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Abstract
Concussion is a common injury within contact sports, carrying risks of life-long
consequences. Over the past two decades, Finite Element Head Models (FEHM)
have become a valuable tool in researching the intracranial effects of head impacts
and the risks of sustaining concussion-type injuries. However, different FEHM
define different intracranial structures to varying levels of detail, which then have a
range of material properties applied to them. As a result, different FEHM produce
contrasting strain and stress responses in the brain to similar impacts. There is
a lack of knowledge and clarity around the relative degree of influence different
structural and property changes within FEHM and the conclusions subsequently
drawn regarding concussion-type injuries.
The aim of this PhD thesis was to identify key structures within the brain,
investigate their influence on the intracranial dynamics on an FEHM and how
they may affect the applicability of new, simple FEHM to head impact and injury
research.
Three intracranial structures were investigated: The surface topology of the
brain surface, thought to protect the brain during impulses via the sulci and
gyri; the falx and tentorium membranes, influencing intracranial dynamics as
significantly stiffer structures than surrounding tissues; and the corpus callosum,
a region identified as being sensitive in terms of injury risk.
FEHM were developed including and excluding these structures. Their impact
responses, and the influence of property changes, were assessed through simulations
of scenarios replicating existing FEHM validation techniques and conditions found
in sporting scenarios. Responses related to both experimental data and proposed
concussion indicators were considered. A secondary aim was to propose an optimal
FEHM structure based on the outcomes of the initial investigations.
Introducing brain surface texture was seen to reduce strain and stress magnitudes at the centre of the brain, at the cost of an increase at the surface. This
occurred despite simplifying the textural profile from that seen in vivo. Including
the membranes damped the impact response, reducing brain strain and stress
magnitudes. In their absence, strain waves propagated through the brain. Differentiating the corpus callosum increased strains within the region but had a
limited influence on the wider response of the FEHM.
Including textural detail and the membranes improved the performance of
the FEHM and would be recommended in future model developments. The
developed FEHM achieved fair – good biofidelity ratings with respect to their
strain responses, and performed comparably to existing FEHM. This work makes
valuable conclusions on the role of intracranial structures in simple FEHM and
has created a valuable tool for investigating sporting head-impacts.
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Lay Summary
Concussion is a common injury within contact sports and has a notable cost
across wider society, carrying risks of life-long consequences. However, concussion
does not produce long term brain damage. Diagnosing concussion is therefore
challenging and the conditions causing such injuries are not well understood.
Virtual representations modelling the human head have been found to be
valuable tools in researching the effects of head impacts related to concussion.
These allow numerous impact scenarios to be simulated and the responses within
the brain to be analysed in high detail. However, existing models have represented
the internal structures of the head in a number of ways. As a consequence, they
produce incomparable results. Furthermore, there is a lack of understanding
around what effects factors within the models have on the results produced and
therefore the influence they have on findings.
It was identified that three key features; the folds on the brain surface, the
centre of the brain and the membranes dividing major regions of the brain could
significantly alter the properties of models and therefore the simulated impact
responses. A series of models were developed which varied how these features
were represented. This aimed to develop an understanding of the requirements of
simple brain models, and create a model that could be applied to research sport
head impacts and concussion.
These investigations found that the surface folds altered the areas of the brain
that most felt the effects of impacts, notably protecting the centre. This influence
was clear despite them being represented in a simpler way than in previous studies.
This demonstrated the value of their inclusion, even in simple models. The
membranes protected the whole brain, reducing the severity of impact responses
and the amount of the brain affected. Separating the centre of the brain increased
the response levels within the same region. However, the rest of the brain was not
affected. Including the surface folds and the membranes improved the ability of
the model to replicate how the human head responds to impacts. Therefore, it is
recommended they are defined in any future models.
The performance of the models was compared to external data and previous
research. This comparison showed that the models created within this work
represented the human head sufficiently accurately to be applied in further research.
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Chapter 1
Introduction
Concussion and head injuries have been the most commonly recorded injuries in
rugby for a number of years, accounting for 15.4 and 13.9% of injuries in the two
most recent Rugby World Cup Tournaments [6, 7] and up to 20% in the English
Premier League [8, 9]. Concussion and mild Traumatic Brain Injuries (mTBI) are
known to have significant costs across sports and wider society, with the potential
of long term consequences for sufferers [10–12]. There is increasing agreement on
the the psychophysiology of concussion and current approaches to its identification
and treatment in sports [10, 13], including standardised tests for concussion [14].
Despite this and numerous studies into concussion injury epidemiology in rugby
and more in other sports, the exact causes of concussion-type injuries are still
unknown. It is acknowledged that peak acceleration magnitudes do not correlate
to injury risks [13].
The kinematics and effects of impacts experienced by the soft, highly deformable brain differ from those recorded on the significantly harder, stiffer skull,
contributing to the lack of understanding. Additionally, the transient nature of
concussion, caused by functional impairment in the brain without structural damage [13], means traditional medical imaging techniques do not show evidence of the
injury. Consequently, Finite Element Head Models (FEHM) have been employed
to simulate impact scenarios, allowing the intracranial dynamics experienced to
be analysed, in pursuit of improved understanding of the causes of concussion and
injury risk indicators.
The human head is a complex system. The brain has a complex geometry
with the sulci and gyri forming folds across the irregular shape. The main body
of the brain is made up of two tissues: grey and white matter, with further
structures sitting at the centre of the brain. The brain is surrounded by a series
of membrane layers, each with different structural and physical properties, with
a layer of cerebral spinal fluid (CSF) between them. The combination of these
layers forms the brain-skull interface and separates their motion, to a degree. The
skull, containing these structures, is constructed from multiple bones and two
3
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main types of bone material. These anatomical structures and additional relevant
details are further described in “Modelling the Head for Impact Scenarios” by Mao
[15]. In addition to this complexity, the anatomy and properties of the head vary
across the population. FEHM therefore make assumptions, simplifications and
approximations when representing the human head.
Over the past two decades, increasing numbers of FEHM have been developed,
validated, applied to research, with the most prominent extensively reviewed and
compared [15–19]. However, there is no consistent agreement or gold standard on
how to represent the human head and the properties of its components within
FEHM. As a result, different FEHM have been shown to produce contrasting
responses to the same impact conditions [20].
In sports-related concussion research, FEHM have been used to simulate impact
scenarios. The strain and stress responses within the brain resulting from different
impact conditions are analysed and linked to whether a concussion-type injury
was sustained. Statistical analysis between cases is used to propose injury risk
predictors. Whilst promising trends have been identified within specific studies,
the types of measures proposed, and the values indicated within similar measures
vary. The different research methods and range of FEHM used limit the ability
for comparison of findings across existing efforts.
FEHM provide valuable opportunities to study the intracranial effects of
head impacts in detail in a range of contexts, and the consequences of numerous
impacts can be directly compared in a consistent, controlled environment. However,
simplifications and assumptions are necessary to make such models feasible. The
inconsistent approach in this and, more significantly, the lack of understanding
and evidence of the influence of the differing inclusions and representations of
intracranial structures and the properties applied to them on FEHM behaviour
limits their potential. Discussions towards a consensus on the phenomena that
can put athletes at risk are inhibited by these barriers preventing comparisons
between works.
A number of highly developed and tested FEHM with sophistic representations
of intracranial structures to a high degree of detail exist and are available for
application to head impact research. However, there are also an increasing number
of new, simple FEHM being developed and applied to individual research projects.
Certain anatomical features of the brain, routinely included within state-of-theart FEHM, are fundamental to the dynamic responses of FEHM to impacts.
This thesis aims to determine the role of key structural features, their kinematic
importance and the effect they have on the strain and stress response. To achieve
this, structures in the brain organ with the potential to significantly influence
outcomes, and known to vary in their inclusion or representation in existing
simple FEHM are identified. A series of FEHM are then developed, altering the
chosen structural features between model versions. The models are subjected
4
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to impacts with characteristics relevant to sporting scenarios, particularly rugby,
and their intracranial responses are analysed. This process endeavours to develop
recommendations for the future development of FEHM. This is done with the
additional aim of creating a tool that can be applied to researching the intracranial
effects of head impacts sustained within rugby and across sporting fields to further
understanding the collision conditions that put athletes at risk of concussion
injuries. The optimal FEHM structure of those created within this research is
therefore identified and the suitability of the FEHM versions for use in further
research is discussed.
This thesis documents the investigation process and discusses the subsequent
outcomes and their implications. The current state-of-the-art applications of
FEHM in researching sports-related concussion is established, along with an
exploration into existing efforts to investigate the representations of aspects of
the human head in FEHM through Chapter 2. These reviews provide a context
from which the intracranial structures and features researched in this work to
establish their role and influence on intracranial behaviour or injury risk measures
are selected. FEHM structures enabling the investigation into these properties
are developed through the processes outlined in Chapter 3. Chapter 5 details
the methods used to conduct the research, stating the investigation processes
and conditions and the approaches employed during analysis. Two stages of
investigation were ultimately conducted, considering the influence of different
structural changes in FEHM. The methods outlined in Chapters 3 and 5 were
applied to both stages, but the results are discussed independently. Chapter 6
analyses the influence of the representation of the surface topology of brain on
FEHM behaviour while Chapter 7 considers the effect of different intracranial
tissue definitions. A summary of the conclusions drawn across the research project
and opportunities for further investigation can be found in Chapter 8.

Katie McGill
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Chapter 2
Research into FEHM and their
Application to Sports
FEHM are a valuable tool when investigating the intracranial effects of impacts,
across a range of impact types and research disciplines. This chapter considers
how state-of-the-art research has applied FEHM to investigate the effects of head
impacts in sports. Research and understanding into FEHM themselves, firstly
by surveying the differences observed in behaviours of complete models, then by
investigating the current understanding around the influence of specific features
within FEHM. From this, factors that could be critical for inclusion in new, simple
FEHM are identified to be further investigated throughout this thesis.

2.1

FEHM in Sports Related Concussion Research

Impacts from sporting scenarios have been replicated using FEHM in a number of
studies which analyse the intracranial dynamics experienced to better understand
the effects of collisions and head injuries in sports. A wide range of sports have
been considered, including American football [21–24] (further studies reviewed
in [25]), ice hockey [26, 27], lacrosse[28], cricket [29], soccer [30], equestrian [31, 32]
and combat sports [33, 34]. These have researched various factors; from the role
and performance of helmets, to the effect of external impact kinematics and
location, and potential injury causes and indicators.
In works investigating concussion injury trends, impact scenarios are recorded
from the relevant sport, along with whether the situation resulted in a concussion
diagnosis or was non-injuring. Impacts are simulated using FEHM and the intracranial response of the injuring and non-injuring scenarios are compared to identify
risk factors. Fernandes et al. [35] reviewed head injury predictors established
through FEHM. For concussion, peak magnitudes of the Maximum Principle Strain
(MPS), or 1st -principal strain, and peak von Mises stress magnitudes recorded
7
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within the brain tissues are commonly reported [35]. Although the intracranial
pressure response has been analysed, the proposed injury thresholds relate to
more sever TBI, where brain tissue suffers lasting structural damage. Considering
the peak MPS and stress magnitudes focusses on one critical magnitude without
accounting for the duration for which strains and stresses are elevated within the
brain, or the volume of the brain affected. The Cumulative Strain Density Measure
(CSDM) was developed to better indicate the extent of effects across the brain, and
measures the fractional volume of the brain that experiences tensile strains above
a defined threshold throughout the duration of an impact [35, 36]. CSDM and
similar volume-dependent brain-strain measures have been applied in a number of
investigations into the concussion and injury risk of impact scenarios, including in
research by Post et al. [26], Clark et al. [32], Cournoyer and Hoshizaki [33], Patton
et al. [37]. Further injury indicators, largely based on strain behaviours have been
proposed in addition to these commonly applied measures. The strain-rate has
been considered [22], as has its product with the strain magnitude [22, 37, 38]
and Miller et al. [39] developed a measure considering the cumulative burden of
multiple impacts. Anderson et al. [24] recently proposed a measure that combined
analysed the strain response within the brain tissues against the effect that would
have on the functional efficiency of communication networks that transmit signals
through the brain.
American football is arguably the most extensively studied sport in terms
of the intracranial effects of head impacts. Dymek et al. [25] and Sanchez et al.
[21] have incorporated reviews of existing research into injury predictors from
FEHM reconstructions of football impacts in their works, summarising 20 studies
between them. Sports beyond American football have been similarly investigated,
as evidenced in Table 2.1.
The strain response in the brain is considered in a number of ways across
the studies into sporting impacts: various different strain measures are analysed,
within difference regions of the brain. For example, Giordano and Kleiven [23]
identified that impacts in American football which produced a MPS of 0.118 in the
midbrain related to a 50% chance of sustaining a concussion, while Viano et al. [22]
saw a mean MPS of 0.344 through the whole brain organ across the concussioninducing impacts replicated, compared to 0.226 in their non-injuring counterparts.
The differing presentations of the strain response in the brain between these two
studies prevents meaningful comparisons of the intracranial dynamics and injury
risks due to American football head impacts. Similar inconsistencies are present
across the studies reviewed by Dymek et al. [25] and Sanchez et al. [21] and seen
in Table 2.1, limiting the potential to accumulate and compare data and findings
to build wider trends and knowledge. However, despite their differences, these
works show the strain response through the brain to be a valuable indicator of
injury risk from head impacts. It is therefore a metric that should be considered
8
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in both FEHM development and application.

2.2

Research into FEHM Representation

An additional variable between the studies discussed in the previous section
([21, 25] and Table 2.1) is the number of FEHM used across the research efforts,
with no fewer than 9 different FEHM employed. FEHM are developed for a
range of applications, the most prominent and established of which have been
comprehensively reported on and reviewed [15–19].
Simplifications and assumptions are widely accepted as necessary when developing FEHM due to the complexity of the human head. However, the steps taken
to make a feasible FEHM vary between models, resulting in a range of representations of intracranial structures being seen across FEHM. Common variables
include the tissues and structures defined, the material properties applied to each
and the definition of the contacts between parts, as seen in reviews of sophisticated
and established FEHM [15–19]. This section examines the current understanding
on the effect differences in the representations of features within FEHM have on
their dynamic responses to impacts, once key anatomical structures have been
introduced.

2.2.1

Introduction to Intracranial Anatomy and Structures

This section introduces the major anatomical features and structures found in the
human head with particular relevance to FEHM and this thesis. This is a brief
introduction to allow cross-disciplinary understanding of the current work.
The outside of the head is covered by the scalp, formed of skin and the
periosteum (a thin membrane that surrounds bone), as illustrated in Figure 2.1.
Although the scalp is included in some FEHM, especially if the role of the
impacting object during collisions is of interest, it is negated in others where
kinematic conditions or known loads are applied directly to the skull or other key
points in the FEHM.
The scalp surrounds the skull, consisting of the facial bones and the cranium.
The cranium is formed of eight bones fused together (in adults) and houses the
brain and its associated structures. These bones are made up of three distinct
layers; the diploë, a layer of spongy, trabecular bone sandwiched between two
layers of dense cortical bone, differentiated by the texture difference through the
skull in Figure 2.1. The thickness of the skull varies through the cranium with
the cortical bone layers maintaining relatively consistent thickness’s and that of
the diploë changing.
Between the skull and the brain are the cranial meninges and the Cerebral
Spinal Fluid (CSF). Comprising of the dura mater, arachnoid mater and pia mater,
Katie McGill
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Table 2.1: Summary of main studies considering the risks and intracranial conditions
surrounding mTBI and concussion in sports beyond American football, detailing the
sport considered, the name of the FEHM used in the research (referencing the studies
that developed the relevant model version where applicable) and the regions of the brain
and response measures analysed.

Study

Sport

FEHM

Brain
Region

Patton et al.
[37]

Aussie-rules,
rugby league

KTH [40]

Centre

Clark et al.
[31]
Clark et al.
[28]
Mohotti et al.
[29]
Cournoyer
and Hoshizaki
[33]
Meagher and
Tiernan [34]
Post et al.
[26]
Clark et al.
[32]
Ignacy et al.
[45]
Tiernan et al.
[46]

Equestrian

UCDBTM
[41, 42]
UCDBTM
[41, 42]
In house

Whole

MPS, CSDM,
strain-rate,
strain*strainrate
MPS

Whole

MPS

Whole

MPS

Whole

MPS, CSDM,
strain-rate

CC

MPS

Whole

CSDM

Whole

MPS, CSDM,
vm-stress
MPS

Lacrosse
Cricket
Boxing

WSUBIM
[22, 43]

GHBMC
[44]
UCDBTM
Ice hockey
[41, 42]
Equestrian
UCDBTM
[41, 42]
Rugby League UCDBTM
[41, 42]
MMA
GHBMC
[44]

MMA

Whole
Centre

Measures

MPS, strainrate,
shear
stress

FEHM KTH: Kungliga Tekniska Högskolan FEHM. UCDBTM: University College Dublin Brain Trauma Model. In house: developed within
described investigation. WSUBIM: Wayne State University Brain Injury
Model. GHBMC: Global Human Body Models Consortium FEHM.
Brain Regions CC: Corpus callosum. Centre: Midbrain, hippocampus,
CC, brainstem and thalamus or combinations thereof. Whole: the complete
brain volume as a single region.
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Figure 2.1: Illustration of the scalp, skull and meningeal layers of the human head in
“The big picture: Gross anatomy” by Morton et al. [47] (reproduced with permission
from McGraw Hill LLC).

Katie McGill
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Figure 2.2:
Illustration of a gyrus and adjacent sulci which form
the outer surface of the brain.
in “Sulcus (neuroanatomy)”, url:
https://en.wikipedia.org/wiki/Sulcus_(neuroanatomy), accessed 02/05/2022.

the cranial meninges protect the brain and keep it secure within the cranium.
Figure 2.1 illustrates the arrangement of the scalp, skull and meninges around the
brain. The CSF is a largely water based fluid and exists between the arachnoid
mater and pia mater, in the subarachnoid space. In addition to providing nutrients
and removing waste around the brain, the CSF further cushions the brain within
the cranium.
The main body of the brain is the cerebrum, split by the longitudinal fissure
into two hemispheres and has a folded or undulating appearance to its surface.
The peaks of these folds are the gyri (singular: gyrus) and the troughs sulci
(singular:sulcus), examples of which are illustrated in Figure 2.2. The exact pattern
of sulci and gyri across the cerebrum is unique to each individual. However, there
are key common features used as landmarks to separate each hemisphere of the
brain into four lobes: the frontal, parietal, temporal and occipital lobes. These
are highlighted in Figure 2.3, which also shows an example of the type of surface
geometry created by the sulci and gyri and indicates the location of the central
sulcus.
The cerebrum is formed of two types of brain material, gray and white matter.
The gray matter has a predominantly cellular structure and largely exists towards
the outer surface of the brain while white matter, largely constituting axons giving
it an anisotropic, fibrous structure, is found further into the cerebrum and relays
messages to other parts of the brain. The Corpus Callosum (CC), illustrated in
figure 2.3, is a particularly distinct white matter structure, formed from a bunch
of axons creating a band that links the left and right brain hemispheres both
physically and functionally.
At the centre of the brain is the brainstem. This in itself is a group of multiple
sub-structures, as seen in Figure 2.4 responsible for many automatic functions
12
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Figure 2.3: Lateral (left) and mid-sagittal (right) views of the human brain, illustrating
the lobes of the brain and key sulci, gyri and fissures in “Neuroscience”, Purves et al.
[48], licensed under CC BY-NC-SA 3.0. (Label added to indicate the cerebellum)

and is the connection between the brain and the central nervous system. Behind
the brainstem and below the occipital lobe is the cerebellum, seen in in Figure 2.3.
This smaller body still consists of neuron based tissues but separated from the
cerebrum by the transverse fissure and is mostly responsible for motor functions.
The longitudinal and transverse fissures separating the hemispheres of the
cerebrum and those from the cerebellum, respectively, are occupied by folds of
dura mater, forming the falx and tentorium membranes, respectively. These are
attached to the inner surface of the cranial skull, and each other, forming major
dividing structures between parts of the brain, as illustrated by Figure 2.5.
Finally, it is worth noting that anatomical planes are referred to through this
thesis. These are the coronal, axial (or transverse) and sagittal planes, illustrated in
Figure 2.5. Additionally, locations are referred to through anatomical terminology.
Inferior and superior refer to above and below, anterior and posterior (also frontal
and occipital) to in front and behind, and medial and lateral indicate closer and
further from the centre of the body to the left/right.

2.2.2

Effect of Different FEHM Representations

The responses of different FEHM under the same impact conditions have been
compared in a number of studies. Ji et al. [51] compared the intracranial responses
of three FEHM under idealised kinematic conditions, derived from ice-hockey data
to represent “typical” impacts. The peak strain, strain-rate and stress magnitudes
recorded in each FEHM varied, to an extent that was shown to be statistically
significant. Furthermore, the relationships between the responses of the FEHM
were seen to depend on the brain region considered. The differences in the
performances of these FEHM was attributed to a combination of the FEHM
properties and the limited data available for validating the FEHM. The differences
Katie McGill
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Figure 2.4: Illustration of the location of the brainstem and its major constituent
structures in “Medical gallery of Blausen Medical 2014”, by staff [49], licensed under
CC-BY 4.0.

Figure 2.5: Illustration of of the falx and tentorium in the human cranium in “Anatomy
of the Human Body” by Gray [50]. Notation of additional structures is also included
but are not referred to in the current thesis.
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Figure 2.6: Illustration of the anatomical co-ordinate system and direction descriptors
in “Musculoskeletal Key”, url: https://musculoskeletalkey.com/basic-sciences/, accessed
02/05/2022.

highlighted between the considered FEHM included the material properties used,
the intracranial structures represented and the geometries of the parts defined.
Miller et al. [20] compared the likeness of the displacement of the brain (relative
to that of the skull) of six established, validated FEHM to the equivalent recorded
empirically by Hardy et al. [52, 53] during the same impact conditions. The
responses of the models were analysed for up to five impact scenarios, depending
on the scenarios used in the original validation of each model. For each impact
scenario included in the review, a different FEHM was found to best correlate with
the experimental reference data. Additionally, no model consistently performed
across the various impact conditions, and a significant range of correlation ratings
were seen. From a possible range of [0 − 1], the scores of 0.186 − 0.475 were
attributed across the 6 FEHM and 5 impact scenarios. Furthermore, the analysis
conducted by Miller et al. [20] demonstrated that the shape or path of the brain
motion changed, as well as the magnitude of the relative displacements experienced,
contributing between the differing performances of the FEHM.
Validation of FEHM relies on comparing the dynamic response within the
brain during impacts to equivalents recorded during experimentation. There are
challenges in obtaining human head samples to subject to impacts and obtain
experimental data, as well as sufficiently and effectively instrumenting them to
Katie McGill
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record the dynamic responses. The majority of FEHM are therefore validated
according to their intracranial pressure response against experimentation from [54]
or [55] and/or the displacement of the brain relative to the skull against experimentation from [52, 53]. The validation data available and the processes used to
assess FEHM performance against them are further explored through Chapter 4.
The effect of the inconsistency in responses between different FEHM is that
findings cannot be compared between studies using different FEHM, limiting
the potential reach of such head impact research. To balance the differences
seen between models, two FEHM have been applied in some studies, primarily
investigating a factor beyond the FEHM themselves [56–58]. Beckwith et al. [57]
and Elkin et al. [58] discussed the role of the FEHM and their relative responses.
The former noted that the FEHM recorded peak MPS in similar regions, and had
similar trends between impact conditions. However, the distribution of the average
peak MPS of the models varied significantly in terms of the size and shape of the
areas at elevated strains. Elkin et al. [58] found similar overall responses between
the two FEHM, especially when considering simple linear kinematic conditions.
However, multi-axial motions produced slight differences in the responses in the
cerebrum, and greater disagreements in the responses within the cerebellum and
brain-stem. Even within the cerebrum the extent to which the local area was
affected varied, although similar regions experienced elevated strains.
The range of behaviours seen in FEHM limits their effectiveness in research
as findings cannot reliably be compared between FEHM. Therefore, the risks of
concussion type injuries is not well understood, despite the breadth of research
being undertaken. Furthermore, limitations in the validation data available prevent
assessment of which FEHM produce the most accurate responses, particularly in
terms of strain and stress within the brain.

2.2.3

Representation of the Brain

Concussion-type injuries affect the the physiology of the brain, making this
the organ the dynamic response to impacts is most extensively analysed in
research using FEHM to investigate head impacts and injuries. The tissues of
the brain have complex mechanical properties and modelling them has been an
extensively discussed topic [59–63]. Brain tissues are soft, exhibit non-linear and
strain-dependent behaviours and therefore present significant challenges in both
testing the material properties and subsequently representing their behaviour in
mathematical models [60, 63, 64]. The result of this is that a range of viscoelastic
and hyperelastic material models have been implemented in FEHM and, within a
single model type, characteristic material constants can drastically vary, as seen
in comparisons between models [15–19]. It has been shown that both the type
of material model [61, 65] and the properties within [66, 67] significantly effect
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the impact responses of FEHM. Despite the extent to which brain tissues have
been researched, no agreement has been reached on how to best test tissues or
represent them in FEHM.
The brain is also inhomogeneous, consisting of a combination of grey and
white matter, as introduced above. A number of FEHM have differentiated white
matter regions throughout the cortex by altering the material properties and, in
some cases, defining fractional anisotropy in the affected regions. However, there
is no consensus on the relative material properties of these white matter regions
compared to grey matter [60, 62–64, 68–70]. Once again, several factors in the
tissue testing and constitutive modelling contribute to the differences. Additionally,
MacManus et al. [69] warn against equating structural anisotropy to direction
dependant mechanical properties, having identified no statistical difference in the
directional properties of white matter tissue, sampled from the Corpus Callosum
(CC). However, Prange and Margulies [71] and Anderson et al. [72] did observe
anisotropic mechanical behaviours, whilst Jin et al. [68] found shear properties to
have directional dependencies but not compressive or tensile behaviours. Further
challenges arise when applying anisotropy within FEHM, with Yang and Mao [70]
noting difficulties in both obtaining data of sufficient detail to accurately describe
the axon structures creating the anisotropy, and in projecting them into FEHM
elements or voxels (mm lengths) due to the differences in their scales (µm vs. mm
lengths). Wu et al. [44] developed a detailed anisotropic brain structure within an
FEHM, combining differing constitutive material models and cable elements to
represent axonal anisotropy, increasing the computational costs of the model by
a factor of 2.4 without statistically significantly improving the biofidelity of the
model [44], although subtle local effects were observed.
Regions of white matter extend through the cortex of the brain. However, the
CC is the most distinct and largest region of white matter, connecting the two
hemispheres of the brain. This structure has been identified as being vulnerable
when considering head impacts, concussion and traumatic brain injuries [73–75].
Consequently, the CC is a region that has been analysed in FEHM, both in specific
research into its reaction and role [76, 77], and as a region of interest in more
general head impact research, as seen in Table 2.1.
Further to involving complex materials, the brain has an irregular shape with
curved folds formed from sulci and gyri across its surface. Physical observations [78]
and simulations [79, 80] have shown that their presence has a distinct affect on
localised strains and stresses, dependent on the properties of the features. However,
these do not consider the role of sulci and gyri across the brain or in complete
FEHM. The wider effect of brain surface texture was investigated by Ho and
Kleiven [81]. These authors compared the response of a single FEHM with and
without sulci to single degree of freedom impulses, with controlled kinematics
producing peak accelerations of either 10, 000 rad/s2 or 100g. The introduction of
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the surface texture resulted in strains across the brain being reduced by between
4 and 48% (av. 12%), and around 19% within the CC. The distribution of strains,
and the location of peak values were also altered by the introduction of surface
features, with greater strains seen in the parietal lobe. The degree of influence
from the textural changes was dependent on impact direction. Ho and Kleiven [81]
suggested this could be related to the prominence and orientation of key, prominent
sulci and gyri influencing how motion is constrained in certain planes. The study
advised that sulci and gyri should be included on future models, but highlighted
that the influence could vary between subjects as sulci and gyri properties are
individualised.
Tseng et al. [82] considered the modes of vibration in numerical brain volumes
with and without sulci and gyri. Although the natural frequencies identified
differed by up to 53%, higher modes (4 to 6) had less than 15% range. The modal
behaviours of the models were deemed to be similar enough for the simple, smooth
brain geometry to be sufficient when applying the FEHM to motorcycle helmet
research.
Sáez et al. [83] furthered investigations into the role of brain surface texture
by investigating the influence of the relative degree of folding on the brain surface
(gyrification). Strain magnitudes and distributions through brains based on mouse
(smooth surface), rhesus macaque primate (low gyrification) and human brains
(high gyrification), scaled to a consistent size were compared. The magnitude and
distribution of the strain and stress responses in the smooth mouse brain differed
significantly from those seen in the primate and human brains. The introduction
of sulci and gyri caused areas of elevated strain and stress to become dispersed
through the brain, with small, fragmented regions at elevated magnitudes. The
smooth brain had one large region predominantly affected, and the trend of the
peak magnitudes through the simulations differed from the other two models.
The responses of the primate and human model were largely comparable, despite
the human having a greater level of gyrification and more angular gyri profiles.
This suggests that discontinuity in the surface profile could be more important
than the exact sulci/gyri patterns of the brain, especially when considering the
general response of the brain over localised pathology. However, in addition to
the level of gyrification differing between the brain models, the overall shape of
the brains differs due to their originating from different animals. Furthermore,
the impulses considered had peak accelerations around 0.4g, with the motion of
the model smoothly ramped from 0.1 m/s to static over 25 ms. These conditions
are considerably less severe than typically expected in head impact research and
sports scenarios.
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Properties Beyond the Brain

Features of FEHM outwith the brain also influence the behaviour of models. The
interface between the brain and the skull is a complex system of membranes
and cerebral spinal fluid (CSF). This arrangement is necessarily simplified in
FEHM. Incorporating the fluid nature of the CSF into the enclosed volume of
FEHM presents researchers with a particular challenge, especially in combination
with the deformable nature of the brain. Recently, adaptive mesh [42, 84] and
mesh-free methods have been applied to better represent the CSF including:
Arbitrary Lagrangian-Eulerian (ALE) element formulations [85, 86], allowing
material to flow between deformable elements; Smoothed-Particle Hydrodynamic
(SPH) representations, defining the CSF as interacting particles [87–89]; and
defining numerous hydro-static cavities between the surfaces bounding the CSF [90,
91]. However, these approaches incur significant computational costs and introduce
challenges in defining boundary conditions compared to standard solid Lagrangian
modelling. The vast majority of FEHM therefore represent the CSF as a solid
layer with “fluid-like” material properties, either combined with the membranes or
as separate layers [17, 18, 92].
The solid material models used to represent the CSF in FEHM alter the model
properties and behaviours. Linear elastic, viscoelastic and elastic fluid material
models have been applied to FEHM and their influence on model behaviour
has been investigated [93–97]. Jin et al. [94] compared nine CSF representations,
including linear-elastic fluid, linear-elastic and viscoelastic models. Both the model
type and the constitutive properties applied to each were shown to affect the strain
and stress response in the brain. Elastic fluid material models and viscoelastic
material models were found to have many comparable features, including the
relative brain displacement responses and the recorded brain strain. However,
the stress response in the brain may be over-estimated with a viscoelastic CSF.
Within the CSF itself, the linear elastic models experienced stresses twenty times
greater than for the other two options. As a result, the brain response may
be considerably under estimated. Madhukar et al. [96] compared shear wave
propagation through the brain of models with the same types of material models
applied to the CSF. A linear-elastic CSF caused clear shear wave fronts in the
brain. These were diffused when the CSF was viscoelastic, and more so with
a linear-elastic fluid representation. In addition to recording the dependency
of the brain response on the CSF representation, Baeck et al. [95] found using
linear-elastic fluid models caused the behaviour to be dependent on the mesh.
Viscoelastic CSF representations have been shown to produce stable responses
between models with one and three elements defined through the CSF depth [98].
However, the depth of the CSF does alter the brain response [42]. Within these
material types, the bulk modulus has been identified as the most influential
property [42, 93]
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The membrane system that surrounds the brain and CSF also contributes to
the interface between the brain and the skull. The falx and tentorium membranes
are some of the most significant structures around the brain in relation to its
dynamic behaviour during impacts. The falx and tentorium are folds of dura
matter which sit in fissures separating the left and right hemispheres of the
brain, and the main cerebrum from the cerebellum, respectively, as introduced in
Section 2.2.1. The extent to which these structures bisect the brain, combined
with their material properties being around three orders of magnitude stiffer (in
terms of Young’s moduli) than the surrounding brain tissues contribute to the
expectation of their influence on intracranial dynamics.
A number of studies have previously researched the role of the falx and tentorium membranes. Yoganandan et al. [99] created a 2D finite element representation
of a brain slice with and without the falx and considered the shear strain response
in the region that would be occupied by the CC under rotational loading. Greater
peak shear strain magnitudes were recorded in the model including a falx and
the considered area experienced elevated strains for a longer duration after the
impulse than in the model without the membrane represented. Ho et al. [100]
compared the strain responses within the CC of a 3D FEHM with and without
the falx represented. The results were qualitatively comparable to those reported
for the 2D model with greater strain magnitudes recorded in the CC when the falx
was present. Additionally, strain magnitudes were reduced in peripheral regions of
the brain. Overall, the presence of the falx was seen to shift the distribution of the
strain response towards the centre of the brain. Hernandez et al. [76] also agreed
that modelling the falx with a material stiffer than the brain or CSF increased the
strains experienced in the CC. However, their analysis did not expand beyond the
brain centre. Belingardi et al. [101] investigated the effect of including the dura,
falx and tentorium during the development on their own FEHM. However, in this
case, the intracranial pressure response was considered instead of the strain in
the brain material. The inclusion of the membranes was seen to reduce pressures
exerted throughout the brain during impacts by around 18%, attributed to their
stiffening nature.
Further auxiliary systems and their inclusion has increasingly been considered,
including the structural role of the intracranial vasculature [102] and the central
nervous system [103]. These structures can influence the dynamic behaviour of
FEHM and are included in more sophisticated examples of FEHM. However,
they are finer details than those described above and have less of an effect on
the validity of FEHM than the structures and features discussed above. With
increasing numbers of simple FEHM being developed, there is a need to understand
the effect more prominent structures and features have on the behaviour of models
and what is required to make less intricate FEHM suitable for applications to
research. Therefore, this research focuses on those with the greatest potential to
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influence dynamic behaviour within simple FEHM.
Variations in human anatomy and its influence on FEHM intracranial dynamics
has also been researched. The overall size of the FEHM has been shown to alter
the its impact response [104–107] as has its shape, by scaling the length and width
of in FEHM independently [107]. Östh et al. [108] also observed differences in
the dynamic responses of an FEHM based on female reference geometry [108],
from that of an average male example. The anatomy of subjects is therefore
an important consideration when using FEHM to investigate the effects of real
world impacts. However, these adjustments still require suitable intracranial
representations. This project will consider those effects within an FEHM of a
consistent, average size to isolate the variables being considered, as well as aligning
to the size of most developed FEHM.

2.3

Implications for Current Research

Several structures, features and properties within FEHM have been investigated
via a number of methods to consider their influence on the impact responses of
models. Despite the extent of research in this field, a consensus has not been met
on how key features within FEHM should be represented. Additionally, FEHM
are created for a wide range of purposes, and therefore have different requirements
allowing for alternative representations, provided their influence is understood.
This is particularly pertinent within more simple representations where greater
assumptions are necessary to create an effective, efficient models. This research
identifies intracranial structures that are thought to have the potential to significantly affect the behaviour of simple FEHM when investigating sporting head
impacts, and researches their role and influence on the wider model behaviour.
Existing research demonstrating that the sulci and gyri across the brain surface
alter dynamic behaviour within the brain organ was outlined in Section 2.2.3. A
detailed representation of the brain was recommended by Ho and Kleiven [81]
over a decade ago. Despite this, many FEHM are still developed with a smooth
brain profile. This could be due to the challenges in defining the complex profiles
of the sulci and gyri in the modelling environment, or the level of mesh refinement
needed and associated computational cost incurred in incorporating such details.
This research further investigates how and whether the surface geometry of the
brain can be effectively represented in simple, coarsely meshed and therefore widely
accessible FEHM. Sáez et al. [83] saw similarities in the impact responses of the
primate and human brain models with different levels of gyrification. This suggests
that simplified or reduced representations of the surface topography created by
the sulci and gyri could be successful and valuable approach to incorporating their
dynamic influence in less intricate FEHM. In addition to stating the importance
of representing the overall brain texture, Ho and Kleiven [81] identified key sulci
Katie McGill

21

Chapter 2. Existing FEHM Research

2.3. Implications for Current Research

and gyri features that may particularly influence impact responses. This research
therefore also considered whether isolating and including these critical details
could sufficiently represent the brain surface profile and replicate realistic dynamic
responses.
Section 2.2.3 also demonstrated that material representation within the brain
has been extensively researched, without clear, consistent conclusions. However,
the CC has been highlighted as an important region in terms of concussion risk
as well as being a key feature in the white matter structures. Additionally, the
CC is a region identified as being highly affected when the role of the falx on
intracranial dynamics has been researched. Both Yoganandan et al. [109] and [100]
used homogeneous representations of the brain, identifying the CC as a region
of interest only, with no material or geometric differentiation, and Hernandez
et al. [76] only considered the strain and stress response within the CC region.
The role of the CC and its differentiation within the brain, in the context of a
simple FEHM is explored in this research due to the prominence of the material
differences, and the links previously made between this region and the risk of
concussion injuries.
The falx and tentorium membranes were identified as influencing both the
magnitude and distribution of strain responses in the brain to impacts through
research summarised in Section 2.2.4, and are some of the most prominent intracranial structures surrounding the brain. Furthermore, the CC forms the bottom of
the longitudinal fissure at the centre of the brain and therefore interacts directly
with the falx. This research looks to investigate the effects of defining the falx
and tentorium membranes on the dynamic behaviour of the brain. In addition
to this, the influence of including both the CC and the membranes is compared
to that of each structure separately to consider the role of their interaction on
FEHM behaviour.
Whilst highly detailed [44, 102, 110, 111] and subject-specific [77, 112–114]
FEHM have been developed, there is a growing trend of researchers creating and
and applying basic representations of the human head to specific research [29,
30, 115–118]. Understanding the effectiveness of simple representations of key
features and the necessity of their inclusion is valuable in allowing these research
approaches to be effective, with a suitable balance of accuracy and efficiency. The
brain surface topology, the differentiation of the CC, and the presence of the falx
and tentorium membranes have been identified as examples of key features that
have the potential to significantly influence the
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Chapter 3
Development and Preliminary
Testing of FEHM
The previous chapter identified the surface geometry of the brain, the presence of
the falx and tentorium membranes and the differentiation of the CC as structural
features that could significantly influence the behaviour of simple FEHM and their
performance when applied to head impact research. The role of these structures
was to be investigated by comparing the responses of FEHM with different
representations of these features during impact simulations (Chapters 6 and 7).
The present chapter outlines the processes used to create the sets of FEHM to be
investigated.
The FEHM were developed from geometric forms extracted from Magnetic
Resonance Images (MRI) of the human head. The surface profiles were processed to
finalise the details of each FEHM variation and then meshed. Figure 3.1 outlines
this processes, which is further explained through Section 3.1. The resulting
FEHM structures, to be compared through the investigations are summarised
in Section 3.3. The mesh, material and contact properties applied across the
full range of FEHM variations are summarised in Sections 3.2, 3.4 and 3.5
respectively. Prior to applying the FEHM, a representative example was tested
for mesh independence using the approach described in Section 3.6, producing
the results discussed through Section 3.8.

3.1

Generation of FEHM Structures

The geometries of the FEHM developed in this work are based on details extracted
from MRI. A single data-set of an anonymous male subject formed the main basis
of the geometry definition, with additional guidance from images made available
through the Visible Human Project (courtesy of the U.S. National Library of
Medicine [2]). MRI provide images through the head at regular intervals (of
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(a) Segmented MRI

(b) Filled regions

3.1. Generation of FEHM Structures

(c) 3D volumes

(d) Solid mesh

Figure 3.1: Graphical abstract depicting the overall process involved in developing the
FEHM. (a) Different tissue structures were segmented from MRI data, (b) filled into
enclosed regions for each structure of interest, (c) interpolated into 3D volumes and (d)
meshed to create solid, continuous meshes.

1 mm in this case) which allow different tissues to be identified as structures
occupy different grey-scale shades according to their water content [119]. The
boundaries of intracranial tissues were identified and segmented into different
groups. Figure 3.2 exemplifies this process, highlighting key tissues within an
example MRI and demonstrating the incorporation of segmentation boundaries.
3D volumes of each tissue were subsequently generated by interpolating the
boundaries identified between each MRI slice.
The volumes generated through this process formed the basis of the developed
FEHM. The head anthropometry of the reference MRI is similar to that of a
50th -percentile male subject. This provides an average case in which the effects
of property changes could be considered. Additionally, many existing FEHM
use 50th -percentile male references meaning the models in this work are of a
comparable size to many existing FEHM, providing further context to findings.
Whilst some research has looked to develop subject specific models [77, 112–114],
their generation and implementation would incur significant imaging, processing
and computational costs. Considering the principle aims of this research are to
consider model properties for FEHM used to efficiently extract broad response
trends, the benefits of detailed subject specific models would be diminished. The
simplifications introduced in the current model structures further deterred from
any potential benefits of more accurate physical attributes. A 50th -percentile model
provides a known, constant reference point for efficient and direct comparison of
responses, and identification of trends with minimal processing requirements, in
the absence of subject-specific representations.
The tissues segmented and extracted from the MRI were tailored to create
simple, efficient FEHM structures that would facilitate the investigation into the
role of the structures identified in Section 2.3. The FEHM were built around the
brain. This is the body of most interest when considering the consequences of
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(a) Features outwith brain.

(b) Features within brain.

(c) Segmentations.

Figure 3.2: An example MRI with key features highlighted (a) around the brain and
(b) within the brain. (c) shows examples of segmentations in the MRI, illustrating how
tissue boundaries can be demarcated. In this case, the outer bounds of the cerebrum
are seen in light blue, the CC in pink, brainstem in green and cerebellum in orange.
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head impacts, and the body most affected by the changes in properties being
investigated in this research. This was surrounded by a single layer representing
the system of membranes and the CSF which form the interface between the brain
and skull in vivo. That in turn was enclosed by a combined skull and facial bone
structure. All the FEHM used in the investigations within this work were based on
this structure, with the differences in the properties being investigated incorporated
into it. The following sections describe the formation of each geometric volume
involved and their combination to create the structures of the FEHM variations.

3.1.1

Brain Definition

The brain was the first volume to be segmented as the body of most interest
when considering impact responses and concussion or mTBI type injuries. The
representation of the surface geometry of the brain was identified in Section 2.3 as
a variable of interest to the current investigation. Three different representations
of the brain were segmented and extracted to research the influence of the sulci
and gyri representations.
The most simple brain variation, from here on called the “Basic” brain, is a
smoothed profile, similar to the representations found in many existing FEHM. To
create this surface profile, the outer boundary of the grey matter was identified in
the MRI. Any fissures or gaps were then filled to create an enclosed volume. The
complete surface was then heavily smoothed, most severely around the cerebrum
where the texture created by the sulci and gyri in the brain tissue was eliminated.
In order to maintain a similar overall brain volume to the original reference and
the more detailed representations, the smoothed surface was scaled so that it
cut approximately half way between the peaks and troughs of the gyri and sulci.
Figure 3.3 illustrates this segmentation and the resulting 3D volume created.
The “Featured” model includes the central sulci and gyri and the lateral cerebral
fissures. The central gyri and adjacent sulci are the main folds on the brain cortex
forming the boundary of the frontal and parietal brain regions, while the lateral
fissures are deep incisions separating the the frontal and temporal lobes. These
represent the most distinct and significant features on the brain surface, and the
central gyri have been identified as features with the potential to particularly
influence the brain motion response [81]. The segmentation for the Featured brain
was based on the Basic profile with the aforementioned details incorporated, using
the MRI for guidance. Figure 3.4 shows an adjusted segmentation example and
the resulting volume for use in the FEHM.
The most detailed version generated was the “Textured” model, which includes
folds across the whole surface of the cortex. A detailed segmentation of the grey
matter was generated and the profile adjusted to fill any holes in the volume
and reduce the degree to which sulci and gyri overlap, producing a continuous,
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(a) Segmentation within the MRI.

(b) 3D surface geometry generated by interpolating segmentation.

Figure 3.3: Formation of the Basic brain profile: (a) example slices of the segmentation
within the MRI in the (left) sagittal and (right) coronal planes. These are interpolated
across the MRI to create the 3D volumes seen in (b) in the (left) sagittal and (right)
isometric views.
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(a) Segmentation within the MRI

(b) 3D surface geometry generated by interpolating segmentation

Figure 3.4: Formation of the Featured brain profile: (a) example slices of the segmentation
within the MRI in the (left) sagittal and (right) coronal planes. These are interpolated
across the MRI to create the 3D volumes seen in (b) in the (left) sagittal and (right)
isometric views.
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complete surface. This reduces the meshing requirements, compared to the detailed
textured geometries previously investigated [81, 83]. Below the cortex, across
the cerebellum and lower brain surfaces, the Textured model follows the same
form as the Basic and Featured models. This maintained consistency between the
brain geometry versions in the regions less affected by textural profiles. Again,
the resulting segmentation is demonstrated in Figure 3.5, alongside the complete
volume. The central fissure separating the brain hemispheres and the transverse
fissure separating the cerebrum from the cerebellum were filled, as with the
previous models. The falx and tentorium could then be included through a
consistent and controlled manner, as described in Section 3.1.3.

(a) Segmentation within the MRI

(b) 3D surface geometry generated by interpolating segmentation

Figure 3.5: Formation of the Textured brain profile: (a) example slices of the segmentation
within the MRI in the (left) sagittal and (right) coronal planes. These are interpolated
across the MRI to create the 3D volumes seen in (b) in the (left) sagittal and (right)
isometric views.

Katie McGill

29

Chapter 3. Development of FEHM

3.1.2

3.1. Generation of FEHM Structures

Cerebral Spinal Fluid and Skull Definition

Once the brain volumes were defined, the membrane structures, CSF system and
the bone-structures of the head were developed around them.
The membrane/meninges and CSF system, called the CSF for brevity from
here on, were represented as a single material layer around the brain. The
boundary of this part was defined by scaling the Basic brain profile to form a
3 mm layer around the brain. This is a simplified approach compared to in vivo,
where the depth of the CSF layer varies around the cranium. Using a layer of
a consistent depth in the FEHM improves meshing, whilst providing a relevant
interface between the brain and the skull. Representing the CSF with a consistent
thickness of a similar depth to considered in this study is an approach previously
used within FEHM [41, 93, 94]. Furthermore, 3 mm falls within the cranial cavity
and CSF depths measured from human subjects [120–123] and the boundary
created approximately aligns with equivalent features in the MRI.
The skull was the final core part in the FEHM. The role of this body was to
contain the intracranial tissues and provide a realistic mass and inertia to the
model. Kinematic loading was applied directly to the skull structure of the FEHM,
negating the need for the scalp and layers external to the skull to be defined.
The upper portion of the skull was defined similarly to the CSF, extending the
boundary by a further 6 mm. This was once again within typical anatomical
ranges, and resulted in the outer boundary of the segment falling between the
within the bounds of the bone, previously identified in Figure 3.2. However, this
is once again a simplified approach. Anatomically, the thickness of the cranial
bones vary but a uniform thickness was used, similarly to the CSF to allow for
reliable meshing. Additionally, the inner surface of the occipital bone, forming
the inferior surface of the cranium, has crests and groves in its form. As well
as altering the local thickness of the bone, these provide additional support for
the brain and keep it stable within the cranium. These were not included in the
FEHM developed in this project, with the surface following the smooth profile
of the inferior surface of the brain. Whilst this is a limitation in the accuracy
of the FEHM developed through the current research, other simplifications are
liekly to be greater, including the boundary conditions set between the brain,
CSF and the skull. Considering the main aim of this work is to compare the
effect of other major structural changes between FEHM with consistent skull
definitions (and consistent inferior brain surface profiles), any errors introduced
by this representation will also be consistent between the FEHM.
The cranium of the skull was then extended to include a representation of the
facial structure to provide realistic physical properties to the models in terms of
mass and inertia. Key points, such as the nose and the point chin were identified
and a smooth profile was built between these and the cranium defined from the
CSF profile. This extension was purely to proved a more realistic mass distribution
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and moments of inertia to the FEHM and therefore remained highly simplified
and idealised.
The segments defined for the CSF and skull are illustrated in Figure 3.6a,
alongside the 3D volumes generated from them.

3.1.3

Additional Volume Development

The CC, and the falx and tentorium membranes were identified as potentially
significant intracranial structures through Section 2.3 and are therefore included
in variations of the FEHM studied in this research.
The CC volume was segmented from the MRI data-set, similarly to the core
bodies previously defined. However, it was then exported to a CAD environment
to create a smooth, symmetrical representation of the body, through the processes
illustrated in Figure 3.7. The volume exported from the segmentation process was
cut through the mid-sagittal plane and the refined representation was created for
half the segmented body. This was reflected back across the mid-sagittal plane
to create a complete, symmetrical form. In the half body, planes were defined
through its width. In each plane, smoothed versions of the segment boundary were
defined, creating internal planar surfaces. These formed a skeleton around which
the controlled CC volume was formed, resulting in the volume seen in Figure 3.7d.
This process allowed the CC boundaries to be cleanly defined based on controlled curves, which provided a compromise between representing a realistic profile
of the CC, and a body that can readily be meshed. Using a regulated CC form
meant the effects of its presence or exclusion could be attributed to the overall
properties of the body rather than small artefacts or an individual’s characteristics
within the profile. Figure 3.7d demonstrates that the overall characteristics of the
CC have been maintained in the controlled volume but it is constructed from a
set of broadly defined and smooth surfaces, which can be more readily processed
and meshed.
The falx and tentorium are not clearly differentiated in MRI, so it is common
practice to manually define their profiles. The inferior limit of central fissure (that
houses the falx) is the CC, and there are clear points where the falx and tnetoirum
meet the inner surface of the cranial skull. These were used as landmarks to
create the surface profiles of the membranes, which were extruded to a thickness
of 1.5 mm, comparable to the width of the fissures the membranes occupy in
the human subject. Figure 3.8 shows the resulting structure. Once defined,
these additional intracranial bodies were intersected into the brain and CSF
profiles. Figure 3.9 demonstrates versions of the brain with the additional CC
and membrane details included.
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(a) Segmentations within the MRI

(b) 3D surfaces

Figure 3.6: Formation of the skull (grey) and CSF (orange) volume profiles, with the
Basic brain (blue) included for context: (a) example slices of the segmentation within
the MRI in the (left) sagittal and (right) coronal planes. (b) Volumes created from
interpolating the segmentations, from an isometric angle.
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(b)
Interpolated
volume

(c) CAD surfaces
defined through the
segmentation volume

(d) Comparison of the CC volume formed in CAD and the segmented
volume in (left) axial, (centre) coronal and (right) isometric views.

Figure 3.7: Illustration of the process used to develop the CC volume through controlled
CAD operations. (a) An example of the segment within the MRI. (b) 3D volume
generated from interpolation of the segment. (c) planes through thehalf-body volume
with a cross sectional profile highlighted for clarity. (d) final volume generated from
the cross-sectional profiles. This is compared to the originally segmented volume,
demonstrating their similarity.

Figure 3.8: The falx and tentorium membrane volumes defined in (left) sagittal, (centre)
axial and (right) isometric views.
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(a) None

(b) CC
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(c) Membranes

(d) CC and membranes

Figure 3.9: Examples of brain surfaces generated by incorporating additional intracranial
tissues, using the Basic brain as an example. (a) original brain surface without intracranial
details. (b) introduces the CC volume, (c) the falx and tentorium membranes and (d)
both parts.

3.1.4

Assembly of Geometric Structures

The segmentation process and subsequent CAD operations generated a range
of 3D profiles describing the outer surfaces of the major bodies in each FEHM.
Figure 3.10 demonstrates the complete set of geometric surface profiles generated,
based on the Basic brain surface profile for clarity. The surfaces were combined
into complete, coherent volume sets to be meshed. This, and the subsequent
meshing, were conducted within GiD [124].
GiD is a pre- and post-processing software developed by Centro Internacional
de Métodos Numéricos en la Ingeniería (CIMNE). It is designed to be universal
and adaptable to a wide range of applications, including structural and finite
element analysis amongst other methods. It was selected for use in this research
due to the combination of geometry defining and editing tools available, and
having a number of robust methods available for mesh generation.
The geometry editing tools allowed .stl files of the geometric surface created
through the segmentation and interpolation process to be imported, converted
into geometric entities, and subsequently combined into the complete FEHM
structures with boundary surfaces between each structure completely shared
through a number of manual and automated operations. As part of this process,
the surfaces could also be “cleaned” into more efficient, smoother representations,
benefiting the later meshing process.
The meshing processes available have the ability automatically generate robust,
coherent meshes even in irregular geometries, such as considered here. This,
combined with a choice of free and grid-based methods and the option to generate
meshes of different element shapes, with localised control over the sizes and
locations of entities, meant GiD provided the ability to create the several FEHM
tested within this thesis with relative efficiency and consistency in their geometric
and mesh properties, beyond the intentional structural changes.
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(a) Full Model
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(b) Brain Tissues

Figure 3.10: Assembly of surfaces defining the model structures, showing the Basic brain
geometry (blue) with the CC (orange) and membranes (purple) defined. (a) Shows
these surrounded by the CSF (green) and facial structures (grey). (b) Allows clearer
observation of the tissues within the brain and shows the membranes extending beyond
the brain, to the outer limit of the CSF.

The ability to define entities to be created in specific locations in GiD was
used to create nodes in the mesh at specific co-ordinates from the model CG. Such
known points were required in aspects of both pre- and post-processing. Prior to
the mesh being generated, geometric points were created in the model assembly
at the required locations. Criteria in the meshing protocol were then set to have a
node within the volumetric mesh created at the defined locations. The identities
of these nodes were found according to their initial co-ordinates and could then
be traced throughout simulations.
However, on occasion, attempts to create points representing NDTs within the
brain returned encountered issues, despite the geometric entity existing well within
the solid mesh as illustrated by Figure 3.11. In these cases, two workarounds
were employed, allowing the intended investigations to continue with minimal
disruption.
The first alternative adjusted the location at which the point in the brain
was generated. The adjustments were made on a trial and error basis and, in
the majority of cases, resulted in finding a location at which the mesh could
generate a node within its structure. This was the preferred method as once
adjustments were made, they could be applied consistently across the FEHM.
Although this creates an offset from the empirical scenario which dictates the initial
locations targeted, it allows direct comparison of the responses between the FEHM.
Considering that one aim of the investigations within this work was to compare the
relative performance of the models and the influence of their differences, this was
Katie McGill
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Figure 3.11: Example of a geometric point not being incorporated into a mesh node
despite existing within the mesh, seen in the (left) sagittal (right) coronal planes.

prioritised over accuracy in relation to the empirical method. Furthermore, the
target locations are described as co-ordinates from the CG of the cadaver example.
It has been highlighted that differences in anatomy between cadaver samples
and the numerical models mean that the same co-ordinate location may fall in a
different region of the brain [125]. This introduces unavoidable errors when using
these data sources and further supports the prioritisation of consistency between
known FEHM.
In a small number of examples, the adjustment approach remained unsuccessful.
In these cases, the mesh was generated without the affected control point. The
automatically generated node closest to the original empirical location was then
identified and used during post-processing and analysis. Although this tended
to result in a smaller change in location than the manual adjustments used, it
introduced differences in locations between model versions. The relative brain
displacement response has been shown to be highly sensitive to location [107],
so this could affect results. Therefore, where the “nearest node method” was
employed, this is taken into consideration during analysis of the FEHM response.
The effects of this on the simulation responses are explored later, in Section 6.2.

3.2

Mesh Generation to Create FEHM

The generated structures were meshed to create finite element models. Existing
FEHM have used a number of element formulations and levels of mesh refinement,
often dictated by the methods involved in creating the overall model structures.
Currently, there is no commonly accepted standard for FEHM meshes [126] and
differences in element formulations and mesh size have been found to affect the
impact responses of FEHM [127, 128].
Solid meshes are generally constructed from hexahedral or tetrahedral elements.
Hexahedral elements are more accurate and efficient than tetrahedral elements of
the same volume, and therefore can create more efficient, accurate, coarser meshes
that tetrahedral elements. However, there are challenges in meshing irregular
and curved geometries with hexahedral elements. Creating robust meshes can
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therefore require extensive manual editing [129, 130]. Additionally, hexahedral
elements require hourglass control when significant deformations occur, as is seen
within FEHM. It has been shown that the specification of hourglass control alters
the impact responses of FEHM [127].
Tetrahedral elements are able to form completely unstructured meshes and are
better suited to representing complex and irregular geometric domains. However,
particularly linear (or first order) tetrahedral elements can be prone to volumetric
locking and therefore display unrealistically stiff behaviour.
On balance, the need to generate meshes in a number of different structures
with varied and complex geometries meant the robustness of tetrahedral approaches
was preferred over the greater computational efficiency of hexahedral meshes for
the research within this thesis. This allowed meshes to be generated reliably and
robustly through automated meshing algorithms. Additionally, it negated the
need to employ hourglass control whihc could have been a source of unrealistic
responses and errors.
The meshes were generated within GiD, using advancing front methods. This
approach creates the mesh directly in 3D space from the complete surface profiles,
rather than relying on key points or grid-based methods [129, 131]. Representing
the geometries of parts within the FEHM is therefore further prioritised during
mesh generation. By defining each volume in the models through shared surfaces,
as described in the previous section, a continuous mesh is generated throughout
the FEHM. Figure 3.12 demonstrates a typical mesh structure created within the
current work.
In the simulation environment, the elements were assigned to ELFORM
13 [132, 133] from LS-Dyna. This is a 1-point teterahedron with nodal mressure
averaging across its four nodes. This formulation alleviates volumetric locking
that can be found in 1-point tetrahedral elements with constant stress (ELFORM
10 in LS-Dyna). Within LS-Dyna, ELFORM 13 is the recommended element type
for highly deformable materials, including viscoelastic and rubber materials such
as those applied within FEHM. However, Giudice et al. [127] previously found this
formulation to be equally limited by volumetric locking to the basic tetrahedral
formulation (ELFORM 10). Therefore, preliminary simulations were conducted
to test the effectiveness of this formulation in the current FEHM. In contradiction
to Giudice et al. [127], ELFORM 13 elements were seen to deform freely and
extensively, whilst the FEHM using the ELFORM 10 element type, without nodal
pressure average, element volumes remained locked, preventing deformation in the
intracranial structures. ELFORM 13 elements have previously been considered
and successfully applied within FEHM [103].
Higher order elements are also available in LS-Dyna, as is a function to convert a
mesh of 4-node tetrahedral elements to 10-node, second order elements (ELFORM
16 in LS-Dyna). Second order elements have additional nodes at the midpoint of
Katie McGill

37

Chapter 3. Development of FEHM

3.3. Model Structures

each edge of the elements, allowing the profile of each edge to be described by
quadratic functions between the midpoint node and those at the adjoined vertices,
producing curved shapes. This can improve the representation of curved, irregular
geometries and the accuracy of deformations within simulations. Due to these
potential advantages, a trial simulation was conducted with the mesh converted
to higher order elements. This incurred significant computational costs when
running simulations and introduced issues with model stability. Second order
elements can be more efficient with a carefully considered meshing approach by
allowing larger element sizes. However, in the current FEHM the geometry of the
intracranial structures is the limiting factor in element sizes at points, inhibiting
this potential advantage. Additionally, the structures to be meshed change between
the FEHM versions. Therefore, for the robust automated meshing processes they
allow, and knowing that deformation is represented during simulations, first order
elements with nodal pressure averaging (ELFORM 13) were deemed suitable for
the current research and employed. By keeping mesh properties as consistent as
reasonably possible between the different FEHM the limitations of the simple
element formulation should affect the model variations similarly. If any of the
developed FEHM were to be taken forward and applied to impact consequence
research, further work to develop an efficient and stable higher order mesh would
be recommended.

Figure 3.12: Example of the solid mesh generated within the FEHM, showing the brain
(blue) with the CC (orange) and membranes (purple) defined, surrounded by the CSF
(green) and facial structure (grey). The inspected region demonstrates the continuity of
the mesh between the volumes of the different parts involved.

3.3

Model Structure Outline

The processes described through Sections 3.1 and 3.2 were used to create a series
of FEHM, altered in order to investigate the effects of changes within the models.
The investigation was conducted in two stages, firstly considering the role of
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the geometric definition of the brain, and then the intracranial tissues. This
section combines these previous sections, summarising the FEHM created for
these investigations.

3.3.1

Brain Geometry

Three FEHM with different levels of geometric detail defined on their outer surface
were created. Each had both the CC, and the falx and tentorium membranes
defined within. The CSF surrounds these, its outer surface remaining consistently
defined, its inner profile sharing the brain surface defined. A consistent facial
structure, with an intracranial cavity created from the outer surface of the CSF.
These FEHM variations were identified according to their brain geometry as the
“Basic”, “Featured” and “Textured” FEHM, as introduced in Section 3.1.1 and
their final structures are demonstrated in Figures 3.13 – 3.15.

3.3.2

Intracranial Tissue Definition

The second stage of the investigation accounted for the results of that into
the geometric representation of the brain. The geometry determined to be the
most appropriate was selected and used as a consistent base for the four FEHM
subsequently developed.
The most simple of these variations was termed the “None” FEHM, as none of
the additional intracranial structures were defined. The resulting FEHM consisted
of just three parts; a homogeneous brain, a CSF and a face, as seen in Figure 3.16.
The “CC” and “Membranes” FEHM had the corpus callosum and the falx and
tentorium membranes each defined individually, demonstrated in Figures 3.17
and 3.18 respectively. The “All” FEHM included both these intracranial structures.
This is the same intracranial structure as considered through the investigation into
the effect of the brain geometry. Therefore, the FEHM with the preferred geometry
was carried forward into this stage of the investigation. To allow easy comparison
of this to the models with altered intracranial structures, it is presented again in
Figure 3.19.
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(a) Volumes forming the Basic FEHM
structure

(b) Basic brain Volume

(c)
Solid
mesh
through the Basic
FEHM

(d) Solid mesh
viewed from the
brain surface

Figure 3.13: Demonstration of the (a) and (b) geometric entities and (c) and (d) mesh
structures which create the Basic FEHM. The structures depicted are the brain (blue),
CC (orange), membranes (purple), CSF (green) and facial structure (grey).

(a) Volumes forming the Featured
FEHM structure

(b) Featured brain
volume

(c)
Solid
mesh
through the Featured FEHM

(d) Solid mesh
viewed from the
brain surface

Figure 3.14: Demonstration of the (a) and (b) geometric entities and (c) and (d) mesh
structures which create the Featured FEHM. The structures depicted are the brain
(blue), CC (orange), membranes (purple), CSF (green) and facial structure (grey).

(a) Volumes forming
the Textured FEHM
structure

(b) Textured brain
volume

(c)
Solid
mesh
through the Textured FEHM

(d) Solid mesh
viewed from the
brain surface

Figure 3.15: Demonstration of the (a) and (b) geometric entities and (c) and (d) mesh
structures which create the Textured FEHM. The structures depicted are the brain
(blue), CC (orange), membranes (purple), CSF (green) and facial structure (grey).
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(b) Brain volume
with no additional
structures defined

(c)
Solid
mesh
through the None
FEHM

Figure 3.16: Demonstration of the (a) and (b) geometric entities and (c) mesh the
structure which create the None FEHM. The structures depicted are the Textured brain
(blue), CSF (green) and facial structure (grey).

(a) Volumes forming
the CC FEHM

(b) Brain volume
with the CC differentiated

(c)
Solid
mesh
through the CC
FEHM

Figure 3.17: Demonstration of the (a) and (b) geometric entities and (c) mesh the
structure which create the CC FEHM. The structures depicted are the Textured brain
(blue), CC (orange), CSF (green) and facial structure (grey).
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(a) Volumes forming the Membranes
FEHM

(b) Brain volume
with
the
falx
and
tentorium
membranes defined
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(c)
Solid
mesh
through the Membranes FEHM

Figure 3.18: Demonstration of the (a) and (b) geometric entities and (c) mesh the
structure which create the Membranes FEHM. The structures depicted are the Textured
brain (blue), membranes (purple), CSF (green) and facial structure (grey).

(a) Volumes forming
the All FEHM

(b) Brain volume
with CC and the
membranes defined

(c) Solid Mesh
through the All
FEM

Figure 3.19: Demonstration of the (a) and (b) geometric entities and (c) mesh the
structure which create the All FEHM. This is the same structure as seen in the Textured
FEHM, displayed here for comparison against the those with altered intracranial tissues.
The structures depicted are the Textured brain (blue), CC (orange), membranes (purple),
CSF (green) and facial structure (grey).
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Constitutive Models and Material Properties

The constitutive models applied to the FEHM were taken from literature, and the
same properties were used across model variations. The following sections discuss
the selections made and summarise the properties applied to each body.

3.4.1

Brain Tissues

The response of the brain to dynamic loading is the focus of the current studies.
Two brain tissue models were therefore required, for each of the main brain volume
and for the CC when this body is differentiated.
Modelling the material properties of the brain is one of the major challenges
found in FEHM research. The challenges include the testing and determination of
the dynamic properties of brain tissue samples and the subsequent representation
of the complex, non-linear and potentially anisotropic behaviour in mathematical
models [60, 62–64]. As a result, numerous material model types and properties within each have been applied to existing FEHM [16–18, 67]. Although
viscoelastic materials have been used to represent the brain, hyperelastic materials are increasingly becoming the accepted type. A number of studies have
considered the efficacy of various forms of hyperelastic models for application
in FEHM [61, 63, 65, 71, 134, 135]. However, these studies do not reach consistent conclusions on how brain materials should be represented or the relative
performances of different hyperelastic models.
An Ogden hyperelastic model was applied through the current research, which
primarily describes the non-linear, time-dependent behaviour of materials according to the strain energy density (W ) through
W =

n
X
µj
j=1

αj

 1
α
α
α
λ1 j + λ2 j + λ3 j − 3 + K(J − 1)2
2

(3.1)

where λ1 , λ2 , λ3 are the principal strain invariants, and µj and αj are material
constants, related to the shear moduli. It is this shear behaviour that has the
greatest influence on the constitutive model behaviour. µj dictates the initial strain
response of the material, while αj has greater governance over the longer-term
behaviour of the material and how the strain-energy decays. Ogden equations
of one (n = 1) to eight (n = 8) orders can be applied [136] in LS-Dyna through
MAT_077_O. K and J relate to the strain energy from the volumetric behaviour of
the materiel as the bulk modulus and the relative volume, respectively [15, 136].
Ogden hyperelastic models have been found to adequately replicate brain
material behaviours [61, 63, 135] provided the initial model is well fitted [134]
and the range of tested strains are not exceeded as, above this, responses can be
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unrealistically over-estimated [63, 65]. Furthermore, they have been included in
recommended material types in texts relating to the development of FEHM [15, 70].
The Ogden hyperelastic model applied in this research was found to best
replicate dynamic behaviours of the brain in an FEHM by Kleiven [66], and
has since been applied in several FEHM investigations. This is a second order
Ogden model with an additional six-term Prony series included, determining
the relaxation behaviour found in brain tissues through a time-dependent shear
modulus (g(t)) calculated from a series of shear relaxation moduli (Gi ) and their
decay constants (β) via
g(t) =

N
X

Gi e−βi t

(3.2)

i=1

Corpus Callosum
The CC was defined through the same material model type as the wider brain
volume, as is common practice both in the development of constitutive models
of white and grey matter, and in applications to FEHM. However, there is no
consensus on the relative material properties of white matter regions, including
the CC, compared to grey matter [60, 62–64, 68–70].
In general, the white matter is found to be stiffer than grey matter, but with
a range of relative shear moduli. Previous FEHM have defined the white matter
(including the CC) as 20 − 25% stiffer than the grey regions [16, 67]. In a review
of brain tissue property testing, Chatelin et al. [64] summarised that white matter
had been found to have 1.2 − 2.6 times greater shear moduli than grey matter,
but a number of studies agreed on the difference being 30%. Due to this, and its
proximity to that previously applied in FEHM, the 30% increase was applied to
the brain material model to generate that for the CC.
The constants applied to the hyperelastic material model for the brain and CC
are summarised in Table 3.1. The bulk modulus is calculated from these material
properties and the Poisson’s ratio (ν, 0.49999).

3.4.2

Cerebral Spinal Fluid

The FEHM in the current investigation use a single material layer, modelled
with solid elements, to represent the combined CSF and meninges structure.
In vivo, these systems combine multiple solid materials, a fluid and complex
interactions between the parts. As with all aspects of modelling the human head,
simplifications and assumptions are necessary, as discussed in Section 2.2.4 and
the approach taken in this thesis is common practice within simple FEHM.
Changing the brain geometry and intracranial structures of the FEHM, as
done in this set of investigations, will inevitably introduce changes in the CSF
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Table 3.1: Ogden hyperelastic material properties applied to the brain and CC tissues,
based on those defined by [66] using LS-Dyna material card MAT_077_O.

Ogden Parameters
Tissue

µj (kPa)

αj

Prony Series
Shear Mod.
Gi (kPa)

Decay Const.
Density
βi (s−1 )
ρ (kg/mm3 )

Brain

0.054
−0.120

10.1
−12.9

320.0
78.0
6.2
8.0
0.1
3.0

106
105
104
103
102
101

1.04×10−6

CC

0.070
−0.157

10.1
−12.9

416.0
101.4
8.1
10.4
0.1
3.9

106
105
104
103
102
101

1.04×10−6

mesh. Therefore the stability of viscoelastic material models was preferred to
elastic fluid models, which Baeck et al. [95] found to be mesh dependent, to ensure
changes within the mesh do not contribute to differences seen between FEHM
versions. This material model is defined through the Viscoelastic material card in
LS-Dyna (MAT_006) by a bulk modulus (K) and a time-dependent shear modulus
based on initial and infinite shear moduli (G0 , Ginf ) and a decay constant (β),
related according to
G(t) = G∞ + (G0 − G∞ )e−βt

(3.3)

Across the CSF material models investigated, the bulk modulus is the parameter
that most significantly affects its behaviour [93–95]. Many existing FEHM apply a
bulk modulus around 2.19 GPa to the CSF, close to the value for water (2.15 GPa)
which constitutes 99% of the CSF. Although this commonly used value is one order
of magnitude greater than the highest value tested by Chafi et al. [93] (2.19 MPa
– 219 MPa), it is close to the elastic fluid material deemed to best represent the
CSF by Jin et al. [94] (2.1 GPa). This was therefore the value used for the current
research. The response of FEHM has been shown to be robust to changes in the
shear properties of viscoelastic models applied to FEHM [93, 94]. As such, the
preferred viscoelastic model within the investigation of Jin et al. [94] were used,
and are outlined in Table 3.2. Prior to that investigation, they had also been
applied in an existing FEHM [137].
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Table 3.2: Viscoelastic material properties applied to the CSF layer, based on investigation findings from [94] and previous FEHM [90]. The constitutive model was implemented
through LS-Dyna material card MAT_006.

Bulk

Shear Moduli

Modulus
K (kPa)

Initial
G0 (kPa)

2.19×106

1.0

Decay

Infinite
Constant
Density
−1
G∞ (kPa)
β (s )
ρ (kg/mm3 )
0.9

80

1.04×10−6

Table 3.3: Linear elastic material properties applied to the membranes, based on those
commonly used in existing FEHM [16, 18] using LS-Dyna material card MAT_001.

3.4.3

Young’s
Modulus
E (kPa)

Poisson’s
Ratio
ν

Density
ρ (kg/mm3 )

31.5×103

0.45

1.14×10−6

Membranes

Anatomically, the falx and tentorium membranes are formed from folds in the
dura matter into the major fissures of the brain. Across the tissues represented
within FEHM, the dura is one of the most consistently defined in terms of material
models [16, 17], as a linear elastic material (LS-Dyna MAT_001) with the properties
given in Table 3.3. These commonly applied properties were used in the current
research, allowing the effect of these structures to be considered with relevance to
existing practices and FEHM.

3.4.4

Bone

The skull structure in the FEHM was defined as a rigid body. LS-Dyna allows
bodies to be defined as rigid through its material definition using the MAT_020 rigid
material card. This enables loading conditions to be applied directly to the body,
thereby accurately recreating impact kinematics in the numerical environment, and
reduces computational costs. Although the material is defined as rigid, a Young’s
modulus and Poisson’s ratio still need to be assigned so that wave propagation
velocities can be calculated, which will affect the responses in non-rigid bodies
interacting with the rigid part. As such, realistic values for bone were applied.
However, the single layer construction of the skull in the FEHM is a simplification
of the anatomical structure which consists of a layer of cancelous bone (spongy
structure) sandwiched between layers of cortical bone (dense structure). These
two bone types have differing mechanical properties. Therefore, the material
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properties applied within the skull were of lesser importance than in other parts
of the FEHM; the stress and strain response within was not considered, nor was
failure and skull fracture.
In existing FEHM with simplified bone structures “compound” bone material
models have been applied, representing physical and mechanical properties between
those of the separate bone types [16, 17]. This was the approach taken in the
current study, selecting commonly applied properties that fell within the range
determined by well established experimental work [122]. Table 3.4 states the
properties ultimately applied.
The material values assigned to the skull structure resulted in the FEHM having
mass and inertia within the ranges recorded empirically for the human head [109],
meaning the skull performed its role of creating suitable physical properties for
the FEHM. The stiffness of this material, relating to a shear modulus of 3.2 GPa,
is 6 orders of magnitude greater than that defined for the adjacent CSF layer and
4 orders of magnitude higher than the initial shear modulus of the brain materials.
These differences further justify the choice to use a rigid material in the skull
as any deflection or deformation will be insignificant compared to those in other
intracranial structures.
Table 3.4: Rigid material properties applied to the skull structure using MAT_020.
Similar properties have been applied in numerous FEHM [16, 18, 127] and are often
cited to be based on experimental work [122].

3.5

Young’s
Modulus
E (kPa)

Poisson’s
Ratio
ν

Density
ρ (kg/mm3 )

8×106

0.22

2×10−6

Contacts and Interfaces between Parts

In addition to the material models applied to each body, the contact algorithms
defining the interactions between the bodies influence the response of the FEHM.
As with the material properties applied to biological tissues, representing the
contacts and interactions between them is extensively debated.
To allow the different FEHM versions developed through this study to run
efficiently and reliably while other properties were adjusted, simple but appropriate
contact algorithms were used between the various parts of the model.
The inner surface of the skull is fixed to the outer surface of the CSF (and
membranes when included) via shared nodes on their boundaries, rather than
a contact algorithm. This is a reasonable representation of the in vivo scenario,
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where the dura matter, the outer meninges layer which folds into fissures to create
the falx and tentorium membranes, is fixed to the skull [138]. Shared nodes are also
used to combine the CC and the main brain volume when the former is included.
Whilst these parts have different material properties and micro-structures, they
are regions of the overall brain mass and are inherently bound. As such, their
surfaces should not be distinct, however separation of the parts was necessary
during the modelling process. Sharing nodes between their surfaces effectively
combines them back into regions of a single body as far as their interactions are
concerned.
The contacts between the brain, CSF and membranes are less obviously defined,
with debate over whether an interface that allows sliding without separation or a
tied contact is preferred [17]. A tied contact was used throughout this investigation,
owing to its reduced computational cost and more stable, reliable behaviour than
those allowing sliding. Relative motion between the brain and skull is permitted
through the deformable CSF layer, and this approach has been successfully applied
in FEHM. The surfaces involved in this contact change drastically between the
compared FEHM. Using the tied approach provides a simple interface that acts
predictably and is unlikely to significantly contribute to differences in simulation
results between model versions, allowing analyses to focus on the adjusted features.
Whilst research into the role of the brain-skull interface and the contacts defining
it would be of value, the chosen arrangement provides a suitable environment to
consider the role of the properties investigated in this work.
The tied contacts used a penalty based approach, through the
AUTOMATIC_SURFACE_TO_SURFACE_TIEBREAK option in Ls-Dyna, without the tiebreak enabled so the contact was maintained throughout simulations. This
penalty based algorithm was selected over constraint based contact algorithms (e.g
TIED_SURFACE_TO_SURFACE) as it assesses the full area of the segments involved
for penetrations and crossing, rather than just the nodes. As a result, the contact
is more stable and maintained throughout simulations, despite high levels of
deformation experienced.

3.6

Testing for Mesh Independence

Seven FEHM variations were developed through the processes and with the
properties discussed through this chapter. Before they were applied to investigate
the effects of the differences in their definitions, it was important to establish the
role of the mesh on simulation outputs to enable accurate and reliable analysis
and comparisons between the FEHM.
Mesh independence testing was conducted on a single representative model from
the six FEHM variations involved in the two planned investigations (Chapters 6
and 7). A range of meshes based on different element sizes were generated within
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the representative model. These were subjected to two dynamic impulses and
various outputs were compared across the group to assess the performance of each
mesh size. The following section details the properties of the model used and the
testing and assessment processes applied specifically during mesh independence
testing.

3.6.1

Model Structure and Mesh Sizes

The representative model used to study mesh independence was based on the
Featured brain geometry. Whilst this is a simpler geometry than the Textured
brain, the sulci and gyri details included in the Featured geometry are of a
comparable scale and similar shapes to those seen across the surface of the
Textured brain. Arguably, the central sulci and gyri are more severe than the
undulations elsewhere on the brain. Therefore, if element sizes were able to
represent the selected sulci and gyri adequately and perform stably, this could be
extrapolated to being able to represent the full Textured geometry as there is no
increase in the level of detail required, just the extent of its occurrence. Larger
geometric features, such as the lateral fissures were included in both the Featured
and Textured geometries, meaning their presence was accounted for. The regions
around any geometric complexities were inspected for any effects from the mesh,
as well as the wider outputs assessed for mesh independence. The predominantly
smooth surface of the Featured geometry simplified the pre-processing steps,
particularly when defining contacts between the brain and adjacent parts, which
was beneficial during this preliminary testing stage where several meshes were
generated and tested.
The CC and membranes were also included in the structure, as the potential
additional tissues to be differentiated. Including the full complement of intracranial
bodies created the most complex arrangement of volumes and detailed geometric
entities within the brain. Mesh properties that conform to these intricacies and
produce independent results should equally perform in more simplified forms of
the brain volume when not all these bodies are present.
The bounds of element sizes to be tested were then determined. The proposed
investigations will focus on the response of the brain within FEHM as properties
of the model change as this is the body of most interest when simulating sporting
head impacts and considering mTBI, concussion and CTE type injuries. This
body was therefore used to guide the limits of mesh independence testing by
generating and inspecting meshes to determine a suitable range of sizes. The
coarse limit generated the mesh seen in Figure 3.20a. At this element size regions
of finer detail, including the central cavity for the CC, force significant reductions
in element size in order for their geometry to be preserved, as is prioritised in the
mesh generation parameters set, creating distinct boundary layers. Furthermore,
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(a) Mesh generated at the coarse limit of mesh dependence testing

(b) Mesh generated at the fine limit of mesh dependence testing

Figure 3.20: Comparison of brain meshes generated in the brain volume at the (a) coarse
and (b) fine bounds chosen for mesh dependence testing in the (left) mid-sagittal and
(centre) mid-coronal planes and (right) an external isometric view.

increasing the element size beyond this has a minimal effect on the total element
count, indicating that finer geometries within the model structure are dominating
the properties of the mesh and preventing further reductions in mesh resolution.
The most refined mesh was set at a limit that provided a consistent, high quality
mesh, as seen in Figure 3.20b, which was not notably affected by details within the
brain geometry or improved by further reductions in element size. Furthermore,
a greater level of refinement required over half a million elements to represent
the brain volume alone. Given the focus within the current work on creating
an efficient FEHM and the simplifications and assumptions applied during the
FEHM generation, additional refinement was deemed unnecessary.
Six mesh variations were subsequently generated within these bounds, identified
as versions a – f, with model a having the most refined mesh and f the most
coarse. A different element size was assigned across all the deformable volumes
within the model structure, as far as possible, to create the models. However,
the small volume of the CC, which occupies less than 1.5% of the brain, and its
intricate geometry affected the range of mesh sizes that could be generated within
this body. For models a – c, this part followed the meshing parameters used across
the remaining deformable bodies. However, above this element size, the geometry
of the CC dominated the meshing process, preventing the element count from
being reduced as the nominal element size further increased, essentially “freezing”
the mesh within the CC at this size.
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The skull does not have the element sizes assigned to it adjusted through this
process as this body is considered rigid. Therefore, this part does not experience
relative nodal displacements within its volume and should not be affected by
the level of refinement in the mesh. The element size used in the skull was
equivalent to that applied through model e. This was towards the coarse end
of the sizes, reducing element count and maintaining computational efficiency
without introducing large discrepancies in element sizes.
The remaining properties of the representative model, namely the material
models applied and contact definitions between parts, followed those identified
in Sections 3.4 and 3.5, respectively, maximising consistency between the mesh
findings and later application of the model.

3.6.2

Properties of Meshes Generated

The properties of the meshes generated through this process are summarised in
Table 3.5. This also includes details for an Adjusted mesh (Adj.), a model created
from the findings of the initial mesh dependence testing to create a stable and
efficient FEHM structure and is further introduced in Section 3.6.3. Figure 3.21
illustrates how the element count is distributed between the models.
3.5

Element Count (x105 )

3
2.5
2
1.5
1
0.5
0
a

b

c

d

e

f

Mesh Version
Total Elements

Brain Elements

Figure 3.21: Element count across the six mesh variations generated during mesh
independence testing for the complete FEHM (Total) and within the main brain volume
(Brain).

The six mesh variations initially tested have element counts ranging from
113, 299 to 335, 550 elements. The element count within the brain increases 4.5
fold across the set of meshes. However, as seen in Figure 3.21, the distribution of
element counts is not linear. This is due to the sizes assigned to the models being
increased by regular increments between variations. As the element size grows, the
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Table 3.5: Details of the meshes generated across the models developed for mesh
dependence testing. For each model, the total number of entities in the FEHM is given,
along with the element count in each deformable body.
Total

Elements in Parts

Model

Elements

Nodes

Brain

CC

CSF

Membs

a
b
c
d
e
f
Adj.

335,550
204,613
151,385
128,764
118,199
113,299
109,042

65,371
41,076
31,105
26,909
25,011
24,137
23,388

218,886
121,521
80,385
62,329
53,240
49,033
54,013

7,700
7,276
7,261
7,261
7,261
7,261
7,261

33,854
21,457
16,267
14,091
13,172
12,676
13,593

9,384
7,348
6,417
6,146
6,058
6,025
6,417

same difference in size is proportionally less, causing the total number required to
decrease by a lesser degree. The relationship between the mesh variations and
whether the size or number of entities is of importance should be considered when
assessing the effect of the mesh on simulation outputs.
Figure 3.21 also shows the element counts of the complete FEHM and within
the brain to be highly comparable. The brain is the body within the FEHM that
is focussed on during analysis, both during the current mesh dependence testing
and in the proposed investigations. Therefore, the distribution of elements in this
part being comparable to that across the FEHM suggest that any trends and
effects will be typical of the body as a whole.
The entity count within the skull is not detailed in Table 3.5 as the size
assigned to the body is not directly adjusted. However, the internal surface of
the skull is shared with the outer profiles of the CSF membranes. Continuous
meshes are generated throughout the models. Therefore, changing mesh sizes
in the deformable bodies affects the size of elements around the shared surfaces
within the skull. As a result the element count within the skull varies between
67, 933 and 38, 304, however the bulk of the volume mesh remains unaffected.
Overall, this group of models represent a significant range of mesh properties,
bounded by limits realistic and relevant to the model. As such, ranges of mesh
sizes producing independent results can be identified, ensuring that the FEHM and
mesh structures developed in the subsequent stages of this investigation provide
a fair and consistent environment to compare other model properties and their
effects.
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Refining Element Sizes to Optimise a Standard Mesh

The mesh structures created during mesh dependence testing assign a single
element size to all the deformable bodies within the FEHM. However, the parts
within the model have a range of sizes, as exemplified by limits encountered in
the CC highlighted in Section 3.6.1. As the element size increased, the quality
of the mesh generated in the CSF and membrane parts began to decrease, with
the lack of depth to these layers being the limiting factor. This was seen to have
an effect on the computational efficiency of the affected models (discussed in the
analysis of results in Section 3.8.3). To counter this and enable an efficient, high
quality mesh to be produced without excessive refinement, an adjusted mesh was
generated which considered the results of the initial mesh test to identify and
assign more suitable element sizes on each individual body within the model. The
resulting mesh was subjected to the same mesh dependency testing as the six
previously generated models.
Although this model was developed in response to the initial mesh dependence
testing, the results generated in the adjusted mesh are compared alongside the
six original variations using a single element size throughout (Section 3.8). The
effect of varying the element sizes between regions of the model can therefore be
compared to changes in size across the complete structure, ensuring this approach
does not affect mesh independence.
The Adjusted mesh (Adj.) is seen to have a lower total element count than
any of the previously tested meshes in Table 3.5. This is due to a coarser mesh
being generated through the rigid body of the skull as this was shown to generate
a similar quality mesh to the more refined version, with negligible influence on
the model response. Within the brain volume of the Adjusted mesh, the element
count sits between that of models d and e. A similar element size was assigned to
the brain volumes of the adjusted mesh and model e, however the CSF mesh is
more refined in the Adjusted version, leading to more elements being required at
the brain surface to account for this.
The mesh size in the CC is the largest the geometry allows. Further refinement
of the mesh in this region was not seen to influence the impact response and would
create a larger size difference between the brain and CC volumes, causing steep
gradients in the element size around the centre of the brain volume. Finally, the
membranes had an element size between that of the brain and CC assigned to
them, similar to seen in model c. This created a smooth transition of the mesh
sizes between these parts, whilst producing a reasonable mesh quality within the
membranes.
The resulting Adjusted mesh can be seen in Figure 3.22. Its performance was
compared to that of the similarly sized mesh variations using consistent levels of
refinement throughout. The computational requirements were compared to assess
the effect of differing mesh sizes on the model efficiency, as well as the simulation
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Figure 3.22: The Adjusted mesh produced based on initial mesh independence testing,
with sizes assigned to each of the brain (blue), CC (orange), membranes (purple), CSF
(green) and facial structure (grey) to balance accuracy and efficiency.

outputs to ensure the stability of calculations is not affected.

3.6.4

Impulse Generation for Mesh Dependence Testing

To test the stability and independence of the meshes, two impulses were simulated.
These were based on cadaver impacts conducted empirically by Hardy et al. [52, 53].
Such cases were chosen so that the meshes were tested for independence under
similar conditions to those of interest in the following research, combining multiaxial linear and rotational acceleration components. A range of possible impact
scenarios are available in literature, further explored in Chapter 4. From the
impact scenarios with suitable levels of kinematic and intracranial response data,
cases C755-T2 [52] and C380-T2 [53] were used to test the mesh independence.
C755-T2 is an occipital impact, producing a predominantly linear motion
in the anterior-posterior direction, with peak resultant accelerations of 22g and
1896 rad/s2 . C380-T2 is a lateral impact, producing a peak linear resultant
acceleration of 66g, 3-fold greater than in the first example and with the greatest
component in the medial-lateral direction. The difference in rotational accelerations is greater, with a peak magnitude of 11479 rad/s2 . These particular
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examples were selected due to their contrasting kinematics. Additionally, the
occipital impact of C755-T2 generates peak kinematics typical of those recorded
on sporting fields, which is further discussed in Section 5.1. The lateral C380-T2
impact was selected due to its high rotational acceleration magnitudes. Rotational
motion is expected to cause high levels of shear in the intracranial structures,
particularly the ultra-soft CSF. This was thought to be one of the greatest challenges for meshes to cope with due to the deformation elements would experience.
Therefore, it was felt that if meshes were stable and independent during this
impact, they would be perform suitably under other conditions simulated (selected
and discussed in Section 5.1). Finally, these impacts are typical of those previously
employed in FEHM development and validation efforts so were thought to provide
valuable base-line scenarios through which mesh independence could be examined.
The impacts were simulated via a different method to that used in subsequent
investigations to allow for that method to be tested independently, as explained
later in Section 5.2.2. The method used during mesh independence applied sets
of force components, calculated from the physical properties of the FEHM, the
kinematic data available from Hardy et al. [52, 53] and rigid body kinematic
theory. Two sets of force components were combined to recreate the full motion
pattern.
The first set recreated the translational motion of each impact, calculated from
the linear acceleration histories measured empirically and the mass of the FEHM
according to basic Newtonian mechanics. This produced the dynamic loading
pattern required aligned to each anatomical axes. These were applied to a node
within the skull, at the CG of the model.
The second set introduced the rotational motion by applying linear loads to a
node in the skull at a known location from the CG (denominated node p). The
required loads at this point were calculated according to the rigid body kinematics
of node p compared to the CG.
The linear acceleration experienced at a given point in a rigid body (ap ) can be
determined by the linear acceleration of the body’s CG (aCG ) and the rotational
acceleration (α) and velocity (ω) of the rigid body, according to the vector location
of p from the CG (rp ) through
ap = aCG + α × rp + ω × ω × rp

(3.4)

However, this calculates the total linear acceleration experienced at p, including
the translation that is generated by loading the CG. Rotational motion causes p to
experience different accelerations to the CG of the body. Therefore, by calculating
the linear acceleration experienced at p relative to the CG (ap_rel ) using
ap_rel = α × rp + ω × ω × rp

(3.5)

the additional forces required at node p to create the rotational aspect of the
impact kinematics can be calculated.
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The calculated force components can be seen in Figure 3.23. These were
applied in the anatomical co-ordinate system, which follows the orientation of
the FEHM throughout the impact. This replicates the conditions under which
the accelerations were originally recorded, which used accelerometers fixed to the
cadaver specimens and aligned to their anatomical axes.

3.7

Analysis of Mesh Quality and Performance

The meshes generated through Section 3.6 were analysed in a number of ways for
quality, stability and independence. This section details the measures considered
and how they were analysed to assess the FEHM meshes.

3.7.1

Model And Mesh Quality

Each mesh generated was assessed according to the number of elements and the
quality of their shape. The quality analysis in particular was carried forward into
Chapters 6 and 7. The priority of mesh independence testing was to generate
meshes with a range of element sizes and therefore quantity, as seen in Section 3.6.2.
The same meshing algorithm was used throughout this thesis, based on an
advancing front method. This directly maps the mesh into 3D space, building
from the surface geometries defined within the FEHM. This allowed the size of
the elements to adapt to accurately represent the geometric profile of parts within
the model. Therefore, as FEHM structures were changes (Chapters 6 and 7), the
element count provided an indication of the extent of adjustment required and
the influence of changes within the model structure. However, the quality of the
mesh was also important to ensure stable and accurate results. The quality of the
mesh was assessed through two measures: the minimum dihedral angle and the
volumetric shape quality. These each measure the extent to which each element is
distorted from the ideal, equilateral case.
The minimum dihedral angle indicates the most acute angle between an edge
and its opposing face. This is reduced in lower quality elements, as demonstrated
by Figure 3.24. The shape quality (SQ) uses the element volume to judge its
quality. This measure determines proportional volume of each element against
equilateral case with the same average edge length according to
√
6 2V
SQ = P6 3
(3.6)
i=1 li
Where V is the actual element volume and li are the lengths of each of the 6 edges
of the tetrahedra [139]. This is a normalised measure, rating each the shape of
each element between 0 (2D triangle) to 1 (equilateral terahedra).
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Figure 3.23: Dynamic force components applied to a node at the centre of gravity of
each FEHM (CG, a and c), and a remote node at a know location from the CG (p, b
and d), to simulate the (a) and (b) occipital C755-T2 impact and (c) and (d) the lateral
C380-T2 impact.
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70.5◦

< 70.5◦

(a) Equilateral element

(b) Imperfect element

Figure 3.24: Sketch illustrating the dihedral angle in an equilateral tetrahedral angle
and the effect on the dihedral angle as the element distorts from its perfect form.

These two quality measures have their own benefits and limitations. The
minimum dihedral angle indicates the limiting angle of each element but does
not account for the shape of the opposing face. Therefore, elements experiencing
different levels of distortion through the face opposite to the critical vertex, and
therefore of different qualities, could produce the same minimum dihedral angle.
The SQ incorporates the complete element in calculations. However, it does
not indicate the most affected point of distortion, and is not equally affected by
different distortion types [129, 140]. Combining these quality measures ensures
both the most critical vertex is considered and the shape of the element as a whole
are assessed.
The soft materials within the FEHM mean meshes are likely to experience
large deformations. Low quality elements are prone to collapsing in such situations,
as the distortion experienced stretches elements to the point of becoming twodimensional shapes, as illustrated by Figure 3.25. Therefore, mesh quality is an
important factor in the feasibility and stability of FEHM.
Distorts

Distorts

Figure 3.25: Illustration of an element excessively distorting, to the point of collapse. As
the tetrahedra is stretched, it looses height eventually causing the end face to become
parallel to the bottom (shaded) face. The top edge therefore cuts through the same
plane as the bottom face. At this point, the element is deleted or the simulation fails.

The quality of meshes was assessed by both the minimum element quality
in the model and the distribution of elements according to their quality. This
provides an indication of the case likely to be the critical to the stability and
efficiency of the model and the potential of this being affected as simulations
progress. This analysis is applied in Chapters 6 and 7, building on the findings
from the mesh independence testing conducted through this Chapter.
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Simulation Energy Balance

In addition to the initial mesh quality, their stability and accuracy through simulations was also assessed. The energy balance during simulations was considered to
ensure energy is not lost or gained from the system through artificial means and
that the mesh adheres to the physical laws of energy conservation. During a review
of methods applied to validating bone tissue models, Burkhart et al. [141] noted
that assessment of mesh qualities and energy balance was lacking but vital to
understanding and minimising sources of error, particularly in dynamic situations.
Zhao and Ji [128] previously investigated the challenges of balancing hourglass
energy with physical energies in an FEHM employing hexahedral elements. Hourglass energy occurs through forms of deformation in hexahedral elements that
result in strain not being registered, preventing resistance to the deformation and
creating inaccuracies in the simulation. Tetrahedral elements do not undergo this
form of deformation so hourglassing is not an issue. However, other non-physical
artefacts could effect the energy balance. Furthermore, energy balance analysis
is recommended for new models generated in other similar disciplines, such as
roadside safety modelling [142].
The current energy within a model is the sum of its kinetic, internal, sliding
interface, rigid wall, damping and hourglass energies, recorded in LS-Dyna as the
total energy, Etotal [143]. Through the laws of energy conservation, this numerical
0
0
total energy should equal the initial kinetic (Ekin
) and internal (Eint
) energies,
plus any work done (Wext ) through
0
0
Etotal = Ekin
+ Eint
+ Wext

(3.7)

However, inaccuracies in the mesh and simulation process can cause differences.
To monitor this, LS-Dyna provides an “energy ratio” measure (eratio) [143]. This
is the ratio of the total numerical energy at each time-step (Etotal ) to the expected
0
0
physical energy (initial kinetic (Ekin
) and internal (Eint
) energies plus any work
done (Wext ) according to
eratio =

0
Ekin

Etotal
0
+ Eint
+ Wext

(3.8)

It is recommended that differences in the energy balance remain under 5% to
10% for meshes to be deemed acceptable [141, 142], or [0.9 < eratio < 1.1].

3.7.3

Computational Efficiency

This research considers the necessary structures to make simple FEHM feasible
for application in research. Such models need to be stable and, ideally, as efficient
as possible, without detracting from the outputs produced. Considering the
computational efficiency of both the mesh variations and FEHM of different
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structures investigated through Chapters 6 and 7 allows the cost of including
details within the FEHM on efficiency to be considered alongside the output
quality to determine the optimal balance.
In general, it is expected that a lower number of larger elements should have
a lower calculation load. However, coarser meshes can also be susceptible to
lower quality elements and higher degrees of deformation within each, limiting the
computational performance. This is therefore another valuable metric in creating
efficient and stable FEHM.
The mesh deforms as simulations progress, altering its properties and therefore
the computational requirements of the model. Therefore, the computational
properties of the FEHM were modelled in addition to the initial mesh quality.
The CPU time required by each FEHM was used to provide an indication of
their overall performance. However, in the computational environment available
to this research, this is dependent on factors external to the model, with the CPU
time required to complete a simulation varying by up to 25% (tested by repeating
an identical simulation on an available CPU and comparing completion times).
The simulation time-step was therefore also monitored. This measure is solely
dependent on properties within model and can therefore be used to judge their
efficiency. The time-step (∆tmin ) is determined by a single, critical element in
the model with the lowest ratio of characteristic length (lc ) to wave propagation
speed through through the material assigned to it (c) according
∆tmin =

lc
c

(3.9)

In the case of tetrahedral elements, lc is the minimum height between a face
and its opposite vertex, as illustrated in Figure 3.26. The critical time-step is
recalculated throughout the simulation process, providing an ongoing measure of
the state of the mesh.
lc

Figure 3.26: An example of the critical length (lc ) of a tetrahedral element: the shortest
height within the element between a face and its opposite vertex.

3.7.4

Simulation Outputs Analysed

The independence of the mesh variations was primarily assessed according to the
displacement behaviour of control nodes within the brain and CC volumes during
the two impacts. Measures of the stress and strain response across the brain
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volume were also considered as outputs of interest in the subsequent investigations
and during research into concussion type injuries.
To assess the stability of the meshes through the calculated displacements,
nodes were created at fixed initial locations in the parietal region of each hemisphere
and the occipital region of the right hemisphere and in the left posterior region of
the corpus callosum, as illustrated by Figure 3.27. Monitoring the displacements at
these four nodes allowed the consistency of calculations between mesh variations to
be assessed at multiple locations. Spanning the brain volume ensures the simulated
behaviour is independent of the mesh in regions that will be of interest when the
model is further investigated and applied in research. Whilst independence should
hold true across the model, this approach gave extra reassurance given the highly
deformable nature of the materials involved in the FEHM.

Figure 3.27: Physical locations of nodes in the brain and CC volume traced throughout
mesh independence testing from sagittal (left), coronal (centre) and isometric (right)
perspectives, based on NDT locations from Hardy et al. [52, 53]. During results processing
and analysis, the monitored nodes are identified by their location, described as follows:
1 Occipital node (posterior occipital region of the right hemisphere)
2 Parietofrontal node (right hemisphere)
3 Parietofrontal node (left hemisphere)
4 Corpus callosum node (left occipital region of CC)

The resultant displacements of the four control nodes in the global co-ordinate
system of the numerical environment, as well as the axial displacement of the node
in the parietofrontal region of the left brain hemisphere was analysed, thoughout
hte impacts simulated. Although the anatomical axes of the models are used
to analyse responses in later aspects of this work, they are defined according to
nodes within the skull. Therefore the global orientation of these changes at each
time-step with the motion of the FEHM. This introduces unwanted complexities
to the current test which intends to check for consistency between calculations
across different mesh sizes. Using the fixed global coordinate system allows this
and reduces the post-processing requirements, without detracting from the ability
to compare computational and calculation stability between mesh versions. The
same control nodes were assessed for both impact scenarios recreated to assess
the stability of calculations across the range of likely conditions to be applied to
the FEHM.
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These displacement responses were assessed and compared from a number
of perspectives. The total resultant displacements of each node (in the global
simulation space), and axial displacements of the selected node, were all plotted and
compared to the “mean range” of the whole group. This is the mean displacement
¯
at each time-step (d(t))
calculated according to

¯ =
d(t)

Pf

i=a

6

di (t)

(3.10)

where di (t) is the displacement at each time-step for models a - f. This is
¯ : 1.1d(t)])
¯
presented with a ±10% range ([0.9d(t)
to contextualised the level of
variation between meshes.
The variation of displacements is more directly compared by presenting in
the relative (%) difference between the displacement calculated in each mesh and
the group mean. The group mean value is based on the results of the six mesh
variations initially generated (models a – f ), excluding the adjusted mesh (Adj.).
The mesh properties of the Adjusted model are very similar to those of models
d and e, as explained in Section 3.6.3. It therefore does not add to the range
of mesh sizes considered and its inclusion in the mean calculations would falsely
bias the measures towards these models. The adjusted model is however, still
compared to the mean metrics once they are calculated to assess the effect of the
varying element sizes.
The comparison of the displacement responses allows the analysis of the
stability of calculations at discrete points within the mesh. However, stress and
strain measures such as peak values across the brain volume (or regions within)
and proportions of the brain volume/regions within experiencing stress and strain
levels above a given threshold have been proposed as potential risk indicators
within research into mTBI and concussion using FEHM. These measures are
dependent on the behaviour of large groups of elements, and it has been suggested
that convergence requires a highly refined mesh [128], which is beyond the available
computational resources [127]. To establish the degree of influence the mesh has
on these measures, the 95th -percentile 1st -principal strain and stress magnitudes
recorded across the brain and CC volumes of each mesh variation are compared.
Similarly, the proportion of the volume experiencing principal strains above a
threshold of 0.1 were calculated. The methods used to determine these outputs are
the same as applied in later investigations and are described in Section 5.3.3. The
distributions of strain and stress through the brain were also visually inspected,
looking for differences in the propagation of the responses caused by the mesh.
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Mesh Dependence Findings

The mesh variations created and detailed through Sections 3.6.1 – 3.6.3 were
subjected to two impulses (Section 3.6.4) to test for mesh independence and
calculation stability within the proposed FEHM structures. The following sections
discuss the results of these simulations and their implications in terms of what
constitutes a suitable mesh for the FEHM going forward.

3.8.1

Displacements of Nodes in the Brain

The primary measure considered during mesh independence testing was the displacement response of four nodes in the brain and CC during the two simulated
impacts, as introduced in Section 3.7. Figure 3.28 presents the resultant displacements of these four nodes through the brain volume during the C755-T2
simulation and Figure 3.29 provides the same analysis for the axial displacement
of the node in the right parietofrontal region of the brain. Figures 3.30 and 3.31
show the equivalent for the C380-T2 impulse loading. Each figure compares the
performance of the six mesh variations originally generated (Section 3.6.1, models
a–f ) and the version with the assigned element sizes adjusted to best suit each
body within the FEHM (Section 3.6.3, Adj.).
Figures 3.28 – 3.31 show both the resultant and axial displacements calculated
across the seven mesh variations to be highly consistent, with all the displacements
calculated sitting within the 10% buffer from the mean. This consistency is further
demonstrated with the differences between displacements calculated across the full
range of meshes peaking at 1.55 mm, recorded at the parietofrontal node in the
left hemisphere during C380-T2 (Figure 3.30c). Other displacements measured
differ by less than 1 mm across the mesh variations.
Despite the consistencies seen in these measures, there are spikes in the relative
differences of the mesh variations from the mean (plotted in the upper pane of
Figures 3.28 – 3.31). These are largely in the initial stages of the impacts, although
a second spike is also observed in the ZO displacement of the parietofrontal node,
approximately 15 ms into the C755-T2 impact (Figure 3.29c). The initial spikes
appear to be sustained longer during the C380-T2 impact, especially for the axial
displacements seen in Figure 3.31. These spikes align with regions where the
absolute displacement measure approaches zero. Any differences in the calculations
of the mesh variations are therefore proportionally large, even if absolutely small,
causing the spikes in relative differences. Away from these singularities, the
relative differences converge to each model showing negligible variation from the
mean, with the exception of the Y O axial displacements during both impacts
(Figures 3.29b and 3.31b) where there are repeated peaks indicating discrepancies
of up to 2% during C755-T2 and 4% in C380-T2. However, the absolute differences
in displacements across the series of meshes are of a similar magnitude to those
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seen in other measures (in the region of 0.5 and 1 mm respectively) and the
total displacement magnitudes experienced in these cases are less than those seen
in the other outputs monitored. It is reasonable to conclude that the variation
seen is once again a mathematical effect of the smaller reference value. The
relative differences in the ZO impacts, seen in Figures 3.28c and 3.31c, take
longer to converge after the localised spikes than in other cases, but the total
displacement remains close to zero for a comparable duration. Despite this, the
relative differences converge through the impacts.

64

Katie McGill

0
-10

1
50
0.5

0
10

20

30

40

50

-10

0
60

2

1.5
100
1
50
0.5

0
0

10

20

Time (ms)
mean range
e

a
f

c
Diff.

d

1.5
100
1
50
0.5

0
30

40

a
f

0
60

b
Adj.

b
Adj.

c
Diff.

d

50

10
0
-10

0
60

2

1.5
100
1
50
0.5

0
0

10

Time (ms)
mean range
e

a
f

150

2

Resultant Displacement (mm)

Resultant Displacement (mm)

mean range
e

Relative
difference (%)

-10
150

Greatest Difference (mm)

Relative
difference (%)

0

20

50

(b) Parietofrontal node (right hemisphere)

10

10

40

Time (ms)

b
Adj.

(a) Occipital node

0

30

20

30

40

50

Greatest Difference (mm)

0

Resultant Displacement (mm)

1.5

0

150

2

100

10

Greatest Difference (mm)

Relative
difference (%)

10

150

Resultant Displacement (mm)

Chapter 3. Development of FEHM

Greatest Difference (mm)

Relative
difference (%)

3.8. Mesh Dependence Findings

0
60

Time (ms)
c
Diff.

(c) Parietofrontal node (left hemisphere)

d

mean range
e

a
f

b
Adj.

c
Diff.

d

(d) Corpus Callosum node

Figure 3.28: Resultant displacement response to loading replicating C755-T2 [52] of four
nodes in the occipital region, parietofrontal region of the right and left brain hemispheres
and within the corpus callosum of the mesh variations generated (a – f and Adj.). The
relative difference in the displacements of each mesh variation from the group average are
presented above the absolute resultant displacements, compared to the mean value across
the meshes a – f ±10% (mean range), and the greatest differences in displacements
recorded across the group (Diff., secondary y-axis).
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Figure 3.29: Axial displacement components of the the parietofrontal node in the right
brain hemisphere (resultant displacement shown in Figure3.28b) to loading replicating
C755-T2 [52] of the mesh variations generated (a – f and Adj.). The relative difference
in the displacements of each mesh variation from the group average are presented above
the absolute resultant displacements, compared to the mean value across the meshes
a – f ±10% (mean range), and the greatest differences in displacements recorded across
the group (Diff., secondary y-axis).
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Figure 3.30: Resultant displacement response to loading replicating C380-T2 [53] of four
nodes in the occipital region, parietofrontal region of the right and left brain hemispheres
and within the corpus callosum of the mesh variations generated (a – f and Adj.). The
relative difference in the displacements of each mesh variation from the group average are
presented above the absolute resultant displacements, compared to the mean value across
the meshes a – f ±10% (mean range), and the greatest differences in displacements
recorded across the group (Diff., secondary y-axis).
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Figure 3.31: Axial displacement components of the the parietofrontal node in the right
brain hemisphere (resultant displacement shown in Figure3.30b) to loading replicating
C380-T2 [53] of the mesh variations generated (a – f and Adj.). The relative difference
in the displacements of each mesh variation from the group average are presented above
the absolute resultant displacements, compared to the mean value across the meshes
a – f ±10% (mean range), and the greatest differences in displacements recorded across
the group (Diff., secondary y-axis).
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A second feature that stands out for discussion are the periods with low
magnitude high frequency oscillations in the greatest difference calculations of
Figures 3.28d and 3.30d. Similar artefacts are not reflected in the total displacements of the node in the model variations, or the relative displacements compared
to the mean. This indicates that they stem from the relationship between the
maximum and minimum displacement cases, rather than oscillations in the displacements or calculations within each model. The small volume of the CC means
the node considered is relatively close to a material boundary, which could affect
calculations in a way that becomes evident through this close comparison. Five of
the seven models tested for mesh independence (including Adj.) have identical
mesh structures within this body. It is therefore possible that this affects the
relationship between the models, causing the maximum and/or minimum case to
fluctuate slightly between model versions and magnitudes. The isolated nature of
this and the low magnitude of the oscillations (less than 0.07 mm compared to the
46−59 mm total displacement experienced during the period where oscillations are
experienced), alongside the exemplary quality of the other performance measures
considered at this node lead to these regions of oscillation not being considered an
area of concern when choosing mesh properties to produce independent simulation
results.
Aside from the factors already discussed, the consistency initially observed
between the mesh variations is extended on closer inspection. Across the four
assessed nodes, the behaviour of the mesh variations remains comparable within
each impact. Figures 3.28 and 3.30 show the ranges of displacements (Greatest
Differences) to be comparable across the four locations and the total resultant
displacements are equally similar at each node, demonstrating stability in the
calculations in a range of anatomical regions and across the FEHM mesh. In the
case of the CC node, this includes a region with complex meshing requirements
due to the size and geometry of the CC and its boundaries with both the wider
brain volume and the falx and tentorium membranes.
The meshing algorithm has the ability to adapt the size of elements generated
to successfully represent geometric detail. The geometry of the CC causes this
feature to come into effect, particularly for meshes d – f where a smaller element
size is maintained within the CC than the surrounding volumes, as explained in
Section 3.6.1. There is no evidence of these changing conditions and mesh size
gradients around the CC node having an influence on its displacement response
in Figures 3.28d and 3.30d, with the response remaining consistent and stable
throughout the mesh variations. This indicates that both the larger size in the
brain volume and the transition in element sizes towards the CC do not affect
calculations within the FEHM and was the first indication that more targeted
mesh size assignment could be successful and valuable, leading to the Adjusted
mesh. The displacement response of the Adjusted mesh itself is indistinguishable
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from the behaviour of the meshes with consistent sizes assigned throughout, further
confirming the validity and stability of this approach.
On the basis of the global displacements of selected nodes within the brain
volume, the full range of meshes can be deemed independent. The consistency
of results exceeded expectations with no more than 1.5 mm between the displacements calculated across the complete set of meshes tested at any point in
time, relating to the meshes differing from the mean performance by less than
4% (away from the spikes caused by near-zero absolute displacement discussed
above) and predominantly remain within 2%. The Adjusted mesh with varied
levels of refinement between bodies within the FEHM showed equivalent response
patterns, as well as the full range of element sizes considered producing independent results. It was therefore shown that the proposed FEHM mesh structure
provides a consistent, stable and independent environment in which the response
of the FEHM can be investigated.

3.8.2

Simulation Energy Analysis

With the displacement calculations appearing to be stable, the energy balance
through the simulations was considered to check the validity and stability of the
mesh. Assessing the energy ratio for model f, the most coarse mesh considered
appeared to be problematic. As can be seen in Figure 3.32, the energy ratios
exceed the recommended range by considerable margins, as well as portraying
negative values. Across the mesh variations tested an impact simulated, the
expected, physical energy and exceed the sum of the numerical components, where
notable differences occured. To understand the cause of this, individual numerical
energy components were considered individually. In the current FEHM internal,
kinetic and sliding energies contribute the total energy, and can be seen in in
Figure 3.33. Rigid wall, damping and hourglass energies not relevant to the FEHM
structures.
The source of the negative energy components is uniquely from the sliding
energy, for both impact scenarios seen in Figure 3.33. Similar was seen in
other meshes, to varying degrees. Negative sliding/contact energy comes from
penetrations in penalty based contacts, such as used between the CSF, membranes
and brains in these FEHM. However, in cases where the negative contact energy
curve “is equal and opposite that of the negative contact energy curve, it’s possible
that the problem is very localized with low impact on the overall validity of
the solution,” according to LS-Dyna Support [144]. The trends in Figure 3.33
present such a scenario. The influence this has on the energy ratio depends on the
other energy components present within the simulation, namely the kinetic and
internal energy. During the occipital C755-T2 impact, with lower peak acceleration
magnitudes, the internal energy is a greater proportion of the total energy than
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Figure 3.33: The numerical energy components in model f during (a) the occipital
C755-T2 impact and (b) the lateral C380-T2 impact. The kinetic, internal and sliding
energy components that contribute to the total energy for the model are displayed
individually.
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in the lateral C380-T2 impact, where kinetic energy dominates. Therefore the
opposing effect of the sliding energy has a greater impact on the overall energy
ratio during C755-T2 than C380-T2, evident through the majority of Figure 3.32.
The energy ratio within C380-T2 is severely impacted for a short duration, between
1 and 5 ms into the impact, before stabilising in the region of acceptable limits.
This coincides with the kinetic and internal energies in the simulation being close
to zero (Figure 3.33b). This increases the potency of any negative sliding energy
as a mathematical feature, rather than greater issues in the mesh.
The contact definitions employed within these FEHM are known to be a limitation, accepted for the current research. Given that errors in the energy balance (of
the most coarse and therefore likely problematic mesh) can be attributed to this
and display trends related to localised issues, not affecting the overall performance
of the model, it was believed that the meshes were suitable for use and continued
investigation.
The energy ratio and numerical energy components were similarly assessed
for the Adjusted mesh, as this was proposed to be applied in further research.
The energy ratio trends for this mesh, seen in Figure 3.34, remain significantly
closer to the acceptable range of a 10% difference between the numerical and
physical energy measures. During the occipital C755-T2 impact, the energy ratio
remains between 1.0 and 1.1, until 48 ms into the impact. The increase in the
energy ratio aligns with the kinetic energy of the FEHM decreasing, while the
sliding energy and internal energies remain on a similar, minimal trend. Therefore,
it is the kinematics dissipating rather than a change in the mesh performance
affecting the energy ratio. There is a greater sliding energy trend during the
lateral C380-T2 impact. However, the magnitude of the kinetic energy involved
means that, other than a spike peaking at 1.14 (7.5 − 12 ms), the energy ratio
remains within acceptable limits.
Isolating the kinetic, internal and sliding energy components in Figure 3.35
showed the inverted relationship of the internal and sliding energies to maintain
the inverted relationship seen in model f, indicating the effects of contacts remain
isolated and do not invalidate results. Additionally, their magnitudes are smaller
than seen in the coarse example, contributing to the more acceptable energy ratio.
The consistency in the source of errors in the energy ratio, the trends causing
them trends indicating a lack of significant consequence, and the general magnitudes of the energy ratio being within recommended values indicated that the
Adjusted mesh was reasonable representation, combined with the other aspects
of mesh independence testing conducted. The contact interfaces employed are
known to be a simplification and limitation, used to allow for the different FEHM
structures to be tested. The energy balance analysis further indicates this should
be reviewed if the models were to be applied to wider research.
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Figure 3.34: Energy ratios calculated for the Adjusted mesh for the occipital C755-T2
and lateral C380-T2 impact, depicting the ratio of numerically calculated energy to that
expected physically.
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Figure 3.35: The numerical energy components in the Adjusted mesh during (a) the
occipital C755-T2 impact and (b) the lateral C380-T2 impact. The kinetic, internal
and sliding energy components that contribute to the total energy for the model are
displayed individually.
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Mesh Efficiency

In addition to the accuracy and stability of meshes, changing the size of the
elements affects the computational requirements and efficiency of the model.
All simulations were run on a single CPU, accessed from the pool of servers
remotely available to students at the University of Edinburgh. The initial set of
mesh variations took between 6.5 days (model a, C380-T2) and 9 hours 15 mins
(model e, C755-T2) to complete 60 ms worth of impact simulations. However, it is
worth noting that the performance of the processors accessed. A single simulation
with identical conditions in the control file was run repeatedly on one accessed
CPU. The time to complete the simulation varied by up to 25%. Therefore, exact
CPU times are interpreted with caution. In general, the lateral impact C380-T2,
with high rotational accelerations, took longer than C755-T2 within the same
mesh. The Adjusted mesh was more efficient than any of the initial variations,
taking 8 hours 23 minutes to complete C755-T2 and 11 hours 46 minutes for
C380-T2, the lowest times required for both impact scenarios.
It was expected that more refined meshes would have greater computational
costs. As well as there being a greater number of degrees of freedom at which
calculations have to be completed, the size of elements decreases and their characteristic lengths with it, leading to a reduction in the time-step size. However,
when the CPU times of the two impacts were compared, there was not a direct
increase in time as element count increased, as seen in Figure 3.36. Models c and
f in particular require more CPU time than expected in relation to the adjacent
meshes. Furthermore, the relative CPU time varies between the two impact
conditions more for these models than for other examples.
As well as the size of elements, the quality of their shape affects the possible
time-step between calculations, reducing the computational efficiency of the model
and increasing the required CPU time. This is thought to be the root of the
increased computational requirements of model c. This mesh was lower quality in
the CSF than seen at other sizes, while the properties of the remaining bodies
were comparable to other mesh variations. The CSF also experiences significant
deformation during simulations, accentuating this issue. It is thought that this
is a chance phenomenon caused by the relationship between the advancing front
meshing method, the target element size and the geometry of the CSF as small
adjustments in the assigned element size rectified the quality of the mesh.
Model f has a mesh quality similar to others generated through the test.
However, this is the most coarse mesh tested, involving the largest elements. With
each element occupying more space, they have to deform to a greater degree to
replicate the required motion at each node. As all the parts within the FEHM
have fixed contacts, element deformation is the mechanism through which relative
displacements are recreated in the models. Therefore, this is a significant aspect
of the FEHM behaviour. However, at the largest element size considered, the
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Figure 3.36: The relative CPU time required by each of the six original mesh variations
(a – f ) to complete the simulations for the C755-T2 and C380-T2 impact cases. Model
e was found to have the shortest run-time for both impacts and therefore became the
reference case with a relative CPU time of 1.

deformations experienced by each element are sufficient enough to notably reduce
their quality. In certain cases, this affects the critical time-step possible and
consequently the computational efficiency of the model. Although all the tested
meshes produced independent results in terms of nodal displacements, this shows
there is a limit in terms of model efficiency. This could also affect the stability of
the FEHM as excessive deformation can cause elements to collapse, risking the
integrity of the model.
The Adjusted mesh considered the CPU times required by this initial set
of meshes during its development. Element sizes assigned to the deformable
bodies were limited to those used in model e and smaller. To avoid inefficient
configurations such as that seen in model c, the quality of the mesh in each body
was checked. Small adjustments were made to the element sizes, with minimal
effect on the overall element count, and the option with the best mesh quality
was selected. Given the stability of the displacement outputs, and to allow the
investigations to be efficient, the larger bodies within the FEHM (particularly the
brain) were meshed at sizes between those assigned to models e and d. The more
intricate features balanced element count and mesh quality during selection, as
described in Section 3.6.3. The rigid skull of the Adjusted mesh had a coarser mesh
than during the initial tests. The Adjusted mesh was the most computationally
efficient mesh tested, requiring 78% of the total CPU time model e used across
the two impacts simulated, justifying this approach as beneficial. The CPU times
required by the Adjusted mesh show that this simple FEHM is viable to run on
“standard” computer set-ups. However, it would be faster and more efficient if
Katie McGill

75

Chapter 3. Development of FEHM

3.8. Mesh Dependence Findings

further processing power was recruited. This would be a worthwhile consideration
if the FEHM was to be applied in research, particularly if numerous impact
scenarios are to be simulated.
The mesh properties of the Adjusted model were applied to the FEHM developed throughout the following investigations. Although a range of element sizes
were shown to provide independent outputs, consistent sizes were used throughout.
As well as providing the security of greater consistency in mesh properties when
comparing models, this allows the computational requirements of the different
structures to be compared.

3.8.4

Brain Strain and Stress Response

Assessing the displacement response through Section 3.8.1 has shown the simulation
results to be consistent at discrete locations within the model across the tested
meshes. However, the strain and stress response across the brain have been
linked to injury risks during concussion research, as reviewed in Section 2.1. In
relation to this, the proposed investigations into FEHM properties consider the
95th -percentile strain and stress magnitudes within the brain and the fractional
volume of the brain affected by strains above a number of thresholds. These
measures are dependent on the response across the whole brain, and therefore
all the elements within. It has therefore been suggested that the mesh has an
influence on these measures beyond that seen in discrete locations. To consider
the degree and nature of this influence within the current FEHM, the strain and
stress responses of the six mesh variations and the Adjusted mesh are compared
for the two impulses simulated during mesh dependence testing. Similarly, the
distribution of strain and stress through the brain will be reviewed when assessing
the performance of FEHM variations. The distribution patterns were therefore
also inspected for mesh influence.
Magnitude Based Response Metrics
The 95th -percentile strain and stress magnitudes across the full brain volume
and the proportion of the brain volume experiencing strains above 0.1 across the
range of mesh variations are presented in Figures 3.37 through 3.39. The strain
and stress responses of the mesh variations are plotted within the mean range,
depicting the average response of the first six mesh variations ±10%. Further
comparison of the relative responses of the mesh variations is also presented
through their relative variation from the mean.
Initial inspection again shows the responses of the full model group to appear
to be consistent and largely fall within the mean range. However, a greater
variation is seen in these strain and stress based responses than was observed in
the displacements calculated at discrete nodes (Figures 3.28 – 3.31). This was to
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Figure 3.37: 95th percentile strain magnitude response through the brain and CC volumes
across the six mesh sizes tested (a – f ) and the Adjusted mesh (Adj.) during simulations
replicating the loading from (a) C755-T2 [52] and (b) C380-T2 [53]. The main pane
displays the strain magnitudes with time, compared to the group mean ±10% (mean
range). Above depicts the relative difference in the 95th -percentile strain magnitude of
each mesh compared to the group mean.
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Figure 3.38: Volume fraction of the brain experiencing strains above 0.1 through the
brain and CC volumes across the six mesh sizes tested (a – f ) and the Adjusted mesh
(Adj.) during simulations replicating the loading from (a) C755-T2 [52] and (b) C380T2 [53]. The main pane displays the affected proportional volumes with time, compared
to the group mean ±10% (mean range). Above shows the difference in the volumes at
elevated strains from the group mean.
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Figure 3.39: 95th percentile stress magnitude response through the brain and CC volumes
across the six mesh sizes tested (a – f ) and the Adjusted mesh (Adj.) during simulations
replicating the loading from (a) C755-T2 [52] and (b) C380-T2 [53]. The main pane
displays the stress magnitudes with time, compared to the group mean ±10% (mean
range). Above depicts the relative difference in the 95th -percentile stress magnitude of
each mesh compared to the group mean.
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be expected according to previous research [127, 128] and the dependence on the
behaviour of the complete set of elements within the brain and CC. Although the
peak 95th -percentile strain, volume fraction and 95th -percentile stress magnitudes
recorded in the mesh variations are all within 5% of the average response, greater
variation is seen in the strain and stress magnitudes at other points through the
impacts. Model a, the most refined mesh, experiences the greatest peak magnitude
of the mesh variations but appears to be less susceptible to inflections in the strain
and stress response than the other models. In the C755-T2 case (Figures 3.37a
and 3.39a), this causes higher strain and stress magnitudes to be maintained
between the first and second peaks in mesh a compared to the group average. For
the double inflection seen between 20 and 35 ms during C380-T2 (Figures 3.37b
and 3.39b), the response of this mesh cuts above and below the average as a
steadier response with smoother turning points is drawn towards the second peak.
Previous research has noted that for true convergence in these whole-brain
magnitude measures to be achieved, extremely refined and potentially impractical
meshes would be required [127, 128]. Mesh a contains approximately 220, 000
elements within the homogeneous brain volume. Further refinement beyond
this incurs significant processing and computational costs that were not thought
to be practical within the current investigation, as discussed in Section 3.6.1.
Whilst the response of this mesh varies from the group in its detail around
inflections in the magnitude based responses, the response profiles are similar
overall. Furthermore, the peak values of all the meshes remain within 5% of the
group average, representing a consistent peak magnitude response. The models
are also supported by the finding that calculations at discrete points are highly
stable between mesh variations (Section 3.8.1). Although mesh a varies from
the group to a greater degree at times, it does not experience increasing and
ongoing divergence. Furthermore, the remaining meshes (b – f ) demonstrate
more consistent behaviour between themselves throughout the simulations. The
relative differences seen in the upper panes of Figures 3.37 – 3.39 see models
b – f remain within 5% of the group average. The current investigation aims to
compare the impact responses between FEHM based on similar mesh structures.
The Adjusted mesh applies a range of element sizes between those throughout
meshes c to e. The responses of these three meshes (Figures 3.37 – 3.38, c, d, e)
fall within the general trends of the mesh variation group, while the Adjusted
mesh (Figures 3.37 – 3.38, Adj.) tends towards the average behaviour. Therefore,
within the current context, it was felt that the strain and stress response profiles
and peak magnitudes could be utilised to compare the impact response of different
FEHM provided awareness and caution are maintained around the possible mesh
influence. However, when the FEHM developed through this work are to be
applied to real world impact cases, and magnitude responses beyond the peak
values are considered, the effect of further mesh refinement should be considered.
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This becomes more significant if findings are to be compared to external markers
or other FEHM where the mesh properties and their differences could affect any
proposed values based on the strain and stress magnitude responses.
Giudice et al. [127] and Zhao and Ji [128] also observed trends of increased
peak strain magnitudes with more refined mesh (albeit with hexahedral elements).
To further investigate this relationship, the peak 95th -percentile strain and stress
and peak volume fraction above the 0.1 threshold recorded in each mesh variation
were compared, in Figure 3.40. The trend in responses seen in Figure 3.40a is
similar to that seen in published literature [128] with the peak values in strain
magnitudes increasing as the element count increases (element size decreases). The
same is seen during this example for both the brain volume fraction at elevated
strains and the 95th -percentile stress response, excluding model f, the most coarse
mesh example. The volume fraction trend also follows a similar pattern during
C380-T2 (Figure 3.40b, Strain VF). However, this is not observed for the strain or
stress magnitude responses in this scenario. Figures 3.37b and 3.39b also reflect
this with the order of the meshes differing at the peak 12 ms into the impact from
that seen in the adjacent figures. By the secondary peak, approximately 45 ms
through the impact, the more refined meshes once again report higher strain and
stress magnitudes, following the previously observed trends. The C380-T2 case
has greater peak kinematic magnitudes, particularly rotationally and is a lateral
impact. This considerable change in conditions may alter how the model and mesh
respond and their affect on these magnitude responses, which incorporate the
complete brain volume in their calculation. Although the trend of peak responses
increasing as element sizes decrease is not seen in this case, the relative range
of peak magnitudes is smaller than seen in the C755-T2 example. Therefore,
although the mesh effects differ, they do not lead to a reduction in the feasibility
of results in terms of the range of outputs produced.
Response Distributions
The strain and stress magnitude-based metrics were seen to be affected by the mesh
properties, despite independence being observed in the displacement calculations
at discrete locations. However, these measures are one-dimensional, summarising
the response across the full brain volume into a single indicative value. The
distribution of the strain and stress response were also assessed across the mesh
variations to assess the effect of variations in the mesh on the spacial features
of the same strain and stress responses. Figures 3.41 and 3.42 display the strain
patterns through the mid-planes of the brain of the Adjusted mesh and six mesh
size variations at the point at which peak magnitudes occur for the C755-T2 and
C380-T2 impacts, respectively. The stress distribution is similarly illustrated in
Figures 3.43 and 3.44.
Throughout the mesh variations, the overall form of the strain and stress
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Figure 3.40: Comparison of the relative peak values of the 95th -percentile (95th %) strain
and stress magnitudes and the brain volume fraction (VF) experiencing elevated strains
across the six mesh variationsq. Model a, the most refined version, was used as the
reference case and the peak values recorded in the remaining meshes are presented as
relative differences from this case.

responses are consistent between meshes, with the same regions experiencing high
and low levels of stress and strain. However, the intensity of affected regions
varies with the mesh refinement. The more detailed models have greater contrasts
and clearer boundaries between regions of high and low strain and stress. These
observations are comparable to the finer details in strain distributions seen by Zhao
and Ji [128], rather than the distinct differences recorded during the investigation
of Giudice et al. [127]. This is exemplified through the coronal plane aspects in
Figure 3.43. A region of high strain is experienced around the lower right edge of
the plane. Although this band follows the lower surface in all the mesh variations,
it remains close to the 8 kPa upper limit in the more refined meshes. In the
centre of the same quarter of the brain is a region of low stress. As a consequence,
more intense regions of stress and a greater clarity of the affected regions are
evident. However, the boundaries of regions affected by higher and lower stress
are of comparable shapes through the mesh variations if the differing degrees of
contrast are accounted for. The change in intensity and definition in the responses
between mesh variations are consistent across each brain slice and therefore the
configuration of the response is not altered. The increased intensity seen with
mesh refinement contributed to the differences in the magnitude responses seen in
the previous section. With the more defined regions, greater volumes of the brain
are at more extreme stress and strain levels. This will increase the 95th -percentile
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values as the measure is dependent on the population distribution. Furthermore,
more extreme regions suggest that a greater proportion of the volume will exist
above a fixed threshold.
As discussed previously, these factors would have increased importance if the
FEHM responses were being compared to external measures. However, when
comparing the performance of similarly meshed models with different geometric
and tissue details, the form of the response is unaffected by mesh properties. The
consistency of any mesh effects through the brain volume means that any changes
in the form and shape of the strain and stress distributions seen between FEHM
variations can be attributed the structural and property changes. However, if the
changes purely represent changing extents or intensities of the regions, the mesh
should be born in mind.
The mid-sagittal plane views down the left of Figures 3.41 – 3.44 have distinct
lines creating discontinuities in the response distributions. The most obvious of
these is a crescent shape cutting through the upper half of the brain, approximately
half way between the centre of the brain and its anterior limit. This is not a
feature or artefact of the mesh itself but is due to deformations within the brain
causing the falx, which is not displayed, to cut through the plane. The effect is
more evident in the C380-T2 case (Figures 3.42 and 3.44) where a higher degree
of rotational loading is involved. Figure 3.45 illustrates this effect in more detail.
The most distinct crescent is highlighted but other curves in the frontal region
and around the occipital surface are also visible. Figure 3.45b displays the falx
and tentorium membranes within the same stress distribution frame, illustrating
it disturbing the plane being viewed, and its bounds from this perspective lining
up with the lines seen in the original image.
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Figure 3.41: Distribution of 1st -principal strain (ε) between 0 and 0.5 through the
mid-sagittal (left), -coronal (centre) and -axial (right) planes of the brain, including
the CC, for the six mesh sizes tested (4 − 9) and the refined model with optimal sizes
selected for each body (Adjusted mesh) 22 ms into the impulsive loading similar to
that of C755-T2 [52], when the greatest 95th -percentile magnitude and volume fraction
experiencing elevated strains were recorded.
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Figure 3.42: Distribution of 1st -principal strain (ε) between 0 and 0.5 through the
mid-sagittal (left), -coronal (centre) and -axial (right) planes of the brain, including
the corpus callosum, for the six mesh sizes tested (4 − 9) and the refined model with
optimal sizes selected for each body (Adjusted mesh) 12 ms into the impulsive loading
similar to that of C380-T2 [53], when the greatest 95th -percentile magnitude and volume
fraction experiencing elevated strains were recorded.
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Figure 3.43: Distribution of stress (σ) between 0 kPa and 8 kPa through the mid-sagittal
(left), -coronal (centre) and -axial (right) planes of the brain, including the CC, for the
six mesh sizes tested (4 − 9) and the refined model with optimal sizes selected for each
body (Adjusted mesh) 22 ms into the impulsive loading similar to that of C755-T2 [52],
when the greatest 95r ightth-percentile magnitude was recorded.
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Figure 3.44: TDistribution of stress (σ) between 0 kPa and 8 kPa through the midsagittal (left), -coronal (centre) and -axial (right) planes of the brain, including the
corpus callosum, for the six mesh sizes tested (4 − 9) and the refined model with optimal
sizes selected for each body (Opt) 12 ms into the impulsive loading similar to that of
C380-T2 [53], when the greatest 95th -percentile magnitude was recorded.
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(a) Brain and CC only
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(b) Brain, CC and membranes

Figure 3.45: An example of an image of the mid-sagittal plane with and without the
falx and tentorium membranes visualised, illustrating that lines causing discontinuities
in stress and strain distribution plots come from this body cutting through the image
plane, with a particularly affected region encircled.
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Summary

This chapter has explained the methods applied to create the range of FEHM
that will be used during the investigations into the role of FEHM features in their
impact responses through Chapters 6 and 7. The preliminary testing conducted
to ensure the structures created provide suitable, independent environments for
this research is also covered.
The geometry used to build the FEHM is extracted from medical image data
and processed to create three dimensional volumes describing each body to include
within the FEHM. Three versions of the outer brain profile are defined, representing
a Basic, Featured and Textured geometry. Section 3.1.1 describes these profiles
and the methods used to create them. CSF and skull structures are subsequently
developed around these brain structures, as outlined in Section 3.1.2. The corpus
callosum and the fax and tentorium membranes are additionally included in some
of the developed FEHM. These parts were combined in various ways to create
the structures forming the bases of the FEHM (Section 3.1.4), throughout which
a solid tetrahedral mesh was generated. The generation and properties of the
mesh are describe through Section 3.2. The resulting FEHM, to be compared in
investigates into the role of the brain geometry and intracranial tissues on impact
responses, are detailed in Section 3.3. They are finalised by having the material
and contact properties detailed in Sections 3.4 and 3.5.
Prior to using these FEHM in the proposed investigations, mesh independence
testing was conducted. A representative model, deemed to suitably test the needs
of the mesh whilst allowing for an efficient investigation was created with a range of
mesh refinements, as described Section 3.6.1. The meshes to be tested are compared
in Section 3.6.2. These models were subjected to two loading scenarios and the
independence and stability of the simulations were primarily judged through the
displacements at nodes within the brain. All the meshes were found to produce
consistent outputs, with the displacements calculated varying by no more than
4% from the mean response (Section 3.8.1). Although the calculation outputs
were consistent, the mesh was seen to influence the computational requirements
of the FEHM, in Section 3.8.3. A mesh refinement limit was found in terms of
efficiency as the deformations experienced by individual elements above a given
size reduced their quality, slowing simulation progress. The initial mesh quality
was also seen to influence calculation efficiency.
An adjusted mesh structure was developed to improve the overall efficiency
of the final FEHM. Section 3.6.3 outlines the development of this mesh, which
is guided by the findings from initial mesh independence analysis. However,
this mesh was subsequently subjected to the same testing and analysis as the
initial group of meshes in Sections 3.6.2 and 3.8.1. Despite element sizes varying
across the model structure, the Adjusted mesh performed equivalently to or better
than the FEHM meshed with consistent element sizes throughout, verifying this
Katie McGill

89

Chapter 3. Development of FEHM

3.9. Summary

approach as also being mesh independent and stable.
Finally, strain and stress responses across the complete brain volume were
compared between the meshes, in Section 3.8.4. The 95th -percentile magnitudes
recorded in the brain varied by up to 20% between mesh variations, from the group
mean. However, at the peak magnitudes, the strain and stress magnitudes and
volume of the brain at elevated strains fall within the mean range. Furthermore,
consistency was seen in the distribution of these responses through the brain between the two impact conditions considered. Higher resolution meshes experienced
generated steeper strain and stress gradients than coarser alternatives. However,
the shapes of affected regions remained consistent across the mesh group.
The mesh dependence testing found that calculations were stable between
mesh resolutions, but measures incorporating the full brain volume may be altered.
Although energy balance analysis found discrepancies between the expected,
physical energy levels and those calculated from numerical properties, there was
a clear source to these errors in local contact issues. Furthermore, the nature of
these was not expected to affect the validity of the model as a whole. Overall, it
was deemed that strain and stress magnitudes could be reliable between FEHM
in the following investigations, with the awareness that up to 5% variation may
be caused by differences in the meshes of the models. To minimise these effects,
consistent meshing parameters, following the Adjusted mesh properties are used
between model variations. However caution should still be exercised: if the shape
of the strain and stress distributions alter between FEHM, this can be attributed
to the model properties over those of the mesh. Combining these qualitative
and quantitative assessment methods allows the effect of FEHM properties to be
robustly investigated.
Overall, a series of FEHM were generated through a consistent method. These
were deemed to provide suitable environments to investigate the impact responses
between them and the effect of the differences in their properties. The following
chapter approaches the simulation and assessment methods applied to investigate
these structures.
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Chapter 4
Data and Methods Applied to
Validate Existing FEHM
Through Chapters 2 and 3, a series of FEHM with varying representations of the
surface topology of the brain, and including/excluding the falx and tentorium
membranes and the CC have been developed to investigate their influence on the
dynamic behaviour of simple FEHM and the suitability of such models for use in
head impact research. However, to properly investigate both the extent to which
the changes affect the behaviour of the FEHM and their applicability, a robust
with external data for comparison and benchmarking is required.
To develop an investigation procedure for this thesis, an extensive review
on the current approach to FEHM validation and additional potential sources
of similar external data for comparison was conducted, resulting in a journal
publication: A Review of Validation Methods for the Intracranial Response of
FEHM to Blunt Impact [1].
The following chapter extracts and comments on the information most relevant
to the thesis from the published work. All extracts taken from the published work
are clearly marked with single quotation marks or block indentation in the case of
longer sections. Based on the review of current procedures and approaches, an
investigation procedure for this thesis was created, as described through Chapter 5.

4.1

Introduction

Existing FEHM are routinely validated by:
...replicating impacts created in a laboratory environment on human head samples, either as live subjects or cadaver specimens, in the
numerical environment. Responses recorded in the empirical method
are then compared to equivalents in the simulation environment. The
intracranial response of FEHM has been validated against intracranial
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pressure (ICP), relative brain displacement and brain strain behaviours,
with the vast majority of existing FEHM using a small group of empirical studies; Nahum et al. [54] and Hardy et al. [52, 53], although
the exact cases taken from each, their method of application to simulations and response evaluation varies significantly. These and other
experimental sources previously applied during FEHM validation are
summarised with particular focus on the data provided allowing impacts to be replicated within simulation environments and the impact
response data provided. Potential alternative sources offering similar
validation potential through altered methodology are also introduced.
Latter sections consider the implementation of these empirical data.
Section 4.3.1 identifies the specific cases against which existing FEHM
are validated while Sections 4.3.2 and 4.3.3 discuss the methods used
to generate impact scenarios during simulations and how outputs are
compared and assessed to the empirical data. Finally, works considering the validation process and its implementation are highlighted
in Section 4.4.

4.2

Experimental Procedures and Data Used in
FEHM Validation
When validating the intracranial response of FEHM, this data are
drawn from experimentation performed on either post-mortem human
subjects (PMHS), also known as cadavers, or live human subjects.
Each has their advantages and limitations. Cadavers can be directly
instrumented and subjected to impacts of any severity, including those
that would result in injury. On the one hand, they are post-mortem:
All the experiments discussed in this work [52–55, 125, 145, 146]
used unembalmed cadavers. However, they still underwent preparation
processes and were repressurised with CSF substitute which could alter
conditions. Furthermore and the properties of brain tissue may change
post-mortem [147]. On the other hand, experimentation on in vivo
subjects is ethically limited to scenarios that do not put volunteers at
risk of injury, and monitoring the impact response has to be done via
external methods, limiting the data that can currently be collected.
The following sections summarise experimental procedures that
have previously been applied in the validation of FEHM, using both
cadaver and in vivo subjects. Within each subject type, experimental
procedures are grouped according to the impact response metric they
predominantly investigate. The experimental procedures used are
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briefly outlined and discussed, focusing on the data available to both
generate impacts in the simulation environment and to assess and
compare impact responses. Additional experimental investigations that
provide potential alternatives to the impact data are also introduced
and compared to the existing options...

4.2.1

Cadaver Experimentation

Intracranial Pressure Response
The Intracranial Pressure (ICP) response has been widely employed during the
validation of FEHM, largely through replication of impacts conducted by Nahum
et al. [54] and Trosseille et al. [55]. Twenty-one impact scenarios are created across
these two most prominent studies, the conditions and resulting response data
of which are summarised by McGill et al. [1]. However, in general only a single
impact from each of Nahum et al. [54] and Trosseille et al. [55] has been applied
to FEHM validation, in part due to limitations in the data available for many of
the scenarios.
Within the two examples frequently used in FEHM validation, there are limitations. Nahum et al. [54] only provides 15 ms of ICP response data, significantly
shorter than the duration of interest when investigating sporting head impacts
and concussion type injuries and questions have been raised around the empirical
methods used by Trosseille et al. [55] and the quality of the resulting data [148].
Additionally, the ICP response is measured in sub-dural regions of the cadaver
samples where the CSF would exist. It therefore does not directly analyse the
response of the brain tissue itself, distancing the empirical data from the body of
interest. Furthermore, the CSF is known to be a simplified representation in the
FEHM created for the current investigation meaning analysing responses within
it will introduce errors.
Due to the limitations of both the data available and the FEHM being tested,
the ICP response was not considered within the current investigation.
Relative Brain Displacement Response
FEHM have frequently been validated against the relative motion
between the brain and skull compared to cadaver experiments of Hardy
et al. [52, 53]. These authors use biplanar X-ray technology to track
target points in the brain and skull during at total of 45 impacts at
velocities between 2.5 and 3.9 m/s. The kinematic response of each
impact was recorded through accelerometers fitted to each cadaver’s
skull. The target points in the brain were Neutral Density Targets
(NDTs): Tin granules encased in polystyrene, providing an X-ray
Katie McGill
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opaque node of similar density to the surrounding tissue that could be
traced during impacts without damaging the tissue.
In their earlier study [52], three cadavers (C731, C755 and C383)
were impacted in the frontal or occipital region. Cadavers C731 and
C755 had usable data collected from six impacts between them, mainly
to the occipital region, with the exception of C755-T5 which was a
frontal impact. These impacts were created by accelerating a static
cadaver by striking it with a piston. The six cases had comparable kinematic responses with average peak resultant accelerations of
22 g ± 5 g and 1718 ± 583 rad/s2 (mean±SD). C383 was subjected
to four deceleration impacts, three of which on the frontal region and
test C383-T4 on the occipital area. More variation was seen across
these cases where the sample was decelerated against a fixed block,
with peak kinematic responses of 69 g ± 24 g and 4539 ± 3439 rad/s2 .
The difference between acceleration and deceleration responses was
attributed to the impact method [52]. The only occipital deceleration
impact (test C383-T4) displayed significantly higher peak resultant
accelerations (108 g and 10482 rad/s2 ), contributing to the spread in
deceleration kinematics.
In this study by Hardy et al. [52], two vertical columns of NDTs were
inserted into the anterior and posterior regions of a single hemisphere
of the brain of each cadaver sample with 7–12 mm between each
NDT in each column. In this arrangement, the key NDTs refer to the
inferior-most and superior-most target of each column.
The 2007 study [53] focused only on deceleration impacts, but generated a greater range of kinematic responses. During deceleration
impacts, cadaver specimens were suspended from a carriage on rails.
The cadaver was mounted at the neck such that it could rotate about
its mounting but translation was restricted to along the rails, creating
an oblique impact. The initial orientation of the cadaver was adjusted
to create impacts in different directions. A piston then brought the
complete apparatus to the desired speed before impact. As well as
introducing lateral motion by impacting the temporal and parietal
regions of two cadavers (C380 and C393), approximately half the
impacts across the study were offset from the anatomical axes, altering
the linear and rotational motion of the cadaver. Of the 25 impacts
conducted on cadavers suitably instrumented for validation, 15 had a
helmet fitted to the sample. As well as enabling investigations into the
effects of protection, this further altered the impulses experienced by
the cadaver heads. The properties of each impact across both studies
are summarised in Table 4.1. Impacts conducted on two cadavers
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were not deemed suitable for FEHM validation so are not included in
the 25 cases considered. Cadaver C427 had instrumentation failure
preventing meaningful data collection in terms of simulating replications, and cadaver C408 was instrumented to study the brain motion
at the cortex periphery, near the brain-skull interface during occipital
impacts. Uncertainty around the behaviour in this area compared to
deeper regions of the brain, as discussed by Hardy et al. [53], render
this example less well suited to FEHM validation compared to other
similar impact cases provided within the same work.
The NDT configuration was different in this investigation [53] from
the earlier work [52]. Instead of columns, NDTs were arranged in
clusters of seven, creating an array of triads about a central NDT with
an approximate radius of 10 mm. The placement of the clusters was
dependent on the direction of impact. Four cadavers (tests C288, C241,
C015 and C064) had clusters in the anterior and posterior regions of
the right brain hemisphere and consequently experienced occipital and
frontal impacts. Two more (cadavers C380 and C393) had clusters in
the parietal-frontal region of each hemisphere and were subjected to
lateral impacts. In this arrangement the central NDT of each cluster
was the key point. Pressure transducers were also inserted within the
brain tissue of cadavers used in the later study [53] approximately at
the expected coup and contrecoup locations.
Impact characteristics are presented in similar ways across both of
these studies [52, 53]. Tables summarise the impact location and speed
(in Hardy et al. [52] only) and peak values for linear accelerations,
rotational accelerations and rotational velocity. The cadaver motion is
also described via plots of these kinematic parameters at the samples’
centre of gravity, as exemplified for test C380-T2 [53]. The motion of
the NDTs is recorded in two ways. The first, shown in Figure 4.1a,
traces the co-ordinates of each NDT in a given plane, showing their
path of motion from the impact. The second, shown in Figure 4.1b
maps the displacement of key NDTs relative to that of the skull,
along directions parallel to the anatomical axes. For cases in the later
study [53], the pressure recorded throughout the impact is plotted,
as are principal and shear strains calculated in each NDT cluster.
Not all data was successfully captured for every impact scenario.
Table 4.1 indicates which data are available and reported for each
cadaver impact [52, 53].
The strain calculations provided by Hardy et al. [53] were made
possible by the cluster arrangement used empirically. Strains were
calculated from the relative displacements of the NDTs within each
Katie McGill
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cluster. To achieve this, nodes were created in the LS-Dyna explicit
simulation environment representing each NDT in their initial location.
Each node was connected to its immediate neighbours to form a group
of triangular elements representing the NDT cluster. The displacement
histories of each NDT were applied to the relevant nodes, replicating
their relative motion, allowing the strain between points, across the
triangular elements to be calculated. However, a later re-examination
of the data by Zhou et al. [149] found many cases had missing or
low quality data affecting strain calculations. Once these were sifted
out, data from 15 clusters across 14 impacts and five cadavers was
deemed suitable for use. Furthermore, even within this group the strain
measures required recalculation. NDTs were once again modelled as
nodes in LS-Dyna, connected to their neighbours creating to form
triangular elements and subjected to the relevant displacements. Zhou
et al. [149] then considered the Green-Lagrangian strain in each element
and registered the mean across the cluster as the indicative strain
measure. These adjustments resulted in average principal strains
increasing by up to 201% and shear strains decreasing by up to 247%,
on average, across the 15 sifted clusters. Strain-rates were also affected
by 40–49%.
The predicted strains further increased when, instead of groups of
planar triads, NDT clusters were considered as groups of tetrahedral
elements in another re-examination by Zhou et al. [150]. NDTs were
excited via their displacements as before to generate the strain response from experimental scenarios. The strains calculated by this
were compared to the responses of five FEHM variations from Kleiven
[40], Atsumi et al. [97], Mao et al. [151]. Nodes within the volume
occupied by NDT clusters were identified. The FEHM were subjected
to impacts and their displacement fields recorded. The simulated displacement was then applied to the nodes representing the NDT clusters,
connected both by triangular and tetrahedral elements. The strains
generated in these isolated clusters were compared to the strains
recorded in the complete FEHM. The tetrahedral formation was found
to show significantly better agreement with the FEHM simulation responses across all five model variations (peak strain difference < 0.01)
than with triad outputs, where the average peak difference was 0.03.
It is therefore proposed that the Green-Lagrangian strain responses
calculated from tetrahedral cluster formations should be used as the
empirical strain reference data during FEHM validation [150]. An example comparison of the strain calculated by Hardy et al. [53] and
Zhou et al. [149, 150] for impact test C380-T2 is shown in Figure 4.1b.
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With the exception of test C288-T3, only one NDT cluster per experiment had data suitable for recalculation and therefore only depict the
strain response in one region of the brain.
Across the 36 tests summarised in Table 4.1, only seven (tests
C288-T3, C380-T1, -T2, -T3, -T4, -T6 and C393-T4) have complete
data sets, with respect to brain motion and strain. The short duration
of the data available for test C380-T5 limits its potential to be used
in validation of FEHM. Of these, only test C288-T4 represents an
impact primarily in the anterior-posterior direction due to its occipital
location. The remaining six are lateral impacts to the temporal and
parietal regions. There is, however, a spread of aligned and offset cases,
and cases with and without a helmet present.
Table 4.1: Summary of impact properties and reported cadaver response features across
experiments conducted by Hardy et al. [52, 53], excluding those performed on C408 and
C472 [53], which were considered unsuitably instrumented for replication in a validation
environment. Data is only considered if full time-histories are published. Peak response
magnitudes are more completely reported through [52, 53]. Brain Strain measures
marked as reported correspond only to those which were corrected in later work by Zhou
et al. [149]. Table from McGill et al. [1].
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Brain Strain
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C380 T1
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C393 T1
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Impact
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Cadaver

Outputs Reported

X
X
X
X
X
X

X

2
2
2
2
2
2

1

Impact properties O, F, T, P Impact location; Occipital, Frontal, Temporal (left side), Parietal (left side);
a,d Impact type; acceleration, deceleration; † Impact
is offset from anatomical axes (otherwise, impacts are
aligned);  Cadaver is fitted with a helmet during impact (otherwise, cadavers are unprotected);
Coup only
Contrecoup only
Only for first 20 ms of experiment.

A further ten cases (tests C755-T2, -T3, -T5, C383-T1, -T3, -T4
from Hardy et al. [52], and tests C288-T1, -T2, -T4 and C064-T2
from Hardy et al. [53]) provide enough data to replicate the impacts
numerically and analyse the brain motion. For test C288-T4, where
NDT motion data are available but kinematics are not, the impact
speed is published (3.0 m/s), as are details of the deceleration block
the specimen collides with [53]. This additional detail is not available
in Hardy et al. [52], preventing tests without kinematic data from
being replicated (i.e., tests C731-T1, -T2, C755-T4 and C383-T2),
regardless of the availability of NDT motion. These cases include
five deceleration scenarios to the occipital region, two decelerations to
the frontal region and three acceleration cases, two occipital and one
frontal. The cases conducted reported in Hardy et al. [53] represent
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Figure 4.1: Illustration of the relative brain displacement and strain measures reported
through monitoring Neutral Density Targets (NDTs) for the impact C380-T2: A deceleration impulse to the parietal location, offset from anatomical axes with a helmet present
(adapted from [53, 149, 150]). (a) Motion of NDT-4 and NDT-11, the targets at the
centre of each cluster, presented as co-ordinate traces starting at the location indicated
by the circular marker and following the path depicted by line trace. Hardy et al. [53]
provide similar traces for all NDTs available in the anatomical plane. (b) The response
history of the same key NDTs against time for the complete impact duration. The top
panel shows the relative displacements of NDT-4 and NDT-11 in the anterior-posterior
(x) and medial-lateral (y) directions. The bottom depicts the corrected mean strains in
Cluster 1 (surrounding NDT-4) calculated by Zhou et al. [150] using a tetrahedral (tetra)
formation compared to the triad based calculation Zhou et al. [149] and to the values
originally reported by Hardy et al. [53] across the same time-scale. Image from McGill
et al. [1].
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unprotected/protected impacts and aligned/offset impact locations in
approximately even proportions within the selection. Another six tests
have adjusted strain data reported by Zhou et al. [149] (tests C241-T5,
-T6, C064-T1, C393-T1, -T2 and -T3), despite NDT motion data not
being published by Hardy et al. [53] for these cases. While only a
small number of tests provide information allowing complete brain
displacement and strain comparison, combinations of tests can be
applied to FEHM and considered independently to build up a more
comprehensive validation tool....
The relative brain displacement response within cadavers has also been studied
by Guettler et al. [125] and Alshareef et al. [146, 152]. Guettler et al. [125]
continued to use biplanar x-ray with radio opaque targets but looked to make
the experimental method more repeatable by subjecting cadavers to controlled
impulses by fixing them to an actuated device. Additionally, NDTs were “spaced
according to fractions of the brain size with the intention of creating a scale-able
approach to improve the consistency of validation across FEHM of various sizes” [1].
Alshareef et al. [146, 152] monitored the locations of 24 piezo-electric crystals
inserted into cadaver brains during controlled rotational impulses. This method has
the potential to produce data to validate the relative brain displacement response
in three dimensions, where biplanar X-ray is limited to two. These experimental
procedures are further explained by McGill et al. [1] and have potential value
in future FEHM validation. However, this is not included here as the “genuine”
collisions and range of impact conditions generated during the work of Hardy et al.
[52, 53] were preferred for the current investigation. The more realistic collisions
allowed the effects of structural differences between the FEHM versions to be
considered under relevant impact conditions. Furthermore, the peak rotational
accelerations generated in the controlled impulses (4000 rad/s2 ) [125, 146] fall
within the range seen in the complex collisions [52, 53], so do not introduce new
conditions to the investigations.
In Vivo Experimentation
The In Vivo response of the brain to impulsive loads can be monitored using tagged Magnetic Resonance Imaging (MRI) techniques.
Bayly et al. [153], Sabet et al. [154] and Feng et al. [155] conducted
a series of experiments on live volunteer subjects, monitoring the response of the brain during mild frontal [155] and occipital [153] impacts
and rotational impulses [154] in MRI scanners. Knutsen et al. [156]
conducted further experimentation into rotational impulses, looking
to optimise data acquisition. Since these works have been published,
the potential of tagged MRI techniques has been explored in a number
Katie McGill
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of ways. This section reviews the experimental methods and data that
have already been used in relation to FEHM validation and research.
Other works with similar potential are also mentioned.
Tagged MRI uses radio-frequency pulses to superimpose a grid of
“tag lines” onto an MRI scan, which then move with the brain tissue.
The locations of intersections between tag lines can be mapped into
a regular mesh by comparing the location of each intersection to its
neighbours. This mesh deforms as the tag lines move with the brain
tissue during impacts. Comparisons of mesh configurations at each
time-step to the original mesh allow a deformation gradient tensor to
be calculated for a complete slice through the brain. This can be used
to calculate the deformation and displacement response of a complete
brain slice.
Sabet et al. [154] and Feng et al. [155] each subjected three live
... male volunteers to mild impacts while acquiring MRIs of their
brains. Sabet et al. [154] considered rotational impacts by having the
subjects lie supine, with their head in a cradle within an MRI scanner.
The subjects released a weight causing the cradle to rotate about
their inferior-superior axis. A stopper was then impacted, causing a
rotational deceleration impulse, approximately 200 ms after the initial
release. Feng et al. [155] considered predominantly linear motion by
having subjects lie prone with a cradle lifting their forehead and chin.
Subjects released their head supports causing a drop of approximately
2 cm before the forehead impacted a rubber stop 40–50 ms after
release, creating a frontal impact. In both studies, each impact was
repeated to maximise the temporal resolution of the acquired data.
A sample of complete angular acceleration repeats recorded during one
set of rotational impacts is provided by Sabet et al. [154] and shown
in Figure 4.2. The repetitions are also shown, normalised to have
time reset at each trigger release. Feng et al. [155] provide estimated
rigid body displacements linearly in the anterior-posterior (x) and
inferior-superior (y; others have defined this direction as z [52, 53, 55])
directions and rotational displacement about the medial-lateral axis
for each subject of the head-drop experiment. These are illustrated
in Figure 4.3, along with the average across the subjects. In both
studies, the subject initiating the impact motion also triggered the
MRI capture, which recorded an image approximately every 6 ms.
Sabet et al. [154] considered the response of the brain to the rotational impulse across four axial planes. The “zero plane” passed
through the genu and splenium of the corpus callosum and the remaining three were 2 and 4 cm superior and 1 cm inferior of the reference.
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Figure 4.2: Summary of acceleration data recorded by Sabet et al. [154] during a
series of controlled mild rotational impacts experienced by subject S2 to analyse brain
deformation through tagged MRI. (a) Sequential rotational acceleration from a series of
six impact cycles. The discrete bars (turquoise) indicate the time of each trigger release
(approximately 1.8 s apart). (b) The same six acceleration cycles normalised to each
trigger release, showing the complete motion until the next trigger (left), and the period
encompassing the impulse and subsequent brain response analysis (right). Each repeat
is shown, however the authors have calculated and added the mean trend across the
complete set (mean peak, 187 rad/s2 ). Image from McGill et al. [1].
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Figure 4.3: Rigid body (skull) displacements in the anterior-posterior (x), inferiorsuperior direction (y) and about the medial-lateral axis (z-rot) recorded by Feng et al.
[155] during mild frontal impacts to three subjects (S1, S2, S3). The authors have
calculated and also present the average motion across the three subjects, resulting in
mean peak displacements of 8.0 mm (x), 1.0 mm (y) and 0.1 rad (z). Image from McGill
et al. [1].
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The radial-circumferential strain in each plane was recorded for 60 ms
after the impact in 6 ms time-steps, and reported using contour plots
mapping the strain levels across each slice. The response of subject S1
was depicted at each plane and compared to the response of either S2
or S3. An example of this for the +2 mm plane is shwon in Figure 4.4a,
featuring two subjects (labelled S1 and S2), along with the average
between the two volunteers. The fraction of area experiencing strains
above the 0.02, 0.04 and 0.06 thresholds is shown in Figure 4.4b for
the +2 mm plane for subjects S1 and S2, along with the average
between subjects.
Feng et al. [155] focused on a single slice in the sagittal plane of the
left hemisphere of each subject during the frontal impact experiments.
In order to separate the motion of the brain from the skull, these
authors manually identified 10 landmarks at tag line intersections
within the skull. The skull was considered a rigid body and the
displacement vectors of the new landmarks were used to realign each
image to a constant anatomical frame. The relative displacements
of the tag line intersections within the brain tissue were monitored,
giving the relative motion of the brain compared to the skull across the
complete brain slice. Deformation of the mesh between intersects was
also analysed to consider the principal strains across the slice. Both
vector fields (largely depicting direction) and contour plots (indicating
magnitudes) of the relative brain displacement are presented for each
of the three volunteer subjects (S1, S2, S3) for 22.4 ms after the
point of impact (61.6 ms from trigger release), of which examples are
seen in Figures 4.5a,b. The principal strain is similarly presented,
although with an extra level of detail. Each element of the tag line
mesh has a circle drawn within its grid square. When the deformation
tensor is applied to to the mesh, the circles are similarly stretched
into ellipsoids, as shown in Figure 4.5c. The direction and degree
of the elongation indicate the direction of the principal strain and
its magnitude, along with the colour gradients seen in other works.
The relative displacement and principal strain magnitudes of four
discrete points within the brain at similar locations to the NDTs tracked
during frontal and occipital impacts conducted by Hardy et al. [52, 53]
are plotted for the full 168 ms of the impact test. These can be seen
in Figures 4.6 and 4.7.
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(a) Strain response through a brain slice.

Figure 4.4: Continued on next page.
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(b) Brain area fraction experiencing strains above thresholds of 0.02,
0.04 and 0.06.

Figure 4.4: Examples of brain deformation measures adapted from Sabet et al. [154]. (a)
Colour plots indicating the brain deformation levels from the point of impact (216 ms from
trigger release) as radial-circumferential strain for subject S1 and S2, adapted from [154].
Again the authors have presented additional data depicting the average response between
the subjects, calculated by digitising the published contour plots into strain levels for each
subject, averaging them at each pixel and re-plotting into a new contour plot on the same
scale as the original image. Only pixels where both subjects have brain tissue (contour
plot is coloured) are included in the average. The slice shown is in the axial plane, 2 mm
above the plane between genu and splenium of the corpus callosum. (b) Area fraction
of the brain experiencing radial-circumferential strains above thresholds of 0.02, 0.04 and
0.06 in the axial plane, 2 mm above the plane between genu and splenium of the corpus
callosum. The levels experienced by S1 and S2 [154] are presented, again with additional
data showing the mean between the cases, indicated as “Av”, calculated by the authors for
the purposes of this review. Image from McGill et al. [1].

Knutsen et al. [156] optimised MRI acquisition settings during
rotational accelerations, similar to those conducted by Sabet et al.
[154]. A gelatin phantom and an updated trigger system were used
to reduce the number of rotations the volunteer had to be subjected
to to determine the strain response across a given brain slice to as
few as eight rotations, from the 72–144 reported in previous studies.
The mean of the peak acceleration magnitudes was 260 rad/s2 , which is
Katie McGill
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(a) Displacement vector field.

4.2. Experimental Data

(b) Displacement colour plot.

(c) Principal strain ellipsoid plot.

Figure 4.5: Brain response to a mild frontal impact of subject S1 44.8 ms after the
head is released into free-fall, extracted from Feng et al. [155]. (a) An example of
the displacement vector fields published, largely indicating the direction the brain
is displaced relative to the skull. (b) Colour plot indicating the magnitude of the
relative displacements. (c) Ellipsoid plot indicating the principal strain across the brain
slice. The colour and degree of stretch in the ellipsoid (compared to a circle) indicate
magnitude. The direction of the elongation of the ellipsoid denotes the vector along
which the principal strain acts. These images show the response of subject S1. Similar
images are provided by Feng et al. [155] for all three subjects (S1, S2, S3) 39.2, 44.8,
50.4, 56.0 and 61.6 ms from the point of trigger release. Image from McGill et al. [1].

slightly higher than those recorded by Sabet et al. [154], generated by
a 32◦ rotation. Both maximum shear strain and radial-circumferential
shear strain contour plots are available in the supplementary material
of the paper across two axial slices for each of the three subjects.
Across existing FEHM, the Worcester Head Injury Model (WHIM) [111]
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Figure 4.6: Relative brain displacement magnitude responses to mild frontal impacts
conducted by Feng et al. [155] at four discrete points. The chosen locations relate
to where NDTs were inserted in specimens during cadaver experimentation [52, 53].
Displacements recorded for each of the three subjects (S1, S2, S3) are presented at each
location in the original publication and replicated here [155]. As with previous examples,
the authors have calculated and present the mean response across all three subjects.
Image from McGill et al. [1].

has been validated against brain displacement and deformation from
cadaver-based experimental data (see Table 4.2) and the in vivo experimentation conducted by Sabet et al. [154], while Saboori and Sadegh
[157] and Saboori and Walker [158] validated a new FEHM against the
observations of Feng et al. [155]. A partial FEHM developed during
a preliminary study before developing infant FEHM and validation
tools [159] was validated against anterior-posterior brain displacements
measured in the coronal plane by Knutsen et al. [156].
Tagged MRI techniques have continued to develop. For example,
Chan et al. [160] studied the tagged MRI responses of a significantly
Katie McGill
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Figure 4.7: Principal strain magnitudes recorded during mild frontal impacts conducted
by Feng et al. [155] at the same four discrete points as seen in Figure 4.6. The strains
recorded from each subject, extracted from the original publication [155], are presented
with a newly calculated group mean. Image from McGill et al. [1].

larger cohort of volunteers (n = 33) than previously seen for rotational accelerations, reporting a mean peak acceleration of 195 rad/s2 .
While these experiments do not appear to have been applied to FEHM
validation yet, they present potential in vivo impact response data
sources. The impulse conditions are described through plots of the
mean angular position, rotational velocity and rotational acceleration
across the full cohort against time. The strain behaviour in the brain
is subsequently depicted via colour plots of the shear strain magnitude
across 13 axial slices spread between the inferior and superior brain
limits, as seen in Figure 4.8a, for 145 ms after the point of impact,
through nine time-steps. Additionally, the maximum recorded shear,
first (tensile) and second (impressive) principal strains are plotted for
each brain slice. The area fraction of the brain experiencing each strain
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type above a 3% threshold is further analysed. At each time-step,
the mean percentage of brain tissue exceeding 3% strain across the
full cohort is provided for the whole brain and in each segmented
part, namely the cortical grey matter, white matter and deep grey
matter. The distribution of effected areas is also plotted through
spider diagrams, providing an idealised measure of the expected strain
patterns. Figure 4.8 provides an example of this alongside the “raw”
shear strain colour plots...
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(b) Distribution of brain area experiencing strains above 3% for the
tensile principal (E1 ), compressive principal (E2 ) and shear (γmax )
strains.
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Figure 4.8: Example of brain strain responses reported by Chan et al. [160], 54 ms after volunteer trigger release. (a) Maximum
recorded shear strains through 13 axial brain slices moving from inferior to superior regions. The superior most slice does not
register any strains above 1% so appears blank. (b) Distribution of the area fraction of the brain experiencing strains above
3% for each of the tensile principal (E1 ), compressive principal (E2 ) and shear (γmax ) strains. The shaded area indicates the
mean proportion across the cohort of volunteers, with the confidence interval indicated via the bordering line. The spiderplot
is orientated with the frontal region of the brain (F) at the top, occipital (O) bottom and left (L) and right (R) as indicated.
The segments between represent the temporal and parietal regions respectively. Image from McGill et al. [1].
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(a) Shear strain magnitudes through axial brain slices.
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Tagged MRI techniques have been used as constraints in the simulation environment to generate full 3D data on the strain response
in the brain, through a technique called HARP-FE by Gomez et al.
[161], Knutsen et al. [162]. These techniques have the potential to generate data relating to the MPS in 3-dimensions and axial strain data
in white matter fibres. These, and alternative in vivo impact response
monitoring methods are further introduced by McGill et al. [1] but are
not included here as existing works are not yet ready to be applied in
FEHM validation. Exising FEHM have been validated against tagged
MRI data, either using the experiments described above [163], or by
replicating similar processes in-house [164, 165].

4.3

Prominent FEHM and Their Validation

4.3.1

Empirical Data Applied to FEHM Validation

Among existing FEHM, the most commonly used validation criteria
are the intracranial pressure (ICP) response against data from Nahum
et al. [54] and Trosseille et al. [55], and the relative displacement of
the brain within the skull, compared to that observed and reported by
Hardy et al. [52, 53]. The individual impact cases taken from these
established sources and applied to prominent FEHM are summarised
in Table 4.2, with pointers to any further works employed to judge the
intracranial performance of the FEHM. The FEHM listed in Table 4.2
have either been validated against multiple sources, been included in
other FEHM review works, including [17, 18, 92], or used in research
efforts beyond the initial validation/research group.
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Validation Tests
Name

Nahum
[54,
145]

Trosseille
[55]

Hardy
et al. [52]

WSUBIM

36, 37,
38, 43,
44, 54
37
37

MS428-2

C291-T1,
C383-T1

[22, 43]

MS428-2
MS428-2

C383-T4
C291-T1,
C383-T1,
C755-T2
C755-T2
C291-T1,
C383-T1,
C755-T2

[41, 42]
[40]

UCDBTM V1.0
KTH

KTH-voxel
SIMon

MS428-2

Other

Refs

[81]
[167]

Katie McGill

C288-T1,
C380-T5

[77]
Continued on next page
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DSSM

37

Hardy
et al. [53]
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Table 4.2: A summary of the experimental procedures used to validate the intracranial response of existing Finite Element Head
Models (FEHM), with reference to the papers detailing the FEHM development and validation procedures and performance
(final column). Where models do not have a published or generally used name, the location of the institute of the lead author(s)
has been used to identify the FEHM. The FEHM are displayed in chronological order, according to the date of their initial
validation publication. Table from McGill et al. [1].

Validation Tests
Nahum
[54,
145]

Trosseille
[55]

Hardy
et al. [52]

Hardy
et al. [53]

Other

Refs

GHBMC V1.0

36, 37,
38, 43,
44, 54

MS428-2

C383-T3,
C755-T2

C241-T1,T6,
C380T3,T4,T5,
C393-T4

[145]

1

[151]

Nanjing
SUFEHM

37
37

MS428-2
MS428-2

C383-T1
C383T1,T3,T4,
C755T2,T3,T5

Manhattan
WHIM *

37

THUMS

37

Pennsylvania

37

ABM

115

Imperial

MS428-2

C383-T1,
C755-T2
MS428-2
C291-T1,
C383-T1,
C755-T2
C383-T1,
C755-T2
C291-T1,
C383-T1,
C755-T2
None found published

[16, 91]
[110, 168]

C288-T1,T2,
C380T2,T3,T5

C393-T4

[155]
[154]

2
2

[157, 158]
[111, 169]
[97]

C393-T4

[170]
[171]

[172]
Continued on next page
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Table 4.2 – continued from previous page

Validation Tests
Name

Nahum
[54,
145]

Trosseille
[55]

Tokyo

Hardy
et al. [52]

Hardy
et al. [53]

Other

C755-T2,
C383-T1

YEAHM
αHead
Hyderbad
GHBMC V2.0

37

Malaysia
UCDBTM V2.0
ADAPT

37

[173]

C755-T2
37

MS428-2
C291-T1,
C755-T2,
C383T1,T3,T4
C755-T2

37

Refs

[146]

[176]
[177]
[112]

Katie McGill

FEHM WSUBIM: Wayne State University Brain Injury Model. UCDBTM: University College Dublin
Brain Trauma Model. KTH: Kungliga Tekniska Högskolan FEHM. SIMon Simulated Injury Monitor.
DSSM: Dartmouth Subject Specific Model. GHBMC: Global Human Body Models Consortium
FEHM. SUFEHM: Strasbourg University FEHM. WHIM: Worcester Head Injury Model. THUMS:
Total Human Model for Safety FEHM. ABM: Atlas-based Brain Model. YEAHM: Yet Another Head
Model. ADAPT: “A Detailed and Personalizable Head Model with Axons for Injury Prediction.”
* WHIM has previously been referred to as Dartmouth Head Injury Model (DHIM), including in the
papers depicting its development and validation. However, Ji Lab [166] and associated publications
now use the Worcester name.
1 Brain contusion vs cadavers (as discussed in Section 4.2.1).
2 In vivo measurement of brain displacement and deformation through tagged MRI (Section 4.2.1).
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C380-T5
C288-T3,
C380T1,T2,T3,T4,T6,
C393-T3

[174]
[103]
[175]
[44]
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As the technology to create FEHM has become more established
and accessible, researchers have begun to create in-house models designed/customised for specific investigations and applications. Often
models are developed to investigate the influence of particular impact
conditions, such as location [115, 178], or the presence/properties of
protection [29, 115, 118, 179, 180]. Numerous more FEHM have
been developed to investigate the effect of properties within the
models themselves. Often the intracranial response of these models is validated against a single, qualitative comparison to test 37
from Nahum et al. [54]. Further new FEHM have been developed
alongside experimental procedures, particularly as tagged Magnetic
Resonance Image (MRI) technology allows in vivo tracking of the brain
during head motions. These are discussed alongside the experimental
procedure development in Section 4.2.1.

4.3.2

Replication of Empirical Scenarios in the Numerical
Environment

In order to validate FEHM, empirical conditions must be replicated
in the numerical environment, namely impacts need to be generated
in simulations. A number of methods have been applied to existing FEHM, depending on the experimental data available and the
properties of the FEHM in question.
Replications of earlier works, notably that of Nahum et al. [54], have particularly varied approaches to their replication due to the experimental data
available. Simulations have modelled representations of the impacting piston and
used dynamic loads to reproduce the experimental impact with varying properties
and outcomes, further discussed by McGill et al. [1]. However, these works were
not considered for this thesis due to limitations in both the impact kinematics
and the intracranial response, as previously mentioned.
Subsequent experimental work which had FEHM validation in
mind during their procedures, including ... Hardy et al. [52, 53],
monitored the motion of the skull and provide complete kinematics at
the centre of gravity (CG) of the specimen’s head. Detailed motion
data are similarly provided for the controlled cadaver and in vivo
impacts. The kinematics can be applied directly to the FEHM as
boundary conditions on an equivalent point in the skull, provided
this is defined as rigid. This allows the motion resulting from the
impact to be recreated without the need to consider the impactor
properties or contact behaviour. Furthermore, as the complete motion
Katie McGill
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of the head is replicated, the constraining properties of the neck do not
need to be considered, an aspect thought to be influential for longer
duration impacts [168, 181]. This has therefore been the primary
method of recreating empirical conditions from Trosseille et al. [55]
[(ICP response)], Hardy et al. [52], Hardy et al. [53] and in vivo
experimental conditions in the numerical environment. Of the models
listed in Table 4.2, only Tse et al. [16] used an alternative method
during the validation of the Nanjing FEHM. ...

4.3.3

Assessment of FEHM Performance and Validation

Once the empirical scenario has been replicated in the numerical
environment, the performance of the FEHM needs to be assessed
compared to observations from testing. Impact responses are presented in a number of ways, including discrete point histories, absolute
peaks, area fraction measures and spacial plots. In the majority of
cases, particularly although not exclusively for the earlier FEHM, this
has been through a qualitative comparison of the simulated and empirical outputs [40–43, 77, 81, 110, 151, 167, 170, 174]. Others have
supplemented this with peak value comparisons [77, 110, 151].
More recently, statistical measures have also been applied to quantitatively analyse the similarity of numerical outputs to empirical data.
Tse et al. [16] used Pearson correlation to objectively compare how well
two variations of their FEHM performed during validation simulations.
There is, however, no benchmark value or rating system to judge the
quality of either model against empirical data. Pearson correlation is
limited to considering the linear correlation between points of data
sets. The Normalized Integral Square Error (NISE) method separately
compares the differences in phase, amplitude and shape of two time
series that are then summed to give an overall measure [182]. Based on
generally accepted coefficients of variation (e.g., ratio of standard
deviation to mean), acceptable NISE limits are proposed for each of
phase, amplitude and shape in terms of the repeatability and reproducibility. While the limits of NISE were proposed for determining the
quality of experimental procedures and results, the line comparison
equations have been applied in judging FEHM validation. Kimpara
et al. [183] and Ji et al. [111] calculated a correlation score between
0 and 100 by subtracting the NISE from 1 and multiplying by 100
during the validation of THUMS and WHIM FEHM. These were then
related to bio-fidelity ratings aligned with the classifications detailed
in ISO/TR-9790 [184], as shown in Table 4.3.
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The CORA method (Gehre et al. [5]) combines corridor and crosscorrelation rating methods to rate the similarity of curves between 0
and 1. As with NISE, the cross-correlation aspect of CORA considers
the shape, amplitude and phase of responses. The parameters used
within each analysis stage can be adjusted to fit the scenario being
considered and its limits. Research into to the validation of full body
FE models found CORA to be the most comprehensive of analysis
methods available, although it was recommended to keep the evaluated
aspects separate rather than combining to a single rating for the
model [185]. CORA has since been included in the investigative
technical report ISO/TR16250:2013 [186], providing recommendations
on the analysis of time-history signals in the testing of vehicle safety and
computer model validation. In a study focused on FEHM, Giordano
and Kleiven [148] found CORA more reliably evaluated validation
signals than NISE (see Section 4.4.2). During the development of
FEHM, CORA has been used by Atsumi et al. [97], Miller et al. [171],
Miyazaki et al. [173] and Trotta et al. [177] for the validation of ABM,
THUMS (a version superseding the model previously analysed using
NISE [183]), Tokyo and UCDBTM V2.0 models respectively. Several
parts of the GHBMC full body model have been validated against
CORA and the tools recommended in ISO/TR16250:2013 (e.g., [187–
190]). However, Mao et al. [151] is the most recently published record
of ... intracranial response validation [found for this FEHM] and
CORA is not e1mployed.

Table 4.3: Bio-fidelity classifications adapted from International Organisation for Standards [184]. The classifications have an equivalent distribution but the range is increased
by a factor of 10 (from a 0 to 10 range, to 0 to 100). CS is the Correlation Score. Table
from McGill et al. [1].

Classification
Excellent
Good
Fair
Marginal
Unacceptable

4.4

Correlation Score range
86 ≤ CS < 100
65 ≤ CS < 86
44 ≤ CS < 65
26 ≤ CS < 44
0 ≤ CS < 26

Further Research into Validation
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4.4. Validation Research

Retrospective Validation and Comparison Investigations

The range of representations in terms of geometry, material models
and included features across different FEHM is well documented and
discussed in literature. As such, (particularly prominent) FEHM
have been subjected to further investigations into their behaviour and
comparisons to other models.
Miller et al. [20] looked to objectively and quantitatively compare
the performance of FEHM against relative brain displacement data.
Five tests (C755-T2, C383-T1, T3, T4 from Hardy et al. [52] and C291T1 from Hardy et al. [53]) were selected to represent a range of impact
locations and kinematic properties as well as to represent cases typically
used during FEHM validation. Existing results from simulating these
cases were compared for the ABM [171], SIMon [167], GHBMC [151],
THUMS [97], KTH [23, 40] and WHIM [111, 169] FEHM (KTH and
WHIM had partial data sets available). The relative displacements at
each NDT in both directions considered were analysed using CORA.
These ratings were averaged to provide a model rating for each impact
scenario. These were averaged again to provide an overall rating, for the
available scenarios. The ranking of the six FEHM was also considered
and it was found that the FEHM ranked differently according to
CORA rating for each test. The KTH FEHM [40] was stated to have
the highest overall rating (0.413 ± 0.059), although the results for
WHIM [111, 169] are higher (4.15 ± 0.035). The WHIM also had the
most consistent rating (lowest standard deviation). However, these
two FEHM only had data available for three and two of the impact
scenarios considered, respectively, which is a limitation of the study.
Of those with data for all the scenarios considered, the ABM [171]
had the best overall rating (0.376 ± 0.053).
Talebanpour and Smith [191] compared the response of the GHBMC [151],
THUMS [97] and SIMon [167] FEHM to the brain strain response
recorded during tagged MRI experiments from Bayly et al. [153].
The impacts were generated by simulating the FHEM droppig onto a
rubber pad, replicating the conditions experienced by in vivo subjects.
Despite being subject to identical conditions, the three FEHM experienced different head kinematics, particularly rotational accelerations,
after the point of impact. As well as comparing the distinct models,
THUMS then had the brain material models from GHBMC and SIMon
applied to it, and the responses were again compared. Compared to
the tagged MRI response, all three FEHM underestimated the strain
response, but by differing magnitudes, although there were consisten120
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cies in the strain distribution pattern across the monitored brain slice.
Furthermore, there were discrepancies when just the brain material
changed. Talebanpour and Smith [191] surmise that the brain material
model, the skull-brain interface and the presence/properties of the
neck all influence these discrepancies.
Drake et al. [107] investigated the influence properties of NDTs
have on the simulated brain response compared to impacts from Hardy
et al. [53]. A mass replicating the NDTs used in the empirical method
was modelled within the FEHM brain volume. Compared to the
original FEHM, relative brain displacements magnitudes changed by
less than 2.5%. The effects remained less than 10% when the mass of
the modelled target was increased ten fold. The authors also changed
the location of NDTs, offsetting the targets by 13.5 to 16.6 mm in
directions parallel to each anatomical axis. The average point-to-point
displacement magnitudes across five impact simulations changed by
up to 64% (for NDT locations being offset in the inferior direction by
13.5 mm). These findings suggest that the presence of instrumentation
(i.e., NDTs) in the experimental method do not affect the suitability of
the data collected for FEHM validation. However, the relative brain
displacement response is sensitive to the location it is monitored from.
Drake et al. [107] comment that empirical locations are given from
an approximate cadaver CG, which could be erroneous or offset from
that of the FEHM. The varying geometries of different FEHM will
mean the CG and NDT locations will have different levels of influence
on the validation of each model, indicating the potential in adaptable
methods similar to those employed by Guettler et al. [125].

4.4.2

Investigation into Validation Protocol

Giordano and Kleiven [148] critically evaluated the validation data
available from Nahum et al. [54], Trosseille et al. [55] and Hardy et al.
[52][53] and Hardy’s PhD Thesis with the aim of creating a standardised validation protocol for FEHM. Experimental data for intracranial
pressure response, relative brain displacement and brain deformation
were judged according to selection criteria. Impact scenarios were
selected if they were deemed to have sound experimental methodology (termed “accuracy”), complete kinematic data available (termed
“reproducibility”) and to represent unique impact conditions (termed
“redundancy”). Cases were judged indepentdently for each validation
metric. No cases from Nahum et al. [54] passed the reproducibility
criterion as rotational kinematics, thought to be of high importance
Katie McGill
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when considering TBI, and the cadavers used by Trosseille et al. [55]
were seen to have air within the intracranial space, thereby failing the
accuracy criterion. Table 4.4 summarises the experiments suggested
for use by Giordano and Kleiven [148], excluding those within Hardy’s
PhD Thesis. While the selection process is set to be unbiased, not
every impact case within the assessed studies [52–55] appears to have
been considered and subjected to the selection criteria. For example,
although C380-T4, -T5 and -T6 were deemed suitable for the complete set of validation metrics (ICP, relative brain displacement and
brain deformation), C380-T1 and -T2 are not mentioned throughout
the publication.
The influence each scenario should hold when considering the overall
performance of the model was then weighted (0 < vi < 1.0) according
to experimental limitations and data errors, as detailed by Giordano
and Kleiven [148]. The weighting that should be applied to each target
(NDT or pressure transducer) within each test is similarly calculated
and provided (0 < wij < 1.0). This is particularly pertinent for the
brain deformation cases where the tests are all given equal weighting
overall. However, the targets within each experiment have a range of
weightings. For example, test C241-T5 negates (weighting = 0.0) seven
of the 14 target points entirely, has five targets with 0.1 weighting
and one each with 0.3 and 0.7. Table 4.4 also provides the overall test
weighting for each validation criterion.
Nine of the suggested cases (tests C241-T5, C241-T6, C288-T3,
C064-T4, C380-T4, C380-T5, C380-T6, C393-T3 and C393-T4) were
then applied to the KTH [40], KTH-voxel [81], THUMS [97] and
GHBMC [151] FEHM by directly imposing impact kinematics onto
a node at the centre of each of the models. The likeness of the
simulated response of each FEHM to empirical data was measured
using NISE [182] and CORA [5] methods. The ratings of the model
across each test, with their weightings incorporated, were combined to
create an overall bio-fidelity rating B of each model, with 0 < B < 10,
using the same scale as seen in Table 4.3. CORA was deemed to better
analyse the FEHM responses with NISE tending to underestimate
amplitude errors and was therefore over estimating the bio-fidelity of
the FEHM. CORA was therefore the tool used for further performance
and bio-fidelity analysis. The control parameters within CORA (ver.
3.6.1) [5] were optimised to the data sets considered for each validation
criterion to those listed in Table 4.5. As such, errors in overall response
nature are penalised more severely than slight shifts in phase or
magnitude. With the optimised analysis settings, across the full
122

Katie McGill

4.4. Validation Research

Chapter 4. Existing FEHM Validation Methods

set of experiments meeting selection criteria, the four FEHM tested
were found to have bio-fidelity ratings between 5.80 and 6.43, deeming
them “fair” representations of the human head, according to ISO/TR9790 [184] (see Table 4.3).
Table 4.4: Experimental cases passing the selection criteria proposed by Giordano and
Kleiven [148] during critical evaluation of the empirical data from Nahum et al. [54],
Hardy et al. [52], Trosseille et al. [55] and Hardy et al. [53] for validation against ICP,
relative brain displacement and brain deformation. Each impact is summarised by its
location, the peak resultant linear acceleration and the peak rotational acceleration
about a single axis. Where impact cases have been selected for multiple validation
criteria, repeats have been indicated through italics. Table from McGill et al. [1].

Peak Accelerations
Test

Impact
Location

Reference

Linear Rotational
(g)
(rad/s2 )

Weight

Intracranial Pressure
C288-T3
C241-T6
C064-T4
C380-T4
C380-T5
C380-T6
C393-T3
C393-T4

Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy

et
et
et
et
et
et
et
et

al.
al.
al.
al.
al.
al.
al.
al.

[53]
[53]
[53]
[53]
[53]
[53]
[53]
[53]

Occipital
Occipital
Occipital
Temporal
Parietal
Parietal
Temporal
Temporal

236
127
122
196
77
147
159
180

24206
5792
4456
14962
6358
9797
11584
9671

0.8
1.0
1.0
0.8
0.8
0.8
0.8
0.8

Relative Brain Displacement
C755-T2
C755-T5
C383-T1
C383-T4
C288-T3
C241-T5
C241-T6
C064-T4
C380-T4
C380-T5
C380-T6
C393-T3
C393-T4

Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy

Katie McGill

et
et
et
et
et
et
et
et
et
et
et
et
et

al.
al.
al.
al.
al.
al.
al.
al.
al.
al.
al.
al.
al.

[52]
[52]
[52]
[52]
[53]
[53]
[53]
[53]
[53]
[53]
[53]
[53]
[53]

Occipital
Frontal
Frontal
Occipital
Occipital
Occipital
Occipital
Occipital
Temporal
Parietal
Parietal
Temporal
Temporal

22
12
62
108
236
194
127
122
196
77
147
159
180

1882
0.7
843
0.7
2592
0.9
10364
0.9
24206
1.0
8688
1.0
5792
1.0
4456
1.0
14962
1.0
6358
1.0
9797
1.0
11584
1.0
9671
1.0
Continued on next page
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Table 4.4 – continued from previous page
Peak Accelerations
Test

Impact
Location

Reference

Linear Rotational
(g)
(rad/s2 )

Weight

Brain Deformation
C288-T3
C241-T5
C241-T6
C380-T4
C380-T5
C380-T6
C393-T3
C393-T4

Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy
Hardy

et
et
et
et
et
et
et
et

al.
al.
al.
al.
al.
al.
al.
al.

[53]
[53]
[53]
[53]
[53]
[53]
[53]
[53]

Occipital
Occipital
Occipital
Temporal
Parietal
Parietal
Temporal
Temporal

236
194
127
196
77
147
159
180

24206
8688
5792
14962
6358
9797
11584
9671

1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0

At the time of writing, no FEHM has been validated according
to the above protocol. Caution and the need for further research
into the sifting and weighting protocols has been raised [70, 112].
Guettler et al. [125] intended to ensure their cadaver experimentation
procedures would pass all criteria laid out by Giordano and Kleiven
[148] to remove the need for case selection and to further standardise
the validation process. Furthermore, despite Giordano and Kleiven
[148] proposing an unbiased selection criteria, some cases published
within the assessed works [52, 53] are not mentioned and therefore,
it is assumed, not subjected to the selection criteria. This includes
cases C380-T2 and -T3 [53] which have previously been used in FEHM
validation and present full sets of relative brain displacement and strain
response data as well as partial pressure response data. The optimised
CORA parameters proposed by Giordano and Kleiven [148] have
however been adopted during FEHM validation and investigation
analyses [85, 177, 192].

4.5

Conclusions

The review of validation data, procedures and analysis drew a number of conclusions relevant to validation and testing of new FEHM and future considerations
or improving the material available for FEHM validation. Of most relevance to
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Table 4.5: Optimised parameters for CORA (ver. 3.6.1) [5] analysis of FEHM performance against cadaver data from Hardy et al. [52, 53], as determined by Giordano and
Kleiven [148]. Table from McGill et al. [1]

Validation Criteria
CORA Parameter
A_THRES
B_THRES
A_VAL
B_DELTA_END
T_MIN/MAX
D_MIN/MAX
INT_MIN
K_V/P/G
G_V/P/G

Intracranial
Pressure

Relative Brain
Displacement

Brain
Deformation

0.030
0.075
0.010
0.200
0.000/0.030
0.01/0.12
0.70
3/1/1
0.33/0.33/0.33

0.030
0.075
0.010
0.200
0.000/0.040 (min)
0.01/0.40
0.80
3/1/1
0.33/0.33/0.33

0.030
0.075
0.010
0.200
0.000/0.040 (min)
0.01/0.25
0.7
3/1/1
0.33/0.33/0.33

the current thesis are the conclusions relating to the selection and application
of experimental data and the methods used to analyse the likeness of simulated
responses to the experimental references.
With respect to selecting impacts to simulate during current investigations
into FEHM behaviours, the literature review...
...showed there was no single source providing sufficient data to
completely validate the intracranial response FEHM. However, there
are multiple options available to validate the intracranial pressure [53–
55, 125], relative brain displacement [52, 53, 125, 146, 155] and brain
strain responses [150, 153–156, 160]. Across each of these there are
combinations of cadaver and in vivo experimentation, blunt impacts
and controlled impulses providing a range of kinematic profiles and
subsequently brain response characteristics. The range of methods
used to record impact responses also adds depth to the measures
FEHM can be validated against. For example, analysis of tagged MRI
data allows the area fractions of the brain experiencing strains above
a given threshold to be introduced...
...Combinations of the experimental data currently available have
the ability to reasonably assess the behaviour of FEHM. Researchers
should be aware of the limitations and potential errors of each data
source; for example the sensitivity the relative brain displacement
response has to the monitored location [107]. This is how validation
has been approached to date. However, as summarised in Table 4.2,
Katie McGill
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the selection of cases between research groups has been inconsistent
and Miller et al. [20] included differences in validation tests conducted
on FEHM in the limitations of comparing their validity and accuracy.
Giordano and Kleiven [148] addressed these issues by proposing a
standardised impact case selection protocol. This has been acknowledged as promising in principle. Further research is, however, required
to reach a consensus on the selection criteria and weighting factors
suggested [70, 112], or if such selection should occur at all [70]. Should
a protocol become approved and adopted, it would need to be applied
to a wider selection of empirical data than the limited range previously
considered [52–55]. Furthermore, there should be evidence that all
test examples within a given research effort were assessed. Within the
current environment, researchers should be encouraged to validate
FEHM against sets of impacts from a range of studies using different
data recording methods and response metrics, ideally including cadaver
and in vivo references, and a covering a range of kinematic profiles
likely to be relevant to the future applications of the FEHM to provide
a balanced assessment its performance, and to mitigate the limitations
and biases of particular empirical methods and data...
Although there are a number of ways impacts can be replicated within simulations, it was concluded that this has increasingly been...
...achieved by applying kinematics recorded during experimentation
directly to the skull of the FEHM. While the skull needs to be modelled
as rigid to use this method, its response can be validated in separate
simulations, as has been done previously (e.g., by Mao et al. [151]).
Directly applying kinematics ensures the FEHM experiences exactly
the same motion as the empirical sample, providing a consistent
baseline during validation and removes boundary conditions from
consideration, such as the inclusion of a neck which was seen to
influence kinematic behaviour when other impact initiation methods
were used [191]...
Similarly, there are a number of possible approaches to assessing the performance of FEHM. However, many of these rely on qualitative comparisons. The
review noted that...
...quantitative assessment is essential to allow for objective conclusions to be drawn, especially when considering the effects of property
changes within an FEHM type or the biofidelity of a given model,
and therefore its suitability for use in injury research. A handful of
measures have been considered for time-series based data. CORA
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was found to be the most suitable method for comparing output
histories, allowing for magnitude, phase and shape characteristics of
time-histories to be reliably compared [148] and has been recommended
in relevant technical documentation [186] so should become widely
adopted. Not all data are suited to this type of analysis. For example,
the colour-plots of strain levels across brain slices widely presented from
tagged MRI experimentation. Currently, these image-based outputs
rely on qualitative assessment. However, this can be supplemented
with quantitative analysis of extracted time-based data, including
strain-histories at discrete points (e.g., Figure 4.7) and the area fraction of the brain experiencing strains above given thresholds against
time (e.g., Figure 4.4)...
These conclusions, and the closing remark of “While there is no clear best set
of cases, variety is likely to provide the most reliable outcomes.” [1] were used
to guide investigation processes developed through Chapter 5 and applied in the
investigations in Chapters 6 and 7.
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Chapter 5
Simulation and Analysis Procedures
The FEHM developed through Chapter 3 are created to investigate the influence
of the geometric profile of the brain and the presence of the CC and membranes
on the dynamic behaviour of simple FEHM. This investigation is conducted
by simulating relevant impacts with the FEHM variations and comparing their
responses.
This chapter describes the approaches taken to create a thorough and relevant
investigation, guided by the findings of the review into existing FEHM validation
procedures and materials summarised in Chapter 4.
Impacts are selected for use in the investigation in Section 5.1. The processes
used to create equivalent conditions in the simulation environment are then
described in Section 5.2. The FEHM are compared and analysed in terms of
their computational performance and quality, and the intracranial response to the
impact conditions experienced via the methods outlined in Sections 3.7 and 5.3,
respectively.
These are the methods applied to the investigations seen in Chapters 6 and 7,
leading to the results compared and allowing consistent discussions between the
different FEHM and the two stages of investigation.

5.1

Selection of Impact Cases

A group of impact scenarios was selected to provide contrasting kinematic conditions, within the range expected to be found in unhelmeted sporting scenarios.
The influence of the structural changes between the FEHM could therefore be
thoroughly considered, with relevance to the wider context and aim of identifying
an optimal FEHM to apply to research into the effects of sports head impacts.
Section refsec:expproc explores potential experimental data sources for FEHM
validation and investigations, including those using cadaver specimens and live
volunteers as subjects. Employing each subject type has its own advantages.
129

Chapter 5. Investigation Procedures

5.1. Impact Selection

Cadaver experimentations allow a wide rage of kinematic conditions to be investigated. However, the intracranial environment is altered by the post-mortem
nature of the subject [147] and the associated preparations required, and the
instrumentation available restricts the monitoring of the intracranial response to
discrete points in the brain, as seen in Section 4.2.1. In vivo experimentation is
limited to impulses presenting kinematic scenarios well below injury potential for
ethical reasons, but the imaging techniques and subsequent processing available
allow the strain response to be reported throughout the brain, with applications
reviewed in Section 4.2.1. The value of the kinematic conditions provided by
cadaver experimentation and the whole-brain strain response data from in vivo
research meant impacts were selected from both forms of empirical research.

5.1.1

Cadaver Experimentation

Potential data sources based on cadaver experimentation are discussed in Section 4.2.1. Although a range of sources are available, the impacts created by Hardy
et al. [52, 53] monitoring the displacement of the brain relative to the skull during
genuine impacts were preferred for the current investigation.
Within the works of Hardy et al. [52, 53], 36 possible impact scenarios were
generated. Across these, a range of impact conditions were created and different
response metrics were recorded, detailed in Table 4.1. Of these, only those with
data describing the kinematic properties and the NDT motion throughout the
impact were considered, to allow accurate replication in the simulations, and
provide sufficient data to compare the FEHM responses against.
The remaining cases were filtered to identify those with kinematic properties
relevant to sporting head impacts. Research monitoring rugby and Aussie rules (a
similar, unhelmeted contact sport) collisions [193–199] has reported average peak
resultant linear accelerations between 12 [194] and 32g [200], and 95th -percentile
values between 40 [197] and 70g [200], although extreme cases have been reported
with peak accelerations of up to 163g [195]. To incorporate kinematics within
the realms of those experienced regularly on the sporting field, but with the
scope to be relevant to the less common, more sever scenarios that would be of
interest when considering injuries impact examples with peak linear accelerations
of up to 100g were accepted. Twelve cases passed this filtering process, all of
which had comparable rotational acceleration magnitudes to the ranges recorded
on-field (means between 523 rad/s2 [193] and 4041 rad/s2 (1977 events) [196], 95th percentile values around 10, 000 rad/s2 ) [196, 198, 199], negating the requirement
to sort by this property. This filtering process was used in place of the protocol
proposed by Giordano and Kleiven [148] and discussed in Section 4.4.2. Whilst
standardised selection procedures would be beneficial to the wider field of research
to provide consistencies in validation protocols, questions over the proposed
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approach have been raised.
A group of impacts was selected from the filtered set to provide a contrasting
impact conditions. The chosen impacts strike different regions of the cadaver,
through a combination of accelerations and decelerations, changing the predominant direction of motion against which the brain response is judged and the
nature of the impulse experienced. Table 5.1 summarises the cases ultimately
chosen. The first, C755-T2 was generated by impacting the occipital region of a
static cadaver with a piston moving at a constant speed. The resulting kinematics,
which were applied to the FEHM during simulations can be seen in Figure 5.1.
C288-T1 also impacted the occipital region of the head. However, the cadaver was
moved at a constant speed into a solid, static object, causing a deceleration based
impulse. The kinematics produced are shown in Figure 5.2. Compared to C755-T2,
higher peak magnitudes are reached for all the acceleration compentes during
C288-T1, and the rate at which accelerations increase is also greater, creating
a more dynamic acceleration profile through the impact. Finally, C380-T2 is a
lateral impact, with the parieto-frontal region of the cadaver moving into a fixed
object. The kinematics associated with this example are seen in Figure 5.3.
Table 5.1: Details of the impacts selected from Hardy et al. [52, 53] used in this work.
The impacts are described through the approximate region of the cadaver sample that
was impacted, whether the impulse was generated by accelerating (Acc.) or decelerating
(Dec.), the peak resultant linear (ares,peak ) and rotational (αres,peak ) accelerations. The
outputs recorded from relative brain displacement, brain strain and intracranial pressure
for each test are then indicated.

Test

Impact Properties
αres
ares
Location Type (g) (rad/s2 )

C755-T2
C288-T1
C380-T2

Occipital
Occipital
Lateral

Acc.
Dec.
Dec.

22
86
66

1896
4932
11479

Outputs Reported
Displacement

Strain

ICP

X
X
X

X

X
X

These three examples provide contrasting, relevant impact conditions under
which the effect of FEHM properties can be thoroughly investigated, without excessive numbers of simulations recreating similar characteristics being undertaken.
Although the relative brain displacement response is the main focus in the
empirical method, ICP data and a local strain response were recorded from the
lateral C380-T2 impact. The ICP data was not referred to due to the lesser
relevance of this measure mentioned previously and the monitored location only
being described qualitatively as “contre-coup”, [53] making replication in the
numerical environment inaccurate. The local strain response is calculated from
the relative displacements of the NDTs in the cluster in the right parieto-frontal
Katie McGill
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Figure 5.1: The (a) linear and (b) rotational acceleration components of the kinematics
induced in the cadaver during the occipital C755-T2 impact from Hardy et al. [52].
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Figure 5.2: The (a) linear and (b) rotational acceleration components of the kinematics
induced in the cadaver during the occipital C288-T1 impact from Hardy et al. [53].
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Figure 5.3: The (a) linear and (b) rotational acceleration components of the kinematics
induced in the cadaver during the occipital C380-T2 impact from Hardy et al. [53].

region of the brain. These calculations have since been reviewed and improved
by Zhou et al. [150]. This response is analysed in the following investigations,
to supplement the more extensive strain response data available from in vivo
experimentation (discussed in the following section), by introducing more relevant
impact conditions.

5.1.2

In vivo Experimentation

Increasing numbers of studies have been reported considering the brain response of
live subjects to impulses through tagged-MRI analysis, as discussed in Section 4.2.1.
The majority of the publications reviewed focus on representing the impulse
response through contour/fringe plots and vector fields, limited to qualitative
comparison. Therefore, only the work of Chan et al. [160] and Knutsen et al. [162]
were considered for use in the current research due to their analyses expanding
to provide quantitative measures of the fraction of the brain experiencing strains
above given thresholds. These can be considered more objectively, alongside the
qualitative form of the response to better analyse the responses of the FEHM.
Similar volume-based measures, including CSDM, have been proposed as potential
injury risk indicators, as discussed in Section 2.1. Understanding the influence
structural differences between the models in this study have on these measures is
highly relevant to optimising FEHM. These works also incorporated the largest
cohorts of volunteers across the in vivo experiments considered in Section 4.2.1
(n = 33 [160] and n = 20 [162]). The range of responses recorded from these
Katie McGill
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Figure 5.4: The rotational velocity experienced by subjects during mild rotational
impacts conducted during tagged-MRI analysis by Knutsen et al. [162]. Rotation is
about the inferior-superior (z) anatomical axis.

larger populations provides better context to consider the behaviour of the FEHM
against than those of specific individuals.
The peak accelerations generated by Chan et al. [160] (400 rad/s2 ) exceed
those produced by Knutsen et al. [162] (283 rad/s2 ) and are therefore expected
to produce more distinct repsonses, although the impact kinematics still below
expected sporting or real-world magnitudes. However, Knutsen et al. [162] provide
three-dimensional analysis, including the full brain in the measure of fractional
volume affected by elevated strains. This is more directly comparable to the 3D
nature of FEHM and CSDM type injury indicators than the planar area fraction
measure presented by Chan et al. [160]. The improved relevance of the response
data was preferred over the greater impact severity, meaning Knutsen et al. [162]
was used when investigating the FEHM developed through the current work.
Within the chosen empirical study, impulses were generated through neck
rotation (left-right, similar to shaking the head) and neck flexion (up-down,
similar to nodding the head). Only the rotational scenario was replicated within
the current investigation, due to the empirical data showing this to induce a greater
strain response through the brain tissue. As a consequence, there is a greater
contrast and more distinct trends in the resulting strain fringe plots and volume
fraction measures. The rotational velocity experienced by subjects, and therefore
applied to the FEHM are illustrated in Figure 5.4. There is an initial non-zero
velocity where subjects release their head and it rotates towards a stopper. The
deceleration impulse is triggered when the subject’s head meets a stopper. This is
the period of interest and for which the tagged-MRI analysis is conducted.
The cadaver and in vivo impact scenarios selected through this process were
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simulated with each FEHM. The following sections describe how these simulations
were generated and, subsequently, how the performance of the FEHM were judged.

5.2

Generation of Impact Conditions

The kinematic conditions generated by the five selected impacts needed to be
accurately replicated in the numerical environment to enable reliable comparison
of the simulated intracranial response to the empirical scenario. This is commonly
achieved by directly applying the kinematics recorded during the empirical process
to the FEHM as boundary conditions throughout the impact(Section 4.3.2).
This was the approach taken in the current work, ensuring the same motion is
experienced empirically and numerically, without the need to accurately model
the impactors or boundary conditions used empirically.
The impact selection process ensured the cases chosen for simulation had
suitable data to allow this, filtering out examples where complete kinematic
histories were not available, as mentioned in the previous section. Following this,
all the impacts considered in this research include the motion of the CG of the head
samples throughout each impact within the empirical data published [52, 53, 162].
For the cases reported by Hardy et al. [52, 53], the motion resulting from
the collisions is described through the linear acceleration components in three
axes and the angular acceleration and velocity components about the same three
axes. The controlled impulse generated during the in vivo experimentation [162]
consists of a single rotational component about an anatomical relevant axis.
The remainder of this section describes how this information is transferred to
the FEHM.

5.2.1

Anatomical Reference Coordinates

The kinematic data provided describing the motion during each empirical scenario
is aligned to the anatomical axes of the cadaver or in vivo subject and follows the
anatomical features of the head, regardless of its orientation in space. However,
the standard, global coordinate system in the simulation environment remains
fixed, while motion of the FEHM will change the orientation of the anatomical
features within the global coordinates. Therefore, a local, anatomical coordinate
system was defined within the FEHM, whose orientation follows that of the model,
replicating the anatomical axes referred to empirically.
During the development of the FEHM, nodes were created at the model CG
and at points within the skull along each anatomical axis using the method
described in Section 3.1.4. A set of vectors and coordinate system were defined
between these control nodes during pre-processing. As the skull is a rigid body,
and the FEHM assembly is a single connected body, the co-ordinate system traced
Katie McGill
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the orientation of the model throughout the simulations. Therefore, the defined
co-ordinate system gave a constant, anatomically aligned system of reference.
Figure 5.5 illustrates the relationship between the global coordinate system of
the simulation environment and the anatomical system defined. The kinematic
loading was then applied to this local system, replicating the empirical scenario.
The anatomical axes were also used in post-processing to project responses from
the simulation environment into the anatomical frame of reference.

zo
z

z
yo
y

y

CG x

CG x xo X

X

zo
yo
xo
(a) Initial orientation

(b) Altered orientation

Figure 5.5: Illustrations of the anatomical coordinate system (x, y, z) compared to the
global coordinate system of the simulation environment (xo, yo, zo). The anatomical
axes are defined by nodes within the model. The x axis scenario is demonstrated where
nodes at the model centre (CG) and a location directly anterior to this (X) define the
tail and head of the vector creating the x axis. (a) shows the alignment of the global
and anatomical axes in their initial state. (b) demonstrates the change in relationship
between the global and anatomical systems after the model has experienced translation
and rotation.

The anatomical coordinate system was defined such that its origin coincided
with the CG of the FEHM, the x-axis extended from the CG to the front of
the model, defining the posterior-anterior anatomical axis, the y-axis extends
medially-laterally, with the left of the model being the positive side, and the z-axis
extends towards the top of the FEHM, defining the inferior-superior anatomical
axis, as demonstrated in Figure 5.5.

5.2.2

Applying Kinematic Conditions

The kinematic histories were applied to the FEHM as continuous boundary
conditions on the skull through the BOUNDARY\_PRESCRIBED\_MOTION function
in LS-DYNA [201]. This function allows acceleration, velocity and displacement
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Figure 5.6: Illustration of vector projection used to check the rotational displacement of
the FEHM during the C755-T2 simulation. N0 and Nt signify the same node within the
rigid skull at its initial location and at time t. n0 and nt are the vectors describing the
initial and displaced location of the node from centre of gravity of the FEHM (CG). θ0
and θt are the angle between the nodal locations and the anatomical axis (x). lp,0 and
lp,t being the component of n0 and nt parallel to the anatomical axis.

histories to be applied to individual nodes. Velocities and displacements can
also be applied to the rigid body as a whole, with some limitations. Rotational
components can only be applied to the whole body of a rigid part, not individual
nodes, limiting their application to velocities and displacements [201].
To apply the complete motion from the cadaver impacts, combining linear
and rotational components, the constraints of the prescribed boundary motion
function had to be considered. Linear acceleration components, reported in the
empirical data along each anatomical axis, were applied to the node defined at
the CG of the FEHM along each anatomical vector. This is the same node as
used for the anatomical axis origin. It was defined prior to the meshing process
so a node, that is part of the solid mesh structure, was created at this precise
location. Angular velocities were applied to the rigid body of the skull, about
each anatomical axis.
Due to the combination of acceleration- and velocity-based components used,
the resulting motion experienced by the FEHM was checked for accuracy against
displacement data available for the C755-T2 cadaver impact [52]. An example
FEHM was subjected to the relevant kinematics through the method described
above. The coordinates of nodes within the skull, relative to the anatomical origin
(CG), were traced throughout the impact. These describe the linear displacement
components of the monitored node. Vector projection was then used to calculate
the angle through which the node had rotated about the model CG. Figure 5.6
illustrates this method, using a simplified two-dimensional view for clarity.
Vector projection allows the size of the component of a vector in a particular
direction to be calculated. For the nodal position vectors seen in Figure 5.6, their
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Figure 5.7: Angular displacement of two nodes within the skull during simulation of the
C755-T2 impact [52], compared to that measured empirically (Cadaver).

component parallel to the x-axis is calculated according to
lp = n ·

x
|x|

(5.1)

Following this, basic trigonometry can be used to determine the angle between
the node and the anatomical axis via
cos(θ) =

−1

θ = cos



lp
|n|



lp
|n|
−1

= cos

(5.2)


n·x
|n| · |x|


(5.3)

The angular displacement is then simply θt − θ0 . Figure 5.7 shows the rotational
displacements of two nodes within the skull, compared to that recorded empirically.
Both nodes show strong agreement with the data recorded empirically. This
confirms that the relative displacements through the FEHM are correctly replicated.
The translation of the complete FEHM, generated through the linear accelerations
applied at the model CG, does not contribute to this calculation and is therefore
not validated through this process. However, the linear accelerations are directly
applied from empirical data without manipulation so are expected to be reliable.
The controlled impulses replicated from the in vivo experimentation [162] are
in a single anatomical plane, meaning the kinematics involve a single rotational
component acting about the inferior-superior (z) axis. This was applied to the
whole skull body as a velocity, as done for the rotational components of the
cadaver examples.
138

Katie McGill

5.3. Impact Response Analysis

5.3

Chapter 5. Investigation Procedures

Analysis of FEHM Impact Responses

The primary aim of this research is to investigate the influence of properties of
FEHM on their impact responses. Several simulation outputs are considered and
compared across the FEHM variations, relevant to FEHM validation procedures
and intracranial responses previously proposed as injury risk indicators. The
following sections outline the methods used to extract and analyse these results.

5.3.1

Mesh Quality and Computational Efficiency

The FEHM developed in this work have differing brain geometry and intracranial
tissue differentiations, which will alter their meshes. The mesh quality within each
FEHM, and their performances through simulations was therefore monitored to
assess the stability, reliability and efficiency of the different FEHM. The minimum
dihedral angle and shape quality introduced in Section 3.7.1 were used to measure
the quality of each mesh generated prior to simulaton. Both the lowest quality
elements in each mesh, and the quality distribution across all elements in each
mesh were considered.
The effects of changing the surface topology of the brain, and the inclusion
of the CC and membrane structures on the computational efficiency were also
assessed. The computational cost of additional structural details was compared to
the influence they had on performance. As noted in Section 3.7.3, the exact CPU
time varied due to external factors. Therefore, the time-step, which is dependent
on the stae of elements within the mesh was analysed in greater detail.
These factors were taken into account when judging the optimal representation
within the FEHM as efficiency and reliability of each model.

5.3.2

Relative Brain Displacement

The relative brain displacement response is widely used in FEHM validation [1].
This response was assessed for the impacts simulated from Hardy et al. [52, 53],
where empirical data for the response is provided.
In the experimental method, Neutral Density Targets (NDT) were inserted
into the brain of cadaver samples and their motion was tracked in two dimensions
via x-rays. The displacements of “key” NDT are reported in two anatomical axes
throughout each impact. The equivalent response was extracted from simulations.
Nodes representing the NDT, at the same location from the brain CG as reported
in the empirical methodology [52, 53]. A total of 10 nodes were traced, created in
the mesh through the method described in Section 3.1.4.
The simulation outputs the coordinates of each NDT-node throughout the
impact, in the global coordinate system. These were translated into anatomical,
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axial displacements through a set of vector operations. The position of each NDT
node relative to the model CG (panat ) was calculated at each time-step, through
panat (t) = pN DT (t) − pCG (t)

(5.4)

where pN DT and pCG are the coordinates of the NDT in question and the CG.
The relative displacements (drel (t)) of the NDT were then calculated, according to
the difference in their position from the CG compared to the initial arrangement
(panat (0)) via
drel (t) = panat (t) − panat (0)

(5.5)

This process is illustrated in Figure 5.8b. The components of the relative
displacements of the NDT parallel to the anatomical axes of interest (dax ) were
calculated through vector projection against the axis of interest (axanat ), as
illustrated in Figure 5.9 and according to
dax = drel ·

NDT

axanat
||axanat ||

(5.6)

panat

NDT(t)

CG
drel

pN DT
pCG

panat (0)

zo

panat (t)

NDT(0)
CG

xo
(a) Position Vector

(b) Displacement Vector

Figure 5.8: Illustration of (a) position vector and (b) operations used to translate from
global coordinates of nodes to relative displacements within the anatomy of the FEHM
through Equations 5.4 and 5.5.

These operations were performed on the displacement outputs throughout
each impact simulated, providing a complete history of the axial relative brain
displacement of each NDT. These were compared to the equivalent results reported
empirically, and between each FEHM variation.
The relative brain displacement response, although widely used in validation,
has not been proposed as an injury risk indicator. Furthermore, it only considers
the response of discrete points, the location of which directly influences the
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drel

CG

axanat
dax

Figure 5.9: Illustration of the vector projection used to determine the magnitude of
displacement parallel to an anatomical axis, via Equation 5.6.

response [107], as can differences in the anatomy of the original cadaver sample
and the FEHM [125]. However, there are also advantages to assessing the relative
brain displacement response. The availability of a range of empirical data allows
the behaviour of the FEHM, and differences between model versions, to be
contextualised against a consistent, external reference. Furthermore, this response
is dependent on several factors. The deformation of the brain tissue causes
the relative location of NDT to change within the brain, and the brain-skull
interface (through the CSF) separates the motion of the bodies to a degree, also
contributing to relative displacements. It is therefore expected that this response
will be sensitive to changes within the FEHM, regardless of whether they affect
the behaviour within the brain or the surrounding intracranial structures.
The relative brain displacement response was analysed between all the FEHM
versions for all three cadaver experiments selected in Section 5.1.1 and simulated
as part of this research. However, a similar analysis was not translated to the in
vivo scenario. The reduced severity of this impulse, lack of equivalent empirical
data and limitations of the response metric itself compared to the strain response
data available meant this was not deemed to be a worthwhile or valuable venture.

5.3.3

Brain Strain and Stress Response

Measures relating to the magnitude, distribution and rate of the strain response in
the brain or regions within are the most frequently proposed injury risk measures
in mTBI research, as seen in Section 2.1, with some works also proposing peak
stress magnitudes. Strain and stress responses through the brain were therefore
assessed in a number of ways to consider the influence of changes within FEHM.
Responses were additionally compared to the experimental data available from
the in vivo impulse replicated [162] and C380-T2 from the cadaver scenarios [53]
to contextualise whether differences between the FEHM related to improvements
in their representation of the human head.
The magnitudes of strains and stresses through the brain, and the distribution
of the responses were analysed through the methods described in the following
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141

Chapter 5. Investigation Procedures

5.3. Impact Response Analysis

section.
Magnitude-Based Responses
The magnitude of the strain and stress responses was traced through the 95th percentile magnitudes simulated throughout the brain volume. This provides a
measure of the range of magnitudes experienced without being susceptible to
rogue elements or highly localised responses excessively distorting results, and is
an approach frequently applied in FEHM analysis [56, 58, 202].
The 95th -percentile values were determined by exporting the 1st -principal strain
and effective stress magnitudes in every element within the brain, along with
the volumes of the elements. The proportion of the total volume each element
contributes to the brain was then calculated according to
Vn
Vfn = PN

n=1

Vn

(5.7)

Where there are N elements within the brain, Vn is the volume of the element
being considered and Vfn is the fraction the current element contributes to the
total brain volume, calculated at each time-step. The data was then sorted by
the strain or stress magnitude so that the element with the lowest strain/stress
magnitude and its fractional volume occupied the first row and that with the
greatest magnitude the N th row. From this ranked position, the cumulative
volume fraction was calculated and the strain or stress magnitude in the element
completing the 95th -percent of the total volume was saved as the magnitude
response.
As well as this “peak” magnitude response, the proportion of the brain affected
by elevated strains was analysed, described as the brain volume fraction response.
This relates to proposed injury risk indicators such as the CSDM, and is a response
calculated within the empirical analysis of tagged-MRI data [162]. This measure
gives a numerical indication of the strain distribution in the brain, allowing the
influence of intracranial properties within the FEHM to be assessed with respect
to the extent of the brain affected by the strain response, with empirical data
providing to context.
The affected brain volume fraction was calculated from the same strain data
extracted to calculate the 95th -percentile values, with each element volume converted to its proportional contribution to the total brain volume. A threshold
strain magnitude was defined. For the in vivo impulse, the affected brain volume
fractions above thresholds of 0.02, 0.03 and 0.04 are reported, based on the empirical data. These same thresholds were analysed from the FEHM responses. The
volume fraction was also extracted from the simulations of cadaver impacts. In
these cases with more sever kinematic conditions, the threshold strain was set to
be 0.1 replicating thresholds previously applied in volume-based injury prediction
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measures [26, 32, 33, 37]. The exported strain data was filtered to provide a set of
elements with strain magnitudes above this threshold. The proportional volumes
of the elements within the filtered set were summed to find the total proportion
of the brain volume fraction above the threshold.
A final strain magnitude-based measure was considered for the C380-T2
impact [53]. This impact has (corrected) data published describing the average 1st principal and maximum shear strains within the NDT cluster in the pareitofrontal
region of the right brain hemisphere [150] throughout the impact. The equivalent
response was extracted from the FEHM by isolating the elements connected to
the node representing the NDT at the centre of the cluster, which is specifically
defined as part of the relative brain displacement analysis. The mean of the
equivalent strain measures in the isolated measures is exported and compared
to the empirical data. Due to the localised nature of this measure, it was only
analysed for the impact case with accompanying empirical data. However, it is
a valuable indication of the strain response expected at higher impact severities
than available through the in vivo data. Comparison of the FEHM behaviours
between these contrasting scenarios can determine how the effects of intracranial
properties influence impact responses in contrasting conditions, and the range of
applicability of the models.
Response Distribution
The distributions of strain and stress through the brain were also considered.
This allowed the methods through which responses propagate to be compared
between FEHM, adding qualitative data around the influence of FEHM properties.
Comparison of the numerical responses to distribution plots available from taggedMRI experimentation contributed to determining the best representation of the
FEHM and their validity.
Knutsen et al. [162] provide plots describing the 1st -principal strain through the
anatomical mid-planes of the brain at 18 ms intervals throughout the rotational
impulse experienced by in vivo subjects. Equivalent results were generated from
the numerical simulations of this experimental impulse. The simulated responses
are compared at equivalent times through the kinematics experienced and in the
same anatomical planes. The colours with representing ranges of strain magnitudes
was set to match, as much as possible, those presented empirically by defining
equivalent strain limits and comparable colour pallets.
Fringe plots were also produced to inspect the strain and stress response
distributions at key points within the more severe cadaver impacts simulated. In
these cases, the distributions were depicted at the times when major maxima
and minima in the strain and stress magnitudes were recorded. The range of
strain magnitudes differentiated through the fringe plots were initially set to be
0 − 0.1 so that the upper limit matches the threshold identified for volume fraction
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assessments in Section 6.4.1. Without an external point of reference, the stress
limit was selected to be close to but below the maximum magnitudes recorded,
again with the intention of providing clear contrast through the plots.

5.3.4

Quantitative Analysis

Quantitative analysis was employed where possible to compare the performance of
the FEHM variations to the empirical references. For time series data, the CORA
method [5] introduced in Section 4.3.3 has been widely recommended. CORA
was therefore applied in this research, with the parameters defining the bounds
of the process following recommendations of Giordano and Kleiven [148], seen in
Table 4.5 and discussed in Section 4.4.2 with the aim of facilitating consistent
validation of FEHM. These settings have since been adopted in a number of works,
also discussed in Section 4.4.2.
The relative brain displacement responses and localised strain response recorded
during the C380-T2 impact were assessed in this way. Although the affected
brain volume fraction is exported from the numerical environment as complete
time-histories, the empirical data is formed from sparse, discrete points. As such,
it does not describe the nature of the response with sufficient shape detail to allow
for CORA to be accurate and reliable.
In addition to the analysis parameters, Giordano and Kleiven [148] suggested an
adapted biofidelity rating to classify the representation of the human head provided
by FEHM. The full ISO biofidelity rating requires a reference file indicating the
corridor test signals should fall within [186]. However, with the referenced empirical
data used only consisting of a single signal, this is not available. Instead, the
biofidelity (B) rating was calculated by averaging the phase (P ), magnitude (G)
and shape (V ) measures which constituted the cross-correlation rating in standard
CORA analysis, and scaling them to match the biofidelity rating range, resulting
in


P +G+V
B=
× 10
(5.8)
3
Numerical models are classified in their level of representation through bands of
biofidelity ratings, further detailed by McGill et al. [1].
The complete CORA rating and the adapted biofidelity rating were both
considered for the applicable data. The biofidelity rating allowed an approximate
classification of the FEHM, however the complete CORA rating was considered
in greater detail as it incorporated the complete set of analysis approaches.
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Summary

This chapter has outlined the simulation processes applied throughout the investigations conducted as part of this research. The FEHM developed through the
processes outlined in Chapter 3 are tested to study the influence of the geometric
representation of the brain (Chapter 6) and the intracranial tissues represented
(Chapter 7) on the performance of the FEHM.
The impact response of the FEHM is the key behaviour of interest, particularly
in relation to scenarios that could be found in unhelmeted sporting scenarios.
Therefore, the FEHM were tested by simulating impact scenarios relate-able to
these circumstances and analysing various aspects of the intracranial response.
Section 5.1 discusses the selection of impacts to be simulated, resulting in a set of
four impacts conducted on cadaver samples (C755-T2 [52] and C288-T1, C383-T1
C380-T2 [53]) and one on in vivo subjects (neck rotation [162]). These scenarios
provide a contrasting but relevant set of impact conditions with a range of peak
acceleration magnitudes and different primary directions of motion. Furthermore,
the cadaver impacts provide relative brain displacement data against which the
FEHM response can be compared and the in vivo case provides data on the strain
response in a number of ways: peak magnitude, the brain volume fraction above
strains of 0.02, 0.03 and 0.04, and the pattern of distribution through the brain.
Additional strain data is available for a localised region of the brain during the
C380-T2 cadaver impact.
The impact conditions were replicated in the numerical environment by directly
applying the kinematic trends recorded empirically to the rigid skull of the FEHM,
following approaches previously applied in numerical research. The impacts are
applied to the model as prescribed boundary motions, aligned to the anatomical
axes. The axes themselves are defined through features of the models so they
remain aligned to the anatomy of the FEHM. Section 5.2 describes the operations
used to achieve this.
With the pre-processing methods defined, the models were then assessed in
two dimensions: their structural quality and their impact response quality.
The structural quality is assessed both prior and during the simulations,
through the quality of the elements in the mesh. In their initial state, the mesh
quality was judged through the minimum dihedral angle of each element, and
their volumetric shape quality measure, as described in Section 3.7.1. The effect of
the mesh on the computational performance was monitored through the time-step
evolution in the model, which is dependent on the properties of the poorer quality
elements in the models, as seen in Section 3.7.3.
The impact responses of the FEHM were assessed in a number of ways to
consider the effect of changes within the FEHM and judge their accuracy as a
representation of the human head. Section 5.3 outlines the methods used to export
and post-process results in order to conduct this analysis. The relative brain
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displacement response was the first metric considered. To assess this, against
equivalent data from Hardy et al. [52, 53], nodes were created within the brain
at equivalent locations to the empirical NDT. Their displacement was tracked
throughout relevant simulations and then vector projection and manipulations
were used to calculate their displacement relative to the skull, aligned to each
anatomical axis through the steps described in Section 5.3.2. The analysis of this
response considers the behaviour of multiple factors within the FEHM, including
the brain deformation response and the CSF behaviour. However, its relationship
to the the risk of concussion type injuries is indirect and the experimental reference
data available is restricted to discrete points in the brain. Therefore, the relative
brain displacement is not analysed beyond the scenarios and locations where
empirical data is available to contribute to the discussion.
The strain response through the brain was the metric analysed in the greatest
detail between the FEHM. The strain magnitude-based responses of the 95th percentile 1st -principal strain found within the brain and the proportion of the
brain at strains above a given threshold were assessed, alongside the distribution
of strain throughout the brain, via the methods detailed in Section 5.3.3. These
relied on exporting and manipulating the strain and volume data for each element
in the brain to determine the desired measure. These were compared to empirical
data for the in vivo impact. Additionally, the strain response within the brain is
frequently suggested as an indicator concussion type injury risk. As such, this
analysis was expanded across all the impacts simulated, regardless of whether
external reference data was available or not. The 95th -percentile stress magnitude
trends and the distribution of stress through the brain was assessed through the
same methods due to it also being proposed as an injury risk indicator despite
there being no empirical data available. Finally, the analysis of the intracranial
response of the models to impacts is supplemented by quantitatively assessing
the agreement of the FEHM responses to empirical data where possible through
CORA. This method is increasingly applied to FEHM validation and investigations
and allows for objective and measurable judgement the performance of different
FEHM, as well as being linked to biofidelity classifications of numerical models.
Section 5.3.4 outlines the application of this process used within the current work.
The following two chapters detail the application of these methods, and those
described through Chapter 3, to investigate the effect of the brain geometry
and the intracranial tissue definitions within FEHM and identify the optimal
representation.
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Chapter 6
Investigation into Brain Geometry
Representations
The brain surface geometry has been identified as an aspect of the intracranial
environment that could influence the response to impacts, both in vivo and within
FEHM, as discussed in Section 2.2.3. Three FEHM with different levels of brain
surface detail were therefore developed, resulting in the structures outlined in
Section 3.3. These were subjected to a series of impacts, according to the methods
in Chapter 5. This chapter discusses the influence of the different brain geometries
within the Basic, Featured and Textured FEHM.
The effect of the changes between the models on their physical, mesh and
computational properties are considered in Section 6.1. The intracranial responses
of the FEHM are then compared and discussed. Section 6.2 analysis the relative
brain displacement response of the FEHM, with reference to equivalent experimental data. The strain response within the brain is also compared to empirically
recorded behaviours in Section 6.3 before Section 6.4 expands the analysis of the
strain behaviour in the FEHM more relevant impact conditions, and introduces
analysis of the stress response. Finally, these discussions are summarised, highlighting the required level of geometric detail on the brain to effectively simulate
impact scenarios related to sporting head impacts.

6.1

Physical and Numerical Properties

The three FEHM versions are created using the same data sets and procedures.
However, changing the geometric profile of the brain will affect its physical
properties and the discretisation of the FEHM. This section considers these
aspects of the FEHM to ensure that comparisons between the models can reliably
be attributed to the geometric properties of the brains, rather than the finite
element meshes or unintentional physical differences. The performances of the
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meshes with the FEHM variations are also assessed to consider the feasibility of
the FEHM in terms of computational efficiency and stability when applied to
impact simulations.

6.1.1

Physical and Mesh Properties

Changing the surface profile of the brain inevitably has an effect on its volumetric properties. This can both affect the physical nature of the model and the
requirements of the mesh to represent the geometries. To minimise the effects
on the physical properties of the FEHM, the segmentation processes attempted
to keep the median point of the outer surface at a consistent depth/radius from
landmarks in the MRI, as described in Section 3.1.1. However, the brain profiles
were manually segmented, separately from each other and therefore may differ.
Consistency in the mesh properties was also targeted by assigning the same mesh
sizes to each body within the FEHM between versions, based on the Adjusted
mesh developed in Section 3.6.3. However, the meshing process allows element
sizes to adapt in order to represent geometric features while maintaining element
quality. Therefore, the meshes may differ between the FEHM.
To consider the extent and impact on these potential the mass of the brains
and the properties of the corresponding meshes are compared in Table 6.1. The
following discussions look to determine whether properties beyond the geometric
profile of the brain could significantly influence the behaviour of the FEHM, and
therefore the validity of comparisons.
Table 6.1: Summary of the mesh properties of the FEHM with different brain geometries.
The median minimum dihedral angle and shape quality of all the elements in the
FEHM are presented as indicators of mesh quality, to be considered in conjunction with
Figure 6.1.
Entity Count
Model
Basic
Featured
Textured

Mesh Quality

Elements
(×1000)

Nodes
(×1000)

Dihedral
Angle (◦ )

Shape
Quality

113
109
127

24
23
27

46.02
45.74
45.08

0.72
0.72
0.71

Despite the considerable textural changes introduced, the mass and therefore
volume of the brain are minimally affected, varying by only 2% across the three
geometries, as seen in Table 6.2. Although small, the variations see the brain
mass decrease as details are introduced to the surface. The segmentation boundary profiles were judged subjectively and in 2D. Once stitched into 3D forms,
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Table 6.2: Summary of masses of the parts within the FEHM with different brain surface
geometries. The material properties applied were constant throughout. The brain surface
profile affected the volume of the brain and CSF, whose materials have the same density.
Therefore, volume changes result in a direct redistribution of mass between the parts
and the total FEHM mass remains constant.

Mass of Parts (kg)
Model
Basic
Featured
Textured

Total

Brain

CC

Membranes

CSF

Face

Mass (kg)

1.40
1.38
1.37

0.02
0.02
0.02

0.03
0.03
0.03

0.23
0.25
0.26

3.06
3.06
3.06

4.74
4.74
4.74

elements of smoothing and collapse were used to process the brain volumes independently, which could affect profiles to differing degrees. Therefore, a 2% range in
mass/volume change can be seen as a success. Furthermore, the mass “lost” from
the brain becomes incorporated into the CSF through their shared surfaces. Due
to the brain and CSF material models having the same density, the overall mass
of the FEHM, a factor shown to significantly influence both the kinematic and
intracranial response of models [104, 105, 107, 203], remains a consistent 4.740 kg
throughout all the models. Table 6.2 demonstrates how the mass distribution
between the brain and CSF varies as the curface geometry of the brain changes,
maintaining a constant total mass across the FEHM. When considering the brain
mass itself, Zhao et al. [169] found a linearly proportional relationship between
the brain mass and the intracranial pressure response during impulsive loading.
However, the magnitude of these changes was 50% of the original mass, compared
to the 2% variation across the three FEHM considered here. It would therefore
be expected that the influence on the intracranial response would be similarly
diminished. However, Zhao et al. [169] used a spring-model to represent the
brain-skull interface rather than a CSF material layer, which could alter how mass
changes affect the dynamic behaviour of the FEHM, compared to this research.
Furthermore, purely linear accelerations were simulated. Therefore the effects
on mass differences under rotational acceleration is not considered. In a more
comparable investigation to the variations seen in the current work, Kleiven and
von Holst [104] found morphing the brain volume to alter the intracranial space
(CSF volume) had no significant effect on the response of the FEHM. Considering
the similarity in conditions between the current adjustments and the Kleiven and
von Holst [104] investigation and the small magnitude of the mass changes in the
brain, it was believed that the three FEHM were highly comparable.
From a meshing perspective, introducing the geometric detail to the brain
affected the entities required to mesh the whole FEHM by up to 17% across the
three FEHM. Against expectations, the Featured model required fewer elements
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than the Basic geometry. The meshing algorithm is driven by the surfaces defined
through the model in 3D, which are then advanced through to fill into a solid mesh.
The additional details in the Featured brain create more control points on its
surface, which may have benefited the progress of the advancing front and reduced
the number of elements required. However, this was not further investigated as
the variation is within the ranges assessed during mesh independence testing and,
as discussed in Section 3.8, these behaved consistently. Furthermore, despite the
change in element count, a similar average element quality is maintained across
the geometric changes with the median minimum dihedral angle varying by less
than a degree and even more consistent shape quality measures seen in Table 6.1.
The mesh quality throughout the three FEHM was further inspected through the
distribution of elements according to their minimum dihedral angle and shape
quality as this can influence both the computational efficiency and stability of
the models when applied to impact simulations. These distributions, seen in
Figure 6.1, echo the consistency in mesh properties suggested by the median
measures stated in Table 6.1, particularly between the Basic and Featured models.
However, the Textured model has marginally greater distribution of elements with
dihedral angles between approximately 20 and 50◦ , as seen in Figures 6.1a and c.
The distributions converge again above a 50◦ angle, and the differences are not
reflected in the shape quality distribution. It is thought that this is due to the
more complicated surface profile of the Textured model causing the orientation
of faces on the surface to alter in order to replicate the texture, introducing
a slight distortion but not significantly poorer quality elements. Furthermore,
although the distribution of minimum angles is skewed in the Textured model, the
lowest quality elements are not affected, demonstrated by the consistent points
of inflection initiating the element distributions for the three models, illustrated
more clearly in parts c and d of Figure 6.1. The lowest quality elements in each
body of a mesh have the potential to be critical with respect to the stability and
computational efficiency of the numerical models. Introducing surface details does
not appear to affect this and should therefore not reduce the feasibility of the
more detailed models.
The discretisation of the bodies within the FEHM beyond the brain are largely
unaffected by the differences in the brain surfaces. Localised differences are evident
in the mesh within the membranes to maintain a continuous mesh between this
body and the brain, whose mesh changes due to its altered surface profile. These
differences are minor, and their consequences are accounted for in the element
quality distributions (Figure 6.1), which consider the whole FEHM. Each assembly
successfully ties nodes at the relevant surface, forming a complete structure and
the material properties applied to each part are equal. The three FEHM are
therefore deemed suitable to investigate the role of the brain geometry on their
impact response and were used to simulate cadaver and in vivo impulse scenarios.
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Figure 6.1: Quality of mesh through the FEHM with different brain geometries according
to (a) the minimum dihedral angle within the tetrahedral elements and (b) element
shape quality. (c) and (d) inspect the distributions of the 10% of elements with the
lowest quality according to the same measures.
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Computational Requirements and Stability

The full set of simulated impacts consisted of five scenarios, each ran independently
on the FEHM, starting from the same initial properties. The computational
requirements of the three FEHM were compared to further analyse the effect of
increased geometric detail on the efficiency of the FEHM. Table 6.3 summarises
the relative CPU times each model required to simulate each impact scenario,
also with the relative initial time-step in each case. The relative CPU times
are provided here as an indication of the overall efficiency of the models but
they should be interpreted with caution due variability in the performance of the
systems the simulations were run on, as highlighted in Section 3.7.3.
Table 6.3 shows the three models to have initial time-steps (and consequently,
predicted run times) within 12% of each other, which aligns with the similarities
in the lower bounds of mesh qualities observed in the Section 6.1. Despite this,
the CPU times diverge. The Textured model consistently takes longer, requiring
70% more CPU time overall than the other two FEHM, which ultimately have
indistinguishable computational costs. However, the efficiencies of the Basic and
Featured models vary between simulations. For the C755-T2 and C288-T1 impacts,
the two require CPU times within the range of variability experienced from the
computational system, while 37% less CPU time is required by the Featured model
to complete C380-T2 but 36% more for the in vivo example. To further investigate
whether these differences are either artefacts from the computing environment or
caused by the different properties of the models, their relative time-steps during
each simulation were assessed through the plots in Figure 6.2.
Table 6.3: Comparison of the relative computational costs of the FEHM with Basic,
Featured and Textured brain geometries. The CPU time required to complete each
of the four impacts successfully simulated [52, 53, 162], relative to the Basic model is
provided, along with the average across all four tests. The relative size of the time-steps
predicted at the initiation of simulations are also provided for each model. These are
consistent across all simulation conditions.
Model
Basic
Featured
Textured

C755-T2

C288-T1

C380-T2

in vivo

Average

Initial
Time-step

1.00
1.12
1.11

1.00
1.05
1.74

1.00
1.36
1.55

1.00
0.63
2.41

1.00
1.04
1.70

1.00
0.88
0.94

This time-step analysis demonstrates that the Featured model is the most
stable and consistent model computationally. The step-size in the Featured model
oscillates within approximately 10% of the initial value for all bar the C380-T2
simulation. In this example there is a significant reduction in the time-step around
the period of the main impulse, which had the greatest rotational component
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Figure 6.2: Comparisons of the relative time-steps of the FEHM with Basic, Featured
and Textured geometric representations of the brain during the four simulated impacts.
The time-steps are normalised to the initial step-size of each model, allowing direct
comparison between the models and the effect of impact conditions on the step-size.

of the impacts considered, which is also seen in the Basic and Textured models.
Despite requiring consistently more CPU time, the Textured model does not
experience significant reductions in time-step size relative to the other models, and
as such does not experience a notably smaller time-step, owing to the similarities
in their initial values. Instead, it does not recover to larger time increments after
experiencing a time-step restriction, resulting in an increased computational time.
Given the consistencies in the initial mesh properties and time-steps, the variation
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in computational efficiencies through the simulations are a result of the different
brain geometries affecting the intracranial response of the FEHM to impulsive
loading.
The intracranial response of the FEHM is dictated by the deformation of
the CSF layer and brain, causing distortion and displacement within the brain
relative to the skull. The smooth surface of the Basic model means this CSF
deformation and the resulting effect at the brain surface can be dissipated to a
degree. As such, elements across a greater area of the brain surface and through the
CSF will deform, with a relatively steady gradient of deformation. Subsequently,
lower quality elements are more likely to be included in the deformations and
there is a higher probability of a reduction in the time-step size. However, the
same effect allows the model to recover as the impulse fades. In the Textured
model, the presence of the sulci and gyri introduce irregularities and steep angles
to the brain and CSF system. Not only can these structures deform, creating
local regions of greater or lesser element distortion, but the angular profile will
prevent the dissipation of motion seen in the Basic model. Some regions will
therefore experience greater distortion with steeper gradients between locales,
increasing the places and methods through which elements could cause a reduction
in the simulation time-step. Furthermore, as these are localised phenomena, they
continue to occur as the brain realigns to the skull preventing the time-step from
recovering as seen in the Basic model. The slightly increased proportion of elements
with a lower minimum dihedral angle discussed in Section 6.1 (Figure 6.1c) may
also compound the effect. With more elements close to the lower quality limit there
is a greater likelihood of distortions producing a minimum critical length, limiting
the time-step, as outlined in Section 3.7.1. Finally, the stability of the time-step
in the Featured model is thought to stem from the compromise it represents
compared to the remaining two FEHM. The presence of the lateral fissures and
central sulci and gyri are sufficient to disturb the response, reducing the distortion
of the CSF. Meanwhile, the predominantly smooth surface does not suffer from
the localised deformations of pinch points from the steep undulations found in the
Textured model. Across all three models, the stress and strain patterns seen on
the outer surfaces of the brain, discussed in detail through Section 6.4 and seen in
Figures 6.19 – 6.24, support the explanations offered here. The Textured model
has complex distributions, following the topology of the sulci and gyri, with high
stress and strain gradients across small areas. The Featured model shows localised
regions of increased stress and strain around the included surface features, coupled
with areas of lower magnitude in the smoother regions than seen on the Basic
model, a pattern particularly evident in Figure 6.23. The Basic model experiences
a smoother distribution around its surfaces.
The simulation of C380-T2 was the only case not to exhibit a stable time-step
in the Featured model. Instead, a restriction in time-step in line with the period
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of greatest accelerations and rate of change in accelerations is seen in all three
FEHM. This scenario is the most extreme of those simulated with respect to
rotational motion, as well as being the only lateral impact. This may either affect
a region with lower quality elements, or cause the most distortion in the region
of the included features, bringing the steeper angles and potential pinch-points
into play. Given the high level of lateral rotation involved, the latter is more
likely. These response patterns could also contribute to the higher stability of
the Featured FEHM in the simulations of C383-T1 as they are based on similar
principals and mechanisms.
From these observations it is clear that although introducing geometric detail
does not significantly affect the initial mesh quality, it changes how the mesh
deforms throughout impact simulations, reducing the efficiency of the models. As
the time-step is ultimately governed by a single element, further work involving
numerous loading conditions would be required to confirm the exact source of
restrictions in computational efficiency and manually optimise the mesh. However,
within the realms of generating a FEHM suitable for research into trends across a
range of sporting impacts, these observations suggest there is a computational
benefit to disrupting the surface of the brain to a degree, provided the surface
features do not begin to dominate the interaction and prevent any dissipation of
deformation. From an efficiency perspective, the Featured FEHM is a useful tool
going forward. The computational behaviour of the models will be considered
during the selection of further representations, alongside other simulation results
and findings.

6.1.3

Simulation Energy Balances

The energy balances within each simulation were assessed to check that the
meshes of the different FEHM structures conserved the laws of physics and
artificial energies were not dominating. Although the energy ratio measure is
available through LS-Dyna, the discussions in Section 3.8.2 showed that this could
be significantly affected by localised phenomena that do not detract from the
validity of the mesh. Therefore, the trends of the kinetic, internal and sliding
energy components were analysed instead. Where the sliding energy makes a
significant, negative contribution to the energy balance, this is not a concern
provided its trend is equal and opposite to the internal energy trend.
The energy components through the four impacts simulated for the Basic,
Featured and Textured FEHM are presented in Figures 6.3, 6.4 and 6.5 respectively.
The three FEHM produce consistent kinetic energy components for each of
the impacts simulated. As expected, the kinetic energy of the in vivo impact
(Figures 6.3d, 6.4d and 6.5d) is negligible, aligning with the significantly lower
acceleration magnitudes involved in this impact. The internal and sliding energy
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Figure 6.3: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the Basic FEHM.
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Figure 6.4: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the Featured FEHM.
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Figure 6.5: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the Basic FEHM.
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components do however vary between FEHM versions. Similarly to seen in the
time-step analysis, the Featured FEHM is the most stable FEHM with no negative
sliding energy for three of the four impacts simulated, as seen in Figure 6.4.
When negative sliding energy does occur, the inflection points of these trends
for the various FEHM and impact scenarios. This signifies that the brain surface
geometry has an effect on when and whether there are localised flaws in the
contacts or nodal penetrations in the FEHM, as do the kinematics experienced.
Once sliding energy starts to be dissipated, the effects are reflected in increased
internal energy levels. This is most prominently seen across Figures 6.3d, 6.4d
and 6.5d. In the Basic and Featured FEHM, where there are lesser sliding energy
effects, the internal energy increases at a steadier rate. The sliding energy is not
zero for the Basic FEHM (Figure 6.3d) (and other factors within the contributions
to the internal energy, including the strain response) causing this internal trend to
differ from that of the Featured FEHM (Figure 6.4d). Whilst these differences are
relatively slight, Figure 6.5d displays a contrasting trend for the Textured FEHM.
Here, there is a dissipation of energy through the sliding component. The internal
energy component mirrors this dissipation, with a stepped response compared to
the smooth ramp seen for the Basic and Featured FEHM. Furthermore, steps and
inflections in the internal energy relate to similar features in the sliding energy
trend. Similar patterns are seen across the impact scenarios and FEHM variations.
Depending on when in the simulation the negative sliding energy trend begins,
the FEHM may already have accumulated internal energy, causing an off-set in
the relationship between the trends. However, the opposing nature of the energy
components s is still evident through the change in shape of the internal energy
trend.
Overall, these trends highlight the limitations in the interfaces defined between
parts of the FEHM variations. However, the nature of contact energy dissipation
indicates that any problems are localised and do not detract from the validity of the
model [144]. Therefore, the meshes and FEHM structures generated were deemed
stable and accurate, and suitable for further use in the current investigation.

6.2

Relative Brain Displacement Response

The first intracranial response parameter compared across the three brain geometries was the relative brain displacement. Four points in the brain volume were
assessed for the C755-T2 [52] case and two for each of C288-T1 and C380-T2 [53]
examples, corresponding to the NDT with reported displacement histories. The
displacement responses of these points are compared to relevant cadaver data
through Figures 6.6 – 6.8. Quantitative comparison of the numerical displacement
outputs and empirical data through CORA analysis [5] found all three FEHM to be
“marginal” to “fair” representations of the human head overall. The CORA scores
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of 0.426 for the Basic model and 0.432 both the Textured and Featured models
sit on the boundary between the fair and marginal classifications. However, the
adapted biofidelity ratings (B) [148] of 5.63, 5.72 and 5.70 for the Basic, Featured
and Textured models respectively equate to fair classifications. Table 6.4 further
summarises the CORA analysis listing ratings for each NDT, the directional
performance of each model and the scores for the models against each impact. Of
particular relevance to the current investigation, the brain displacement response
of the three FEHM is notably consistent, with the overall CORA and biofidelity
ratings varying by less than 1.6% across the different geometric properties of the
brain. This is mirrored in the displacement history trends (see Figures 6.6 – 6.8)
where the responses have significant similarities between FEHM versions.
The following sections explore the relative displacement behaviour in more
detail, discussing how the numerical responses relate to the empirical reference
and factors beyond the brain geometry that may influence them. The numerical
behaviour is then considered in closer detail, analysing the differences between
outputs and how this changes the apparent effects of changing brain geometry.
Finally, discussions are summarised through comments on the role the geometric
representation of the brain has on the relative brain displacement response during
these simulations and the consequences it has for FEHM representation and
applications.

6.2.1

Responses Affected by Adjusted NDT Locations

The relative brain displacement responses of the FEHM were assessed by monitoring the motion of nodes at known locations within the brain. However, in some
cases, issues were encountered when creating nodes at the required locations, as
discussed in Section 3.1.4. Consequently, these points relied on using the nearest
node, which introduced variations in the monitored locations. Within the current
investigation, NDT-p5 in C755-T2 (Figure 6.6d and h), NDT-11 in C288-T1
(Figure 6.7b and d), and both NDTs related to the C380-T2 case (Figure 6.8)
were affected by the traced nodes being at different locations between the FEHM.
These caused the initial location of the traced nodes to vary by up to 4.3 mm.
The relative brain displacements are seen to vary between models at these
affected NDT than at points where the initial NDT location is consistent. These
greater ranges are clear in Figures 6.6d, 6.6h, 6.7b and 6.7d compared to the other
parts of the relevant figures, relating to other NDT monitored during the same
impact.
Additionally, there is no clear, direct relationship between the NDT location
changes and the effect on the relative brain displacements recorded. For example,
the x-displacement of NDT-p5 (Figure 6.6d) is relatively consistent between the
Basic and Featured model, despite a 2 mm difference in the x-coordinate of
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Figure 6.6: Relative displacement of nodes replicating NDT within the brain during
simulations of the C755-T2 [52] impact. (a) – (d) show displacements parallel to the
posterior-anterior (x) axis and (e) – (h) in the inferior-superior (z) direction. The
response of the Basic, Featured and Textured FEHM are compared to the displacements
recorded empirically (Cadaver).
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Figure 6.7: Relative displacement of nodes replicating NDT within the brain during
simulations of the C288-T1 [53] impact. (a) and (b) show displacements parallel to the
posterior-anterior (x) axis and (c) and (d) in the inferior-superior (z) direction. The
response of the Basic, Featured and Textured FEHM are compared to the displacements
recorded empirically (Cadaver).
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Figure 6.8: Relative displacement of nodes replicating NDT within the brain during
simulations of the C380-T2 [53] impact. (a) and (b) show displacements parallel to
the posterior-anterior (x) axis and (c) and (d) in the medial-lateral (y) direction. The
response of the Basic, Featured and Textured FEHM are compared to the displacements
recorded empirically(Cadaver).
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Table 6.4: Summary of CORA and biofidelity ratings for the relative brain displacement
response of the FEHM with Basic, Featured and Textured brain geometries. CORA
ratings are provided for each NDT traced during the impacts simulated from Hardy et al.
[52, 53], with the average rating in each axial direction and for the complete impact. The
performances of the models are summarised through the overall CORA (Impact) and
adapted biofidelity (Bimp ) ratings according to the method proposed by [148], discussed
in Section 4.4.
Model

Katie McGill

Impact

NDT

Basic

Featured

Textured

C755-T2

a1
a5
p1
p5
x − disp
z − disp
Impact
Bimp

0.563
0.538
0.400
0.517
0 .451
0 .557
0.504
6.39

0.568
0.562
0.408
0.507
0 .473
0 .550
0.511
6.43

0.578
0.526
0.419
0.536
0 .481
0 .548
0.514
6.57

C288-T1

4
11
x − disp
z − disp
Impact
Bimp

0.434
0.441
0 .431
0 .444
0.437
5.45

0.428
0.467
0 .458
0 .436
0.447
5.77

0.448
0.446
0 .425
0 .468
0.447
5.50

C380-T2

4
11
x − disp
y − disp
Impact
Bimp

0.290
0.385
0 .366
0 .309
0.338
5.05

0.309
0.367
0 .352
0 .323
0.337
4.95

0.290
0.382
0 .358
0 .313
0.336
5.01

Overall

CORA
B

0.426
5.63

0.432
5.72

0.432
5.70
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the monitored nodes. However, their responses differ more in the z-direction
(Figure 6.6h), where there is less than half the distance (0.9 mm) between the
parallel coordinates. Drake et al. [107] previously observed similar location effects,
linking the extent and complexity of differences with location to how NDT points
interact with displacement wave-forms.
In the context of the current study, changes in location of the monitored nodes
cause the most obvious differences in the relative brain displacement responses
between the three FEHM. It is clear that the displacement response within the
brain is highly dependent on location. Small changes in the initial coordinates of
the nodes altered results to a greater extent than the surface properties of the brain
volume. Whilst the effect of varying locations in the four nodes discussed in this
section must be considered during analysis, the remaining NDT with consistent
initial locations have different responses. These can be further explored to better
understand the effect of brain geometry on the behaviour and applicability of the
FEHM. The following analysis includes all the available NDT, however, awareness
is maintained that the differing locations of the four nodes discussed above will
be an influential factor in the relationship between relative brain displacement
responses of the FEHM and the associated CORA and biofidelity ratings.

6.2.2

Comparison of Numerical and Empirical Responses

The relative brain displacements simulated in the Basic, Featured and Textured
FEHM all replicate the general form and magnitudes of corresponding empirical
data. However, there are differences in the detail, which is reflected in the
overall biofidelity ratings of marginal to fair. This section discusses aspects of the
displacement histories common to all three models which may affect the analysis of
responses and comparisons between FEHM variations, as well as possible sources
of these features.
The relative brain displacement response in the FEHM is minimal for approximately the first 3 ms of each simulation. Figure 6.8a, depicting the x-axial
displacement of NDT-4 through the C380-T2 impact demonstrates this clearly and
with obvious consequences. The initial short, sharp positive relative displacement
seen in the cadaver response not replicated by the numerical model. The decline of
this spike is nonetheless represented and the remainder of the relative displacement
follows the empirical behaviour, but offset at a reduced magnitude. This delay
in the numerical response can alter its likeness to the empirical data in both
magnitude and phase, affecting the CORA and biofidelity ratings produced.
In the in vivo human subject, the brain is floating in CSF with highly lubricated
boundaries, separating the motion of the skull and the brain. In the FEHM
considered here, this interface is represented by solid elements with a viscoelastic
solid material model to apporximate the CSF, previously described in Section 3.4.2,
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with a tied contact to the brain and skull. It is likely that this reduces the
degree of separation between the initial brain and skull motion, impeding relative
displacement. As the impact progresses, the simulated responses more closely
replicate the form of the cadaver examples. This suggests that the material
deformations within the CSF and brain that generate relative displacements in
the numerical environment are better representations of the impact response
mechanisms after the initial separation.
Simplicity was prioritised when representing the brain-skull for this investigation to allow the geometry of the brain to be changed without unwanted secondary
effects on complex contacts and multiple material layers. Whilst this simplification
influences the overall performance of the FEHM, all three versions are affected
equally. Therefore, the approximation does not detract from the ability to compare
the relative performances and behaviours of the models. Should these models be
developed further beyond the current work, this discussion highlights the need to
carefully consider the interaction between the brain and skull, especially if higher
impulse rates are to be simulated, to prevent significant response features being
omitted, such as in the C380-T2 case.
The second point of discussion relevant to all three FEHM is the presence of
low amplitude oscillations in the responses to C288-T1 (Figure 6.7) and C380-T2
(Figure 6.8). These simulations showed small vibrations did occur within the brain
and CC, which are likely due to the elastic nature of all the intracranial material
properties. The presence of these oscillations is consistent across all three of the
FEHM. It can therefore be concluded that this is not a consequence of the brain
geometry and does not need to be accounted for during comparisons between the
models.
The responses of the numerical models are of the expected nature compared
to empirical data. Throughout Figures 6.6 – 6.8, there are distinct similarities
between the empirical and simulated displacement data drawn. Equally clear
are differences in the relative brain displacement responses between each impact.
These distinct properties in the displacement responses of the FEHM during each
impact case illustrate that they respond to the specific kinematics experienced
with a likeness to the human subject, beyond the system just being generally
excited and further support the overall marginal-fair classifications of the FEHM
indicated by their CORA ratings.
The relationship between the responses of each NDT within an impact case
further demonstrates the likeness of the FEHM displacement behaviour to the
empirical subject. The x-displacement of the four NDT available during C755-T2
(Figures 6.6a – d) demonstrates this well. In the empirical case, the inferior NDT
(NDT-a1 and NDT-p1) experience peak displacements of 3.5 mm and 4.2 mm,
respectively. The superior NDT had smaller peak relative displacements of
1.3 mm at NDT-a5 and 1.2 mm for NDT-p5. Between each anterior and posterior
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pair (NDT-a1 and -p1, and NDT-a5 and -p5), the displacement magnitudes are
comparable. The numerical case mimics this quality with the inferior NDT reaching
displacements of 2.5 and 2.2 mm, respectively, while their superior conterparts
reach 1.9 and 1.1 mm. Similarities in the patterns between empirical and numerical
NDT are observable throughout the displacement histories considered in this
investigation through Figures 6.6 – 6.8. This is a good sign in terms of biofidelity
as it suggests the relative displacements across the brain volume replicate those
seen in a physical brain.
A key source of likely errors between the numerical responses and the empirical
reference is differences in the anatomy of the reference subjects. This can alter the
size, shape and mass of the brain and head as a whole. Such differences have been
shown to affect the responses within FEHM [107, 125, 148]. This will therefore
affect the relationship between the numerical and empirical results and introduce
errors, influencing the CORA ratings. Furthermore, the NDT at different locations
through the brain may be affected to differing degrees, depending on the various
reference anatomies.
The similarities in the patterns seen between locations in the empirical and
numerical environments, and the CORA ratings generated, suggest that the FEHM
created reasonably represent the displacement response seen within the brain.
Although their are limitations in the contact interface defined, the placement
of NDT and the wider anatomy of the FEHM compared to empirical data, it
is concluded that the FEHM are an effective representation of the human head
during impacts and suitable for continuing the investigation.

6.2.3

Influence of Brain Geometry

The preceding section has discussed the biofidelity of the relative brain displacement response of the three developed FEHM. This section considers the differences
between the FEHM and the influence of changes in the brain surface geometry on
its displacement response.
The overall CORA and biofidelity ratings of the Basic, Featured and Textured
FEHM seen in Table 6.4 vary by 1.6%. This is minimal when compared to
the 49, 52 and 53% variation in CORA ratings for the respective FEHM across
the impact scenarios simulated. Although this initially suggests that the brain
geometry has a negligible influence on the displacements experienced within, the
CORA ratings of individual NDT and displacement histories indicate that the
brain surface geometry does alter displacement patterns. To demonstrate this,
Figure 6.9 compares the range of CORA ratings generated for each FEHM for
each impact scenario to those generated for individual displacement histories
during the C755-T2 impact. Individual NDT are distinguished by colour and the
displacement direction by marker shapes (♦ and ).
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Figure 6.9: Visualisations of the CORA trends between FEHM variations at different
levels of detail. (a) shows the average rating of each model during each cadaver impact,
highlighting the trends between the FEHM. The Overall rating, averaging across the
three impacts with a standard deviation is also presented. (b) demonstrates the ratings
of individual displacement histories between the three FEHM during the C755-T2 [52]
simulation, with the average rating and standard deviation of each FEHM for the impact
(Overall).
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Figure 6.9a highlights that the FEHM perform variably under different impact
conditions, a phenomenon that has been previously observed [171] and something
that should be considered if FEHM are applied to wider head impact and injury
research. However, of greater interest to the current investigation, there is relative
consistency in the CORA ratings between the FEHM with different brain geometry
representations during each impact, and overall. It could be argued that increased
surface texture improves the CORA rating for the C755-T2 and C288-T1 impacts.
However, this is minimal and the C380-T2 impact sees a comparable decline in
CORA ratings as brain surface detail increases, making these trends inconclusive.
When individual trends are considered, as illustrated in Figure 6.9b, clear
differences in the CORA ratings are seen for the vast majority of NDT between
the Basic, Featured and Textured FEHM. The absolute scores of the simulation
outputs do have a wider range than individual displacement history ratings
between FEHM variations. However, these are affected by a number of factors, as
discussed in Section 6.2.2. Furthermore, between FEHM, the initial conditions of
each NDT are the same. Therefore, differences in the CORA score of individual
displacement histories can be attributed to the influence of the brain surface
geometry. Figure 6.9b clearly deomstrates that the brain geometry influences the
response of the FEHM at each discrete points. However, there is no consistent
trend in the effects between FEHM of data points. As such, increases in CORA
ratings at one point between FEHM versions are countered by decreases at others,
resulting in the influence of the brain geometry not being reflected in the overall
CORA scores of the models. Whilst this shows that the brain surface geometry
influences the relative displacements experienced, it cannot be concluded that
changes are improvements in the representation provided by the FEHM.
This discussions shows the importance of considering displacement histories
and their CORA ratings individually to understand the extent to which structural
changes in the FEHM influence their dynamic behaviour. However, the range
in absolute CORA ratings generated clouds the data. Therefore, the changes in
CORA ratings between FEHM was instead considered to summarise and quantify
any differences, enabling further comparison and discussion around the extent
to which changes in the brain geometry affect the relative brain displacement
response. Table geom:r:tab:relCORA details the CORA scores of individual
displacement histories of the Featured and Textured FEHM relative to those of
the Basic FEHM.
The relative CORA ratings seen in Table 6.5 differ by up to 11% between
the FEHM with different brain surface geometries (C755-T2 NDT-a1 x, BasicTextured and C288-T1 NDT-4 z, Featured-Textured), at NDT not affected altered
locations. Although these trends are smaller than some of the differences previously
discussed, such as between NDT and impact scenarios, the FEHM properties are
the only factor to change within this comparison and therefore the differences
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Table 6.5: Relative CORA ratings of each displacement history, normalised to the Basic
model of the FEHM with differing geometric representations of the brain. The degree to
which changes in the brain geometry effect the displacement response can therefore be
directly compared, without having to account for the range in absolute CORA values.
Model
Impact

NDT

C755-T2

NDT-a1
NDT-a5
NDT-p1
NDT-p5

C288-T1

NDT-4
NDT-11

C380-T2

NDT-4
NDT-11

*

Direction

Basic

Featured

Textured

x
z
x
z
x
z
x
z

1.00
1.00
1.00
1.00
1.00
1.00
1.00*
1.00*

1.09
0.91
1.02
1.06
1.00
1.05
1.06*
0.94*

1.11
0.93
0.98
0.98
1.04
1.05
1.12*
1.00*

x
z
x
z

1.00
1.00
1.00*
1.00*

1.01
0.96
1.12*
1.00*

1.00
1.07
0.98*
1.05*

x
y
x
y

1.00
1.00
1.00
1.00

0.97*
1.15*
0.96*
0.94*

1.01
0.99
0.96
1.04

Point uses the “nearest node” to represent the NDT and therefore
may be affected by a change in location.

should be considered significant. The Featured FEHM ratings vary from the Basic
reference by up to ±9% while the Textured FEHM ratings improve by up to 11%
and are reduced by no more than 7%. Both models have an average relative rating
of 1.013, and standard deviations of 0.054 and 0.048, respectively (all excluding
location affected NDT).
Complexity in the relationship between the brain geometry and the displacement of the body is alluded to in Section 6.2.2, but further demonstrated by
Figure 6.9b and Table 6.5. The magnitudes of differences in CORA ratings,
and whether changes are improvements or not, varies between NDT, impact and
FEHM versions. Such relationships are evident in Figures 6.6 – 6.8 where different
numerical responses are closer to the empirical reference through the displacement
histories. These complexities suggest that the surface detail included within the
FEHM has an influence beyond damping, they also alter the form and shape of
the response. Although there are suggestions of this when reviewing simulation
results, they are better investigated through the strain response, discussed in
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Section 6.4.
Introducing geometric detail has a definite effect on the relative brain displacement response of FEHM at individual points. However, there is a complex
relationship between the changes in brain geometry and the effect on the displacement response of the FEHM, dependent on location considered, impact properties
and other model limitations. Therefore, average CORA and biofidelity ratings
seem stable. Other limitations including the anatomy of the FEHM compared
to the empirical reference and simplifications within the models mean differences
between the three models are significantly smaller than their discrepancies from
empirical data and the limitations of the simple model.

6.3

Strain Responses of FEHM Compared to Empirical Data

The relative brain displacement response is a useful initial indicator of the FEHM
response, providing context through the empirical data available. However, the
strain and stress behaviour within the brain are thought to be more closely linked
to injury risks when considering mTBI and concussions, and are therefore of more
research interest, as discussed in Section 2.1. The following section analyses the
strain response in the brain of the three FEHM with differing brain geometric
representations against both cadaver and in vivo data. Through this, the effect of
the brain geometry and the performance of the FEHM can be considered with
respect to more relevant response parameters.

6.3.1

Comparison to Cadaver Data

The strain response in the right parietofrontal region of the FEHM with different
brain surface geometry definitions was compared to that calculated by Zhou et al.
[150] from the empirical data recorded by Hardy et al. [53] during the lateral
C380-T2 impact, according to the method described in Section 5.3.3. Figure 6.10
shows the strain magnitudes throughout the impact and Table 6.6 lists the ratings
of the FEHM generated through CORA comparisons to the recalculated empirical
data.
The CORA ratings of the simulated strain responses indicate a closer agreement
to the empirical response than that found during the relative displacement analysis.
The overall ratings of the FEHM range from 0.688 to 0.739, indicating a “good”
representation of the cadaver response, compared to the “marginal” 0.336 − 0.338
calculated for the displacement response. This is evident in the accompanying plots
where the overall shapes of the simulated strain responses mimic the behaviour
recorded empirically. However, the initial peak strain is over-estimated and occurs
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Figure 6.10: Average (a) 1st -principal and (b) maximum shear strain within the cluster
of elements surrounding NDT-4 during the simulation of C380-T2 [53]. The responses
of the FEHM with Basic, Featured and Textured brain representations are compared
to the strains calculated from the relative displacements of the cluster of NDT in the
empirical scenario (Cadaver) [150].
Table 6.6: CORA ratings of the strain response within the cluster of elements around
NDT-4 during the C380-T2 [53] impact simulation seen in Figure 6.10, compared to the
strain response calculated from the empirical data [150] across the FEHM with varied
representations of the brain geometry. The ratings for each shear measure are listed,
along with the average across both strain responses for each model (Overall).

Model
Strain Measure

Basic

Featured

Textured

1st -principal
Max. Shear

0.704
0.673

0.758
0.687

0.774
0.704

Overall

0.688

0.723

0.739

between 2 and 2.5 ms earlier in the simulation and the subsequent peaks are more
accentuated in the FEHM than those calculated from cadaver data.
These observations could further support the suggestions drawn in Section 6.2.2
that the contacts and interface between the brain and skull affect the initial
response. However, as brain tissue deformation begins to dominate, the FEHM
behave comparably to the cadavers. Initially, the FEHM brains deform more and
experience greater strains than the cadaver example, compensating for the tied
surfaces of the CSF interface and the solid representation of the CSF. Similarly,
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this relatively fixed boundary could reduce the damping experienced between the
primary, secondary and tertiary peaks, causing their more defined presentation.
However, the improved CORA ratings and visually more coherent time-histories
suggest the strain response is less reliant on the contact properties and more able
to accommodate the tied simplification used throughout this research. This is
promising for these FEHM as the strain response is of greater research interest
when investigating head impacts and concussion type injuries, and the strain
behaviour observed constitutes a good representation of the human brain. Whilst
these relationships to the CSF interface should be acknowledged, the geometric
representation of the brain may also contribute.
Beyond the improved agreement to cadaver data, this analysis shows greater
variation in impact responses between the FEHM with different brain geometries.
The Basic FEHM has a greater initial peak strain than the remaining models in
both the shear and principal strain responses. The 1st -principal strains peak at
0.214, 0.191 and 0.198 for the Basic, Featured and Textured FEHM, and the shear
strains at 0.170, 0.163 and 0.165, respectively. The average peaks vary by 12%
across the three models. Differences between behaviour of the FEHM continue
to be captured later in the simulation. The secondary peaks and troughs also
appear to be more prominent, with characteristics of a decaying oscillation while
the Textured and Featured models maintain higher strain magnitudes through
the second half of the simulations. This not only indicates that the introduction
of surface details influences how strain waves propagate and dissipate, but also
generates a behaviour more comparable to the empirical case. These improvements
with detail are reflected in the CORA ratings seen in Table 6.6. For both principal
and shear strains, the CORA rating improves as more detail is included, resulting
in a 10% improvement between the Basic and Textured models for the 1st -principal
strain and 5% for the maximum shear strain. Such a trend was not present in
the relative brain displacement analysis. The geometry and level of surface detail
of the brain therefore does appear to affect the deformation within the brain
geometry, and this response may be less influenced by the contact and interface
definitions.
These observations are promising for the intended application of FEHM that
would be developed from this research due to their likeness to empirical responses.
Furthermore, they are indicative of the strain response being dependent on the
brain surface profile. Although this could be important when choosing an optimal
brain representation, and for the development of future FEHM, only a single
element cluster is considered, during one impact.
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(b) Coronal

(c) Sagittal

Figure 6.11: The (a) axial, (b) coronal and (c) sagittal planes through which the brain
was cut to provide the strain distribution plots. These matched those described by the
empirical reference [162] The results are seen in Figures 6.12 – 6.14.

6.3.2

Comparison to Tagged MRI Analysis

The second empirical reference for the strain response used in the current research
is a rotational impulse created by Knutsen et al. [162], as discussed in Section 5.1.2.
This section considers both the distribution of the 1st -principal strain through
slices of the brain and measures of the fraction of the brain volume experiencing
strains above three thresholds. The peak 1st -principal strain recorded throughout
the experiment is also reported.
Strain Distribution Through the Brain
The distributions of the 1st -principal strain through the brains of the FEHM are
compared to the tagged MRI in slices through the axial, coronal and sagittal planes.
Figure 6.11 illustrates where each of the relevant planes cuts the brain of the
FEHM. These aim to match those described in the empirical method [162]. The
resulting strain distributions are seen in Figures 6.12, 6.13 and 6.14, respectively.
Each figure depicts six time-frames, relating to the period of greatest rotational
acceleration and the subsequent decay in response.
Introducing details to the brain surface has a clear effect on the distribution
of strain through the body. Throughout Figures 6.12 – 6.14, the introduction of
textures to the brain surface significantly reduces the strain levels experienced
in the centre of the brain, including the corpus callosum. Regions of high strain
are instead concentrated closer to the outer surface, particularly in the parietal
region. This is especially evident in the 63 ms frame of Figure 6.12. The Basic
model (Figure 6.12a) has the greatest level of strain around the CC, with strains
elevated to a lesser degree in the frontal region of both brain hemispheres and
low strains in the occipital region, centred laterally in the brain. The Featured
model (Figure 6.12b) depicts a similar profile. However, the region of elevated
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Figure 6.12: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through
the brain in the axial plane of (a) the Basic, (b) Featured and (c) Textured FEHM
compared to (d) that calculated through tagged MRI analysis of in vivo responses [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology and
equivalent points through the simulations.
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Figure 6.13: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through
the brain in the coronal plane of (a) the Basic, (b) Featured and (c) Textured FEHM
compared to (d) that calculated through tagged MRI analysis of in vivo responses [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology and
equivalent points through the simulations.
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Figure 6.14: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through
the brain in the sagittal plane of (a) the Basic, (b) Featured and (c) Textured FEHM
compared to (d) that calculated through tagged MRI analysis of in vivo responses [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology and
equivalent points through the simulations.
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strain at the centre of the brain is smaller and biased to the frontal region of
the brain, appearing to maintain a connection to an area of moderately elevated
strains in the frontal region. In the Textured model (Figure 6.12c), the central
region of the brain experiences low strain and strains are moderately elevated in
the occipital region, although this remains lower toward the lateral centre of the
brain, as seen in the simpler models. Furthermore, bands of high strain occur
at the outer surface of the brain. Despite these differences, the response in the
frontal regions remains comparable across all three FEHM. This demonstrates
that the geometric profile of the brain has a notable influence on the distribution
of strain through the brain, and that the effect varies regionally. The degree and
regional differences of the influence of the brain geometry may be dependent on
the impact conditions. This factor is discussed in Section 6.4.2 against further
impact simulation responses.
The differences in the strain distributions experienced within the brains of
the three FEHM directly affects their relationship to the empirical data. The
Textured model has the most comparable strain distribution patterns to the tagged
MRI reference, although the timing of the response is offset by one frame. The
empirical peak occurs in the third frame (45 ms, Figures 6.12d, 6.13d and 6.14d).
This pattern is best replicated in the fourth frame of the numerical response
(63 ms, Figures 6.12c, 6.13c, and 6.14c). With this offset adjustment, the following
frames have similar decay patterns in the empirical and numerical examples. Once
again taking the axial plane as an example, the similarities between the tagged
MRI and FEHM response can be highlighted. In the frame relating to the peak
response (Figures 6.12c, 63 ms and d, 45 ms), both examples have bands of strain
approaching or exceeding 0.05 (orange-red) around a large proportion of the brain
circumference. Regions of elevated strain also extend into the frontal lobe in both
brain hemispheres, showing as yellow-orange in the tagged MRI and green-yellow
in the numerical response. The occipital regions of the examples experience similar
levels of strain to the frontal area. The regional variation in the effect of the brain
geometry previously identified also influences the likeness of the FEHM responses
to empirical data. All three FEHM have similar responses in the frontal region of
the brain, replicating the distribution recorded empirically in a similar area.
The pattern of strain decay after the peak distribution is also dependent
on the brain geometry. In the empirical case, areas of elevated strain within
the brain volume largely dissipate, with only small regions close to the outer
surface of the brain remaining at strains close to 0.05 in the axial and coronal
planes (Figures 6.12d and 6.13d, 63 ms). Although regions of increased strain
remain throughout the brain slices in the empirical example for the subsequent
time-frames, these do not exceed 0.03. A similar progression is seen within the
Textured FEHM, although higher strains are maintained around the boundary
of the tentorium membrane (Figure 6.14c). The Basic and Featured model also
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dissipate the strain in the brain more effectively. However, the central region
sustains strains above 0.05 for the duration of the impact.
These observations show that, despite the simplifications in other aspects of
the FEHM, particularity the brain-skull interface, the Textured model produces a
strain response with considerable similarities to those captured through in vivo
tagged MRI experimentation. It has also been demonstrated that, for the low
severity impulse simulated, the geometry of the brain has a distinct influence on
the regions most affected by strain and its distribution through the brain.
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The fractional volume of the brain at strains above thresholds of 0.02, 0.03 and
0.04 in each tagged MRI frame are compared to equivalent trends extracted from
the FEHM simulations in Figure 6.15.
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Figure 6.15: Volume fraction of the brain experiencing maximum principal strains above
(a) 0.02, (b) 0.03 and (c) 0.04, comparing the Basic, Featured and Textured FEHM to
empirical data extracted from tagged MRI analysis of in vivo responses to mild rotational
impulses [162].

The simulated response shows a significant spike in the brain volume fraction
experiencing elevated strains as the impulse is initiated, as seen in Figure 6.15.
Interestingly, the proportions of the brain affected by these spikes align with the
peak volume fractions recorded during in vivo experimentation. The maximum
95th -percentile strain magnitudes found within the Basic, Featured and Textured
FEHM during these initial spikes were 0.039, 0.038 and 0.041, respectively, falling
within the range of peaks recorded during the experimentation process of 0.026 −
0.053. However, this period relates to the motion experienced by the empirical
subject as their head rotates towards the stopper, which generates the deceleration
impulse when contact happens. Whilst this involves the greatest angular velocities
experienced, they are relatively constant so accelerations are minimal. The
kinematics experienced are therefore not comparable to those causing the strain
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response recorded in the empirical data. Furthermore, this motion occurs prior
to the initiation of MRI capture so there is no empirical reference available for
comparison [162].
Within the time-period aligned to the deceleration impulse and associated with
the tagged MRI data (Figure 6.15, t > 0 ms), the FEHM experience two peaks
in the brain volume experiencing elevated strains, with smaller magnitudes than
seen in the experimental data. The 95th -percentile strain magnitudes during this
period peak at 0.032 in the Basic and Textured models and 0.027 in the Featured
FEHM. These values are lower than those recorded in the pre-impact spike seen
in the numerical case, but still fall within the range of empirically recorded values
(0.026 − 0.053), albeit towards the lower end. Furthermore, the peak volume of
the brain experiencing strains above the highest threshold considered (ε > 0.04,
Figure 6.15c) falls within the bounds of the experimental range. As the thresholds
lower, the affected volume in the numerical case reduces compared to the empirical
reference.
As well as the reduced magnitude, the numerical response experiences a double
peak in the volume at elevated strains across all three thresholds. These approximately coincide with positive and negative peaks in the rotational accelerations,
suggesting that the numerical response is overly stiff and elastic compared to the
in vivo case. The fixed contacts around the CSF may be a factor in this, similarly
to the initial lack of relative brain displacement seen in Section 6.2.2. In this
scenario however, the brain material may also contribute. Material properties of
brain tissues are known to be non-linear and strain-rate dependent [60, 63, 64].
Those applied to the current FEHM were chosen for their applicability to impacts from the sporting field, with greater accelerations and strain rates. These
material behaviours could also contribute to the improving agreement in the
volume affected by greater strains as the material model applied to the FEHM
becomes more aligned to the in vivo tissue properties in the regions where more
severe conditions are experienced. The double peak aspect of the volume fraction
response aligns with the time-frame offset observed in the strain distribution patterns (Figures 6.12 – 6.14). The peak strain distribution in the FEHM occurred
at 63 ms, approximately aligned to the second peak within the volume fraction
trends (Figure 6.15).
The volume fractions of the brain experiencing strains above the defined
thresholds show the geometry of the brain to influence results. Throughout
Figure 6.15, the Featured FEHM is seen to have a lower fractional volume at
elevated strain than the other two models. The Basic and Textured responses are
largely similar, although the Textured model experiences a greater brain volume at
strains above the lowest threshold considered (Figure 6.15a). These observations
appear to contradict the trends seen in the distribution of the strain response
(Figures 6.12 – 6.14), where the Featured model presented a compromise between
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the Basic and Textured FEHM and the distribution of strain changed significantly
between the models.
The distribution of strains changed significantly between the FEHM. The Basic
model experienced high strains toward the brain centre, which was a region of low
strain in the Textured model. Instead, the Textured FEHM experienced bands of
high strain close to the brain surface, which the Basic model did not. The balance
of these differences results in there being a minimal effect on the total volume
experiencing elevated strains. The reduced volume fractions at elevated strains
in the Featured model could similarly be a feature of the altered distribution.
Introducing key elements on the brain surface helped reduce the volume at the
centre of the brain experiencing high strains, but the regions of increased strain
near the brain surface were localised to the central sulci and gyri. Therefore, the
redistribution of the strain response is less balanced than between the Basic and
Textured models, causing a reduced volume to be at elevated strains overall. It
is also possible that the mesh contributes to the affected volume fraction to a
minor degree, as highlighted in Section 3.8.4. However, there are differences in the
form of the responses of the FEHM. For example, there are more undulations in
the Textured model volume fraction trends than the Basic or Featured responses,
as well as differences within the shapes and inflections between all three FEHM.
Changes in form were not seen between mesh variations (Section 3.8.4) and can
therefore be attributed to the brain geometries within the FEHM.
The volume fraction at elevated strains in the Textured FEHM experiences
more variation than the trends for the Basic and Featured versions. Strains are
also sustained for longer, in a greater fraction of the brain, especially above the
0.02 threshold (Figure 6.15a). Evidence of similar behaviour is seen in the the
strain distribution response of both the Textured FEHM and the in vivo example,
with dispersed regions of low strains in the final time-frames (Figures 6.12d and c
to 6.14d and c, 99 ms). The sulci and gyri present in vivo and on the Textured
FEHM deform during the impulse. These deformations are localised and take
time to recover once the main impulse reaction has subsided, causing the irregular
boundaries in the strain distribution patterns, and the more oscillatory volume
fraction at elevated strains than seen than in the Basic and Featured FEHM.

6.3.3

Implications of Comparisons to Empirical Data

Assessing the strain response of the FEHM against empirical data has shown
the models to be “good” representations of the human head, providing a suitable
environment in which to investigate the effect of the brain geometry on the strain
response to impact. The CORA scores of the strain response are a significant
improvement from the “marginal” ratings obtained when the relative brain displacements of the FEHM were analysed under the same impact conditions. When
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compared to in vivo data, all three FEHM produced peak 1st -principal strains
within the empirical range. Similarly, during this impact, the fraction of the brain
experiencing strains above 0.04 peaked within the empirical range. However, there
were also discrepancies between the simulated and empirical strain responses.
The volume fraction at elevated strains experienced a double peak in the FEHM,
compared to the single peak recorded within the in vivo subjects. The fraction
of the brain affected by strains in the numerical models also diverged from the
empirical ranges as lower strains were considered, suggesting the FEHM perform
better when higher strain magnitudes are considered.
Comparisons to the empirical data also indicated that the brain geometry
has considerable influence on the strain response during impacts. During the
simulation of the cadaver impact, peak strains within the cluster differed by up
to 12% between the developed models. CORA ratings of both the 1st -principal
and maximum shear strain responses found the Textured model to correlate with
the empirical data better than the Featured FEHM, which outperformed the
Basic model in turn, with an 8% increase in rating overall. A similar trend was
seen between the FEHM in the distribution of the strain response compared
to tagged MRI. The response of the Textured model experienced similar strain
patterns to the empirical reference with the likeness reducing to the Featured and
Basic models in turn. This occurred to the extent that the regions experiencing
greatest strains changed significantly between the Textured and Basic models.
The distributions were also affected to differing degrees across the brain regions,
with the parietofrontal region experiencing relatively stable responses between the
FEHM versions and the brain centre and outer surfaces experiencing the greatest
variation.
The analysis of the FEHM against empirical data is however, limited. The
in vivo example involves peak acceleration magnitudes well below the range
expected when investigating head impacts in unhelmeted sports and the cadaver
data is restricted to a single localised region within the brain. The following
section expands the investigation of the strain, and stress, response within the
brain to consider all three simulated cadaver impacts. These provide relevant
but contrasting impact conditions and the response will be assessed across the
complete brain volume. The observations from these examples with empirical
references will guide the discussions during the wider assessment.

6.4

Strain and Stress Responses Under Relevant
Impact Conditions

The analysis of the strain response was expanded to consider the whole brain and
the impacts simulated from Hardy et al. [52, 53] with sporting impact relevant
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kinematic properties, as introduced in Section 5.3.3. Similar consideration of
the brain stress response is also included. The magnitudes of these metrics are
discussed through Section 6.4.1, including analysis of the the volume fraction of
the brain at elevated strains. Section 6.4.2 then assesses the distribution of these
responses through the brain at key points in each of the three impacts. From these
analyses, and the previous factors considered, the effect of the brain geometry
definition is discussed and suggestions for future FEHM developments are drawn.

6.4.1

Magnitudes Across the Brain Volume

The strain response through the brain volumes of the FEHM are depicted through
the 95th -percentile magnitude of the 1st -principal strain and the fraction of the
brain volume experiencing strains above 0.1, in Figures 6.16 and 6.17, respectively.
The stress response is shown through its 95th -percentile magnitude in Figure 6.18.
Each figure includes the responses of the Basic, Featured and Textured FEHM
during the three impacts replicated from Hardy et al. [53]. To assist in comparisons
between the responses of the three FEHM, without empirical data to reference,
the peak values occurring in each of these measures are summarised in Table 6.7.
The Basic, Featured and Textured FEHM all present strain and stress responses
with similar overall shapes, as seen in Figures 6.16 – 6.18. The consistency between
the responses is also reflected in the peak values recorded for each metric, which
vary by no more than 5% across all three models, as detailed in Table 6.7. Within
this, the Textured FEHM largely records the highest peak magnitudes, with
the ranking of Basic and Featured FEHM varying below. These differences in
peak magnitude are within the ranges seen during mesh independence testing
(Section 3.6), and the FEHM variations have up to a 17% difference in element
count, also within the range seen between mesh variations. Therefore, no clear
effect of the geometric details on the brain surface on the strain and stress response
can be seen from peak magnitudes.
A more defined trend between the FEHM develops as the simulations progress.
The Textured FEHM sustains higher 95th -percentile strain magnitudes (Figure 6.16), with more of the brain volume affected (Figure 6.17) and, with the
exception of the C288-T1 impact (Figure 6.18b), higher 95th -percentile stress magnitudes through the latter half of the impact than the other FEHM. The difference
in the responses of the models are best described through the 95th -percentile
strain response to the C380-T2 impact seen in Figure 6.16c. After the initial
peak (13 ms), the strain magnitudes in the three FEHM decrease to a minimum,
experience a small oscillation and then a larger secondary peak (44 ms). The
Basic FEHM has the greatest decrease in strain magnitude, creating a clearly
defined minima and a deeper trough than seen for the other two models, with
the Textured FEHM having a relatively flattened profile, sustaining higher strain
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Figure 6.16: 95th -percentile 1st -principal strain (ε) magnitudes within the brain (and
CC) volume of the Basic, Featured and Textured FEHM during simulations of the (a)
C755-T2, (b) C288-T1 and (c) C380-T2 impact scenarios [52, 53].
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Figure 6.17: Proportion of the brain and CC (Brain Volume Fraction) experiencing
1st -principal strains above 0.1 during simulations of the (a) C755-T2, (b) C288-T1 and
(c) C380-T2 impact scenarios [52, 53].
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Figure 6.18: 95th -percentile stress (σ) magnitudes within the brain (and CC) volume of
the Basic, Featured and Textured FEHM during simulations of the (a) C755-T2, (b)
C288-T1 and (c) C380-T2 impact scenarios [52, 53].
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Table 6.7: Comparison of the peak values of strain and stress measures recorded in the
Basic, Featured and Textured FEHM during three cadaver impacts [52, 53], with the
greatest variation in peaks between the three models stated for each measure within
each impact.
Model
Impact

Basic

Featured

Variation
Textured

(%)

95th -percentile strain
C755-T2
C288-T1
C380-T2

0.125
0.100
0.199

0.125
0.095
0.200

0.129
0.100
0.204

3
5
2

Volume fraction above 0.1 strain
C755-T2
C288-T1
C380-T2

16.0
4.9
47.7

15.7
4.3
46.0

17.6
5.0
47.0

2
1
2

95th -percentile stress
C755-T2
C288-T1
C380-T2

2.21
2.48
4.84

2.18
2.47
4.65

2.25
2.49
4.78

3
1
4

magnitudes into the secondary peak. On the most part, by significant secondary
peaks, the Textured model experiences the greatest strain and stress response, and
the Basic model the least and the form of the Featured model combines elements
of detail from the Textured and Basic FEHM.
The Featured model adopts different aspects of the Basic and Textured FEHM
responses, suggesting that aspects of the geometric profile of the brain influence
the strain and stress response differently. In the C380-T2 case described above
(Figure 6.16c), the Featured FEHM strain response closely replicates that of the
Textured model between the intermediate minima (22 – 32 ms) with near parallel
trends. The lateral fissures and central sulci and gyri therefore appear to drive this
aspect of the response and have sufficient detail to replicate the model expected
to be the most accurate, the Textured FEHM. Conversely, at the secondary peak
(44 ms), the Featured response follows that of the Basic model, with a slight
delay and broadened peak occurring in the Textured FEHM. Therefore, the fully
Textured representation with undulations across the brain surface is to replicate
this part of the response.
Although differences in peak strain and stress values are indistinguishable
from possible mesh effects, the shapes in the responses of the FEHM indicate that
factors beyond the mesh are influencing behaviour as, when the mesh size was
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altered within a consistent FEHM structure, only the magnitudes changed and
the responses followed a consistent profile. Furthermore, although the element
count changes between the models, the element sizes assigned to each body within
the FEHM are consistent. The change in element counts stem from localised
adjustments to represent geometric features. Consistent “hot” or “cold” spots are
not seen in the strain and stress distributions (presented and discussed in the
next section) of areas that could be affected by these local size changes, further
diminishing the likelihood of the mesh dominating the observations and discussions
between FEHM versions.
The observations of the FEHM impact response behaviours based on the strain
and stress magnitudes show that brain surface detail has an influence on how
the strain and stress responses propagate. Whilst the effect is minimal in the
initial increase and primary peak of the responses, different characteristics develop
as strains and stresses decay and develop through the brain. The form of the
Featured model response is a compromise between the Basic and Textured models,
tending more to one or the other at different points in the response.

6.4.2

Strain and Stress Distribution Through the Brain

The distribution of stress and strain through the brain was analysed to study
the effect of the geometric representation of the brain on the strain and stress
propagation patterns during and after an impact. Key, demonstrative time-frames
within each simulation have been selected, as described in Section 5.3.3. The strain
distributions through the brains of the Basic, Featured and Textured FEHM are
presented in Figure 6.19 for the C755-T2 impact, 6.20 for C288-T1 and 6.21 for the
C380-T2 case. The stress responses are similarly depicted in Figures 6.22 – 6.19.
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(b) Basic, 35.0 ms

(c) Basic, 44.5 ms
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Figure 6.19: Distribution of 1st -principal strain (ε) between 0 and 0.1 through the brain volume during the C755-T2 impact [52] for the
(a) – (c) Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (23.5 ms),
the intermediate minimum (35.0 ms) and the secondary peak (44.5 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre)
and the outer brain surface in an isometric view (right).
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(a) Basic, 8.5 ms

(b) Basic, 47.0 ms

(c) Basic, 59.0 ms

(d) Featured, 8.5 ms
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Figure 6.20: Distribution of 1st -principal strain (ε) between 0 and 0.1 through the brain volume during the C288-T1 impact [53] for the
(a) – (c) Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (8.5 ms),
the intermediate minimum (37.0 ms) and the secondary peak (59.0 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre)
and the outer brain surface in an isometric view (right).
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Figure 6.21: Distribution of 1st -principal strain (ε) between 0 and 0.1 through the brain volume during the C380-T2 impact [53] for the
(a) – (c) Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (13.0 ms),
the intermediate minimum (35.5 ms) and the secondary peak (44.0 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre)
and the outer brain surface in an isometric view (right).
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(b) Basic, 32.0 ms

(c) Basic, 43.0 ms

(d) Featured, 22.5 ms
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Figure 6.22: Distribution of stress (σ) between 0 and 3 kPa through the brain volume during the C755-T2 impact [52] for the (a) – (c)
Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (22.5 ms), the
intermediate minimum (32.0 ms) and the secondary peak (43.0 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre) and
the outer brain surface in an isometric view (right).
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Figure 6.23: Distribution of stress (σ) between 0 and 3 kPa through the brain volume during the C288-T1 impact [53] for the (a) – (c)
Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (8.0 ms), the
intermediate minimum (50.5 ms) and the secondary peak (53.5 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre) and
the outer brain surface in an isometric view (right).
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(b) Basic, 22.0 ms

(c) Basic, 42.5 ms

(d) Featured, 10.0 ms
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(i) Textured, 42.5 ms

Figure 6.24: Distribution of stress (σ) between 0 and 3 kPa through the brain volume during the C380-T2 impact [53] for the (a) – (c)
Basic, (d) – (f) Featured and (g) – (i) Textured FEHM. The distributions are shown at the initial and greatest peak (10.0 ms), the
intermediate minimum (22.0 ms) and the secondary peak (42.5 ms), each in the mid-sagittal plane (left), mid-coronal plane (centre) and
the outer brain surface in an isometric view (right).
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There are differences in the strain and stress distributions between the FEHM
variations across all three simulated impacts. Introducing texture to the brain
surface reduces the strain and stress levels at the centre of the brain, while they
increase nearer the outer surface in the proximity of surface features. These trends
are evident throughout Figures 6.19 – 6.24 and become increasingly clear as the
impacts progress.
The strain and stress distributions of the three FEHM diverge beyond this
overriding trend through the simulations. This is particularly clear in the stress
response of the FEHM to the C380-T2 impact (Figure 6.24). At the initial peak,
10 ms into the impact (Figure 6.24a, d and g), all three FEHM have similar regions
of high stress: encompassing the centre of the brain and following the tentorium
membrane out to the outer brain surface. By the following minimum, at 22 ms
(Figure 6.24b, e and h), the higher stresses have largely been dissipated. However,
the Basic model sustains high stress at the brain centre (as does the Featured
model to a lesser degree) and the Textured model maintains high stress spots
across more of the outer surface. By the secondary peak (Figure 6.24c, f and i),
the areas experiencing the highest strains differ between the FEHM. At the brain
centre, the Basic model has high stresses throughout the CC, extending above it.
In the Basic and Featured models, this region is biased to the frontal region and
inferior to the CC. Furthermore, in the coronal plane, the Featured and Textured
models have regions of high stress superior to the lateral fissures, which are not
evident in the upper region of the Basic FEHM.
Other details and characteristics of the strain and stress distributions are
also affected by the geometric profile of the brain. In the Textured FEHM,
there is a fragmented, discontinuous nature to the fringes of the distributions
compared to the Basic and Featured FEHM, which are predominantly smooth.
This is to be expected on the outer surface as the gyri and sulci experience local
motion, and therefore stresses and strains with steep gradients between them.
However, the effect extends into the brain volume. This is well illustrated in the
strain distributions through the sagittal plane during the C755-T2 simulation, in
Figures 6.19b, 6.19e and 6.19h. All three FEHM have a curved band of low strain
through the frontal region of the brain. The boundary of this low strain region
exists at different depths within the brain along its length, reflecting the influence
of the sulci and gyri texture on the brain surface. The boundary of the equivalent
low strain region in the Featured and Basic models is smoother, occurring at a
more consistent depth within the brain.
Regions of high strain and stress are also better defined in the Textured FEHM,
dissipating to lower magnitudes at steeper gradients. This is particularly evident in
the strain distributions through C380-T2 (Figure 6.20). Considering Figures 6.21b
and h, the Textured FEHM experiences greater strains in the inferior-frontal
region in the sagittal plane than the Basic model. However, these dissipate to
196

Katie McGill

6.4. Strain and Stress Response

Chapter 6. Brain Geometry Investigation

lower strains in the superior-frontal region.
The response of the Featured FEHM combines elements of the distribution
patterns seen in the Basic and Textured FEHM. A similar relationship was observed
in the magnitude responses in Section 6.4.1. The qualitative detail available in
the distribution plots provides the opportunity to better understand the influence
specific aspects of the brain surface geometry have on the impact response. The
central sulci and gyri defined in the Featured FEHM experience similar patterns of
increased strain and stress on the brain surface and in their immediate proximity.
However, their localised nature reduces the effects seen further into the brain and
the smooth regions of the outer surface demonstrate similar distribution patterns
to the Basic FEHM. The lateral fissures included in the Featured model also
alter the nature of the impact response in the brain. During the C288-T1 impact,
the strain response is separated into inferior and superior regions by the lateral
fissures, evident in the coronal plane views. In Figure 6.20d, the lateral fissures
appear to cause a band of low strain through the inferior half of the brain and
accentuate the region of low strain seen in the superior-right region compared to
the Basic model. The Textured FEHM has some extension of low strain in the
inferior region and the larger area of low strain in the superior-right area compared
to the Basic model, however not to the same extent as the Featured FEHM. In
the Textured FEHM, the influence of the lateral fissures is diminished to a degree
by the increased strain around the surface of the brain from the sulci and gyri.
Throughout this impact (Figure 6.20), the strain distribution on the right side of
the brain differs due to the presence of the fissures. In the Featured and Textured
FEHM, there is greater separation and contrast in the strain distribution inferior
and superior to the lateral fissure than seen in equivalent areas of the Basic model.
In the region inferior to the fissure, strains remain higher yet lower superior to it
than in the Basic brain model. However, the presence and extent of the influence
of the lateral fissures varies between the three impacts considered. The role of this
feature may therefore depend on its relationship to the motion and deformation
of the brain and the impact kinematics. Even in areas where the three FEHM
have similar forms to the strain and stress distribution, the size and shape varies
slightly. This both demonstrates the combined effect of the key details in the
Featured FEHM and the wider Textured representation and will contribute to the
differences seen in the magnitude measures, with the Featured FEHM providing
the moderate representation.

6.4.3

Influence of the Brain Geometry

The strain and stress response through the brain of FEHM with different levels
of detail on the brain surface have been compared in a number of ways in the
preceding sections, incorporating empirical data, a range of impact conditions
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and a number of response measures. The following section looks to contextualise
the observations and discussions previously raised to summarise the effect of the
brain surface geometry within the developed FEHM. The current findings are
also compared to existing literature. These discussions are used in combination
to identify the optimal geometric representation of the brain in terms of their
response to impacts.
Response Measures
The strain and stress magnitudes, and their distributions through the brains of
the developed FEHM were each assessed in Sections 6.4.1 and 6.4.2, respectively.
The surface detail defined in the brain geometry was shown to
Introducing surface detail to the brain was shown to cause greater strain
magnitudes across a greater volume of the brain, both in terms of the 95th percentile magnitude trends discussed in Section 6.4.1 and in the strain distribution
patterns seen in Figures 6.16 – 6.18. This occurs despite reductions at the brain
centre around the CC, which occupies a relatively small proportion of the brain
volume (1.5%), although it appears to be a prominent feature. The Textured
FEHM also exhibits steeper strain and stress gradients (discussed in Section 6.4.2),
suggesting that there is potential for greater peak magnitudes to be recorded
within the regions of the distribution at or above the greatest strain magnitude
depicted (0.1).
Impact Conditions
Overall, for both the magnitude-based responses and the distribution patterns,
it is clear that the three FEHM are responding to the same impact conditions.
The overarching form of the responses is consistent between the model variations,
with differences in finer details or later on through the impact. Additionally, the
responses of the three FEHM are distinct for each impact, demonstrating that the
specific kinematics produce the strain and stress behaviours seen and that they a
relevant to the impact.
The impact conditions considered had peak accelerations differing by orders
of magnitude, different directions of motion, and varied linear to rotational
acceleration ratios. Across this wide range of impact conditions, including brain
surface features was found to have similar effects on the strain response. The
strain distribution plots (Figures 6.12 – 6.14 and Figures 6.19 – 6.21, respectively)
show the centre of the brain to be protected in the Textured FEHM, experiencing
lower strain magnitudes for a reduced time-period than the simpler models. This
is via, and at the expense of, the sulci and gyri on the outer brain surface,
which experience increased strains. Regardless of the external conditions, there is
evidence of the sulci and gyri causing the transfer of the impact response away
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from the centre of the brain, although other details in the response distributions
are impact condition dependent.
The volume fraction of the brain experiencing elevated strains was assessed
against both empirical data for the in vivo case (Section 6.3.2), and considered
in response to cadaver impacts (Section 6.4.1). Throughout these scenarios, the
Textured FEHM sustained greater brain volumes at elevated strains as simulations
progressed. In response to the in vivo impact, the Featured FEHM had notably
greater affected volume fractions than the remaining FEHM. This difference was
not distinct during the cadaver impacts. However, the affected volume is still
toward the lower end or below the range affected in the Basic and Textured FEHM,
and occurs despite the 95th -percentile strain magnitudes in the Featured model
falling between those of the Basic and Textured FEHM. The reduced affected
volume in the Featured model was due to the fissures and central sulci and gyri
disturbing the strain propagation sufficiently to reduce levels at the brain centre,
without the accumulation of increased response around the sulci and gyri seen
in the Textured FEHM. However, the compromise of the Featured model does
not cause the same degree of reduced volume in the cadaver scenarios, suggesting
that regions within the brain volume contribute to a greater proportion of the
elevated strain. This is to be expected as more severe impact conditions would be
expected to cause greater deformations across more of the brain. This trend could
not only lead to a limit in the effectiveness and necessity of defining brain surface
texture but also be a feature of the threshold chosen compared to the peak and
regional strain levels, determining which aspects of the response fall above the
chosen threshold.
Assessing the three FEHM strain responses against empirical data found the
Textured FEHM to best represent the human subject compared to both the in
vivo strain distributions (Section 6.3.2) and the local strain response within a
cadaver sample (Section 6.3.1) (again, despite the contrasting impact conditions
analysed). This suggests the sulci and gyri play an important role in the response
of the brain to impacts, at a range of severities. Furthermore, it demonstrates the
Textured FEHM to be a valuable improvement on the smoother representations
and the best representation within this research in terms of strain response.
Existing FEHM Research
The current investigation expands on existing research into the geometric representation of the brain within FEHM (reviewed in Section 2.2). As well as introducing
the Featured representation, the Textured FEHM idealises the sulci and gyri
structures to a greater degree than previous research by smoothing geometrical
details into a continuous but undulating surface. Furthermore, the current study
considers the effects of these changes under realistic impact conditions, rather
than controlled impulses with a single acceleration component. Despite these
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199

Chapter 6. Brain Geometry Investigation

6.4. Strain and Stress Response

differences, a number of comparable trends and points of interest were found
between the current and previous research efforts.
In previous research, Ho and Kleiven [81] found strains within the CC to
reduce by 18% when detailed sulci and gyri were included in the brain form.
However, the wider influence of geometric features on the brain surface is less
clear. Peak strain magnitudes decreased in the majority of regions of the brain
considered, by between 4 and 48%, but increased in the parietal region. Sáez
et al. [83] conversely found similar strain and stress magnitude responses between
their numerical models with different levels of gyrification based on a monkey
and a human brain. Their smooth representation, based on a scaled mouse brain,
experienced contrasting trends. As well as varied distributions of elevated strain,
this model had a different overall shape to the strain magnitude response through
the impulse analysed. A consistent observation across the research into the effect
of the brain geometry is that the introduction of surface texture causes the strain
distribution to break up and fragment. Ho and Kleiven [81] noted spots of high
strain below the sulci of their detailed model and Sáez et al. [83] found the volume
of the brain likely to experience stresses and strains within a certain range to be
formed by numerous small regions in the FEHM with gyrification in their surface,
compared to larger, smooth areas in the smooth model.
In the current study, including geometric details on the brain surface consistently cause strain to dissipate away from the centre of the brain(Section 6.4.2,
Figures 6.19 – 6.21). However, there was greater similarity between the three
FEHM than observed by Sáez et al. [83]. This could be due to the three brains in
this scenario being built from a consistent underlying shape that may influence
these trends, compared to animal based models of different shapes.
The 95th -percentile strain magnitudes through the impacts remained largely
consistent between the Basic, Featured and Textured FEHM, particularly the
peak values recorded, as discussed in Section 6.4.1. However, when localised
responses were considered (Section 6.3.1), a greater variation was seen than in
the whole-brain responses. It was also noted that the differing regional affects
cause the overall measures to stabilise. Therefore, the clear differences in regional
peak strains recorded by Ho and Kleiven [81] could result in the overall stability
observed between brain geometries, seen in the current research and in part by
Sáez et al. [83].
In agreement with previous research, the strain distribution fringes were seen
be more fragmented boundaries with complex shapes when there was sulci and
gyri representation on the brain surface, compared to smoother counterparts.
The Textured FEHM clearly demonstrates similar effects compared to smoother
brain surface profiles to those seen in previous research. This is despite a simplified
profile of the sulci and gyri being created, especially compared to the realistic
and detailed structures used by Ho and Kleiven [81] and Sáez et al. [83]. This
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shows the “idealised” textural representation has the potential to improve the
predictions provided by FEHM. This could be a valuable approach in simple
FEHM when efficient models are wanted, without becoming subject specific or
incurring excessive meshing and computational costs.
The introduction of the Featured FEHM allowed further exploration of the
role-specific features, and their combinations play in the impact response than
previously reported. Although Sáez et al. [83] used a monkey-based brain model
to create an intermediate representation, this included textural details across the
whole brain surface with smoother, shallower profiles than in the human example.
The influence of the individual structures is evident in both the magnitude and
distribution responses, where features of the Basic and Textured FEHM responses
are evident in different aspects of the response, as discussed Sections 6.4.1 and 6.4.2.
Representation of Brain
The strain response in the brain has been investigated in a number of ways. This
metric was of particular interest due to the combination of empirical reference
data available and its direct link to injury risk indicators.
The peak strain and stress magnitudes gave the appearance that the brain
geometry has a minimal influence on the outputs simulated during sporting head
impact relevant conditions. On average across the three simulated cadaver impacts,
the peak strain magnitudes recorded in the three FEHM vary by 3.3%, the stress
magnitudes by 2.7% and the volume of the brain above a strain of 0.1 changes by
even less, at 1.7%. However, trends in the magnitude responses develop later in
the impact. Assessing localised strain magnitudes (Section 6.3.1) found the peak
1st -principal strains varied by 12% between the three FEHM, compared to less
than 2% (Section 6.4.1) difference seen in the whole brain peak strain magnitudes
between the models for the same impact (C380-T2). Furthermore, consulting the
distributions of strain and stress through the brain showed there to be distinct
differences in the regions of the brain affected by strain and stress, even at the point
in the impact where the peak magnitude responses appeared to be highly consistent.
Strain and stress responses were reduced toward the centre of brain when surface
texture is included, although this was balanced out by increases in the outer
brain regions. As such, the stability of the magnitude responses incorporating the
complete brain does not necessarily stem from the response, remaining consistent
in regions within the brain. The remaining measures considered clearly showed
the brain surface geometry to influence the strain and stress responses through all
impacts.
The differences seen between the FEHM are sufficient enough to affect the
relative performance of the models. The Textured model consistently produced the
best replications of empirical data (Section 6.3). This was particularly evident in
the strain distributions, to the extent that the regions most affected by strain and
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stress changed significantly between the Basic and Textured FEHM. Furthermore,
one of the most influenced regions included the CC, which is an intracranial
feature highlighted as potentially important when investigating concussion type
injuries and is included in the intracranial tissues studied in the subsequent stages
of this investigation. Greater greater ranges of strains and stresses with steeper
gradients are seen in regions of the Textured brain than the simpler geometric
profiles. These strain distributions demonstrated clear similarities to empirical
data. Additionally, the effect of including simple sulci and gyri had similar effects
to more detailed efforts in the past.
Although the Featured FEHM produces an intermediate response with characteristics of the Basic and Textured FEHM behaviours, the centre of the brain
remains at elevated strains and the overall magnitudes can be under-estimated
due to the compromises in response this model produces. Whilst it may be a
valuable representation, its limitations should be acknowledged and considered
throughout applications.
The Textured FEHM consistently and clearly provides the most realistic and
accurate strain response, across a range of impact conditions. Furthermore, the
introduction of simple sulci and gyri have a qualitatively similar effect to significantly more detailed approaches taken in the past. Therefore, it is recommended
that the surface texture and topology of the brain is included in any FEHM,
including simple representations, when the strain or stress response is of interest.

6.5

Summary

This chapter has investigated the geometric representation of the brain within
FEHM. Three FEHM with different levels of surface detail were generated and
compared in terms of their physical properties, computational performance and
the simulation outputs of the intracranial response to impacts relevant the FEHM
validation and research into the effects of head impacts within sports.
The physical properties of the FEHM with Basic, Featured and Textured brain
representations (Section 3.1.1) were comparable throughout, with the volume of
the brain varying by less than 2%, although the change in surface datas introduced
up to a 17% difference in the element count. Nevertheless, the quality of the meshes
had highly consistent lower limits. However, a marginally higher proportion of
elements in the Textured model were biased towards this lower end. From these
pre-processing properties, it was determined that the three models represented
consistent environments and that behavioural differences between the FEHM
could therefore be attributed to geometrical features.
The group of models successfully simulated four different impulse scenarios
with a range of rotational and linear acceleration profiles. The computational
requirements of the Basic and Featured models were indistinguishable in terms
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of total CPU time. Despite this, the Featured model showed more stable timestep behaviour through each simulation. The Textured model however, required
70% longer to process impacts. This was attributed to the complex, undulating
geometric profile of the brain preventing deformed elements from recovering and
increasing the critical time-step, despite the lowest relative time-steps experienced
not exceeding those of the remaining FEHM (Figure 6.2 and Section 6.1.2). The
Featured model had the best computational performance and was the most stable
of the three FEHM. This was attributed to the combination of the large fissures
allowing the brain volume to distort, while the predominantly smooth surfaces
dissipated deformations across larger areas.
The intracranial responses of the three FEHM were then assessed, according
to the relative brain displacement and strain and stress behaviours during impact
simulations, and compared to experimental data where available. In terms of
relative brain displacement (Section 6.2), the three FEHM had comparable likeness
to the cadaver ratings overall with CORA ratings of 0.426 for the Basic model
and 0.432 for the Featured and Textured versions. As well as being classed as
“moderate – fair” representations of the human head, these scores were within the
range previously developed FEHM have achieved, as seen in Section [20, 97, 171].
Overall, there was no clear, continuous trend in terms of the relative brain
displacement performance against empirical data with increased geometric detail
to the brain. However, closer analysis of the results conducted by comparing
individual displacement histories to the empirical data demonstrated that changes
to the brain geometry could cause the CORA score of a single displacement
output to change by up to 11%. Although there were notable differences between
individual displacement histories compared to the empirical reference, there was
no consistent trend of deterioration or improvement in model performance with
additional surface texture. Therefore, despite differences in local behaviour, the
average scores evened out and suggested a reduced sensitivity to the surface
representation of FEHM. Although this investigation showed that the geometry
of the brain does change the relative displacement response, and in a complex
manner, the differences between the FEHM versions were still less than those
compare to discrepancies from empirical data. Therefore, although the geometry
of the brain is a factor contributing to the response and performance of FEHM,
other aspects may introduce greater limitations in their application and the impact
responses produced.
The strain and stress responses in the brains of the FEHM were subsequently
assessed. Comparing the local strain response of the FEHM to the C380-T2 [53]
impact resulted in CORA ratings of 0.688, 0.723 and 0.739 for the Basic, Featured
and Textured FEHM, respectively. These scores indicate a marked improvement
in the strain behaviour compared to the relative displacement response which
produced CORA ratings in the range [0.336, 0.338] during the same impact,
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and categorise the response as a “good” representation of the empirical data.
The range of CORA scores and the strain history plots also demonstrated a
greater dependence on the brain geometry than seen during the relative brain
displacement response. Including greater detail on the brain surface improved the
FEHM performance in terms of likeness to the human subject.
Further comparing the distribution of strain through the brain to tagged MRI
data during a low severity rotational impulse supported this. As geometric detail
was introduced to the brain profile, the regions experiencing high strain changed.
In the Basic model, the brain centre was the focus of high strain, whereas the
outer surface showed the greatest strain magnitudes in the Textured model, with
the centre of the brain remaining at moderate strain levels. The distribution of
strain through the Featured model represented an intermediate form between
those in the Basic and Textured FEHM. The pattern of the strain response in
the Textured model was qualitatively highly comparable to the empirical images
obtained through tagged-MRI analysis. The volume of the brain affected by
strains above given thresholds during the same impact is under-estimated by
all three FEHM versions, comparted to in vivo. Additionally, theis response
forms a double peak where the empirical reference has a single spike. However,
as strains increase, the volume of the brain above each threshold more closely
agrees with the empirical reference and the peak strain magnitudes of 0.039, 0.038
and 0.041 in the three FEHM fall within the range of peaks determined from
the tagged-MRI. This suggests accuracy of the model is affected by strain level
considered. In general, higher strain magnitudes are of more interest, so this is
promising. Greater agreement to the local strain response during C380-T2 further
supports this. The comparisons of the strain response to empirical data provided
confidence that the FEHM reacted to impacts similarly to experimental data,
with respect to both the strain distribution and propagation and the experienced
peak magnitudes.
The assessment of the strain and stress responses of the three FEHM was
expanded to consider the strain response through the whole brain during the three
cadaver impacts simulated. The 95th -percentile stress and strain magnitudes in the
brain volume and the volume fraction above a strain threshold of 0.1 were tracked
throughout the impacts and were found to be highly consistent, varying by no
more than 5% between the FEHM versions at their peak values. However, trends
were seen to develop as the simulations progressed, with the Textured FEHM
sustaining greater responses than the remaining models later into the impact.
Additionally, there was a consistent trend of a reduction of strain magnitudes at
the centre of the brain, but with increased strains at the brain surface as geometric
features were introduced to the brain surface, similar to that observed during the
in vivo impulse simulated. Further effects of the surface texture, in the shape and
definition of strain and stress forms, and specific geometric structures were also
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discussed. Notably, the lateral fissures were seen to arrest the extent to which
strain and stresses spread around the lateral brain surfaces.
The consequences of these findings were then discussed. It was seen that the
sulci and gyri play a clear and consistent role on the strain response to impacts.
Including sulci and gyri features improved the likeness of the strain response to
empirical data. Furthermore, their influence was comparable to findings in existing
literature considering the effect of detailed, accurate sulci and gyri inclusion [81–
83]. This is despite the Textured FEHM representing a simplified form of the
sulci and gyri profiles than previous efforts.
The above discussions have shown that the sulci and gyri play an important but
complex role in the nature of the impact response within the brain. The Textured
FEHM was found to be the preferred representation, especially when considering
the strain and stress response: the metrics considered most closely linked to injury
indicators in FEHM research. It was also demonstrated that simplified or idealised
sulci and gyri representations are an effective way of including their effects in
FEHM, without the need to include extreme levels of detail. This is particularly
valuable considering the increasing number of simple FEHM being generated and
applied in research. Some inclusion of brain surface topology would be strongly
recommended in all new FEHM, even within sparse FEHM. Additionally, the
importance of considering multiple response metrics to properly understand the
effects of impacts was highlighted with whole-brain measures not reflecting the
complete influence of changes within the FEHM, and discussing qualitative and
quantitative in tandem, allowing a greater understanding of behaviours to be
developed.
There were limitations to the comparisons and findings. The FEHM considered
use a single, general anatomy. This is likely to differ from that of the subjects used
in empirical data, and introduce error in their comparisons. The potential effects
of this were particularly seen in the discussions of the relative brain displacement,
and appear to affect regions of the brain and features of the response differently.
There are also significant simplifications in the FEHM created. While the profile
of the occipital surface of the skull, the thickness’s of the CSF and skull, and the
intracranial structures defined are all simplifications, the contact definition between
the brain, CSF and skull is the assumption likely to prove the greatest limitation.
The fixed nature of this contact was seen to delay the relative brain displacement
response and may influence the strain and stress response, particularly towards
the surface of brain where the Textured FEHM sees the greatest strain response.
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Chapter 7
Investigation into Intracranial
Tissue Representations
The CC and the falx and tentorium membranes were highlighted as key intracranial
structures, thought to have the potential to notably effect on the intracranial
dynamics, as discussed in Section 2.3. Four FEHM were created including each
of the CC and membranes, neither and both these additional structures. These
FEHM used the Textured brain geometry from Chapter 6. The resulting structures
of the None, CC, Membranes and All FEHM are outlined in Section 3.3. These
were used to simulate impacts and assessed through the processes described in
Chapter 5. This chapters discussed the findings from that investigation.
The mesh and computational properties of the FEHM variations are assessed
in Section 7.1. Their responses to impacts are then analysed. Section 7.2 considers
the relative brain displacement and Sections 7.3 and 7.4 the strain responses,
compared to experimental references and in sports-relevant impact conditions,
respectively, with the influence and impacts of the model differences are discussed
in Section 7.4.3. A summary is provided via Section 7.5.

7.1

Numerical and Computational Properties of
FEHM

The four FEHM considered within this aspect of the investigation included and
excluded whole intracranial bodies in their structure. These changes had a
significant effect on the mesh requirements within each model. Furthermore,
different element sizes were assigned to the bodies depending on their size and
geometric properties to balance geometric accuracy and mesh quality within the
models, as discussed in Section 3.6.3. This section considers what the implications
of these differences are on the quality, stability and efficiency of the FEHM.
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Physical and Mesh Properties

The changing boundaries of parts and element size differences within the FEHM
have a considerable impact in the mesh generated within them. Table 7.1 compares
the number of entities and the median mesh quality measures across the FEHM
to consider the impact of structural changes on the mesh.
Table 7.1: Summary of the properties of the meshes within the FEHM including different
intracranial tissues. Alongside the number of elements within each model, the median
minimum dihedral angle and shape quality of all the elements in the FEHM are presented
as indicators of mesh quality, to be considered in conjunction with Figure 7.1.
Entity Count
Model
All
Membranes
CC
None

Mesh Quality

Elements
(×1000)

Nodes
(×1000)

Dihedral
Angle (◦ )

Shape
Quality

127
106
78
68

27
19
14
12

45.08
45.70
47.18
46.94

0.71
0.71
0.74
0.74

Introducing intracranial detail in the form of additional tissue volumes consistently caused an increase in the number of entities required to form a complete
mesh within the FEHM, as seen in Table 7.1. This is as expected due to additional
bodies having more refined element sizes assigned to them and their introducing greater geometric detail, causing some decrease in element size within the
main brain volume around the boundaries of the additional bodies. The simpler
FEHM structures have a lower element count than the models tested for mesh
independence (Section 3.6.2). The element sizes within these FEHM are within
the ranges tested for mesh independence but the absence of intracranial details
reduces the need of refinement within the brain and CSF volumes, decreasing
the overall element count. The range of entity counts between these FEHM
mean the cumulative measures considered, i.e the 95th -percentile strain and stress
magnitudes, and the brain volume at elevated strains, may be influenced by the
mesh, as discussed in Section 3.8.4. As such, differences in these measures of less
than 10% will be considered with caution.
The average mesh quality was also effected by changes in the defined intracranial
tissues. Interestingly, including the CC at the centre of the brain caused an increase
in the median dihedral angle of elements in the mesh (46.94 − 47.18◦ ), while the
introduction of the membranes caused a decrease in the the average element
quality, both in terms of minimum dihedral angle and shape quality. A similar
trend is seen in the distribution of element quality through the mesh structures of
the FEHM in Figure 7.1. The inclusion of the membranes caused a decrease in the
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Figure 7.1: The quality of mesh through the FEHM with different intracranial tissue
definitions according to (a) the minimum dihedral angle within elements and (b) their
shape quality. (c) and (d) inspect the distrbutions of the 10% of elements with the
lowest quality, according to the same measures.
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minimum angle and shape-quality of the elements and a shift in the distribution
of element quality throughout the brain. The presence of the CC has a minimal
effect overall. The None and CC FEHM, and the Membrane and All variations,
have similar quality distributions despite the CC only being present in the second
FEHM of each pair. Both the CC and membrane volumes have a smaller element
size than the surrounding brain volume, as explained in Section 3.6.3. Elements
within the brain transition to these smaller sizes in their proximity to form a
continuous mesh. In the case of the CC, the presence of smaller elements within
the central brain region appears to allow a higher quality structure overall. The
introduction of the membranes creates large surfaces in the brain, with sharp
angles between them. Furthermore, they interact with the outer surface of the
brain. The Textured geometry introduces numerous control points in the brain
surface, creating meshing constraints. The mesh therefore has to adapt differently
to the profile of the membranes than the CC and has less freedom to do so, causing
a reduction in the quality of elements. Despite these differences, the differences in
quality were improvements on the All FEHM. This was previously denoted the
Textured FEHM (Chapter 6) and was found to be of sufficient quality for the
current investigation. The improved element quality distribution and the ability
of the simpler variations to maintain larger element sizes throughout more of the
model may improve their efficiency.
The changes in the intracranial structures included also affected the masses
through the FEHM. When the CC and membranes are not included, the volume
they would occupy is replaced with either the brain or CSF that the structure
would intersect. Table 7.2 compares the mass in each structure within the FEHM
variations. The total masses vary by less than 1%, with the slight differences
originating from whether or not the membranes are included. The material
properties applied to the membranes have a higher density than the surrounding
structures. Thee membranes also intersect both the brain and CSF, so their
exclusion impacts the mass of both these bodies. The CC inclusion has no effect
on masses, with the same mass substituted into the brain when it is excluded. Both
these bodies have the same material type applied, with altered stiffness properties.
Overall, particularly when other assumptions and limitations are considered,
including the difference in mesh properties, these differences are considered to be
negligible.

7.1.2

Computational Performance

The computational requirements of the four simulations were assessed across the
FEHM variations, considering the relative CPU time required by each FEHM in
Table 7.3 and the relative time-steps through each simulation in Figure 7.2.
There is significant variation in the initial time-steps of the FEHM with
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Table 7.2: Summary of masses of the parts within the FEHM with different intracranial
structures included. The material properties applied were constant throughout, when
the relevant structure was included.

Mass of Parts (kg)
Model
All
Membranes
CC
None

Total

Brain

CC

Membranes

CSF

Face

Mass (kg)

1.37
1.39
1.39
1.41

0.02
0.00
0.02
0.00

0.03
0.03
0.00
0.00

0.26
0.26
0.26
0.26

3.06
3.06
3.06
3.06

4.74
4.74
4.73
4.73

different intracranial structures. Notably, the None FEHM, with the most simple
geometric arrangement had the lowest initial time-step, indicating that simulations
would require 3.5 times as many iterations than the All FEHM. However, only 84%
the overall CPU time is required. The CPU time used is both dependent on the
critical time-step of the model and the node count. The All FEHM contains 44%
the number of nodes as the All FEHM, which would contribute to the decreased
CPU requirements. Considering the variation in the entity counts between the
FEHM considered within this stage of the investigation (Table 7.1), the CPU
time of each model is not a reliable indicator of mesh efficiency. The time-step
was therefore focussed on to consider the influence of structural quality when the
intracranial tissues change in the FEHM.
The poor initial time-step of the None FEHM occurred despite the element
quality distributions suggesting this to be the highest quality mesh considered,
along with the the CC FEHM. As described Section 3.7.1, this is dependent
on the properties of a single element within the model. Inspection of the mesh
structure found a single poor quality element (1.3◦ minimum dihedral angle,
0.0183 shape quality) within the CSF that did not significantly contribute to the
quality distributions. This element was the limiting factor in the computational
performance of the None FEHM. Manual editing of the initial mesh and the
geometry defining it would allow this to be corrected, further improving the model
efficiency. However, the amount of work required to achieve this was not deemed
to be worthwhile as the stability and efficiency of the FEHM variations can still
be compared through the relative time-step during each simulation.
The relative time-steps seen in Figure 7.2 shows the None FEHM to have a
consistent performance throughout simulations, only changing for short periods
during the C380-T2 impact and immediately recovering (Figure 7.2c). This is
likely to be due to the single poor quality element previously identified consistently
being the limiting factor within the FEHM. Given this element is on the CSF/skull
boundary and therefore has some of its nodes fixed to a rigid part, this is highly
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Table 7.3: Comparison of the relative computational costs of the FEHM with different
intracranial tissues. The CPU time required to complete each of the four impacts
successfully simulated [52, 53, 162], relative to the model with both the CC and falx
and tentorium membranes defined (All) is provided, along with the average across all
four tests. The relative size of the time-steps predicted at the initiation of simulations
are also provided for each model. These are consistent across all simulation conditions.
Model
All
Membranes
CC
None

C755-T2

C288-T1

C380-T2

in vivo

Average

Initial
Time-step

1.00
0.70
0.39
0.93

1.00
0.66
0.36
0.89

1.00
0.58
0.61
0.98

1.00
0.43
0.23
0.55

1.00
0.59
0.40
0.84

1.00
0.59
0.89
0.28

plausible.
Of the remaining models, the All FEHM experiences the greatest reductions in
time-step, and introducing any intracranial structure caused the time-step to vary.
The additional bodies introduce regions of the brain with reduced element sizes,
and therefore smaller critical lengths even in an equilateral shape. Deformations
are subsequently more likely to alter the critical time-step of the model as a
whole. This is accentuated in the All FEHM where the inclusion of the CC and
membranes increases the extent of the brain with adjusted element sizes, including
regions affected by both bodies and their interactions. The Membranes FEHM
has periods where the time-step improves during simulations, not seen relative
to the initial structure in its counterparts. The materials of the membranes are
considerably stiffer than those surrounding them and their inclusion is therefore
expected to reduce deformations and provide stability to the physical response of
the brain. This appears to have a secondary effect on the time-step.
This analysis shows there may be value in more simple FEHM structures, as
the All FEHM time-step reduces more than in the cases where a single structure
is included. Although limited by a single element, the stability of time-step in the
None model also indicates that no elements deform to below the quality of the
rogue element, suggesting a degree of mesh stability. This case also highlighted
that careful consideration of the initial mesh quality could affect the computational
cost of FEHM to a comparable degree to changes in the intracranial structure, as
does the entity count. Therefore, if quick, efficient and computationally stable
simulation responses are required, intracranial simplification could be beneficial.
However, a balance of intracranial properties and mesh quality can still produce
an efficient FEHM and, despite time-step reductions, all the structures tested ran
to completion.
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Figure 7.2: Comparisons of the relative time-steps of the FEHM with All, Membranes,
CC and None of the additional intracranial structures defined during the four impacts.
The time-steps are normalised to the initial step-size, allowing direct comparison between
the models and the effect of impact conditions on the step-size.

7.1.3

Simulation Energy Balances

In addition to time-step analysis, the adherence of the mesh to the conservation
of energy laws was checked through the energy components with each simulation.
The energy components through the various simulations involving the Membranes,
CC and None FEHM are shown through Figures 7.3 – 7.5. The All FEHM is the
same FEHM as the Textured model, but referred to with a more relevant name to
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the current investigation stage. The energy balances during simulations using this
model have already been considered, in Figure 6.5.
The trends in the energy components are similar to those seen previously.
Where there is negative sliding energy, this is counter-balanced by the internal
energy trend, indicating the energy dissipation stems from a localised issue. These
trends are not thought to affect the validity of the wider mesh [144].
The introduction of the falx and tentorium causes negative sliding energy to
be dissipated in more of the impacts simulated, and to a greater degree. The
high surface area, thin width and curved geometry of this structure introduce
both meshing and contact challenges, which can lead to the local contact issues of
penetrations causing contact energy losses. The All and Membranes also have less
stable time-step trends through simulations, suggesting the mesh is less efficient
and stable when the falx and tentorium are defined. This will therefore be taken
into consideration when the optimal simple FEHM structural representation is
discussed.
The None and CC FEHM see low amplitude oscillations in their kinetic energy
curves. These appear like noise, superimposed on energy trends otherwise similar.
This suggests there may be vibration in these models, which do not have the stiff
membrane structures bisecting the brain. Whilst this affects the stability of the
energy ratio, which would fluctuate with the kinetic energy, there is no evidence it
prevents the meshes involved from being used. Furthermore, these FEHM are the
least affected by sliding energy losses. This is to be expected as the outer surface
of the brain is not broken or intersected, providing a continuous surface for the
contacts and interface interactions with the CSF.

7.2

Relative Brain Displacement Response

The relative brain displacement response of the FEHM variations was analysed
against data from cadaver experimentation, and the displacement histories are
plotted through Figures 7.6 – 7.8. Quantitative analysis of these responses was
streamlined based on the findings of Section 6.2 and focussed on the relative
CORA ratings of individual displacement trends, seen in Table 7.4. This approach
was seen to allow direct comparisons between FEHM variations, and better
illustrated the extent to which responses could be affected by model changes.
This was therefore the main method of analysis employed when assessing the
effect of changing intracranial structures in FEHM. The absolute CORA scores
of the FEHM for the three impact scenarios, along with their overall rating are
also provided, in Table 7.5 to indicate the wider biofidelity and applicability
of the models. The following sections discuss these results with respect to the
experimental data, considering features that affect the full group of FEHM, and
with respect to the influence the structural changes between FEHM variations.
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Figure 7.3: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the Membranes FEHM.
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Figure 7.4: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the CC FEHM.
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Figure 7.5: The kinetic, internal and sliding energy components through the simulations
of (a) C755-T2, the occipital acceleration based impact, (b) C288-T1, the occipital
deceleration impact, (c) C380-T2, the lateral deceleration impact and (d) the in vivo
impact used to compare with tagged-MRI analysis, with the Membranes FEHM.
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Figure 7.6: Relative displacement of nodes replicating NDT within the brain during
simulations of the C755-T2 [52] impact. (a) – (d) show displacements parallel to the
posterior-anterior (x) axis and (e) – (h) in the inferior-superior (z) direction. The
response of the All, Membranes, CC and None FEHM are compared to the displacements
recorded empirically (Cadaver).
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Figure 7.7: Relative displacement of nodes replicating NDT within the brain during
simulations of the C288-T1 [53] impact. (a) and (b) show displacements parallel to the
posterior-anterior (x) axis and (c) and (d) in the inferior-superior (z) direction. The
response of the All, Membranes, CC and None FEHM are compared to the displacements
recorded empirically (Cadaver).
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Figure 7.8: Relative displacement of nodes replicating NDT within the brain during
simulations of the C380-T2 [53] impact. (a) and (b) show displacements parallel to
the posterior-anterior (x) axis and (c) and (d) in the medial-lateral (y) direction. The
response of the All, Membranes, CC and None FEHM are compared to the displacements
recorded empirically (Cadaver).
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7.2.1

Comparison to Experimental Data

Features and patterns in the relative displacement responses that were seen in
Section 6.2.2 were also evident during this stage of the investigation, despite large
structural changes between the FEHM in this aspect of the research.
Throughout the FEHM developed and tested within this work, the first 3 ms
of the relative brain displacement response is excessively stiff, resulting in minimal
displacements during this period. This was previously linked to the simplified
solid representation of the CSF and the tied contacts to neighbouring bodies.
The consistency of this trend, unaffected by any changes investigated within the
FEHM, supports this hypothesis. Additionally, sources in error from differences
in anatomy of the empirical subjects and the FEHM discussed in Section 6.2
will remain a factor that could introduce errors between empirical and numerical
results.
Low amplitude oscillations were also previously observed in the relative displacement responses to C380-T2 and C288-T1 (Figures 6.7 and 6.8, Section 6.2.2).
These are once again seen in Figures 7.7 and 7.8. However, their presence is
dependent on the intracranial tissues. The oscillations remain part of the relative
displacement response in the All and CC FEHM variations, whereas those of the
None and Membrane FEHM variations return to a smooth profile after the peaks.
Additionally, oscillations were seen in the kinetic energy components for the All
and CC FEHM in Figures 7.4 and 7.5, linked to vibrations in the FEHM. The
increased presence of these low amplitude oscillations is indicative of the falx and
tentorium providing a damping role. In their absence, vibrations occur due to the
elastic nature of the brain material properties applied.
The effect of nodes representing NDT existing at altered locations was extensively explored in Section 6.2.1. A greater number of NDTs were affected in this
stage of the investigation due to the greater structural changes between FEHM
versions, created by changing the intracranial tissues defined. Table 7.4 highlights
the NDT relying on the “nearest node” approach and therefore including location
errors. Figures 7.8a and 7.8c clearly demonstrate the issues from the differences
in NDT location. In this example, the lateral C380-T2 impact, NDT-4 is at a
different location in all four FEHM, resulting in the relative displacement responses
of the models diverging in a way not seen in other cases. During the same impact
simulation, the second NDT considered (NDT-11) had a consistent location across
three of the models, but the Membrane FEHM was affected. In the resulting
displacement histories (Figure 7.8b and 7.8d), the Membrane response once again
diverges from the All response, while the None and CC FEHM responses remain
comparable throughout. This occurring under the same impact conditions with
nodes affected in different models clearly illustrates the location sensitivity of the
relative brain displacement, which has previously been demonstrated in literature [107]. The Membranes FEHM had significant issues with NDT locations, with
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only the NDT within C755-T2 at consistent locations to other models, as seen in
Table 7.4. This limited the ability to include this model in comparisons of the
relative displacement response. However, the unaffected points and the remaining
FEHM can provide valuable insights into the role of intracranial alterations.

7.2.2

Influence of Intracranial Tissues

Changing the intracranial tissues within the FEHM has a clear influence on the
relative brain displacements. Throughout Figures 7.6 – 7.8, pairs of responses are
seen with the FEHM including the falx and tentorium membranes (All, Membs)
experiencing similar displacement responses, but differing from those without (CC,
None). Without the membranes, greater displacement magnitudes are recorded
and a delay in the phase of the response accumulates through the simulations.
This is seen consistently through Figures 7.6 – 7.8, regardless of the NDT location
or the impact conditions.
Comparatively, differentiating the CC within the brain had a minimal influence
on the relative displacement response. There appear to be some differences in
the displacement behaviours of model versions with and without the CC defined.
However, the number of nodes affected by location errors and the subtlety of
differences prevent robust analyses and limit trends that can be drawn with respect
to this response.
The relative CORA ratings for the FEHM with different intracranial structures
defined are compared in Table 7.4. As with the displacement trends, the CORA
ratings are paired, according to whether or not the falx and tentorium membranes
are included in the FEHM. The CORA ratings of the CC and None FEHM
differ by up to 49% (excluding location affected nodes) from the All FEHM,
while there is only a 14% variation between the CC and None FEHM themselves.
It is clear that the membranes greatly influence the dynamic behaviour of the
FEHM. Furthermore, despite variation in the relative CORA ratings of individual
NDTs, the overall ratings CC and None FEHM are lower than that of the All
FEHM, suggesting the inclusion of the membranes categorically improves the
representation of the human head provided by the FEHM.
The difference in CORA ratings between the Membrane and All FEHM, of
up to 15%, is similar to the range seen between the CC and None FEHM. This
suggests the influence of the CC is consistent, regardless of whether the membranes
are also present. While these ranges seem small in relation to those of the falx
and tentorium, they are still bigger than the 11% range generated by changes in
the surface geometry of the brain (Section 6.2).
The falx and tentorium were expected to have a greater influence on the
impact response than the CC. Their elastic modulus is orders of magnitude greater
than the surrounding brain tissue, compared to the 30% increase between the
Katie McGill
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Table 7.4: Relative CORA ratings of each displacement history, normalised to the All
FEHM across the models with different intracranial tissues. The relative rating of each
displacement history is provided with averages summarising the relative performance of
the FEHM variations during each impact and overall.
Model
Impact
C755-T2

NDT

Direction

All

Membranes

NDT-a1

x
z
x
z
x
z
x
z

1.00
1.00
1.00
1.00
1.00
1.00
1.00*
1.00*
1.00

0.86
1.06
0.98
1.15
0.97
0.95
0.95
0.96
0.99

1.30 1.23
0.74 0.88
0.69 0.67
0.60 0.61
1.37 1.49
0.79 0.89
0.67* 0.86
1.03* 1.01
0.93 0.97

x
z
x
z

1.00
1.00
1.00*
1.00*
1.00

1.10*
0.81*
1.01*
0.71*
0.90

0.95* 0.94
0.69* 0.71
1.26 1.15
0.83 0.83
0.92 0.90

x
y
x
y

1.00
1.00
1.00
1.00
1.00

1.11*
1.11*
0.81*
1.03*
0.99

1.08* 1.32*
0.87* 0.83*
0.71 0.71
1.03 1.00
0.90 0.93

1.00

0.96

0.92

NDT-a5
NDT-p1
NDT-p5
Impact
C288-T1

NDT-4
NDT-11
Impact

C380-T2

NDT-4
NDT-11
Impact

Overall
*
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CC

None

0.94

Rating involves a point that uses the “nearest node” to represent the
NDT and therefore may be affected by a change in location.
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brain and CC materials (Section 3.4.1). Similarly, it would be expected that the
introduction of regions of increased stiffness would cause the reduced displacement
magnitudes and smoothing behaviours observed. Additionally, the membranes
extend through large areas of the brain and can therefore influence the behaviour
of tissues through a greater volume of the brain than the CC is likely to, which
occupies 1.5% of the brain volume, with a compact geometry at its centre.
The overall CORA ratings of the FEHM variations are summarised in Table 7.5.
While these do not illustrate the complete extent to which structural changes
influence the displacement response, they contextualise the performance of the
FEHM in terms of their suitability to represent the human head. The All FEHM
consistently produces the best CORA ratings, across all three impacts. Its overall
rating of 0.432 places it on the boundary of the “marginal” and “fair” biofidelity
classification, while the remaining models are classified as marginal representations.

Table 7.5: Summary of CORA ratings for the relative brain displacement responses
of the FEHM containing All, Membranes, CC and None of the additional intracranial
structures during impacts simulated from Hardy et al. [52, 53], comapred to provided
empirical response data. The average rating across the displacement histories of each
impact scenario are provided, along with the Overall rating of each model across all
three impacts.
Model
Test
C755-T2
C288-T1
C380-T2
Overall

All

Membranes

CC

None

0.514
0.447
0.336
0.432

0.509
0.402
0.334
0.415

0.478
0.412
0.301
0.397

0.499
0.402
0.313
0.405

As seen previously, the performance of the FEHM vary according to the impact
condition, providing the best representation of the human head during C755-T2.
Despite the variations between impacts, the relationship between the All FEHM
and the CC and None models remains consistent, illustrating a consistent influence
from the additional intracranial structures. The relative performances of the CC
and None FEHM vary between impacts. Because of this, and the NDT limitations
within the Membrane FEHM, it is unclear how necessary defining the CC is with
respect to the relative displacement response of the FEHM. However, the value of
defining a falx and tentorium is clear.
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7.3

7.3. Strain vs. Empirical Data

Strain Response Compared to Empirical Data

The strain response within the brain was compared to both cadaver and in vivo
experimental data, as introduced in Section 5.3. The following sections compare
the responses of the FEHM with altered intracranial tissues combinations to the
data external data available.

7.3.1

Comparison to Cadaver Data

The average 1st -principal and maximum shear strains through the cluster surrounding NDT-4 of the four FEHM variations are compared to the recalculated
experimental response from Zhou et al. [150] in Figure 7.9. The CORA ratings of
these responses are presented in Table 7.6.
The node representing NDT-4, and the centre of the cluster in which strain is
analysed, is at a different location in all four of the FEHM due to the reliance on
the nearest node method (highlighted in Table 7.4). The resulting locations vary
by between 1.3 (between All and CC FEHM) and 4.0 mm (between Membranes
and None FEHM), compared to the radius of the (irregularly shaped) cluster of
elements assessed, which is nearer 7 mm. There is therefore a degree of overlap
in the areas assessed between the FEHM, reducing the errors from the differing
locations as the common regions contribute to the average strain measure used.
However, they are not eliminated, limiting the accuracy with which these results
can be analysed. The peak strain magnitudes were therefore not compared, and
CORA ratings were used as a guide, avoiding quantitative comparison. However,
broader trends can be observed from both the CORA ratings of the responses and
the nature of the strain responses through the simulations.
As was seen with the relative brain displacement response (Section 7.2), the
inclusion or exclusion of the falx and tentorium membranes clearly separates the
dynamic behaviour of the FEHM. Those including the membranes (All, Membs)
experience greater initial peak strains and strain-rates than those without (CC,
None), evident in Figure 7.9. Although the strain-rate is comparable between
the All and Membrane FEHM and the experimental data, the recorded peak
magnitudes are over-estimates. Their responses further improve after this initial
peak in terms of replicating the experimentally recorded data (Cadaver). Greater
strain magnitudes are maintained, with small variations closely following the
empirical response. The FEHM without the membranes defined (CC and None)
arguably have a more comparable initial response to the experimental data
with lower peak strains and lower strain rates, but subsequently experience a
significant oscillation in both the 1st -principal and the maximum shear strains.
The consistency of these patterns across all four FEHM shows it to be a significant
enough influence to exceed the effects of the varying locations assessed. The
inclusion of the membrane structures therefore looks to be important to dampen
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Figure 7.9: Average (a) 1st -principle and (b) maximum shear strain within the cluster of
elements surrounding NDT-4 during the simulation of C380-T2 [53], compared to that
calculated from experimental data [150].

the rebound of the initial response, but cause a more extreme initial response.
However, these observations are based on qualitative inspection of responses in a
single location.
Whilst the CC also appears to have an influence on the response, it is considerably less distinct than that of the membranes. When the limitations of the data
and numerical set-up are considered, detailed analysis of these differences would
not be reliable.
Table 7.6: CORA ratings of the strain response within the cluster of elements around
NDT-4 during the C380-T2 [53] impact simulation seen in Figure 7.9, for FEHM with
different intracranial tissue representations compared to empirical data [150].
Model
Strain Measure

All

Membranes

CC

None

1st -Principal
Max. Shear

0.774
0.704

0.784
0.701

0.685
0.690

0.632
0.669

Overall

0.739

0.743

0.687

0.651

The CORA ratings of the strain responses seen in Table 7.6 quantitatively
compare the local strain responses across the complete duration of the simulation.
The All and Membranes FEHM returned better ratings for both the 1st -principal
and maximum strain measures, with overall scores or 0.739 and 0.743 aligning
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with “good” biofidelity classifications. The CC and None FEHM still provide good
biofidelic representations, with their ratings sitting in the lower bounds of the
classification. These classifications indicate suitable representations of the human
head and the initial responses of the FEHM without membranes qualitatively
being more aligned to experimental data suggest that the necessity and benefits
of including the membranes may depend on whether the initial impact response
or longer durations through the impact are of more interest.

7.3.2

Comparison to Tagged MRI Analysis

The strain response to a low-severity impulse was compared to data collected
through tagged-MRI analysis by Knutsen et al. [162], the selection of which is
discussed in Section 5.1.2. Through the following sections, the numerical responses
of the FEHM with different intracranial definitions are compared to the empirically
recorded strain and the affected volumes of the brains.
Strain Distribution Through the Brain
The distribution of 1st -principal strain through the brains of the FEHM are
compared to the tagged MRI in slices through the axial, coronal and sagittal
planes in Figures 7.10, 7.11 and 7.12, respectively. Each figure depicts six timeframes, relating to the period of greatest rotational acceleration and the subsequent
decay in response. The planes used to cut the brain are those previously illustrated
in Figure 6.11.
A delay in the occurrence of the peak strain distribution within the FEHM
compared to the tagged-MRI was discussed in Section 6.3. This is once again
evident throughout the FEHM considered in this stage of the investigation, and
comparisons are made with this off-set assumed. The numerical peak response is
considered to occur at 63 ms in the numerical cases and 45 ms in the experimental
reference and the off-set is maintained throughout the impact.
All four of the FEHM demonstrate some strain distribution characteristics
that relate to those within the tagged-MRI. The response in the CC FEHM
differs the most from the empirical reference (Figures 7.10c – 7.12c) due to
the prominence of the region of high strain within and in proximity to the CC.
This increased strain response at the brain centre, at magnitudes of 0.05 or
above, dominates the characteristics of the strain distributions seen, limiting the
applicability of the FEHM. The None FEHM also replicates some features of the
in vivo response with regions of high strain around the surface of the brain, as
seen empirically, particularly evident in the axial plane (Figure 7.10d). However,
the distribution pattern through the brain is formed from large regions of similar
strain magnitudes. Figure 7.12d show these to be due to strain waves propagating
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45 ms

63 ms

81 ms

99 ms

(a) All

(b) Membranes

(c) CC

(d) None

(e) Tagged MRI

Figure 7.10: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through the
brain in the axial plane of the (a) All, (b) Membrane, (c) CC and (d) None FEHM
compared to (e) that calculated through tagged-MRI analysis of in vivo response [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology.
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63 ms

81 ms

99 ms

(a) All

(b) Membranes

(c) CC

(d) None

(e) Tagged MRI

Figure 7.11: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through the
brain in the coronal plane of the (a) All, (b) Membrane, (c) CC and (d) None FEHM
compared to (e) that calculated through tagged-MRI analysis of in vivo response [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology.
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45 ms

63 ms

81 ms

99 ms

(a) All

(b) Membranes

(c) CC

(d) None

(e) Tagged MRI

Figure 7.12: Distribution of the 1st -principal strain (ε) between 0 and 0.05 through the
brain in the sagittal plane of the (a) All, (b) Membrane, (c) CC and (d) None FEHM
compared to (e) that calculated through tagged-MRI analysis of in vivo response [162].
Frames are taken at regular intervals, as dictated by the tagged MRI methodology.
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through the brain. Contrastingly, the in vivo response features small regions at
given strain magnitudes, without clear directional propagation through the brain.
Including the membranes within the FEHM dominates the characteristics of
the strain distribution within the All and Membranes FEHM. The membranes
divide the brain into distinct regions, forming the two main hemispheres of the
brain and separating the cerebellum in the posterior occipital region. This physical
separation is reflected in the strain distribtions. For example, in Figures 7.11a
and 7.11b, the right side of the brain decays to lower strains than the left,
particularly in the 81 and 99 ms frames, while the response of the models without
the membranes (Figures 7.11c and 7.11d) remain approximately symmetrical. The
asymmetry of the responses of the FEHM with membranes better replicates the
in vivo response. The two FEHM including the falx and tentorium also have a
more fragmented strain distribution patterns than those without, featuring smaller
regions with irregularly shaped boundaries. This greater, more frequent variation
in strain magnitude through the brain more closely resembles the distributions
recorded in the tagged-MRI. The contrast between the All and Membranes FEHM
and the CC and None FEHM is particularly evident in the sagittal plane strain
distribution (Figure 7.12).
The dissipation of the strain response after the point of the peak response
(63 ms) is also considerably altered by the presence of the falx and tentorium.
In the FEHM with these structures defined, the majority of the brain returns to
strain levels approaching 0. Those without the membranes sustain higher strains
in the time-frame following the peak (81 ms), and show signs of a secondary
peak forming in the final part of the image, with large regions experiencing
strains around 0.025. The 99 ms frame of Figures 7.11b and 7.11d particularly
demonstrate these contrasts, despite localised high strains (approaching 0.05)
existing near the tentorium boundary on the left side of the Membranes FEHM.
The tagged-MRI shows the strain distribution to continuously dissipate after the
peak response (45 ms). Therefore, the inclusion of the membranes within the
FEHM can be seen as an improvement to the representation of the human head
and its dynamic behaviour provided by the models.
The presence of the membranes, however, causes bands of high strain at their
interface with the brain. This is particularly evident in the sagittal plane where
the tentorium runs perpendicular to the plane of images. Strips of strain at or
above 0.05 are visible in Figures 7.12a and 7.12b at the interface between the
tentorium and the brain. The membranes are significantly stiffer than than the
surrounding brain tissue, and connected via a tied interface. This transition is the
likely cause of the local strain behaviour, which differ from the patterns seen in
vivo. Although including the membranes has wide ranging benefits in replicating
the dynamic intracranial behaviour, this highlights that their representation, or
that of their contacts with surrounding tissues could be improved.
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The effect of including the CC depends on whether the falx and tentorium
are also defined. The high strains sustained around the centre of the CC FEHM
are not replicated in the All FEHM. There are increases in strain magnitudes
towards the centre of brain in the All FEHM compared to the Membranes model.
However, the differences in the magnitudes is small (around 0.01). Furthermore,
the affected regions are localised and do not encompass the complete central
region as seen in the CC FEHM. The All FEHM does experience greater strain
magnitudes at the brain surface than the Membranes model, particularly in the
parietal region, clearly evident between Figures 7.10a and 7.10b. Additionally, as
seen in Figures 7.12a and 7.12b, the inclusion of the CC reduces the extent to
which the high strains caused by the tentorium boundary extend into the occipital
region of the brain. As mentioned in relation to the relative brain displacement
response (Section 7.2), the CC and membrane structures interact directly and
therefore may well have different influences in combination than individually.
These observations further support this and show that the effects are not localised,
presenting here at the surface of the brain.

Although the differences between the strain distributions of the All and Membranes FEHM are marginal, and both generate strain distributions identifiable as
replications of the in vivo scenario, the All FEHM provides the best representation
from the FEHM tested. The increased strain magnitudes at the parietal surface
are a key factor in this, however other features contribute. At the point of the
peak response, the frontal region of the brain experiences an area of moderate
strain (approximately 0.025) in the All FEHM, visible in the 63 ms frame of
Figures 7.10a and 7.12a, a key feature of the distributions seen in the tagged-MRI.
This is present but less distinct in the Membrane models. In the coronal plane,
high strain is sustained from the peak response throughout the response decay at
the top of the brain surface in the All FEHM, not present in the Membranes model
(Figures 7.11a and 7.11b), and a similar hot-spot is seen in the in vivo example.
Despite these differences, overall, either the All or Membranes FEHM provide valuable impact response information through the strain distributions. The interface
between the membranes and brain tissue is a limiting factor in the accuracy of the
FEHM, and should be considered when results are analysed. However, even this
appears to be less severe in the All FEHM than the Membranes FEHM. Without
the structural stiffness and separation of the brain regions provided by the falx
and tentorium, the None and CC FEHM provided limited comparability to the in
vivo reference and the slight material change at the centre of the brain in the CC
FEHM dominated the response. Therefore FEHM without some representation of
these key intracranial structures would not be recommended.
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Brain Volume at Elevated Strains
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In addition to the distribution of strain through the brain, the volumes above
strains of 0.02, 0.03 and 0.04 are reported from the tagged-MRI analysis [162].
The experimental response is compared to that simulated within the FEHM in
Figure 7.13.
The initial spike in the affected volume see prior to the point of impact within
the generated impulse (Figure 7.13, t < 0), and the double-peaked nature of
the numerical response within the time period relating to the impact response
(Figure 7.13, t > 0) are features that were present and discussed in Section 6.3.2.
These were attributed to material and contact properties within the FEHM that
remain present in the modes considered in this stage of the investigation. Therefore,
they are not further discussed and analysis focusses on the differences between
the FEHM variations within the relevant time-period.
Also similarly to seen in Section 6.3.2, the volume fractions at elevated strains
of the four FEHM were generally lower than seen empirically. However, the peak
strain magnitudes of 0.032 for the All and Membranes FEHM, 0.038 for the CC
FEHM and 0.027 in the None FEHM fall within the range recorded experimentally
[0.026 − 0.053]. However, there are differences in the affected volume fractions
between the FEHM variations.
40
30
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10
0
0

Time (ms)
CC

All
None

Membranes
in vivo

(b) ε > 0.03

50

100

Time (ms)
CC

All
None

Membranes
in vivo

CC

(c) ε > 0.04

Figure 7.13: Volume fraction of the brain experiencing maximum principal strains
(ε) above (a) 0.02, (b) 0.03 and (c) 0.04, comparing FEHM with different intracranial
representations, compared to empirical data extracted from tagged MRI analysis acquired
while subjecting live subjects to mild rotational impulses [162].

Throughout the impulse period, the CC FEHM recorded the highest brain
volume fraction above all three strain thresholds. This was to be expected given the
extent to which the central region of this model had increased strain magnitudes
in the distribution plots, and is coupled with the highest peak strain magnitude
recorded. This model, and the None FEHM, found a greater proportion of the
brain to be above each strain threshold at the secondary peak (Figure 7.13,
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t = 70 ms) than seen in the initial part of the response (t = 40 ms). Once
again, the strain distributions are indicative of this behaviour with large areas at
moderately elevated strain magnitudes. Similar behaviour was not reflected in the
responses of the All and Membranes FEHM, which had comparable brain volume
fractions above each threshold at the two peaks. These differences occur despite
all four FEHM having comparable affected volume fractions at the initial peaks,
and therefore seems indicative of the damping and stabilising nature expected
from introducing the membranes into the brain volume, given their relatively stiff
properties.
The strain distribution patterns (Figures 7.10 – 7.12) showed the effect of
including the CC to depend on whether the membranes were also defined. These
differences are reflected in the volume of the brain at elevated strain. Between
the None and CC FEHM, there is a fairly consistent difference in the brain
volume fraction above each threshold considered throughout the impact response
(Figure 7.13, t > 0 ms). This aligns with the CC FEHM having an elevated
strain response over a consistent region at the centre of the brain. In the FEHM
with the membranes, the addition of the CC (All FEHM) increases the volume
of the brain at elevated strains in the initial response period. This is less of
a difference than seen between the None and CC FEHM, and the responses of
the FEHM converge as the simulation progresses. By the second peak in the
volume fraction measure, the All and Membranes FEHM responses are largely
indistinguishable. In addition to the changing role of the CC, the convergence
of the All and Membranes FEHM responses demonstrates that the membrane
structures dominate the strain response, particularly later in the impact.

7.3.3

Implications of Comparisons to Empirical Data

Comparing the strain response of FEHM with different intracranial structures
to empirical data showed the models to provide “good” representations of the
human head, according to the localised strain response. However, within this
classification and regarding the wider strain response, there were clear differences
in the responses with intracranial structure changes.
The inclusion of the falx and tentorium membranes was shown to cause the
greatest changes in the strain response. When the membranes were present, the
CORA ratings of a local strain response increased by 8 − 15%, compared to less
than 5% variation between the FEHM combinations where only the CC changes.
This improvement occurred despite an increase and over-estimation in the initial
response magnitudes (Figure 7.9). The wider strain response was also improved
by the presence of the membranes with the simulated distributions replicating the
main features of the in vivo response. Although limitations in the shape of the
brain volume fraction response inhibit direct comparisons between numerical and
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experimental measurements of the brain volume fraction response (Figure 7.13),
the FEHM without membranes had an increased response in the latter phases of
the impact. This deters from the pattern of response dissipations seen in vivo,
suggesting the more stable response of those with membranes was an improvement.
The inclusion of the CC was also seen to change the strain behaviour of the
FEHM. When this was the only additional tissue included (CC FEHM), the peak
strain magnitudes recorded increased and presented as a large region of elevated
strains at the centre of the brain, considerably detracting from the experimental
reference. When the membranes were also defined (All FEHM), the effect was,
contrastingly, most evident at the brain surface. However, there was no reference
to distinguish whether the additional features improved the FEHM performance.
From these comparisons, including a representation of the membranes is an
essential aspect of creating an accurate FEHM. However, there are limitations
in the representation used within this FEHM. Increased initial strain responses,
over-estimating experimental scenarios, and increased strain magnitudes close to
the membrane boundaries not seen in vivo were attributed to the interface between
the membranes and surrounding structures. The contacts employed within the
FEHM have been highlighted as wider limitations, and are a known compromise
within the current models.

7.4

Strain and Stress Responses Under Relevant
Impact Conditions

The influence of the falx and tentorium membranes, and the CC on the strain and
stress responses throughout the brain were also assessed through impact conditions
more relevant to unhelmeted sports and concussion type injuries. The strain and
stress magnitudes in the brain during these impacts are discussed in Section 7.4.1,
as well as the volume of the brain at elevated strains. The distribution of these
responses are subsequently compared in Section 7.4.2.

7.4.1

Strain and Stress Magnitudes in the Brain

The 95th -percentile 1st -principal strains within the brains of the four FEHM with
None, the CC, the Membranes and All those intracranial structures defined are
shown in Figure 7.14, for each of the simulated impacts. The volume fraction
of the brain experiencing strains above 0.1 during each impact is presented in
Figure 7.15, as the second measure of the strain response. The stress response
within the brain is seen in Figure 7.16, through the 95th -percentile magnitude
within the brain. The methods used to extract these measures and their selection
are discussed in Section 5.3.3. To aid comparisons between the FEHM variations,
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Table 7.7 summarises the peak values of each measure recorded, along with the
greatest variation between the models.
Table 7.7: Comparison of the peak values of strain and stress measures recorded in the
FEHM with differing intracranial structures defined during the three simulated cadaver
impacts [52, 53], with the greatest variation in peaks between the four models stated for
each measure within each impact.
Model
Impact

All

Membs

Variation
CC

None

(%)

95th -percentile strain
C755-T2
C288-T1
C380-T2

0.129
0.100
0.204

0.129
0.090
0.200

0.170
0.109
0.248

0.164
0.099
0.244

32
21
24

Volume fraction above 0.1 strain
C755-T2
C288-T1
C380-T2

17.6
5.0
47.0

17.1
2.9
45.7

40.1
6.9
58.0

40.2
4.9
57.4

23
4
12

95th -percentile stress
C755-T2
C288-T1
C380-T2

2.25
2.49
4.76

2.21
2.24
4.37

3.95
2.96
8.18

3.76
2.46
7.62

78
32
87

The strain and stress responses within the FEHM are clearly differentiated
according to whether the falx and tentorium membranes are defined or not for the
C755-T2 [52] and C380-T2[53] impacts. Similar separation was seen in Sections 7.2
and 7.3. The FEHM with the membranes included are seen to have reduced strain
and stress magnitudes during the initial part of the responses in Figures 7.14
and 7.16 (parts a and c), and a reduced proportion of the brain at elevated
strains, according to Figure 7.15a and c. After the initial response period, larger
oscillations are seen in the strain and stress magnitude responses of the None and
CC FEHM than the All and Membranes FEHM (Figures 7.14 and 7.16, parts a
and c). This translates to a considerable second peak in the volume of the brain
experiencing strain magnitudes above 0.1 in the None and CC FEHM, seen after
40 ms in each of Figures 7.15a and 7.15c from the lack of stiffening afforded by
the membranes.
These relationships are not seen in response to the C288-T1 impact (Figures 7.14a – 7.15c). In this example, the CC FEHM had the greatest peak
magnitude-based response measures, and the Membranes FEHM the least. However, the None FEHM had a lower initial response rate than the other models.
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Figure 7.14: 95th -Percentile 1st -principal strain magnitudes (ε) in the brain of FEHM
with different intracranial tissues defined during simulations of the (a) C755-T2, (b)
C288-T1 and (c) C380-T2 impact scenarios [52, 53].
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Figure 7.15: Volume fraction of the brain experiencing 1st -principal strains above 0.1 of
FEHM with different intracranial tissues defined during simulations of the (a) C755-T2,
(b) C288-T1 and (c) C380-T2 impact scenarios [52, 53].
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Figure 7.16: 95th -Percentile stress (σ) magnitudes in the brain of FEHM with different
intracranial tissues defined during simulations of the (a) C755-T2, (b) C288-T1 and (c)
C380-T2 impact scenarios [52, 53].
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This impact has the greatest linear acceleration of those simulated, as well as
considerable rotational components. Although it has a similar impact location
to C755-T2, the method of generating the impulse differs, increasing the impulse
rate, as outlined in Section 5.1.1. The different kinematic conditions experienced
cause the shape of the strain and stress responses to differ from the other two
impact examples, which have relate-able profiles based around two smooth peaks.
Therefore, with the different extra- and intracranial conditions, the intracranial
structures (CC and membranes) and their combinations may play a different role
to that seen in C755-T2 and C380-T2. The responses of the FEHM including
the membranes have comparable forms, offset in magnitude by the All FEHM
initially experiencing higher strain and stresses. The falx and tentorium therefore
still have a clear influence on the impact dynamics within the brain, although
the presentation varies from the other impact scenarios considered, creating a
more moderated response in this scenario. This will be further investigated with
reference to the response distribution.
Including the CC within the FEHM consistently increased the peak strain
and stress magnitudes, and the brain volume at elevated strains. However, the
extent of this was minor compared to the influence of membranes, with the
presence of the CC causing less than 2% increase across the impact scenarios
considered. Introducing this body does influence the mesh structure through the
FEHM, causing the element sizes to reduce towards the brain centre. During
mesh dependence testing, FEHM constructed from smaller elements experienced
greater strain and stress responses (Section 3.8.4), which could be linked to
the effects seen in this part of the study. If this is the case, there would be
similar characteristics in the strain and stress distributions of the CC and All
FEHM, which were not seen during comparisons to in vivo data (Section 7.3).
The distributions of the strain responses during these impacts are considered in
following section. Inspection of these will aid the determination of whether the
effect on the magnitude responses are contributed to by the material differentiation
between the CC and the surrounding brain material, or by the influence the CC
geometry has on the mesh.
Altering the intracranial tissues within FEHM has greater influence on the
strain and stress responses to impacts than alterations in the brain surface
geometry. The peak strain and stress magnitudes varied between no more than
5% with the differing geometric definitions of the brain (Section 6.4.1), compared
to a minimum of 21% (max. 87%) across the FEHM with differing intracranial
structures. Therefore, determining the correct intracranial representation is a
key factor in developing suitable FEHM for application to head impact research.
The presence of the membranes was the dominating factor in terms of altering
the magnitude and extent of the strain and stress responses, although the CC
also contributes. The distribution of the strain responses are discussed in the
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following section. Combining this with the current discussion will allow the extent
of the influence of the intracranial structures to be more completely considered
and recommendations for FEHM properties to be drawn.

7.4.2

Response Distribution

This distribution of the strain through the brain at key points within the three
simulated impacts are depicted in Figures 7.17 – 7.19. Within each time-frame,
the distribution is illustrated through the mid-sagittal plane, the mid-coronal
plane and across the outer surface of the brain from an isometric perspective.
These figures focus on the strain response, incorporating a greater range of
magnitudes in the fringe palette that seen in Section 6.4.2. This adjustment
improves the differentiation and therefore detail seen in the distribution plots,
compared to those in the previous chapter. The fringe limit aligned to the volume
fraction threshold, used in the strain distribution plots in Section 5.3.3 allowed
the exploration of potential links between the distributions and the affected brain
volume fraction. However, analysis did not find trends of value. Therefore, an
improved distribution contrast was preferred in this stage of the investigation. The
stress distribution plots did not reveal trends or details beyond those also evident in
the strain equivalents. The strain and stress magnitude plots in Section 7.4.1 also
convey similar trends, illustrating the similarities in the response types between the
FEHM. Stress distribution plots were therefore not included within this chapter,
but the strain distribution presentation corrected to improve the detail included.
The strain distribution responses to the three cadaver impacts are discussed
below, with respect to the influence of the membranes and corpus callosum, in
turn.
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(a) All, 23.5 ms

(b) All, 35.0 ms

(c) All, 44.5 ms

(d) Membranes, 23.5 ms

(e) Membranes, 35.0 ms

(f) Membranes, 44.5 ms

(g) CC, 23.5 ms

(h) CC, 35.0 ms

(i) CC, 44.5 ms

(j) None, 23.5 ms

(k) None, 35.0 ms

(l) None, 44.5 ms
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Figure 7.17: Distribution of the 1st -principal strain (ε) between 0 and 0.02 through the brain volumes during the C755-T2 impact [53] in
FEHM with (a) – (c) All, (d) – (f) only the falx and tentorium Membranes, (g) – (i) only the CC and (j) – (l) None of the intracranial
tissues differentiated. The three time frames shown aligned to the two major strain peaks and the minima between them. In each case,
contour plots show the mid-sagittal plane (left), mid-coronal plane (centre) and the outer brain surface in an isometric view (right).
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(a) All, 8.5 ms

(b) All, 47.0 ms

(c) All, 59.0 ms
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(e) Membranes, 47.0 ms

(f) Membranes, 59.0 ms
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Figure 7.18: Distribution of the 1st -principal strain (ε) between 0 and 0.2 through the brain volumes during the C288-T1 impact [53] in
FEHM with (a) – (c) All, (d) – (f) only the falx and tentorium Membranes, (g) – (i) only the CC and (j) – (l) None of the intracranial
tissues differentiated. The three time frames shown aligned to the two major strain peaks and the minima between them. In each case,
contour plots show the mid-sagittal plane (left), mid-coronal plane (centre) and the outer brain surface in an isometric view (right).
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(e) Membranes, 35.5 ms

(f) Membranes, 44.0 ms
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Figure 7.19: Distribution of the 1st -principal strain (ε) between 0 and 0.2 through the brain volumes during the C380-T2 impact [53] in
FEHM with (a) – (c) All, (d) – (f) only the falx and tentorium Membranes, (g) – (i) only the CC and (j) – (l) None of the intracranial
tissues differentiated. The three time frames shown aligned to the two major strain peaks and the minima between them. In each case,
contour plots show the mid-sagittal plane (left), mid-coronal plane (centre) and the outer brain surface in an isometric view (right).
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Membranes Influence
The influence of including the falx and tentorium membranes on the strain
distributions was investigated by comparing features common to the All and
Membranes FEHM, both of which have these structures included, to distribution
characteristics seen in both the None and CC FEHM, which do not.
Across all three impacts, the introduction of the membranes reduced the strain
magnitudes around the brain surface. This is visible in C755-T2 (Figure 7.17),
at the later peak of C288-T1 (Figures 7.18c, f, i, l) but most evident during the
C380-T2 impact (Figure 7.19). Strains at or above 0.2 extend around the majority
of the outer surface in the isometric projection of the None and CC FEHM at the
initial peak. Although large portions of the outer surfaces of the Membranes and
All FEHM are also exceed strains of 0.2, the distribution is mottled with regions
at lower magnitudes (Figures 7.19a, d, g, j). This extends into the planar views.
In the coronal plane image, the increased surface strains contribute to greater
regions of elevated strains in the lower regions of the brain in the models without
the membrane structures. In the sagittal plane, the frontal region is shown to
be similarly affected. As the impact progresses, this trend accumulates. By the
second peak distribution (Figures 7.19c, f, i, l), the surface effects extend into
large areas of the cross-sectional images of the None and CC FEHM, compared to
the Membranes and All models, despite the former pair and experiencing lower
strain magnitudes at the intermediate minimum (Figures 7.19b, e, h, k).
The intermediate minima are affected by the presence of the membranes in
each impact (Figures 7.17 – 7.19, parts b, e, h and k). However, the relationship
between the models with and without membranes differs between impact conditions.
In the C755-T2 example (Figure 7.17) the presence of the membranes reduces the
strains throughout the brain, although such widespread differences are not seen
in Figure 7.18 in response to C288-T1 and the FEHM with membrane structures
included sustain greater strains between the peak point. Therefore, the membranes
clearly modify the dispersion of strain, but their role is dependent on the associated
kinematics.
Including the membranes also creates localised areas of increased strain. Across
all three impacts, the sagittal plane images show increase strains in the upper part
of the brain, at both the initial and secondary peak distributions. The impact
conditions alter where this most presents, with the increase biased to the posterior
region during C380-T2 (Figure 7.19) than the other examples and the focus of
the increased strain being higher during C288-T1 (Figure 7.18) than C755-T2
or C380-T2. These “hot-spots” are accompanied by a region of slightly elevated
strain surrounding the boundary of the flax, most clearly in Figures 7.18a and d.
This is thought to be contributed to by both the transition of materials and the
fixed contacts between the parts causing greater localised deformation in the brain
near the membranes.
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A region of high strain is additionally seen on underside of the tentorium
within the C380-T2 example (Figure 7.19a, 7.19d). This is the only lateral impact,
with a large rotational component. A similar pattern was seen during simulations
of an in vivo impulse, which involved purely rotational motion, albeit in a different
plane. The tentorium therefore seems to largely play a role on the intracranial
dynamics under angular motion. Rotational motion also alters the relationship
between the falx and the surrounding tissue. Figures 7.19b and 7.19e include a
strip of high strain along the central lower edge of the falx, particularly in the
Membranes FEHM.
Corpus Callosum Influence
The role of the CC was considered through a similar approach, comparing features
seen in the All and CC FEHM to those in the Membranes and None FEHM.
Defining the CC in the centre of the brain causes the strains to increase
within its proximity. This occurs in the initial peak distribution and is sustained
throughout all three impact scenarios, although the extent of this effect varies
between impact scenarios. Remote to this region, the distributions of strains in
the brains of the FEHM with and without the CC remain comparable.
The localised nature of the CC influence may be due to its introduction having
a minor effect on the overall properties of the FEHM and their brains. The
CC is only 30% stiffer than the surrounding brain tissue and is governed by
the same material model type. This means the relationship between the brain
and CC materials remain consistent throughout impacts. Additionally, the CC
contributes less than 1.5% of the mass (and volume) of the brain. Conversely,
the membranes are both considerably stiffer than the brain tissues and are linear
elastic (Section 3.4). Therefore, along with their geometry intersecting large
areas of the brain, throughout its length and towards its centre, the membranes
represent a comparably greater difference in the FEHM properties, and this is
reflected in the impact responses.
The combination of the membranes and CC both being present reduce the
effect of defining the CC within the brain. When both structures are defined, the
extent to which the central region of the brain experiences increased strains is
reduced. This is well demonstrated between the CC and All FEHM during the
C288-T1 and C380-T2 impacts. The CC FEHM has a prominent region of high
strain (≥ 0.2) encompassing the majority of the CC body at the initial peaks in
Figures 7.18g and 7.19g. In the All FEHM, where the membranes are included in
addition to the CC, the strains in the centre of the brain increase compared to
the Membranes FEHM, but to less of a degree than between the None and CC
FEHM. This relates to approximately half the CC region being at strains of 0.2 of
above in Figures 7.18a and 7.19a. A similar relationship between the CC and All
FEHM is maintained throughout these two impacts. Comparable patterns are also
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evident. However, the lower strains experienced in the central region in general
during this scenario mean the differences appear less stark. This relationship
demonstrates that the stiffening nature of the membranes can reduce the strains
and deformations at the centre of the brain. This is not evident between the None
and Membranes FEHM, likely due to this effect being balanced out by the local
increases in strain caused by the membrane-brain contacts.

7.4.3

Intracranial Structures Influence

The previous sections have discussed specific features within the strain and stress
responses between the FEHM with differing intracranial tissues defined. This
section contextualises the trends previously identified to summarise their influence
on the FEHM and their applications.
Response Measures
Across the strain response measures considered throughout this chapter, there has
been a clear separation in the impact responses of the FEHM with and without the
membrane structures. The presence of the falx and tentorium generally reduced
the peak strains and stresses recorded across the brain, and the fractional volume
affected (Section 7.4.1). A similarly strong influence from the falx and tentorium
was observed in the strain distributions through the brain. Although initial peak
strain responses are largely reduced by the falx and tentorium, there are small
regions of increased strain magnitudes, predominantly near the membranes. It
could be proximity to the membranes that caused increased initial peak strains to
be recorded in the FEHM with membranes when the local, cluster strain response
during the lateral C380-T2 impact was considered (Section 7.3.1).
The effect of differentiating the CC was more subtle when considering the magnitude response measures. Peak magnitudes only differed by 2%, with potentially
significant contributions from the mesh, and the magnitude histories remained
similar throughout each simulation between FEHM with and without the CC.
Conversely, clear but localised differences were seen in the distribution of the
responses, albeit with dependence on whether the membranes were also defined.
The strain magnitude histories do not fully convey the effects of CC inclusion
due to the localised nature, despite the intensity of differences. Furthermore, the
influence of the combination with the membranes is not identifiable from the
magnitude responses alone.
Impact Conditions
Across the cadaver impacts assessed (Section 7.4), there were common trends in
the effect of structural changes within the FEHM.
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The presence of the CC consistently caused increased strains in the region
the structure occupied. However, the membranes were seen to influence the
responses differently, depending on the impact scenario. For example, during the
low-severity in vivo impulse (Section 7.3.2), introducing the membranes caused
strains to increase around the brain surface. However, in the cadaver impact
simulations (Section 7.4), the membranes reduce the proportional area of the
brain surface that experiences elevated strains. The kinematic conditions and
resulting intracranial dynamics of these groups of impacts differ by orders of
magnitude. Therefore, the mechanisms producing these strain responses and the
role of structures within the FEHM is likely to be equally varied. Comparing
between contrasting impact scenarios has shown the role of the membranes on the
intracranial response to be complex. Despite the differences in how the influence
of the membranes is presented, they fundamentally change the nature of the
response and consistently generate qualitative and quantitative improvements
against experimental data.
Across the impact conditions considered, the presence of the membranes altered
the strain response to a degree that differentiated whether or not the response
could be attributed to a given impact. In the None and CC FEHM, strain
propagated through large wave fronts, a phenomenon mimicked in the oscillatory
nature of the 95th -percentile magnitudes. Introducing the membranes causes the
distributions to fragment and created different characteristics in the responses
between impact scenarios. Consequently, it would be challenging to link the
responses of the None and CC FEHM to particular impacts, or to those of the
Membranes and All FEHM during the same impact. This differs from the scenario
seen in Section 6.4.3 where response profiles remained broadly consistent enough
to be considered variations on the same response, regardless of the brain geometry.
Intracranial Representation
The strain response of FEHM with different combinations of intracranial tissues
have been discussed throughout this chapter from a number of perspectives. The
following section considers the implications of these discussions with respect to
what is required to make a FEHM a suitable representation of the human head to
investigate sporting head impacts.
Including the membranes within FEHM was seen to significantly alter the
strain behaviour of FEHM. The changes consistently translated to improvements
in how closely the FEHM response replicated the experimental data. The localised
strain response improved by 9% when membranes were introduced to the structure
including a CC (CC, All) and by 14% between the models without the CC
(None, Membranes). Similar levels of improvement were also seen in the CORA
ratings of the relative brain displacement response (Section 7.2). One factor
in improving these ratings was the change in the shape of the strain response
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created by introducing the membranes; reducing oscillations the response and
therefore the size of secondary peaks. This influence continued to be evident in
the whole-brain magnitude responses, suggesting that the 95th -percentile strain
magnitudes simulated are improved when the falx and tentorium are included. The
distribution of the strain response is also improved when membranes are included
within FEHM, compared to experimental data from tagged-MRI (Section 7.3.2).
Defining the falx and tentorium within the FEHM consistently improved
the ratings of impact responses generated by the models and the simulation
outputs were significantly altered by their presence. This occurred despite the
representation combining multiple elements of the in vivo meningeal system into
a single part, with an idealised geometric profile and simplified contact algorithm.
Therefore, this study strongly recommends that FEHM include a representation of
the membrane structures to enable reliable and accurate assessment of intracranial
responses to impacts and their potential consequences. The improvements seen
in the results produced was considered to outweigh the compromises including
the membranes had on the quality of the mesh. Not only did this not impair the
stability of the FEHM across the range of the impacts simulated within this work,
the computational efficiency of the Membranes FEHM was comparable, if more
variable than the None FEHM. Furthermore, refinement of this FEHM structure
could improve the quality of the mesh and therefore the efficiency of the resulting
model.
Defining the CC had less of an effect on intracranial dynamics. Differences in
peak magnitudes differed by 2% as a result of including the CC. Furthermore, this
did not necessarily correlate to an improvement in performance. The CORA scores
of the All FEHM reduced to 0.739 from 0.743 in the Membranes FEHM. Although
the scores improved when the relative brain displacement response was considered
(Section 7.2), these data points were affected beyond the desired changes in the
FEHM structures. Between the All and Membranes FEHM, the model variations
adhering to the above recommendation, including the CC caused localised increases
in the strain response but had no influence of note beyond the body of the CC
itself. Including the CC would allow this body of interest to be analysed separately
to the rest of the brain with ease, and the slight increases provide conservative
outputs in a region thought to be sensitive to the effects of impacts in terms of
concussion risk. However, it is unclear whether these are improvements within
the FEHM. Additionally, research providing injury risk thresholds and indicators
have not necessarily defined the body within the FEHM itself or differentiated the
properties in this region. Previous research into differentiating white matter has
been similarly tentative in its inclusions, as discussed in Section 2.2. Therefore, if
the CC is of direct interest, its inclusion may be of benefit. However if broader
trends are of interest, the benefits of a more uniform, efficient mesh in models
excluding its intricate geometry may be preferred.
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Summary

This chapter investigated the effect of defining intracranial structures thought to
be key to impact response research within FEHM. Four FEHM variations, based
on the Textured FEHM identified as the preferred representation in Chapter 6
were generated and compared in terms of their computational performance and
intracranial responses relevant to FEHM validation and sporting head impact
research.
The four representations included combinations of the CC and the falx and
tentorium membranes, identified as of potential importance in Section 2.3, resulting
in the FEHM structures detailed in Section 3.3. The models were termed the All
FEHM, including both additional intracranial features, the Membranes FEHM
and the CC FEHM, incorporating each structure individually, respectively, and the
None FEHM which had a homogeneous brain with no additional tissues defined.
Altering the intracranial details between the FEHM was seen to affect both the
quantity of elements required within the mesh, and their quality (Section 7.1), with
the introduction of the membranes particularly reducing the quality of the poorest
elements within the FEHM. However, this reduction in mesh quality did not directly
relate to reduced computational efficiency; the Membranes FEHM required less
CPU time to complete simulations than the None FEHM. Overall, the All FEHM
took longer to complete the simulations than its counterparts due to reductions in
the initial time-step being maintained throughout the simulation. These FEHM
relied on automatic meshing processes and were not refined or adjusted once
generated. The similarity in the relative time-step behaviours of the four FEHM
suggests that, with similar initial mesh properties, all four FEHM would be highly
efficient and stable models, despite the significant structural differences between
them. Simulation energy balance analysis, however, showed the simple structure
of the None FEHM to have the most reliable energy componenets, with no energy
dissipated through contacts or interfaces. The Membranes and ALL FEHM were
most affected by contact energy losses, but these remained localised. Within
the context of the current study, all the models were computationally stable,
completing the full set of simulations allowing comparison of the FEHM and the
influence of the different intracranial properties.
The relative brain displacement of the FEHM to three impacts was assessed
against experimental data in Section 7.2. Several of the data points considered were
affected by meshing limitations, causing their initial location to change between
FEHM. Although this prevented detailed comparisons between the models, the
displacement histories showed a clear influence from the inclusion of the falx
and tentorium membranes. The FEHM with these defined had reduced relative
brain displacements and had elastic oscillations damped out. Furthermore, these
changes resulted in an improvement in the CORA ratings of the All and Membranes
FEHM (0.432 and 0.415) compared to the CC and None FEHM (0.397 and 0.405).
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Although the absolute ratings were considered with caution due to the issues with
NDT locations, the consistency and magnitude of these differences were beyond
the range expected from the location errors.
The strain response of the FEHM was also compared to experimental data, in
Section 7.3. The local strain behaviour of the FEHM were assessed against data
calculated from cadaver experimentation in Section 7.3.1. There were potential
errors in this comparison due t the location of the centre of the cluster of elements
analysed changing between FEHM. However, the influence of the membranes is
once again clear. Despite the All and Membranes FEHM over-estimating initial
peak strain magnitudes, the CORA scores for the complete response of 0.739
and 0.743 relate “good” biofidelity classifications. On the other hand, the CC
and None FEHM responses shapes differ considerably, with oscillatory natures,
resulting in CORA scores of 0.687 and 0.651, respectively. The difference in the
responses caused by the inclusion or exclusion of the CC are less distinct and the
consequences in terms of CORA ratings are inconsistent.
Comparison against in vivo empirical data in Section 7.3.2 allowed strain
responses to be considered across the whole brain. This revealed differences
in the distribution of the strain responses of all four FEHM. The All FEHM
best replicated the empirical case with the regions of greatest strain magnitudes
occurring towards the outer surface of the brain. Additionally, the effects of the
intracranial structures and their combinations were more evident through the
distribution patterns, and the volume fraction of the brain at elevated strains.
The Falx and tentorium fragmented the strain distributions into smaller patterns
and more distinct regions throughout the brain. The definition of the CC caused
an increase in the strain response in the centre of the brain, which was reflected in
increase volume fractions at elevated strains. The combination of the membranes
and CC being included caused different effects from the individual tissues, most
notably reducing the effect of the CC at the brain centre.
Comparisons to empirical data suggested that both the membranes and the CC
influenced the intracranial dynamics of the FEHM. The membranes dominated the
response characteristics seen and considerably improved the intracranial dynamics
of the FEHM, compared to seen in the empirical data. Although the All and
Membranes FEHM produced similar results, the All FEHM appeared to best
replicate the human head.
The strain and stress magnitude-based responses (Section 7.4.1) found changes
to the intracranial structures to have notably more influence than the brain geometry, with peak magnitudes varying by up to 87%. As seen against empirical data,
the membranes dominated these changes. The CC only caused peak magnitudes
to change by 2%. Furthermore, local differences in the mesh due to the CC being
defined may contribute to this. The exact relationships between the responses of
the four FEHM were dependent on the impact conditions. However the damping
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effect of the membranes was consistently evident, especially during secondary
peaks in responses. However, the influence of the membranes differed during the
simulation of the in vivo impulse, compared to the cadaver impacts with more
severe kinematics. During these collisions with more severe kinematics, the strains
near the brain surface were reduced, but they increased in the in vivo impulse.
The CC locally altered the strain response, particularly when the membranes
were not defined. This was suggested as being due to the CC being more contained
than the membranes, and its properties and behaviour being closer in nature to
the surrounding brain tissue. Additionally, the reduced effect of the CC on strain
distributions when the membranes were present was also thought to demonstrate
the stabilising role of the membranes on the brain dynamics.
This investigation showed that the falx and tentorium membranes played a
major role in the mechanical response of the brain when subjected to dynamic
loads. Their inclusion is critical to generate accurate and reliable impact responses.
The need to differentiate the CC was more ambiguous. The influence of the CC
was small and localised. Furthermore, its inclusion comes at a computational cost,
with more challenges in generating a high quality, efficient mesh. However, the
CC was investigated as a body of potential interest with respect to injury risk.
The intended applications of any FEHM being developed should be considered in
balance with the benefits and costs of defining white-matter regions and the CC.
Limitations in the FEHM and investigation procedure include those mentioned
in Section 6.5, relating to the simplifications within the model and discrepancies in
anatomy for empirical references. The contact representations within the FEHM
was also mentioned. Evidence of the limitations of the tied contact employed were
further seen during this stage of the investigation where it they lead to areas of
increased strain around the membrane boundaries.
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Chapter 8
Summary of Findings And
Conclusions
This research identified features thought to have significant influence on even
simple FEHM representations. Series of FEHM altering the inclusion of these
parts were developed and their responses to a set of impacts compared. The
simulated impacts were selected from experimental data sources of the type used
to validate existing FEHM. Where possible, the kinematic conditions replicated
were also relevant to unhelmented contact sports and concussion injury research,
an avenue of interest for FEHM. The impact responses considered were the brain
displacement relative to that of the skull, due to the empirical data available for
comparison with and the strain and stress responses in trough the brain, due to
their potential as injury risk indicators in FEHM research.
The surface texture of the brain created by the sulci and gyri, and the inclusion
of specific sulci and gyri features, were identified as having the potential to be
valuable inclusions in FEHM. These were included in a simplified form of the
intricate folding seen in the human brain to investigate whether it would improve
the biofidelity of models without introducing significant modelling or computational
costs, or creating subject-specific dependencies in the FEHM. Three FEHM were
created for the investigation, with a smooth surface, the key features defined and
a fully but approximately textured surface.
The displacement of the brain relative to the skull, and the strain and stress
response through the brain was analysed in the FEHM with differing brain surface
geometries. Changes in the brain surface profile caused the rating of the similarity
between numerical displacements and the empirical reference to varied by up
to 11%, at individual data points. However, between data points within each
FEHM and across the three models, there is no clear trend of improvement or
deterioration. Similarly, changing the topology of the brain surface had no distinct
influence on the 95th -percentile strain and stress magnitudes recorded through
the brain volume. However, differences were seen in local strain magnitudes and
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the strain and stress distributions through the brain. Including the sulci and
gyri increased the similarity ratings of the numerical response to the empirical
reference by 7%. The effect of the textured representation on the distribution of
the strain and stress response was to protect the centre of the brain, reducing the
magnitude and duration for which strains were elevated in this region, thought to
be sensitive in terms of injury risk. However, the peripheral regions of the brain,
near the surface, experienced higher strain and stress magnitudes in the more
textured representations. Overall, the relative brain displacement response of all
three FEHM versions was categorised as having “marginal – fair” biofidelity, while
the strain response was classified as “good.”
The strain distributions seen when brain surface texture was included far
more closely replicated empirical examples than the responses in the smooth
FEHM. This improvement was also reflected in the localised strain response with
experimental reference data. Further distinct differences in characteristics were
seen across the FEHM when the strain and stress responses were analysed in
other impact scenarios. This investigation has shown that including the brain
surface texture is important to generate accurate strain responses during impact
simulations. However, it has also demonstrated that an idealised structure of the
sulci and gyri is effective. Therefore, their inclusion is both feasible and valuable,
even within simple FEHM and is possible without excessive development and
computational costs.
The intracranial structures of the CC and the falx and tentorium membranes
were identified as key anatomical features as well as having the potential to
significantly influence the dynamic properties of FEHM and the risks of sustaining
concussion-type injuries. Four FEHM were developed with a homogeneous brain,
the CC differentiated, the membranes included and both structures included,
respectively. Although these changes to the bodies defined in the FEHM impacted
the quality of their meshes and the sizes of elements within, their relative computational performances during simulations were comparable. These structural
changes therefore did not inhibit the potential stability or efficiency of the FEHM.
The membranes had the greatest influence on the impact responses of FEHM of
the features investigated throughout this work. Including the falx and tentorium
significantly reduced the relative displacements of the brain, causing up to a
49% improvement in similarity rating between the FEHM and experimental data,
compared to those without the membranes represented. The presence of the flax
and tentorium also resulted in improved strain behaviours in terms of magnitude.
These stiff structures have a damping effect, significantly reducing peak strain
magnitudes and improving the trend of the strain magnitude response during
impacts, compared to experimental data. Analysing the strain distribution through
impacts found the membranes to divide the brain into clear regions with local,
varied strain distributions, preventing high strain propagating throughthe brain
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via large wave fronts.
The inclusion of the CC had a consistent but localised effect on the response
of FEHM, with strains increasing in the region of the body. Although this was
dominant in the strain distribution data, the overall peak magnitudes increased
by less than 2%, compared to 87% variation between examples with and without
the membranes. This was reduced when the membranes were also present, but
was still a factor. The CC is small, occupying 1.5% of the brain volume and of the
same material type to the surrounding brain. This contributed to the contained
nature of its effects.
The inclusion of both intracranial structures resulted in the best ratings
compared to empirical data, although the FEHM including the membranes was
comparable and both achieved a “good” biofidelity classification with respect to
their strain response. Including a representation of the membranes was identified
as being critical to producing realistic and reliable impact responses. Whilst the
overall influence of the CC was less severe and the effects localised, there are some
improvements in performance and benefits in being able to extract and analysis
regions of interest as a separate body.
There have been limitations across this research. The FEHM developed are
based on a single anatomy. Whilst the subject used fell within the “average” size
of the population, this and the geometries extracted to create the FEHM are
approximations. Variations in the size, mass and proportions of this anatomy
to those used in experimental procedures will introduce errors in comparisons
between numerical and empirical results. Furthermore, differences and their effects
vary with location through the head. The FEHM subsequently developed are
highly simple representations. Against what is seen anatomically, the skull is
represented as a single, uniform, rigid structure. Both this and the CSF are
defined to have constant thickness’s around the cranium, where this varies by
location in vivo. Additionally, anatomical features such as notches and ridges on
the lower internal surface of the skull, which help support and stabilise the brain,
have not been defined. These are known simplifications and have been consistent
between the many FEHM versions developed. While they do not prevent the
current investigation from being valid and valuable, these features may need to
be reconsidered if the FEHM are applied to further research. Once the geometric
structures are meshed, the FEHM with different structures have a range of element
counts and mesh properties. Despite being locally mesh independent, this was
found to influence summative measures, such as the whole-brain strain and stress
magnitudes. This could therefore impact findings. Individual data points could
not be analysed at certain stages of the research due to their location changing
between FEHM versions as part of the mesh properties. Small changes in the
location of the point assessed resulted in greater differences in the responses
recorded than the FEHM with different structures. This highlights the sensitivity
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of responses to location and further indicates the impact differing anatomies
between empirical and numerical subjects could have.
The main limitation found from the approximations and assumptions made
was the definition of contacts between parts. In particular, the representation
of the CSF as a viscoelastic solid and its contacts with adjacent structures was
affected. The fixed nature of this contact, and overly stiff representation, caused
delays in the relative brain displacement response and regions of high strain and
stress around the contact in some impact conditions. It may have also contributed
to under-estimations of impact responses during lower severity impacts. It would
be recommended that alternative contacts, possibly those permitting sliding along
the boundary, are considered in future works.
Despite the limitations incurred, this research has drawn clear conclusions
on intracranial representations in FEHM and their effects. The importance
and accessibility of incorporating representations of the sulci and gyri has been
shown, as has the necessity to include the membranes due to their dominance on
intracranial dynamics. Furthermore, the FEHM created perform comparably to
existing models, including examples differentiating much greater levels of detail.
Particularly with respect to their strain responses, these FEHM are good, usable
representations of the human head for research into blunt head impacts. The
All FEHM, based on the Textured brain geometry, including the membranes and
CC would be recommended as the best of the representations proposed in this
research.
The work detailed through this thesis could be advanced and built on in future
research. Further development could be undertaken on the FEHM developed.
Limitations on the representation compared to the human example have been
stated. Addressing these, particularly the representation of the CSF and the
interface between the brain and the skull. As with the representation of the brain
geometry, there may be efficient and accessible approaches to this that benefit
newly developed, simple FEHM. Additionally, whilst this research has briefly
considered whether the FEHM developed are valid compared to empirical data,
there is scope to benchmark and investigate the models, and the varied structures
within, against other more detailed, state-of-the art FEHM. This may identify
other key structures or features to direct further research and development. It
could also improve understanding of the requirements of FEHM for different
applications and levels of analysis of intracranial responses wanted. The FEHM
created in this work are simple but efficient and generated “good” biofidelity
classifications. Therefore, they could be applicable to investigating large quantities
of impacts and considering broad trends between them, to guide further more
specific research. This could have significant value in terms of understanding the
causes and conditions relating to concussion type injuries in a number of fields,
including rugby and other contact sports.
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4.1

Illustration of the relative brain displacement and strain measures
reported through monitoring Neutral Density Targets (NDTs) for
the impact C380-T2: A deceleration impulse to the parietal location,
offset from anatomical axes with a helmet present (adapted from [53,
149, 150]). (a) Motion of NDT-4 and NDT-11, the targets at the
centre of each cluster, presented as co-ordinate traces starting at
the location indicated by the circular marker and following the
path depicted by line trace. Hardy et al. [53] provide similar traces
for all NDTs available in the anatomical plane. (b) The response
history of the same key NDTs against time for the complete impact
duration. The top panel shows the relative displacements of NDT-4
and NDT-11 in the anterior-posterior (x) and medial-lateral (y)
directions. The bottom depicts the corrected mean strains in
Cluster 1 (surrounding NDT-4) calculated by Zhou et al. [150]
using a tetrahedral (tetra) formation compared to the triad based
calculation Zhou et al. [149] and to the values originally reported
by Hardy et al. [53] across the same time-scale. Image from McGill
et al. [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4.2

Summary of acceleration data recorded by Sabet et al. [154] during a series of controlled mild rotational impacts experienced by
subject S2 to analyse brain deformation through tagged MRI. (a)
Sequential rotational acceleration from a series of six impact cycles.
The discrete bars (turquoise) indicate the time of each trigger release (approximately 1.8 s apart). (b) The same six acceleration
cycles normalised to each trigger release, showing the complete
motion until the next trigger (left), and the period encompassing
the impulse and subsequent brain response analysis (right). Each
repeat is shown, however the authors have calculated and added
the mean trend across the complete set (mean peak, 187 rad/s2 ).
Image from McGill et al. [1]. . . . . . . . . . . . . . . . . . . . . . 103

4.3

Rigid body (skull) displacements in the anterior-posterior (x),
inferior-superior direction (y) and about the medial-lateral axis
(z-rot) recorded by Feng et al. [155] during mild frontal impacts to
three subjects (S1, S2, S3). The authors have calculated and also
present the average motion across the three subjects, resulting in
mean peak displacements of 8.0 mm (x), 1.0 mm (y) and 0.1 rad
(z). Image from McGill et al. [1]. . . . . . . . . . . . . . . . . . . 104
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[154]. (a) Colour plots indicating the brain deformation levels from the
point of impact (216 ms from trigger release) as radial-circumferential
strain for subject S1 and S2, adapted from [154]. Again the authors
have presented additional data depicting the average response between
the subjects, calculated by digitising the published contour plots into
strain levels for each subject, averaging them at each pixel and replotting into a new contour plot on the same scale as the original
image. Only pixels where both subjects have brain tissue (contour
plot is coloured) are included in the average. The slice shown is in
the axial plane, 2 mm above the plane between genu and splenium
of the corpus callosum. (b) Area fraction of the brain experiencing
radial-circumferential strains above thresholds of 0.02, 0.04 and 0.06
in the axial plane, 2 mm above the plane between genu and splenium
of the corpus callosum. The levels experienced by S1 and S2 [154] are
presented, again with additional data showing the mean between the
cases, indicated as “Av”, calculated by the authors for the purposes
of this review. Image from McGill et al. [1]. . . . . . . . . . . . . . 107
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Brain response to a mild frontal impact of subject S1 44.8 ms
after the head is released into free-fall, extracted from Feng et al.
[155]. (a) An example of the displacement vector fields published,
largely indicating the direction the brain is displaced relative to
the skull. (b) Colour plot indicating the magnitude of the relative
displacements. (c) Ellipsoid plot indicating the principal strain
across the brain slice. The colour and degree of stretch in the
ellipsoid (compared to a circle) indicate magnitude. The direction
of the elongation of the ellipsoid denotes the vector along which the
principal strain acts. These images show the response of subject
S1. Similar images are provided by Feng et al. [155] for all three
subjects (S1, S2, S3) 39.2, 44.8, 50.4, 56.0 and 61.6 ms from the
point of trigger release. Image from McGill et al. [1]. . . . . . . . 108
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Relative brain displacement magnitude responses to mild frontal
impacts conducted by Feng et al. [155] at four discrete points.
The chosen locations relate to where NDTs were inserted in specimens during cadaver experimentation [52, 53]. Displacements
recorded for each of the three subjects (S1, S2, S3) are presented at
each location in the original publication and replicated here [155].
As with previous examples, the authors have calculated and present
the mean response across all three subjects. Image from McGill
et al. [1]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
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Principal strain magnitudes recorded during mild frontal impacts
conducted by Feng et al. [155] at the same four discrete points
as seen in Figure 4.6. The strains recorded from each subject,
extracted from the original publication [155], are presented with a
newly calculated group mean. Image from McGill et al. [1]. . . . . 110
4.8 Example of brain strain responses reported by Chan et al. [160],
54 ms after volunteer trigger release. (a) Maximum recorded shear
strains through 13 axial brain slices moving from inferior to superior
regions. The superior most slice does not register any strains above
1% so appears blank. (b) Distribution of the area fraction of
the brain experiencing strains above 3% for each of the tensile
principal (E1 ), compressive principal (E2 ) and shear (γmax ) strains.
The shaded area indicates the mean proportion across the cohort of
volunteers, with the confidence interval indicated via the bordering
line. The spiderplot is orientated with the frontal region of the
brain (F) at the top, occipital (O) bottom and left (L) and right
(R) as indicated. The segments between represent the temporal
and parietal regions respectively. Image from McGill et al. [1]. . . 112
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Illustration of vector projection used to check the rotational displacement of the FEHM during the C755-T2 simulation. N0 and
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and at time t. n0 and nt are the vectors describing the initial and
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6.6

Relative displacement of nodes replicating NDT within the brain
during simulations of the C755-T2 [52] impact. (a) – (d) show
displacements parallel to the posterior-anterior (x) axis and (e) –
(h) in the inferior-superior (z) direction. The response of the Basic,
Featured and Textured FEHM are compared to the displacements
recorded empirically (Cadaver). . . . . . . . . . . . . . . . . . . . 162
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Relative displacement of nodes replicating NDT within the brain
during simulations of the C288-T1 [53] impact. (a) and (b) show
displacements parallel to the posterior-anterior (x) axis and (c)
and (d) in the inferior-superior (z) direction. The response of
the Basic, Featured and Textured FEHM are compared to the
displacements recorded empirically (Cadaver). . . . . . . . . . . . 163
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Relative displacement of nodes replicating NDT within the brain
during simulations of the C380-T2 [53] impact. (a) and (b) show
displacements parallel to the posterior-anterior (x) axis and (c)
and (d) in the medial-lateral (y) direction. The response of the Basic,
Featured and Textured FEHM are compared to the displacements
recorded empirically(Cadaver). . . . . . . . . . . . . . . . . . . . . 164
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Visualisations of the CORA trends between FEHM variations at
different levels of detail. (a) shows the average rating of each model
during each cadaver impact, highlighting the trends between the
FEHM. The Overall rating, averaging across the three impacts
with a standard deviation is also presented. (b) demonstrates
the ratings of individual displacement histories between the three
FEHM during the C755-T2 [52] simulation, with the average rating
and standard deviation of each FEHM for the impact (Overall). . 169

6.10 Average (a) 1st -principal and (b) maximum shear strain within the
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