hence, 

introduction of shear-complaint structures in helmets should be done with care as the energy is 

dissipated in shear with such cellular structures during oblique impacts which needs to be properly 

managed. In future, the performance improvements may be implemented for different impact speeds 

utilising the viscoelastic nature of the cells and inflation of the cells to change their shape.  
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1 Chapter One: Introduction 

Cycling is the most popular mode of active mobility, with many environmental and health benefits [1–

3]. The number of cyclists are steadily increasing in Europe, United States and worldwide since 2009 

[4,5], particularly after the COVID-19 pandemic which has led to doubling of weekday cycling rates in 

the UK, and tripling on weekends [6]. 

Unfortunately, cyclists are among the most vulnerable road users. Their severe injury and fatality rate 

per passenger miles are several folds larger than car occupants and bus passengers [7]. More cyclists 

were fatally injured in 2018 than in any year since 1990 in the U.S. according to the U.S. Department 

of Transportation [5]. Notably, the head is the most common body part to be severely injured during 

an accident [8]. For instance, an analysis of the Swedish Traffic Accident Data Acquisition (STRADA) 

database showed that 42% of injuries leading to severe impairment were blows to the head [8]. 

Impacts to the head can lead to traumatic brain injury (TBI) with fatal and lifelong consequences and 

large economic costs [9]. Hence, cyclists are often advised to wear helmets as helmets can play a key 

role in protecting their head and brain against impacts [10–12]. Previous work has shown that 19% of 

helmeted cyclists suffered severe TBI compared to 48% of non-helmeted cyclists [12]. This study, 

amongst others, shows that there are still opportunities to reduce TBI in helmeted cyclists through 

improving helmet design. 

Today, helmets must pass standard tests such as EN1078. In such tests, helmets are assessed under 

vertical impacts and the translational rigid body motion of the headform is used to evaluate their 

protection effects [13]. However, analysis of accident data shows that in vast majority of real-world 

head collisions, impacts to the head occur at an angle which produces large rotational head motion 

[14–17]. Additionally, a significant amount of research has concluded that rotational head motion, not 

translational, is the major contributor to straining of brain tissue which is a key contributor to TBI [14–

17]. 

The research confirming the importance of rotational kinematics on brain injury has prompted several 

helmet liner technologies to come to market with the aim of replacing or working with expanded 

polystyrene (EPS) given the limitations it has in addressing head rotation resulting from oblique head-

to-surface impacts albeit its widespread use. Such technologies typically introduce a regular cellular 

structure such as WaveCel, Koroyd and HEXR, or they add a slip layer such as MIPS and SPIN. WaveCel 

is a cellular structure formed of interconnected ‘wavy’ walls that crumple upon impact whilst allowing 

shearing to reduce rotational stiffness. Similarly, HEXR and Koroyd employ hexagonal and circular 

honeycomb structures respectively. 
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However, the performance improvement, or lack of improvement of current bicycle helmets, 

particularly those that incorporate new rotational damping technologies, are still unclear. The limited 

research available to the public tackling this topic present limited assessments such as single helmets 

or single impact location with little or no brain injury assessments and often with conflict of interest. 

Hence, more research is required for a comprehensive understanding of how these new and emerging 

helmet technologies are performing in comparison to conventional helmets. 

Additionally, compressive-shear behaviour of these engineered cellular structures used in helmet 

liners at coupon level isolated from the entire helmet system in oblique impacts prior to their 

integration into a full helmet liner. Hence, little guidance exists on how to reduce rotational head 

motion via design changes to a unit cell prior to the helmet build stage – a stage at which design 

changes can be expensive and often too late to incorporate. 

1.1 Hypotheses 

As mentioned, whether existing helmets with rotational management technologies reduce brain 

injury likelihood is still largely unclear. Moreover, how engineered cellular structures can reduce 

rotational head motion is also unclear. Hence, in this thesis, we start tackling these knowledge gaps 

by addressing the high-level hypothesis: Brain injury likelihood resulting from rotational head motion 

during oblique impacts can be reduced using novel helmet technologies. This high-level hypothesis is 

broken down into several sub-hypotheses addressed across the chapters: 

1. Helmet technologies that include shear-management layers will reduce the rotational head 

motion and hence reduce brain tissue strain. 

2. Cell arrays can be engineered to shear-compliance which would lead to lower kinematic and 

brain injury metrics than those engineered to shear-stiffness during oblique impacts. 

The hypotheses above are tackled in several stages throughout the thesis as outlined below. 

1.2 Thesis Outline 

The aim of Chapter 2 is to review the current literature to gain a broad understanding of the different 

types of head injury, with more specificity into brain injury and TBI in particular, being the leading 

cause of fatality in road traffic accidents (RTAs) and is one that may be prevented or reduced in rate 

with helmets [18]. We also take a deeper look into the different components and materials of 

conventional helmets, particularly those engineered to reduce the risk of head injury, as well as 

advancements in the field of helmets and the challenges we currently face with existing helmet testing 

standards and analyses. 
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Chapter 3 aimed to address the first sub-hypothesis: Helmet technologies that include shear-compliant 

layers will reduce the rotational head motion and hence reduce brain tissue strain. As detailed in the 

Chapter 2, the discrepancy between the real-world impact mechanics leading to brain injury and 

current helmet standards led to difficulty in understanding the potential of helmets in reducing 

rotational motion and brain injury likelihood, particularly those that incorporate new rotational 

damping technologies. Hence, Chapter 3 of this thesis bridges this knowledge gap by presenting the 

outcome of an assessment investigating the performance of conventional bicycle helmets as well as 

those with rotational damping systems, and even airbag helmet, in oblique impacts. Brain injury 

simulations are carried out where the brain tissue strain in regions of interest associated with TBI such 

as the corpus collosum and sulci are assessed. The outcome of this chapter was published in the Annals 

of Biomedical Engineering journal [19]. 

From Chapter 4 onwards, we started tackling the second sub-hypothesis: Cell arrays with engineered 

shear-compliance will lead to lower kinematic and brain injury metrics than those with shear-stiffness.  

The first phase of this is an assessment of an array of hexagonally-packed circular cells in isolation 

during both axial and oblique impacts whilst varying several design parameters of the cells and 

monitoring their axial and shear stiffness. The second phase is an assessment of a subset of these 

structures fitted into a full helmet model in oblique impacts where rotational head motion is 

monitored. The aim of this is to provide some insight on whether a relationship exists between the 

axial and shear stiffness of cell arrays and their ultimate capacity to reduce the rotational head motion 

which is well linked with brain injury. The hypothesis is that a shear-compliant array of cells would 

ultimately lead to lower rotational head acceleration, and hence brain tissue strain and likelihood of 

injury. 

Hence, Chapter 4 is where the characterisation of two additively manufactured rate-sensitive 

materials made available to prototype the cell arrays is presented, one of which would be carried 

forward to the prototyping of the cell arrays given the results which showed that it has superior 

mechanical properties. In this chapter, a comprehensive visco-hyperelastic material model of both 

these materials was developed and validated from extensive experimental data which is imperative 

for the proceeding simulations carried out on both coupon level and full helmet level with this 

material. The work of this chapter was published in the journal Additive Manufacturing [20].* 

In Chapter 5, a bespoke impact test rig is purpose-built and used to test the cell arrays under both 

axial and oblique impacts. The results of this activity are then used to validate a finite element model 

of the cell arrays in both axial and shear deformation at strain rates relevant to bicycle helmet impacts. 

Following this, a large design of experiments looking at the axial and oblique impact performance of 
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the cell arrays is presented whereby the sensitivity of both axial and shear stress-strain performance 

of the cell arrays to design changes such as cell wall curvature and thickness is addressed. This chapter 

concludes that adding curvature to cell walls dramatically altered their shear stiffness, as well as axial. 

However, the direction of curvature had a significant influence on whether the shear stiffness was 

increased or decreased – whereas axial stiffness reduced with curvature regardless of direction as 

expected. This provided an exciting opportunity to tailor axial and shear stiffnesses independently 

simply by changing the direction of the cell wall curvature, from concave to convex. 

Chapter 6 starts with a reverse-engineering process of a conventional helmet whereby the helmet is 

scanned for the creation of a finite element model which is then validated against oblique 

experimental impacts in various locations. The helmet is then retrofitted with the cell arrays 

developed and validated in the previous chapter to assess whether the cell arrays offer any 

improvement in these impact locations via kinematic injury metrics and brain injury simulations. 

Finally, Chapter 7 houses the conclusions, limitations and future work of the chapters presented in 

this thesis. 

*It should be noted that the choice of an elastomeric parent material for the cell arrays and the studies 

that followed Chapter 4 was decided very early on in the project with far-reaching targets in mind 

which is now being considered for future work. This included benefits of elastomeric materials over 

conventional plastic materials such as being recoverable and reusable, highly rate-sensitive which 

meant potential for being optimal for several impact speeds and energies rather than one, as well as 

inflatable which enables collapsible helmets and those with adjustable stiffness, topology and crushing 

distance. 
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2 Chapter Two: Literature Review 

In this chapter, existing personal protective equipment (PPE) technologies will be covered with an 

emphasis on helmets of several types and categories, particularly the bicycle helmet category for its 

current importance for cyclist safety and the uptake of cycling due to the COVID-19 pandemic.  

The fundamental principles on which several PPE equipment for impact protection and other 

crashworthiness equipment and structures are designed are not too different to that of helmets as 

covered later in this chapter. In such cases, the objective is typically to reduce the peak force or 

acceleration experienced by a given structure, whether that be a human body or otherwise, during an 

impact to ensure it is below a given threshold. The peak force or acceleration threshold is usually 

defined by injury or damage tolerances for that structure. The constraints for this objective are usually 

driven by the need for a lightweight structure or one that occupies minimal space, or both as is the 

case with a helmet. A helmet needs to be both small for favourable aerodynamics and appearance, as 

well as light to minimize strain on the user’s neck. Hence, the peak force and mass or crushing distance 

thresholds are usually defined first and drive design decisions down the line. At this point, the material 

selection becomes critical as it is one of the few design variables that can dramatically change the 

response whilst satisfying several design constraints. Hence, we will take a deeper look into the 

materials that are often employed in such equipment to fulfil the task of dissipating the impact energy. 

This involves an overview of the basic analytical methods and material models used to describe their 

behaviour. 

The majority, if not all, standard PPE equipment usually must meet certain performance criteria in 

standard tests set by international institutions or authorities before they can be employed 

commercially. There are several such standard tests for helmet set by different institutions which are 

covered in this chapter. These standards are in many cases the driving force behind helmet design 

decisions and hence the limitations in these standards often translate into limitations in the protective 

capacity of helmets as we will see later.  

As such, the limitations of current helmet materials and design, as well as recent technological 

advancements, are outlined with regards to their obvious objective: mitigate head injury. Hence, 

common head injury mechanisms such as TBI are briefly reviewed first. 

2.1 Head Injury Mechanisms 

As the human head can be classified broadly into skin, skull and brain, injuries to any of these 

structures can be named head injury. Scalp damage is usually the lease severe, although severe 

bleeding would need to be attended to immediately. More serious injuries are skull fractures and brain 
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injuries. A skull fracture can be a linear fracture, a depressed fracture or a penetrating fracture [21–

23]. A linear fracture is least severe as usually there is no bone displacement and is local however may 

grow. Depressed and penetrating skull fractures are usually more serious and may lead to brain injury 

[21,23]. Brain injury can be focal or diffuse, where focal injuries refer to cerebral contusion (local 

bruising of the brain) or hematomas (local swelling from blood collection outside the brain vessels) 

[22,24–26]. Hematomas can be epidural, subdural or intracerebral as shown in Figure 1 [18,27]. 

Although hematomas and brain contusions are usually a result of insult to the brain, they can be 

classed as closed-head injuries as they can occur whilst the skull and dura mater remain intact 

[26,28,29]. 

 

Figure 1 – Left: Different types of hematomas as a result of brain injury.Right: Schematic of cerebral contusion as a 
result of abrupt head motion. [30] 

Brain (or cerebral) contusions can be thought of as bruising of the brain tissue and are usually the 

result of abrupt movement of the head which results in the brain impacting the skull within the head 

causing tissue damage or bruising usually at the impact location and directly opposite. These locations 

are often referred to as coup and counter-coup sites respectively (Figure 1) [31,32]. Brain contusions 

are often accompanied by another form of closed head injury such as hematomas or local 

microhemorrhages [28,31,33]. 

Both brain contusions and hematomas may lead to symptoms which include dizziness, problems with 

memory, speech, managing emotions and thinking and are often classified as traumatic brain injuries 

(TBIs) [26,34]. The consequences of TBI can be short-lived or life-long depending on the severity, 

however studies have shown that even mild head injuries can be serious particularly if preceded by 

previous head injuries, suggesting that the consequences are cumulative [31,35]. 
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Diffuse brain injuries usually fall under diffuse axonal injury (DAI) or concussion which is commonly 

classed as a mild traumatic brain injury (mTBI) [36,37]. DAI is the term used to describe the disturbance 

or damage of neural axons. However, both terms broadly describe a family of symptoms which include 

temporary unconsciousness and impairment of muscle control and other functions. In any case, a 

concussion or TBI is usually the result of an external force such as a blunt blow to the head from a fall 

or road traffic accident [36]. 

2.1.1 Traumatic Brain Injury (TBI) 

Traumatic Brain Injury (TBI) is the leading cause of fatality in road traffic accidents (RTAs) and is one 

of the most common but least understood injuries to the body [18]. The consequences of TBI on an 

individual can be fatal if not  lifelong and incurable [23,26,28,33,34,36,38,39]. The definition of TBI 

across literature is often inconsistent as there is much controversy regarding the exact pathology and 

diagnosis of TBI. To add complexity, TBI can be mild (mTBI), moderate or severe [31,37]. The 

classification is usually dictated by an assessment of a patients verbal and motor responses. The most 

common system for TBI classification is the Glasgow Coma Scale (GCS) which scores a patient 3 - 15 

points depending on assessment of severity (Table 1) [21,37]. The test commonly includes eye 

response, verbal response, and motor response scores. It is generally agreed that a score of 13 and 

above is mild, 8 or below is severe and in between is moderate [37,40]. However, these thresholds 

are only generally agreed upon, and are very subjective to the case and the assessor as reviewers have 

criticised [40–42]. 

Table 1 - Scoring system for the GCS. 

Score Eye Verbal Motor 

1 Closed None None 

2 Opens with pain Moans Extension to painful stimuli 

3 Opens with voice Nonsensical words 
Abnormal flexion to painful 

stimuli 

4 Opens spontaneously Words expressing confusion 
Withdrawal from painful 

stimuli 

5 N/A 
Orientated, converses 

normally 
Localizes to painful stimuli 

 

It is estimated that 1.7 million TBIs occur annually costing $60 billion in the United States alone, of 

which 17.6% were recorded as a result of RTAs [29,43]. For this reason, research on TBI has been 
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extensively focused on two domains: diagnosis and prevention. Diagnosis focuses on detecting TBI 

symptoms and pathologies as early as possible. Currently, advanced imagining technologies such as 

magnetic resonance imaging (MRI) and functional MRI (fMRI) are used extensively to monitor changes 

to brain structure and function. For example, diffusion tensor imaging (DTI) is an MRI technique that 

utilises the diffusivity of water to map out axonal bundles known as white matter tracts. Water 

diffusion in white matter tracts is anisotropic due to the structure of axonal membranes and their 

myelin sheaths. This anisotropy is picked up by DTI technology and allows for visualisation of white 

matter tracts. If abnormal diffusivity is observed, it could indicate damage in the tracts [36,44,45]. 

Biomarkers are also a popular method for identifying TBI severity acting as consequential “footprints”. 

Protein biomarkers in cerebral spinal fluid (CSF) surrounding the brain can indicate the molecular 

processes resulting from brain damage or repair allowing for disease progression and severity to be 

monitored [35]. On-field and operational helmet sensing technology is also a potential domain for 

early diagnosis as it provides insight into the accelerations endured by the head during an impact, 

indicating potential for TBI [46]. 

Prevention focuses on utilising technological means such as helmets to avoid TBI occurring in the first 

place which is the main focal area of this research. Studies have shown that the use of protective head 

gear in sports such as American football and cycling reduces the stresses and strains within the brain 

[47–50], which has been shown to be related to TBI pathologies [34,39]. Hence, the use of personal 

protective equipment (PPE) such as helmets particularly for road users is highly advised and is 

enforced by law in the US, UK, EU. states and other countries throughout Asia [51–53] as discussed in 

the next section. 

2.1.2 Imperial College Traumatic Brain Injury Model 

In attempts to better understand the causes and best prevention methods for TBI, researchers have 

combined existing knowledge of imaging technology and FEA to develop detailed FE models of human 

and rat brains for assessment of the biomechanics of TBI through reconstruction of impacts with 

known outcomes. Detailed FE models of the brain facilitate easier and deeper assessments of the 

effectiveness of different helmets. Brain FE models currently vary in level of fidelity and detail [54]. 

One reason for this is that material properties of the brain and human tissue in general are not easy 

to obtain, particularly for strain-rates relevant to impact. Ghajari et al. [39] have developed an FEA 

model of the human brain via segmentation of MRI images into 1.5 mm voxels, namely the Imperial 

College Traumatic Brain Injury (IC TBI) model. This makes it one of the highest resolutions of a FE brain 

model in scientific literature, consisting of over half a million FE nodes (Table 2). The model has 

important anatomical details for predicting TBI with respective visco-hyperelastic material properties 

(Table 3 and Table 4). Specifically, the definitions leveraged the Ogden hyperelastic material model 
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with Prony series viscoelasticity which is described in more detail in Section 4.2.2. This material model 

in general and this brain injury model in particular are used extensively in this thesis. 

Table 2 - Details of the Imperial College Traumatic Brain Injury finite element model 

Number of Brain 
Elements  

Number of Brain 
Nodes 

Intracranial 
Volume [dm3] 

Brain Material Properties 

386.0 k (continuous 
mesh) 

576.8 k 1.4 Visco-hyperelastic (Ogden model with 
Prony series viscoelasticity) 

 

Previous computational studies have shown that head impacts can produce large mechanical strains 

in key brain regions; corpus callosum and sulci (Figure 2) [39,55]. The corpus callosum is the largest 

white matter tract, which connects two hemispheres and is a location typically associated with diffuse 

axonal injury after head impacts [56]. Sulci is where the pathology of the neurodegenerative disease, 

chronic traumatic encephalopathy, in sporting collisions and white matter damage in survivors of 

single head impacts have been seen [39,57]. Hence, in addition to using measures of brain injury based 

on head kinematics, we used this detailed finite element model of TBI to predict strain in the sulci and 

corpus callosum during oblique impacts in Chapters 3 and 6. 

The model was used to simulate the brain response during impacts. This is done by prescribing 

accelerations recorded from real world accident data or through dummy reconstructions to the 

model’s skull. The accelerations recorded from the impacts that need brain injury assessment are 

transformed to the local co-ordinate system located at the centre of gravity of the skull where they 

would be applied to the model to match the kinematics experienced by the head in the model and the 

test of interest. More details of this procedure can be found in in Chapters 3 and 6. 

 

Figure 2 – ICL TBI model of the human brain (right) with details of the corpus callosum and sulci. 
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A recent study employing this model showed that maximum brain tissue strain occurred in locations 

near the depths of the sulci where an abnormal amount of Tau protein accumulation is usually found 

with TBI patients suffering from chronic traumatic encephalopathy (CTE), a neurodegenerative disease 

linked to repeated blows to the head. [39]. Hence, reducing the strain endured by brain tissue during 

an accident is likely the most effective way to protecting the brain from TBI. 

Table 3 - Material properties of the brain tissue used in Imerial College Traumatic Brain Injury model. 

Tissue ρ [kg/m³] µ1 [Pa] α1 µ2 [Pa] α2 K [MPa] 

Brain 1040 53.8 10.1 -120.4 -12.9 50 

Brain stem 1040 15.8 28.1 -106.8 -29.5 50 

Ti [ms] T1 = 0.001 T2 = 0.01 T3 = 0.1 T4 = 1 T5 = 10 T6 = 100 

Gi [kPa] G1 = 320 G2 = 78 G3 = 6.2 G4 = 8.0 G5 = 0.1 G6 = 3.01 

 

Table 4 - Material properties of the head tissue used in Imerial College Traumatic Brain Injury model. 

Tissue ρ [kg/m³] µ1 [kPa] a1 Poisson's ratio 

SAS and ventricles 1040 20 2 0.4998 

Falx and tentorium 1130 25.5 32.9 0.45 

Ti [ms] T1 = 5 T2 = 44 T3 = 474 

Gi [kPa] G1 = 328 G2 = 291 G3 = 161 

Pia mater 1130 2.6 32.9 0.45 

Ti [ms] T1 = 5 T2 = 44 T3 = 474 

Gi [kPa] G1 = 32 G2 = 29 G3 = 16 

 

There is significant body of research that shows rotational motion of the head is the key determinant 

of brain deformation and subsequent damage to the brain tissue [14–17]. These studies have led to 

new proposals from Fédération Internationale de Motocyclisme (FIM) and European Committee for 

Standardization Working Group 11 (CEN/TC158/WG11) for helmet testing under oblique impacts and 

using injury criteria based on head rotation [58–61]. These proposals and potential solutions, such as 

helmets, are discussed in the next section. 
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2.2 Helmets 

The importance of helmets cannot be understated. Helmets are the primary protective wearable for 

the head of a vulnerable road user [51–53,62]. A comprehensive evaluation by Kraus et al. [53] showed 

that of the motorcycle riders wearing a helmet, only 26.2% sustained head injury as compared to 

48.8% of those not wearing a helmet. Moreover, motorcycle helmet users sustained fewer skull 

fractures and intracranial head injuries, and sustained less severe head injuries overall [51]. A later 

study by Yu et al. published in 2011 found that in Taiwan, helmeted-head riders were four times less 

likely to sustain head injury and ten times less likely to sustain brain injuries. It also reported that half-

coverage helmet users were more than twice as likely to sustain head injury compared to full-face 

helmet users [52]. 

This thesis takes a particular interest in bicycle helmets for several reasons. Cycling is the most popular 

mode of active mobility, with many environmental and health benefits [1–3]. The number of cyclists 

are steadily increasing in Europe, United States and worldwide since 2009 [4,5]. For instance, the pedal 

cyclist traffic increased by 16% in Great Britain between 2009 and 2019 [63]. The recent COVID-19 

pandemic has led to a large increase in cyclist traffic, which is likely to be permanent. The UK’s 

Secretary of State for Transport has reported “We’ve seen around a 100% increase in weekday cycling. 

At weekends, that increase has been up to around 200% compared to pre-COVID-19 levels. We want 

to use this recovery to permanently change the way we travel with huge levels of investment.” [6]. 

However, cyclists are among the vulnerable road users. Their severe injury and fatality rate per 

passenger miles are several folds larger than car occupants and bus passengers [7]. More cyclists were 

fatally injured in 2018 than in any year since 1990 in the U.S. according to the U.S. Department of 

Transportation [5]. Notably, the head is the most common body part to be severely injured during an 

accident [8]. For instance, an analysis of the STRADA (Swedish Traffic Accident Data Acquisition) 

database showed that 42% of injuries leading to severe impairment were blows to the head [8]. 

Impacts to the head can lead to traumatic brain injury (TBI) with fatal and lifelong consequences and 

large economic costs [9]. Hence, cyclists are often advised to wear helmets as helmets can play a key 

role in protecting their head and brain against impacts [10–12]. Previous work has shown that 19% of 

helmeted cyclists suffered severe TBI compared to 48% of non-helmeted cyclists [12]. 
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Figure 3 – Cutouts showing fundemental common components between a bicycle (right) and motorcycle helmet (left) 
[64]. 

Helmets are generally divided by their use category such as motorcycle helmets, bicycle helmets (in 

which are subcategories such as road helmets, mountain bike helmets and urban helmets), equestrian 

helmets and ski helmets. Despite use case and design differences, most of these helmets share 

common fundamental components, shown in Figure 3, which are crucial for their protective capacity 

and performance under dynamic loading conditions that result from an impact. These are: 1 - An outer 

shell. 2 - An inner foam liner. 3 – Comfort foam. 4 - A retention system. 

2.2.1 Shell 

The outer shell is usually made from a thin and hard layer of a thermoplastic i.e. polycarbonate (PC), 

acrylonitrile-butadiene-styrene (ABS), or composite material in higher-end models i.e. carbon fibre 

reinforced resins and plastics (CF, CRP), fibre glass reinforced plastics (FRP) or even Kevlar® [65–68]. 

The purpose of the outer shell is to protect the user from localised impacts from sharp objects such 

as kerbstones. Hence it also serves the purpose of distributing a localised load onto a larger area of 

energy absorbing material, such as foam, which lies beneath. The shell itself absorbs some of the 

impact energy through plastic deformation - however reports have shown this is a minor contribution 

compared to the inner liner which has been reported to absorb as much as 45% [66,69]. However, 

these results should be interpreted with caution as they rely on the material used and the impact 

scenario. 
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Figure 4 – PC stress-strain curves at various strain rates adapted from [70]. 

Both PC and ABS are affordable and durable thermoplastics with good impact resistance, and hence 

are the most used materials for helmet shells – particularly bicycle helmets. Both plastics exhibit 

elastic-plastic material behaviour with strain-hardening and have similar mechanical properties. 

However, polycarbonate is typically preferred due to its transparency and marginally superior 

mechanical properties such as Young’s modulus, yield stress, impact and thermal resistance albeit 

being slightly more costly. As per the CAMPUS® database (ISO 527-1/-2), the Young’s Modulus (𝐸) of 

PC typically ranges between 1800 - 5300 MPa and the yield stress (𝜎𝑌𝑖𝑒𝑙𝑑) ranges between 36 – 90 

MPa depending on the grade and fillers [71]. On the other hand, 𝐸 for ABS ranges between 1310 – 

3620 MPa and 𝜎𝑌𝑖𝑒𝑙𝑑 ranges between 25 – 69 MPa. The yield strain (𝜀𝑌𝑖𝑒𝑙𝑑) for both plastics ranges 

between 1-6%, after which strain-hardening behaviour is observed until failure as see in Figure 4.  

As typically seen in thermoplastics, both materials have marginal strain-rate sensitivity [70]. However, 

this strain-rate sensitivity is typically ignored for analytical and computational helmet assessments for 

impact as strain rates typically do not exceed 10/s [72,73]. 

2.2.2 Foam Liner 

The main purpose of the inner liner is to absorb as much of the kinetic energy of a helmeted head 

during impact as possible while minimising deceleration magnitude and time duration. The latter two 

parameters are of course connected by basic equations of motion - such that the larger the kinetic 

energy per unit mass, the larger the velocity magnitude, and thus the larger deceleration magnitude 

required to bring the head to a full stop - or the longer the deceleration duration would need to be. A 

longer deceleration duration would mean a larger helmet which is an unattractive option for buyers 

and is uncomfortable for users as moments of inertia increase with a larger helmet radius. Thus, the 
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design optimisation problem involving a helmet inner liner is one where the objective functions and 

design constraints are in conflict, non-linearly related and time dependent. The objective functions in 

this case are minimising deceleration magnitude and period, and constraints are on maximum mass 

and volume. Of course, cost and manufacturability need to also be considered. 

 

Figure 5 – Microstructure of cellular materials: (a) open-cell polyurethane, (b) closed-cell polyethylene, (c) nickel, (d) 
copper, (e) zirconia, (f) mullite, (g) glass, (h) a polyether foam with both open and closed cells. [74] 

For this reason, the inner liner is usually made from an expanded foam such as expanded polystyrene 

(EPS), polypropylene (EPP), or polyurea (PU) foam [75–78]. Foams generally have similar 

microstructures characterised by stochastically shaped air cells defined by trusses or thin walls of the 

parent material (i.e. polystyrene in the case of EPS). These cells are formed as a result of the 
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manufacturing process where polystyrene beads mixed with a low-boiling point expander are heated 

and fused together [79]. Example microstructures are seen in Figure 5. This makes them good 

candidates for light-weight energy absorbing materials. Reasons for this are discussed in more detail 

in the forthcoming paragraphs. 

Generally, there are two classes of foams, whereby each could be recoverable (elastomeric), such as 

PU, or irrecoverable (plastic), such as EPS: One type is open-cell foams whereby the air is free to flow 

between cells as the cell walls have orifices (small holes, Figure 5 (f)). In some cases, the ’orifices’ are 

so large that the cell walls become effectively trusses where the cell walls connect Figure 5 (a, c, d, e). 

The other type is closed-cell foams whereby the cells completely enclose the air trapped within them 

during the manufacturing process (Figure 5 (b)). This makes them slightly stiffer in comparison to their 

open cell counterparts, particularly at large compressive strains (60-80%). Although there are subtle 

differences in their mechanical properties and general parent materials, their crushing behaviour is 

similar and can be defined using the same empirical models with minor corrections applied to closed-

cell foams to account for the entrapped air. 

One of the reason foams such as EPS are chosen materials for these objectives is that they exhibit a 

unique compressive stress-strain behaviour during crushing whereby the crushing force is constant 

with increasing crushing distance. Their compressive stress-strain behaviour can be characterised by 

three regions as shown in Figure 6: I – Elastic Compression, II – Plastic Crushing and III - Densification. 

 

Figure 6 – Representative nominal (engineering) stress-strain curve of EPS and similar foams under compressive loading 
[68]. 

In region I, the cell walls or trusses elastically bend or buckle under compressive strain, typically below 

5%, whereby the foam returns to its original shape when the load is removed. Note that this 

characterises the elastic modulus of the foam, which is usually different, and smaller, than the elastic 

modulus of the parent material which makes up the foam cell walls themselves. If the compressive 

strain is increased beyond the limits of region I, the cell wall or truss buckling deformation transitions 
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into the plastic regime, whereby cells begin to successively collapse at the characteristic yield stress 

of this foam. This successive collapse of cell layers occurs up until the majority of the cells have 

collapsed and densification occurs, characterised by a steep rise in the stress-strain response as seen 

in region III. 

This characteristic stress-strain response means that, given a required peak stress threshold on a 

structure during impact defined by some design constraints or tolerances, foams can dissipate several 

folds more energy than their parent solid material as depicted in Figure 7A. However, as one can also 

see from the figure, this increase in dissipated energy is largest when the stress threshold is only 

marginally larger than the yield stress of the foam. Hence, the yield stress of a foam is an important 

mechanical property which determines how appropriate it is for a given impact-attenuating system. 

Considering this, it is important to be able to tailor the yield stress of a foam to enable optimal energy 

dissipation at different impact energies. A solution is to vary the density of the foam, which in turn 

leads to thicker or thinner cell walls and trusses with higher or lower buckling stresses respectively. In 

doing so, the dissipated work during crushing is increased or decreased respectively as shown in Figure 

7B. 

 

Figure 7 – A) Comparison of the dissipated work of foam and a fully dense elastic solid at a given stress threshold. Both 
axes are normalised by the elastic modulus of the parent solid. B) A representation of the compressive stress-strain 
response of EPS foam of different densities [80]. 

The phenomenon observed in region II, whereby increasing compressive strain is achieved at a near-

constant stress, is why foams are superior to many materials in achieving the goal required by several 

PPE mentioned earlier: dissipating the impact energy at the lowest possible force. Hence, in the design 

of a helmet with a fixed crushing distance and impact speed as an example, where a given allowable 

peak force is defined by skull fracture tolerances, the corresponding peak stress can be derived from 
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the contact area between the helmet and anvil and hence an appropriate foam density can be chosen 

to dissipate the required impact energy. 

However, an issue remains which is central leading to the work carried out later in this thesis: how 

may one tailor the shear stiffness of foams without interrupting the designated normal compressive 

stiffness to best cater for oblique impacts? 

Limited studies have investigated the compressive-shear performance of helmet foams. Ling et al. 

investigated the compressive-shear response of EPS foam under oblique impact loading with various 

impact speeds and angles. The results from the study consistently showed that both axial and shear 

stresses at yield of EPS increased with foam density [81]. Similarly, a study by Khosroshahi et al. [78] 

investigating the biaxial loading response of EPS foam showed that the both axial and shear stiffness 

of EPS foams increased with foam density at various levels of normal compression. This implies that 

there is no clear way of decoupling the normal and shear stiffnesses of conventional EPS foams. 

As a result of this, several helmet technologies have come to market to try addressing this gap by 

promoting add-ons to a helmet in the form of slip-layers. In this way, they sought to reduce the shear 

stiffness of the helmet system by allowing sliding between various interfaces of the helmet, such as 

between the helmet and head, or the shell and foam, or shell and ground or impacting surface. The 

hypothesis here is that this newly introduced shear compliance to the helmet can reduce the 

rotational acceleration of the head during an oblique impact, and hence reduce the risk of brain tissue 

strain and injury. Such technologies are reviewed in section 2.3 and studied in detail in Chapter 3. 

2.2.3 Comfort Foam & Retention System 

As each human head has a unique shape, a helmet plastic liner foam such as EPS may not fit perfectly 

on a user’s head, and hence may lead to some uncomfortable contact points given its apparent rigidity. 

Hence, the purpose of the comfort foam is to take shape in the gaps between both surfaces increasing 

the static contact area and leading to a more comfortable fit. This means it is usually substantially 

softer than the liner foam itself, generally made of soft and flexible foams with low density as open-

cell PU or polyvinyl chloride (PVC), and hence has negligible contribution to the energy dissipation 

during head impact [65,82]. 

The retention system of a helmet is an important one often tested for certification and is particularly 

important for cyclists where a helmet may easily slide off. It is usually a belt strap made of 

polyethylene terephthalate (PET) or nylon bolted to either side of the helmet shell or liner and serves 

the purpose of securing the helmet to the user’s head [65]. Nonetheless, there are records of a 

considerable number of helmet roll-offs leaving the head unprotected even with the strap secured 
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[83]. In many cases, this is unavoidable given the severity and angle of some head impacts leading to 

high tangential forces, particularly for high-speed motorcyclists. 

2.3 Advancements in Helmet Technology 

 Advancements in helmet liner technology in fields such as sports and military have been major due 

to the financial support of both industries. The NFL has launched an ongoing initiative in 2016 named 

’The Engineering Roadmap’ that has pledged to invest £60 million into football biomechanics research 

and the development of novel protective equipment. So far, over £1.6 million has been invested into 

13 new liner technologies including air-filled chambers called ’Crash Clouds’ to the development of 

new viscoelastic materials and auxetic foams [84]. FE models of the headform and neck used in helmet 

testing standards have been developed and made open-source to accelerate development of helmet 

innovation via crowd-sourcing [85]. Xenith, one of the largest NFL helmet producers utilises air-filled 

thermoplastic polyurethane (TPU) chambers for liner impact attenuation. A study investigated the 

effects of orifice size and chamber material by conducting uniaxial rail impacts of a 5kg mass on 

chambers with TPU 45D and TPU 90A. Results showed that the reducing vent diameter led to higher 

energy absorption due to longer air retention periods and that softer variant (TPU 90A) reduced 

transmitted force at lower impact speeds (1.3 - 2.3 m/s) however bottomed out at higher impact 

speeds (3 m/s) [86]. Other NFL helmet technologies include viscoelastic foams, collapsible columns 

and buckling rods [87,88]. 

 

Figure 8 – Hövding airbag in the undeployed (left) and deployed (right) positions [89]. 

Bicycle helmets have also seen one innovation which utilised air-chamber technology. Hövding, the 

Swedish company behind the innovation, have released a bicycle helmet that actively inflates in the 

incidences of abrupt motion or fall using sensors such as accelerometers [49]. A study on the use of 

such an airbag as a cycling helmet has shown potential to reduce forces to the head by 3-6 fold [49], 

however the helmet lacks necessary protective features such as a hard shell to pass helmet test 



39 
 

standards that require kerbstone impacts and thus is limited to cyclists with restrictions from certain 

markets. The most concerning aspect of the helmet is the potential for false-negative triggering i.e. 

not deploying during an impact. Of course, this would leave the victim with effectively no helmet. 

Additionally, the airbag folding means it cannot be reused, even after a false-positive deployment. The 

airbag also uses a high-stiffness fabric with no orifices to maximise energy absorption via pressure 

relief leading to low frequency oscillations which could be dangerous for the brain [49]. 

However, perhaps the most popular advancement in bicycle helmet technology is MIPS, mentioned 

previously, which includes a thin low-friction layer between the helmet outer shell and inner liner 

(Figure 9) [75,90]. The Phillips Head Protection System (PHPS) similarly introduces a low friction slip 

layer that lays on top of the outer shell [65]. Both technologies aim to reduce the friction between the 

head, helmet, and impact surface as a means of managing rotational acceleration. Bliven et al. [75] 

evaluated the performance of a new ’WAVECEL’ bicycle helmet comprising of wave-shaped plates that 

crease under compression and fold under shear loading, leading to organised elastic buckling. The 

paper reports a 73% reduction in rotational acceleration of a 6.2 m/s 45° impact using their helmet 

technology as opposed to using traditional EPS [75]. However, these results were not replicated 

anywhere else. Additionally, due to the nature of the wave-shaped plates, the liner is inherently 

anisotropic, and therefore this performance and is not guaranteed for all other impact directions as 

we will see in the next chapter. Given the unpredictable nature of road traffic accidents, this is a major 

drawback. 

 

Figure 9 – Multi-directional Impact Protection Systems (MIPS) which is essentially a low friction slip layer (yellow) placed 
between the rider’s head and the outer shell [91]. 

Advancements in motorcycle helmet liners have included composite structures utilising a hybrid of PU 

foam expanded in an open cell lattice [92], viscoelastic add-ons [93], bilayer cones [94], varying density 
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recovering foams [92] and functionally graded structures such as hierarchical lattices [95]. Blanco et 

al. Investigated the effectiveness of using ABS cones that would plastically deform upon impact and 

found improvement in head acceleration and HIC in seven of the eight cases considered (Figure 10). 

The upside of this technology is that the performance can be tailored to different areas of the helmet 

simply by changing the geometrical dimensions of the cone, on which a parametric analysis and design 

of experiments (DoE) was carried out (Figure 10) [69]. Similar liner concepts including conical 

structures was evaluated by Teng et al. [96]. Their study concluded that single-cone configurations 

dominated over double-cones. However, such conical liners presents manufacturing complexities 

absent with traditional uniform EPS liners and do not present any advantage with regards to repeat 

impacts. Ramirez et al. [92] evaluated the performance of a viscoelastic PU foam filling a viscoelastic 

thiol-ene polymer lattice and reported energy absorption results comparable to traditional EPS, with 

the advantage that their foam-filled lattice fully recovers after impact, whereas traditional EPS 

permanently deforms after impact. 

However, none of the aforementioned studies have investigated or optimised their designs for 

rotational acceleration, one of the main contributors to brain injury [34,39]. Ghajari et al. [93] 

investigated the effectiveness of a viscoelastic add-on liner on reducing strain and strain-rate of brain 

tissue during impact (Figure 11), however found the add-on to show marginal improvements only in 

low speed frontal impacts. Khosroshahi et al. [95] investigated the impact attenuation capacity of a 

hierarchical lattice (Figure 12) - one that has varying stiffness through the thickness - and found that 

such a structure could reduce the peak linear acceleration by as much as 60% in linear impacts and 

rotational acceleration by as much as 70% in oblique impacts with a speed of 7.5 m/s. 

 

Figure 10 – Conical liner helmet (Blanco et al.) [69] 

 The study found correlating benefits in stress and strain measures of the THUMBS FE brain model. 

However, currently, the proposed helmet is heavy and difficult to manufacture, and would not provide 

the same benefits after multiple impacts and has not reported the same benefits at different speeds. 

Moreover, no topological optimisation on such a graded lattice has been done, leaving room for future 

work. 
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Figure 11 – A viscoelastic add-on liner comrpised of two mechanically-connected rubber parts. Their implementation in 
a motorcycle helmet is shown on the left, and their deformed state in compression and shear is shown on the right  (Ghajari 
et al.) [93] 

Viscoelastic materials have also shown promise in snow sport PPE technologies such as back 

protectors. Back protectors were traditionally made of hard shells prior to new back protectors using 

viscoelastic soft-shells being introduced [97]. Viscoelastic soft-shells allowed increased mobility which 

is particularly important for snow sports as well as protection against repeat impacts [98]. However, 

the stiffness of the viscoelastic materials, and consequently the protector, is quite sensitive to 

temperature as is the case with the majority of viscoelastic materials [97–100]. This poses an issue for  

 

Figure 12 – Hierarchial lattice liner (Khosroshahi et al.) [95] 

 PPE equipment utilising such materials for applications in extreme weather conditions such as skiing 

and snowboarding. Hence, viscoelastic materials with good impact attenuation properties yet lower 

glass-transition temperatures than a user would ever experience, such as -30°C, are highly desirable 

[87]. 
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2.4 Helmet Test Standards 

As each category of helmets serves the user in different end conditions, each have different 

components and designs as per application, and hence abide by different standards. For example, 

American football and lacrosse helmets abide by National Operating Committee on Standards for 

Athletic Equipment (NOSCAE) certification [48,101], whereas motorcycle helmets either British 

Standard (BS) 6658 or United Nations Economic Commission for Europe (UNECE) regulation 22.05 

[65,68,102].Bicycle helmets abide by the Consumer Product Safety Commission (CPSC), Snell or 

American Society for Testing and Materials (ASTM) and American National Standards Institute (ANSI) 

standards [25,47,65,103]. See Table 5 and Table 6 for a summary on bicycle and motorcycle helmet 

standards respectively. 

The British Standard (BS) EN 1078 is the most common test standard for bicycle helmets in the UK 

[13]. The test requires testing of the construction of the helmet including shock absorbing properties 

at various temperatures, retention system, field of vision as well as marking and information that must 

be on the helmet as sold. One of the main aspects of the test is the impact shock absorption, which 

stipulates that the peak headform translational acceleration of each impact shall not exceed 250 g 

during an impact velocity of 5.42 m/s on a flat anvil or 4.57 m/s on a kerbstone anvil. Three helmets 

for each headform size that fits within the manufacturers' claimed head size range must be tested. 

The helmet must be first fitted, and the test area marked using datum lines following a procedure 

outlined in the standard document. Notably, no rotational kinematics of the headform are measured 

albeit the headform being allowed to rotate. As per the test setup in the standard document (Figure 

13), the headform is supported using a mobile system that guides the helmet during free fall, such as 

a halo, to a perfectly vertical drop perpendicular to the anvil. 

Table 5 - Comparative summary of different cycling helmet testing standards. 

 BS EN 1078/1080 Snell B-90/95 ASTM F1952-15 

Impact x x x 

Anvil F, K F, H, K F, H, K 

Repeat Impact x x x 

Speed F: 5.42 m/s, K: 4.57 m/s 
*F: 6.57 m/s, H, K: 5.05 

m/s 

*F: 6.2 m/s, H, K: 5.6 

m/s 

Impact Threshold 250 g 300 g 300 g 

Retention x x x 
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Roll-off x x x 

Field of Vision x x  

F, H, K and E stand for flat, hemispherical, kerbstone and edge anvils respectively. *Reported 

testing speeds vary depending on test conditions and therefore the nominal of testing speeds has 

been reported for each standard. 

 

Other bicycle helmet tests include Snell B-90/95 which is similar to EN 1078 with an additional 

hemispherical anvil and higher impact speeds yet a more forgiving peak acceleration threshold [104]. 

An even more severe test is the ASTM F1952-15 which covers performance requirements for helmets 

used by downhill mountain bicycle riders. “Studies have shown higher risk to the head and face for 

this sport as compared to recreational street riding; hence, this specification requires greater impact 

protection and provides performance criteria for chin bars on full-face helmets but does not require 

full-face helmets.” [105] 

 

Figure 13 – Schematic of apparatus used for the shock absroption test of BS EN 1078 [13]. 

Motorcycle helmets must undergo region-specific certification tests which are often more rigorous 

and well-defined than for bicycle helmets (Table 6). This is not only driven by the fact that 
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motorcyclists travel at higher speeds than cyclists, but that wearing a helmet is mandated by law in 

the UK, EU, Australia, Canada and several states in the US, unlike bicycle helmets which are mandatory 

in only a handful of countries around the world. 

Table 6 - Comparative summary of different motorcycle helmet testing standards. 

 UNECE R22.05 Snell M2010 FMVSS 218 BSI 6658 

Impact x x x x 

Penetration  x x  

Retention x x x x 

Roll-off x x  x 

Rigidity test x    

Friction test x   x 

Anvil F, K F, H, E F, H F, H 

Repeat Impact  x x x 

Speed 7.5 m/s *7.75 m/s *6 m/s *6.5 m/s 

F, H, K and E stand for flat, hemispherical, kerbstone and edge anvils respectively. *Reported 

testing speeds vary depending on test conditions and therefore the highest of testing speeds has 

been reported for each standard. 

Informed by clinical research into head injury and skull fracture tolerances, the Head Injury Criterion 

(HIC) was developed as an attempt to relate measures of linear impact deceleration magnitudes 

(|𝑎(𝑡)|) and durations (𝑡2 − 𝑡1) to the onset of skull fracture and concussion [25,65,66].HIC is used 

today as an injury metric in many safety standards governing the automotive industry and has been 

employed by several researchers investigating the effectiveness of helmets [103,106]. 

 𝐻𝐼𝐶 = max {(𝑡2 − 𝑡1) (
1

𝑡2 − 𝑡1
∫ |𝑎(𝑡)|𝑑𝑡
𝑡2

𝑡1

)

2.5

} (1) 

However, as expressed in Equation (1), the HIC does not account for rotational acceleration which is 

hypothesised to be a major contributor to brain injury resulting from high stresses and strains in brain 

tissue [34,39] (See section 2.1). Helmet testing standards today still fail to accommodate for the effects 

of rotational acceleration on brain injury albeit significant research suggesting otherwise. Henceforth, 
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new head injury criteria and helmet testing standards have been proposed that account for rotational 

acceleration [25,65,90,107] and a movement towards helmet liners that can manage rotational head 

acceleration in oblique impacts has been initiated [69,75,95] as discussed in the previous section. 

One of the main bottlenecks limiting the adoption of new helmet testing standards which consider 

rotational acceleration measures is the lack of reliable criterion and thresholds that can be used to 

determine whether a helmet passes or fails, or sufficiently protects from brain injury. There have been 

several attempts to come up with such criteria, one of which is the Brain Injury Criterion (BrIC) 

developed by Takhounts et al. [16,108]. The criterion considers the peak rotational velocity about each 

anatomical axis of the headform separately, irrespective of the time each occurs. The peak rotational 

velocity about each axis is then normalised by a corresponding ‘critical maximum’ rotational velocity 

which is different for each axis as expressed in Equation (2). 

𝐵𝑟𝐼𝐶 = √ (max {𝜔𝑥(𝑡)}/𝜔𝑥𝐶)
2 + (max {𝜔𝑦(𝑡)}/𝜔𝑦𝐶)

2 + (max {𝜔𝑧(𝑡)}/𝜔𝑧𝐶)
2. (2) 

The anatomical axis of the head in this case are X, Y and Z which correspond to the normal of the 

coronal (frontal), midsagittal and transverse planes respectively. 𝜔𝑥𝐶, 𝜔𝑦𝐶  and 𝜔𝑧𝐶  are the 

components of the critical rotational velocity with values 66.25, 56.45 and 42.87 rads/s respectively 

as recommended by Takhounts et al. [16]. A BrIC value provides a probability of injury for different 

abbreviated injury scales (AIS) based on animal data and varies between different headforms. I.e. a 

30% risk of AIS 3+ TBI corresponds to a BrIC value of 0.92 if measured with a Hybrid III headform, or 

0.89 if measured with ES-2re or WorldSID headforms [108]. Such complexity and the need for further 

validation of the injury risk curves beyond scaled animal data is partly why thresholds for such injury 

assessment metrics have not yet been adopted in legally recognised helmet testing standards. 

It is noteworthy to mention that the listed standards drop the tested helmet mounted onto a 5kg 

detached headform onto a rigid anvil, whereas the human neck and body can play a significant role in 

the dynamics of the impact response, particularly for impacts exceeding 20-30 ms duration 

[68,109,110]. Ghajari et al. have shown that the presence of the body can increase the resultant linear 

acceleration by 28% and the head-helmet contact force by 93% in 7.5 m/s impacts using the Hybrid III 

d compared to detached headform impacts. Adding to the problem is the fact that the Hybrid III neck 

form is the most widely used dummy neck form in crash tests [111], yet it does not represent key 

features of the human neck particularly important in such head-first impacts [110,112,113]. This 

includes the natural curvature that assists buckling-induced energy absorption [109,114]. 
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2.5 Helmet Impact Mechanics 

2.5.1 Axial Impacts 

 

Figure 14 - Geometry of a helmeted head contact area with a flat rigid anvil. [115] 

Mills et al. [115] derived an analytical model for the force a helmet exerts on a headform during an 

axial impact. The assumptions here are that the headform and helmet are perfectly coupled, and that 

the headform is rigid. This assumption is conservative however plausible as rigid headform are 

employed in helmet tests today as previously discussed. In reality, the scalp and skull deform slightly 

during impact to absorb some energy. Moreover, the stiffness of the shell is neglected for simplicity, 

leaving only the only the stiffness of the liner to be considered. This again is slightly conservative 

approach given that the helmet shell has been reported to dissipate 10-30% of the impact energy [XX]. 

In the case of a flat, rigid surface and a locally spherical liner with a perfectly fitted headform, the liner 

will deform a distance (𝑥) from the outer surface in contact with the anvil [115]. This births a circular 

contact area between that increases as the liner further deforms onto the anvil as shown in Figure 14. 

Using Pythagoras’ theorem of right-angled triangles, this area has a diameter (𝑎) that can be expressed 

as: 

 𝑎2 = 𝑅2 − (𝑅 − 𝑥)2 = 2𝑅𝑥 − 𝑥2 ≈ 2𝑅𝑥 (3) 

Where the distance (𝑅) is the total radius of the headform and liner. Given that the deformed distance 

(𝑥) is much smaller than the radius (𝑅), and that all the force acts on a circular contact area (𝐴) in the 

opposite to the direction of travel, the force exerted on the headform can be expressed as: 

 𝐹 = 𝐴𝑃 = 𝜋𝑎2𝑃 ≈ 𝜋(2𝑅𝑥)𝑃 (4) 
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Where P is the force per unit area of contact i.e. contact pressure or stress. It is commonly assumed 

that polymeric foams such as EPS widely used in helmets exert a constant stress per unit strain beyond 

the yield stress [68,116–118]. As EPS yields at very small strains as compared to the deflections in 

impact, it is assumed that the foam beneath the contact area has yielded (Figure 14). Therefore, the 

stress (𝑃) can be assumed to be the yield stress of foams (𝜎𝑌) which remains nearly constant for EPS 

foam during crush [68,116]. Assuming the helmeted head has a constant effective body mass (𝑚𝐵) 

with negligible gravitational forces as compared to impact forces, we can substitute Equation (4) using 

Newton’s second law of motion to obtain the acceleration (𝑥̈), which can otherwise be thought of as 

the rate of liner deformation: 

 𝐹 = 𝑚𝐵𝑥̈ = −2𝜋𝑅𝑥𝑃 (5) 

Therefore, equation (5) can be expressed as a linear homogenous differential equation. 

 𝑥̈ + [
2𝜋𝑅𝑃

𝑚𝐵
] 𝑥 = 0 →  𝑥̈ + [𝑘]𝑥 = 0 (6) 

The general solution to the differential Equation (6) can be solved to obtain the position of the 

headform as a function of time (𝑥(𝑡)) and differentiated twice to obtain the acceleration (𝑥̈(𝑡)). 

 𝑥(𝑡) =
𝑥̇(0)

𝑘
sin(√𝑘𝑥) → 𝑥̇(𝑡) = 𝑥̇(0) cos(√𝑘𝑥) → 𝑥̈(𝑡) = −𝑘𝑥̇(0) sin(√𝑘𝑥) (7) 

Where 𝑥̇(0) is the initial impact velocity (hereon referred to as 𝑉0) which can be reduced by √𝛼 where 

𝛼 is the ratio of the total kinetic energy to that absorbed by the liner as detailed in [68]. 

 
1

2
𝑚𝐵𝑉0

2 = 𝐼𝐸𝑠ℎ𝑒𝑙𝑙 + 𝐼𝐸𝑙𝑖𝑛𝑒𝑟 = 𝛼𝐼𝐸𝑙𝑖𝑛𝑒𝑟 ∴ 𝐼𝐸𝑙𝑖𝑛𝑒𝑟 =
1

2
𝑚𝐵 (

𝑉0

√𝛼
)
2

 (8) 

It is clear from equation (7) that the force is dependent on 𝑥 due to the dependency of the contact 

area. However, if the material stress (𝑃) was likewise a function of 𝑥 where the stress increased 

linearly with strain i.e. 𝑃(𝑥) = 𝑃𝑥 like in solid linear elastic materials then the 𝑘 term in equation (5)  

would be 𝑥2, hence such materials that are linear elastic under impact deformations are not used as 

helmet liners. However, if 𝑃(𝑥) = 𝑃/𝑥 then the force (𝐹) and consequential head acceleration (𝑥̈) end 

up being constant. This is an interesting outcome as a constant acceleration is arguably the best 

acceleration profile i.e. one that has reduced all the maxima - leading to the average acceleration. 

2.5.2 Oblique Impacts 

Deriving an analytical model for head motion during oblique impacts is slightly more complicated and 

involves more assumptions than axial impacts. Mills et al. [119] derived an analytical model to predict 

the response of helmets in oblique impacts by considering slices of width 𝑤 and headform of radius 𝑅 
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(Figure 15), leading to a theoretical contact area between the helmet and impact surface 𝐴 expressed 

as: 

 𝐴 = 𝑤√2𝑅𝑥 (9) 

 

 

 

Figure 15 – Analytical representation of a helmeted head impacting a flat rigid anvil during oblique impact. [119] 

Like the assumptions in the previous section considering axial impacts, the authors also assume that 

the helmet is perfectly coupled with the headform (Figure 16). This assumption may introduce more 

errors when considering oblique impacts as the tangential component of the contact force between 

the helmet and impact surface is now present and would naturally cause the helmet to slide over the 

head. However, such sliding motion is limited in reality due to the dissimilar elliptical curvatures of the 

human head and a helmet, as well as the presence of a chin strap [119]. The model also neglects any 

shear strain of the foam at the sides of the contact area, and hence the force perpendicular to the 

impact surface is dependent on the compressive yield stress of the foam only. This assumption is not 

plausible for all helmet liners, especially those with large lattice or cellular structures as we will see 

later. 

Another assumption is that the head is perfectly spherical, or circular when considering a 2D cross-

section, and therefore the centre of gravity of the head remains perfectly always aligned with the 

perpendicular force vector (Figure 15). Hence, any rotation of the headform would be solely 

accounted for by the tangential force component (Figure 16). Given that shear strains in the foam are 

neglected, this tangential force component becomes only a function of the contact area and moment 

of inertia of the helmet and headform. 

 𝐹𝑇 = 𝜏𝑤𝐿 (10) 
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Here, 𝐿 is the contact length over which the compressive strain in the foam is increasing. Given that 

the helmet and headform are assumed to be perfectly coupled, the rotational velocity of the headform 

with no sliding can be expressed simply as: 

 𝜔̇ = 𝑉𝑇/𝑅 (11) 

When sliding, the rotational acceleration of the headform may be calculated from the moment 𝑀 

applied to the headform by the tangential force 𝐹𝑇. I.e. 

 𝑀 = 𝑅𝐹𝑇 = 𝐼𝜔̈ (12) 

Hence, it is necessary to determine the coefficient of friction to evaluate whether the helmet is rolling 

or sliding using a time-stepping scheme that checks the tangential force required to induce rolling with 

no sliding, and hence calculating the required shear stress from the contact area, after which the 

feasibility of the required shear stress is determined using the coefficient of friction and axial crushing 

stress. If the required shear stress is not feasible, then sliding is assumed. 

 

Figure 16 – Analytical representation of a helmeted head impacting a flat rigid anvil during oblique impact. [119]  

As discussed, several assumptions were made to allow for simple computation which may lead to large 

errors and approximations that would not be acceptable for helmets with different helmet liners such 

as those investigated later. For this reason, finite element analysis (FEA) has been employed and 

utilised extensively in this work for more accurate assessments. 
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In closing, the points discussed in this section clarify that a helmet design that enhances crash 

performance involves three dimensions: 1 - Material properties, 2 - Liner geometry, 3 - Biomechanical 

brain response - hence each of them constitutes a chapter of the following thesis. 

We start with an assessment of current helmet technologies which aim to reduce rotational head 

motion and hence brain tissue strain and injury likelihood in the next chapter. This provides a 

benchmark to assess the proposed improvements against.  
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3 Chapter Three: A New Brain Injury Mitigation Assessment of Bicycle 

Helmets in Oblique Impacts 

New helmet technologies have been developed to improve the mitigation of traumatic brain injury 

(TBI) in bicycle accidents. However, their effectiveness under oblique impacts, which produce more 

strains in the brain in comparison with vertical impacts adopted by helmet standards, is still unclear. 

Here we used a new method to assess the brain injury prevention effects of 27 bicycle helmets in 

oblique impacts, including helmets fitted with a friction-reducing layer (MIPS), a shearing pad (SPIN), 

a wavy cellular liner (WaveCel), an airbag helmet (Hövding) and several conventional helmets. We 

tested whether helmets fitted with the new technologies can provide better brain protection than 

conventional helmets. Each helmeted headform was dropped onto a 45 inclined anvil at 6.3 m/s at 

three locations, with each impact location producing a dominant head rotation about one anatomical 

axes of the head. A detailed computational model of TBI was used to determine strain distribution 

across the brain and in key anatomical regions, the corpus callosum and sulci. Our results show that, 

in comparison with conventional helmets, most helmets incorporating new technologies significantly 

reduced peak rotational acceleration and velocity and maximal strain in corpus callosum and sulci. 

Only one helmet with MIPS significantly increased strain in the corpus collosum. The helmets fitted 

with MIPS and WaveCel were more effective in reducing strain in impacts producing sagittal rotations 

and a helmet fitted with SPIN in coronal rotations. The airbag helmet was effective in reducing brain 

strain in all impacts, however, peak rotational velocity and brain strain heavily depended on the 

duration of the impact period considered for analysis. These results suggest that incorporating 

different impact locations in future oblique impact test methods and designing helmet technologies 

for the mitigation of head rotation in different planes are key to reducing brain injuries in bicycle 

accidents. 

Keywords: traumatic brain injury; helmets; rotational motion; oblique impacts; standards; 

It is noteworthy to mention that much of the work in this chapter has formed the basis of the 

publication cited below, whereby the majority of the data analysis, figures and writing of the 

publication was done by the publication’s first author and the author of this thesis. 

Abayazid, F., Ding, K., Zimmerman, K., Stigson, H., & Ghajari, M. (2021). A New Assessment of Bicycle 

Helmets: The Brain Injury Mitigation Effects of New Technologies in Oblique Impacts. Annals of 

Biomedical Engineering. https://doi.org/10.1007/s10439-021-02785-0 

https://doi.org/10.1007/s10439-021-02785-0
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3.1 Introduction 

Cycling is the most popular mode of active mobility, with many environmental and health benefits [1–

3]. The number of cyclists are steadily increasing in Europe, United States and worldwide since 2009 

[4,5]. For instance, the pedal cyclist traffic increased by 16% in Great Britain between 2009 and 2019 

[63]. The recent COVID-19 pandemic has led to a large increase in cyclist traffic, which is likely to be 

permanent. The UK’s Secretary of State for Transport has reported “We’ve seen around a 100% 

increase in weekday cycling. At weekends, that increase has been up to around 200% compared to pre-

COVID-19 levels. We want to use this recovery to permanently change the way we travel with huge 

levels of investment.” [6]. 

However, cyclists are among the most vulnerable road users. Their severe injury and fatality rate per 

passenger miles are several folds larger than car occupants and bus passengers [7]. More cyclists were 

fatally injured in 2018 than in any year since 1990 in the U.S. according to the U.S. Department of 

Transportation [5]. Notably, the head is the most common body part to be severely injured during an 

accident [8]. For instance, an analysis of the STRADA (Swedish Traffic Accident Data Acquisition) 

database showed that 42% of injuries leading to severe impairment were blows to the head [8]. 

Impacts to the head can lead to traumatic brain injury (TBI) with fatal and lifelong consequences and 

large economic costs [9]. Hence, cyclists are often advised to wear helmets as helmets can play a key 

role in protecting their head and brain against impacts [10–12]. Previous work has shown that 19% of 

helmeted cyclists suffered severe TBI compared to 48% of non-helmeted cyclists [12]. This study, 

amongst others, shows that there are still opportunities to reduce TBI in helmeted cyclists through 

improving helmet design. 

The functional design of bicycle helmets has been driven by standard test methods (e.g. EN1078), 

where helmets are assessed under vertical impacts and the linear motion of the headform is used to 

evaluate their protection effects [13]. However, analysis of accident data shows that in most real-

world head collisions, impacts to the head occur at an angle which produces large rotational motions. 

There is a significant body of research that shows rotational motion of the head is the key determinant 

of brain deformation and subsequent damage to the brain tissue [14–17]. These studies have led to 

new proposals from Fédération Internationale de Motocyclisme (FIM) and European Committee for 

Standardization Working Group 11 (CEN/TC158/WG11) for helmet testing under oblique impacts and 

using injury criteria based on head rotation [58–61]. However, the effects of current bicycle helmets, 

particularly those that incorporate new technologies to reduce head rotation, on mitigating brain 

injuries under oblique impacts are still unclear. 
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Limited studies have assessed the performance of bicycle helmets with new technologies dedicated 

to mitigating rotational head motion [75,120]. These previous studies assessed the performance of 

helmets in a single impact location. In contrast, a significant body of research has shown that the 

location and direction of impact has a large effect on rotational kinematics of head and brain 

deformation [16,58,121,122]. In addition, helmets are likely to provide different levels of protection 

against impacts at different locations [123]. Hence, it is important to assess the performance of 

helmets under oblique impacts with different directions and locations. 

In this study, we evaluated brain protection effects of a range of commercially available helmets under 

different oblique impacts. We studied helmets with EPS liners (conventional), helmets fitted with the 

friction-reducing ‘multi-directional impact protection system’ (MIPS) [75], helmets with a corrugated 

‘wavy’ cellular liner (WaveCel) [75], helmets fitted with shearing pads (SPIN) and the airbag helmet 

Hövding 3.0 [49]. We tested whether helmets fitted with these new technologies provide better or 

worse brain protection in oblique impacts than conventional helmets. 

Previous computational studies have shown that head impacts can produce large mechanical strains 

in key brain regions; corpus callosum and sulci [39,55]. The corpus callosum is the largest white matter 

tract, which connects two hemispheres and is a location typically associated with diffuse axonal injury 

after head impacts [56]. Sulci is where the pathology of the neurodegenerative disease, chronic 

traumatic encephalopathy, in sporting collisions and white matter damage in survivors of single head 

impacts have been seen [39,57]. Hence, in addition to using measures of brain injury based on head 

kinematics, we used a detailed finite element model of TBI to predict strain in the sulci and corpus 

callosum during oblique impacts (Figure 18). 

3.2 Methods 

3.2.1 Bicycle Helmets 

27 commercially available bicycle helmets were selected from the European market (both online and 

in-store), representing a large number of commonly used helmets. The price ranged from £10 to £275, 

reflecting a wide range of designs. Since we used a Hybrid III 50th percentile male dummy headform 

with a 58 cm circumference, we selected helmets with a size range that included 58cm. Table 7 lists 

all the helmets and their rotational technology, if any. Helmets without a dedicated rotational 

technology are referred to as ‘conventional’ and serve as the controls for evaluating the effectiveness 

of the helmets incorporating rotational technologies. Four new technologies were investigated. 15 

helmets were fitted with the ‘multi-directional impact protection system’ (MIPS) – a low-friction slip-

layer that lies between the helmet liner and the head (Figure 17) which enhances the decoupling 

between the helmet and head rotations [90]. We also included a helmet with the corrugated ‘wavy’ 



54 
 

cellular liner called WaveCel (Figure 17). This liner technology is claimed to increase shear-compliance 

during collapse and mitigate head rotation [75]. Another technology that we evaluated was the add-

on shear pads, called SPIN (Figure 17). This technology is also claimed to increase the relative motion 

between the helmet and head, thus mitigating head rotation. Finally, we included a radical technology, 

the airbag helmet Hövding 3.0 (Figure 17) [49]. This helmet has been shown to reduce the head linear 

acceleration by several folds [49] and has been shown to reduce peak head rotational acceleration in 

oblique impacts [61]. 

Table 7 - Summary of all the bicycle helmets included in the study with their respective technologies dedicated for 
managing rotational motion of the head in impact and advertised helmet type i.e. Urban/Skate, Road, or Mountain Bike 
(MTB).  

Helmet Name Helmet ID (HID) Rotational Technologies Type 

Abus Hyban 2 1 - Urban/Skate 

Bell Crest Universal 7 - Urban/Skate 

Biltema Bicycle Helmet 2 - Road 

Closa Design Fuga 24 - Urban/Skate 

Giro Caden 26 - Urban/Skate 

Halford Commuter Helmet 12 - Urban/Skate 

Rockrider MTB ST 500 20 - MTB 

Van Rysel RoadR 900 19 - Road 

Bell Super Air R 8 MIPS MTB 

Bell Trace 10 MIPS Road 

Biltema Bicycle Helmet 15 MIPS Road 

Bontrager Solstice 6 MIPS Road 

Giro Agilis 17 MIPS Road 

Giro Caden 29 MIPS Urban/Skate 

Giro Quarter FS 27 MIPS Urban/Skate 

Lazer Blade 3 MIPS Road 

Occano 28 MIPS Road 

Scott Vivo Plus 22 MIPS MTB 

Smith Convoy 13 MIPS Road 

Specialized Ambush ANGi MIPS 25 MIPS MTB 

Specialized S-Works Prevail II w/ 

ANGi MIPS 

23 MIPS Road 

Sweet Protection Outrider 21 MIPS Road 
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Tec Quadriga 18 MIPS Road 

Bontrager Specter WaveCel 4 WaveCel Road 

POC Axion SPIN 14 SPIN MTB 

POC Tectal SPIN 16 SPIN MTB 

Hövding 3.0 5 Airbag Road 

* Helmets 9 & 11 do not exist in the analysis albeit these helmet IDs were reserved for them prior to 

this study. 

 

 

Figure 17 – Mid-sagittal cross-sectional views of some of the helmets used in this study (from left to right): A 
conventional helmet, a ‘multi-directional impact protection system’ (MIPS) helmet, a corrugated ‘wavy’ cellular liner 
(WaveCel) helmet, a shear pad (SPIN) helmet and an airbag helmet (Hövding 3.0). 

3.2.2 Oblique Impact Tests 

In order to test helmets under oblique impacts at different locations, we used the method proposed 

by the CEN Working Group 11 “Rotational test methods” [124]. This method requires testing helmets 

under three different oblique impacts, shown in Figure 18A. These impacts are representative of 

impacts in bicycle accidents and are based on the simulation of 1024 bicycle accidents [124,125]. 

The helmet was mounted onto the 50th male Hybrid III headform, the chin strap was fastened and the 

helmeted headform was dropped onto a 45° anvil covered with a 40-grit sandpaper representing 

asphalt. The impact speed was 6.3m/s. A digital inclinometer was used to position the helmeted 

headform, and a camera system was used to ensure precision in positioning. An array of nine 
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accelerometers in the 3-2-2-2 arrangement was mounted inside the headform [126]. This method 

allowed us to determine the linear and rotational accelerations of the centre of gravity (CoG) of the 

headform with respect to the head-fixed axes (Figure 18B,C). The accelerations were acquired at a 

frequency of 20kHz and filtered using an IOtechDBK4 12-pole Butterworth low-pass filter [127].  

 

Figure 18 – Setup of the three experimental impact conditions carried out for each helmet (A). For each of the impacts, 
three translational and three rotational acceleration time-history pulses are recorded about the CoG of the HIII headform 
(B). These are then applied to the detailed finite element model of TBI (C) which is then further analysed to extract brain 
strain as an injury metric in regions-of-interest such as the corpus callosum and sulci (D). The three impacts were selected 
to produce different head rotations (A, B). Impact 1, with the initial position of the headform X-, Y- and Z-axis 0°, produces 
predominant rotation about the X-axis. For impact 2, the initial position of the headform was X-, Y-axis 0° and Z-axis -90°, 
which produces predominant rotation about the Y axis. For impact 3, the Initial position of the headform was X- and Z-axis 
0° and 65° around Y-axis. This impact produces large rotation about the Z-axis compared to the other impacts. All impacts 
were vertical against a 45-degree anvil with 40-grit sandpaper at 6.3m/s (A). 

 Each helmet was tested at least twice for each impact location using two separate helmets to analyse 

the variability. The mean responses for all six accelerations were calculated and used for further 

analysis. All tests were performed by a test lab accredited for testing and certification in accordance 

with the European standard via Folksam Insurance Group. They were using the same test set-up as for 

the regulatory tests. Thereby, each helmet was inspected, and the impact locations were chosen to 

be far separated from prior impact location to minimize influence of prior damage in subsequent tests. 
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3.2.3 Kinematics-based Measures of TBI 

The linear and rotational accelerations of the headform’s CoG were processed to extract the kinematic 

injury metrics that are commonly used to predict brain injury, including peak translational acceleration 

(PTA), peak rotational acceleration (PRA), peak rotational velocity (PRV) and brain injury criterion 

(BrIC) [16]. The peak values are the maximum of the magnitude of each vector: 

 𝑃𝑇𝐴 = max {√𝑎𝑥(𝑡)
2 + 𝑎𝑦(𝑡)

2 + 𝑎𝑧(𝑡)
2} (13) 

 𝑃𝑅𝐴 = max {√𝜔̇𝑥(𝑡)
2 + 𝜔̇𝑦(𝑡)

2 + 𝜔̇𝑧(𝑡)
2} (14) 

 𝑃𝑅𝑉 = max {√𝜔𝑥(𝑡)
2 + 𝜔𝑦(𝑡)

2 +𝜔𝑧(𝑡)
2} (15) 

 𝐵𝑟𝐼𝐶 = √ (max {𝜔𝑥(𝑡)}/𝜔𝑥𝐶)
2 + (max {𝜔𝑦(𝑡)}/𝜔𝑦𝐶)

2 + (max {𝜔𝑧(𝑡)}/𝜔𝑧𝐶)
2. (16) 

In these equations, 𝑎⃗ = (𝑎𝑥 , 𝑎𝑦, 𝑎𝑧) is the translational acceleration, 𝜔⃗⃗⃗ is the rotational velocity and 

𝜔̇⃗⃗⃗ is the rotational acceleration. For the calculation of BrIC, the peak angular velocities about each axis 

were employed regardless of the time at which each peak occurs, and 𝜔𝑥𝐶, 𝜔𝑦𝐶  and 𝜔𝑧𝐶  are the 

components of the critical rotational velocity with values 66.25, 56.45 and 42.87 rads/s respectively 

as recommended by Takhounts et al. [16]. 

3.2.4 Finite Element Modelling of TBI 

We used an anatomically detailed finite element model of TBI to predict the distribution of strain 

across the brain during oblique impacts [39,93,128]. The model incorporates fine details of brain 

anatomy such as sulci and gyri. The prediction of the model for brain displacement has been validated 

against recent cadaver experiments where the post-mortem human subject heads were subjected to 

well-controlled rotations [54]. 

To simulate the impacts, the skull was assumed rigid due to its negligible deformation in helmeted 

impacts and the headform CoG accelerations from the experimental impacts were applied to the skull 

at the CoG of the head model (Figure 18B,C). Simulations were carried out using the non-linear explicit 

dynamics solver LS-DYNA (R10.0, LSTC, US). Each simulation spanned 30 ms from the start of impact 

except for the Hövding impact which spanned 75 ms due to the extended time it remained in contact 

with the anvil. These durations ensured full capture of the peak brain deformation and strains 

resulting from the impact. The simulation outputs were postprocessed to determine the maximum 

principal Green-Lagrange strain, i.e. principal tensile strain, at each element of the brain (called strain 

hereafter) and results were written into a NIFTI (Neuroimaging Informatics Technology Initiative) file 

for further analysis.  
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We determined the 90th percentile value of strain across the whole brain as a measure of overall brain 

response to the impact. We also determined strain in two regions of interest, corpus callosum and 

sulci (Figure 18D). For the corpus callosum, the 90th percentile strain was determined. To determine 

strain in sulci, first Freesurfer was used to segment the structural MRI used to generate the FE model. 

This process resulted in an accurate spatial map of the grey/white matter boundary, which was then 

subdivided into regions of interest based on the Destrieux Atlas, including labelling of 30 gyri and 33 

sulci in each hemisphere. The NIFTI image of strain was registered to the Freesurfer space using a 

standard affine transformation. This allowed for the calculation of mean strain within the anatomically 

correct sulcal maps. 

3.2.5 Statistical Analysis 

The performance of each helmet fitted with a new technology was compared with the performance 

of conventional helmets serving as controls. The mean and standard deviation of the injury metrics of 

conventional helmets were used to calculate helmet-specific Z-scores. A Z score of -1 indicates that 

the performance measure of the helmet is one standard deviation smaller than the mean of the 

controls. We used a significance level of 0.05, which for a two-sided test is equivalent to a Z-score 

outside the -1.96 to +1.96 range [129]. Hence, a helmet that is significantly different to conventional 

helmets would have a Z-score outside these bounds. We also determined the percentage change of 

each outcome measure of a helmet with respect to the mean of the conventional helmets. 

3.3 Results 

3.3.1 Head Motion 

Snapshots of the high-speed videos for impact 1 are shown in Figure 19A for some helmets along with 

the mean and bounds of the linear and rotational acceleration time histories for all impacts in Figure 

19B. Between 8 – 10ms, when both linear and rotational accelerations have reached their peak, the 

helmets have rotated noticeably on the headform except the Hövding airbag helmet. At time 20ms, 

headform accelerations have reached near zero for all helmets, except for Hövding, causing noticeable 

headform rotation (Figure 19A). 

The performance of the Hövding helmet is very different to the other helmets. It remains in contact 

with the anvil for 2-3 folds longer than the other helmets and as a result the acceleration of the 

headform is 2-3 folds smaller than that with other helmets across all impacts (Figure 19B). 

3.3.2 Kinematics-based Measures 

Some of the helmets fitted with the new technologies had significantly different PTA, PRA, PRV and 

BrIC compared to conventional helmets (Figure 20).  The helmets fitted with MIPS had significantly  
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Figure 19 – (A) Snapshots from the high-speed videos of a helmet from each technology category captured 10 ms apart, 
10 and 20 ms after the start of impact 1. (B) Mean resultant translational and rotational time-history pulses colour-coded 
by technology. A filled region bounds the minimum and maximum recorded traces across all helmets where more than 
one helmet was assessed for a given technology. The results show that acceleration pulses peaked between 8 – 10 ms with 
an impact duration under 20 ms except for the Hövding 3.0 airbag helmet (white). Due to the larger size of the inflated 
airbag helmet, the impact duration was significantly increased and hence the peak was dramatically reduced. In all cases, 
translational accelerations did not exceed 150 g and rotational accelerations rarely exceeded 8 krads ms-1. 

lower PTA compared to conventional helmets for all impacts (impact 1: 7 – 21%, 2: 19 – 36%, 3: 18 – 

28% - for z-scores and p-values please see Tables 2-5). However, one of the helmets with MIPS had a 

significantly higher PTA for impact 1 (11%) and another MIPS helmet had a significantly higher PTA for  
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impact 3 (17%). 33% of the helmets fitted with MIPS had significantly lower PRA in impact 1 (38 – 

46%), 53% in impact 2 (30 – 52%) and 40% in impact 3 (22 – 35%). Similarly, 40% of the helmets fitted 

with MIPS had significantly lower PRV in impact 1 (33 – 50%), 60% in impact 2 (16 – 47%) and 47% in 

impact 3 (16 – 35%). Finally, 47% of the helmets fitted with MIPS had significantly lower BrIC in impact 

1 (25 – 45%), 60% in impact 2 (16 – 46%) and 40% in impact 3 (15 – 41%). When comparing the Giro 

Caden helmet versions with and without MIPS, we find that all kinematic-based injury metrics are 

reduced with the MIPS version (Tables 1-5). When comparing the Biltema helmet versions with and 

without MIPS, we find that all kinematic-based injury metrics are reduced with the MIPS version 

except for PTA, which was increased. None of the helmets fitted with MIPS had significantly higher 

rotational measures of brain injury compared to the conventional helmets. 

In comparison to conventional helmets, the WaveCel helmet had significantly lower PTA in impacts 1 

and 2 (1: 15% and 2: 27%). This helmet also had significantly reduced PRV in impact 1, and PRA and 

PRV in impact 2 (1: 33% reduction in PRV, 2: 46% reduction in PRA and 20% reduction in PRV). The 

WaveCel helmet had a significantly lower BrIC in impact 1 and 2 (1: 29%, 2: 19%). 

The helmets fitted with SPIN (Axion and Tectal), hereon referred to as SPIN 1 and SPIN 2 respectively, 

presented different responses. Only SPIN 1 had a significantly lower PTA in impact 1 and 3 compared 

to conventional helmets (1: 10%, 3: 13%). However, only SPIN 2 had a significantly lower PTA in impact 

2 (16%). Neither SPIN helmets had significantly lower PRA, PRV or BrIC in impact 1 and 2. Only SPIN 1 

had a significantly lower PRA, PRV and BrIC in impact 3 (PRA: 24%, PRV: 20%, BrIC: 19%). 

Finally, the airbag helmet had significantly reduced PTA and PRA in comparison to all helmets in all 

impacts considering both 30 and 75 ms analysis durations. PTA was significantly reduced in all three 

impacts with this helmet in comparison to conventional helmets irrespective of duration (1: 75%, 2: 

76% and 3: 76%). PRA was also significantly reduced almost identically across all three impacts. 

However, the reduction in PRA slightly depended on analysis duration particularly for impact 3 (1: 

80%, 2: 76% and 3: 66% @ 30ms; 1: 80%, 2: 79% and 3: 74% @ 75ms). PRV and BrIC were more 

dramatically affected by analysis duration. We found both PRV and BrIC to be significantly larger with 

this helmet in impact 2 (PRV: 69%, BrIC: 70%) and 3 (PRV: 20%, BrIC: 16%) and within normal ranges 

in impact 1 considering a 75ms analysis duration. Considering a 30ms duration, PRV and BrIC were 

significantly reduced in both impact 2 (PRV: 60%, BrIC: 62%) and 3 (PRV: 47%, BrIC: 55%) and within 

nominal ranges in impact 1. 
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Figure 20 – The performance of all the helmets in impact condition 1 (left), 2 (middle) and 3 (right) grouped by 
technology (marker fill colour) with respect to the four kinematic metrics assessed (PTA, PRA, PRV and BrIC). Solid white 
horizontal lines represent the mean metric value of each technology. The dotted white horizontal lines represent the mean 
for conventional helmets (red). The red and green margins represent regions where the performance would be significantly 
worse or better than conventional helmets for that metric (p<0.05). The right-hand side axis of each plot represents the 
percentage difference of the metric value of each helmet with respect to the mean of the conventional helmets. The results 
show that, in most cases, helmets perform either significantly better than (green marker edge) or insignificantly different 
to conventional helmets, with rare occasions where helmets perform significantly worse (red marker edge). Note: Each 
marker represents the average value of the repeat tests for that particular helmet. 

3.3.3 Strain Across the Whole Brain 

We observed a large variation in strain distribution across the brain when using different helmets in 

impacts 1, 2 and 3 (Figure 21). The axial sections of the brain show that the three impact conditions 

led to noticeably different strain patterns for each helmet. Generally, larger strains where more 

focused in the cortical regions and the corpus callosum. 
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Figure 21 – Voxel-wise representation of the maximum Green Lagrange strain in the brain in the transverse plane as a 
result of each impact condition for each helmet. The coloured marker to the left of each helmet name represents the 
technology. The results show a large variation in brain strain patterns across helmets and across impact conditions for 
each helmet. 

To better show the effects of the technology on brain strain, we plotted the 90th percentile strain 

across the whole brain in Figure 22. A large variation in the strain can be seen across the helmets, from 
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0.01 with the airbag helmet to 0.19 with a conventional helmet. Compared to the performance of 

conventional helmets, strain was within normal ranges in all MIPS helmets for impact 1. In impacts 2 

and 3, strain was significantly lower in 60% of MIPS helmets (2: 35 – 66%, 3: 23 – 51% - for z-scores 

and p-values please see Tables 6). When comparing the Giro Caden and Biltema helmet versions with 

and without MIPS, we find that strain measures in all brain regions are reduced with the MIPS versions.  

Likewise, strain was lower in the WaveCel helmet in impact 2 (59%), but not in impact 1 or 3. Strain 

was also significantly reduced in impact 3 in the SPIN 1 helmet. However, no significant reductions 

were observed for the other impacts nor in the SPIN 2 helmet. The airbag helmet significantly reduced 

the strain in all three impacts irrespective of analysis duration (1: 86, 2: 90% and 3: 82% @ 30ms and 

1: 81, 2: 89% and 3: 82% @ 75ms). None of the helmets fitted with the new technologies showed 

increased global strain compared to the conventional helmets. 

3.3.4 Strain in the Corpus Callosum 

The 90th percentile strain in corpus callosum (CC) was generally larger than that across the whole brain, 

ranging from 0.08 – 0.28. Most helmets with new technologies had significantly lower CC strains. On 

one occasion, a helmet showed a significantly higher CC strain. Significantly lower strain in the CC was 

found with 47% of MIPS fitted helmets in impact 1 (33 – 52%), 73% in impact 2 (19 – 54%) and 40% in 

impact 3 (17 – 31% - for z-scores and p-values please see Tables 7). A significantly increased CC strain 

was found with one of the helmets fitted with MIPS in impact 3 (18%). Significantly lower CC strain 

was found with the WaveCel helmet in impact 1 and 2 (1: 32%, 2: 34%), but not 3. Of the SPIN helmets, 

a significant reduction in CC strain was found only with SPIN 1 in impact 3 (24%). A significant reduction  

 in the CC strain was found in all impacts with the Hövding 3.0 helmet considering both analysis 

durations (1: 60%, 2: 66% and 3: 67% @ 30ms and 1: 48%, 2: 51% and 3: 48% @ 75ms,). 

3.3.5 Strain in Sulci 

Finally, we determined the mean strain across all sulcal regions for all helmeted headform impacts. 

Strain in sulci was ranging from 0.06 – 0.27 and it was generally larger than the 90th percentile strain 

across the whole brain. Significant reduction in sulci strain was found with 40% of MIPS fitted helmets  

 in impact 1 (33 – 50%), 67% in impact 2 (20 – 53%) and 53% in impact 3 (16 – 45% - for z-scores and 

p-values please see Tables 8). Significantly lower sulci strain was found with the WaveCel helmet in 

impacts 1 and 2 (1: 33%, 2: 34%) but not 3. Of the SPIN helmets, the sulci strain was significantly lower 

only with SPIN 1 in impact 3 (25%). A significant reduction in the sulci strain was found with the airbag 

helmet in all impacts irrespective of analysis duration (1: 57%, 2: 74% and 3: 75% @ 30ms; 1: 47%, 2: 
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61% and 3: 51% @ 75ms). None of the helmets fitted with new technologies showed significantly 

increased sulcal strain compared to the conventional helmets. 

 

 

Figure 22 – The performance of all the helmets in impact condition 1 (left), 2 (middle) and 3 (right) grouped by 
technology (marker fill colour) with respect to the Green-Lagrange strain across the entire brain (global) as well as in brain 
regions-of-interest (corpus callosum and sulci). For the global and corpus callosum, the 90th percentile strain value was 
used. For the sulci, the mean strain value was used. Solid white horizontal lines represent the mean metric value of each 
technology. The dotted white horizontal lines represent the mean for conventional helmets (red). The red and green 
margins represent regions where the performance would be significantly worse or better than conventional helmets for 
that metric (p>0.05). The right-hand side axis of each plot represents the percentage difference of the metric value of each 
helmet with respect to the mean of the conventional helmets. The results show that, in most cases, helmets perform either 
significantly better than (green marker edge) or insignificantly different to conventional helmets, with rare occasions 
where helmets perform significantly worse (red marker edge). Note: Each marker represents the average value of the 
repeat tests for that particular helmet. 

3.4 Discussion 

We showed that the new helmet technologies can provide better protection under oblique impacts 

than conventional helmets. For this assessment, we used a new test method proposed by 

CEN/TC158/WG11, designed to represent real-world oblique impacts and recorded translational and 
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rotational motions of the headform. This enabled a unique brain strain analysis which considers key 

anatomical regions such as corpus collosum and sulci using a highly detailed TBI model. The results of 

this study show that in comparison with the conventional helmets, the helmets fitted with MIPS, 

WaveCel, SPIN and Hövding can reduce peak rotational acceleration and velocity, BrIC, overall brain 

strain and strain in corpus callosum and sulci. None of these helmets showed a significant increase 

across all measures of injury compared to the conventional helmets, except for two helmets fitted 

with MIPS and the Hövding when considering a 75ms analysis duration. 

Our results show that the effectiveness of helmets in comparison with the conventional helmets 

depends on their technology, impact location and injury metric. For example, the number of MIPS 

helmets that were more effective than conventional helmets depends on the impact location. The 

discrepancy in performance of the helmets across impact locations could be due to the various 

thicknesses of the helmets in the different impact locations which may affect the resultant force vector 

and subsequent head motion [119]. Another potential reason for the discrepancy between impact 

conditions is the geometric shape of the headform which is not symmetric about all anatomical planes. 

A helmet may rotate easier with less constraints imposed by the head in the coronal plane (impact 1) 

than the transverse plane (impact 3). A similar case may be found when comparing the coronal to the 

mid-sagittal rotations (impact 1 vs. impact 2). This may explain why helmets with MIPS and WaveCel 

were less effective in impacts 2 and 3 than 1 with respect to rotational kinematic and brain injury 

metrics. For the WaveCel helmet, its anisotropic liner design may also contribute to the different 

performances. Although cadaveric studies assessing the effect of the direction of rotational 

acceleration on TBI is limited, a few computational studies have shown that the brain tissue strain and 

TBI likelihood resulting from rotational acceleration in the transverse plane (axial rotation) can be 

larger than strain resulting from rotation in other anatomical planes [16,130,131]. Hence, considering 

the poorer performance of some of the helmets with dedicated rotational damping systems in impact 

3 than impacts 1 and 2, the performance of the helmets in future should better address rotations in 

the transverse plane. 

These findings support the use of three different impact locations such as in this study, in contrast to 

previous work that has considered one impact location to compare injury mitigation of helmets [120]. 

The choice of these locations is also an important one. We employed three oblique impact locations 

based on the method proposed by the CEN/TC158/WG11, which was derived from a head impact 

location probability map of 1024 simulated cyclist falls [124,125]. Our results provide further evidence 

as to why future standard methods designed to assess the mitigation effects of helmets on rotational 

motion of the head should include several impact locations. 
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A recent study introducing a novel comparable method for assessing helmets, named Summation of 

Tests for the Assessment of Risk (STAR), reinforces the finding of this study [132]. The STAR method 

summarises the performance of a helmet into a single value based on head kinematics and concussion 

risk curves derived from American football players. Although the study used a National Operating 

Committee on Standards for Athletic Equipment (NOCSAE) headform, the study also emphasises the 

importance of evaluating several impact locations. However, the STAR assessment was limited to MIPS 

and conventional helmets. Here, we expanded on these results with a wider range of helmet 

technologies, including WaveCel, SPIN and an airbag helmet. Moreover, we determined the influence 

of these technologies on the brain using our computational model of TBI. 

The airbag helmet, Hövding, outperformed all helmets by far in most metrics except PRV and BrIC 

when considering a 75ms duration. When considering only the first 30ms of impact, the airbag helmet 

outperforms all helmets across all injury metrics considered in this study. Reasons for this are likely 

due to the impact kinematics which result from the large size and low stiffness of the helmet. These 

features result in a prolonged impact period (~3 times longer than conventional) with a significantly 

lower peak acceleration as seen in Figure 19B and shown in previous work [49]. Analysis of the high-

speed videos reinforces this, revealing that the headform has rotated noticeably less than 

conventional helmets during the same period. Our brain model shows that this is favourable with 

respect to brain tissue strain. However, the prolonged duration of impacts with this helmet means 

that the effect of the neck is likely to be considerable in a real-life impact. Furthermore, due to the 

size of the airbag, interaction with the shoulder and neck during the impact is likely. It is also 

noteworthy that BrIC was developed on the basis of 30 ms impacts [16], and hence may not be suitable 

for longer duration impacts such as with the Hövding or similar future technologies. 

We determined strain in the corpus callosum and sulci during impacts. Corpus callosum is the largest 

white matter tract in the human brain and a common location of axonal injury after severe TBI [56]. 

Previous work has shown clear relationship between mechanical strain and pathology, including 

axonal damage and neuroinflammation [133,134]. These pathologies can persist several years after 

an injury and have been shown to contribute to accumulation of tau proteins in depths of sulci in cases 

of chronic traumatic encephalopathy [135]. In an in-vivo experiment on guinea pig’s optic nerve, Bain 

et al. determined a 0.21 strain threshold for producing structural damage [44]. A recent study using 

an in-vivo controlled cortical impact model in rats has shown that increasing strain from below 0.1 to 

around 0.4 increases axonal damage and neuroinflammatory responses in white matter [45]. This 

suggests that decreasing strain is an effective way of reducing pathology. Hence, we predicted strain 

in corpus callosum and sulci to, for the first time, determine the effects of the new helmet 

technologies on reducing strains in these key regions of the brain. The predicted strains were in the 
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range reported in this recent animal work, though due to differences in biology and computational 

models, we cannot directly compare the results. However, this previous work again confirms that the 

new technologies, which reduce the strain in the brain and key anatomical regions are effective 

methods for reducing axonal damage and neuroinflammation post-injury.  

This study has some limitations. We used a Hybrid III headform in this study, which is one of the most 

biofidelic headforms with regards to the head shape and size, mass and moments of inertia [136]. 

However, it has a vinyl rubber skin which has a larger coefficient of friction in contact with fabric than 

the human scalp [137]. The coefficient of friction of the surrogate skin should be improved in future 

to produce more biofidelic test conditions. Similar to previous studies [138], we used an isolated 

headform, thus ignored the potential effects of the neck during impacts. Several studies have shown 

that primary peak loads from head-first impacts are less affected by the presence of a neck [114,139]. 

Some studies on helmets have used a HIII neck, but this neck has limitations, such as stiffness in axial 

loading [75], which can have adverse effects on the results [110,113]. Future work should address the 

development of a surrogate neck that is biofidelic in head-first impacts. This should enable current 

and future helmets, particularly those that produce head accelerations with longer durations than 

conventional helmets, such as the airbag helmet, to be evaluated with improved fidelity. We have 

attempted to assess similar helmets with and without the technologies where possible (i.e. Giro Caden 

MIPS vs no MIPS, Biltema MIPS vs no MIPS). However, we were limited with the availability of helmets 

with and without the same technologies in the current market. 

The impact locations targeted in this study are proposed by CEN/TC158/WG11. It is noteworthy that 

these are simulations of cyclist falls in two scenarios, namely hitting a curb or skidding. A true real-

world database would include all physical accident scenarios, including common impacts against 

motorised vehicles. 

A final notable limitation is regarding the statistical evaluation method employed. We used a z-scoring 

approach to test whether an individual helmet performed better or worse than ‘conventional 

helmets’. This method enables future comparisons of new helmets to be tested against an established 

control or benchmark group of helmets. However, we are limited in this study by a small control 

sample size, which can lead to potential biases. This method can be optimised in future by testing the 

‘diagnostic accuracy’ in the context of a different control sample sizes. 

3.5 Conclusion 

In summary, our assessment of 27 commercially available bicycle helmets shows that most helmets 

with new technologies have the potential to reduce peak rotational acceleration and velocity and 

maximal strain in corpus callosum and sulci in oblique impacts. However, the outcome is highly 
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sensitive to impact location. Hence, incorporating different impact locations in future oblique impact 

test methods and designing helmet technologies for the mitigation of head rotation in different planes 

are key to reducing brain injuries in bicycle accidents, where helmets are worn. Moreover, it is 

apparent that helmets that entirely replace EPS foam liners, such as the Hövding, stand a better 

chance at significantly reducing the brain injury metrics than add-on technologies such as MIPS, 

WaveCel and SPIN in these impacts if deployed correctly. Hence, a future proposal entirely replacing 

EPS foam liners with a novel system able to react to the impact occurrence, speed, or energy, rather 

than a passive add-on technology, could increase the potential for safety improvement. This liner, as 

discussed earlier, would benefit from the physical properties of elastomers which are recoverable and 

rate sensitive to react to the impact speed or energy. Hence, in the next chapter, we focus on 

characterising a few candidate materials that fulfil these requirements to leverage finite element 

analyses to support the design, optimisation, manufacturing, and testing stages of the proposal. 

3.6 Appendix 

3.6.1 Kinematic-based Metrics 

Table 8 -  The PTA percentage difference, z-score and p-value of each helmet (referenced by the HID) in comparison to the 
conventional helmets for each impact condition. The HID cell colours represent the different technologies (see Figure 17). 

PTA Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -9 -2.416 0.016 1.4 0.18 0.857 2.3 0.482 0.63 

6 -7.4 -1.985 0.047 -9.8 -1.242 0.214 0.2 0.035 0.972 

8 -20.9 -5.591 0 -3.8 -0.475 0.635 -0.1 -0.012 0.99 

10 -6.1 -1.632 0.103 1.9 0.239 0.811 -4.5 -0.948 0.343 

13 10.7 2.85 0.004 -6.8 -0.862 0.389 -5.8 -1.228 0.219 

15 -0.3 -0.077 0.939 -4.3 -0.539 0.59 17.1 3.641 0 

17 -15.2 -4.061 0 -2.9 -0.368 0.713 -4.8 -1.02 0.308 

18 -19.3 -5.16 0 -19.4 -2.447 0.014 6.1 1.307 0.191 

21 -21.4 -5.72 0 -21.9 -2.767 0.006 -17.9 -3.807 0 

22 -11.8 -3.15 0.002 -14.9 -1.888 0.059 -6 -1.273 0.203 

23 -19.2 -5.14 0 -35.6 -4.501 0 -28.3 -6.017 0 
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25 -9.6 -2.571 0.01 -9.1 -1.145 0.252 -6.7 -1.415 0.157 

27 -1.5 -0.408 0.683 -10.7 -1.348 0.178 -4.7 -1.003 0.316 

28 -4.7 -1.266 0.206 -19.5 -2.463 0.014 -3.6 -0.763 0.445 

29 -7.2 -1.93 0.054 -5.7 -0.727 0.467 -6.3 -1.351 0.177 

4 -14.6 -3.905 0 -27.4 -3.463 0.001 -6.8 -1.441 0.15 

14 -10 -2.669 0.008 -3.4 -0.428 0.669 -13 -2.774 0.006 

16 -7.9 -2.125 0.034 -16.2 -2.047 0.041 -8.9 -1.899 0.058 

530ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

575ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

 

Table 9 -  The PRA percentage difference, z-score and p-value of each helmet (referenced by the HID) in comparison to the 
conventional helmets for each impact condition. The HID cell colours represent the different technologies (see Figure 17). 

PRA Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -27.6 -1.466 0.143 -17 -1.423 0.155 -35.2 -3.658 0 

6 -35.9 -1.906 0.057 -22.4 -1.877 0.061 -14.9 -1.545 0.122 

8 -46.3 -2.458 0.014 -37 -3.101 0.002 -25.2 -2.617 0.009 

10 -41.8 -2.216 0.027 -35.4 -2.966 0.003 -21.7 -2.257 0.024 

13 -9.9 -0.526 0.599 -4.7 -0.395 0.693 -6.5 -0.676 0.499 

15 -31.2 -1.655 0.098 -50.9 -4.265 0 -22.3 -2.312 0.021 

17 -14.6 -0.773 0.44 -12.1 -1.016 0.31 -7.9 -0.824 0.41 

18 -37.8 -2.007 0.045 -29.7 -2.49 0.013 -24.2 -2.517 0.012 

21 -4.8 -0.253 0.8 -37.7 -3.156 0.002 -24.8 -2.574 0.01 

22 -36.5 -1.936 0.053 -32 -2.682 0.007 -17.9 -1.856 0.063 

23 -37.8 -2.006 0.045 -52.1 -4.361 0 -12.6 -1.309 0.191 
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25 -22.4 -1.19 0.234 -17.6 -1.47 0.142 -11.1 -1.149 0.251 

27 -21.9 -1.163 0.245 -11.6 -0.974 0.33 4 0.412 0.68 

28 -44.5 -2.363 0.018 -33.2 -2.777 0.005 -3.5 -0.365 0.715 

29 -19.2 -1.02 0.308 -4.2 -0.35 0.726 -7.9 -0.82 0.412 

4 -35.4 -1.88 0.06 -45.9 -3.845 0 -4.6 -0.475 0.635 

14 -8.4 -0.443 0.658 -18.8 -1.576 0.115 -24.1 -2.506 0.012 

16 -10.6 -0.563 0.573 -16.6 -1.387 0.165 -8.6 -0.89 0.373 

530ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

575ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

 

Table 10 -  The PRV percentage difference, z-score and p-value of each helmet (referenced by the HID) in comparison to 
the conventional helmets for each impact condition. The HID cell colours represent the different technologies (see Figure 17). 

PRV Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -17.6 -1.226 0.22 -22.5 -2.705 0.007 -29.8 -3.845 0 

6 -33.1 -2.304 0.021 -16.3 -1.964 0.05 -22 -2.836 0.005 

8 -17.8 -1.238 0.216 -24.5 -2.954 0.003 -17 -2.194 0.028 

10 -41.6 -2.897 0.004 -32.7 -3.938 0 -23 -2.968 0.003 

13 -8 -0.56 0.575 -2.5 -0.304 0.761 -9.5 -1.222 0.222 

15 -37.3 -2.597 0.009 -47 -5.662 0 -35.5 -4.58 0 

17 -4 -0.276 0.783 -13.8 -1.667 0.096 -10 -1.29 0.197 

18 -42.4 -2.955 0.003 -15.3 -1.842 0.065 -34.3 -4.429 0 

21 -0.2 -0.017 0.986 -25.5 -3.065 0.002 -16 -2.067 0.039 

22 -35.2 -2.451 0.014 -24.5 -2.95 0.003 -12.3 -1.593 0.111 

23 -26.2 -1.823 0.068 -19.7 -2.376 0.018 5.4 0.695 0.487 
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25 -11.7 -0.814 0.416 -10.8 -1.303 0.193 -10.5 -1.358 0.174 

27 -18.1 -1.26 0.208 -4.4 -0.532 0.595 12.3 1.583 0.113 

28 -50.4 -3.508 0 -20.3 -2.449 0.014 -1.2 -0.16 0.873 

29 -20.8 -1.45 0.147 -12.2 -1.464 0.143 0.4 0.051 0.959 

4 -33.2 -2.312 0.021 -20 -2.414 0.016 0.4 0.052 0.959 

14 -2.3 -0.161 0.872 -13 -1.57 0.116 -20 -2.578 0.01 

16 5.3 0.37 0.711 3.1 0.376 0.707 -3.8 -0.496 0.62 

530ms -27.2 -1.894 0.058 -60.4 -7.271 0 -47.3 -6.102 0 

575ms -15.5 -1.077 0.281 68.5 8.248 0 19.5 2.517 0.012 

 

Table 11 -  The BrIC percentage difference, z-score and p-value of each helmet (referenced by the HID) in comparison to 
the conventional helmets for each impact condition. The HID cell colours represent the different technologies (see Figure 17). 

BrIC Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -15.5 -1.224 0.221 -22.8 -2.837 0.005 -26.9 -3.575 0 

6 -30.8 -2.431 0.015 -16.1 -2.005 0.045 -21.4 -2.847 0.004 

8 -15.2 -1.204 0.229 -21.6 -2.691 0.007 -12.8 -1.707 0.088 

10 -41.8 -3.304 0.001 -32.8 -4.076 0 -25.4 -3.37 0.001 

13 -1.4 -0.11 0.912 -2.3 -0.287 0.774 -4.3 -0.578 0.563 

15 -32.5 -2.57 0.01 -46.2 -5.744 0 -41.3 -5.486 0 

17 -7 -0.554 0.58 -14.6 -1.812 0.07 -12.4 -1.644 0.1 

18 -35.2 -2.776 0.006 -15.6 -1.935 0.053 -38.6 -5.136 0 

21 -0.4 -0.031 0.975 -25.2 -3.131 0.002 -14.9 -1.974 0.048 

22 -30.6 -2.42 0.016 -24.4 -3.039 0.002 -10.1 -1.34 0.18 

23 -24.9 -1.965 0.049 -19.5 -2.422 0.015 2.9 0.392 0.695 
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25 -12.2 -0.961 0.337 -10.7 -1.328 0.184 -11.3 -1.507 0.132 

27 -21.9 -1.73 0.084 -4.6 -0.572 0.567 8.2 1.094 0.274 

28 -45.4 -3.586 0 -19.7 -2.452 0.014 3.3 0.437 0.662 

29 -20.2 -1.593 0.111 -12 -1.49 0.136 0.7 0.096 0.924 

4 -29.1 -2.298 0.022 -18.9 -2.347 0.019 5 0.669 0.503 

14 2.6 0.208 0.835 -12.8 -1.595 0.111 -18.6 -2.476 0.013 

16 -7.9 -2.125 0.034 -16.2 -2.047 0.041 -8.9 -1.899 0.058 

530ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

575ms -74.8 -19.984 0 -76.2 -9.632 0 -76.1 -16.205 0 

 

3.6.2 Brain Strain-based Metrics 

 

Table 12 -  The global 90th percentile brain strain percentage difference, z-score and p-value of each helmet (referenced 
by the HID) in comparison to the conventional helmets for each impact condition. The HID cell colours represent the different 
technologies (see Figure 17). 

Global Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -45 -1.313 0.189 -34.7 -1.938 0.053 -50.7 -4.491 0 

6 -49.7 -1.45 0.147 -35.3 -1.973 0.048 -31.2 -2.768 0.006 

8 -58.7 -1.713 0.087 -51.8 -2.892 0.004 -37.8 -3.348 0.001 

10 -57.3 -1.673 0.094 -50.5 -2.82 0.005 -34.1 -3.022 0.003 

13 -18.3 -0.534 0.593 -11.1 -0.622 0.534 -10.1 -0.898 0.369 

15 -49.2 -1.436 0.151 -65.1 -3.633 0 -47 -4.164 0 

17 -20.9 -0.609 0.543 -24.1 -1.347 0.178 -22.8 -2.018 0.044 

18 -57.4 -1.676 0.094 -43.6 -2.437 0.015 -44.3 -3.926 0 

21 -10 -0.292 0.77 -53.2 -2.97 0.003 -37.2 -3.294 0.001 
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22 -52.1 -1.52 0.129 -45.3 -2.531 0.011 -28.8 -2.547 0.011 

23 -50 -1.458 0.145 -66.2 -3.7 0 -19.4 -1.717 0.086 

25 -30.3 -0.884 0.377 -28.5 -1.589 0.112 -20.7 -1.829 0.067 

27 -33.7 -0.983 0.326 -19.8 -1.107 0.268 16 1.417 0.156 

28 -61.3 -1.788 0.074 -45.9 -2.565 0.01 -8.5 -0.754 0.451 

29 -33.9 -0.989 0.323 -15.6 -0.873 0.383 -6.3 -0.557 0.578 

4 -51 -1.487 0.137 -58.5 -3.267 0.001 -5.3 -0.469 0.639 

14 -11.6 -0.339 0.735 -26.7 -1.49 0.136 -43.5 -3.853 0 

16 -9.1 -0.265 0.791 -20.9 -1.166 0.244 -15.6 -1.381 0.167 

530ms -86.4 -2.522 0.012 -90.2 -5.035 0 -82.4 -7.301 0 

575ms -80.7 -2.355 0.019 -89.4 -4.992 0 -81.8 -7.248 0 

 

Table 13 -  The CC 90th percentile brain strain percentage difference, z-score and p-value of each helmet (referenced by the 
HID) in comparison to the conventional helmets for each impact condition. The HID cell colours represent the different 
technologies (see Figure 17). 

CC Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -19.9 -1.218 0.223 -26.2 -3.047 0.002 -31.1 -3.59 0 

6 -35.8 -2.195 0.028 -22.1 -2.575 0.01 -24.1 -2.779 0.005 

8 -22.6 -1.387 0.165 -33.5 -3.899 0 -17.7 -2.04 0.041 

10 -46.8 -2.871 0.004 -37.9 -4.413 0 -19.2 -2.212 0.027 

13 -0.1 -0.008 0.994 -3.9 -0.453 0.651 -7.2 -0.826 0.409 

15 -36.9 -2.263 0.024 -54.4 -6.339 0 -28 -3.227 0.001 

17 -13.9 -0.853 0.394 -18.7 -2.182 0.029 -6.6 -0.761 0.447 

18 -43 -2.639 0.008 -22.2 -2.581 0.01 -31 -3.571 0 

21 -1.4 -0.087 0.931 -31.8 -3.704 0 -16.9 -1.953 0.051 
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22 -37.3 -2.286 0.022 -27.2 -3.171 0.002 -10 -1.151 0.25 

23 -33.3 -2.039 0.041 -31.1 -3.616 0 8.9 1.03 0.303 

25 -14.3 -0.878 0.38 -12.6 -1.472 0.141 -9.8 -1.129 0.259 

27 -23.7 -1.452 0.147 -6.8 -0.795 0.427 18.3 2.107 0.035 

28 -52 -3.188 0.001 -26 -3.032 0.002 0.1 0.006 0.995 

29 -21.1 -1.294 0.196 -11.3 -1.317 0.188 4.4 0.506 0.613 

4 -32.4 -1.986 0.047 -33.8 -3.933 0 3.5 0.405 0.685 

14 -6.7 -0.413 0.68 -13.9 -1.614 0.107 -23.6 -2.725 0.006 

16 1.6 0.097 0.923 -0.6 -0.065 0.948 -3.9 -0.447 0.655 

530ms -59.7 -3.659 0 -66.2 -7.712 0 -67.2 -7.751 0 

575ms -47.5 -2.91 0.004 -50.5 -5.878 0 -47.7 -5.502 0 

 

Table 14 -  The mean brain sulci strain percentage difference, z-score and p-value of each helmet (referenced by the HID) 
in comparison to the conventional helmets for each impact condition. The HID cell colours represent the different technologies 
(see Figure 17). 

Sulci Impact 1 Impact 2 Impact 3 

HID % diff. z-score p-value % diff. z-score p-value % diff. z-score p-value 

3 -23.4 -1.515 0.13 -25.8 -2.915 0.004 -33.1 -4.331 0 

6 -32.7 -2.12 0.034 -20.4 -2.312 0.021 -22.1 -2.886 0.004 

8 -27.6 -1.788 0.074 -33.2 -3.758 0 -17.8 -2.322 0.02 

10 -44.2 -2.865 0.004 -37.1 -4.191 0 -29.1 -3.807 0 

13 -6.5 -0.424 0.672 -3.7 -0.424 0.672 -4.5 -0.593 0.553 

15 -36.3 -2.354 0.019 -52.8 -5.971 0 -45.1 -5.892 0 

17 -7 -0.452 0.651 -16.3 -1.84 0.066 -16.5 -2.151 0.031 

18 -42.3 -2.741 0.006 -22.8 -2.573 0.01 -42 -5.481 0 

21 -0.2 -0.015 0.988 -31.7 -3.585 0 -19.5 -2.541 0.011 
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22 -35.6 -2.311 0.021 -29.5 -3.338 0.001 -14.1 -1.848 0.065 

23 -28.6 -1.852 0.064 -33.7 -3.808 0 -3.4 -0.45 0.653 

25 -12.8 -0.832 0.405 -13.9 -1.572 0.116 -12.3 -1.612 0.107 

27 -20.9 -1.353 0.176 -7.7 -0.869 0.385 7.2 0.941 0.347 

28 -50.2 -3.253 0.001 -26.7 -3.015 0.003 0.7 0.085 0.932 

29 -21.3 -1.382 0.167 -12.2 -1.378 0.168 -1.2 -0.161 0.872 

4 -33 -2.141 0.032 -34.1 -3.86 0 3.8 0.496 0.62 

14 -0.1 -0.007 0.994 -15.9 -1.803 0.071 -25 -3.27 0.001 

16 5.9 0.382 0.702 -2.8 -0.314 0.754 -2.9 -0.373 0.709 

530ms -56.6 -3.671 0 -73.7 -8.334 0 -75.1 -9.806 0 

575ms -47.4 -3.074 0.002 -60.7 -6.865 0 -50.7 -6.622 0 
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4 Chapter Four: Material Characterisation of Additively 

Manufactured Elastomers at Different Strain Rates and Build 

Orientations 

Additive manufacturing (AM) has enabled conceptual designs to be rapidly prototyped to evaluate 

and validate the feasibility of complex topologies using materials which were once impossible. AM 

was typically employed prior to heavy investment in costly tooling processes for volume production. 

However, AM is used today for manufacturing final products such as helmets and shoe soles which 

employ flexible elastomers. Finite Element Analysis (FEA) is a key tool for the development of such 

applications, which requires comprehensive material characterisation utilising advanced material 

models. However, in contrast to conventional rubbers, AM elastomers have been less explored leading 

to a few material models with various limitations in fidelity. Therefore, one aim of this study was to 

characterise the mechanical response of the latest PolyJet elastomers, Agilus30 (A30) and Tango+ (T+), 

under large strain tension-compression and time-dependent high-frequency/relaxation loadings. 

Another aim was to calibrate a visco-hyperelastic material model to accurately predict these 

responses. Tensile, compressive, cyclic, dynamic mechanical analysis (DMA) and stress relaxation tests 

were carried out on pristine A30 and T+ samples. Quasi-static tension-compression tests were used to 

calibrate a 3-term Ogden hyperelastic model. Stress relaxation and DMA results were combined to 

determine the constants of a 5-term Prony series across a large window of relaxation time (10 μs - 100 

s). A numerical time-stepping scheme was employed to predict the visco-hyperelastic response of the 

3D-printed elastomers at large strains and different strain rates. In addition, the anisotropy in the 

elastomers, which stemmed from build orientation, was explored. Highly nonlinear stress-strain 

relationships were observed in both elastomers, with a strong dependency on strain rate. Relaxation 

tests revealed that A30 and T+ elastomers relax to 50% and 70% of their peak stress values respectively 

in less than 20 seconds. The effect of orientation on the loading response was most pronounced with 

prints along the Z-direction, particularly at large strains and lower strain rates. Moreover, the visco-

hyperelastic material model accurately predicted the large strain and time-dependent behaviour of 

both elastomers. Our findings will allow for the development of more accurate computational models 

of 3D-printed elastomers, which can be utilised for computer-aided design in novel applications 

requiring flexible or rate-sensitive AM materials. 

Keywords: Material jetting; PolyJet elastomers; visco-hyperelastic rubbers; material characterisation; 

anisotropy 
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It is noteworthy to mention that much of the work in this chapter has formed the basis of the 

publication cited below, whereby the majority of the data analysis, figures and writing of the 

publication was done by the publication’s first author and the author of this thesis. 

Abayazid, F. F., & Ghajari, M. (2020). Material characterisation of additively manufactured elastomers 

at different strain rates and build orientations. Additive Manufacturing, 33(December 2019), 101160. 

https://doi.org/10.1016/j.addma.2020.101160 

4.1 Introduction 

Additive manufacturing (AM), commonly known as 3D-printing, has rapidly closed the gap between 

product design, prototyping and final production. Commercial parts with often critical contribution to 

functionality are now produced via AM such as automotive brake callipers [140], aerospace parts 

[141], customised medical and prosthetic implants [142–145] and energy absorbing lattice structures 

[95,128,146–148]. 

One of the most promising AM methods is photopolymer jetting (PolyJet), also known as material 

jetting. PolyJet involves the deposition of voxel-based droplets of photopolymer resins onto a print 

bed, after which the resins are cured using ultraviolet (UV) lamps [149,150]. This method polymerises 

the deposited layer and allows for another layer to be added. The layer-by-layer nature of PolyJet 

makes it one of the fastest AM technologies that currently exist in contrast to line-by-line AM 

processes such as fused deposition modelling (FDM) or powder-bed fusion (PBF) [150]. Moreover, the 

deposition of the resin prior to curing means that a wide range of resins with different polymerised 

properties, called ‘Digital Materials’ (DMs), can be deposited from the same set of nozzles allowing for 

the production of multi-material parts [151–153]. In recent years, new flexible elastomers, such as 

Agilus30 (A30) and Tango+ (T+), have become available to PolyJet technology through the 

development of novel photopolymer resins. The mechanical flexibility of PolyJet elastomers have 

made them particularly useful for applications including soft robotic active hinges and actuators 

[151,154,155], shape memory ‘4D materials’ and composites [151,156–161]. Other applications 

included wearable electronics [162], compliant systems and metamaterials [152,163]. 

Computational modelling methods, particularly Finite Element Analysis (FEA), have played a key role 

in accelerating the development of several of such complex structures that are subjected to large 

strains and a range of strain rates. This has provided engineers with insight into the performance of 

their designs in ways otherwise unobtainable. However, it is paramount that material models are well 

calibrated to experimental tests relevant to the strain and strain rates expected for reliable 

computational predictions. This is particularly important when the materials employed are 

https://doi.org/10.1016/j.addma.2020.101160
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viscoelastic, i.e. time-dependent and sensitive to rate of loading, such as industrial rubbers and the 

growing family of PolyJet elastomers such as those explored here. 

The existing material models of PolyJet elastomers in the literature are widely inconsistent as their 

time-dependency is often oversimplified [164,165] or entirely overlooked [166–170]. A recent study 

collected the shear modulus of several of the existing material models for T+ and reported a variation 

from 0.158 - 0.330 MPa [164]. Reasons for this could be that studies regarded Tango (T) and T+ as 

linear elastic [170,171] or purely hyperelastic using Neo-Hookean [167] or Arruda-Boyce material 

models [172], disregarding their time-dependent behaviour. The majority of studies which have 

explored PolyJet elastomers have focused on their time-independent behaviour [151,164,173]. Ryu et 

al. explored the accuracy of Neo-Hookean and Mooney-Rivlin hyperelastic material models in 

predicting the uniaxial tensile response of TangoBlack+ (TB+) alongside other DMs using FEA [174]. 

Salcedo et al. explored the DM composites by assessing their tensile response with TB+ elastomer and 

rigid VeroWhite (VW+) co-printed within the same sample with various arrangements [175]. However, 

none of the studies have explored the viscoelastic response of the elastomers, which we have found 

to significantly alter the response of the PolyJet elastomers. This renders the existing data insufficient 

for extracting comprehensive material properties that can accurately represent the mechanical 

response of the elastomers across a range of loading speeds.  

To bridge this gap, we present a comprehensive set of experimental results conducted on pristine A30 

and T+ samples, including tensile, compressive, cyclic loading tests as well as dynamic mechanical 

analysis (DMA) and stress relaxation tests. We then present a visco-hyperelastic material model that 

can accurately predict the time-dependent properties of the elastomers across two decades of strain 

rates. To our best knowledge, this is the first paper to provide a visco-hyperelastic material model for 

PolyJet elastomers using stress relaxation and uniaxial test data. 

The importance of modelling viscoelasticity of materials can be seen in [154,176]. Therein, the authors 

reported significant relaxation of their PolyJet-printed bellow actuators which was not modelled due 

to insufficient data on the time-dependency and viscoelastic modelling of A30. 

Here, we use our experimental data to determine the constants of a time-dependent material model 

for both T+ and A30 to predict the response of these PolyJet elastomers to tension and compression 

with promising fidelity across strain rates spanning two orders of magnitude. 

Another attribute of PolyJet parts, which is common in several AM methods, is the inherent anisotropy 

in the final part due to the difference between the inter- and intra-layer mechanical properties [177–

183]. Previous studies reported that elastic moduli, ultimate tensile strength and fracture stress of 
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PolyJet plastics all varied with build orientation [177,179–181]. A few studies on the anisotropy of 

PolyJet elastomers concluded that parts printed along the print bed (X-Y) plane had the highest elastic 

modulus [173,184–186]. However, no studies to date have reported the effect of build orientation on 

the nonlinear time-dependent stress response of PolyJet elastomers. Here we also studied the effect 

of PolyJet build orientation on the mechanical response of T+ and A30 elastomers at various strain 

rates. As isotropy was assumed for the presented visco-hyperelastic material model, our work also 

provides insight into the fidelity of the presented material model in predicting A30 and T+ responses 

along different build orientations. 

4.2 Methods 

4.2.1 Experimental Methods 

 

Figure 23 - Stratasys Connex3 Objet500 printer bed with printed X- Y- and Z- tension (A, B and C respectively), 
compression (D, E and F) and DMA (G, H and I) samples. Streaks left by the PolyJet printing process can be seen lengthwise 
along the X-tensile sample (A) and along the width of the Y- sample (B). 

Connex3 Objet500 and Objet260 multi-material 3D-printers were used to print clear A30 and T+ 

samples respectively (Connex3, Stratasys ltd.). All samples were printed in a single print job as per the 

arrangement in Figure 23 with one UV lamp in order to minimise the effects of overlapping exposures 

to multiple UV lamps. Tension, compression and DMA samples printed lengthwise along the X-, Y- and 

Z-directions will be referred to as X-, Y-, and Z- respectively from hereon (Figure 23). All samples were 

printed with the matte finish option as the glossy finish could potentially lead to tougher samples due 
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to over-curing [180]. This meant that each part was coated with support material regardless of 

overhang criteria and orientation. The support material used was SUP706, a soluble acrylic wax, which 

was later removed with a water jet. A cleaning tank with a sodium hydroxide solution was not used as 

it was found to warp thin walls and delicate edges. Layer thickness was confirmed to be 16 microns 

through scanning electron microscopy measurements of specimen cross sections (see Appendix 

4.6.1). 

Tension and compression tests were carried out on the elastomers to determine their quasi-static 

response for hyperelastic modelling and to assess their strain rate sensitivity. Stress relaxation tests 

and DMA were conducted to assist in understanding and modelling of the time- and temperature-

dependent mechanical behaviour of the elastomers. 

4.2.1.1 Tension 

Tension samples were dumb-bell pieces (Figure 23) with a narrow section (33 mm length; 6.2 mm 

width; 2 mm thickness) as per BS ISO 37:2017 Type 1 [187]. At least three specimens were tested for 

each orthogonal print direction and respective strain rate to ensure results showed good repeatability. 

Sample gauge sections were then marked for strain measurements for the assistance of image 

tracking. 

An electromechanical Instron Universal Testing System (Instron 5543, Instron) with a 1kN load cell was 

used for uniaxial tension and compression tests on pristine samples. Pneumatic side-action grips were 

used for the tension tests to allow for a consistent pressure distribution on the ends of the specimen 

during testing preventing specimen slippage. This is particularly important for elastomers with a large 

failure strain as thinning at the ends of the specimen can lead to loss of grip and eventual slipping. All 

samples were tested within 1 day of printing.  

Five discrete strain rates spanning two orders of magnitude were achieved for both tension and 

compression tests. In tension, strain rates of 0.003, 0.015, 0.30, 0.15 and 0.3 /s were achieved. This 

provided the three-dimensional material response of stress vs. strain vs. strain rate for each of the 

orthogonal print directions. 

4.2.1.2 Compression 

Compression samples were cylindrical specimens (17.8 mm diameter; 25 mm height) as per BS ISO 

7743:2017 Type B [188]. Nut-locking compression platens were used for unconfined compression tests 

to ensure platen translation or rotation did not occur during tests. Platen surfaces were lubricated 

with oil to ensure homogenous compression and minimise specimen barrelling effects. Crosshead 

speeds were set to achieve engineering strain rates of 0.005, 0.025, 0.05, 0.25 and 0.5 /s. 
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4.2.1.3 Cyclic Loading 

Cyclic loading tests on pristine samples with the same dimensions were carried out to assess 

recoverability of the elastomers and hence whether a visco-hyperelastic material model would be 

more suitable than a visco-plastic model at this range of strain rates. The samples were compressed 

to an engineering strain of 0.6, then immediately unloaded to zero extension. Reloading was then 

either immediately initiated or initiated after 20 seconds of idle time. 

4.2.1.4 Stress Relaxation 

The stress relaxation tests were initiated by a constant compression rate to 0.05, 0.1 and 0.2 

engineering strains, with a ramp time of 1.5 seconds, followed by a 100 second hold period. The 

relaxation results were later used to calibrate a Prony series used in the material model. 

4.2.1.5 Dynamic Mechanical Analysis 

DMA samples were bar shaped (10 mm width; 2.5 mm thick; 35 mm effective gauge length; 55 mm 

total length) for dual-cantilever clamps on a TA Q800 DMA tester (Figure 24) as per the guidelines of 

TA Instruments [189]. The DMA tester was used in dual-cantilever mode for the storage modulus (𝐸′), 

loss modulus (𝐸′′) and loss tangent (tan(𝛿)) measurements of the elastomers related by: 

 tan(𝛿) =
𝐸′′

𝐸′
 (17) 

Where 𝛿 is the phase lag between the applied strain wave (𝜀(𝑡)) and measured stress wave (𝜎(𝑡)). 

When the phase lag increases from an elastic state, where both waves are perfectly in phase (𝛿 = 0°), 

to a viscous fluid state, when both waves are perfectly out of phase (𝛿 = 90°), the loss modulus 

increases and storage modulus decreases [190]. Hence: 

 𝐸′ =
𝜎𝑝𝑒𝑎𝑘

𝜀𝑝𝑒𝑎𝑘
cos(𝛿) 𝑎𝑛𝑑 𝐸′′ =

𝜎𝑝𝑒𝑎𝑘

𝜀𝑝𝑒𝑎𝑘
sin(𝛿) (18) 

The tan(𝛿) peak determined from DMA results, which occurs when the ratio between the loss 

modulus and the storage modulus is highest, gave indications of the glass transition temperature (𝑇𝑔) 

of the elastomers [190].  

The first stage of DMA testing was initiated at 80°C wherein each sample was loaded with an 

oscillatory load frequency of 1Hz in the position shown in Figure 24. During this testing stage, each 

sample was cooled down to -80°C at a rate of -2°C/minute, thus showing how the moduli 𝐸′ and 𝐸′′ 

changed with temperature. The second stage of DMA testing involved a frequency sweep (from 1Hz - 

100Hz) at discrete temperature steps 5°C apart starting at 5°C to 20°C. The Williams-Landel-Ferry shift 

function was used to obtain the time-temperature superposition (TTS) master curves (Eq. (19)). 
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 log(𝛼𝑇) = −
𝐶1(𝑇 − 𝑇𝑟)

𝐶2 + (𝑇 − 𝑇𝑟)
 (19) 

The shift factor (𝛼𝑇) is a temperature-dependent multiplier of the oscillatory test frequency at the 

temperature 𝑇 that corresponds to a ‘new’ equivalent frequency at the reference temperature (𝑇𝑟 =

20°𝐶) [191]. 𝐶1 and 𝐶2 are material-dependent constants which we determined through a curve-fitting 

routine [191,192] and reported in the Results section. 

 

Figure 24 - TA Q800 DMA tester setup with x-direction A30 specimen on the dual-cantilever clamp. 

4.2.2 Numerical Methods 

4.2.2.1 Hyperelasticity 

To numerically model the observed visco-hyperelastic material behaviour, isotropy was assumed to 

allow for characterisation using a well-established strain energy function proposed by Ogden et al. 

[193] (Eq. (13)). This also allows for relatively easy implementation into FE codes [194,195]. The Ogden 

strain energy function is given by: 

 𝑊 =∑
𝜇𝑖
𝛼𝑖
(𝜆1
 𝛼𝑖 + 𝜆2

 𝛼𝑖 + 𝜆3
 𝛼𝑖 − 3)

𝑁

𝑖=1

+
𝐾

2
(𝐽 − 1) (20) 

where 𝜆1, 𝜆2, 𝜆3 are the deviatoric (volume-preserving) principal stretches, 𝜇𝑖  are moduli and 𝛼𝑖 are 

non-dimensional material constants. 𝐾 and 𝐽 are the material bulk modulus and the elastic volume 

ratio respectively. Elastomers are often assumed incompressible (𝐽 ≅ 1) and therefore the second 

term is disregarded [100,164,190,196,197]. This leads to the engineering (nominal) stress expression 

for uniaxial deformation (𝜎11) where 𝜆2 = 𝜆3 = 𝜆1
(−1/2)

: 
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 𝜎11
𝐻 =

𝜕𝑊̅

𝜕𝜆1
=∑𝜇𝑖 (𝜆1

 𝛼𝑖−1 + 2𝜆1
 
−𝛼𝑖
2
−1
)

𝑁

𝑖=1

 (21) 

A gradient-based optimisation algorithm in MATLAB was used to determine the constants 𝜇𝑖  and 𝛼𝑖 

by calibrating the quasi-static material model in Eq. (21) to the experimental tension-compression 

stress-strain response at the lowest strain rate. The X-sample mechanical responses were chosen for 

this characterisation. Errors arising from this choice depend on the print direction and predominant 

mode and rate of loading of the printed part as explored later in this paper. 

4.2.2.2 Visco-hyperelasticity 

A convolution integral was used to model the time-dependent behaviour of the PolyJet elastomers, 

which is commonly employed to describe the linear viscoelastic stress response of elastomers and 

biological tissue [190]: 

 𝜎𝑉𝐻(𝑡) = ∫ 𝑔(𝑡 − 𝑠)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0

 (22) 

Where 𝜎0 is the instantaneous hyperelastic stress which fades into the quasi-static stress (𝜎∞) 

exponentially with time (𝑡) as time tends to infinity i.e. 𝑡 → ∞, 𝜎(𝑡) → 𝜎∞. Hence, 𝑔(𝑡 − 𝑠) is a 

normalised relaxation function (0 < 𝑔(𝑡 − 𝑠) < 1) that is modelled here as a generalised Maxwell 

element expressed in terms of a Prony series of exponentials [194,198,199]: 

 𝜎𝑉𝐻 = ∫ (𝑔∞ +∑𝑔𝑖𝑒
−
𝑡−𝑠
𝜏𝑖
 

𝑛

𝑖=1

)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0

= 𝑔∞𝜎0⏟  
𝜎∞
𝐻

+∫ (∑𝑔𝑖𝑒
−
𝑡−𝑠
𝜏𝑖
 

𝑛

𝑖=1

)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0

 (23) 

𝜏𝑖 is the characteristic relaxation time pairing with 𝑔𝑖, where 𝑔𝑖 is the normalised 𝑖th elastic moduli 

(𝐸𝑖).: 

 𝑔𝑖 =
𝐸𝑖
𝐸 0

= 𝐸𝑖/(𝐸∞ +∑𝐸𝑖

𝑛

𝑖=1

) (24) 

Where 𝐸0 and 𝐸∞ are the instantaneous and quasi-static elastic moduli respectively. 

Three Prony pairs (𝑔𝑖,𝜏𝑖) were approximated from the stress relaxation tests using a nonlinear least-

squares fit where 1 ≤ 𝜏𝑖 ≤ 100 s. For smaller timescales (𝜏 ≤ 0.1 s), the stress relaxation tests become 

less appropriate to approximate relaxation parameters due to the dynamic effects resulting from 

crosshead acceleration that confound the results. Therefore, Prony pairs for 𝜏 ≤ 0.1 s were evaluated 

from DMA time-temperature superposition master curves using a MATLAB code employing the 

Levenberg-Marquardt method (see Appendix 4.6.5) [200]. 
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4.2.2.3 Numerical Time-stepping Scheme 

A closed-form for the convolution integral solution in Eq. (23) is often difficult to obtain, particularly 

when advanced strain energy functions with various strain histories are applied. Therefore, a method 

using finite time increments proposed by Taylor et al. [201] was implemented to solve the integral. 

𝜎𝑉𝐻(𝑡𝑛+1) = 𝜎∞
𝐻(𝑡𝑛+1)⏟      

𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝.

+∑

(

 
 
 
 
 

exp (−
𝛥𝑡

𝜏𝑖
) ℎ𝑖(𝑡𝑛) +

𝑔𝑖

1 − exp (−
𝛥𝑡
𝜏𝑖
)

𝛥𝑡
𝜏𝑖

[𝜎∞
𝐻(𝑡𝑛+1) − 𝜎∞

𝐻(𝑡𝑛)]

𝑔∞

)

 
 
 
 
 

𝑛

𝑖=1

⏟                                            
𝑣𝑖𝑠𝑐𝑜𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

 

 ∴ 𝜎𝑉𝐻(𝑡𝑛+1) = 𝜎∞
𝐻(𝑡𝑛+1) +∑ℎ𝑖(𝑡𝑛+1)

𝑛

𝑖=1

 (25) 

The first term relates to the hyperelastic (time-independent) stress (𝜎∞
𝐻) obtained from the 3-term 

Ogden model parameters fit to the quasi-static tests (Eq. (21)). The second term describes the 

summation of the viscoelastic (time-dependent) stress contribution (∑ ℎ𝑖
𝑛
𝑖=1 ). A detailed derivation 

can be found in [199,202]. Using this time-stepping scheme, which we implemented in a Python code, 

we evaluated the stress at each interval of time at discrete strain rates and compared to the 

monotonic tension and compression test data to determine the accuracy of the material model 

predictions across a range of strain rates. 

4.3 Results 

4.3.1 Experimental Results 

We found highly repeatable results across all tests, with small standard deviations (see Appendix 4.6.2 

for tension and 4.6.4 for relaxation and DMA repeat results). Standard deviation (SD) values are 

reported in tables rather than on the graphical results as SD bars were too small to visualise. 

4.3.1.1 Tension 

The tensile response followed a general S-shaped curve with an initial stiff region up to a strain of 20%, 

followed by a softer response (Figure 25). This behaviour was more pronounced at higher strain rates 

(0.3 /s), where the response became increasingly nonlinear. A rise in the stress response prior to 

failure was observed at higher strain rates due to chain limiting extensibility as failure strain increases. 

Z- samples in both materials were softer across all strain rates below 0.3 /s, particularly at strains 

larger than 50% (Figure 25C,D and Table 15). For A30, Z-sample stress values at 50% strain during the 

0.03 /s tests were significantly lower than X- (t(3)=8.63, p<0.001), whereas Y- samples were not 
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(t(3)=1.24, p=0.28). A similar observation was made for T+ (p<0.005 and p=0.12 for Z- and Y-samples 

respectively). 

 

Figure 25 - Tensile stress-strain results showing the effects of strain rate on A30 (A) and T+ (B) and the effects of build 
orientation on A30 (C) and T+ (D) 

Interestingly, the offset between Z- stress responses and the other two orthogonal print directions 

decreases with increasing strain rate, particularly for A30. This trend was observed in both materials. 

In fact, the response at 20% strain was marginally stiffer in Z- than X- and Y-samples at the highest 

strain rate (Figure 25C,D). 

To better quantify the effects of print direction on stress responses, we determined the stress at 50% 

strain across all strain rates for both materials and compared them (Table 15). The stress at 50% strain 

measure was chosen as it is approximately the largest strain value experienced by both elastomers in 

all strain rates and orientations tested prior to any failure (Figure 26). For A30, increasing the strain 
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rate from 0.003 to 0.3 /s increased the tensile stress at 50% strain by 67% for X and Y-samples. This 

increase was almost twice as large for Z-samples, primarily due to their softer response at lower strain 

rates. In comparison to A30, T+ had lower strain-rate sensitivity across all loading directions. 

Table 15 - Nominal stress values at 50% tensile strain of A30 and T+ at various strain rates 

Stress [MPa] v. 

Strain rate [/s] 

0.003 /s 0.015 /s 0.03 /s 0.15 /s 0.3 /s % increase. 

0.003 - 0.3 /s 

A30 

50% strain: X 

(±SD) 

Y  

(±SD) 

Z  

(±SD) 

0.174 

0.004 

0.163 

0.011 

0.135 

0.003 

0.182 

0.005 

0.193 

0.003 

0.149 

0.001 

0.202 

0.006 

0.187 

0.016 

0.158 

0.004 

0.245 

0.001 

0.242 

0.006 

0.226 

0.026 

0.291 

0.004 

0.273 

0.002 

0.306 

0.027 

67% 

 

67% 

 

127% 

T+ 

50% strain: X 

(±SD) 

Y  

(±SD) 

Z  

(±SD) 

0.194 

0.004 

0.197 

0.003 

0.164 

0.004 

0.208 

0.002 

0.207 

0.002 

0.180 

0.005 

0.220 

0.001 

0.222 

0.001 

0.192 

0.006 

0.241 

0.002 

0.238 

0.006 

0.220 

0.002 

0.248 

0.003 

0.259 

0.005 

0.241 

0.013 

28% 

 

31% 

 

47% 

 

In order to better show the effects of strain rate and build orientation on ultimate tensile stress and 

strain, we plotted them against each other for both A30 and T+ (Figure 26). We found that ultimate 

tensile stress and strain of both materials increased with strain rate. All samples were re-measured 20 

minutes after testing to failure, and no residual strain was observed, indicating the material was fully 

elastic up to failure.  
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Figure 26 – Ultimate tensile stress and strain of A30 (left) and Tango+ (right) at various strain rates 

4.3.1.2 Compression 

Compressive loading and unloading stress-strain paths were influenced by strain-rate in both 

materials (Figure 5). An initial stiffness was followed by a yield-like stress-rollover at strains of ~0.05, 

which was more pronounced at higher strain rates, however less so with T+ than A30 (Figure 27). The 

dissipated work density (DWD), defined as the area under the stress-strain curve, was larger for A30 

than T+, and more influenced by strain rate in A30. We evaluated the DWD as [203,204]: 

 𝐷𝑊𝐷 = ∫ 𝜎𝑙𝑜𝑎𝑑 𝑑𝜀
𝜀𝑚𝑎𝑥 

0

−∫ 𝜎𝑢𝑛𝑙𝑜𝑎𝑑 𝑑𝜀
𝜀(0) 

𝜀𝑚𝑎𝑥

 (26) 

Our results show that the dissipated work density with T+ increases by almost 10 folds, and nearly 17 

folds for A30, when the strain rate is increased by two orders of magnitude (Table 16).  

Print direction also had a significant influence on the stiffness in compression. A30 Z- samples were 

significantly softer than X- at 50% strain during the 0.005 /s tests (t(3)=4.72, p=0.01), whereas the 

difference between X- and Y- samples was less significant (t(3)=2.57, p=0.06). This difference is more 

pronounced at lower than at higher strain rates, particularly in A30 (Figure 27C,D). A similar 

observation was made in tension (Figure 25C,D) regarding the difference between Z- samples and 

other build orientations across strain rates. 
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Table 16 - Dissipated work density (DWD) of A30 and T+ in compression at various strain rates. 

Dissipated work 

density [MPa] vs. 

Strain rate 

0.005 /s 0.025 /s 0.05 /s 0.25 /s 0.5 /s 

% increase. 

0.005 - 0.5 /s 

A30 

X 

(±SD) 

Y 

(±SD) 

Z 

(±SD) 

0.065 

0.001 

0.054 

0.002 

0.056 

0.003 

0.133 

0.005 

0.114 

0.002 

0.110 

0.001 

0.185 

0.001 

0.161 

0.004 

0.174 

0.002 

0.375 

0.002 

0.359 

0.001 

0.374 

0.002 

0.610 

0.003 

0.583 

0.002 

0.594 

0.004 

838% 

 

979% 

 

960% 

T+ 

X 

(±SD) 

Y 

(±SD) 

Z 

(±SD) 

0.019 

0.001 

0.015 

0.005 

0.016 

0.001 

0.061 

0.004 

0.051 

0.002 

0.056 

0.004 

0.087 

0.001 

0.085 

0.001 

0.079 

0.002 

0.206 

0.003 

0.180 

0.003 

0.205 

0.002 

0.288 

0.006 

0.261 

0.002 

0.272 

0.002 

1416% 

 

1640% 

 

1700% 
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Figure 27 - Compressive loading and unloading stress-strain results for A30 (A) and Tango+ (B) Y- samples at varying 
strain rates. Comparison between compressive stress-strain responses of A30 (C) and Tango+ (D) X-, Y- and Z- samples at 
the lowest and highest strain rates. 

4.3.1.3 Cyclic Loading 

Cyclic test results did not show any permanent plastic deformation, which indicates visco-hyperelastic 

behaviour rather than visco-plastic (Figure 28). With immediate reloading (blue), A30 had a residual 

strain of 0.16 in the first cycle and 0.18 in the second cycle. In contrast, T+ samples had a residual 

strain of 0.09 after the first cycle and 0.1 after the second. When a 20 second idle time lapsed before 

reloading, both materials fully recovered to their original height, diminishing the residual strain.  

Cyclic softening was observed with every subsequent loading cycle with A30, but the softening was 

less pronounced at lower strain rates (see Appendix 4.6.3). Notably, the unloading path of both 

materials was less affected by the cyclic loading and idling conditions in contrast to the loading path. 
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Figure 28 - Cyclic loading of A30 and Tango+ X- samples at strain rates 0.05 /s (blue) and 0.5 /s (red). 

4.3.1.4 Stress Relaxation 

Stress relaxation profiles at 5% - 20% strain normalised by peak stress showed a remarkable overlap 

for both materials (Figure 29A). Overlapping the normalised profiles of both materials highlights the  

 

Figure 29 – Normalised relaxation profiles for A30 and T+ samples at different strain levels (A). Stress relaxation results 
for X-, Y- and Z- A30 samples at 20% strain with a 0.3 s ramp time (B). 

difference between their characteristic relaxation times. A30 relaxes to more than 50% of the peak 

stress 20 seconds after the ramp load, whereas T+ relaxes to 70% (Figure 29A). As highlighted by the 

exemplar results of A30, the relaxation behaviour of both materials showed no significant relationship 

with build orientation (Figure 29B). 
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4.3.1.5 Dynamic Mechanical Analysis (DMA) 

 

Figure 30 - DMA loss tangent and storage modulus (E') results temperatures relevant to glass transition of A30 (left) 
and Tango+ (right) samples printed in different orientations. 

DMA temperature sweep and time-temperature superposition results of both materials showed 

similar trends in storage modulus and loss tangent (Figure 30), with a continuous decay in storage 

modulus and one peak in loss tangent near ~0°𝐶. The peak in loss tangent indicates the glass 

transition temperature (𝑇𝑔). 

 

Figure 31 - DMA TTS frequency-domain storage (E’) and loss (E’’) moduli (left) and loss tangent (right) master curves 
for A30 shifted using Williams-Landel-Ferry shift constants C1=10.5, C2=100. 

Z- samples for both materials had a left-shifted average tan(𝛿) and 𝐸′ curves and lower tan(𝛿) 

average peak values. Although these findings reinforce the discrepancies found in Z- samples reported 
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for other tests, the differences in Z- 𝑇𝑔 in comparison to X- were not significant (t(3)=1.55, p=0.19 for 

A30, t(3)=1.5, p=0.20 for T+). Similarly, the difference in 𝑇𝑔 of Y- and X- samples were not significant 

(t(3)=-0.31, p=0.77 for A30, t(3)=-0.5, p=0.64 for T+). 

Williams-Landel-Ferry shift constants 𝐶1 = 10.5, 𝐶2 = 100 (Eq. (19)) were found to provide a 

remarkably good fit for 𝐸’, 𝐸′′ and tan(𝛿) master curves (Figure 31). 𝐸’ and 𝐸′′ master curves were 

later used to calibrate the Prony series parameters of the numerical model for time-scales below 𝜏 ≤

0.1s (see Appendix 4.6.5). 

4.3.2 Model Predictions of Stress Relaxation Responses 

The Prony series coefficients determined from the stress relaxation tests allowed us to model the  

relaxation response with remarkable accuracy (Figure 32). The determined Prony series coefficients 

for A30 and T+ are reported in Table 18. To quantify the accuracy of the numerical model, the root 

mean squared percentage error (RMSPE) was calculated as: 

 𝑅𝑀𝑆𝑃𝐸 =
100

𝑛
∑√

(𝑦𝑖(𝑟𝑒𝑓) − 𝑦𝑖(𝑝𝑟𝑒𝑑))
2

𝑦𝑖(𝑟𝑒𝑓)

𝑛

𝑖=1

 (27) 

𝑦𝑖(𝑟𝑒𝑓) and 𝑦𝑖(𝑝𝑟𝑒𝑑) are the experimental and numerically predicted result points. The RMSPE for 100s 

stress relaxation tests was 0.5% and 3.5% for A30 and T+ respectively (Table 19). 

 

 

Figure 32 – Relaxation modulus of our Prony series prediction overlaid on the experimental results of A30 and T+ from 
a 100s relaxation test. 
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4.3.3 Model Predictions of Tension and Compression Responses at Different Strain Rates 

The Ogden and Prony series parameters of the visco-hyperelastic model for both materials, which 

were determined using the quasi-static tension-compression and DMA test results, are reported in 

Table 17 and Table 18 respectively. These parameters were used to predict the stress-strain response 

of the material in tension and compression at different strain rates. The model generally predicts the 

response of both elastomers well across 0.003 to 0.5 /s strain rates (Figure 33). 

To assess the performance of the model against other build directions, we calculated the RMSPE of 

the model in comparison to Y- and Z- samples at each compressive and tensile strain rate for both 

materials (Table 19). The error was largest in compressive loading at the highest strain rate. Our results 

show that RMSPE varied between 1.3% and 13% for tension and 7.8% and 16.1% for compression of 

X- samples across both materials (Table 19). The RMSPE is largest with Z- samples at 0.003 /s strain 

rate (RMSPE=29.9%) as Z- samples were significantly softer than X- and Y- samples at lower strain 

rates. 

Table 17 - Ogden quasi-static hyperelastic material parameters for A30 and T+. 

 μ1(∞) [MPa] α1 μ2(∞) [MPa] α2 μ3(∞) [MPa] α3 

A30 0.2127 1.3212 0.0375 4.318 -0.001 -1.0248 

T+ 0.1211 2.4061 0.0209 2.408 -0.001 -1.0011 

 

Table 18 - Prony parameters for visco-hyperelastic material model for A30 and T+. 

A30 
gi 8.38E-01 1.26E-01 1.03E-02 3.00E-03 4.39E-04 

τi [s] 5.08E-03 4.97E-02 1.00E+00 1.00E+01 1.00E+02 

T+ 
gi 7.37E-01 1.05E-01 4.67E-02 1.07E-02 3.59E-03 

τi [s] 9.24E-03 1.73E-01 1.00E+00 1.00E+01 1.00E+02 
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Figure 33 - The visco-hyperelastic material model prediction vs. experiment for A30 and T+ tensile (A,B) and compressive 
(C,D) loading responses at various strain rates. 

Table 19 - Root Mean Square Percentage Error (RMSPE) of the visco-hyperelastic model prediction for all tests on A30 and 
T+. 

 A30 T+ 

Tension 0.003 /s 0.03 /s 0.3 /s 0.003 /s 0.03 /s 0.3 /s 

X RMSPE [%] 1.3 10.5 7.5 3.1 4.4 13.0 

Y RMSPE [%] 6.1 5.6 13.9 2.7 4.2 10.3 

Z RMSPE [%] 29.9 26.7 12.8 15.2 18.9 12.02 

Compression 0.005 /s 0.05 /s 0.5 /s 0.005 /s 0.05 /s 0.5 /s 

X RMSPE [%] 11.3 7.8 16.8 11.6 10.8 16.1 

Y RMSPE [%] 9.3 7.4 13.7 12.6 12.7 15.9 

Z RMSPE [%] 7.8 6.3 13.0 9.2 4.3 16.1 
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4.4 Discussion 

We determined the mechanical response of two newly developed Polyjet elastomers, A30 and T+, 

across a wide range of strain and strain rates and along different build orientations. We conducted a 

comprehensive set of tests including uniaxial tension-compression at discrete strain rates, stress 

relaxation tests, DMA and cyclic loading, which allowed us to explore the mechanical responses of 

these digital elastomers. For the first time, we employed a visco-hyperelastic material model to 

accurately predict the stress-strain response of the elastomers at a range of tensile and compressive 

strain rates. Our comprehensive experimental data allowed us to determine the constants of this 

material model. The model utilises a widely used 3-term Ogden hyperelastic strain energy function 

alongside a 5-term Prony series to model viscoelastic effects in a manner readily compatible with 

major FEA codes, such as Abaqus and LS-Dyna, allowing for ease of implementation.  

We found that the ultimate tensile strength of the elastomers increased with increasing strain rate. 

This is in agreement with previous studies which reported increased strain at failure and fracture 

energy at higher strain rates for older PolyJet elastomers; Tango [164,186]. This dependency may be 

due to entangled dynamics of polymer chains at higher strain rates, which lead to a delayed onset of 

failure. We noted that many of the tensile failures were near the corners of the gauge section as noted 

in [173], and thus ultimate tensile strength varied between repeat tests leading to SDs as high as 19.3% 

(T+ Z- samples, 0.3 /s). This observation is most likely due to the stress concentrations near the region 

arising from the pixelated approximation of curves in the printing process. Hence, ISO/ASTM sample 

shapes for determining tensile properties of moulded or cast rubbers may not be appropriate for 

testing AM rubbers, and development of new tensile sample shapes or testing methods that address 

the stress concentrations near pixelated edges of PolyJet elastomers may be necessary. It is 

noteworthy to mention that the manufacturer material data sheet stated a wide range of elongation 

at break (A30: 220-270%, T+: 170-220%) [205]. The lower end of these ranges are still larger for both 

elastomers than what we observed here. These differences may be attributed to a different specimen 

shape, testing strain rate and temperature, printing conditions or other variables. 

We determined the loss and storage moduli across a wide range of frequencies using DMA, allowing 

us to characterise the relaxation modulus for a wide time span (10 μs - 100 s). Our results are in good 

agreement with previous work that has reported loss and capture modulus for A30 at a limited 

frequency range [151]. For the first time we broadened the DMA with the time-temperature 

superpositioning and determined Williams-Landel-Ferry shift function constants (𝐶1, 𝐶2) for A30 and 

T+. These constants characterise the unique time-temperature dependency of the elastomers, and 

therefore can easily be extended to other methods such as creep tests [100,190], analogous to 

relaxation tests reported here.  
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The reported DMA results show a high glass transition temperature (𝑇𝑔) for both materials (nearly 

0°𝐶). The high 𝑇𝑔 may limit the suitability of these elastomers in applications where material 

properties are expected to remain constant with temperature change, a role currently fulfilled by 

commercial elastomers such as thermoplastic polyurea and polyurethane (TPU) [197,203,206–208]. 

Nonetheless, PolyJet elastomers have been granted attention in the domain of energy absorption, 

such as bio-inspired composite armour [166], due to their readiness for multi-material 3D printing. 

Moreover, the high 𝑇𝑔 is also why PolyJet elastomers have dominated applications in 4D printing and 

active composites utilising thermomechanical programming processes [151,156,160]. 

The mechanical responses of both A30 and T+ were highly nonlinear and time-dependent across the 

range of strain rates. The nonlinear and rate dependent behaviour observed in both materials is 

common of amorphous polymers and may be attributed to molecular chain dynamics [100,209]. 

Conventional co-polymers such as TPU also show similar trends in stress-strain profiles with increasing 

strain rate. In addition, we observed an initial high stiffness at higher strain rates, followed by a 

pronounced yield-like stress-rollover at small strains (~0.05). Similar observations about TPU have 

been reported previously, which have been attributed to the interplay between ‘hard’ and ‘soft’ 

molecular domains within the polymer network [203,209]. 

Our relaxation tests assisted in determining the Prony series coefficients, and hence our visco-

hyperelastic material model can predict the time-dependent behaviour of both materials with 

reasonably good fidelity. Previous methods used the stress-strain responses of uniaxial tensile tests at 

discrete strain rates to calibrate the Prony series coefficients instead of directly calibrating to 

relaxation tests [164,210]. However, such methods do not guarantee an accurate prediction of the 

relaxation profiles of the materials as illustrated in Figure 34, regardless of the capability of a model 

to predict the uniaxial response at discrete strain rates. Hence, we accompany the discrete strain rate 

tests with stress relaxation tests to determine the material model coefficients, which in turn provides 

a realistic representation of both uniaxial and relaxation test responses. 

The basis of the convolution integral that we used for numerical modelling is the assumption of 

separable time- and strain-dependent material behaviour. This assumption is widely accepted for 

many viscoelastic materials including cheese and bread dough [199,211]. We accepted this 

assumption based on the remarkable overlap of the stress relaxation profiles at varying strain levels 

(Figure 29). This observation shows that the relaxation response of the PolyJet materials is 

independent of the applied strain, and hence the assumption of separable time- and strain-dependent 

behaviour is plausible. 
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Figure 34 – Comparison between the relaxation test results and our Prony series prediction and that reported in [164]. 

The Ogden hyperelastic model was chosen to characterise the quasi-static response of A30 and T+. 

This model is well established and utilises a few parameters, and it accurately predicted the 

hyperelasticity of both elastomers. However, the Ogden hyperelastic function is isotropic. Hence, 

isotropy was assumed for numerical modelling and therefore was fit to X- sample data as incorporating 

an anisotropic visco-hyperelastic model would significantly complicate the model and lead to difficulty 

in application. Nonetheless, the model was still able to predict the response of both materials in Y- 

and Z- build direction with good accuracy apart from Z- samples at 0.003 /s strain rate where Z- 

samples were significantly softer. This observation was expected as we previously noted that Z- were 

significantly softer than X- samples which were used for numerical modelling. Interestingly, the RMSPE 

of Y- and Z- samples is even lower than X- in compressive loading at 0.3 /s strain rates as anisotropy 

diminished at higher strain rates. As mentioned, the importance of anisotropy is application specific 

as it depends on the strain, strain rate and loading mode. Slender load bearing members are typically 

not recommended to have their primary loading directions along the Z- print axis as printing strength 

diminishes and build time significantly increases with Z- height and in most AM methods. Nonetheless, 

the prediction errors were reasonable, indicating that this model will perform reliably when employed 

e.g. in FEA simulations of large strain problems within the range of strain rates explored here. 

Our experimental results on the effect of build orientation on anisotropy of T+ and A30 PolyJet 

elastomers at large strains with varying strain rates adds to the existing knowledge on anisotropy of 

PolyJet parts. As anisotropy is often regarded as a limiting factor for the performance and reliability 

of AM materials and methods, it has attracted much research, however less so for the PolyJet 

elastomers explored here, in contrast to plastics. Our findings on anisotropy are in line with previous 
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reports on PolyJet plastics suggesting that Z- specimens had the poorest mechanical properties 

[177,179–181]. However, we conclude that anisotropy of PolyJet elastomers is sensitive to strain rate 

as our reported differences in mechanical response due to anisotropy are highest at quasi-static strain 

rates (below 0.005 /s), and diminished at higher strain rates (above 0.3 /s) as the responses of all three 

orthogonal print directions converged. 

In future, even higher strain rates (10 /s - 1000 /s) relevant to shock absorption and vibrational 

damping may be explored and may further manifest or diminish the discrepancies due to anisotropy 

reported here. Moreover, biaxial testing of anisotropic hyperelastic materials such as the explored 3D-

printed elastomers is invaluable in providing true and complete characterisation of the mechanical 

properties, particularly for applications involving pressured walls such as bellow actuators. 

Our findings will allow for the development of more accurate computational models of the PolyJet 

elastomers, which can be utilised in computer-aided designs of novel applications requiring flexible or 

rate-sensitive 3D-printed materials. Although PolyJet technology is fast and capable of printing 

multiple materials in a single build, it can also be quite expensive. This is particularly true when parts 

are iteratively prototyped and printed many times before a final design satisfies requirements. High-

fidelity FEA on computational models can reduce printing costs and shorten time to market by 

reducing the number of physical iterations. One major limitation of this method is the fidelity of 

available AM material data, particularly of time-dependent elastomers at large strains. The material 

model and properties presented here can facilitate the development of high-fidelity finite element 

models of A30 and T+ elastomers and provide a basis for similar developments for current and future 

AM elastomers. 

It is noteworthy to mention that one of the largest and most apparent limitations of this work is the 

strain rates explored do not span into the dynamic range i.e. 10-100/s which would typically be seen 

during impacts such as those in helmet foams during an accident. 

4.5 Conclusion 

In this paper, we characterise the latest and most widely employed PolyJet elastomers, A30 and T+, 

under a range of loading conditions and strain rates (0.003 /s - 0.5 /s) printed in different orientations 

relative to the print bed plane. Moreover, we present a visco-hyperelastic model that accurately 

captures the time-dependent response of the PolyJet materials. Our visco-hyperelastic material model 

was calibrated to relaxation spectra from stress relaxation and DMA tests and was able to capture the 

time-dependent response of both elastomers. We found the mechanical response of both elastomers 

to be highly nonlinear and highly dependent on strain rate and build orientation. Both elastomers had 

a glass transition temperature (𝑇𝑔~0°𝐶). However, the tensile stress at 50% strain of A30 was larger 
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than T+ and increased by 67% across two orders of magnitude of strain rate for X- and Y- samples, and 

by more than 127% for Z- samples. These magnitudes were smaller for T+, highlighting a lesser strain 

rate sensitivity. Nonetheless, a similar trend in tension was observed between build orientation and 

strain rates. Interestingly, anisotropy due to build orientation diminished at higher strain rates (0.3-

0.5 /s). The presented visco-hyperelastic material model accurately predicted the relaxation and 

monotonic tension-compression responses of both PolyJet elastomers with an error between 1.3% 

and 16.8% for X- and Y- samples and between 4.3% and 29.9% for Z- samples depending on strain rate. 

In the next chapter, we aim to validate this material model at higher strain rates more relevant to the 

impact conditions typically experienced in a helmet crash and utilise it to explore the impact 

performance of several designs that could potentially replace foam liners via a design of experiments. 

4.6 Appendix 

4.6.1 Images 

 

Figure 35 - comparison between pristine and failed A30 tensile specimen showing no residual plastic strain (left). 
Scanning electron microscope image along the Y-Z plane showing 16 micrometre layer thickness (right). 
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Figure 36 - A30 X- sample during tensile testing at 0.03 /s at the start of testing (left) and at 56% strain (right). 

4.6.2 Tension 

 

Table 20 - Stress values of A30 and T+ X- samples at 50% strain in compression and comparative decrease between max. 
and min. strain rates relative to tension. *Tension values have been reported in Table 15. 

Stress [MPa] v. Strain rate [/s] at 

50% Strain 
0.005 /s 0.05 /s 0.5 /s 

N times larger across the two orders 

of magnitude of strain rate 

A30 

Compression 

(±SD) 

Tension 

0.787 

0.020 

* 

1.161 

0.002 

* 

2.179 

0.003 

* 

2.77 

 

1.67 

T+ 

Compression 

(±SD) 

Tension 

0.604 

0.020 

* 

0.828 

0.004 

* 

1.399 

0.004 

* 

2.32 

 

1.28 
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Figure 37 – (A) Comparison between A30 and Tango+ tensile responses at the lowest and highest tested strain rates 
and (B) exemplar set of results (A30, 0.05 /s strain rate) showing the repeatability achieved in tests. 

 

4.6.3 Compression 

 

Figure 38 - Cyclic loading stress-strain curves of A30 (A) and Tango+ (B) Z- samples at a strain rate of 0.5 /s with no 
idling between cycles (blue) and a 20 second idle (red). 
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4.6.4 Stress Relaxation and DMA 

 

Figure 39 - Repeats of A30 relaxation tests (A) and DMA TTS results (B). Stress relaxation of A30 (C) and T+ (D) at 
different strain levels. 
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4.6.5 Determining Prony Series Constants from DMA Results 

 

Figure 40 - Experimental vs. numerical approximation of E' and E'' master curves. The Prony series parameters obtained 
from this approximation were normalised by the instantaneous modulus obtained using Equation (28)-(29). 

The methods to approximate the Prony series coefficients (𝑔𝑖, 𝜏𝑖) from relaxation spectra (𝐸′, 𝐸′′) 

have been outlined in detail in several studies [194,200,212]. However, for the sake of completeness, 

the equations used for the approximation in the MATLAB code are included here. 

 𝐸′(𝜔) = 𝐸∞ +∑
𝜏𝑖
2𝜔2𝑔𝑖

𝜏𝑖
2𝜔2 + 1

𝑛

𝑖=1

 (28) 

 

 𝐸′′(𝜔) =∑
𝜏𝑖
2𝜔2𝑔𝑖

𝜏𝑖
2𝜔2 + 1

𝑛

𝑖=1

 (29) 
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Where: 

𝐸′, 𝐸′′ are storage and loss moduli respectively. 

𝜔 is the oscillatory frequency of the DMA tester. 

𝜏𝑖 is the 𝑖th characteristic relaxation time of the material 

𝑔𝑖 is the 𝑖th normalised modulus of the material 

The Levenberg-Marquardt method is used to obtain the fit presented in Figure 40, which resulted in 

6 Prony pairs for each material spanning at least 6 orders of magnitude. As there was 1 Prony pair per 

time decade on average, only two Prony pairs from the DMA tests were used corresponding to 1 μs 

≤ 𝜏 ≤ 0.1 s, as highlighted in Table 21. Pairs with larger characteristic times are more accurately 

predicted using relaxation tests, and smaller characteristic times were found to have no effect on the 

response within the window of strain rates explored here and, in any case, would increase 

computational effort. 

  

Table 21 - Prony pairs for A30 and T+ obtained from DMA time-temperature superposition tests. 

A30 T+ 

gi τi [s] gi τi [s] 

1.11E+03 6.68E-06 7.32E+02 2.93E-06 

3.29E+02 1.51E-04 1.18E+02 6.87E-05 

1.68E+02 1.01E-03 2.96E+01 6.71E-04 

5.69E+01 5.08E-03 4.95E+00 9.24E-03 

8.57E+00 4.97E-02 7.09E-01 1.73E-01 

1.88E+00 6.44E-01 8.49E-01 5.89E+00 
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5 Chapter Five: A New Class of Recoverable Circular Cell Arrays for 

Controlling Shear and Compressive Responses During Oblique 

Impacts 

Cellular structures such as honeycombs are often required to manage impact loads. Although they 

have been extensively studied under axial loading, a key question remains largely unaddressed: How 

may their shear and axial responses be independently tailored for oblique impacts? This question is 

especially important to answer prior to testing the hypotheses of the next chapter, such as whether 

lowering helmet liner shear stiffness reduces peak head rotational acceleration. For the first time, we 

test whether incorporating axisymmetric shape changes in viscoelastic circular honeycomb cells 

enable independent control over their shear and axial stress-strain responses during oblique impacts. 

We perform a full-factorial computational design-of-experiments, varying the cell shape from concave 

to convex and impact velocities from 2.5 to 7.5 m/s. The finite element models demonstrate 

remarkable agreement with experimental drop tower impacts on additively manufactured viscoelastic 

specimens. Our results show convex and concave cells demonstrate similar axial stresses. However, 

concaving straight cylindrical cell walls increases their post-buckling shear stress by over 300% during 

oblique impacts. In addition, increasing the impact velocity increases both axial and shear stresses by 

211%. Our results show that this new class of recoverable honeycombs provides compelling control 

over its shear response under oblique impacts. Owing to the simplicity of the design intervention, it 

may be exploited in future to morph the cells during use via various actuation methods for real-time 

performance adjustment in, e.g., shoes and helmets. 

Keywords: Cellular structures; honeycomb; oblique impact; energy absorption; viscoelastic 

5.1 Introduction 

There is an ever-growing demand for lightweight, architected structures with tailorable anisotropy 

and kinetic energy-dissipating properties that satisfy various design constraints. For example, high 

energy dissipation with low transverse shear stiffness is often desired in the design of helmets for 

minimal head rotation [128,213], or seismic isolation in earthquake-resistant buildings [214]. In other 

applications, such as in soles of running shoes, low axial stiffness for cushioning with adequately high 

shear stiffness is sought to prevent slip [215,216]. 

Inspired by nature in attempts to fulfil such a variety of design requirements, the ingenuity of 

engineers has led to a rapidly growing family of engineered cellular solids with a myriad of topologies. 

Amongst the most popular are hexagonally packed cellular structures, loosely referred to as 
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honeycombs for resembling bee honeycombs [217], but can also be found in several naturally-

occurring materials such as in the microstructure of wood [218].  

From a mechanical standpoint, honeycombs have found applications where high energy dissipation 

per unit mass at a minimal peak force is required, such as in aerospace and automotive. Their 

applicability is owed to their capacity to sustain large strains at near-constant stresses. The influence 

of cell wall thickness, size and in-plane cross-sectional shape of honeycombs has been well studied in 

uniaxial loading conditions, and have shown to significantly alter the response or lead to interesting 

auxeticity [219,220], negative stiffness [221] and non-affine behaviour [222]. Fractal-like honeycomb 

cell geometries have also been studied, concluding that the average axial crushing force increases with 

fractal dimension [223]. More recent studies have shown that introducing folds to the cell walls 

enables tailoring of the stress-strain response under axial loads [224,225], catering for a large uniaxial 

out-of-plane performance range with simple changes to the cellular topology. 

However, much of this research has focused on tailoring the axial loading performance, whereas most 

scenarios cellular structures aim to protect against are less idealistic and involve impacts at an angle 

– i.e. an oblique impact. This in turn induces a complex combination of both shear and axial forces 

concurrently within the material, which need to be managed differently for impact management. How 

the topology of a cellular structure such as a circular honeycomb may be simply adjusted for tuneable 

stiffness in axial and shear responses, which are typical during oblique impacts, is not trivial. We aim 

to begin addressing this open question in this chapter. 

Limited research exists on the combined shear-compressive behaviour of cellular structures typical 

during oblique impacts. Gilchrist et al. [226,227] have studied the response of expanded polystyrene 

(EPS) foam under this multiaxial load case, and found that the compressive yield stress decreases in 

oblique loading in comparison with purely compressive loading. Quasi-static and dynamic responses 

of metallic hexagonal honeycombs in combined shear-compressive loads have also been studied [228–

233], with conclusions that compression occurs via successive folds in the cell wall, and shearing 

occurs with cell rotation. Fang et al. [234] investigated how the number of cells in multi-cell tubes 

affects their response in oblique loads, and concluded that increasing the number of cells increases 

both peak force and energy absorption. However, none of the previous studies have demonstrated a 

simple design change for tailoring shear and compressive responses of these cellular structures. 

In this study, we explore how the shape of hexagonally packed circular cells, hereon referred to as 

circular honeycombs, affects their performance under both axial and oblique loading. The shapes are 

realised by applying arc curvatures to the cell walls, forming concave and convex cells simply by 
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changing the curvature direction. We explore a wide range of curvature amplitudes and investigate, 

for the first time, the influence of cell shape on the mechanical responses during oblique impact. 

While most studies focus on single-use conventional honeycombs made of metals and hard polymers, 

we employ elastomeric cells which exhibit viscoelasticity (i.e. high rate-dependency and 

recoverability) where repeated loading is required. Finite element modelling (FE) of viscoelastic 

materials is not trivial and requires extensive testing. Hence, high fidelity FE models of the additively 

manufactured viscoelastic cells were developed using new materials properties. Experimental impact 

tests on the bulk material were used to validate the material model which builds on from previous 

work [20]. Further experimental impact tests on air-filled concave and convex hexagonally packed cell 

arrays arranged are used to validate our computational model which we then use for a full-factorial 

design of experiments (DoE). As elastomeric materials have a high capacity for rate-dependence, we 

assess how different shapes are affected by the rate of loading at impact speeds ranging from 2.5 – 

7.5 m/s. 

5.2 Materials and Methods 

5.2.1 Experimental Methods 

5.2.1.1 Manufacturing Test Specimens 

A PolyJet multi-material 3D-printer (Connex3, Objet500, Stratasys, USA) was used to print all 

elastomeric specimens used for the experimentation. The elastomer ‘Agilus30’ (A30) (Stratasys, USA) 

was employed as the parent material of the cell arrays in this study as it has demonstrated large tensile 

strain-to-failure (+150%) and toughness as well as considerable strain rate sensitivity [20]. These 

characteristics are desirable to protect against a wide range of impact speeds. Solid cylindrical A30 

specimens and a single convex cell were printed for an initial validation of the FEA model which 

showed remarkable agreement with the experimental results (see Appendix 5.6.2). Thereon, arrays of 

7 hexagonally packed concave and convex cells with 2mm thick walls were printed for further 

validation of the FEA model (Figure 41). 

5.2.1.2 Oblique Impact Drop Tower Cell Array Impact Tests 

A bespoke drop tower was built which can measure both axial and shear forces experienced by the 

cellular arrays due to a 5kg block mass impacting the top flat face both axially and at oblique angles at 

speeds up to 5.6 m/s. For the validations in this paper, both axial (0⁰) and oblique (45⁰) impact angles 

at 5.6 m/s were explored on both concave and convex hexagonally packed cell arrays (Figure 41). 

The drop tower, primarily constructed from extruded 45x45 mm aluminium profiles, consisted of a 

vertical smooth rail which tracks the magnet and carriage assembly (Figure 41). For each test, the 
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magnet assembly would be lowered via an electrical hoist to the mating plate on the carriage assembly 

which carries the 5kg mass. Both the magnet and carriage assembly would then be raised to the height 

that would result in the required final free-fall velocity prior to impact. The magnet would then be 

energised to release the carriage assembly to fall. As it falls along the rail, it interrupts an optical switch 

which triggers the data acquisition system and high-speed camera synchronously before the 5kg mass 

impacts the specimens. Impacts at angle were achievable by varying the angle of the steel swivel table 

on the base of the tower and the dial mounted to the carriage assembly equally. 

Each cell array was printed with a hard plastic base (VeroClear) to which it was fused by the nature of 

the printing process. This base was designed with countersink holes to fit four M8 screws and T-nuts 

which fixed the arrays to the swivel table via the T-slot rails running along the swivel tabletop. 

 

Figure 41 – Schematic of the custom-built drop tower for experimental impact testing under axial and oblique impact 
conditions. 

For each test, the axial (Z) and shear (Y) forces were measured by the loadcell which would then be 

filtered using a low-pass filter at a cut off frequency of 2000 Hz and transformed to the local co-

ordinate system of the cell arrays. High speed footage was captured and used for motion analysis and 

validation of the impact speed. This procedure would then be repeated 5 times to ensure 

repeatability. 



109 
 

The fidelity of the FEA model was assessed by means of the CORrelation and Analysis (CORA) scoring 

method. The CORA implementation was based on Gehre et al. [235] and the settings suggested in 

Giordano and Kleiven [236] commonly used for crash tests were adopted. 

5.2.2 Visco-hyperelastic Material Model and Properties 

Finite element (FE) modelling was used to explore a wide design space. The accuracy of the FE model 

depends on the fidelity of the material model and accuracy of the material properties to represent the 

nonlinear rate-dependent behaviour of the elastomeric material. In Chapter 4, we characterised the 

large-strain visco-hyperelastic response of Agilus30 with good accuracy in both tension and 

compression for low strain rates (0.003 /s – 0.5 /s). Here, we further develop and validate this material 

model for strain rates up to 200 /s, which were expected in our experiments due to the high impact 

speeds. Hence, we briefly outline how the model was extended on for this work. It should be noted 

that the equations outlined below in Section 5.2.2.1 to 5.2.2.3 largely repeat those in Section 4.2.2, 

yet are included here for completeness and ease of reference. 

5.2.2.1 Hyperelasticity 

The Ogden strain energy function 𝑊̅ was employed to numerically model the observed visco-

hyperelastic material behaviour assuming incompressibility (Eq. (30)) [20,193]. This follows the 

implementation of MAT_77 in LS-DYNA employed for the forthcoming FEA. 

 𝑊̅ =∑
𝜇𝑖
𝛼𝑖
(𝜆1
 𝛼𝑖 + 𝜆2

 𝛼𝑖 + 𝜆3
 𝛼𝑖 − 3)

𝑁

𝑖=1

, (30) 

 2𝜇 =∑𝜇𝑖𝛼𝑖

𝑁

𝑖=0

 (31) 

where 𝜆1, 𝜆2, 𝜆3 are the deviatoric (volume-preserving) principal stretches, 𝜇𝑖  are shear moduli and 

𝛼𝑖 are material specific constants. From Eq. (30), the engineering (nominal) stress expression for 

uniaxial deformation (𝜎11) may be derived, where 𝜆2 = 𝜆3 = 𝜆1
(−1/2)

: 

 𝜎11
𝐻 =

𝜕𝑊̅

𝜕𝜆1
=∑𝜇𝑖 (𝜆1

 𝛼𝑖−1 − 𝜆1
 
−𝛼𝑖
2
−1
)

𝑁

𝑖=1

. (32) 

The trust-region-reflective algorithm in MATLAB was used to determine the constants 𝜇𝑖  and 𝛼𝑖, 

summarised in Table 22, as detailed in [20]. 

5.2.2.2 Visco-hyperelasticity 

The visco-hyperelasticity of A30 was modelled using a convolution integral in the form [190]: 

 𝜎𝑉𝐻(𝑡) = ∫ 𝑔(𝑡 − 𝑠)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0
, (33) 
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where 𝜎0 and 𝜎∞ are the instantaneous and quasi-static hyperelastic stress respectively. Hence, 

𝜎(𝑡) → 𝜎∞ as 𝑡 → ∞. 𝑔(𝑡 − 𝑠) is a normalised relaxation function (0 < 𝑔(𝑡 − 𝑠) < 1), which is 

modelled here as a generalised Maxwell element expressed in terms of a Prony series of exponentials 

with 𝑛 Prony terms (𝑛 = 5) summarised in Table 22 [194,198,199]: 

 𝜎𝑉𝐻 = ∫ (𝑔∞ +∑𝑔𝑖𝑒
−
𝑡−𝑠
𝜏𝑖
 

𝑛

𝑖=1

)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0

= 𝑔∞𝜎0⏟  
𝜎∞
𝐻

+∫ (∑𝑔𝑖𝑒
−
𝑡−𝑠
𝜏𝑖
 

𝑛

𝑖=1

)
𝜕𝜎0

𝐻

𝜕𝑠
𝜕𝑠

𝑡

0

. (34) 

𝜏𝑖 is the characteristic relaxation time pairing with 𝑔𝑖, where 𝑔𝑖 is the normalised 𝑖th shear moduli 

(𝐺𝑖). I.e.: 

 𝑔𝑖 =
𝐺𝑖
𝐺 0

= 𝐺𝑖/(𝐺∞ +∑𝐺𝑖

𝑛

𝑖=1

), (35) 

where 𝐺0 and 𝐺∞ are the instantaneous and quasi-static shear moduli, respectively. 

5.2.2.3 Numerical Time-stepping Scheme 

A closed form for the convolution integral solution in Eq. (34) is often difficult to obtain, particularly 

when advanced strain energy functions with various strain histories are applied. Therefore, a method 

using finite time increments proposed by Taylor et al. [201] was implemented to solve the integral: 

𝜎𝑉𝐻(𝑡𝑛+1) = 𝜎∞
𝐻(𝑡𝑛+1)⏟      

𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝.

+∑

(

 
 
 
 
 

exp (−
𝛥𝑡

𝜏𝑖
) ℎ𝑖(𝑡𝑛) +

𝑔𝑖

1 − exp (−
𝛥𝑡
𝜏𝑖
)

𝛥𝑡
𝜏𝑖

[𝜎∞
𝐻(𝑡𝑛+1) − 𝜎∞

𝐻(𝑡𝑛)]

𝑔∞

)

 
 
 
 
 

𝑛

𝑖=1

⏟                                            
𝑣𝑖𝑠𝑐𝑜𝑒𝑙𝑎𝑠𝑡𝑖𝑐 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

 

 ∴ 𝜎𝑉𝐻(𝑡𝑛+1) = 𝜎∞
𝐻(𝑡𝑛+1) +∑ℎ𝑖(𝑡𝑛+1)

𝑛

𝑖=1

 (36) 

The first term relates to the hyperelastic (time-independent) stress (𝜎∞
𝐻) obtained from the 3-term 

Ogden model parameters fit to the quasi-static tests (Eq. (32)). The second term describes the 

summation of the viscoelastic (time-dependent) stress contribution (∑ ℎ𝑖
𝑛
𝑖=1 ). A detailed derivation 

can be found in [199,202]. Using this time-stepping scheme, the normalised viscoelastic moduli 𝑔𝑖 

were determined from the experimental stress-strain responses obtained from monotonic tension-

compression tests at low strain rates [20], and from the drop-tower impact tests described earlier for 

higher strain rates. The stress-strain curves from the drop-tower impacts were used up to a 

compressive strain of 0.3, prior to considerable barrelling of the bulk material specimen. The 
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determined constants were then validated using the FE model for the entire impact response at 

various impact speeds as presented in the next section. 

5.2.3 Computational Methods 

5.2.3.1 New Cell Designs 

Our baseline design for the hexagonally packed arrays was a straight-wall cylindrical cell, a typical 

building block of regular circular cell honeycombs, which was assigned a 2 mm wall thickness (𝑡) and 

a radius to height (𝑅/ℎ) ratio of 0.5 (ℎ = 25 mm, 𝑅 = 12.5 mm). Our new cell arrays, namely the concave 

and convex cell arrays, were generated by incorporating axisymmetric curvatures in the cell walls using 

equal arc angles (𝜃 = 45⁰) and radii (𝑟1 = 7.84 mm, 𝑟2 = 9.84 mm) as annotated in Figure 23A. The 

curvatures are symmetric about the mid-plane between the top and bottom faces of the cell. It should 

be noted here that, unlike conventional sheet-metal hexagonal honeycombs with bonded walls, here 

we explore hexagonally packed circular cell arrays separated from one another with a spacing of 0.5 

mm (Figure 23B). The potential effects of this are discussed. 

For each curvature direction (concave and convex) we study four curvature amplitudes, referred to as 

shape amplitudes, leading to 9 shapes in total: Four concave (shape = -0.25, -0.50, -0.75 and -1.00), 

four convex (same magnitudes with the opposite sign) and a straight-wall cell (i.e. shape = 0). Each of 

the 9 cell shapes are tested under 0⁰ (pure compressive) and 45⁰ (shear-compressive) impacts at 

impact velocities of 2.5, 5.0 and 7.5 m/s. After each simulation, several postprocessing calculations 

are made, including the relative density of the cells (𝜌̅), average axial (𝜎𝑧(𝑎𝑣𝑒)) and shear stress 

(𝜏𝑧𝑦(𝑎𝑣𝑒)) during the post buckling region (region II), internal energy per unit volume (𝑈̅) and 

densification strain (𝜀𝐷) of the cells as annotated in Figure 23C. For further information, see Appendix 

5.6.3. 

5.2.3.2 Geometrical Parametrisation and Mesh Morphing 

CAD models of a unit cell of the arrays were generated in SolidWorks (2020, Dassault Systèmes, 

France) and imported into HyperMesh (2019, Altair, US) for FE mesh generation, mesh morphing and 

specification of ‘shape variables’ via HyperMorph (2019, Altair, US). The mesh morphing ensured that 

mesh quality was maintained while changing the node locations of a mesh to that of a target 

geometry. Shape variables are essentially a set of nonlinear node paths, each defined by a polynomial, 

which provide a perturbation vector for each node to follow during shape morphing. Therefore, all 

intermediate mesh geometries between a straight cell arrays and the concave and convex cell arrays, 

and their corresponding thicknesses, were realised by ratio of the polynomial coefficients of the 

relevant shape variables. The resulting shapes can be seen in Figure 23E. This framework provides an 

efficient and robust method for parametrising FE designs without having to tediously revise and 
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remesh the CAD for each design, which enabled efficient utilisation of HyperStudy (2019, Altair, US) 

for directing the large number of simulations in this DoE. Further information and applications for 

mesh morphing can be found in human body [237,238] and automobile FE modelling [239,240]. 

5.2.3.3 Finite Element Modelling Validation of Cell Arrays 

 

Figure 42 – Computational pipeline. A. Parameterised unit cell with height ℎ and radius 𝑅, wall thickness 𝑡 and arc radii 
𝑟1 and 𝑟2 and arc angle 𝜃. B. Hexagonal packing arrangement of unit cell to make the honeycomb. C. Axial and oblique 
load testing of cellular array. D. Postprocessing and pre-buckling (region I), post-buckling (region II) and densification 
(region III) parameter identification. E. The geometry of all shape amplitudes ranging from -1 (concave) to 1 (convex) with the 

intermediate shape amplitudes in increments of 0.25. 

For the purpose of validating the material model, the experimental drop-tower impacts on the cell 

arrays was simulated using the commercial finite element program LS-DYNA (R10.0, LSTC, US) via an 
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explicit time-stepping scheme for dynamic simulations [241]. The 5 kg impacting mass was assigned 

to a rigid-body and an initial velocity of 5.6 m/s to simulate the velocities of the impactor.  

Likewise, the anvil was modelled with solid hexahedral elements assigned as a rigid body. A mesh 

sensitivity study was carried out on the cell arrays (see Appendix 5.6.2). The nominal outcome was 

reduced-integration solid hexahedral elements with two elements through thickness assigned 

MAT_77 with the parameters in Table 22. 

The enclosed air was modelled using the control-volume method, a well-established method for 

modelling airbags and tyres, initiated with the *AIRBAG keyword for which the properties of ambient 

air were specified (Table 23). 

5.2.3.4 Design of Experiments on Cellular Arrays 

Modelling honeycombs with many unit cells, and hence elements, is computationally expensive. In 

order to explore whether an array can be represented with fewer cells, a code was developed to 

generate an FE mesh with a user-defined number of the hexagonally packed cells (Figure 23B). In order 

to assess the edge-effects on the stress-strain response during impact, the code was used to generate 

different packed areas obtained by changing the number of cell layers surrounding a central cell (see 

Appendix 5.6.4). Ultimately, for the full DoE, a customised periodic boundary condition was applied 

whereby an array of only one layer of cells was employed and modelled using null elements, which 

surrounded the central cell of the array modelled as before. Each node of the null-element cells in this 

layer were constrained to the corresponding node in the central cell. Therefore, this surrounding layer 

acted as a ghost-layer, offering only the geometry of a contact surface. Hence, the behaviour in this 

case resembles an infinite array of cells. To ensure compression occurred to densification at all relative 

densities, the *PRESCRIBED_MOTION keyword was used to impose the motion of the impactor to the 

desired strain-rates, resembling an ideal monotonic compression test. For more information, see 

Appendix 5.6.4. 

Table 22 – Visco-hyperelastic material model constants for Agilus30 

Quasi-static Ogden hyperelastic material model constants 

𝝁𝟏 [MPa] 𝜶𝟏 𝝁𝟐 [MPa] 𝜶𝟐 𝝁𝟑 [MPa] α3 

0.2127 1.3212 0.0375 4.318 -0.001 -1.0248 

Viscoelastic Prony series material model constants 

𝑮𝒊 [MPa] 1.10E+02 5.00E+01 1.60E+00 6.67E-02 9.33E-03 

𝟏/𝝉𝒊 [ms-1] 1.00E+01 5.00E+00 1.00E-02 1.00E-04 1.00E-05 
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Table 23 – Thermodynamic properties of air 

𝒄𝒗 [J kg-1 K-1] 𝒄𝒑 [J kg-1 K-1] 𝑻𝟎 [K] 𝑷𝒂𝒕𝒎 [GPa] 𝝆𝒂𝒕𝒎 [kg/mm3] 

0.718 1.01 295.15 1.013e-04 1.204e-09 

 

5.3 Results 

5.3.1 Finite Element Model Validation 

 

Figure 43 – FE model validation of concave (left) and convex (right) cell arrays during axial impact via deformation and 
force-history responses. The test was set up such that a 5 kg aluminium impactor block was released from a height into 
guided free-fall such that the final velocity prior to impact was 5.6 m/s. CORA scores of the FEA axial force-history response 
(red) is ‘Good’ for concave cell arrays and ‘Fair’ for convex cell arrays in comparison to experimental (black). Shaded grey 
areas show the performance window of the combined experimental repeat impact tests. 
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Figure 44 – FE model validation of concave (left) and convex (right) cell arrays during oblique impact via deformation 
and force-history responses. The test was set up such that a 5 kg aluminium impactor block was released at 45⁰ from a 
height into guided free-fall onto the specimens fixed to a swivel table inclined to 45⁰ such that the final resultant velocity 
prior to impact was 5.6 m/s. CORA scores of the FEA axial (Z-axis) force-history response (solid red) is ‘Marginal’ for concave 
cell arrays and ‘Good’ for convex cell arrays in comparison to experimental (black). The scores were ‘Good’ and ‘Fair’ for 
the shear (Y-axis) forces (dashed), respectively. Shaded grey areas show the performance window of the combined 
experimental repeat impact tests. 

The validations for the axial impact condition of the cell arrays showed remarkable agreement 

between the experiment and FEA models (Figure 43). CORA scores of the force-history response 
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showed ‘Good’ fidelity for concave cell arrays and ‘Fair’ for convex arrays. The size rating was the main 

subtractor from the score of the convex cell validation owed to the large offshoot upon bottoming-

out of the cell arrays starting at t = 4 ms owed to large finite element deformations in the model. The 

experimental impact results showed good repeatability particularly during the cell collapse region 

prior to bottoming-out. 

 

Figure 45 – A. Axial stress-strain curves of 1.5 mm wall concave (red) and convex (blue) cell arrays at the extremities of 
the shape amplitudes investigated, i.e. -1 and 1 respectively, in axial compression at 7.5 m/s. The black vertical lines lead 
to FEA model deformation sequence at axial compressive strains of 0.1, 0.3 and 0.5 with contours of von-mises stress 
(𝜎𝑣𝑚). B. The effect of different shape amplitudes, ranging from concave (-1) to convex (1), on 𝜎𝑧(𝑎𝑣𝑒) and 𝑈̅ in axial loading 

at 5 m/s. Cell arrays with the same unit cell wall thickness are connected by non-orthogonal dotted lines, whose relative 
densities is represented by their marker size. 

Likewise, the oblique impact results showed promising correlation, ranging from ‘Good’ to ‘Marginal’ 

CORA scores for both axial and shear force-history impact responses (Figure 44). The main discrepancy 

was in the case of axial force-history in the concave oblique impacts which was again near the 

bottoming-out point at t = 6 ms. Nonetheless, the experimental results showed good repeatability and 

high-speed video analysis shows that the FEA captured the bi-axial deformation modes well. 
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Notably, the all the cell arrays tested fully recovered to their their undeformed shape within 2 minuites 

after impact, demonstrating their remarkable recoverability after large deformations at high strain 

rates. 

5.3.2 Curvature Amplitude Effect in Axial Loading 

We first focused on axial loading and explored the effects of amplitude and direction of cell curvature 

on the stress-strain response.  To examine the effect of curvature direction, we used the stress-strain 

curves of two cell arrays with the same amplitude of curvature but in opposite directions (Figure 45A-

B). We observe that the stress-strain profiles are very similar, with only a 2.8% difference in peak 

stresses. 

We plotted the average axial stress vs. shape direction and amplitude (Figure 45B). The figure confirms 

that the average axial stress remains largely unaffected by the curvature direction across all shape 

amplitudes and relative densities, i.e., for the same amplitude, the curvature direction has a small 

effect on the axial stress. However, Figure 45C shows that the curvature amplitude has a large effect 

on the average stress. Increasing the amplitude reduces the average stresses and this reduction can 

be more than an order of magnitude at large amplitudes in comparison to straight wall cell arrays, 

regardless of curvature direction. We observe a symmetric inverted-V relationship between shape 

amplitude and the average axial stress in Figure 45C, with the peak lying at shape = 0 i.e. straight cell 

arrays. The sharp slope either side of the inverted-V highlight the substantial reduction of average 

with increasing curvature amplitude. On the other hand, the symmetry of the inverted-V indicates the 

modest influence of curvature direction on these measures. These observations remain consistent 

when examining the internal energy, which is the area under the stress-strain curves, shown with 

different colours in Figure 45C. This trend is consistent across all relative densities indicated with 

different marker sizes. 

We also observe that increasing the relative density at any given shape amplitude increases the 

average axial stress and internal energy by a generally consistent amount along the log scale (Figure 

45C). 

5.3.3 Curvature Direction Effect in Oblique Impacts 

Next, we explored the effects of the direction and amplitude of cell curvature on stress-strain response 

under oblique impacts of the cell arrays, where in contrast to axial impacts both axial and shear strains 

are present. To assess the effect of curvature direction, we used unit cells with the same curvature 

amplitude but opposite direction (Figure 46). For the axial components of stress-strain response, we 

again observed that the curvature direction has a marginal effect, with a less than 10% different in the 

peak axial stress (Figure 46A). 
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Figure 46 - Axial (A.) and shear (B.) stress-strain curves of 2.0 mm wall concave (red) and convex (blue) cell arrays at 
the extremities of the shape amplitudes investigated, i.e. -1 and 1 respectively, in 45⁰ compression at 7.5 m/s. The FEA 
model deformation sequence at axial compressive strains of 0.1, 0.3 and 0.6 are presented above the plot (connected with 
black dotted lines) with contours of von-mises stress (𝜎𝑣𝑚). 

However, in sharp contrast, the curvature direction has a dramatic effect on the shear stress-strain 

response, with the concave shape offering much larger shear stresses at all strains than its convex 

counterpart up to densification, leading to a twofold increase in the average shear stress (Figure 46B 

and Table 24). The slope of the stress-strain curve in Figure 46B, i.e. the shear stiffness, is also larger 

for concave than convex, leading to more than 300% increase of the post-buckling shear stress.  

To understand how these observations manifest in the rest of the shape amplitudes and relative 

densities, we plotted contours of stress vs. strain with shape on the x-axis (Figure 47A). Comparing the 

axial stress contours during axial and oblique loading in the figure, we observe the following 

similarities across all impacts: 1) the straight-wall cell arrays showed the largest axial stresses under 

both axial and oblique impacts, and 2) increasing the curvature amplitude in either direction leads to 

a gradual decline in axial stresses under both axial and oblique impacts regardless of curvature 

direction. These findings are consistent with earlier observations regarding the similarity of the axial 

stress-strain curves of concave and convex shapes of the same amplitude in both axial and oblique 

loading (Figure 46). 

In contrast to the axial stress, distinctly asymmetric shear stress contours can be seen about the mid-

lines for oblique loading (Figure 47A). Large shear stresses are clearly visible to the left of the mid-line 

(the region of concave shapes), in contrast to the right (the region of convex shapes). Such a distinct 
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asymmetric divide was not observed with the axial stress-strain components. This underscores the 

remarkable potential of decoupling the axial and shear responses of these cellular structures using 

curvature alone. 

 

Figure 47 - A. Axial stress contours of axial loading (top row) and oblique loading (middle row) as well as shear stress 
contours in oblique loading (bottom row) at an axial loading velocity of 5 m/s. The figure shows how the stress-strain 
relationship changes with shape. Each of the columns represents a different cell wall thickness. The effect of different 
shape amplitude on 𝜎𝑧(𝑎𝑣𝑒) (B.) and 𝜏𝑧𝑦(𝑎𝑣𝑒) (C.) in in 45⁰ compression at 7.5 m/s. 𝑈̅ of each data point is represented by 

the marker colour. Cell arrays with unit cells with the same wall thickness are connected by non-orthogonal dotted lines, 
whose relative densities is represented by their marker size. 

Notably, a steep rise in both axial and shear stress-strain curves for the convex shape are observed at 

strains ~0.4 during oblique loading. This is due to a secondary collapse of a shorter segment of the cell 

wall which, exclusively during oblique loading, becomes trapped between the anvil and impactor 
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leading to a sharp rise in the stress-curve as illustrated in Figure 46A. Hence, a patch of large axial and 

shear stresses can be seen on the upper right of the contours in Figure 47A relating to oblique loading 

as a consequence of this collapse mechanism. Interestingly, the onset of this patch seems to begin at 

strain of ~0.35 – 0.4 regardless of the convex shape amplitude and wall thickness.  

Table 24 - Buckling stress, average shear stress, and internal energy of concave and convex cell shapes with 2.0 mm wall 
thickness during 7.5 m/s oblique loading. 

 𝝈𝒃𝒖𝒄𝒌𝒍𝒆 [MPa] 𝝉𝒛𝒚(𝒂𝒗𝒆) [MPa] 𝑼̅ [J/mm3 10-6] 

Convex ( )  1 1.24 0.313 890 

Concave ) ( -1 1.39 0.922 1185 

% Difference +12.1 +194.6% +33.1 

 

To better understand the effects of the direction and amplitude of the cell curvature on the axial and 

shear responses, we plotted the average axial and shear stresses and internal energy during oblique 

loading vs. the shape (Figure 47B and C). Figure 47B shows an inverted-V trend peaking at shape = 0 

as observed earlier during axial loading (Figure 45B). Nonetheless, the trend in Figure 47B is less 

symmetrical than in axial loading, revealing that the average axial stress and internal energy in oblique 

loading are marginally larger for convex shapes. This is likely a partial consequence of the unique 

secondary collapse of convex shapes reported earlier. On the other hand, the average shear stress is 

distinctly larger for concave shapes as illustrated in Figure 47C. This figure clearly reveals that the 

curvature direction has a largely asymmetric influence on the shear components in oblique impact. 

Quite surprisingly, we observe that for relative densities above 0.05, only marginal concavity is 

required to markedly increase the average shear stress compared to straight-wall and convex cell 

arrays (Figure 47C). 

5.3.4 Shape Selection Strategy for Oblique Impact Performance 

We then illustrated the effect of the shape on shear and axial stresses by plotting their ratio (Figure 

48A). This figure clearly shows that convex shapes offer much wider shear to axial stress ratios and 

increasing the concave shape amplitude increases the ratio for all wall thicknesses. For convex shapes, 

the relationship is slightly more complicated and depends on the cell wall thickness. For 2mm cell wall 

thickness, the ratio decreases with increasing convex shape amplitude. The opposite appears to be 

true for thinner walls, where the ratio marginally increases with increasing shape amplitude. However, 

in all cases, straight wall and convex cell arrays offer a shear stress no more than approximately half 

the axial stress, and in some cases significantly less, making them ideal for situations where high axial 

stiffness with high shear compliance is required. 
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Figure 48 - A. The influence of shape amplitude on the average shear to axial stress ratio during 7.5 m/s oblique loading 
with different wall thicknesses. Larger ratios are achieved with concave shapes in the region left of the dotted black vertical 
line which marks a straight-wall cell. B. Variation of the individual axial and shear stress components with different shapes, 
indicated by the maker colour. The relative densities are represented by the marker size. Solid lines represent lines of best 
fit. Dotted lines connect equivalent shapes of different relative densities. 

Given that the ratio is unitless, and the shape is entirely geometry dependent, Figure 48A can be used 

for a simple design selection with different materials where different axial and shear responses are 

desired. 

Figure 48B, which shows the average axial vs. shear stresses of all shapes and relative densities, again 

shows the distinct effect of the curvature direction for oblique impacts. As we can see, the line of best 

fit to convex cell arrays (blue) lies distinctly more vertical than the line fitted to the concave cell arrays 

(red). This highlights the capacity for concave shapes to offer higher shear stiffness than convex 

shapes, and vice versa. Using this figure, one may find the appropriate shapes (marker colour) and 

relative densities (marker size) for a given design point which defines the required axial and shear 

stresses. 

5.3.5 The Effect of Curvature with Strain Rate 

We show the effect of increasing the oblique impact velocity on the compressive stress-strain 

response of a concave cell in Figure 49A, where 𝑡 = 2mm and shape = -1. We observe that increasing 

the impact velocity increases both the peak stress, average stress and hence the internal energy, 

represented by the shaded regions beneath each of the curves. Plotting the average axial and shear 

stress of all shapes shows that this effect is not exclusive to this cell shape, and in fact is manifested 

in all cell shapes (Figure 49B and C). These two figures also show that earlier observations relating to 
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the effect of cell shape on the axial and shear stress components in oblique impact remain consistent 

across the impact velocities explored here. 

 

Figure 49 - A. Stress-strain curves of 2.0 mm wall concave cell arrays (shape = -1) during 45⁰ impact at 2.5, 5.0 and 7.5 
m/s, with the shaded areas representing the internal energy at each impact velocity. The results show that increasing the 
impact speed increases the stresses at all strains until densification. B. and C. show the average axial and shear stresses 
respectively with overlaid internal energy results (marker colour) of all shape amplitudes with 1.5 mm cell walls during 45⁰ 
impact at 2.5, 5.0 and 7.5 m/s. The results show that increasing the impact velocity increases both axial and shear stress 
components across all shapes whilst maintaining the underlying trend in the stresses observed due to shape changes. 

 

5.4 Discussion 

In this study, we introduced a new class of cell array topologies with rate-sensitivity that allows us to 

tailor the oblique impact performance. We achieve this by applying simple shape changes to the cell 

walls, defined by arc curvatures, which produce concave and convex unit cell shapes. We show that 

concave and convex cell arrays enable remarkably different shear responses with a modest effect on 

the axial response during oblique loading. This highlights the capability to tailor shear and axial 

responses rather independently using curvature alone. This exciting potential has applications for 
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helmet liners, shoe soles and other applications where cellular materials are commonly deployed, yet 

tailorable compressive-shear responses are required. 

The need for crashworthy structures capable of providing added or reduced shear resistance during 

compressive-shear loads has been highlighted previously [119,128,242,243]. However, limited 

solutions are offered due to the nonlinearity in geometry and large deformations cellular structures 

undergo during such load cases [244]. The capacity of lattices to offer solutions to this problem has 

been invesitgated [128,245]. Khosroshahi et al. [128] showed that adding diagonal struts to cubic 

lattices significantly increased the shear stiffnesss. However, such a change to topology cannot be 

easily achieved during use, and requires intricate manufacturing methods, limiting them to additive 

manufacturing technologies. Although we employed material jetting to prototype the cell arrays for 

experimental validation, the designs are simple enough to be manufactured using more affordable 

and conventional methods such as injection moulding. Moreover, the shape changes applied to the 

unit cell walls are also very simple, offering a capacity for real-time actuation and hence performance 

adjustment via thermomechanical programming [151,156] or otherwise. A recent study showed that 

viscoelastic bi-beams exhibit interesting effects under varying strain rates owed to their tendency to 

buckle in different directions at low and high strain rate [246]. Marrying such findings with what we 

have shown is achievable by these shape changes to viscoelastic cell arrays opens up new avenues to 

explore novel rate-sensitive cellular materials. 

Our results showed that, unlike the shear stress, the axial stress during axial and oblique impacts of 

the present circular honeycombs was not largely influenced by cell wall curvature direction. However, 

the average axial stress considerably reduced with increasing curvature amplitude. This is consistent 

with previous research on the effect of sinusoidal imperfections on the buckling stress of axially loaded 

cylindrical shells [247,248]. Theoretical models were introduced to approximate ‘knock-down factors’ 

for the axial buckling stress of cylindrical shells which correlate with the amplitude of the imperfection 

[249]. Although the curvatures we implement are too large to be considered ‘imperfections’, a similar 

knock-down factor for the average axial stress which correlates with curvature amplitude may be 

introduced to this work. However, the aim of this study was to investigate the effect of such shape 

changes in both axial and oblique impacts well after the buckling phase, until densification. Hence, the 

derivation of emperical and theoretical models with such nonlinear materials and geometry is not 

trivial and is outside the scope of this paper. Regarding this, the use of FE models was extremely useful 

and indespensible for this study. 

We offer a comparison between the performance of relevant and established cellular materials and 

the new cellular structures of this study under axial loading (Figure 50A). The comparison is in the 
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form of normalised peak stress vs. energy diagrams which isolate the effect of topology on these 

measures (methods in Appendix 5.6.6). Interestingly, the figure shows that almost any feasible 

performance range from out-of-plane honeycombs to foams is achievable simply by changing the cell 

wall curvature. Straight-wall cell arrays perform like conventional honeycombs in out-of-plane 

loading, whereas a large curvature leads to softer, bending-dominated deformations rivalling foams, 

irrelevant of the material used. Figure 50A reveals that concave and convex cell arrays offer a similar 

performance during axial loading, which is consistent with earlier observations drawn from Figure 45 

– Figure 48. Therefore, it is reasonable to assume that the trends and conclusions drawn on the 

influence of shape on the compressive-shear performance of the cell arrays explored in this study will 

be applicable regardless of the material used. Notably, we observed that the densification strain was 

highly influenced by the impact condition (Figure 50B). This highlights the importance of considering 

the impact condition in empirical models that aim to predict or utilise densification strain of cellular 

materials, including honeycombs. In many applications, the average stress is simply multiplied by the 

densification strain to obtain the energy capable of being dissipated by cellular materials [250]. Figure 

50B suggests that such methods may need to be revised when impact conditions are changed from 

axial to oblique. 

 

Figure 50 - A. Normalised comparison of peak axial stress (𝜎𝑧) vs. internal energy (𝑈̅) between the concave, straight 
and convex cell arrays and other cellular materials, including Polyethylene (PE), Polyurethane (PU) foams and regular 
honeycombs (HC) in out-of-plane (Ax.) and in-plane (Tr.) loading, at different relative densities represented by their marker 
size. B. Relationship between densification strain (𝜀𝐷) and relative density (𝜌̅) of all shapes in axial and oblique impacts, 
with the lines of best fit marked with solid and dotted lines respectively for each impact condition. The grey line represents 
the relationship for foams and honeycombs following Ashby et al. [80]. 

An outstanding agreement between the simulation and experiment is observed in both impacts, 

highlighting the high fidelity of the material model, not only at large strain but with varying strain-rate. 
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The experimental and simulation results both show the extremely high strain-rate dependency of 

Agilus30, as highlighted by the difference between the force-history response of the 2m/s and 4m/s 

impacts (Figure 55D). The deformation sequence of both simulation and experiment as captured by 

the high-speed camera also shows great agreement. The cylindrical specimens compressed to more 

than 70% of their original height in the 4m/s impacts leading to significant barreling in both the 

experiment and the finite element model. This gives confidence that the material model captures the 

large-strain behaviour under a complex stress-state very well. In partial concequence, good 

agreement was also observed between the experimental and simulated impact responses of the unit 

cell with air entrapped. This validation serves added confidence in the model for predicting the onset 

of buckling, the complex stress-state in the cell wall post-buckling and the model of the entrapped air 

within the cell. Although no experimental oblique impacts were carried out, the extensive validation 

of the bulk material and cellular material gives confidence in the finite element models in predicting 

all the explored loading conditions well. 

All cell shapes showed considerable strain rate sensitivity in their mechanical responses inherent from 

the cell material, which increased the average axial stress by 211% and internal energy by 223% in 

some cases (Figure 49A). This unique rate-sensitivity, owed to the viscoelasticity of the cell wall 

material Agilus30, exemplifies why such structures are also promising candidates where different 

impact energies need to be managed. This is a typical case in American Football, where low and high 

severity impacts are endured by the helmets which both need to be managed by the same liner. In 

fact, helmets are typically optimised for one particular combination of impact speed and energy, 

dictated mainly by the liner thickness and material [116]. Such a limitation may be overcome when 

rate-sensitive cellular structures such as those we present here are employed [93]. 

This study reveals some physical limitations in tailoring the shear and axial responses using the 

changes to the cell wall shape. When inspecting the axial and shear components of all the shapes 

during oblique impact in Figure 48B, we observe a gap between the concave (red) and convex (blue) 

markers, indicating that a compromise is inevitable when tailoring the shear and axial stiffnesses of 

the cell arrays. Future work investigating additions to the cellular topology, such as connecting struts 

or plates may help overcome this limtation. We studied circular unit cells as they are axisymmetric, 

and hence provide a similar response regardless of the in-plane impact angle, which is advantageous 

in unforeseen crash circumstances. Nonetheless, different curvatures in each orthogonal direction 

which breaks this axisymmetry may lead to interesting and highly anisotropic behaviour for cases of 

more predictable loading directions. Along these lines of investigation, different arc radii (𝑟1 and 𝑟2), 

aspect ratios (𝑅/ℎ) and the effect of bonding, hierarchical stacking, packing arrangements or packing 

cells of different shapes may be explored which will likely expand the performance range of the 
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structures. It is expected that the trends will remain consistent for unit cells with smaller 𝑅/ℎ ratios 

up to a limit, although higher-order buckling modes may be observed. Circular cells and tubes are 

known to buckle in either concertina or diamond collapse modes [251], both of which were observed 

in this study (see Appendix 5.6.5). Finally, future work may focus on actively morphing the unit cells 

to different shapes in order to alter the shear performance of the structure in operation. 

5.5 Conclusion 

In conclusion, we demonstrate the ability to tailor the shear and axial mechanical responses of a 

honeycomb arrangement of air-filled viscoelastic cell arrays in a relatively simple manner – by 

changing the axisymmetric curvature of the unit cell wall. Using a computational framework and a 

well-validated finite element model, different wall shapes and amplitudes were tested in axial and 

oblique impacts at speeds of 2.5 – 7.5 m/s in a full-factorial DoE. The results showed that concave cell 

arrays offer remarakbly larger shear stresses than their concave counterpart during oblique impacts 

(up to 300% increase), whilst minimally affecting the axial response. The average axial stress and 

internal energy increased with impact velocity by up to 200% due to the viscoelastic nature of the unit 

cells. This demonstrates the unique capacity of this new class of cellular topologies to significantly 

alter the shear response with simple shape changes that in future may be actively achieved during 

use, across a wide range of impact management applications.  
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5.6 Appendix 

5.6.1 Bespoke Oblique Impact Drop Tower 

A bespoke drop tower was built for the purpose of testing cellular structures in both axial and oblique 

impacts at speeds of up to 5.6 m/s with a mass of up to 5kg. The tower was constructed of four 

subassemblies: 1 – Main frame, 2 – Carriage, 3 – Magnet assembly, and 4 – Base. The main frame and 

much of the carriage and magnet assemblies consisted primarily of 45x45 mm extruded aluminium 

profiles (KJN Automation Ltd, UK) with 8mm T-slots (Figure 51). 

 

Figure 51 – Left: Colour-coded drop tower subassemblies: Green: Main frame, Purple: Carriage, Yellow: Magnet 
assembly, Red: Base. The cross-sectional profile of the aluminium extrudes is outlined in black. A rendering of the drop 
tower is shown on the right. 

The base consisted of two large mild steel plates fixed to the floor using concrete anchor bolts. A 3-

axis load cell (Kistler, UK) was bolted to the steel plates with 4xM8 bolts. An adjustable swivel table, 

capable of tilting 45 degrees each way, was mounted onto the load cell via an aluminium mating plate 

due to misalignment of the as-delivered holes in the load cell and the swivel table. The cell arrays to 

be tested would be bolted onto the swivel table via the T-slots on the swivel tabletop. This ensured 

that the bottom plate of the cell arrays would not slide off the table during an oblique impact. This 

bottom plate of the cell arrays, printed in VeroClear and fused to cell arrays by the nature of the 

material jetting process, was larger than the cell array to accommodate for holes designed to align 

with the T-slots on the swivel tabletop. This entire base subassembly was completely detached from 

the rest of the tower for noise isolation. 

The purpose of the main frame is to support an upright twin-rail track to guide the carriage and magnet 

assembly. The carriage consisted of a horizontal aluminium extrude with two vertical stubby profiles 

at either end with four protruding M8 bolts to slot into the main frame tracks. These bolts were 
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jacketed with low-friction Nylon tubing and greased to ensure they slide smoothly along the vertical 

main frame T-slots. 

A two-piece dial was designed and printed to carry a 5kg aluminium block, which acted as the 

impactor, at an adjustable angle between 0-45°. The dial consisted of two plates held together by a 

centre bolt and nut, one plate with open slots to hang the impactor, and another attached to the 

carriage via T-slots (Figure 52). The impacting block angle was simply adjusted by unscrewing the dial 

centre bolt which loosened the two plates from one another. The plate that carries the impactor would 

then be set to the desired angle. The dial centre bolt would then be tightened to fix the plates at that 

angle due to the friction between them. The dial angle would be set to match that of the swivel table 

at the base to ensure both the impactor and impacted surface were aligned, which are the top face of 

the cell array, and bottom face of the aluminium block respectively as seen in Figure 52. 

 

Figure 52 – The dial mechanism: The plate bolted to the carriage (purple) is held to the slotted plate (orange) mounting 
the impacting block via a center bolt. This angle is adjusted by removing the impacting block, loosening the center bolt, 
pivoting the orange plate and retightening. The orange plate has open slots that allow the impacting block to detach and 
slide off during impact, whilst the carriage and dial continue to fall post impact till they are caught by a mat on the floor. 

A ferrous amateur plate was mounted to the top face of the carriage and aligned with the energise-

to-hold 24DC 550N magnet hinged onto the magnet assembly. The magnet assembly was guided by 

the main frame in a similar method as the carriage. The magnet assembly is lowered and lifted via a 

hoist and pulley system, carrying the carriage with it when the magnet is energised. When the drop 

height is reached, the magnet is de-energised via an Arudino-controlled relay switch which would 

release the carriage and impactor. Transparent polycarbonate panels are mounted on the front and 

sides of the base and back of the carriage to protect the surrounds from the impact zone. 
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During this fall, the carriage would interrupt an optical switch which would trigger the data acquisition 

chassis (National Instruments, UK) and high-speed camera (Kron Technologies, Canada) synchronously 

via a 5V digital signal being sent from the Arduino. The high-speed camera and load cell connected to 

the charge amplifier (Kistler, UK) at this point are already recording data, however the trigger signal 

serves to provide a synchronised timestamp relative to the start of the impact. The data acquisition 

system and the routing of the signals is summarised in Figure 53. 

 

Figure 53 – The trigger signal and data aquisition components and routes of the drop tower. 1 - An Aruindo (a) is used 
to energise the magnet (b) that lifts the carriage with the impactor. Once the hoist raises the carriage assembly to the 
desired drop height, the Arduino is once again triggered to de-energise the magnet and release the carraige. The carriage 
then falls with the impactor block it supports. As it falls, it interrupts an optical switch (c) placed on the main frame track. 
This sends a signal to the Arduino to send a trigger signal to the data aquisition module (National Istruments CDAQ) chassis 
(f) and the high-speed camera (g). The NI CDAQ is at this point already collecting data sent from the loadcell (d) through 
the Kistler LabAmp charge amplifier (e). The trigger signal only acts as a timestamp for time = 0ms. 

5.6.2 Bulk Material and Single Cell Validation 

A separate drop tower was used to validate the bulk material given it exhibits increased stiffness in 

comparison to the cell arrays which required a larger mass to fully compress it. A batch of 6 solid 

Agilus30 cylindrical specimens (17.8 mm diameter; 25 mm height as per BS ISO 7743:2017 Type B 

[188]) were printed with the with the cylinder bases resting on the print bed. Similarly, hollow convex 

cells were printed for validation with through-holes at the base for removal of the support material. 

An adhesive (Permabond, UK) was then used to carefully glue the cells to a hard, plastic ‘VeroClear’ 

(Stratasys, USA) back plate, which forms a flat contact surface with the impactor and traps air inside 

the cell (Figure 54). For every impact test, the specimen was rested on a steel plate, which was 
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mounted on a 6-axis load cell (Sunrise Instruments, USA) (Figure 54). The central axis of the specimen 

was aligned with the axis of the impactor. The impactor had a mass of 16 kg with a flat face, 25mm in 

diameter. Impact force and speed-at-impact data were recorded at 25 kHz using a National 

Instruments PXIe data acquisition system (National Instruments, Newbury, Berkshire, UK). Data were 

filtered using a low-pass Butterworth filter with a cut-off frequency of 1 kHz. High speed video 

(PhantomV12.1, VisionResearch, Bedford, UK) was captured to determine the bulk material specimen 

deformation and impactor displacement at 11,000 frames per second. 

 

Figure 54 – The experimental impact test setup showing a solid Agilus30 cylindrical specimen rested on the steel plate 
attached to the loadcell of which the impact response at different impact speeds is used for the subsequent finite element 
model validation. The upper left section of the figure shows the convex cell 3D printed in Agilus30 after the removal of the 
support material and adhesion to the hard plastic (VeroBlack) back plate. 

For the purpose of validating the material model, the experimental drop-tower impacts on the bulk 

material was simulated using the commercial finite element program LS-DYNA (R10.0, LSTC, US) via 

an explicit time-stepping scheme for dynamic simulations [241]. A 16kg mass was assigned to a rigid- 
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Figure 55 – High-speed video of experimental test with the overlaid finite element model prediction of drop-tower 
impacts at 4 m/s (A.) and 2 m/s (B.) on bulk Agilus30 material samples and 2.2 m/s impact on convex cellular structure 
with entrapped air and 2mm wall thickness (C.). Experimental load-cell force-history of the repeat impacts on the bulk 
material sample (D.) and the cellular structure (E.) are compared to the finite element model prediction with different 
mesh densities and element formulations. 

body steel impactor and given an initial velocity of 2m/s and 4m/s to simulate the velocities of the 

impactor. Likewise, the anvil was modelled with solid hexahedral elements assigned as a rigid body. 

The bulk material specimen was modelled using reduced-integration solid hexahedral elements 
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assigned MAT_77 with the Ogden hyperelastic SEF coefficients and Prony relaxation coefficients 

(Table 22). A two-way contact algorithm (*AUTOMATIC_SURFACE_TO_SURFACE) was used between 

the impactor, specimen and anvil. 

An identical setup was used to validate the cell FE models, replacing the bulk material specimen with 

an air-filled convex cell (𝑡 = 2 mm). The mesh density and element type was varied to determine the 

most efficient method of modelling the cell wall. Five and two solid hexahedral elements through-

thickness, as well as quadrilateral shell elements were tested and compared to the experimental data. 

The enclosed air was modelled using the control-volume method, a well-established method for 

modelling airbags and tyres, initiated with the *AIRBAG keyword for which the properties of ambient 

air were specified (Table 23). 

We found remarkable agreement between the model predictions of large deformations during 

impacts and experimental results for both the solid specimen and air-filled convex specimen (Figure 

55A-C). The predicted time history of the impact force was also in excellent agreement with the 

experimental results at both 2 and 4m/s impact velocities (Figure 55D). A comparison between the 

predicted and experimental results show that their difference for the peak force and its time was less 

than 7%. These results show the high fidelity of the finite element models in predicting the large 

deformation of the specimen during high-rate loading where extreme rate-sensitivity is observed 

(Figure 55D). 

Our mesh sensitivity results showed that having five or two hexahedral elements through thickness 

had minimal effect on the simulation results, and two elements were sufficient to capture the bending 

response well (Figure 55E). This has also been observed in metal-sheet forming simulations [252]. Shell  

elements also showed good agreement with the exerpiments, however were avoided due to their 

inability to handle out-of-plane compression which occurs near densification. Hence, cells with 2 solid 

elements through the thickness were realised for the DoE. 

Table 25 - Experimental and simulated results of drop tower impacts on the bulk material specimens. 

 Vel. Exp. Sim. % Diff. 

Peak Force [kN] 
2 m/s 3.99 ± 0.05 4.24 6.27 

4 m/s 24.63 ± 0.17 25.00 1.50 

@ Time [ms] 
2 m/s 6.53 ± 0.38 6.73 3.06 

4 m/s 4.93 ± 0.05 4.62 -6.29 
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Table 26 - Experimental and simulated results of drop tower impacts on convex cells. 

  
Exp. 

Sim. with mesh size: 

  0.4 mm solid 1 mm solid 1 mm shell 

Force [kN] @ 

2 ms 0.21 ± 0.01 0.22 0.21 0.21 

4 ms 0.17 ± 0.01 0.18 0.17 0.16 

6 ms 0.19 ± 0.01 0.21 0.21 0.17 

 

5.6.3 Parameter Calculation 

Hexagonally packed circular cells occupy an effective volume (𝑉𝑐𝑒𝑙𝑙) calculated as: 

𝑉𝑐𝑒𝑙𝑙 = 6(
𝑅2

√3
)ℎ 

Where 𝑅 is the outermost radius of the cell, and ℎ is the height of the cell. Thereon, we may calculate 

the relative density of the cells: 

𝜌̅ =
𝑉𝑤𝑎𝑙𝑙
𝑉𝑐𝑒𝑙𝑙

=
𝑉𝑤𝑎𝑙𝑙

6 (
𝑅2

√3
)ℎ

 

Where the volume of the cell wall (𝑉𝑤𝑎𝑙𝑙) was computationally calculated for each cell shape and wall 

thickness using the mesh geometry. 

The effective nominal and axial (𝜎𝑧) and strain (𝜀𝑧) were calculated by dividing the axial impactor 

reaction force (𝐹𝑧) and displacement (𝑑𝑧) by the in-plane area of the cell (𝐴𝑐𝑒𝑙𝑙) and cell height (ℎ) 

respecitvely: 

𝜎𝑧 =
𝐹𝑧
𝐴𝑐𝑒𝑙𝑙

=
𝐹𝑧
𝜋𝑅2

 

𝜀𝑧 = 𝑑𝑧/ℎ 

Similarly, the shear components were calculated as: 

𝜏𝑧𝑦 =
𝐹𝑧𝑦

𝐴𝑐𝑒𝑙𝑙
=
𝐹𝑧𝑦

𝜋𝑅2
 

𝛾𝑧𝑦 = 𝑑𝑦/ℎ 
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5.6.4 Edge Effects and Boundary Condition 

 

Figure 56 – A. Finite element model of the honeycomb array with different centrally-packed layers with their regions 
marked by different colours. B. The finite element model with the periodic boundary condition which ties nodes of the 
outer null faces to the corresponding node of the central cell, with an exemplar constrained node set in red. C. The stress-
strain and corresponding internal energy curves during axial loading of 2 mm concave and convex cells with different 
number of layers. 

The stiffness and internal energy per cell generally increased as the number of cells was increased, 

owing to the decreasing percentage of cells occupying the boundary of the total. However, the margin 

of increase was highly dependent on the direction of curvature. This observation is highlighted in 

Figure 56, where the stress-strain response of the convex array is considerably affected by the number 

of layers in contrast to the concave. This phenomenon sheds light on an interesting feature related to 

the Poisson’s ratio of concave and convex cells discussed later.    
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5.6.5 Deformation Modes 

 

Figure 57 – Deformation modes of concave (top) and convex (bottom) cells at small shape amplitudes. The figure shows 
that convex cell walls experience higher order buckling modes in comparison to concave cells of the same amplitude at all 
thicknesses above 𝑡 = 0.5 mm. 

Convex cells bending outwards, which push out against one another during axial collapse, thus leading 

to a deformation constraint which, at small curvature amplitudes, promotes higher-order buckling 

modes. In contrast, this deformation constraint is non-existent in concave cells as they bend inwards 

and cause less interreference between one another, leading to lower-order buckling modes at all 

thicknesses below 0.5 mm (Figure 57). The consequence of this can be found in close observation of 

Figure 45B, which reveals marginally larger average stresses and thus larger internal energies with 

convex in comparison to concave cells of the same relative density. The post-buckling collapse stress 

and internal energy is larger by approximately 0.15 MPa and 22% respectively when comparing 1.5 

mm concave and convex cells of amplitudes -1 and 1. Nonetheless, these values vary depending on 

shape amplitude and relative density (Figure 45B). 

5.6.6 Derivation of Axial Performance of Benchmark Materials 

5.6.6.1 Elastomeric foam buckling stress 

Relationship between stress at elastic limit of the elastomeric foam (𝜎𝑒𝑙
∗ ) and elastic modulus of parent 

material (𝐸𝑠) can be approximated with relative density (ρ̅) (Eq. 5.18 - 5.19 [219]): 

𝜎𝑒𝑙
∗

𝐸𝑠
≈ 0.03ρ̅2(1 + ρ̅0.5)2 

Which, for ρ̅ < 0.3, the relationship is approximately: 
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𝜎𝑒𝑙
∗

𝐸𝑠
≈ 0.05ρ̅2 

Relationship between post buckling stress (𝜎∗) and stress at elastic limit (𝜎𝑒𝑙
∗ ) can be approximated as 

(Eq. 5.55 [219]): 

𝜎∗

𝜎𝑒𝑙
∗ =

1

𝐷
(
𝜀𝐷

𝜀𝐷 − 𝜀
)
𝑚

 

Where 𝑚 = 1, 𝐷 = 1.55 for polyurethane, 𝑚 = 1, 𝐷 = 1 for polyethylene. The densification strain 𝜀𝐷 for 

both elastomeric and plastic foams can be estimated as (Eq. 5.30 [219]): 

𝜀𝐷 = 1 − 1.4ρ̅ 

Therefore, 

𝜎∗

𝐸𝑠
=
𝜎∗

𝜎𝑒𝑙
∗

𝜎𝑒𝑙
∗

𝐸𝑠
≈ 0.05ρ̅2

1

𝐷
(
𝜀𝐷

𝜀𝐷 − 𝜀
)
𝑚

 

5.6.6.2 Elastomeric honeycomb in-plane axial buckling stress 

The in-plane buckling stress of elastomeric honeycombs (𝜎2
∗) can be approximated from the critical 

buckling load of the columns like before (Eq. 4.20 [219]): 

𝜎2
∗

𝐸𝑠
=

𝑛2𝜋2𝑡3

24𝑙ℎ2 cos 𝜃
  

Where 𝑛 = 0.5 if the walls are free from rotational constraints, and 2 if they are fully constrained. For 

regular hexagons, 𝑛 = 0.69. Therefore (Eq. 4.21 [219]): 

𝜎2
∗

𝐸𝑠
≈ 0.22 (

𝑡

𝑙
)
3

≈ 0.22(
√3

2
ρ̅)

3

≈ 0.14ρ̅3 

Densification strain of honeycombs can be approximated in terms of relative density as: 

𝜀𝐷 ≈ 1 − 1.4(
2 +

ℎ
𝑙

2 cos 𝜃 (
ℎ
𝑙
+ sin𝜃)

)(
𝑡

𝑙
)  ≈ 1 − 1.4ρ̅ 

5.6.6.3 Elastomeric honeycomb out-of-plane axial buckling stress 

5.6.6.3.1 Single-walled 

The critical buckling load 𝑃𝑐𝑟𝑖𝑡 for a honeycomb loaded in the axial (out-of-plane) direction is given by 

(Eq. 4.107 [219]): 

𝑃𝑐𝑟𝑖𝑡 =
𝐾𝐸𝑠

(1 − 𝑣𝑠
2)
 
𝑡3

𝑙
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𝐾 is an end constraint factor for the vertical edges along the axial direction. 𝐾 = 2 if these edges are 

free to rotate, and 6.2 if they are clamped. Taking an intermediate for clamped edge conditions, 𝐾 = 

4, and therefore (Eq. 4.108 [219]): 

𝜎3
∗

𝐸𝑠
≈

2

1 − 𝑣𝑠
2(

(
𝑙
ℎ
+ 2)

(
ℎ
𝑙
+ sin 𝜃) cos 𝜃

(
𝑡

𝑙
)
3

) 

For regular hexagons, 𝑙/ℎ = 1 and the cell wall angle 𝜃 = 30⁰. Therefore: 

𝜎3
∗

𝐸𝑠
≈

2

1 − 𝑣𝑠
2 (
4√3

3
)(
𝑡

𝑙
)
3

=
8√3

3(1 − 𝑣𝑠
2)
(
𝑡

𝑙
)
3

 

For relative densities below 0.3, the relationship is approximated as: 

𝑡

𝑙
≈
√3

2
ρ̅ 

∴
𝜎3
∗

𝐸𝑠
≈

8√3

3(1 − 𝑣𝑠
2)
(
√3

2
ρ̅)

3

≈ 4ρ̅3  

5.6.6.3.2 Double-walled 

Regular hexagons with a pair of double thickness vertical walls, the relative density is related to elastic 

moduli and the wall cross section aspect ratio by [253]: 

𝐸3
𝐸∗
=

2

cos 𝜃 (1 + sin𝜃)
(
𝑡

𝑙
) = ρ̅ 

Therefore, for regular double-walled hexagonal honeycombs: 

𝐸3
𝐸∗
=
8√3

9
(
𝑡

𝑙
) = ρ̅ 

Like the analysis with single-walled honeycombs, the critical buckling stress in the axial direction can 

be expressed as: 

𝜎3
∗

𝐸𝑠
≈

5𝐾

(1 − 𝑣𝑠
2)cos 𝜃 (1 + sin 𝜃)

(
𝑡

𝑙
)
3

≈ 5.5ρ̅3 
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6 Chapter Six: Influence of Compressive-Shear Properties of Novel 

Helmet Liners on Brain Injury Metrics During Oblique Impacts 

It is well known that rotational head motion is one of the major contributors to brain tissue strain 

during head impacts, which correlates with traumatic brain injury. In attempts to address this, several 

new helmet technologies have come to market promising enhanced protection against such head 

motion by leveraging enhanced compressive-shear properties in comparison to their conventional 

foam counterparts. However, the compressive-shear impact properties of these technologies at a 

coupon level has seldom been scientifically documented prior to their integration and performance 

assessment in a full helmet. In this study, we build upon previous work which has introduced novel 

air-filled viscoelastic cell arrays where several design parameters such as cell wall curvature and 

thickness were varied to analyse their influence on average crushing stress and absorbed energy in 

both compressive and compressive-shear loadings. Here, we take a step further by analysing how 

these different cell parameters affect the oblique impact performance of a validated bicycle helmet, 

and how they compare to a conventional helmet using validated computational models. 

Keywords: Helmets; oblique impact; energy absorption; viscoelastic; brain injury 

6.1 Introduction 

As established in earlier chapters, cycling is one of the most popular modes of active mobility [6]. 

Cycling also brings about a myriad of health benefits, from reduced cardiovascular health risks and 

improved mental health [1–3]. However, cyclists are among the most vulnerable road users. Their 

severe injury and fatality rate per passenger miles are several folds larger than car occupants and bus 

passengers, with the head being the most common body part subject to severe injury [7,8]. Such 

injuries to head often lead to concussion or traumatic brain injury (TBI) with life-long consequences 

and impairment [9]. The associated direct medical treatment costs for cyclist head injuries exceeded 

$2 billion annually in the US alone [254].  

Currently, and for the foreseeable future, helmets are the most effective method of protecting a cyclist 

from head injuries such as TBI [255]. A study by Dodds et al. showed that 19% of helmeted cyclists 

suffered severe TBI compared to 48% of non-helmeted cyclists [12]. Hence, cyclists are often advised 

to wear helmets as helmets can play a key role in protecting their head and brain against impacts [10–

12]. 

Today, bicycle helmets must pass tests set by helmet testing standards such as EN1078. The majority 

of such standards stipulate that a helmet must not exceed a translational acceleration threshold in a 

vertical impact where only linear motion is assessed [13]. In contrast, a significant amount of research 
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has concluded that rotational head motion, not translational, is the major contributor to straining of 

brain tissue which is a key contributor to TBI [14–17]. Analyses of accident data show that rotational 

head motion occurs in vast majority of real-world head collisions as the head typically impacts other 

surfaces at an angle, a type of impact named oblique impact. These findings led to new proposals from 

Fédération Internationale de Motocyclisme (FIM) and European Committee for Standardization 

Working Group 11 (CEN/TC158/WG11) for helmet testing under oblique impacts and using injury 

criteria based on head rotation [58–61]. Several elements of the CEN/TC158/WG11 proposal are 

implemented in this study. 

However, as of today, most helmets have been designed to reduce linear accelerations as stipulated 

in the current requirements, with minor or no consideration of rotational acceleration. Most helmets 

utilise EPS foam which dissipates energy through plastic collapse of cell walls. This is effective in 

reducing the peak translational deceleration loads applied to the head and skull and hence reduced 

the risk of skull fracture. However, EPS foam lacks the ability to decouple axial and shear stiffness i.e., 

EPS foam with increased axial stiffness also exhibits increased shear stiffness. It is hypothesised that 

reducing shear stiffness is necessary to reduce rotational head motion which is relevant to brain injury. 

Hence, this hypothesis was tested by comparing the performance of two helmets with cell arrays of 

similar axial stiffness, yet different shear stiffness. This would not be possible with conventional EPS 

foam as studies have shown the foam’s shear stiffness increases with axial stiffness [XX]. 

The new helmet standard testing proposals have prompted several helmet liner technologies to come 

to market with the aim of replacing EPS given the limitations it has in addressing head rotation 

resulting from oblique head-to-surface impacts albeit its widespread use. Such technologies typically 

introduce a regular cellular structure such as WaveCel, Koroyd and HEXR, or they add a slip layer such 

as MIPS and SPIN which were investigated in detail in Chapter 3. As explained in that chapter, WaveCel 

is a cellular structure formed of interconnected ‘wavy’ walls that crumple upon impact whilst allowing 

shearing to reduce rotational stiffness. This technology does not entirely replace EPS foam, rather is 

typically inserted as the inner layer of a bi-layered helmet liner to allow shear deformation between 

the helmet and headform, hence reducing rotational acceleration. In a previous study, we tested these 

technologies in oblique impacts and showed that they may offer potential improvements to rotational 

acceleration and strain in certain brain regions. However, the results were highly subject to impact 

condition and location [19]. We believe this bottleneck is likely because none of these technologies 

entirely replace the EPS foam as we aim to in this study.  

Moreover, little is understood about the compressive-shear behaviour of these helmet liners at 

coupon level isolated from the entire helmet system in oblique impacts prior to their integration into 
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a full helmet liner. Hence, how differences in the unit cell design influence the compressive-shear 

behaviour of the larger helmet system itself has not been reported. As a result, improved helmet 

designs have been limited due to the lack of information on how the cell shape, which influences 

mechanical behaviour, influences a larger helmet system particularly in oblique impacts. 

In this study, we continue bridging this gap by building on from our previous findings from studying 

how different cell shapes influence compressive-shear response. We previously found that we were 

able to tailor their axial and shear stress-strain responses in oblique impacts by introducing 

axisymmetric concave and convex curvatures to hexagonally packed circular cell walls. The oblique 

impacts induced different compressive-shear deformations and reaction forces which differed 

depending on the direction of curvature (concave or convex). Here, we take unit cells at the extreme 

of each of the curvatures, concave and convex, to form an array that entirely replaces the EPS liner of 

a bicycle helmet. 

Furthermore, we assess how these different helmet liner cell designs, as well as the conventional EPS 

helmet, compared in three oblique impact conditions using both pure kinematic and brain injury 

metrics. We do this by means of a detailed and validated brain injury model which allows us to assess 

metrics such as brain strain in various locations such as sulci and corpus callosum which are known to 

be linked with traumatic brain injuries such as diffuse axonal injury when strained. 

6.2 Materials and Methods 

6.2.1 Experimental Methods 

A medium-sized urban cycling helmet was used as a benchmark for the performance assessment of 

the proposed viscoelastic cellular arrays. The helmet was tested under axial and oblique impacts in  

various impact conditions as part of a larger group of helmets tested in our previous study employing 

a new testing method proposed by CEN WG11 [19]. The conditions of the test are such that a guided 

helmeted-headform is dropped onto a 45⁰ anvil coated with 80-grit sandpaper, resulting in an oblique 

impact where both translational and rotational headform accelerations are recorded. The test is 

carried out for three different impact locations on the helmet which lead to predominant rotational 

accelerations about each of the anatomical axes of the head. 

Impact 1, with the initial position of the headform X-, Y- and Z-axis 0°, produces predominant rotation 

about the X-axis. For impact 2, the initial position of the headform was X-, Y-axis 0° and Z-axis -90°, 

which produces predominant rotation about the Y axis. For impact 3, the Initial position of the 

headform was X- and Z-axis 0° and 65° around Y-axis. This impact produces large rotation about the 

Z-axis compared to the other impacts. 
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Figure 58 – Experimental impact setup for all three oblique impact tests carried out for following validations and 
comparison. Prior to each impact, a halo ring attached to a monorail simply supports the helmeted headform during free 
fall. During the impact, the halo ring drops past the anvil leaving the helmeted headform free during impact during which 
headform translational and rotational accelerations are recorded for further analyses. 

 

6.2.2 Helmet Modelling 

6.2.2.1 3D Scanning 

The helmet has an in-mould polycarbonate shell with EPS liner. Hence, no rivets or embedded parts 

are holding the shell to the foam liner which enabled accurate modelling using 3D surface scanning. 

For an accurate representation of the complicated geometry, a FARO Design ScanArm laser line probe 

scanner was used to obtain a 3D scan of the helmet. The straps, comfort foam and other accessories 

were removed to facilitate the scanning of the components critical to the crash performance of the 

helmet. 

An overview of the process of reverse-engineering the helmet can be seen in Figure 59. The first step 

was scanning the helmet using the FARO Design ScanArm laser line probe scanner (A). This leads to a 

surface mesh saved as an STL file that can be viewed using a desktop computer (B). This raw STL is 

then postprocessed to remove any miniscule gaps and holes left in the surface in areas that are 

difficult to reach for the scanner. This results in a watertight mesh which is further postprocessed to 

remove any unnecessary details that do not directly contribute to the crash performance such as 

Velcro patches. This is done by a combination of mesh smoothing and resampling using advanced tools 

such as MeshLab. The resampled mesh (C) is then imported into HyperMesh (Altair, 2021) for the 

generation of a finite element model that may be used for crashworthiness and impact assessment.  
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Figure 59 – The process of reverse engineering the bicycle helmet. 

 

This stage involved generating the EPS foam representation using a tetrahedral mesh which fills the 

volume encompassed by the watertight surface mesh. This process was followed by shell finite 

element mesh generation using tetrahedral faces in areas representing the polycarbonate helmet 

outer shell (D). 

The FARO laser line probe precision is 100 µm2. For the purposes of FEA, the mesh resolution was 

reduced in MeshLab using mesh resampling techniques which ensured minimum surface accuracy 

loss. The resampled mesh was then imported into HyperMesh (Altair, 2021) for finite element 

modelling of the foam and shell. The foam was modelled using 4-node tetrahedral elements with an 

average element size of 4mm. This ensured at least 5 elements through the helmet thickness at any 

given cross-section. The helmet shell was modelled using 3-node triangular elements with nodes 

shared with the foam tetrahedral elements. 

6.2.2.2 Material Properties 

The helmet liner foam is EPS of density 120 g/l. Hence, the compressive stress-strain material 

properties of the EPS liner could be inferred using well established empirical equations from Gibson  
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Figure 60 – Experimental setup for obtaining the material properties of the polycarbonate that forms the helmet shell 
in study. 

and Ashby’s book titled Cellular Solids: Structure and Properties, which have previously been 

successfully used to model helmeted impacts [256]. The equations predict the behaviour at three 

distinct phases of compression – namely phase I, II and III. Phase I is the elastic compression whereby 

the foam elastically deforms through bending and buckling of the cell walls. This stage usually exists 

at very low strain which relates to the stress as follows: 
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 𝜎 = 𝐸𝜀 +
𝑝0𝜀

1 − 𝜀 − 𝑅 
 (37) 

Where 𝐸 is the elastic modulus of foam which itself can be approximated through the relationship 

𝐸 = 𝐴𝑅2 + 𝐵𝑅 where 𝐴 and 𝐵 are material constants determined and validated for EPS helmet 

impacts by Cernicchi et al. [256], being 6.64·109 Pa and 2.58·107 Pa for EPS respectively. 𝑅 is the 

relative density of the foam i.e. 𝜌𝑓/𝜌𝑏 - the density of the foam divided by the density of the bulk 

parent material (polystyrene in the case of EPS). The second term of Equation (37) accounts for the 

stiffness contribution of the air trapped within the cells. Hence, 𝑝0 is initial cell internal air pressure 

assumed to be equal to the atmospheric pressure (101.3 kPa). 

Phase II is where the predominant amount of impact energy is dissipated through plastic crushing and 

collapse of the cell walls. The compressive stress-strain relationship in this phase can be approximated 

as follows, where it is assumed that the cells collapse at a near-constant stress, rising gently as the air 

pressure increases: 

 𝜎 = 𝜎𝑌 +
𝑝0𝜀

1 − 𝜀 − 𝑅 
 (38) 

The yield stress (𝜎𝑌) in Equation (38) is related to the relative density as 𝜎𝑌 = 𝐶𝑅
1.5 where the 

constant 𝐶 = 3.77·107 Pa for EPS [256]. 

 

Figure 61 – Left: compressive stress-strain curve of EPS foam with a density of 120 g/l as used in the finite element 
model of the conventional helmet. Right: Tensile stress-strain curves of the PC helmet shell material. 

Finally, after most of the cells have entirely collapsed, the stress sharply rises with any further 

compressive strain as cell walls begin self-contact, forming more of a bulk. This is phase III, which is 

known as densification and is described as: 
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 𝜎 =
𝜎𝑌
𝐷
(
𝜀𝐷

𝜀𝐷 − 𝜀
)
𝑚

+
𝑝0𝜀

1 − 𝜀 − 𝑅 
 (39) 

The material constants 𝐷 and 𝑚 are 2.3 and 1 respectively for EPS [256]. The resulting stress-strain 

curve derived using these equations can be found in Figure 61. 

The outer shell is 0.75mm thick polycarbonate (PC) which is moulded onto the EPS foam during 

manufacturing. Preliminary results showed that the shell dissipated only 8% of the energy during 

impact. Hence, a linear elastic model was used (MAT_01, LSTC) to model the stress-strain behaviour 

of the polycarbonate. The tensile modulus of the PC was determined from dog-bone tensile specimen 

cut out directly from the shell and tested using an Instron mounted with a video extensometer (Figure 

60). The results of these tests indicated that the mean elastic modulus 𝐸 of the polycarbonate used in 

the shell is 1740 ± 110 MPa. 

6.2.2.3 Cell Arrays 

The cell arrays are constructed using a unit cell which comprises of a circular wall with axisymmetric 

curvature as annotated in Figure 62. In a previous study, these cellular arrays were morphed to 

different curvatures to assess the influence of this on their axial and shear response under 

compressive-shear impact loading resulting from oblique impacts. These same cell arrays are now 

adapted to the helmet as outlined in the next section. 

The cell arrays were additively manufactured using a PolyJet multi-material 3D-printer (Connex3, 

Objet500, Stratasys, USA) which utilises multi-material jetting technology. The cell arrays were then 

cleaned and tested using a bespoke impact rig in both axial and oblique impacts. This allowed for the 

development and thorough validation of a finite element model which captures the large-strain visco-

hyperelastic response of both the constituent material, Agilus30, and the cell arrays themselves in 

their array configuration. The validation of both the Agilus30 bulk material model and the finite 

element model of the manufactured cell arrays during both axial and oblique impacts are detailed in 

separate publications [20]. 

6.2.2.4 Retrofitting 

To assess the performance of the new cell arrays presented here in comparison to the conventional 

EPS liner, it was important to keep all other aspects of the assessment unchanged. This included the 

helmet shell, headform, impact velocities, angles, and locations.  

Hence, a Python code was developed to replace the EPS foam with the new cells using the original 

helmet shell. This was achieved using a series of transformations applied to the nodes of the finite 

element mesh of each individual cell using the *INCLUDE_TRANSFORM keyword in LS-DYNA (R10.0, 

LSTC, US). The transformations were informed by the shell element normal at each of the chosen  
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Figure 62 – Top left shows a unit cell of the retrofitted helmet liner with a section cut showing the height ℎ and radius 
𝑅, wall thickness 𝑡 and arc radii 𝑟1 and 𝑟2 and arc angle 𝜃. In this study, three variations were chosen, where the following 
base values were used: ℎ = 25mm, 𝑅 = 12.5mm and 𝑡 = 2mm. The arc radii 𝑟1 and 𝑟2 and arc angle 𝜃 were reversed to 
obtain the concave and convex cell variants assessed in this study. The helmeted head models fitted with concave, straight 
and convex cells are shown in the bottom left, middle, and right respectively. 

locations, forming an inward normal-facing array of 7 cells at these locations. In total, each helmet 

had 9 arrays resulting in 63 cells. The cell arrays were adhered to the helmet shell by means of a tied 
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contact model at the shell-facing side of the array. The head-facing side of each of the 7 cells within 

an array were connected using a nodal rigid body to model a plate they would adhere to which is free 

to displace relative to the head. 

6.2.2.5 Injury Metrics 

The kinematics data of the tests were processed to obtain four brain injury metrics:  peak translational 

acceleration (PTA),   peak   rotational   acceleration   (PRA),   peak rotational  velocity  (PRV)  and  brain  

injury  criterion (BrIC) [16] (See Section 3.2.3, Eq. (13)-(16)). As discussed previously, PTA is used as an 

injury criteria in most bicycle and motorcycle helmet impact test standards as it is associated with risk 

of skull fractures and focal injuries [257,258]. PRA has been suggested as a metric for predicting SDH 

[259,260]. PRV and BrIC have been shown to predict risk of diffuse axonal injuries [16,261]. There has 

been debate on whether peak rotational acceleration or velocity are better metrics for predicting 

brain injury. Takhounts et al. developed BrIC based on injury risk curves and evaluates rotational 

velocity, not rotational acceleration, as a determinant of brain injury risk [16]. On the other hand, 

several studies have shown that peak rotational acceleration is a key metric to monitor for predicting 

the onset of subdural hematoma and brain tissue strain [260,262]. Hence, both metrics have been 

included in the analyses. 

6.2.3 Brain Injury Modelling 

In addition to the kinematic injury metrics described above, the Imperial College Traumatic Brain 

Injury FE model has been used to determine the strain experienced by the brain globally, in the corpus 

callosum and the sulci. As detailed in Section 2.1.2, these known to be linked with traumatic brain 

injuries such as diffuse axonal injury when strained. 

A method like that described in Chapter 3 (Figure 18) was employed. However, in this case, the 

procedure started with the accelerations from the CoG of the finite element Hybrid III headform, 

rather than a physical one. This meant that an initial oblique impact simulation with the helmet and 

Hybrid III headform was carried out, from which the acceleration components of each helmet 

(conventional and retrofitted) resulting from the impacts were extracted and then applied to the skull 

at the CoG of the ICL TBI model in a separate simulation. Simulations were carried out using the non-

linear explicit dynamics solver LS-DYNA (R10.0, LSTC, US). Each simulation spanned 30 ms. These 

durations ensured full capture of the peak brain deformation and strains resulting from the impact. 

The simulation outputs were postprocessed to determine the maximum value of the 1st principal 

Green-Lagrange strain at each element of the brain (called strain hereafter) and results were written 

into a NIFTI (Neuroimaging Informatics Technology Initiative) file for further analysis.  

For more details on this process, see Section 3.2.4 and 3.2.5. 
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6.3 Results 

6.3.1 Validation 

 

Figure 63 – Validation of the helmet finite element model in three oblique impact conditions. The top half of the figure 
shows the figure shows animation frames at 0 ms, 10 ms and 20 ms of the FEA and experimental predictions. The bottom 
half shows the resultant translational and rotational time-histories of each impact showing the correlation between the 
experimental results and finite element model predictions. 

The test and validation results of the FE model of the helmeted impacts showed ‘Excellent’ to ‘Good’ 

correlation as per the CORA score banding. CORA scores ranged from 0.85 – 0.91 and 0.69 – 0.84 for 

resultant translational and rotational accelerations of the headform respectively (Figure 63). 
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The overall average CORA score for all impacts and readings is 0.83 which lies in the top quartile of 

the ‘Good’ CORA band. This gave confidence in the fidelity of the FE model of the helmet head impacts 

allowing us to carry it forward for further analysis comparing performance of different cell structures. 

6.3.2 Performance Comparison 

The comparison of kinematics and brain injury metrics between the helmets fitted with cell arrays and 

the conventional helmet foam showed remarkable improvements in most cases. 

6.3.2.1 Kinematic Metrics 

Helmets fitted with cell array liners reduced all the assessed kinematic injury metrics in comparison 

to the conventional helmet in all impacts except for PTA in impact 3 with convex cell liners which, 

upon assessment of the acceleration pulses in that impact, was due to a late, sharp, and short peak in 

translational acceleration indicating the liner bottomed out (Figure 66). 

 

Figure 64 – Animation frames at 10 and 20 ms after impact, and translational and rotational time-histories of each 
helmet in impact 1. 

6.3.2.1.1 PTA 

Concave cells reduced the PTA across all impacts, particularly in impact 1 which showed a 50% 

reduction. Impact 2 and 3 resulted in reductions of 34% and 32% respectively, resulting in PTA less 

than 100 g in all impacts. Comparing the PTA of concave cell impacts to one another, PTA was lowest 

in impact 1 (78 g), followed by impact 3 (90 g) and impact 2 (91 g). 
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Similar improvements were observed with impact 1 using convex cells, which reduced the PTA by 49%. 

However, the PTA reductions were less pronounced with convex cells in impact 2, reducing PTA by 

only 1%, and increased PTA in impact 3 by 80%, reaching 238 g due to bottoming-out. Hence, when 

observing PTA for the convex cell impacts, impact 3 was worst performing (238 g), followed by impact 

2 (137 g) and impact 1 (79 g). 

Straight cells reduced the PTA across all impacts in comparison to conventional helmets, albeit 

increasing PTA in comparison to cell-fitted helmets in impact 1. Comparing the PTA of straight cell 

impacts to one another, PTA was lowest in impact 3 (87 g), followed by impact 1 (104 g) and impact 1 

(114 g). 

 

Figure 65 – Animation frames at 10 and 20 ms after impact, and translational and rotational time-histories of each 
helmet in impact 2. 

6.3.2.1.2 PRA 

Observing the rotational kinematics, concave cells once more reduced the PRA and PRV across all 

impacts. The largest reduction in PRA was observed in impact 3 (42%), closely followed by impact 2 

(41%) and impact 1 (22%). The same order followed when comparing absolute PRA across concave 

cell impacts, where impact 3 led to the lowest PRA, followed by impact 2 and impact 1 (3.1, 4.4 and 

5.4 krads/s2 respectively).  
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Likewise, convex cells showed reductions to PRA across all impacts, with impact 1 showing the largest 

reduction (64%) followed by impact 2 (30%) and impact 3 (13%). However, comparing across the 

convex cell impacts, PRA was lowest in impact 1 followed by impact 3 and 2 (2.5, 4.6 and 5.3 krads/s2 

respectively). 

 

Figure 66 – Animation frames at 10 and 20 ms after impact, and translational and rotational time-histories of each 
helmet in impact 3. The bar chart shows a summary of the kinematic injury metrics (PTA, PRA, PRV and BrIC) of each of 
the helmets in each of the impact conditions. 

PRA was reduced with straight cells in comparison to conventional helmets, however resulted in the 

highest PRA in comparison to the cell-fitted helmets. The exception to this is in impact 2 where the 

PRA with straight cells was exceeded with convex cells due to the bottoming-out of convex cells in this 

impact. Comparing across impacts, PRA was lowest in impact 3 followed by impact 2 then impact 1. 

(4.0, 4.7 and 6.4 krads/s2 respectively). 
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6.3.2.1.3 PRV 

The PRV improvements observed with concave cells were largest in impact 2 (58%) followed by impact 

1 (56%) and impact 3 (9%). However, comparing across the concave cell impacts, PRV was lowest in 

impact 1 followed by impact 2 and 3 (11, 13 and 18 rads/s respectively). 

Convex cells showed the largest reduction in PRV in impact 1 (37%) followed by impact 3 (28%) and 

impact 1 (28%). However, comparing across the convex cell impacts, PRV was lowest in impact 3 

followed by impact 1 and 2 (14, 15 and 22 rads/s respectively). 

Straight cells generally had the lowest PRV across all helmets, both conventional and cell-fitted across 

all impacts. Comparing across the straight cell impacts, PRV was lowest in impact 2 followed by impact 

1 and 3 (9.4, 10.7 and 13.0 rads/s respectively). 

6.3.2.1.4 BrIC 

The results and comparison of BrIC align with those from PRV due to the nature of the derivation of 

BrIC from PRV. Concave cells showed the largest reduction in BrIC in impact 2 (58%) followed closely 

by impact 1 (54%) and impact 3 (27%). However, comparing the BrIC across the concave cell impacts, 

BrIC was lowest in impact 1, followed by impact 2 and 3 (0.18, 0.22 and 0.32 respectively). 

Convex cells showed the largest reduction in BrIC in impact 1 (37%) followed closely by impact 3 (36%) 

and impact 2 (27%). Comparing the BrIC across the convex cell impacts, BrIC was lowest in impact 1, 

followed by impact 3 and 2 (0.25, 0.28 and 0.39 respectively). 

Straight cells generally had the lowest BrIC across all helmets, both conventional and cell-fitted across 

all impacts. Comparing across the straight cell impacts, BrIC was lowest in impact 2 followed by impact 

1 and 3 (0.17, 0.18 and 0.23 rads/s respectively). 

6.3.2.2 Brain Injury Metrics 

All helmets with cell array liners reduced the brain strain both globally and in both regions of interest, 

CC and Sulci, in comparison to the conventional helmet (Figure 67). Generally, the improvements were 

more pronounced with concave cells than convex in impact 2 and 3, whereas the opposite was true 

for impact 1. Straight cells often resulted in 90th percentile strains between that of concave and convex 

cells. 

6.3.2.2.1 Global 

Assessing the 90th percentile strain across the entire brain, we observe that concave cells led to the 

largest reductions in impact 2 (66%) followed by impact 3 (55%) and 1 (52%). Nonetheless, comparing 

across the concave impacts, the lowest global 90th percentile strain was recorded in impact 3 followed 

by 2 and 1 (0.033, 0.037 and 0.044 respectively). 
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On the other hand, convex cells showed the largest reductions in global 90th percentile strain in impact 

1 (69%) followed by impact 2 (42%) and 3 (35%). Comparing across the concave impacts, the lowest 

global 90th percentile strain was recorded in impact 1 followed by 3 and 2 (0.029, 0.048 and 0.063 

respectively). 

For straight cells, impact 3 resulted in the lowest global 90th percentile strain followed by impact 2 and 

finally impact 1 (0.040, 0.048 and 0.060 respectively). The same trend was observed with convex cells 

which exhibit similar shear stiffness, however convex cells consistently led to higher strain across all 

three impacts than straight cells. 

 

Figure 67 – Horizonal (z-normal) plane sections of the brain showing strain contour predictions for each helmet in all 
impact conditions. The bar chart below summarises the 90th percentile GL strain and the mean strain across the sulci for 
each helmet in each impact condition. 

 

6.3.2.2.2 Corpus Callosum 

Assessing the 90th percentile strain across the CC, we observe that concave cells led to the largest 

reductions in impact 2 (55%) followed by impact 1 (44%) and 3 (34%). Nonetheless, comparing across 
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the concave impacts, the lowest 90th percentile CC strain was recorded in impact 1 followed by 3 and 

2, albeit being only marginally different from one another (0.022, 0.023 and 0.025 respectively). 

On the other hand, convex cells showed the largest reductions in 90th percentile CC strain in impact 1 

(49%) followed by impact 2 (40%) and 3 (8%). Comparing across the concave impacts, the lowest 90th 

percentile CC strain was recorded in impact 1 followed by 3 and 2 (0.020, 0.031 and 0.033 

respectively). 

For straight cells, impact 3 resulted in the lowest 90th percentile strain in the CC, followed by impact 1 

and finally impact 2 (0.019, 0.020 and 0.026 respectively). The same trend was observed with convex 

cells which exhibit similar shear stiffness, however convex cells consistently led to lower strain in the 

CC than straight cells in impact 3 albeit bottoming out. 

6.3.2.2.3 Sulci 

Assessing the mean strain across all the sulci regions, we observe that concave cells led to the largest 

reductions in impact 2 (64%) followed by impact 1 (46%) and 3 (45%). Nonetheless, comparing across 

the concave impacts, the lowest mean sulci strain was recorded in impact 2 followed by 1 and 3 (0.076, 

0.092 and 0.098 respectively). 

On the other hand, convex cells showed the largest reductions in mean sulci strain in impact 1 (48%) 

closely followed by impact 3 (47%) and 2 (31%). Comparing across the concave impacts, the lowest 

mean sulci strain was recorded in impact 1 followed by 3 and 2 (0.088, 0.094 and 0.144 respectively). 

For straight cells, impact 3 resulted in the lowest mean sulci strain, followed by impact 1 and finally 

impact 2 (0.074, 0.079 and 0.080 rads/s respectively). In comparison to convex cells which exhibit 

similar shear stiffness, straight cells resulted in higher mean strain in the sulci in impact 1 and 3 albeit 

bottoming out in the latter. 

6.4 Discussion 

We have presented the outcome of an investigation on the influence of novel cellular arrays 

decoupling axial and shear stiffness on the crash performance of a conventional bicycle helmet with 

particular interest in the oblique impact performance. Oblique impacts currently lead to rotational 

head motion which is known to be a key contributor to brain tissue strain and subsequent brain 

damage [14–17]. The results were promising and showed the potential improvements that are 

possible if we strive towards novel helmet technologies that leverage engineered cellular structures 

with controlled compressive-shear stiffnesses and entirely replace conventional cellular structures 

such as EPS foam. 
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6.4.1 Influence of Shear Stiffness 

Our results show that convex (shear-compliant) cell arrays initially led to lower rotational acceleration 

and velocity in comparison to their concave (shear-stiffened) counterpart in all three impact 

conditions investigated. However, this effect was short lived, lasting only for the first ~5ms before the 

shear-complaint cells bottomed-out in two of the three impacts. This led to a sharp rise in both 

translational and rotational accelerations which in turn increased the rotational velocity. This is 

indicative that a substantial amount of the impact energy is dissipated via shearing of the cells around 

the impact zone as seen in Figure 68, which in turn means that shear-compliant cells may bottom out 

earlier than shear-stiffened counterparts with the same axial stiffness. Rarely do any of the cells 

deform purely axially i.e. with no shear deformation. Even the cells directly below the impact zone 

undergo complex deformation that includes a mixture of axial compression, shear and even bending 

as seen in Figure 68. Hence, introducing shear-compliance in helmets should be carried out with 

cautious consideration for how other stiffness components influence the considered set of impacts. 

 

Figure 68 – Section cut view of the helmeted head with concave (left) and convex (right) cell liners with close-up views 
showing the shearing of the cells at and around the impact zone. As concave cells have a higher shear stiffness than convex 
cells, helmets with concave cells had a lower shear strain as seen in the close-ups. Helmets with the shear-stiffened cells 
had a larger accelerations and energy dissipation at the start which meant the crush distance was reduced. 
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The bottoming-out of the shear-compliant cells was most severe in impact 3 where the impact location 

was near the temple and closest to the edge of the helmet shell. This part of the helmet is known to 

have reduced stiffness compared to the crown area usually tested by helmet standards which has 

added shell stiffness owed to the double-convex curvature [115]. Indeed, the shear-compliant cells 

outperformed the shear-stiffened cells in impact 1 as this was nearest to the crown and hence neither 

helmet bottomed-out. This reveals that, if tuned well, shear-compliant cells can reduce rotational 

head motion, brain tissue strain and hence injury likelihood. Hence, it may be useful to place cells with 

varying amounts of shear stiffness in a single helmet, with the most shear-compliant cells near the 

crown and the least near the temples. 

6.4.2 Influence of Axial Stiffness 

The second comparison is looking at how axial stiffness plays a role when both cells have low shear 

stiffness. Cell arrays with straight walls had a high axial stiffness in contrast to those with convex cell 

walls which were axially compliant. This, as expected, resulted in higher PTA in impact 1. The axially 

compliant cells resulted in higher PTA in impact 2 and 3 due to bottoming out. This does not come as 

a surprise given that reduced axial stiffness and similar shear stiffness of convex cells in comparison 

to straight cells means that convex cells are able to dissipate less energy in deformation overall. 

Interestingly, the axial stiffness resulted in higher PRA as seen in impact 1. This is likely due to the 

force vector not passing through the head centre of gravity and hence the larger normal force that 

results from the axially stiff cells contributes to an increased moment about the head and hence a 

higher PRA. However, the peak rotational velocity, and hence BrIC, were either the same or lower in 

axially stiff cells in comparison to axially compliant cells. Observing the rotational acceleration and 

velocity curves about each axis of predominant rotation (X-axis) of impact 1 sheds some light into why 

this is the case. With axially stiff cells, the headform rotational acceleration and deceleration is more 

rapid than with axially compliant cells, hence giving the headform less time to reach a higher PRV. 

Moreover, as seen in Figure 64, the rotational acceleration with straight cells remains in the negative 

quadrant (deceleration) for longer than with convex cells, leading to the overall PRV with straight cells 

being lower. 

In any case, this comparison highlights that axial stiffness plays a significant role in the resulting 

rotational head kinematics, both rotational acceleration and velocity. Although this is the first study 

confirming this for such cellular arrays, it remains in agreement with conclusions of previous studies 

which found that the normal force vector component, which is a factor of the foam stiffness, may not 

pass through the head centre of gravity, and hence generates to a moment about the head leading to 

rotational acceleration whereby the direction of rotational acceleration reversed ~5ms after impact 
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as observed here [72]. Interestingly, the authors observed this with direct impacts where the head 

impacted a stationary anvil perpendicularly i.e. with no initial velocity tangential to the impact surface. 

6.4.3 Comparison to the Conventional Helmet 

Almost all metrics indicated that cell-fitted helmets outperformed the conventional foam-fitted 

counterpart in all the assessed metrics in all impacts with one exception: PTA when the cells 

bottomed-out in impact 3. Observing the force-displacement plots, we can see that this is likely due 

to the high foam stiffness in comparison to the cells which meant that much of the available crushing 

distance remained unutilised with conventional EPS foam. 

The reason helmets today employ such stiff foams that do not utilise the entire crushing distance for 

impacts with flat surfaces is because they must also pass impact tests against kerbstone and 

hemispherical anvils [60]. Such anvils distribute the impact force over a much smaller area leading to 

a large pressure and complex stress state in the impact zone. To pass these tests successfully, a higher 

foam stiffness is often required to ensure it does not bottom-out. This makes kerbstone and 

hemispherical anvils the constraining requirement for the choice of helmet foam stiffness and hence 

density which is suboptimal for impacts against flat surfaces [60]. In turn, as observed here, this also 

leads to larger rotational accelerations, velocities, and brain strain in oblique impacts. A limitation of 

helmets employing cell liners as those explored here is that they reduce the overall bending stiffness 

of the helmet, i.e. the bending stiffness of the shell and foam combined, and hence may bottom-out 

and underperform in impacts against the more severe tests mentioned earlier i.e. against 

hemispherical and kerbstone anvils. A potential way to overcome this is to increase the shell stiffness 

such that the shell engages more of the cells in the helmet rather only those beneath the small impact 

zone resulting from kerbstone impacts. 

6.4.4 Reversal of Rotational Acceleration Direction in Retrofitted Helmets 

As observed, the helmets retrofitted with cell arrays experienced an interesting reversal of rotational 

acceleration and velocity in all three impacts in contrast to the conventional helmet which did not 

experience this in any of the impacts. This was initially hypothesised to be caused by a change in the 

ratio of the normal and tangential forces at the impact site which reversed the side the resultant force 

vector passed through relative to the headform centre of gravity. Observing the plots showing the 

normal force against the rotational acceleration in Figure 64 - Figure 66 revealed that the direction of 

rotational acceleration often reversed at a constant normal force and without a change in the direction 

of tangential force. This indicated that the hypothesis is true, and that a shift in the centre of pressure 

on the headform and the resultant force vector relative to the head centre of gravity during impact 



158 
 

resulted in the reversal of the rotational acceleration. Similar observations have been made by Mills 

et al. in previous studies looking at oblique impact testing of bicycle helmets [263]. 

 

Figure 69 – Enveloped pressure distribution on the head across time in impact 1 resulting from contact with the 
conventional (left) and straight cell-fitted (right) helmet liners. The conventional helmet displays a much more asymmetric 
pressure distribution leading to a large bending moment about the head, whereas the straight cells resulted in a more 
symmetric distribution later in the impact due to the flexibility of the shell, resulting in an eventual reversal of the rotational 
acceleration. 

Hence, the pressure distribution on the headform was investigated to determine whether the centre 

of pressure played a role. Indeed, as shown in Figure 69, the pressure distribution of the helmets with 

cell arrays differed from that of the conventional helmet, being more asymmetric with conventional 

helmets than any of the cell-fitted helmets in all impacts. In all impacts, the rotational acceleration of 

all helmets, both conventional and cell-fitted, increased in the same direction due to the shear force 

at the zone where the head initially begins to crush the liner. However, the bending stiffness of the 

foam is added to that of the shell through the adhesion in the conventional helmet which serves to 

increase the bending stiffness in comparison to the cell-fitted helmets. As the helmet and head are 

not perfectly round i.e. of dissimilar curvatures, the conventional helmet begins to contact the head 

further from the contact site and hence introduces a large torque and rotational acceleration. 

However, in the cell-fitted helmets, the shell stiffness is much lower due to the absence of the foam 

and hence contact is more even across the head as it begins to pocket the liner. This results in a 
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reduction and reversal of the rotational acceleration as the centre of pressure shifts during the impact, 

resulting in much more favourable peak rotational velocity and brain strain. 

6.4.5 Limitations and Future Work 

There are several limitations that come as part of this study. Although the cells showed some serious 

improvements in comparison to conventional helmets, it would be ideal to assess the performance of 

the conventional helmets against the cell-fitted helmets in a manner that allows for a fairer 

comparison. In an ideal situation, the foam thickness would be the same as the cell heights at all 

locations across the helmet to match the utilised crushing distances. Moreover, it would also be fairer 

for the helmet foam to have a compressive stiffness that matches that of the cells used. However, 

given that the compressive stiffness of the cells was one of the variables of the study through variation 

of the cell shape, satisfying this criterion would mean assessing against helmets with different foam 

densities that match each of the cell axial stiffnesses. Nonetheless, this would be pointless without 

first ensuring the available crushing distance of the cells and the foam are identical around the helmet 

which would be difficult to achieve due to the channels and grooves introduced in modern helmet 

foams for aerodynamic reasons. This gives them a complex interior surface which would be difficult 

to conform the cell arrays to both computationally and physically for such a comparison. 

If the above limitations are addressed in future work, another challenge would remain which would 

be matching the helmet masses. The cell-fitted helmets were heavier than conventional helmets 

which is not favourable given that helmets should be as light as possible to reduce strain on the neck 

and kinetic energy during impact. As the shell was identical for all assessments (77.5 ± 2.5 g), the 

differences in mass are solely attributed to the liner. The original foam liner weighed 217.5 ± 2.5 g, 

whereas the concave, straight and convex cell array liners weighed 234.3 g, 272.8 g and 234.3 g 

respectively. The added mass stems from the fact that polystyrene, the parent material of EPS, is 

plastic and is stiffer than the Agilus30, the parent elastomer of the cells. However, Agilus30 has the 

added benefit of being recoverable, enabling it to sustain repeat impacts, as well as flexible enough 

to fold in case of collapsible helmets, or inflate and deflate to sustain impacts of different severities. 

This is a paradigm shift from the long-standing conventional EPS foam helmets. 

We used a Hybrid III headform in this study, which is one of the most biofidelic headforms with regards 

to the head shape and size, mass and moments of inertia [136]. However, it has a vinyl rubber skin 

which has a larger coefficient of friction in contact with fabric than the human scalp [137]. The 

coefficient of friction of the surrogate skin should be improved in future to produce more biofidelic 

test conditions. Similar to previous studies [138], we used an isolated headform, thus ignored the 

potential effects of the neck during impacts. Several studies have shown that primary peak loads from 
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head-first impacts are less affected by the presence of a neck [114,139]. Some studies on helmets 

have used a HIII neck, but this neck has limitations, such as stiffness in axial loading [75], which can 

have adverse effects on the results [110,113]. Future work should address the development of a 

surrogate neck that is biofidelic in head-first impacts. 

In addition to the potential future work outlined above, one may assess different combination of cells 

to optimise the performance in different locations. I.e., in locations of double-convex curvature such 

as the crown, one may adopt convex cells for their reduced stiffness and shear compliance and adopt 

straight cells near the edge of the helmet shell such as the temples for their added compressive 

stiffness. However, it may not be possible to have a configuration optimal for all possible impact 

conditions, or even the three assessed in this study. It was apparent from the results that no impact 

was the worst for all helmets. Some of the worst for convex were the best for concave and vice versa. 

This emphasises the need to assess several impact conditions in future standards adopting an oblique 

impact condition as highlighted in Chapter 2 and previous studies [19]. 

It is noteworthy to mention that attempts have been made to conduct experimental impact tests, 

replicating the simulations presented, on physical prototypes of the cell-fitted helmets. However, 

several issues prevented this from happening, including difficulties removing the foam from the 

original helmet without damaging the shell, securing the cell arrays onto the shell, as well as cleaning 

the cell arrays. Cleaning the cell arrays was a time consuming and labour-intensive process and often 

resulted in damage of the cells, requiring reprinting of the entire array once more. In future, a better 

method of manufacturing the cell arrays may be developed. 

6.5 Conclusion 

We have assessed the influence of shear and axial stiffness of novel cell arrays on the oblique impact 

response of a retrofitted bicycle helmet, and how this compares to the conventional helmet. The 

hypothesis was that lower shear stiffness would lead to lower rotational acceleration and brain strain, 

and that higher axial stiffness would lead to larger translational acceleration with marginal effect on 

rotational acceleration and brain strain. The study was enabled by the unique difference in shear 

stiffness of concave and convex cells, whereby the axial stiffness was unchanged, and straight and 

convex cells whereby the axial stiffness differed, and shear stiffness was unchanged. The study 

revealed that: 

• Shear-compliant cell arrays do not necessitate lower rotational acceleration as the resultant 

force vector leading to rotational motion (by not passing through the headform centre of 

gravity) is influenced by both shear and axial liner stiffness. Optimising this resultant force 

vector to pass through the centre of gravity and hereby eliminating rotational head motion is 
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complicated and may require shear-stiffness or shear-compliance depending on the impact 

scenario and parameters such as coefficient of friction, etc. 

• Cell arrays with similar axial stiffness yet lower shear stiffness often bottomed out. Hence, a 

considerable amount of energy is dissipated via cell shearing around the impact zone. 

• In all cases, the kinematic and brain injury metrics indicated improvements with the novel cell 

arrays over conventional EPS foam. This is likely due to a combination of the high EPS foam 

stiffness, as well as the relatively higher bending stiffness of conventional helmets by nature 

of the design and manufacture of the conventional helmets whereby the helmet and foam are 

bonded. 

This study provides an early glimpse on the influence of the compressive-shear properties of cell arrays 

on the global response of oblique helmeted-head impacts. It reveals that there is rarely a ‘one size fits 

all’ approach to the problem and that several impact conditions and scenarios must be assessed to 

determine the optimal compressive-shear properties for a helmet liner with the aim of minimising 

rotational head motion and consequential brain injury likelihood. 
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7 Conclusions and Future Work 

In this thesis, we started by reviewing the literature around rotational head motion and its relevance 

to brain injury. We then reviewed how conventional helmets and testing standards are lagging in 

addressing oblique impacts that lead to brain injury, and how the industry is responding to improving 

helmets – the primary protective mechanism for cyclists and many other vulnerable road users. 

We then tackled the first hypothesis in Chapter 3; Helmet technologies that include shear-

management layers will reduce the rotational head motion and hence reduce brain tissue strain, by 

assessing how current helmet technologies with shear-management and rotational damping systems 

such as MIPS, WaveCel and SPIN, compare with conventional helmets in different oblique impact 

conditions. The comparison showed that, although improvements offered by these technologies were 

observed, the extent of the improvement was highly dependent on the impact location and angle, 

injury metric used, and the helmet to which the technology was added. There were instances where 

helmets with one of the technologies were worse, or significantly worse, than conventional helmets, 

and vice versa. Hence, incorporating different impact locations in future oblique impact test methods 

and designing helmet technologies for the mitigation of head rotation in different planes are key to 

reducing brain injuries in bicycle accidents, where helmets are worn. However, the chapter was limited 

in the number of cyclist helmets that were tested. Less than 10 conventional helmets were tested 

which is arguably a small control group to derive the statistics presented in the chapter. A similar 

limitation exists when looking at the helmets with novel technologies; only one WaveCel and two SPIN 

helmets were assessed – however this is more difficult to address given that these are the only models 

that exist. A better assessment may try to match the conventional helmets in terms of mass, 

dimensions and liner thickness with those helmets employing the new technologies to provide a fairer 

comparison, as well as assess the helmets in both flat and oblique anvils with both female and male 

headforms to ensure robustness and consistency in any measured improvements. Female headforms 

are lighter and may not benefit from slip layers as much as they would from a softer foam. 

In Chapter 4 we characterise the latest and most widely employed PolyJet elastomers, A30 and T+, 

under a range of loading conditions and strain rates for different print orientations. Moreover, we 

present a visco-hyperelastic model that accurately captures the time-dependent response of the 

PolyJet materials using stress relaxation and DMA tests. The results showed that the tensile stress at 

50% strain of A30 was larger than T+ and increased by 67% across two orders of magnitude of strain 

rate for X- and Y- samples, and by more than 127% for Z- samples. Hence, A30 was carried forward as 

the parent material for the design of the cell arrays presented in Chapter 5 where the visco-

hyperelastic material model accurately predicted the relaxation and monotonic tension-compression 
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responses of the elastomer and further validated for higher strain rates more relevant to the impact 

conditions typically experienced in a helmet crash. This enabled computational methods such as FEA 

to be utilised to explore the compressive-shear impact performance of several designs that could 

potentially replace foam liners via a design of experiments. In this chapter, we demonstrated the 

ability to tailor the shear and axial mechanical responses of a honeycomb arrangement of air-filled 

viscoelastic cell arrays in a relatively simple manner – by changing the axisymmetric curvature of the 

unit cell wall. Using a computational framework and a well-validated finite element model, different 

wall shapes and amplitudes were tested in axial and oblique impacts at speeds of 2.5 – 7.5 m/s in a 

full-factorial DoE. The results showed that concave cell arrays offer remarakbly larger shear stresses 

than their concave counterpart during oblique impacts (up to 300% increase), whilst minimally 

affecting the axial response. The average axial stress and internal energy increased with impact 

velocity by up to 200% due to the viscoelastic nature of the unit cells. This demonstrates the unique 

capacity of this new class of cellular topologies to significantly alter the shear response with simple 

shape changes that in future may be actively achieved during use, across a wide range of impact 

management applications. 

Finally, these designs with their unique anisotropy were carried over for a specific use case in chapter 

6 where the influence of axial and shear stiffness of helmet liners on the kinematic and brain injury 

response during oblique impacts was investigated. The hypothesis was that cell arrays with 

engineered shear-compliance which would lead to lower kinematic and brain injury metrics than those 

engineered to shear-stiffness. However, the results showed that reducing the shear stiffness of helmet 

liners does not necessitate lower rotational acceleration and velocity of the head due to complications 

of the impact physics around and further away from the impact site. A large portion of the impact 

energy is dissipated via shearing at the sides of the anvil contact area as helmets fitted with cells of 

the same axial stiffness, yet lower shear stiffness bottomed out in two of the three impacts. This also 

highlights the potential benefits of auxetic materials which involve more material in the compressed 

regions, hence stiffening gradually rather than stiffening sharply after bottoming out. Nonetheless, in 

all cases, the results were better than conventional helmets due to high foam stiffness which was likely 

driven by kerbstone and hemispherical impact test requirements. 

One major limitation this project has faced is the constraints of today’s multi-material jetting printers. 

Cleaning the cell arrays has proven to be very time consuming and potentially damaging to the cells. 

This limits the potential of these cells being employed at scale. Moreover, the results of Chapter 4 

have proved that the employed materials are very sensitive to temperature and are likely to enter the 

glassy regime at temperatures typically experienced by a ski helmet (<0°C). This seems to be attributed 

with their favourable rate-sensitivity. Future work should focus on developing new materials that can 
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be 1) easily manufactured and not constrained to one manufacturing method, and 2) have low glass 

transition temperatures, below that which may be experienced by anyone wearing personal 

protective equipment such as a helmet. This would mean a glass transition temperature below -30°C 

or less. Further to that, one should explore how the rate-sensitivity of the parent material itself 

influences the impact dissipation capacity of the cellular structures at different impact speeds. 

If time had permitted, the impacts presented in Chapter 6 would have been carried out on different 

impact speeds to assess this, as well as experimentally to validate the system, and on a set of different 

helmet shapes and types, rather than one cycling helmet as that presented here. This would show 

whether the shear stiffness of cellular structures has an effect even in motorcycle and ski helmets, 

which are often larger and full-faced and have different impact dynamics and coupling to the head 

than bicycle helmets. 

In future, this work may be carried further by assessing how methods of active safety, such as inflation, 

alongside novel shell designs to accommodate for the increased liner space during inflation, can better 

protect the brain against oblique impacts of different severities. One may imagine adjusting the axial 

and shear stiffness through geometric tuning enabled by pneumatic actuation using the knowledge 

acquired from the influence of the cell geometry on the axial and shear responses. Although the 

compressive-shear properties of the presented cell arrays were applied to a bicycle helmet, the 

lightweight and impact-attenuating nature of cellular materials makes them useful for a myriad of 

applications such as in shoes, vests, and car interiors with which these designs, variations of them and 

other ideas are yet to be explored. 
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