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Abstract 

Abusive head trauma (AHT), previously termed shaken baby syndrome (SBS), refers to head injuries 

inflicted on young infants by their caregivers. Although violent shaking has been implicated, there 

is currently a paucity of scientific evidence around the causes of these injuries. The objective of this 

thesis is to use finite element models to predict the deformation of soft tissues in the human infant 

head under prescribed shaking motion, and to examine whether these deformations are sufficient 

to cause injury. Phantom and human studies were investigated to validate the FE modelling 

framework used to create the infant model. 

Cube phantoms were constructed to mimic the brain, cerebrospinal fluid (CSF) and the fontanelle 

of an infant. These phantoms were subject to linear and rotational shaking experiments, during 

which the pressures were measured and used to validate a computational model. To investigate the 

relative motion between the brain and the skull due to a shake, rotational motions experiments were 

conducted on cylindrical phantoms. The deformations measured were then used to verify the 

assumptions and parameter settings of cylindrical FE models. The computational techniques were 

then validated against measured adult in vivo brain deformations where the head was experiencing 

rotational motions. 

The infant model was constructed with a fluid structure interaction modelling framework, for the 

first time contained all of, the anterior fontanelle, the optic nerves, the brain stem, the falx cerebri, 

the tentorium cerebellum, a realistic shaking input and modelled the effects of neck bending. The 

bridging veins were predicted to stretch enough for them to rupture, indicating that subdural 

haematomas would occur. The predicted forces on the optic nerves may help with future research 

when the injury thresholds for retinal haematomas are identified. The von Mises stresses on the 

brain predicted by the model indicated that it did not meet the threshold (for adult humans) 

required for severe traumatic brain injury. 

This thesis, provides a predictive tool to determine the 3D dynamic deformation of an infant’s brain 

subjected to realistic shaking motions.  
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Chapter 1: Introduction 

1.1 Motivation 

“Shaken baby syndrome” (SBS) is a well-known phrase used to describe head injuries 

thought to be inflicted on young infants by their caregivers. It was thought for many 

years that these injuries were caused by violent shaking. However, it is now recognised 

that mechanisms involving impact may cause very similar injuries. In order to avoid 

confusion in criminal trials, the American Academy of Paediatrics now recommends the 

term “Abusive Head Trauma” (AHT), which does not require the medical practitioner 

to assume specific mechanisms of injury [1]. AHT is the terminology that has been 

adopted in this thesis. 

Internationally, the incidence of AHT is between 14 and 40 per 100,000 infants under 

the age of one, per year [2]. The risk of death from infant maltreatment is approximately 

three times greater for under one-year-olds compared to infants aged between one and 

four. In a 2003 UNICEF report, New Zealand had the 5th highest death rate from child 

abuse within the 27 OECD countries [3]. A recent review of twenty years of fatal head 

injuries in Auckland indicates that, if anything, the rate of deaths from AHT is 
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increasing, [4]. Criminal prosecution is difficult when dealing with AHT, often due to 

problems in establishing the time and mechanism of injury, as well as the individual 

responsible. In New Zealand, the rate of conviction has been constant at 36 % to 37 % 

for the last 25 years [5].  

Injuries most commonly associated with AHT include, intracranial bleeding (typically 

subdural) and bleeding into the retina [6]. However, a variety of other injuries may also 

be sustained [6]. Intracranial and retinal bleeding are not visible externally; for a head 

injury to be diagnosed in an infant with no external signs of trauma, the infant must 

develop some symptoms of brain dysfunction (encephalopathy). These symptoms can 

be subtle, and vary from vomiting and lethargy to coma and acute collapse [7]. 

Uncertainties about the precise mechanism of injury have often become a central issue 

in criminal trials. This is particularly true for infants with no external signs of impact, 

and no fractures of the ribs or long bones. In these infants, which are classic examples 

of “shaken babies”, it may be argued that there was no trauma at all. It is often claimed 

that shaking alone cannot cause serious brain injuries and that the whole concept of 

AHT is fundamentally flawed. In these arguments, the lack of biomechanical evidence 

for shaking induced injury plays a key role [8], [9]. 

It is clear that further research is needed to help determine the quantitative 

biomechanical linkages between shaking an infant and the injuries that result. Previous 

research has investigated the link between the shaking action and the injuries that are 

seen in mistreated infants. Ommaya et al [10]–[12] conducted animal experiments to 

identify the threshold accelerations that were required for certain injuries to occur. 

Duhaime et al [13] conducted shaking experiments on human-like dummies and 

recorded the rotational accelerations and velocities experienced by the head. Duhaime 

et al [13] then compared these values to the threshold injury values obtained by 

Ommaya et al [10]–[12] and concluded that SBS is a misnomer. Duhaime et al [13] stated 

that shaking alone cannot cause the injuries that are seen and that a blunt impact is also 

required. Cory and Jones [14] criticised some major points in Duhaime’s study, one of 

which was that the tolerance level calculations were inaccurate due to problems with 

scaling the original results from an adult monkey to an infant human. 
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The greatest single challenge to the concept of AHT came from Dr Geddes, a Scottish 

pathologist [15]–[17]. Dr Geddes hypothesised that the findings seen in AHT can arise 

from non-traumatic events. She proposed that, even without trauma, a combination of 

severe hypoxia, brain swelling, and raised intracranial pressure, could cause both 

subdural and retinal hemorrhages. This became known as the “Geddes” or “unified” 

hypothesis. Although many pediatricians and pathologists felt that the hypothesis was 

not supported by the evidence [18], it rapidly became a central defence in criminal trials 

and led to a national review of criminal convictions for AHT in the United Kingdom. 

Ultimately, Dr Geddes was forced to acknowledge the deficiencies in her hypothesis in 

the High Court in England [19]–[21]. Unfortunately, this acknowledgement has never 

been published in the scientific literature. 

Although the biomechanical evidence is only part of this wide-ranging controversy, it is 

reasonable to suggest that the creation of a validated computational model of an infant’s 

head could be an important contribution to the debate. The research presented in this 

thesis is aimed at using finite element methods to determine the stresses and strains 

applied to an infant head and to examine whether these are sufficient to cause injury. 

The new knowledge obtained from completing this model will help to elucidate the 

mechanisms linking shaking and brain damage, and provide insight needed to answer 

the main research question: Is shaking alone sufficient to elicit injuries seen in AHT? 

1.2  Aim of the Research 

The main aim of the AHT research project at the Auckland Bioengineering Institute is 

to ascertain if shaking alone can cause the injuries seen in AHT. In order to address this 

question, the problem has been separated into three parts. The first was to determine 

the mechanical coupling between the torso and the head. This involved determining 

how the head moved when the torso was shaken, and was the focus of a PhD thesis by 

Thomas Lintern [22]. The second part, which is the focus of this thesis, was to use 

measurements of head motions to investigate the mechanical effects on the infant brain 

under these conditions. The third part was to link the mechanical indices identified to 

the injuries seen in AHT. This research has yet to be completed. 
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1.2.1  Aims of the Thesis 

The primary aim of this thesis was to develop a computational modelling framework to 

determine the mechanics of the infant head under a shaking motion. 

The specific objectives were: 

 Use cube and cylindrical physical phantoms to validate computational methods 

that will later be used to predict the mechanics of the infant head under a shaking 

motion. 

 The computational techniques were then validated against measured in vivo 

adult human brain deformations where the head is undergoing low acceleration 

rotational motions. 

 Use the validated techniques to create a finite element model of an infant head 

that predicts the mechanics of the infant head under realistic shaking motions. 

 Compare soft tissue injury thresholds from literature with the mechanics of the 

infant head predicted by the computational models to determine if injuries can 

be sustained from shaking alone.  

1.3  Thesis Overview 

This section outlines the main objectives of each chapter of this thesis. 

Chapter 2 provides an historical overview of AHT, and discusses previous research 

conducted on this subject. It outlines a summary of the clinical studies, the animal 

studies, mechanical surrogate studies, and finally the computational models that have 

been created to improve the understanding of AHT. The chapter outlines how this 

thesis proposes to address some of the limitations of previous research. 

Chapter 3 describes a set of physical phantoms and an analytical model that were 

created to validate a set of computational models. The physical phantoms were 

constructed to mimic the brain, cerebrospinal fluid (CSF) and the fontanelle of an 

infant. These phantoms were subject to simple harmonic and rotational shaking 

experiments and the pressures experienced by the gel were measured. An analytical 
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model was derived to determine the pressure between two points of a constant density 

fluid enclosed in a rigid shell, shaking in a linear sinusoidal motion. These experiments 

helped to better understand the mechanics of an infant brain subject to shaking motion 

It is thought that the relative motion experienced between the brain and the skull leads 

to some of the injuries seen in AHT. In order to investigate how the relative motion 

could be predicted accurately by an FE model, chapter 4 explored another set phantoms 

experiments. These phantoms were cylindrical in shape and contained gel to mimic the 

mechanical properties of the brain, acrylic to mimic the skull, and a fluid to mimic the 

CSF. These cylindrical phantoms were subject to low and high acceleration rotational 

experiments during which the displacements of the gel were measured. For each 

phantom, an associated computational FE model was developed. Deformations 

predicted by the FE models were compared with the associated experimental data in 

order to verify the assumptions and parameter settings of these FE models.  

Chapter 5 reports on the application of the computational techniques described in 

Chapter 4 to a model of an adult human head subject to rotational accelerations. Head 

rotation experiments imposed accelerations up of to 260 rad∙s-2 onto the head of a 

healthy human participant when it came to a sudden stop. The 3D deformation of the 

brain during this acceleration was measured using a tagged MRI sequence [23], [24]. 

These experiments were conducted by Dr Andy Knutsen at the Image Processing Core, 

Center for Neuroscience and Regenerative Medicine, Bethesda, MD. The computational 

models of the adult head were then compared against the measured in vivo deformation 

data to verify the assumptions and parameter settings of the FE model. These 

experiments gave confidence in applying the computational techniques to the infant 

head model.  

Chapter 6 describes the application of the computational techniques to an FE model of 

an infant head undergoing shaking motion. The anatomical measurements required to 

create the FE model were obtained from an infant head atlas or constructed artificially 

with reference to the segmented anatomy. The FE model included fluid structural 

interaction, where the CSF was modelled as a fluid and the other geometries (skull, 

brain, and interior skull geometry) were modelled as solids. The material properties for 
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the different components were obtained from literature, as were the motions of the head 

and the forces on the brain stem. Three main mechanical indices of the brain were 

investigated under the shaking motion: the forces on the optic nerve; the maximum von 

Mises stresses on the brain; and the relative motion of the brain with respect to the 

skull. 

Finally, Chapter 7 summarises the research work and its contributions to the field of 

AHT. The limitations of this body of work and further research that is required are also 

discussed.  

1.4  Novel Contributions 

A search into the literature discussing the mechanics of infant head trauma suggests 

that several contributions described in this thesis are novel.  

1. Cube phantom were used to measure the pressures experienced by the gel under 

simple harmonic linear and rotational motion, and these measurements were 

used to validate both an analytical model and a computational model. The 

simulations and experiments showed that the pressures experienced in the gel 

had a square relationship with frequency and a linear relationship with the 

amplitude of the shake.  

2. Cylindrical phantoms were used to measure the rotational relative motion of the 

gel with respect to the outer shell and were used to validate a computational 

model. These simulations showed that modelling the fluid layer between the gel 

and the outer shell as a fluid (as opposed to a soft solid) was important. 

3. Human adult in vivo brain displacement data was used to validate a 

computational model of an adult head. These simulations showed the 

importance of incorporating the falx cerebri and tentorium cerebelli in head 

models that need to predict the deformation of the brain. It also showed that 

modelling the contact condition between the brainstem and the skull as either a 

bonded or frictionless contact did not appear to change the predictive 

capabilities of the model.  
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4. The creation of an infant head model that could predict the mechanics of the 

brain under a shaking motion using validated techniques. This model was a fluid 

structural interaction model where the CSF was modelled as a fluid. The model 

also contained the anterior fontanelle, the optic nerves, the brain stem, the falx 

cerebri and the tentorium cerebellum. The model also enabled the brain and the 

skull to interact, hence it allowed for submerged solid-solid interaction.  

 

The model was used to predict certain injuries that are known to occur in AHT, 

including 

o The bridging veins between the brain and the skull experience strains that 

may cause them to rupture.  

o The forces on the optic nerves were identified. These forces may help with 

future research when the injury thresholds for retinal haematomas are 

identified. 

o These simulations also showed that incorporating just the anterior 

fontanelle or the forces on the neck did not significantly affect the 

mechanical indices that were predicted.  

1.5  Publications list 

This body of work has resulted in the following publications. These publications listed 

are in chronological order.  

1. Puhulwelle Gamage, N., T., Lintern, T., Taberner, A. J., Nash, M. P., & Nielsen, P. 
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2. Puhulwelle Gamage, N., T., Lintern, T., Taberner, A. J., Nash, M. P., & Nielsen, P. 

M. F. (2013) A simplified infant head experiencing shaking. United States 

National Congress of Computational Mechanics. Raleigh. 
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shaking. World Congress of Biomechanics. Boston.  
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Chapter 2: Background 

2.1 Historical Background 

 “Shaken baby syndrome” (SBS) is a well-known phrase used to describe head injuries 

inflicted on young infants by their caregivers. It was thought for many years that these 

injuries were caused by violent shaking, as the name implies. However, it is now 

recognised that mechanisms involving impact may cause very similar injuries. In order 

to avoid confusion in criminal trials, the American Academy of Paediatrics now 

recommends the term “Abusive Head Trauma” (AHT), which does not require the 

medical practitioner to assume one specific mechanism of injury [1].  

The injuries commonly associated with AHT include intracranial bleeding (typically 

subdural) and bleeding into the retina, although a variety of other injuries may be 

sustained [6]. Injuries to other parts of the body, particularly fractures of the ribs, are 

seen in some cases [25]. These injuries are not normally apparent on an external 

examination. Therefore, a head injury is usually only diagnosed in an infant with no 

external signs of trauma when that infant presents with symptoms of brain dysfunction 

(encephalopathy). Such symptoms can be subtle, and may vary from vomiting and 
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lethargy, to coma and acute collapse, [7]. This combination of injuries (subdural 

bleeding, retinal bleeding and encephalopathy) is so characteristic of AHT that it is 

sometimes referred to as a diagnostic “triad”, [26]. 

2.1.1  Development of the Concept of Shaken Baby Syndrome 

The acknowledgment of child abuse in modern medicine began with the French forensic 

physician Ambroise Tardieu in 1860 [27], [28]. Tardieu summarised the important 

features and characteristics of physical abuse from both previous publications and also 

his own clinical observations. Though some of the terminology in use today, such as 

haematoma, was not used in French medical literature at the time, Tardieu’s 

descriptions of the injuries are very close to those of the injuries seen today.  

In 1946, John Caffey (a paediatric radiologist) described six infants who had both 

chronic subdural haematomas and multiple fractures in long bones. The fractures 

appeared traumatic even though there was no history of trauma and Caffey 

recommended that the “the presence of unexplained fractures in the long bones warrants 

investigation for subdural haematoma” [29]. His work was soon expanded upon by 

another paediatric radiologist, Dr Silverman, who described the unexplained fractures 

of the ribs in babies [30].  

In 1962, Kempe and Silverman were lead authors of a landmark article entitled “The 

Battered Child Syndrome”, which was to become the founding document of modern 

child protection. It stated that this was a clinical condition that occurred among young 

children who have received serious physical abuse [31], [32]. 

In 1971, Guthkelch [33], a British paediatric neurosurgeon was the first to suggest that 

in some cases of subdural and retinal bleeding in infants “repeated acceleration/ 

deceleration rather than direct violence is the cause of the haemorrhage, the infant having 

been shaken rather than struck by its parent”. He noted the much higher frequency of 

subdural bleeding and the absence of external injuries in abusive head trauma compared 

with accidental trauma. He described two cases where a caregiver acknowledged 

shaking the child. Guthkelch also noted that most of the subdural bleeding in shaking 

cases was bilateral, unlike in accidental head trauma in adults, and hypothesised that 
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this might result from the symmetrical motion induced by shaking a child while 

grasping them around the chest.  

In 1974, Caffey coined the term “whiplash shaken infant syndrome” in a paper 

presenting accumulated case reports and case series (including literature on the 

prevalence of retinal haemorrhages) in support of the conclusion that “many so-called 

battered babies are really shaken babies.” Caffey suggested that “habitual, moderate, 

casual manual whiplash shaking appears to be practiced to some degree nearly everywhere 

by many types of parents or parent-surrogates for a wide variety of reasons” and that “it 

seems reasonable to hypothecate that habitual whiplash shakings are pathogenic to some 

degree in many such cases.” He suggested that many children might be sustaining 

unrecognised brain injuries resulting in permanent disability, and recommended a large 

scale nationwide education campaign “against the shaking, slapping, jerking and jolting 

of infants’ heads” [34], [35].  

2.1.2  The Debate: Impact or No Impact 

During the late 1960’s Ommaya et al. [10]–[12] performed primate biomechanics 

experiments while researching the central nervous system. Ommaya’s animal 

experiments concluded that subdural haematomas and concussions could occur purely 

through rotational displacement of the head alone without significant head impact. This 

type of injury was previously named whiplash injury and mainly referred to injuries 

obtained from car accidents. Ommaya stated that the main reason for this type of injury 

to occur was due to the easily deformable brain moving, with a time lag, after a 

rotational displacement of its much less deformable container, the skull. This type of 

movement will then produce large tensile and shear stresses, on the layer between the 

brain and the skull. The bridging veins that pass through this layer can easily tear and 

thus bleed and produce subdural haematomas. Although these experiments were not 

conducted with AHT in mind, the results obtained from these animal experiments 

would be used extensively in the AHT debate. 

More recently mechanical dummies have been constructed to determine if rotational 

accelerations obtained from shaking an infant are able to meet the threshold values for 

injury derived from Ommaya’s work [10]–[12]. Anne Duhaime, a paediatric 
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neurosurgeon, had noted that most infants with AHT seen in her institution did have 

signs of impact, especially if the scalp was examined carefully at post-mortem. In 1987 

she collaborated with biomechanical engineers to conduct shaking experiments on a 

basic biomechanical model of a one month infant, [13]. They recorded the rotational 

accelerations and velocities experienced by the head and compared these to the 

threshold injury value obtained by Ommaya et al. [10]–[12] . They found that shaking 

alone created forces far smaller than Ommaya’s threshold values, whereas impact easily 

exceeded them. Combining their post-mortem observations and the biomechanical 

experimental results, they concluded that shaking alone was unlikely to cause the 

injuries seen in AHT. The term “shaken impact syndrome” was therefore coined by 

Bruce and Zimmerman in 1989, [36]. 

Despite the clinical and biomechanical evidence provided by Duhaime, papers looking 

at actual cases continued to report that injuries have occurred with no evidence of 

impact or disclosures of shaking by caregivers [37]–[40]. For example, Starling [41] 

found a high percentage of deaths due to shaking (68%) when examining confessions 

by perpetrators from 1981 – 2001 in four hospitals in the United States. In the shaking 

only cases, 91% (29/32) had subdural bleeding, 84% had retinal bleeding and 2% had 

scalp swelling. Within this group 16% died and 77% were impaired.   

In 2003, Cory and Jones [14] tested the information presented by Duhaime et al. by 

constructing a biofidelic dummy to record the rotational velocities and accelerations of 

the head under a shaking motion. Cory and Jones criticised some major points in 

Duhaime’s study. One issue was that the tolerance level calculations were suspected to 

be inaccurate, due to problems with scaling the result obtained from an adult monkey 

brain to an infant human brain. The second major criticism was based on the use of 

Ommaya’s results. Cory and Jones stated that the tolerance levels were identified using 

a single whiplash action (i.e. a car crash scenario), and that the effect of repeated 

consecutive sub-lethal loading was unknown. They also claimed that these criticisms 

warranted the exclusion of Duhaime’s study as a testimony in cases of suspected AHT.  

It is in criminal trials that uncertainties about the precise mechanism of injury often 

become a central issue. This is particularly the case for infants with no external signs of 
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impact and no fractures of the ribs or long bones. Regarding these infants, the classical 

“shaken babies”, it has been argued that there was no trauma at all. In particular, it is 

often argued that shaking alone cannot cause serious brain injuries, and that the whole 

concept of AHT is fundamentally flawed. In these arguments, the lack of biomechanical 

evidence for shaking as a cause of injury often plays a key part [8], [9].  

The increasing prominence of biomechanical challenges to medical evidence in criminal 

trials has made it clear that much more biomechanical research is needed. This research 

is needed to examine the relationship between the biomechanics of shaking a human 

infant and the injuries described in AHT.  

2.2  The Prevalence of Abusive Head Trauma 

It is known that AHT is the leading cause of traumatic brain injury in young children 

[42], [43] However, it has been difficult to obtain accurate statistics regarding the 

epidemiology of AHT, in part because of the intricacies in distinction between 

accidental and inflicted head trauma [44], [45]. International statistics on child abuse 

can be broken down into age groups and it is clear that infants under the age of one are 

at greatest risk from maltreatment and abuse [3]. Children of this age are very easily 

handled, lifted, dropped or shaken and due to their relatively large head and weak neck 

muscles, they are more susceptible to head trauma. Their vulnerability also remains 

after the injury has occurred as infants of this age cannot speak for themselves or seek 

help. Caring for young infants is highly stressful and there is evidence to suggest that, 

in many cases, AHT is triggered by the infant crying [42], [46], [47]. 

The worldwide incidence of AHT for infants under the age of one, ranges from 14 – 40 

per 100,000 infants. This incidence is higher than neonatal meningitis (25 – 32 per 

100,000 live births) and lymphatic leukaemia (28.7 – 36.6 per 100,000 children under 

the age of one) [2]. The incidence varies from country to country, especially when 

comparing different socioeconomic groups within each country. Table 2-1 summarises 

studies conducted for a range of various countries. 
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Table 2-1: Statistical summary of infant trauma 

Location Incidence  
(per 100,000) 

Description Reference 

Worldwide 14 – 40  Abusive head trauma, < one 
year old 

[2] 

North Carolina (USA) 17 Abusive head trauma, < one 
year old 

[48], [49] 

Switzerland 25 – 33 Shaken baby syndrome, 
<one year old 

[50] 

Wales and England 12.8 Contained subdural 
haematomas, <two year old 

[51] 

 21 Contained subdural 
haematomas, <one year old 

[51] 

United Kingdom 24.1 Contained subdural 
haematomas, <one year old 

[52] 

Scotland 24.6 Contained subdural 
haematomas, <one year old 

[53] 

Australasia 14.7 – 19.6 Contained subdural 
haematomas, <one year old 

[54]–[56] 

 32.5 – 38.5 Contained subdural 
haematomas, <one year old, 
Maori 

[54]–[56] 

 2.8 - 13.1 Contained subdural 
haematomas, <one year old 

[57] 

2.3  Anatomy 

Infants are not simply smaller versions of adults. They differ in many aspects, including 

body proportions, bone density and muscle strength [58], [59]. Certain features of the 

infant’s body make them susceptible to injuries that can occur through shaking. For 

example, an infant has a different ratio of head to trunk and leg length than an adult. 

Due to their relatively large head and weak neck muscles, infants are very susceptible 

to head trauma [3], [58], [59]. This section will focus on the anatomy of the infant’s 

head. 

2.3.1  The Skull 

The infant skull is a collection of bones that are connected by collagenous tissue in order 

to keep the infant skull intact. There are five major bones that comprise the infant skull, 
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two frontal bones, two parietal bones, and one occipital bone. These sections of the skull 

cover and protect the brain and are held together with fibrous sutures [60].  

There are four main sutures. The metopic suture connects the two frontal bones, the 

coronal suture connects the parietal bones with the frontal bones, the sagittal suture 

connects the two parietal bones, and the lambdoid suture connects the parietal bones 

with the occipital bone at the back of the head. These sutures allow the bones to move 

during the birth process. They then act as an expansion point, enabling the bones to 

grow and result in a symmetrical head, [60].  

The skull also contains six fontanelles located on the corners of the parietal bones. A 

fontanelle is the soft membrane located in the space between the bones of an infant 

skull where the sutures intersect. The two main fontanelles are the anterior and 

posterior fontanelle. The anterior fontanelle, which is located between the frontal and 

parietal bones, remains soft until the infant is approximately two years of age. The 

posterior fontanelle is located between the two parietal bones and the occipital bone, 

and closes during the first seven months of an infant’s life. These fontanelles are the 

largest of the six and are located on the median line of the cranium. The remaining four 

fontanelles are quite small in size and are located on the sides and closes between six to 

eight weeks after birth [59]–[63].  

The anterior fontanelle is the main fontanelle which will be considered in this project. 

It has a diamond shape, is between 2-4 cm in length, and is located between the frontal 

and parietal bones [64], [65].  
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Figure 2-1: The basic anatomy of an infant skull. Modified from Dr Johannes Sobotta [Public 
domain], via Wikimedia Commons, 

https://commons.wikimedia.org/wiki/File:Sobo_1909_104.png. 

2.3.2  The Brain 

The brain is a complex organ that consists of several structurally different sections, the 

cerebellum, cerebrum and the brain stem. The brain is well protected as it is enclosed 

in the thick bones of the skull, within which it is suspended in cerebrospinal fluid. 

However, even adult brains are susceptible to damage and disease. This is even more so 

for infant brains as the skull protecting them is not fully developed [66], [67]. 

The brain consists of four ventricles that contain cerebrospinal fluid. The cerebrospinal 

fluid is a clear liquid with a makeup similar to blood. It is secreted from the four 

ventricles into the subarachnoid space, and then into the spinal cord. The main 

objective of the fluid is to nourish the brain. Mechanically, it acts as a cushion to protect 

the brain from external loading [66]–[68].  

The infant head shape varies significantly when compared to an adult. The shape is 

closely related to the size and growth of the brain. The brain grows very rapidly during 

the early stages of life. The circumference of the head increases by 17% in the first 3 
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months and 25% in the first six months, after which there is only a 10 cm increase in 

head circumference until the age of 20. The weight of the head also increases very 

rapidly in the early months, with 70% of the adult brain weight achieved in the first 18 

months [59].  

On average for a six-month infant the head circumference is around 45 cm (95th 

percentile) for girls and 46.5 cm (95th percentile) for boys [69], [70]. At birth the infant 

brain is generally between 330 g and 450 g [59]. 

2.3.3  The Meninges Layer 

Between the cranial skull and the brain there is another group of soft tissues called the 

meninges layer, consisting of three components. From the outside these are the dura 

mater, arachnoid mater and the pia mater. These three layers are contained in the skull-

brain interface, and while they each have a different specific function, they operate 

together to protect the brain from impact loading. The dura protects the brain, the 

arachnoid forms a protective barrier and retains the CSF and the pia mater is a delicate 

outer covering of the brain for lubrication and prevents direct CSF irritation, [66], [71].  

One study cited that the thickness of the meninges layer changes considerably with the 

growing infant. One to two days after birth the depth is noted to be 1.2 mm, however 

between the age of four months and eight months the depth increases to 2.4 mm with 

a 95% confidence interval of 0 mm – 0.6 mm [72]. 

 

Figure 2-2: Brain, skull and meninges layer and the cerebrospinal fluid. Modified from Alan 
Hoofring [Public domain], via Wikimedia Commons, 

https://commons.wikimedia.org/wiki/File:Brain_and_Nearby_Structures.png. 
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2.3.4  Falx Cerebri and Tentorium Cerebelli 

The dura mater covers the inside of the skull and comes together to create two folds, 

one being the falx cerebri and the other being the tentorium cerebelli. Mechanically 

these are key features in the anatomy of the head as they stabilise the brain in relation 

to the skull and decrease the relative motion of the brain.  

The dura mater forms a sickle-like shape where it is narrow at the front of the brain and 

is wider at the back of the brain. The falx cerebri separates the two hemispheres of the 

brain and houses the sagittal sinuses, which provide a pathway for drainage of the 

cerebrospinal fluid from around the brain. The anterior part of the falx cerebri attaches 

to the skull and the posterior portion attaches to the tentorium cerebelli. The tentorium 

cerebelli is attached to the midline of the falx cerebelli and separates the cerebellum 

from the cerebral hemisphere, [60].  

2.3.5  Bridging Veins 

Bridging veins are an important anatomical aspect that must be considered in head 

trauma cases. This is because the tearing of these veins are considered the main 

mechanism in which subdural haemorrhages occur [6–8]. 

Bridging veins run from the outer surfaces of the brain into the sinus of the dura mater 

(falx cerebri and tentorium cerebelli). The cranial ends are firmly fixed to the rigid dura 

wall and the cerebral ends are free to move with the brain. As the falx cerebri dampens 

the movement of the brain in the lateral section of the head, it is thought that an 

anterior-posterior movement is required for these veins to rupture. Ruptures typically 

occur near the dura and arachnoid boundary, due to physiological differences of the 

bridging veins in these sections [73].  
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Figure 2-3: Illustration of the bridging veins. a) MRI image of bridging veins crossing the 
subdural and subarachnoid spaces; b) Real image of the bridging veins that are present in a 

human skull [74]. 

2.3.6  Optic Nerves and Brain Stem 

There are many tethered links between the brain and the skull, however for the 

purposes of this project only the optic nerves and the brain stem will be investigated. 

These two structures were chosen as they are the largest nerve bundles that protrude 

from the brain and go through the skull, and also because some of the injuries are 

thought to occur from AHT are seen in these regions.  

The optic nerve is a bundle of tissue that transmits signals from the retina to the brain 

and is ensheathed in the three meningeal layers. The optic nerve contains about one 

million nerve fibres. The connection of this nerve from the eye ball to the brain can be 

seen in Figure 2-4. 

 

Figure 2-4: An adult optic nerve. Modified from Dr John B. Selhorst [Public domain], via 
Wikimedia Commons, https://en.wikipedia.org/wiki/File:Optic_nerve_parts.jpg. 
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The brainstem is at the posterior part of the brain and it is structurally continuous with 

the spinal cord. It consists of the midbrain, pons and the medulla.  

2.4  Injuries 

Head injuries in infants are unique as they occur as the organs are growing. Thus the 

injury types, mechanism and thresholds differ when compared to adults and even older 

children.  

2.4.1  Mechanisms 

AHT is thought to occur when shaking (which is a non-impact inertial mechanism) 

produces continuous accelerations and decelerations on the head. Injuries are thought 

to occur when these accelerations are forceful enough to cause rotational movement of 

the brain relative to the skull, creating shearing effects which leads to injuries [75]–[77].  

The typical injuries created are intracranial bleeding (typically subdural, although 

subarachnoid and rarely intra-ventricular bleeding can also occur) and retinal bleeding. 

Various forms of direct brain injury may also occur, such as concussion, cerebral 

contusion, cerebral laceration, localised shear injuries at the grey-white interface and 

(rarely) diffuse axonal injury. 

2.4.2  Subdural Bleeding 

Subdural bleeding occurs between the dura and the arachnoid membrane. This type of 

injury usually occurs from tears in the bridging veins that transport blood from the brain 

to the sinuses, through the arachnoid and meningeal dura layer. These injuries usually 

lead to an increase in intracranial pressure, which can then compress and damage the 

brain tissue [9], [52]. The subdural haematoma is most often a thin film of blood over 

the cerebral convexities, and the amount of blood can be as low as 100 ml [79], [80].  

This type of injury is more susceptible in infants, due to their soft skulls, fontanelles and 

sutures. The deformation of the soft deformable skull, can cause the brain and the blood 

vessels to stretch to a greater extent than in a normal adult. This overstretching is the 

main reason why these blood vessels break and cause subdural haematomas.  
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Others however have claimed that there are some major physiological and anatomical 

objection to the hypothesis that the rupturing of the bridging vein is the primary cause 

of subdural haematomas [74], [77], [81]. In a six-month infant, the blood velocity in 

these veins is about 9.2 cm/s. This blood velocity would create a much larger 

haemorrhage than the thin layer seen in most cases. The counter to this claim is that 

the blood does clot, and this has been found on patients who have been diagnosed with 

subdural haematomas [73].  

2.4.3  Retinal Haematomas 

Retinal haemorrhage is the bleeding of the blood vessels in the retina. The mechanisms 

through which this occurs are not very well understood, but statistically this type of 

injury has been observed in a large proportion of cases of AHT.  

There are two main hypotheses that have been put forward on how the retinal 

haematomas can occur in reference to a shaking trauma. One hypothesis relates how a 

pressure wave (initiated by a shaking motion), strikes the retina causing injury. The 

main alternative is when shaking causes vitro-retinal traction, which leads to the retina 

tearing from its connections, thus disrupting the connections of blood vessels to the eye 

[1], [50], [51], [55], [56]. Even though the retina can be badly damaged through these 

mechanisms, it is normally brain damage that causes the loss of vision (20% [77]) in 

infants affected by AHT [1], [55], [56].  

2.4.4  Encephalopathy 

Encephalopathy is a non-specific term for brain dysfunction, which can manifest in a 

variety of ways: irritability, sluggishness, vomiting, poor appetite, seizures, changes in 

muscle tone, changes in social behaviour, or loss of consciousness. These symptoms can 

easily go unnoticed especially if the caregiver does not disclose that the child has 

sustained a head injury [84].  

2.4.5  Diffuse Axonal Injury 

Diffuse axonal injury refers to the tearing of axons causing injury in the white mater of 

the brain. It has been noted that diffuse brain injury can occur when severe angular 
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accelerations are applied to the brain. These injuries can occur at the corpus callosum, 

subcortical white matter, and perivascular areas. Blood vessels in the brain are also likely 

to tear, although these are very unlikely to occur in infants as their blood vessels are 

more elastic than adults [79], [80].  

2.5  Clinical Studies 

Many clinical and pathological studies have been conducted on the injuries that are 

seen in mistreated infants. Many hypotheses have been provided involving different 

mechanisms of injury. 

2.5.1  Shaken Baby Syndrome 

Hadley et al. [37] reported on 13 clinical cases of AHT for which the caregiver had 

admitted to shaking or there was no historic, clinical or radiographic evidence of impact 

trauma. In all cases, there were signs of subdural haematomas, with 10 showing 

subarachnoid haematomas and 8 deaths. They concluded that a continuous whiplash 

action can cause the injuries associated with AHT without direct impact. 

Alexander et al. [38] considered 24 infants who were initially diagnosed with AHT. 

There were 12 males and 12 females with a median age of 8 months. Trauma to the head 

was identified if a number of clinical and radiographic signs were present. Half the 

infants did not show any signs of external head trauma. This showed that shaking by 

itself is sufficient to cause serious neurological injury and even death. They concluded 

that “providing the burden of proof would seem at this point to fall to those who claim 

that impact must be present in all instances of serious intracranial injury”. 

The presence of retinal haematomas was reported in clinical studies conducted by 

Wilkinson et al., [85]. They looked at 14 cases of AHT, where ophthalmologist identified 

the severity of the retinal injury, while blinded to the neurological findings. They found 

out that the severity of the retinal injuries increased with an increase in neurological 

damage. They also stated that the presence of retinal haematomas was useful in 

identifying AHT cases.  
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Gilliand et al. [86] showed that retinal haematomas were found in seven of the nine 

purely shaking cases. They concluded that both subdural and retinal haematomas were 

a sign that shaking had been involved. They also concluded that retinal haematomas 

which can be easily detected while the infant is still alive are good markers of abusive 

shaking injuries in infants. 

2.5.2  Shaken Impact Syndrome 

Some clinical studies have showed that shaking itself cannot cause the injuries that are 

defined by AHT [13], [36], [87], [88]. Most of these studies concluded that even though 

shaking is involved it is the impact that causes the injuries and not the shaking. As a 

result, these studies have renamed the syndrome, shaken impact syndrome.  

Duhaime et al. [13] conducted clinical studies along with biomechanical studies. They 

reviewed all 48 cases of AHT in a children’s hospital in Philadelphia between January 

1978 and March 1985. They noted that the cases that were classified as AHT, on closer 

inspection showed signs of trauma. They stated that in most cases these signs could 

have been ignored and concluded that AHT is not usually caused by shaking itself and 

that, “the most common scenario may be a child who is shaken, then thrown into or 

against a crib or other surface, striking the back of the head and thus undergoing a large, 

brief deceleration”. 

Bruce et al. [36] outlined and reviewed the work done by Duhaime et al. [13], and 

supported conclusion of Duhaime et al. Bruce et al. concluded that “the physician should 

be suspicious of a report of pure shaking, as this is an unlikely scenario. If criminal 

prosecution is to be made, the charges should include impact injury as well as shaking” 

[36]. 

2.5.3  Geddes Hypothesis 

Geddes et al. [15]–[17], proposed an entirely different hypothesis on how the injuries 

seen in AHT arise. They proposed that a combination of severe hypoxia, brain swelling 

and raised blood pressure could cause the blood to leak from the intracranial veins and 

cause retinal haematomas. To test this hypothesis, they analysed 50 dura samples of 

infants with no history of head trauma, and three infant dura samples with head injuries. 
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The main finding was that 36 (72%) non-traumatic autopsies showed signs of intradural 

and juxtadural bleeding. These injuries were also present in the three injured infants. 

They also found that in 66% of the 36 non-traumatic infants, the intradural bleeding 

was due to hypoxia, which alters the permeability of the blood vessels, causing the blood 

to leak into the extravascular space.  

They concluded that any event that could cause apnea (suspension of external 

breathing) would lead to brain swelling which in turn would lead to subdural and retinal 

haematomas. They commented on the fact that this apnea could occur through 

intentional injury via shaking, or non-traumatic means. 

A critical review of this paper was conducted by Punt et al. [15]–[17], [18]. They suggested 

that the conclusions reached by Geddes et al. could not be justifiable with the data that 

had been provided, and that the hypothesis presented is not supported by other 

evidence. Punt et al concluded that for the ‘unified Geddes hypothesis’ to hold, it was 

expected that the cases examined should have showed signs of: microscopic neck injury, 

raised intracranial pressure, thin subdural haematomas, retinal haematomas and 

absence of trauma. None of the infants in the study conducted by Geddes et al. [17] 

showed any of these signs. Hence, Punt et al. [18] concluded that “by their own criteria, 

the ‘unified hypothesis’ is unsupportable on the basis of the authors’ data”. 

However, the ‘Geddes hypothesis’ rapidly became a central defence in criminal trials 

and led to a national review of criminal convictions for AHT in the United Kingdom. 

Ultimately, Dr Geddes was forced to acknowledge deficiencies in her hypothesis in the 

High Court in England, [19], [20], [89]. However, this acknowledgement has never been 

published in scientific literature. A series of studies have since been published, 

describing the lack of relationship between hypoxia, subdural and retinal haemorrhage 

[90]–[92].  

2.6  Animal Models 

In order to better understand the link between the injuries that are seen in mistreated 

infants and a shaking action, controlled animal studies have been performed. The main 
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reason for performing controlled animal experiments is that it allows the investigator 

to directly link the shaking action to the injuries. Even though animal models do not 

represent human physiology, these models have been used to identify injury threshold 

values, and to find out what actions are required for certain injuries to occur.  

This section describes the various animal models that have been used to study AHT, 

and summarises the conclusions from these studies. 

2.6.1  Primate Models 

The most comprehensive study presented to date on whiplash injury was conducted by 

Ommaya [10]–[12], [93]–[95] during the 1960’s and 1970’s. These experiments were 

initially set up to determine the effect of whiplash injuries in car crashes. However, they 

have also been used extensively by experts in the field of AHT.  

Monkeys were put under anaesthesia and were secured onto a chair that was mounted 

on a carriage rig, which could move on an apparatus that was 3.7 m in length. This 

system was able to accelerate and decelerate and thus a sudden stop similar to a rear-

end collision could be achieved. This created a whiplash action of the head and shoulder 

of the monkey. Head motion was recorded using a high speed camera (1000 frames per 

second). Using these images, the rotational accelerations and rotational velocities of the 

monkey’s head could be calculated. The rotational accelerations were then compared to 

the injuries that were observed for each of the monkeys and a correlation was made 

between the two [10]–[12], [93]–[95].  

The accelerations were then scaled using a relationship presented by Ommaya in 1967 

[96]. This scaling relationship (Equation (2-1) has become a very important part in the 

scientific work that was conducted by many researchers in the field of AHT,  

�̈�𝑝 =  �̈�𝑚 (
𝑀𝑚

𝑀𝑝
)

2
3⁄

 

 

(2-1) 

 where, Mm is the brain mass of the model, MP is the brain mass of the prototype, �̈�𝑚 is 

the critical angular acceleration of the model and �̈�𝑝 is the critical angular acceleration 



26 
 

of the prototype. There are a number of assumptions that underpin this equation [97]. 

One of the main problems with the scaling equation was that it assumed the material 

properties of the brain were similar between species and also between adults and infants 

[97]. 

In order to address this issue, experiments were conducted on piglets [98]. They found 

out that the shear modulus of the brain tissue was highly age dependent, thus the shear 

modulus (𝐺′) was included in this scaling equation, Equation (2-2). 

 �̈�𝑖𝑛𝑓𝑎𝑛𝑡 =  �̈�𝑎𝑑𝑢𝑙𝑡 (
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(2-2) 

The authors concluded that this equation would need to be further modified, and that 

“age-specific and loading specific head injury thresholds must be developed to reflect the 

unique biomechanical response of the developing pediatric brain” [98].  

Ommaya and Gennarelli [12] conducted experiments to distinguish the difference 

between the injuries that occur through rotational and translational motions of the 

head. The experiments were conducted on squirrel monkeys, where 12 animals were 

subject to a translational motion and another 12 animals were subject to a rotational 

motion. The accelerations ranged between 665 G and 1230 G over an angle of rotation 

of 45 degrees or a translational displacement of 2.54 cm. The results showed that all the 

animals in the rotational group suffered cerebral concussion, while no animal in the 

translational group was affected in the same way. All animals in the rotational group 

suffered subdural haematomas compared with 5 in the translational group. The motions 

were prescribed at a very high frequency (112 Hz), which is much higher than the 

shaking frequencies. However, these experiments highlight the significance of 

rotational motion for injuries to occur. This importance of rotational motions was also 

seen in studies on woodpeckers, [99], [100].  

The only pure shaking experiments that were performed on monkeys was conducted by 

Jin Han Kim [101]. In this study, one Barbados green monkey was shaken in the anterior-

posterior direction, and another was shaken in the lateral direction. The accelerations 
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of the heads were measured, and any injuries following the shaking episode were 

determined. The monkeys were shaken as hard and for as long as possible by a young 

man. The anterior-posterior shake lasted 43 seconds with 125 oscillations, and the 

lateral shake lasted 53 seconds with 178 oscillations. These experiments did not produce 

any immediate haemorrhagic lesions in the eyes, dura, cerebrum, brainstem or spinal 

cord. However, fingertip bruising was noted on the torso of both the animals. Jin Han 

Kim also noted that lateral shaking produced more complex head movements. Using 

the acceleration data, comparisons were made to the threshold values identified by 

Ommaya [10]–[12], [93]–[95], and concluded that the lateral motion did not induce 

accelerations associated with injury. However, these experiments were conducted on 

adult monkeys and as discussed earlier, there are potential shortcomings to these 

threshold values. 

2.6.2  Lamb Models 

Physiology of the neonatal sheep is well understood and there are several similarities to 

that of the human [102]. The size of a new-born lamb’s head is similar to that of an 

infant, and they possess relatively large brains and weak neck muscles which resembles 

human infants. Due to these reasons the lamb have been used as an animal model to 

determine the correlation between injury and action during an episode of AHT [103]–

[105]. 

Finnie et al. [103] conducted manual shaking experiments on neonatal lambs. The first 

sets of experiments were conducted on seven anaesthetised 7-10 day old lambs. These 

lambs were manually grasped and vigorously shaken for 30 seconds. This was repeated 

10 times over a 30 minute interval. After the shaking protocol the lambs were then 

maintained under anaesthesia for six hours, after which they were sacrificed by 

perfusion fixation of the brain. These experiments did not produce any macroscopic 

injuries, the exceptions being focal subdural haemorrhage of approximately 1 cm by 1 cm 

found in two of the shaken lambs. Therefore, the results did not show a very strong 

correlation with the macroscopic injuries (subdural and retinal haemorrhages) that are 

commonly seen in AHT.  
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Following a second set of experiments Finnie et al. [104], found that shaking a lamb 

could cause death in a subset of lambs with a smaller body mass (5.0 kg – 6.0 kg) 

compared to the lambs with higher body mass (8.4 kg – 12.0 kg). They attributed this 

to the smaller, younger lambs having much weaker neck muscles compared to the 

heavier, older lambs. They concluded that this study proved that shaking caused the 

death of these neonatal lambs and hence impact was not needed. 

Finnie’s group conducted a third set of experiments [105], in which the acceleration of 

the head was also measured. Peak accelerations were identified and were correlated to 

the impact of the lamb head on its back and chest.  

Some extensive lamb shaking experiments were reported by Lintern et al. [106] to 

validate the use of a rigid-body computational modelling framework. To complement 

the biomechanical measurements, a clinical assessment was performed to identify the 

existence of brain injuries in lambs during a single shaking episode. Six anaesthetised 

lambs were shaken manually for one 20 s period, in order to replicate the shaking 

believed to occur during abusive incidents in human infants. Each animal was imaged 

using an MR scanner prior to and again at six hours following the shaking protocol. This 

allowed the investigators to identify the injuries that were associated with shaking. 

These images were reviewed by an expert radiologist, who reported that no significant 

parenchymal changes or extra-axial haemorrhages were seen in any of the lambs. 

However, five out of the six lambs died or had to be prematurely euthanised. They 

concluded that even though shaking alone can be fatal to the lamb, other possible 

contributing factors (such as the anaesthetics agent) could not be ruled out. This was 

similar to the findings of Finnie et al. [103]–[105]. The acceleration of the head was also 

measured during the shaking and again large acceleration peaks were a result of contact 

of the head with the chest and/or back of the lamb, as was seen with Finnie et al [105] .  

2.6.3  Rat Models 

Rodents have been used for modelling many types of human head injury, mainly due to 

the relative ease of use and the low operational cost. Many of these studies have looked 

at the effect of impact trauma or impact induced acceleration trauma (whiplash) [101]. 

Very few studies have looked at the effect of shaking [101], [107], [108]. 
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Bonnier et al. [107], performed the most comprehensive set of rat experiments in 2004. 

Mouse pups at post-natal day 8 (developmentally similar to a full term human infant 

[86]) were shaken for 15 seconds on a rotating horizontal shaker at 900 rpm. The main 

purpose of these experiments was to identify if brain injuries could be prevented by pre-

treatment with receptor enzymes. In summary, the mice used in the experiments 

experienced delayed mortality (27%), retinal haematomas (33%), focal white matter 

lesions, and significant white matter atrophy. None however, suffered from subdural 

haematomas. The author stated that the absence of subdural haematomas was a 

concern, and that the environmental factors in which AHT occurs must also be 

considered when determining the injuries induced. 

Smith et al. [85] conducted experiments on rats, however, these were not pure shaking 

experiments, as the rats were subsequently subjected to induced hypoxia. Six day old 

postnatal rats were shaken using a piston driven device that moved horizontally at 

frequency of 3.3 Hz for six seconds, and then were held stationary for six seconds. This 

was done 60 times per day for three consecutive days. The rat pups developed moderate 

to severe cortical haematomas and showed signs of neural degradation up to 14 days 

after the shaking experiments. However, these results do not prove that the shaking 

alone can cause these injuries as the rats subjected to hypoxia after the shaking protocol. 

It is clear that from the variety of animal experiments that an accurate animal model for 

AHT has still not been identified. There are several reasons for this, the main one being 

that the anatomies of the animals are different to the anatomy of a human infant. More 

research is needed in trying to find a good animal model to mimic the injuries seen in 

AHT. Without such a model it would be hard to link the injuries to a pure shaking 

action. 

2.7  Mechanical Models 

In an effort to determine the mechanics of the head during AHT, mechanical phantoms 

were investigated. Several biofidelic dummies have been created of an infant, and the 

results obtained from the shaking of these dummies are summarised in this section. The 
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purpose of these experiments was to link the accelerations seen on these mechanical 

phantoms with the accelerations seen in the animal experiments described in the 

previous sections. 

2.7.1  Duhaime et al. 

The first series of biofidelic dummies that were created to test whether the accelerations 

experienced by shaking can cause the injuries seen in AHT was conducted by Duhaime 

et al. [13] in 1987. They created a biofidelic dummy, which mimicked the anatomy of a 

one-month old infant. Three different neck types were used to determine the worst case 

scenarios, as the mechanical properties of the neck had not been fully studied at the 

time. The first neck type was a metal hinge that could move freely in the anterior-

posterior direction. The second type was a hollow rubber tube with a 1.9 cm external 

diameter and 0.8 cm inner diameter. This could not support the head when upright but 

would not kink when the head dropped. The third type was another hollow rubber tube 

with an external diameter of 2.9 cm and a 1.2 cm inner diameter. This could support the 

head and also allowed passive movement. The neck length for all three models was 

4 cm. 69 shaking and 60 impact experiments were conducted on the dummy and the 

accelerations were recorded. These results were then compared to the threshold values 

obtained via the animal experiments conducted by Ommaya et al. [10]–[12], [93]–[95]. 

Comparing the three different neck types, the metal hinge neck led to the highest peak 

tangential accelerations (13.85 G). The study did not present any information on the 

shaking frequencies measured from the experiments. The shakes also led to much 

smaller peak accelerations compared to the impacts, but shaking accelerations were 

experienced by the head for much longer time periods. When compared to the 

threshold levels, the shaking experiments did not meet any of the injury thresholds. 

However, 90% of the impact experiments exceeded the subdural and diffuse axonal 

injury thresholds, and all of them exceeded the concussion threshold. They noted that 

large quick accelerations (impacts) are more likely to cause subdural haematomas.  
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2.7.2  Cory and Jones 

The work done by Duhaime et al. was critisised by others in the field, and this led to 

their experiment being replicated by Cory and Jones [14]. They constructed three 

different dummies representing the anatomy of one month, seven months and 18 

months old infants, which were shaken by 11 volunteers. The dummies were constructed 

in similar fashion to the one constructed by Duhaime et al. [110] and again the 

frequencies were not measured during these experiments.  

It was clear that anatomical aspects of the dummy would change the accelerations of 

the head quite dramatically. Due to this, certain aspects, such as the center of gravity of 

the whole dummy, chest and back padding and neck insertion points of the dummies, 

were designed to be modifiable. The volunteers performed two shaking actions, the first 

where the volunteers were told to shake as they would if they were shaking an infant 

and the second was a gravity assisted shaking pattern, where the dummies were lifted 

at arm’s length lying on its back and then shaken down to the below waist level.  

A major discovery was the striking of the chin on the chest of the dummy, and striking 

of the back of the head on the back of the dummy. If this is possible in human infants, 

it would greatly influence the argument that shaking alone can cause the injuries seen 

in AHT. Corey and Jones also noted that if this was the case, many infants brought into 

hospital would show signs of bruising on their chins or on the back of the head. 

However, these observations have not been noted in the case studies that have been 

conducted.  

Corey and Jones considered the worst case scenarios, where the dummy possessed a 

metal hinge, highest centre of gravity, cotton wool chest, and subject to gravity assisted 

shaking. All but one of the shakes met the threshold for 50% probability of cerebral 

concussion. However, the authors concluded that it cannot be categorically stated that 

shaking alone can cause fatal head injuries in an infant. 

2.7.3  Prange et al. 

The experiments by Duhaime et al. were extended upon by Prange et al. [110]. Their 

main objective was to improve on the previous biofidelic dummy, and to look at the 
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accelerations that the head would experience for short falls. The frequencies were again 

not measured in this study. This was motivated by the fact that short falls were a 

common cause of trauma in infants (25% – 34%) and results in 6% of the deaths. Their 

aim was to examine the rotational acceleration components in falls and compare these 

to the rotational accelerations during shaking and impact.  

Prange et al. found out that shakes and short falls induced very similar rotational 

velocities. However, as the duration of the shaking was larger than a fall, this meant that 

they experienced much smaller rotational accelerations. They concluded that the 

measured angular velocities and accelerations during minor falls were similar to those 

measured during shaking, and that these different actions resulted in similar injuries. 

They also concluded that there were no data showing that maximum angular velocities 

and maximum angular accelerations of the head experienced during shaking is 

sufficient to cause subdural haematomas in an infant. 

2.7.4  Lintern et al 

Lintern et al. [22] conducted a set of preliminary biofidelic experiments using physical 

phantoms to validate a computational rigid body model of an infant head and neck. The 

main purpose of this research was to identify how the head would move when the infant 

was shaken from the torso. The dummy was shaken for 20 seconds under two different 

shaking modalities. The frequencies of the shakes ranged between 2 Hz – 2.5 Hz.  

A rigid body model of an infant head and neck was then created using CT scans. Using 

this computational model, a probabilistic analysis was used to determine the likelihood 

that the head kinematics during torso shaking would exceed published injury 

thresholds. This study did not find any biomechanical evidence to demonstrate that 

shaking alone can cause the injuries observed in AHT. However, the authors 

commented that the injury thresholds needed to be looked at more closely.  

2.7.5  Wolfson et al. 

Another set of biofidelic experiments were conducted by Wolfson et al. [111]. These were 

however preliminary experiments conducted to validate a computational rigid body 

model of AHT. A biofidelic dummy of a six-month infant was constructed using regional 



33 
 

statistical data for the weight and size. Ten volunteers were asked to shake the dummy 

as long and as hard as possible in whichever way was easiest. The maximum duration of 

the shake was 22 seconds, with an average of 11 seconds; the maximum frequency was 

5.5 Hz with an average of 3.5 Hz.  

They used the shaking profiles that were predicted by the rigid body computational 

model to identify whether any neck types were likely produce accelerations that met 

the injury threshold values [13], [14]. For all the neck types that were considered, the 

threshold values for concussion were exceeded. However, this was after the boundary 

conditions were changed so that the chin was allowed to hit the chest and the back of 

the head was allowed to hit the back. The thresholds were not reached when this contact 

condition was not included. 

The authors concluded that gross biomechanical simulations such as those presented 

in this section are unlikely to contribute any more information to the debate regarding 

AHT, especially since the threshold values obtained were from high energy, single 

impact studies. They commented that future studies could provide better insight if they 

focused on specific injury mechanisms, and the use of mechanical properties that are 

unique to infants.  

2.8  Finite Element Modelling 

Injury thresholds based on external mechanical accelerations on biofidelic dummies do 

not address the biomechanical mechanism of injury. It is the strains or the deformations 

that the brain is under that causes the injuries seen in mistreated infants. Measuring 

these values in vivo in animals is not feasible. Therefore, the best way to measure this 

internal response of the brain is through numerical modelling. The finite element 

method is the preferred numerical method to tackle problems with complex geometries 

and boundary conditions.  

This section briefly reviews the finite element models that have been created for 

specifically looking at the shaking scenario. More information on other models can be 

obtained from the book titled: Paediatric Injury Biomechanics, [112]. 
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2.8.1  Cheng et al. 

Cheng et al.[113], [114] constructed a 2D finite element of the infant head and validated 

it using experiments on a phantom. The phantom head was constructed using a 100 mm 

diameter acrylic sphere to mimic the skull, gelatine gel (Sylgard 527) to mimic the brain, 

and a latex membrane to mimic the fontanelle. There was a 5 mm gap between the gel 

and the acrylic dome, which represented the subarachnoid space. This was filled with 

water to mimic the cerebrospinal fluid. This phantom was put under a linear shaking 

input condition and the deformation of the gel was measured using embedded markers. 

A 2D finite element model of the same phantom was created and validated using the 

deformation data from the shaking experiments.  

Building upon this work, this thesis will detail how the deformation of the gel was 

measured in similar phantoms under different shaking modalities. MRI tagging and 

fluorescent markers will be used to measure the deformations of the gel. Pressure 

transducers will be used to measure the pressure experienced by the gel under these 

motions. The data collected from these phantom experiments will then be used to 

validate the techniques applied in preparing the computational infant model.  

 

2.8.2  Omari and Witteck 

Experimental studies [115], [116] considered the importance of bridging veins in the 

mechanical response of brain tissue. They compared two finite element models, one 

with the bridging veins as well as one anterior cerebral artery and another without these 

features. The results from this study showed that the blood vessels did contribute to the 

shear stress experienced by the brain under a rotational acceleration (acceleration of 

5000 rad/s2 and a deceleration of 2500 rad/s2). The shear stresses were highly localised 

when the blood vessels were present, indicating that these might rupture in an event of 

a rotational acceleration. However, the motion of the brain was not affected by this 

vasculature.  

The work presented in this thesis, will focus on investigating the stretching of the 

bridging veins to determine if they will rupture. Omari and Witteck concluded that the 
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bridging veins did not need to be included to accurately model the motion of the brain. 

Hence, the bridging veins will not be incorporated into the model presented in this 

thesis.  

Omari and Witteck also addressed a different brain skull interaction [116]. The rigid 

attachment of the skull to the brain and the frictionless sliding contact were analysed. 

They concluded that these types of skull-brain interactions were not applicable and a 

separate fluid layer needed to be inserted to model the CSF.  

The research presented in this thesis will also examine the boundary condition between 

the brain and the skull, and will incorporate these findings into the computational 

model presented.  

2.8.3  Roth et al.  

Roth et al used a computational model to investigate shaking and impact effects on a 

six month infant [117]. The finite element model they constructed included the skull, 

tentorium, fontanelles, falx, CSF, scalp, cerebrum and cerebellum. The CSF was 

modelled as a soft solid and not as a fluid. They found that, during an impact, the 

maximum von Mises stress reached 80 kPa and was located at the impact area. The 

strains of the bridging veins reached 100% at 6 ms after impact. During shaking, the 

maximum Von Mises stress was 3.2 kPa and the strains of the bridging veins reached 

90% strain at 140 ms following the onset of shaking. These values show that the 

mechanical responses of the brain during an impact and shaking are very different, with 

impact giving rise to higher stresses. However, the strains experienced by the bridging 

veins were very similar for both an impact and a shaking action. The authors said that 

these differences indicate why shaken infants are not concussed but still present with 

subdural haematomas. Additionally, Roth et al. [118] concluded that the adult head 

could not be simply scaled down to an infant’s due to the geometric difference. 

The work described in this thesis will examine the stretching of the bridging veins in a 

similar way to Roth et al. However, the model will also include the brainstem, optic 

nerves and the anterior fontanelle. The CSF will be modelled as a fluid and not as a soft 

solid as has been recommended by others, [113], [114], [119], [120]. The model presented 
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in this thesis will predict the maximum von Mises stresses and compare them to the 

stresses predicted by Roth et al. along with injury thresholds presented by others.  

2.8.4  Margulies et al. 

Margulies et al.[61] constructed a computational model to investigate the differences 

between the adult and infant heads. The material properties of the brain were 

considered the same for both the adult and the infant. However, the authors deemed 

the skull properties different enough to require a separate representation. The infant 

had a much softer skull and contained sutures and a fontanelle. Both models underwent 

the same type of impact (1000 N and 5000 N loads). The results showed that the infant 

skull deformed by twice as much when compared to the deformation of the adult skull. 

Hence, the results showed the importance of the softer skull, fontanelle and sutures 

when identifying the injury mechanism within infant heads.  

Although the sutures were not incorporated into the model presented in this thesis, it 

will incorporate the anterior fontanelle and a soft skull. The computational model will 

also examine the importance of the fontanelle on the mechanical indices experienced 

by the brain under a shaking motion.  

 

2.8.5  Couper and Albermani 

Couper and Albermani [119] developed and analysed finite element models of AHT. 

They initially constructed a 2D finite element model, and then applied similar 

modelling techniques to a 3D model [120]. Their main conclusion was that that the CSF 

needs to be modelled as a fluid and not as a soft solid, as had been observed in previous 

studies.  

The model described in this thesis will also represent the CSF as a fluid. 

2.8.6  Morison 

Morison [97] completed a PhD in the area of AHT titled “The Dynamics of Shaken Baby 

Syndrome”. The computational model presented by Morison concentrated mainly on 
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the strains put on the bridging veins under shaking and impact loads. The model 

included the brain, CSF (fluid), tentorium cerebelli and a rigid skull. Nine bridging veins 

were in the model, and they were modelled by using nonlinear spring elements.  

The maximum strain occurred when the skull was at its most backward point and the 

skull was moving in the opposite direction. At this point, the brain rotated backwards 

in relation to the skull and this motion stretches the veins. The simulations showed that 

the bridging veins had a high sensitivity to the frequency of the shake (2 Hz – 5 Hz). It 

was identified that a 4 Hz shake with an angle of ± 60 ° would produce an peak strain 

of 1.26. These values were similar to the values obtained by Roth et al.[117]. Morison 

concluded that the impacts produced more brain stress but shaking can produce more 

bridging vein strain than soft impacts and similar strain to hard impacts. 

As mentioned previously, the model presented in this thesis will be used to investigate 

the strains experienced by the bridging when the infant is shaken. However, these 

strains will be calculated by looking at node on the outer surface of the brain and 

another on the inner surface of the skull. This means that the bridging veins themselves 

will not be modelled. The model described in this thesis will also be different to the 

model presented by Morison et al, as it will contain the optic nerves, and the anterior 

fontanelle. This thesis will also examine shaking modalities that have been obtained 

from a rigid body model presented by Lintern et al [22] and will not use simple harmonic 

motion as the shaking input. In addition this thesis will also incorporate the effect of 

the infant neck bending.  
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Chapter 3. Cuboidal 

Phantom Experiments 

3.1  Introduction 

This chapter outlines the use of simple phantoms to validate the computational 

framework needed to better understand the mechanical indices on an infant brain, 

subject to a shaking motion. The physical phantoms were subjected to simple shaking 

experiments and the pressures within these phantoms were measured. The experiments 

were also simulated computationally and the techniques used to create the simulations 

were validated using the data from the experiments conducted on phantom. These 

experiments were conducted in order to better understand the mechanics of the brain, 

cerebrospinal fluid (CSF), and the fontanelle.  

Three types of cube phantoms were created. The first comprised of an acrylic shell 

(which mimicked the skull) filled with relatively incompressible silicone gel (Sylgard 

527, mimicking the brain). The second phantom included an additional fluid layer 
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between the silicone gel and the outer shell, to represent CSF, and the third phantom 

contained a deformable non-latex dental-dam membrane on the top face of the outer 

shell, to mimic the effect of the fontanelle. The pressure experienced by the gel was 

measured within the gel and on the inner surface of the acrylic shell, using NPP-301 

pressure sensors. Linear and circular-arc motions were imposed on the phantoms with 

the use of a shaking rig actuated by a linear motor (model STA2508S-104-S-S03D, 

Copley Controls).  

An analytical model was developed to predict the pressure difference that arises 

between two points in a constant density fluid, enclosed by a rigid shell, when it is 

shaken in a linear sinusoidal motion. The results from this model were compared to the 

measurements acquired from the first and second phantoms, which contained rigid 

outer shells.  

Computational finite element (FE) models of the three phantoms were then created 

using ANSYS Workbench 16.0 (ANSYS Inc., Canonsburg, PA, U.S.A.). The modelled 

phantoms were subjected to the same motions as the experimental phantoms. The 

pressure distributions predicted by these models were compared to the analytical and 

experimental data to validate the computational techniques used in creating the FE 

models.  

3.2  Phantom Construction 

The material property estimation, design, and construction of the phantoms are 

described in the following sections. A cube phantom was chosen for these experiments 

because from the analytical model showed that the shape of the phantom did not have 

any effect on the pressure generated inside the gel under a shaking motion. Therefore a 

cube phantom was chosen as it was easier to construct within in the budget and time 

restrictions.  
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3.2.1  Material Selection and Testing 

The material properties required to mimic the infant head were determined prior to 

constructing the phantoms. 

The rigid outer shell of the cube, which mimicked the skull, was constructed using 3 mm 

thick acrylic. Acrylic was chosen as it was rigid, and could readily be cut into the 

required shapes. Using a laser cutter (Trotec Speedy 300) the acrylic was cut into 

specific square pieces, which were then joined together using box joints. It was not 

important for the acrylic to have similar mechanical properties to that of a skull as it 

was only used to reproduce the rigidity of the skull and not its fracture properties.  

The CSF was mimicked using a mixture of water and isopropyl alcohol. This approach 

is comparable with work by other researchers who had used water to mimic the CSF 

layer [114], [121]. For the experiments presented in this thesis, alcohol was added to 

ensure that the gel was neutrally buoyant in the fluid. As the gel was less dense than the 

water, the density of the fluid layer was lowered by the addition of isopropyl alcohol. An 

80 % water and 20 % isopropyl alcohol mixture produced a fluid density of 980 kg/m3 

and a viscosity of 3.00 mPa∙s. The addition of the alcohol did increase the viscosity; 

however, this increase was not significant. Table 3-1 shows the properties of the fluid 

that were used to mimic the CSF in the phantoms, and the properties of the CSF in an 

adult human. 

Table 3-1: Material properties of the CSF and the fluid mixture used in the phantoms. 

Material Property CSF Mixture 

Density (kg/m3) 1000 [122], [123] 980.00 [124] 
Viscosity (mPa·s) 0.78 [122], [123] (37 0C) 3.00 [124] (25 0C) 

 

The fluid density was determined by measuring the dry weight of a measuring cylinder 

and then pouring known volumes of the liquid and subsequently recording the weight 

of the measuring cylinder. The results were then plotted and the average density was 

determined. The viscosity of the liquid was obtained from literature, [124]. 
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The elastic material properties of the silicone gel were tested in order to identify a gel 

mixture with properties similar to that of a brain. This was achieved by conducting 

compression tests on Sylgard gel samples of different consistencies. The Sylgard 527 

silicone gel came in two parts (A and B) and the Young’s modulus of the Sylgard was 

changed using different ratios of the A and B constituents. Five different gel 

consistencies were mixed and the Young’s modulus was measured. The five 

consistencies were 1:1, 1:1.5, 1:2, 1:3 and 1:4 ratio mixtures between part A and part B 

(A:B).  

Compression tests were conducted to calculate the Young’s modulus for each gel 

consistency. A mechanical testing device (Instron 5866, with a 100 N load cell) was used 

to test the material properties of these gels. The compression tests were conducted at a 

rate of 0.1 mm/s.  

A 1:1.5 (A:B) ratio Sylgard silicone gel was chosen as it provided elastic properties that 

were the closest to those of an adult brain. The density and the Young’s modulus of an 

adult brain and the Sylgard silicone gel that was used are listed in Table 3-2. 

Table 3-2: Material properties of the brain and the silicone gel used in the phantoms. 

Material Property Brain Silicone Gel 

Density (kg/m3) 1000 [98], [119], [125], [126] 980 
Youngs Modulus (kPa) 27.4 to 28.0 [98], [119], [125], 

[126] 
27.5 

 

3.2.2  Design of Physical Phantoms 

3.2.2.1  Non-Slip Phantom 

The non-slip phantom comprised a gel filled acrylic cube. The purpose of creating this 

phantom was to validate the modelling framework needed to accurately predict the 

pressure generated throughout the gel under a simple shaking motion. The design of 

the outer shell of the non-slip cube phantom as illustrated in Figure 3-1. The acrylic faces 

were joined together using box joints and were made water tight by using 

dichloromethane between the edges of the faces to adhere them together.  
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Figure 3-1: The design of the outer shell of the non-slip phantom. 

A pressure transducer was inserted into the one of the faces of the cube. Further details 

of these transducers are discussed in Section 3.2.3. The gel was mixed at the ratio of 1:1.5 

(A:B) and was injected into the phantom very slowly so that air bubbles were not 

introduced. Afterwards, the phantom was placed inside a vacuum to make sure all the 

bubbles were removed. The phantom was then left for more than 12 hours until the gel 

cured. This created a phantom that contained a 60 mm outer cube shell which was 

completely filled with 54 mm cube gel. 

3.2.2.2  Slip Phantom 

The slip phantom was similar to the non-slip phantom, but contained a 5 mm fluid layer 

between the gel and the rigid plastic outer shell. The purpose of creating this phantom 

was to identify the contact conditions to apply in the model between the gel and the 

water to compute the pressure experienced in the gel. A pressure transducer was cast in 

the centre of the gel, in addition to a pressure transducer inserted into one of the faces 

of the cube (Figure 3-2).  

 

Box joint 

Location of outer 
pressure 
transducer 
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Figure 3-2: Slip phantom with embedded pressure transducer, which can be seen in the middle 
of the gel cube. 

In order to construct the gel cube, a mould was constructed in the same manner as the 

outer shell. The mould was rendered impermeable by sealing all joints with lacquer (nail 

polish). This ensured that the gel would not leak through the edges during the curing 

process and also that the outer shell could be removed after the curing process. During 

the curing process, a pressure transducer was placed into the gel. Once the gel was fully 

cured, the nail polish was cracked using a surgical knife and the acrylic sides were 

removed. This left a cube gel with a pressure transducer embedded inside it.  

The outer shell was constructed in the same manner as the shell for the non-slip 

phantom. The gel cube was placed inside the shell before all the edges were joined using 

dichloromethane. The wires from the embedded pressure transducer passed through a 

small hole in the outer shell, which was sealed using silicone adhesive. Another hole 

was used to fill the phantom with the water:alcohol mixture. Once filled, it was sealed 

with a screw, and covered with sealant tape.  

The assembled phantom was thus a 60 mm rigid cube, which contained a 44 mm gel 

cube surrounded by a 5 mm thick layer of water.  
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3.2.2.3  Fontanelle Phantom 

A third cube phantom was designed to include an elastic membrane on one of its faces 

to mimic the effects of a fontanelle. The purpose for creating this phantom was to 

identify how the membrane might affect the pressure experienced in the gel.  

 

 

Figure 3-3: The fontanelle phantom design, with the dental dam (purple) and the two pressure 
transducers. 

This phantom was constructed in a similar fashion to the “slip” phantom, except that 

the top face contained a soft non-latex dental dam membrane. These experiments were 

designed to investigate the effect a soft deformable membrane had on the pressures 

recorded in the gel.  

The same dental dam (stretched uniformly by 3 mm) has been used previously in the 

bioinstrumentation lab at the Auckland Bioengineering Institute to mimic human skin. 

The same protocol was carried out for the experiments mentioned in this chapter. The 

membrane was stretched to make sure that there was enough tension in the membrane 

so that it did not dip in the centre of the phantom. The same stretch was applied to the 

computational model before the experiment. The material properties of the dental dam 

did not need to be similar to a fontanelle as long as the membrane was deformable 

Dental dam 
(Fontanelle) 

Embedded 
pressure 
transducer 

Outer wall 
pressure 
transducer 
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compared to acrylic shell. This was because these experiments were investigating the 

effect of a deformable membrane on the pressures experienced by the gel.  

Different methods of attaching the dental dam onto the top edge of the acrylic were 

investigated. Acrylic foam tape (3M VHB), epoxy (Selleys Araldite), cyanoacrylate, 

screws and pins were all tested. 3M VHB was selected as it created a waterproof seal 

between the dental dam and the acrylic edge and it also held the tension of the dental 

dam. The 3M VHB was applied to the top edges of the phantom, which was then brought 

into contact with the dental dam that was under uniform stretch of 3 mm in the biaxial 

rig. Once the dental dam and the top edges of the acrylic were firmly bonded together, 

the dental dam (and the phantom) was removed from the biaxial rig. 

The bottom face of this phantom was modified from the previous slip phantom. In the 

slip phantom, the gel was permanently contained in the acrylic cube box. This meant 

that if the silicone gel was to tear (particularly near the point where the wire from the 

internal pressure transducer emerged from the gel), repairs could not be made to the 

gel. Hence the fontanelle phantom included a bottom face that could be opened if 

necessary. This lid was designed using a screw on top with an O-ring so that the face 

and its corresponding edges were also waterproof (Figure 3-4).  

 

Figure 3-4: The bottom surface of the fontanelle phantom. It shows the screws used to attach it 
to the body of the phantom and the O-ring to make the bottom of the phantom waterproof. 
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The assembled phantom was thus a gel cube (60 mm) surrounded by a 5 mm fluid layer 

with a deformable elastic membrane (dental dam, 60 mm × 60 mm dimensions) on the 

top face. It contained a pressure transducer that was embedded into the gel, and another 

on the water-shell boundary. Linear and circular-arc shaking experiments were 

performed using this phantom.  

3.2.3  Instrumentation 

This section describes the pressure sensors and the circuits that were used to amplify 

the signals from the pressure sensors embedded in and mounted on the phantoms. Two 

different pressure-sensing circuits were constructed, one for the pressure sensor that 

was embedded inside the gel, and the other for the pressure sensor located on the front 

face of the phantom, as shown in Figure 3-3.  

The pressure transducer selected for both of these measurements was a piezo-resistive 

full-bridge design, in a surface-mount package (NPP-301, Amphenol Advanced Sensors 

[127]). This transducer was chosen for its small size yet large range. Since the intended 

application for this pressure transducer was to measure gas pressure, the transducer was 

slightly modified to measure the pressure within the gel when the phantom was shaken. 

This modification included the removal of the top cap and the addition of silicone glue 

to the surface of the pressure membrane. In this way, the pressure developed inside the 

gel (or on the inner surface of the outer shell) was brought to bear directly on the 

pressure-sensitive surface of the sensor. The signal from the Wheatstone bridge was 

amplified by an operational amplifier (INA-126, Texas Instruments [128]).  

The pressure transducer for the outer shell was mounted on one side of a double-sided 

circuit board; the amplifier circuitry was on the other side of the board. The circuit 

embedded in the gel contained only the pressure transducer in order to minimise the 

size of the sensor and its effect on the pressure waves in the gel.  

The outputs from these circuits were brought into LabVIEW2011 (National 

Instruments) through a data acquisition unit (USB-6211) and the signals were recorded 

at a rate of 10 kHz. Each signal was filtered by an electronic first-order low pass filter 

(50 Hz cut-off) to reduce high-frequency noise. 
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The pressure transducers required calibration prior to use. These sensors have a linear 

relationship between the voltage output and the pressure change, but the sensitivity 

varies from part to part, and thus needs to be identified. Calibration was performed 

before the transducers were incorporated into the phantoms. Each transducer was 

enclosed in a syringe with the wire exiting the barrel through the tip, which was made 

air-tight using a Tuohy Borst valve. The plunger was depressed to create a volume 

change (and hence a pressure change) and the voltage difference was measured. This 

gave the sensitivity value (in V/Pa) needed to calibrate the sensor output.  

This validation method assumed that the plastic syringe would not increase in volume 

due to the pressure change and also used the assumptions of the ideal gas law. In 

addition, the temperature increase due to the increase in pressure was assumed to be 

negligible. After the shaking experiments were conducted, this assumption was 

validated by comparing the pressures recorded from the transducers to a professionally 

calibrated pressure sensor.  

Once the sensors were calibrated, they were embedded into the phantoms. One 

transducer was embedded into the gel using the process explained in Section 3.2.2.2. 

The outer transducer was placed by removing a small section of the acrylic at the centre 

of the face and then inserting the sensor with its pressure sensing face directed inwards. 

The circuit was then rigidly attached to the outer surface of the phantom using epoxy 

adhesive.  

3.3  Shaking Rig 

The physical phantoms described were subjected to shaking experiments so that the 

behaviour of the gel could be analysed, and compared to FE model predictions. Two 

types shaking modalities were considered: linear and circular-arc.  

The shaking experiments were designed to be repeatable, and aspects of the shake, such 

as the frequency and the amplitude, needed to be controllable. These requirements were 

achieved by using a linear motor (STA2508S-104-S, Copley Controls [129]) to perform 
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the shake. This motor was controlled using LabVIEW to provide oscillatory motion at 

an amplitude of up to 104 mm.  

A linear shaking rig was constructed by creating a base plate that was attached to the 

end of the linear motor. The base plate contained four circular acrylic legs, which 

reduced the friction that the motor would have to move against. 

The circular shaking rig was constructed using a two point pivot system as shown in 

Figure 3-5. This system contained a stationary pivot and a moving pivot. The blue lines 

represent the initial starting position. The red lines show how the arms and the pivots 

move when the motor moves by amount x to the right. Using this diagram, the following 

equation can be derived to identify the arc of the shake, which was used as a boundary 

condition in the computational model. The variables used are such that x was the 

distance the motor has moved, a was the length of the arm A, b was the length of the 

arm B, c was the length of the vector C between the stationary pivot and the position 

the motor has moved to, 𝜃1 was the angle between C and B (after the motor had moved), 

𝜃2 was the angle between C and B (before the motor had moved), and 𝜃 is the angle that 

upper arm had moved. These geometric definitions are illustrated in Figure 3-5. 

From setup described above and shown in Figure 3-5, the angle of rotation of the 

phantom when the motor moved in a linear fashion could be calculated. Equation (3-1) 

was derived from Pythagoras' theorem. Equation (3-2), Equation (3-3) and Equation 

(3-4) were obtained from trigonometric identities where Equation (3-3) was derived 

from the cosine rule. 

 𝑐 =  √(𝑎 − 𝑥)2 + 𝑏2 (3-1) 

𝛳2 =  tan−1 (
𝑎 − 𝑥

𝑏
)  

(3-2) 

                𝛳1 =  cos−1 (
(𝑏2 +  𝑐2 −  𝑎2)

2𝑐𝑏
) 

(3-3) 

𝛳 =  𝛳1 −  𝛳2              
(3-4) 
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Equation (3-2) - (3-4) were used to determine the circular motion that was produced 

for a given linear shake. The angle that was produced for a certain strokes was validated 

using a SolidWorks model that was designed before this rig was constructed, see Figure 

3-6.  

 

Figure 3-5: Geometric diagram of the shaking rig where x is the distance the motor has moved, 
a is the length of the arm A, b is the length of the arm B, c is the length between the stationary 

pivot and the position the motor has moved to, 𝜽𝟏 is the angle between c and b (after the motor 
has moved), 𝜽𝟐 is the angle between c and b (before the motor has moved), and 𝜽 is the angle 

that upper arm has moved. 

 

Figure 3-6: Final linear and circular shaking rig.  
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3.4  Experiments 

This section describes the two types of shaking experiment that were carried out.  

3.4.1  Linear Shaking 

A linear shake involved moving the phantom back and forth in a sinusoidal manner. 

The amplitude and frequency of the shake was changed incrementally. The amplitude 

ranged from 10 mm to 40 mm in 10 mm increments, and the frequency ranged from 

2 Hz to 6 Hz in 1 Hz increments. This gave an adequate range of frequencies and 

amplitudes to determine their effects on the pressure profile generated in the gel. 

Each experiment involved a three second stationary period before the shake, then a five 

second shake and finally another three second stationary period where the phantom 

was not shaken. The duration of each shake was considered to be sufficiently long 

enough for the pressure wave in the gel to reach a steady state. Each experiment was 

conducted five times.  

3.4.2  Circular Arc Shaking 

A circular arc shake involved rotating the phantom along a circular arc, first with a 

radius of 50 mm and then with a radius of 65 mm, by prescribing a sinusoidal input into 

the linear motor. For these experiments, the amplitude of the linear motor motion 

varied 10 mm to 40 mm and the frequency varied from 2 Hz to 5 Hz. This amplitude 

range created an angular range of 8.9 ° to 47 °.  

The stationary and motion periods for these experiments were the same as for the linear 

shake and the experiments were conducted five times. 

3.5  Analytical Model 

An analytical model was developed to provide a solution for the pressure distribution 

that would arise when a body of fluid (gel), enclosed within a rigid container, was 
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shaken in a linear sinusoidal fashion. This section outlines the derivation of the 

analytical solution. 

Newton’s second law (3-5), and the pressure equation (3-6), can be combined to give 

equation (3-7),  

𝐹 = 𝑚𝑎 (3-5) 

 

𝑃 =  
𝐹

𝐴
 

(3-6) 

 

𝑃 =
𝑚𝑎

𝐴
 (3-7) 

 

where m is the mass, a is the acceleration and A is the cross-sectional area of the gel. 

The definition of the density equation (3-8) can be substituted into equation (3-7) giving 

equation (3-9), 

𝜌 =  
𝑚

𝑉
 (3-8) 

 

𝑃 =  
𝜌𝑉𝑎

𝐴
=  𝜌𝑑𝑎 

(3-9) 

 

where 𝜌 is the density of the gel and d is the distance from where the pressure is 

referenced. Since the phantom was shaken in a sinusoidal fashion, its displacement, x, 

can be represented using equation (3-10),  

 

𝑥 = 𝑋𝑠𝑖𝑛(𝜔𝑡) (3-10) 
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where ω = 2𝜋𝑓, f is the frequency and 𝑋 is the amplitude of the shake. From this the 

acceleration can be derived as 

𝑎 =  −𝑋(2𝜋𝑓)2 sin(2𝜋𝑓𝑡) (3-11) 

Substituting Equation (3-11) into Equation (3-9) gives the transient pressure changes 

between two points in the gel of the phantom when it is shaken in a linear sinusoidal 

manner. One of the points is the reference point, which is located on the centre face 

normal to the direction of the shake and the other point can be located anywhere in the 

gel separated (in the direction of the shake) by a distance d. The maximum pressures 

for a given frequency and amplitude can be written as 

𝑃 =  𝜌𝑑𝑋(2𝜋𝑓)2 (3-12) 

Equation (3-12) shows that the pressure difference between two points in the gel has a 

square relationship with the frequency and a linear relationship with the amplitude of 

the shake.  

3.6  Computational Model 

Computational FE models of the phantoms and the shaking experiments were created 

using ANSYS Workbench 16.0. This programme was chosen as it was a commercially 

available FE solver that was readily accessible, had the ability to solve transient 

problems, and had been used previously in literature to perform similar simulations 

[113], [114], [130]. The experiments conducted on the phantoms provided the ability to 

validate the computational techniques that would be used for FE modelling of the infant 

head. 

3.6.1  FE Model Construction 

Computational models of all three physical phantoms were constructed using transient 

structural analysis. Transient analysis involves finding the time-varying response of a 

system to static or time-varying loads. Such analyses are useful for determining time-

varying displacements, strains, stresses, and forces in a structure as it responds to any 

transient loads. These analyses were solved using the ANSYS Mechanical APDL solver. 
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3.6.1.1  Model Geometry 

The first step in creating an FE model in ANSYS was to create the geometry of the system 

that was being modelled. The geometries of the phantoms were constructed using 

SolidWorks (Dassault Systèmes SolidWorks Corp). The computational model geometry 

was designed to be identical to the physical phantoms, in size and shape. The 

dimensions are described above in Section 3.2.2.  

3.6.1.2  Material Properties 

Once the geometry was incorporated into ANSYS, material properties were assigned to 

each component of the model. The material properties used for these simulations can 

be seen in Table 3-3. The gel, outer acrylic shell and fluid mixture were modelled as 

elastic solids. The young’s modulus of the fluid was estimated to be a low value. 

However from the analytical model that is described in section 3.5, it was seen that the 

youngs modulus did not have any impact on the pressure profile at all. Hence this values 

can be considered to be irrelevant. The dental dam, which mimicked the fontanelle, was 

modelled as an incompressible neo-Hookean material, as this relationship is suitable 

for describing the stress-strain behaviour of linear, isotropic, hyperelastic materials 

undergoing large deformations, as is the case for the rubber dam.  

Table 3-3: Material properties used in the simulations. 

Part Material Property 

Sylgard 527 gel E = 27.5 kPa, μ = 0.49 
Acrylic shell E = 1.4e6 kPa, μ = 0.22 [114], [131] 
Water E = 5 kPa, μ = 0.499 [114] 
Dental Dam C1 = 100 kPa  [114] 

 

3.6.1.3  Meshing 

Due to the geometry of the phantoms, hexahedral elements were used to mesh the 

geometries. The number of elements and nodes used for each model is listed in Table 

3-4. 
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Table 3-4: Number of nodes in each phantom model. 

Phantom Number of Elements Number of nodes 

Non-slip phantom 3289 10412  
Slip phantom 3425 17829  
Fontanelle phantom 6125 25432  

 

A mesh convergence analysis was conducted on these FE models of the phantoms. The 

results from this mesh convergence study are presented in Appendix A.  

3.6.1.4  Boundary and Contact Conditions 

The displacement of the motor during the linear experiments on the physical phantoms 

was recorded and used as a displacement input condition in the FE model. These 

displacement boundary conditions were placed on the nodes of the bottom face of the 

acrylic outer shell.  

For the circular-arc shake experiments the linear motions of the motor was again 

recorded and the rotational motion was derived from equations (3-1) - (3-4). The 

boundary condition was once again applied to the nodes on the bottom face of the 

acrylic shell.  

The fontanelle FE model required an additional boundary condition. The computational 

model was solved in two steps. The first step stretched the dental dam membrane as it 

was done in the biaxial rig (Section 3.2.2.3). Once stretched, the nodes of the membrane 

that were in contact with the top acrylic edge of the phantom were linked together using 

a bonded contact condition, prior to applying the displacement boundary conditions.  

Additional contact conditions were needed between the separate components of the 

phantoms. For the non-slip phantom, a bonded contact condition was applied between 

the gel and the acrylic shell. In the slip phantom, a frictionless boundary condition was 

applied between the gel and the water, and between the water and the acrylic shell. The 

fontanelle phantom was set up using similar frictionless boundary conditions between 

the water, gel and acrylic shell.  

 Other settings selected for the simulation are shown in Table 3-5. 
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Table 3-5: ANSYS Structural model settings. 

ANSYS Variable Option Selected 

Length of simulation 5 s 
Number of time steps Automatic 
Time integration On 
Large Deflections On 
Solver Type Iterative 
Force Convergence 1e-5 N 

 

3.7  Comparison of Model and Experimental Results 

3.7.1  Linear Shaking Experiments 

Figure 3-7, Figure 3-8 and Figure 3-9 show the pressure amplitudes that were calculated 

from the analytical solution, the predicted pressures from the FE model, and the 

measurements recorded from the phantom experiments. The analytical solution was 

not available for the fontanelle model. The error bars in the plots show the standard 

errors associated with the experimental results. Some of the error bars are not easily 

visible as the error bars were smaller than the diameter of the markers. All the plots 

below show the maximum pressure calculated or measured at the location of the 

pressure transducer at the outer face of the acrylic shell. The pressures recorded from 

the embedded sensor had very similar results, and can be seen in Appendix B. 

Before the comparisons were made between the measured pressures and the predicted 

pressures the data were fitted to a sinusoidal curve. A sinusoidal fit was chosen as the 

analytical model predicted that the pressure wave through time would follow a 

sinusoidal waveform. When comparing the experimental data and the predicted FE 

model, only the amplitudes of the pressure wave were compared. This was done to 

eliminate any errors associated with a phase difference between the experiment and the 

FE model. When comparing the analytical predictions with the FE predictions all the 

data points through time were used. 
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The experimental error of the measured data was quantified by taking the RMS error 

between the fitted and the measured data. This experimental error was determined to 

range between 35 Pa and 40 Pa for all the experiments. 

Figure 3-7, Figure 3-8, Figure 3-9 show that the pressure amplitude is proportional to 

the square of the frequency of the shake. The pressure also increased linearly as the 

amplitude of the shake was increased from 10 mm to 40 mm. The pressures measured 

in the fontanelle phantom were consistently smaller than the pressures measured in the 

non-slip and slip phantoms. 

 

Figure 3-7: Analytical solution, FE solution and the experimental measurements for the non-
slip phantom for shakes with amplitudes ranging from 10 mm to 40 mm. 
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Figure 3-8: Analytical solution, FE solution and the experimental measurements for the slip 
phantom for shakes with amplitudes ranging from 10 mm to 40 mm. 

 

Figure 3-9: FE solution and the experimental measurements for the fontanelle phantom for 
shakes with amplitudes ranging from 10 mm to 40 mm. 
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On initial visual inspection, the pressure in the gel and the frequency of the shake for 

the fontanelle phantom also appeared to have a square relationship. To examine this 

relationship, a quadratic function was fitted to data sets (both the experimental and FE 

data), where the function was forced to intercept at the origin. The R2 value between 

these fitted curve and the data sets are listed in Table 3-6. The R2 values indicate that 

there was indeed a square relationship between the pressure and the frequency of the 

shake.  

Table 3-6: The R2 values between a quadratic function fitted to the data points shown in Figure 
3-9, which are from the linear fontanelle experiments. 

 

 

 

 

3.7.2  Circular Arc Shaking Experiments 

Circular arc experiments were conducted on the slip and fontanelle phantoms. The 

results and corresponding FE model predictions are shown in Figure 3-10 and Figure 

3-11. These figures show the maximum pressures measured from the pressure transducer 

located on the face of the physical phantom, and the maximum pressure values 

calculated by the FE model at the same location. The pressure from the embedded 

transducer (presented in Appendix C) returned similar patterns.  

Figure 3-10 and Figure 3-11 show the relationship between the pressure and the 

frequency of the shake with a circular shaking modality. The pressures also increased 

when the amplitude of the shake was increased from 10 mm to 40 mm. Once again as 

with the linear shakes the pressures arising in the fontanelle phantom were seen to be 

smaller than the pressures measured in the non-slip and slip phantoms.  

  Amplitude(mm)     
Type 

10 20 30 40 

Experimental 0.9976 0.9989 0.9997 0.9999 
FE model 0.9967 0.9902 0.9928 0.9972 
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Figure 3-10: FE solution and the experimental measurements for the slip phantom undergoing 
an arc shake with amplitudes ranging from 10 mm - 40 mm. 

 

Figure 3-11: FE solution and the experimental measurements for the fontanelle phantom 
undergoing an arc shake with amplitudes ranging from 10 mm - 40 mm. 
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To examine the relationship between the pressure and the frequency of the shake, a 

quadratic function was fitted to the data sets (both the experimental and FE data), 

where the function was forced to intercept at the origin. The R2 value between the fitted 

curve and the data points are listed in Table 3-7 and Table 3-8. The R2 values indicate 

that there was indeed a square relationship between the pressure and the frequency of 

the shake for both the slip and fontanelle phantoms.  

Table 3-7: The R2 values between a quadratic function fitted to the data points shown in Figure 
3-10, which are from the arc slip phantom experiments. 

 

 

 

 

Table 3-8: The R2 values between a quadratic function fitted to the data points shown in Figure 
3-11, which are from the arc fontanelle phantom experiments. 

 

 

 

 

The effect of the membrane on the pressures in the gel was investigated by comparing 

the pressure values between the slip and fontanelle experiments. A comparison between 

these two phantoms for a 30 mm shake is given in Figure 3-12. This plot shows that the 

fontanelle phantom experienced much smaller pressures than the slip phantom. 

      Amplitude(mm)  
Type 

10 20 30 40 

Experimental 0.9986 0.9984 0.9942 0.9942 
FE model 0.9989 0.9959 0.9977 0.9977 

      Amplitude(mm)  
Type 

10 20 30 40 

Experimental 0.9937 0.9977 0.9907 0.9902 
FE model 0.9823 0.9973 0.9919 0.9989 
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Figure 3-12: Pressures measured for the slip and fontanelle phantoms undergoing a 30 mm 
circular arc shake. 

RMS errors between the pressures predicted by the FE and analytical model and the 

pressures measured during the experiments are shown in Table 3-9. The pressures 

predicted at every node of the FE models of the non-slip and slip phantoms were 

compared to the predictions of the analytical model throughout the whole linear shake. 

For the experiments where the analytical model could not be used, the pressured 

predicted by the computational model was compared to the pressures measured from 

the phantom experiments at both transducer locations. The results presented in Table 

3-9 was from a 30 mm 3 Hz shake. All other sets of experiments had similar RMS errors.  

When calculating the RMS error between the analytical model and the FE model for the 

linear slip and non-slip experiments, it must be noted that the edge nodes of the gel in 

the FE model were not included. The reason for performing the analysis in this manner 

is detailed in the discussion (Section 3.8).  
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Table 3-9: The RMS error between the predicted FE model data and the analytical predictions 
for the linear non-slip and slip experiments. The RMS error between the predicted FE model 
data and the measured phantom data for the other experiments. 

Phantom type Shaking Motion Comparison made against RMS error 
(Pa) 

Non-slip Linear Analytical 0.18 
Slip  Linear Analytical 0.23 
Fontanelle  Linear Experimental 33.10 
Slip  Circular Experimental 34.65 
Fontanelle  Circular Experimental 33.23 

3.8  Discussion 

The purpose of performing these phantom experiments was to develop and validate the 

computational framework that was required to model the pressure experienced by the 

gel under a shaking motion. It also enabled to better understand the mechanics of the 

brain, cerebrospinal fluid (CSF), and the fontanelle of an infant under a shaking motion. 

Each phantom looked at a different aspect of the infant head; initially the non-slip 

phantom was investigated, then the slip phantom, and finally the fontanelle phantom.  

The non-slip phantom created was a rigid acrylic cube that was filled with gel. Analytical 

and FE models were created to provide the predictions of the pressures in the gel of this 

phantom. The purpose of this phantom was to validate a modelling framework that was 

able to accurately predict the pressure generated throughout the gel under a simple 

shaking motion. Figure 3-7 shows a good match between the analytical model, 

experimental measurements and the FE model in terms of the maximum pressure 

calculated or measured at the location of the pressure transducer on the outer face of 

the acrylic shell. The FE model had an RMS error between 30 Pa and 35 Pa when 

comparing the predicted pressure, to the experimental pressures throughout the whole 

shake for all the amplitudes and frequencies. This error is below the RMS noise (a 

measure of the uncertainty) of the measured signal (35 Pa to 40 Pa). From the analytical 

model, the pressure of the gel under a sinusoidal shake had a squared relationship with 

the frequency and a linear relationship with the amplitude of the shake. The 

experimental results and the FE model results also demonstrate similar relationships. 
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A pressure gradient was predicted (using the analytical model) to occur through the 

whole gel when the phantom was shaken. To check if this also occurs in the 

computational FE model, it was compared to the analytical model. A RMS error of 

0.18 Pa was calculated when this comparison was made for a 30 mm, 3 Hz shake, as 

shown in Table 3-9. This calculation however did not include the pressures predicted 

by the edge nodes of the gel in the FE model. This was due to the initial comparison 

between the FE model and the analytical model producing an RMS error of 8.31 Pa for 

a 30 mm, 3 Hz shake. Upon closer inspection of the computational model it was 

identified that the edges of the gel had penetrated the shell, which lead to large pressure 

predictions at the edges of the gel that were in contact with the outer shell. This 

penetration occurred due to numerical errors because to the geometry of the phantom, 

where the penetration was about 1 pm. It was these high pressure values that gave rise 

to the large RMS error. The analysis was repeated without taking into consideration the 

edge nodes, and the RMS error ranged from 0.11 Pa to 0.21 Pa when all the experiments 

at different amplitudes and different frequencies were compared.  

The purpose of performing the slip phantom experiments was to validate a modelling 

framework that was able to accurately predict the pressure generated throughout the 

gel surrounded by a fluid layer, with both enclosed inside a rigid outer shell. For these 

computational models, the contact condition between the water and the gel did not 

influence the predictions as the gel did not move in relation to the outer shell, since the 

densities of the fluid and the gel were equal. The suitability of the contact conditions 

used in this model was validated for a linear shaking motion from the results shown in 

Figure 3-8, and for a circular arc shaking motion from the results in Figure 3-10. The 

pressures generated from the arc shakes had square relationship with the frequency of 

the shake, as evident from the results in Table 3-6. The RMS errors between the 

pressures predicted by the FE models and the pressures measured in the physical 

phantoms ranged from 28 Pa to 34 Pa for the linear shakes, and from 27 Pa to 33 Pa for 

the circular shakes. These RMS error values were for all the amplitudes and the 

frequencies of the shake and were below the uncertainty of the measured pressures. For 

the linear shake, the pressure in the gel at any location and time during the shake can 

be predicted using the analytical model. When this comparison between the analytical 
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model and the FE model was performed for all locations throughout the whole shake, 

the RMS error was 0.23 Pa for a 30 mm, 3 Hz shake as shown in Table 3-9. The RMS 

errors ranged from 0.16 Pa to 0.28 Pa when all the model predictions at different 

amplitudes and different frequencies were compared with the analytical model. 

The final phantom included a dental dam that covered the whole top surface, to mimic 

the effect of the fontanelle of an infant. The purpose of this phantom was to identify 

how the dental dam would affect the pressure experienced in the gel. An analytical 

solution for the pressure was not available for this phantom as it was unclear how the 

dental dam would behave in these experiments. A frictionless condition was used to 

model the contact between the dental dam and the fluid layer. This contact condition 

was validated from the results shown in Figure 3-9 and Figure 3-11. The FE model had 

RMS errors ranging from 26 Pa to 35 Pa when compared to the pressures measured in 

the physical phantoms for the linear shakes. These RMS error values were calculated for 

all the amplitudes and the frequencies of the shakes and were once again below the 

uncertainty of the measured signal. For the circular arc shakes, the RMS errors ranged 

from 33 Pa to 74 Pa, and some of these comparative values were not within the 

experimental error. It was the high frequency shakes that produced the higher RMS 

errors. However, when the relative errors were calculated for these experiments they 

were typically around 1 % and none were greater than 10 %. These results gave 

confidence in the computational techniques used in these simulations.  

As illustrated in Figure 3-12, the pressures in the fontanelle phantom were less than 

those in the slip phantom. This was due to the pressure in the fluid causing the dental 

dam to distend, and hence lowering the pressure recorded at the transducers during the 

shake. The surface motion of the dental dam could not be tracked. However, the only 

difference between the two experiments was the addition of the dental dam (by 

removing the rigid lid on the top surface of the enclosed box), so the pressure loss was 

deduced to have occurred because of the deformation of the dental dam. This result 

indicates that the final FE model of an infant’s head requires the addition of the 

fontanelle, as the dental dam had non-negligible effects on the pressures experienced 

in the gel. This issue is further investigated in Chapter 6. 
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In consideration of the results from the linear and circular experiments for either the 

slip or the fontanelle experiments, (Figure 3-8, Figure 3-9, Figure 3-10 and Figure 3-11), 

it is evident that the pressures were greater during the circular arc shakes compared to 

the linear shakes. This difference was because the phantom was subject to a higher 

acceleration during the circular arc shakes due to the additional angular rotation.  

The plots shown in this chapter were results obtained from the pressure transducer that 

was located on the outer acrylic shell of all the phantoms. The results from the 

transducer at the centre of the gel were not shown in this chapter. This was because the 

results and the trends shown were similar at the two locations. The pressures obtained 

from the embedded transducer were smaller in value as it was much closer to the centre 

of the phantom. These results can be seen in Appendix B and Appendix C. 

The purpose of the experiments reported in this chapter was to find if an uncomplicated 

and accurate FE model of an infant’s head undergoing shaking modalities could be 

constructed. These experiments confirmed that this could be done. Chapter 4 will 

investigate how the relative motion between the brain and the skull under a shaking 

input was implemented into the FE model. This is an important aspect to consider in 

this study as it is this relative motion between the brain and the skull that leads to so 

many of the injuries seen in AHT.  
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Chapter 4:  Cylindrical 

Phantom Experiments 

4.1  Introduction 

Chapter 3 outlined the validation of computational techniques required to accurately 

model a simple cube phantom undergoing linear and circular arc motions. In Chapter 

3, the motion of the gel (representing the brain) in relation to the acrylic box 

(representing the skull) was not investigated. But this aspect is important to consider, 

as the relative motion between the brain and the skull could lead to the subdural 

haematomas sometimes observed in AHT. To investigate how this motion could be 

incorporated into an FE model, another set of experiments were performed on 

phantoms. Two cylindrical phantoms were developed, using gel to mimic the brain, 

acrylic to mimic the skull, and a water alcohol mixture to mimic the CSF. The first 

phantom was ‘non-slip’ with the gel bonded to the outer shell. The second was a ‘slip’ 

phantom, with a fluid layer between the gel and the surrounding casing. 
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Low-acceleration experiments were conducted on each phantom, in which the 3D 

deformation of the gel was measured using a MRI tagging sequence [23], [24]. These 

experiments were conducted by Dr Andy Knutsen at the Image Processing Core, Center 

for Neuroscience and Regenerative Medicine, Bethesda, MD, USA. In addition, 

high-acceleration experiments (600 rad∙s-2) were conducted on the slip phantom. A rig 

was constructed to rotate the slip phantom at high acceleration rates, and to capture 

the deformation of the free end of the gel by tracking fluorescent markers placed on its 

surface. The low acceleration experiments were conducted initially to make sure that 

the FE model was able to predict the displacements of the gel accurately. The predictive 

capabilities of the FE model were then tested against the high accelerations 

experiments. 

FE models of the phantoms were created using ANSYS Workbench 16.0; the measured 

experimental deformations were used to validate these models. The non-slip phantom 

was modelled using a transient structural formulation in ANSYS. Due to the additional 

fluid layer in the slip phantom, a fluid structure interaction (FSI) analysis was performed 

by coupling ANSYS Mechanical with ANSYS Fluent to model the motion of the gel with 

respect to the acrylic shell. 

The phantom experiments and the FE models constructed were used to validate the 

techniques later used to model the deformation of an adult brain under rotational 

motions, as presented in Chapter 5. These techniques were then used in the infant head 

model which was used to determine certain mechanical indices on the infant head 

under a shaking motion.  

4.2  Construction of the Phantoms 

In order to investigate how to model the possible mechanical interactions between the 

brain and the skull, two phantoms were created. Firstly, the non-slip phantom consisted 

of an acrylic cylinder fully filled with silicone gel open at one end as illustrated in Figure 

1-1 (left). Secondly, the slip phantom consisted of a fully closed acrylic cylinder, 

enclosing a gel cylinder attached to one end, with a fluid layer between the gel and the 
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acrylic, as illustrated in Figure 4-1 (right). The designs of the phantoms are described in 

the following sections. 

 

Figure 4-1: Schematic representation of the non-slip phantom (left) and the slip phantom 
(right). Grey represents acrylic shell, yellow the gel, and blue the fluid.  

4.2.1  Designs 

4.2.1.1  Non-Slip Phantom 

The non-slip phantom was constructed at the Center for Neuroscience and Regenerative 

Medicine [23], [24]. The phantom was a cylindrical design, with its rigid outer acrylic 

cylinder fully-filled with gel as shown in Figure 4-1. The inner radius of the cylinder was 

56 mm and the inner length of the cylinder was 180 mm. The gel used in this phantom 

was gelatine (Know, Camden, NJ, USA). 

4.2.1.2  Slip Phantom 

The purpose in constructing this phantom was to investigate the gel motion in relation 

to rotational motion of the outer acrylic shell. If this behaviour could be modelled 

accurately, then these computational techniques could justifiably be used in the human 

head models to predict the motion of the brain under a rotational shaking motion. 
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Based on the constraints of the rotating rig given by the Image Processing Core, the 

phantom was limited to a maximum length of 215 mm, restricting the gel to a length of 

175 mm. The radius was chosen as 35 mm because this resulted in a fluid layer of 

2.5 mm, which was similar to the depth of the CSF in humans. 

Since the phantom was designed for use in rotational experiments within an MRI. MRI-

compatible materials were used in its construction. The outer shell was constructed 

from acrylic and all screws were nylon. Figure 4-2 below shows all the components 

required to construct this phantom. 

The gel cylinder was constructed from Sylgard 527 gel with a ratio of 1:1.5 (A:B). The 

non-slip phantom was constructed with gelatine gel. Two different gels were used 

between the slip and the non-slip phantoms, because when the slip phantom was 

constructed the gelatine gel used in the non-slip phantom was not available in New 

Zealand.   The gel was cured in a mould fabricated from a PVC pipe of appropriate 

dimensions. To allow the mould to be removed from the cured gel, the pipe was pre-cut 

into four sections which were held together with clamps. A plate was attached to the 

bottom of the mould so that gel mixture could be poured into the mould and cure over 

the plate. To ensure a rigid bond between the gel and baseplate a disc of thick art paper 

was bonded to the baseplate with epoxy adhesive (Araldite, Selleys, Sydney, New South 

Wales, Australia). While it was curing the gel was partially absorbed into the art paper 

and thus formed a rigid bond with the cylinder plate. To prevent the fluid from being 

absorbed into the art paper, the exposed edge of the paper was sealed with silicone 

adhesive. The moulded gel cylinder attached to the baseplate is shown in Figure 4-3.  
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Figure 4-2: All the components required to put together the slip cylindrical phantom. Left: The 
mould for the gel cylinder (PVC pipe). Right: The outer acrylic tube with the two end plates. 

 

Figure 4-3: The gel cylinder attached to the baseplate. 
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To prevent gravitational bending of the silicone gel cylinder when immersed in the fluid, 

the density of the fluid was matched with that of the gel to provide neutral buoyancy. 

This was enabled by the use of a mixture of 20 % isopropyl alcohol and 80 % water. This 

mixture resulted in a fluid with a density of 980 kg.m-3 (matching that of the gel) and a 

viscosity of 3 mPa∙s. The fluid density was determined by measuring the dry weight of a 

measuring cylinder and then pouring known volumes of the liquid and subsequently 

recording the weight of the measuring cylinder. The results were then plotted and the 

average density was determined. The viscosity of the liquid was obtained from 

literature, [124]. 

A top plate was attached to the cylinder and sealed with a rubber O-ring to create a 

water tight seal. The phantom was filled through a threaded hole in the top plate and 

sealed with a screw, which was made watertight using thread tape.  

The overall dimensions of the phantom were 215 mm in height and 100 mm in diameter. 

The gel was 175 mm in length and 70 mm in diameter, leaving a 2.5 mm fluid gap 

between the gel and the acrylic shell. 

4.3  Experimental Setup and Protocols 

Two sets of experiments were conducted to measure the displacement of the gel under 

rotational motion. The low acceleration experiments captured the deformation of the 

entire gel using tagged MRI. The high acceleration experiments measured the 

deformation of only the free end of the gel using a high speed camera and fluorescent 

markers. 

The coordinate system used to measure the data for all the experiments are shown in  

with respect to the slip phantom. The z-axis was the main axis of the phantom. The free 

end and the base of the gel are also shown.  
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Figure 4-4: The coordinate system used in the rest of the chapter. The z axis is the main axis of 
the cylindrical phantom. The free end and the base of the phantom are also marked. 

4.3.1  Low Acceleration Experiments 

4.3.1.1  Non-Slip Phantom 

The non-slip phantom experiments were conducted at the Center for Neuroscience and 

Regenerative Medicine. A brief summary of the imaging protocol employed is described 

below; more information can be obtained from [23]. 

The phantom was fastened onto a mechanical rotation device, as shown in Figure 4-5. 

A latch was released allowing the phantom to be accelerated by an off axis weight until 

a mechanical stop was reached after approximately 30 ° of rotation. This technique 

provided repeatable accelerations of approximately 260 rad∙s-2, which occurred when 

the phantom came to a controlled stop. The imaging and the rotation were 

synchronised using a fibre optic sensor, where onset of MR imaging was triggered once 

the phantom had rotated through 29 °. 
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Figure 4-5: The rotating rig used for the non-slip phantom experiments. 

A fast gradient-echo MR imaging sequence (FLASH2D) was used to collect tagged 

images of the gel in a 1.5 T MR scanner (Sonata, Siemens, Munich, Germany). The 

phantom was rotated 144 times to measure the total deformation of the gel, which was 

derived using harmonic phase (HARP) analysis [132]. This experimental design yielded 

displacement data for 15 cross-sectional slices along the gel cylinder. Starting at the free 

end, each slice was 4 mm apart from one another.  

The experimental error was determined by conducting multiple rotational experiments 

while measuring displacements throughout the gel over time. The standard deviation 

of these results showed an experimental precision error (uncertainty) of 1.5 mm. This 

value will be used when comparing measured displacements with predicted 

displacements from the computational model. This experimental error was consistent 

for the slip phantom and for the adult head experiments described in Chapter 5. The 

bias error (accuracy) was not determined from these experiments. However very low 

bias errors have been shown to occur for a similar MR imaging technique [133]. 

The rotational accelerations experienced by the phantom were measured using a 

uniaxial accelerometer (PCB Model 336C04, PCB Piezotronics, Depew NY, USA range 

5000 m∙s-2). This was mounted to the rotating holder and aligned with the direction of 

motion at a radius of 104 mm from the axis of rotation. As shown in Figure 4-6, the 

displacement of the gel was measured just before impact (the first red line) and then at 
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18 time steps in 12 ms intervals (the second red line). The first peak shows when the 

phantom came to a compliant stop. There is evidence of a rebound as indicated by the 

decaying ripple following the first peak.  

 

Figure 4-6: The rotational displacement of the non-slip phantom. The first (left) red line 
indicates the onset of image acquisition and the second (right) red line shows the end of the 

data acquisition. 

4.3.1.2  Slip Phantom 

Dr Andy Knusten from the Center for Neuroscience and Regenerative Medicine 

conducted the experiments on the slip phantoms using a similar protocol to that for the 

non-slip phantom experiments as described in section 4.3.1.1, with improvements to the 

acquisition methods [134], as summarised below.  

Tagged MR images were acquired using a novel approach combining a modified MRI 

tag pulse sequence with the MRI-compatible angular position sensor. The image 

acquisition sequence was triggered by a fibre optic switch that sensed when motion was 

initiated. Tag lines were applied upon the activation of a second trigger, which sensed 

the point at which the shaft of the device had rotated through 29 °. The acquisition 

parameters are listed in Table 4-1. 
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To capture the full deformation throughout the entire gel during the rotation, the 

phantom was rotated 120 times. Image displacements were computed using harmonic 

phase (HARP) analysis [132]. The displacements for all three axes for 80 slices 

throughout the gel cylinder were obtained. Starting at the free end of the gel, each slice 

was 8 mm apart from one another. The displacements were measured just before impact 

and then for 12 additional time steps in 18 ms intervals as indicated in Figure 4-7. These 

parameters were validated against known displacements, [134]. 

Table 4-1: Acquisition parameters used for the slip phantom. 

Parameter Value 

Field of view  240 mm x 240 mm 
Slice thickness  8 mm 
Tag spacing  6 mm 
Voxel Size  2 mm x 2 mm x 2 mm (x,y,z) 
Number of slices 80 
Time steps 13 
Time resolution  18 ms 

 

 

Figure 4-7: The rotational displacement of the slip phantom. The first (left) red line indicates 
the onset of the image acquisition and the second (right) red line shows the end of the data 

acquisition. 
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4.3.2  High Acceleration Experiments 

4.3.2.1  Slip Phantom 

High acceleration rotational experiments were conducted on the slip phantom to 

determine if the computational model could predict the deformation of the gel under 

accelerations closer to those that occur during AHT. Higher acceleration experiments 

could not be conducted in the MRI due to insufficient time resolution in the image 

acquisition (the images were captured at a frequency of 55.6 Hz). However, with the 

high speed camera recording the free end of the gel the images were recorded at a 

frequency of 120 Hz which was enough to capture the deformation of the gel under 

these high accelerations. 

A rotation rig was designed and constructed for these experiments using acrylic. A 

stepper motor, (Compumotor ZETA57-51-MO, Parker Hannifin Corporation, Rohnert 

Park, CA, USA) was used to rotate the phantom coupled to the motor shaft. A 

mechanical stop, consisting of an acrylic arm attached to the rear motor shaft, was used 

to stop the rotation of the phantom. 
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Figure 4-8: The CAD model (left) and experimental rig construsted using acrylic (right). 

Fluorescent markers (Cospheric UVPMS BG 1.00, Cospheric LLC, Santa Barbara, CA, 

USA) were placed on the free end of the gel as seen in Figure 4-9. The markers had a 

diameter of 500 µm - 600 µm and required an excitation wavelength of 370 nm ± 10 nm. 

Four light emitting diodes (LEDs), with a wavelength of 370 nm and a LED illumination 

system, (coolLED pE-2, CoolLED Ltd., Andover, UK), with a wavelength of 365 nm and 

380 nm, were used to illuminate the markers, (Figure 4-9). To capture the motion of 

the markers the LEDs were illuminated at a frequency of 120 Hz. This was to reduce the 

motion blur of the fluorescent markers. Ambient light was eliminated by covering the 

whole rig with a thick black cloth.  

The phantom was hung in the rig upside down with the free end of the gel pointing 

down. The camera (HDR AS-15, Sony, Tokyo, Japan) was used to capture the motion of 

Stopper 

Stepper 
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Outer 
frame of 
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fluid) 

Location 
of the 
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the free end of the gel. The camera was set to a frame rate of 120 fps with a resolution 

of 1280 pixel x 720 pixel. 

 

Figure 4-9: The fluorescent markers illuminated by the LEDs. 

The rotational speed of the motor prior to collision was controlled using LabVIEW. The 

phantom would come to a sudden stop and experience a deceleration. The experiments 

were conducted 5 times at three rotating decelerations of 150 rad∙s-2, 320 rad∙s-2 and 

580 rad∙s-2. The displacement of the outer shell undergoing 320 rad∙s-2 decelerations 

upon hitting the mechanical stop can be seen in Figure 4-10. 
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Figure 4-10: The angular rotation of the slip phantom rotating. 

The captured video was extracted into individual frames. The fluorescent markers were 

tracked across each frame using a circle finder algorithm in LabVIEW to determine the 

deformation of the gel throughout the experiment. 

4.4  Computational Models 

Computational finite element models of the slip and non-slip phantom undergoing 

rotational motions were created. These models were validated against the experiments 

conducted on the phantoms. 

4.4.1  Construction 

4.4.1.1  Non-Slip Phantom 

The non-slip phantom was created using a transient structural analysis in ANSYS 

Mechanical 16.0. The geometry of the computational model was created using 

SolidWorks. An elastic material model was assigned to the outer cylindrical shell and 

a viscoelastic material model was assigned to the gel [23].  
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Table 4-2: The material properties used in the transient structural non-slip phantom model. 

Part Material Model Constitutive Parameters 

Gelatine gel Viscoelastic G0 = 1710 Pa, G∞ = 586 Pa, t1 = 0.0013 s 
Acrylic shell Elastic E = 1.4 GPa, μ = 0.22 [114], [131] 

 

Due to the basic cylindrical shape of the phantom the geometry was meshed using 1142 

hexahedral elements and 4996 nodes. A mesh convergence study was conducted, the 

results of which can be seen in Appendix D.  

 

Figure 4-11: The meshed geometry of the gel in the non-slip cylindrical phantom. 

The measured angular rotation of the phantom (Figure 4-6) was used as the boundary 

condition applied to the outer shell of the model. A bonded contact condition was used 

between the gel and the outer shell of the model phantom. 

Code was written in ANSYS to extract the displacement data at the material locations 

from which the displacements of the physical phantom were obtained. This allowed the 

displacement data predicted by the FE model to be compared to the experimental data. 

Other settings selected for the simulation are shown in Table 3-5. 
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Table 4-3: ANSYS Structural model settings for the non-slip phantom. 

ANSYS Variable Option Selected 

Length of simulation 1 s 
Number of time steps Automatic 
Time integration On 
Large deflections On 
Solver type Iterative 
Force convergence 10-5 N 

 

4.4.1.2  Slip Phantom 

A fluid structure interaction (FSI) model was used to capture the interaction between 

the fluid layer and its surroundings. A two-way FSI analysis was chosen as both the 

influence that the fluid has on the deformation of the solid, and the influence the solid 

has on the fluid flow were important. In this type of analysis, the displacements from 

the solid solver are transferred to the fluid domain and the forces from the fluid solver 

are used as loads in the solid domain. A partitioned approach was used to perform this 

coupling, where the flow from the fluid domain and the displacements from the solid 

domain are solved separately, with two distinct solvers. The interaction between the 

fluid and solid domains takes place at the boundaries between the structural domain 

and the fluid domain. ANSYS Fluent 16.0, (ANSYS Inc., Canonsburg, PA, U.S.A.) was 

used to model the computational fluid dynamics of the FSI analysis. The structural 

solver was the same as that used for the non-slip phantom. 

The basic buoyancy mechanics of the fluid solver which is a very important part to 

consider when modelling solid movement within a fluid were testing using a sphere 

immersed inside an infinite fluid. The results from these experiments are seen in 

Appendix E.  

The construction of the slip model geometric mesh was similar to that of the non-slip 

model, whereby the geometry was imported into the ANSYS environment, material 

properties were assigned to the different parts, as listed in Table 4-4, the parts were 

meshed, and finally the boundary and contact conditions were applied to the model.  
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Table 4-4: The material properties used in the FSI slip phantom model. 

Part Material Model Constitutive Parameters 

Sylgard 527 gel Viscoelastic G0 = 3600 Pa, G∞ = 586 Pa, t1 = 0.05 m·s-1 , [135] 
Acrylic shell Elastic E = 1.4 GPa, μ = 0.22 [114], [131] 
Fluid layer Fluid ρ = 980 kgm-3, η = 3.00 Pa·s , [124] 

 

The mesh was separated into two domains, to represent the fluid and solid components, 

and solved using the appropriate solvers. Hexahedral elements were used to model the 

geometries. The structural mesh contained 11442 nodes and 2803 elements. The fluid 

component contained 19338 nodes and 12028 elements as seen in Figure 4-12. These 

models were developed following a mesh convergence study shown in Appendix D. 

Figure 4-12 shows the fluid mesh used to model the slip phantom. 

 

Figure 4-12: The fluid mesh used to model the slip phantom. The green line shows the inner 
edge of the fluid layer. 

The rotational displacement of the phantom measured during the experiments was used 

to define the displacement boundary conditions imposed on the outer surface of 

cylindrical shell in the model. A bonded contact condition was used to model the 

interaction between the fixed end of the gel and the rigid outer cylinder. FSI conditions 
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were placed between the gel and the fluid, and between the acrylic cylinder and the 

fluid. 

Other settings selected for the simulation are shown in Table 4-5 and Table 4-6. The 

length of the simulations and the time steps varied depending on the experimental 

protocol, as indicated in Table 4-5 and Table 4-6. 

Table 4-5: ANSYS Structural model settings for low and high acceleration experiments on the slip 
phantom. 

Transient Structural Variable Low Acceleration  High Acceleration 

Length of simulation 0.6 s 0.6 s 
Number of time steps 200 1500 
Time integration On On 
Large deflections On On 
Solver type Iterative Iterative 
Force convergence 10-5 N 10-5 N 

 

Table 4-6: ANSYS Fluent model settings for low and high acceleration experiments on the slip 
phantom. 

Fluent Variable Low Acceleration High Acceleration 

Length of simulation 0.6 s 0.6 s 
Number of time steps 200 1500 
Solver scheme Coupling Coupling 
Solver type Pressure based 

transient 
Pressure based 
transient 

Dynamic meshing Smoothing and 
Remeshing 

Smoothing and 
Remeshing 

Residual target (RMS average) 10-6  10-6  

4.5  Methods for Analysing the Results 

This section will outline how the results shown in Section 4.6 were calculated. 

Only the x displacements are shown in the results. Do to the symmetry of the cylinder, 

the x and y displacements were very similar and hence the y displacements were 

excluded in the results.   
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For the low acceleration experiments the absolute error and the RMS error were 

calculated from the difference in displacement between all the measured points (62145 

for the non-slip and 64758 for the slip) and the corresponding points predicted in the 

FE model. 

For the high acceleration experiments the absolute error and the RMS error were 

calculated from the difference in displacement between all the measured points (110) 

and the corresponding points predicted in the FE model. These points corresponded to 

the locations of the fluorescent markers shown in Figure 4-9. 

4.5.1  Absolute Error  

The absolute error was calculated using Equation 4-1 

𝜖 =  |𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 − 𝑑𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑| (4-1) 

where 𝜖 is the absolute error, 𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the resultant displacement magnitude of the 

measured data and 𝑑𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 is the resultant displacement magnitude of the modelled 

data. The absolute errors were calculated at every node at each time step. 

4.5.2  RMS Error  

The RMS error was calculated using Equation 4-2. 

𝑅𝑀𝑆 𝐸𝑟𝑟𝑜𝑟 =  √
∑ (𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 −  𝑑𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑)2𝑛

𝑖=1

𝑛
 

(4-2) 

 

where 𝑛 is the total number of nodes, 𝑑𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 is the resultant displacement magnitude 

of the measured data and 𝑑𝑚𝑜𝑑𝑒𝑙𝑙𝑒𝑑 is the resultant displacement magnitude of the 

modelled data. This calculation was performed using all the nodes for each time step. 

4.5.3  Strains Between the Gel and the Shell 

The relative motion between two nodes at three locations was converted into strains. 

These were used to make sure that the model predicted the motion between the outer 

face of the gel and the inner face of the shell accurately. This was an important metric 
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to consider as it is this relative motion that has been hypothesised to cause the subdural 

haemorrhages that are seen in AHT cases. 

The three locations (red lines) where the relative motion between the gel and the shell 

were calculated can be seen in Figure 4-13. 

 

 

Figure 4-13: The location of the nodes, from which the relative motion between the gel and the 
shell was calculated. Grey represents acrylic shell, yellow the gel, blue the fluid and the ends of 

the red lines show where the nodes were located. 

The relative motion was converted into a strain value by investigating the change in 

length between the nodes throughout the experiment. The strain was calculated as 

shown in Equation (4-3) 

𝜀 =
𝑙 −  𝑙𝑜

𝑙𝑜
 

(4-3) 

where ε is the strain experienced between the two nodes, l is the length between the 

two nodes at the current time, and l0 is the length between the nodes at time zero. 

4.5.4  Variance Accounted For 

This chapter presents results where strains measured in the experiments were compared 

to the strains predicted by the FE model. The difference between the experiment and 

model result were quantified using the variance accounted for (coefficient of 

determination, or r2). 

Equation 4-4 was used to determine the variance accounted for, 
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𝑟2 = 1 −   
∑ (𝑑𝑖 −  𝑓𝑖)2𝑛

𝑖=1

∑ (𝑑𝑖 −  �̅�)
2𝑛

𝑖=1

 
(4-4) 

where r2 is the variance accounted for, di are the values of the measured data, the fi are 

the values of the predicted data, and each data set has n values defined by the index i. 

4.6  Comparisons of model and experimental results 

4.6.1  Non-Slip: Phantom Low Acceleration Experiments 

The box and whisker plots in Figure 4-14 shows the absolute errors associated with each 

time point throughout the experiment. Each box and whisker plot shows the spread and 

skewness of the data that it represents. The red line is the median for the dataset, and 

the rectangles above and below this represents the first and third quartiles. The 

maximum and minimum values are shown by the ends of the dotted lines above and 

below the rectangles. The error was calculated from the absolute difference between the 

measured and the predicted displacements. 

 

Figure 4-14: Shows the absolute errors between the measured and the predicted displacement 
values. 

Figure 4-15 shows the RMS error in the FE model-predicted displacements when 

compared to the experimental displacements of the gel.  
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Figure 4-15: RMS error in the FE model predictions of displacements compared to the 
experimental recordings for each time step for the non-slip phantom. 

Plots in Figure 4-16 shows a slice (YZ plane) of the experimental displacements (left), 

the FE model predicted displacements (middle) and their difference (right). The bottom 

end is the base of the cylinder and the top is the free end of the cylinder. The colours in 

these plots represent the x displacement of the gel cylinder, with a maximum value of 6 

mm and a minimum of -6 mm. 
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Figure 4-16: The x displacement results from the experimental (left), FE model (middle) and the 
difference between the two (right), for the non-slip phantom. 
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4.6.2  Slip Phantom: Low Acceleration Experiments 

Figure 4-17 shows the magnitude of the displacements and Figure 4-18 the errors 

associated with each time step. The error was calculated by taking the absolute 

difference between the measured and the predicted displacements.  

 

Figure 4-17: Shows the displacement magnitudes from the measured displacement for the 
whole experiment. 

 

Figure 4-18: Shows the absolute errors between the measured and the predicted displacement 
values. 
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Figure 4-19 shows the RMS error when the FSI FE model was compared to the 

experimental results. The time steps relate to the acquisition time of the tagged MR 

images. 

 

 

Figure 4-19: RMS error between the experimental data and the FE model for each time step for 
the slip phantom. 

Figure 4-20 shows a slice (along the rotational axis) of the raw data from the 

experimental results (left), the FE model (middle) and their difference (right). The 

bottom end is the base of the cylinder and the top is the free end of the cylinder. The 

colours in these plots represent the x displacement that of the gel cylinder, with a 

maximum value of 8 mm and a minimum of -8 mm. 
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Figure 4-20: The x displacement from the experimental (left), FE model (middle) and the 
difference between the two (right), for the slip phantom. 
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Figure 4-21 shows the strains between points located at the outer surface of the edge of 

the gel and corresponding points on the inner surface of the outer shell. The free end of 

the gel was seen to rotate more compared to the middle of the gel and the base, and 

hence the free end experienced larger strains compared to the other two locations. A 

very small time lag can be seen between the measured and predicted strains plots at all 

three locations.  

 

Figure 4-21: The strains between a point on the edge of the gel and the inner surface of the 
shell. The blue plots are the measured and predicted strains from the base of the gel, the red 
plots are the measured and predicted strains at the middle of the gel and the green plots are 

the measured and predicted strains at the free end of the gel. 

The variance accounted for between the measured and the predicted strains were also 

calculated to determine how well the model predicted the strains. These results can be 

seen in Table 4-7. 
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Table 4-7: The variance accounted for between the measured and predicted results 

 

 

 

Figure 4-22 shows the difference between two FE models that were investigated. The 

RMS error between the structural frictionless FE model predictions and the 

experimental data is shown in red, and the RMS error between the FSI FE model 

predictions and the experimental data is shown in blue. Figure 4-22 shows that the 

structural frictionless model had a much higher RMS error (throughout the whole 

rotation) between the predicted and measured data than the FSI model. 

  

Figure 4-22: RMS error for FE model with a frictionless contact condition and the FSI FE model. 

4.6.3  Slip Phantom: High Acceleration Experiments 

The results from the high rotational acceleration experiments were compared to the 

measured displacement data, which are plotted in Figure 4-23. As the time resolution 

for these experiments was much smaller compared to the low acceleration experiments, 

not all the time steps are shown in this section. These plots show the x displacements 

observed on the free end of phantom and the corresponding displacements predicted 

in the FE model. The colours in these plots represent the x displacement of the end of 

Location Variance accounted for 

Near the base 0.969 
Middle 0.973 
Free end 0.968 
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the gel cylinder, with a maximum value of 12 mm and a minimum of -12 mm. The first 

plot shows when the phantom made contact with the mechanical stop. The second plot 

shows the displacement after three time steps, when the gel had started to rotate the 

other way. The third plot shown was the maximum displacement achieved during the 

second rotation. These results are for the 320 rad∙s-2 experiment.  

 

Figure 4-23: Displacements of the free end of the gel undergoing a deceleration of 320 rad∙s-2. 

A summary of the RMS errors for all the experiments can be seen in Table 4-8. This 

shows the RMS error for all the experiments throughout the whole rotation.  
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Table 4-8: The average RMS error for the high acceleration experiments. 

 

 

 

Figure 4-24 and Figure 4-25 shows the magnitude of the displacements and the absolute 

errors associated with each time step respectively. The error was calculated from the 

difference between the measured and the predicted displacements. The absolute errors 

remained about the same even when the gel was undergoing large displacements.  

 

Figure 4-24: The displacement magnitudes that were measured experimentally. 0.1 s was when 
the mechanical stop was activated, 0.25 was when the gel started to rotate the opposite 

direction, 0.39 s was when gel reached its second maximum rotation. 

Experiment ( rad·s-2) RMS Error (mm) 

150 1.73 
320 1.82 
580 1.93 
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Figure 4-25: Shows the absolute errors between the measured and the predicted displacement 
values. 0.1 s was when the mechanical stop was activated, 0.25 was when the gel started to 

rotate the opposite direction, and 0.39 s was when gel reached its second maximum rotation. 

Figure 4-26 shows the strains between a point on the edge of the gel and the inner 

surface of the outer shell on the free end of the gel at the three different rotations. The 

gel is seen to rotate more when rotated at the higher accelerations and hence 

experiences larger strains, and the decay of the rotation with time can also be seen. 
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Figure 4-26: The strains between a point on the edge of the gel and the inner surface of the 
shell. The blue plots are the measured and predicted strains when the phantom is rotated at 

150 rad∙s-2, the red plots are the measured and predicted strains when the phantom is rotated at 
320 rad∙s-2 and the green plots are the measured and predicted strains when the phantom is 

rotated at 580 rad∙s-2. 

The variance accounted for between the measured and the predicted strains were also 

calculated to determine how well the model predicted the strains. These results can be 

seen in Table 4-9. 

Table 4-9: The variance accounted for between the measured and predicted results at the three 
different rotations. 

 

 

 

 

Experiment ( rad·s-2) Variance accounted for 

150 0.955 
320 0.943 
580 0.951 
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4.7 Discussion and Conclusions 

The aim of this chapter was to validate the computational techniques that were required 

to predict the motion of a gel under rotational accelerations. Two experimental 

phantoms undergoing low and high acceleration motions were used to validate the 

computational models. 

The first was a non-slip phantom where a rigid acrylic tube with an open end was filled 

with gelatine. This phantom was subject to low acceleration rotational motions, and the 

volumetric deformation of the gel was measured using MRI tagging. An FE model of this 

phantom was created and the deformation of the gel was predicted. The deformations 

were compared to the measured experimental data to validate the computational 

techniques (see Figure 4-14 - Figure 4-16). Figure 4-14 shows the absolute errors between 

the measured and the predicted displacements. The range of absolute errors shown in 

the box plots fall within the experimental error of 1.5 mm. Figure 4-15 shows the RMS 

error between the experimental and FE models. All these errors were below the 

experimental error (1.5 mm) obtained from the tagged MR imaging. These results gave 

confidence that the FE model could predict the deformation of the gel to within 

measurement error. 

When initially creating the FE model for the slip phantom, the fluid was modelled as a 

soft solid. For this setup the contact condition between the gel and the fluid was 

modelled with a frictionless boundary condition. The RMS errors for this model were 

larger than the experimental error. This led to an investigation on setting up an FSI 

condition between the gel and the fluid. An FSI model was set up coupling the 

displacements from the solid solver in ANSYS Mechanical to the fluid domain in ANSYS 

Fluent. When this FSI modelling framework was implemented more accurate results 

were obtained as can be seen from Figure 4-22. This showed that to accurately model 

the relative motion of the gel and the casing, an FSI setup was needed. Thus when the 

relative motion of the brain in relation to the skull was investigated in Chapter 5, an FSI 

model would need to be implemented. 
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Figure 4-17 - Figure 4-20 further shows how well the FE model predicted the 

displacements of the gel. The ranges of the absolute errors shown in the box plots 

(Figure 4-18) were all with the measurement error of 1.5 mm. This was also seen in the 

RMS errors that were shown in Figure 4-19. These results gave confidence in the 

computational techniques used to predict the deformation of the gel under low 

acceleration rotations. 

The results from the slip phantom FE model showed that an FSI model could be used 

to predict the displacement of a gel undergoing rotational accelerations. However, it 

was important to investigate the model’s ability to predict the relative motion between 

outer node of the gel and the inner node of the shell. It is this specific relative motion 

that will be used to predict if injuries may occur when an infant is shaken. As described 

earlier the relative motions at three locations along the gel were investigated and the 

results can be seen in Figure 4-21 where they are expressed as strains. Visually from the 

strains plots, it is evident that there is a very small time delay between the predicted 

and measured values. This time delay is due to the lack of accuracy in obtaining the 

acquisition start time of the MRI. This time delay however does not impact the validity 

of the modelling technique, because the amplitudes of the strains are of much more 

importance than the time shift between the modelled and the measured data. The 

variance accounted for between the measured and predicted strains are shown in Table 

4-7. These values show that the FSI model did predict these relative motions between 

the gel and the shell. 

High acceleration rotational experiments were conducted on the slip phantom to check 

if an FSI model could predict the deformation of the gel under higher accelerations. 

Only the deformation of the free end of the gel was measured in these experiments. Not 

all the data is shown in Figure 4-23, because there were too many experiments 

conducted and also because the data was captured at a high frame rate, hence it was 

reduced to a more manageable size. Figure 4-23 shows the raw data from the main time 

steps in the experiment.  

The errors associated with the high acceleration experiments were analysed. The 

measurement error of the circle finder algorithm was identified by tracking a marker 
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which had moved a known distance (using a translational stage) in the same field of 

view as the experiments. The RMS error between the actual position and the measured 

displacement was 0.912 mm (3 pixel). Errors associated with the non-circular images of 

the florescent markers occurred due to unsymmetrical illumination. The LEDs were 

placed around the base of the phantom, so that the LEDs illuminated the florescent 

markers evenly. However, this placement was not perfect and hence some markers 

contained a shadow in the images. This shadow caused the spherical markers to be 

longer in one axis than the other, which would then produce errors in the circle finder 

algorithm. The worst case scenario produced markers 0.608 mm (2 pixel) longer in one 

axis than the other when stationary. Motion blur of the florescent markers could have 

added to this error when the phantom was rotating and the markers were moving. The 

unevenness of the free end of the gel would affect the displacements measured as not 

all the markers are in the same plane. 

The RMS and the maximum errors for all the experiments conducted can be seen in 

Table 4-8. These results gave evidence that the FE model was able to predict the 

deformation of the gel at high accelerations. Figure 4-24 shows that the absolute error 

between the predicted and the measured displacements were small compared to the 

overall displacements of the gel at all the time steps. This was also evident in the 

difference in the predicted model displacements and the measured experimental 

displacements shown in Figure 4-23. Figure 4-23 and Figure 4-24 only show the results 

from the 320 rad∙s-2 experiment. The results from the 150 rad∙s-2 and 580 rad∙s-2 

experiments showed similar results and trends in the error plots. These results gave 

confidence in the computational techniques used to predict the deformation of the gel 

under high acceleration rotations. 

The relative motion between a node on the edge of the gel and an inner node of the 

shell was also investigated as shown in Figure 4-26. The variance accounted for between 

the strains predicted by the FSI model and the strains measured in the experiment are 

shown in Table 4-9. These values show that the FSI model predicted-well the relative 

motions between the gel and the shell even under higher acceleration experiments. The 

first spike in the strains was seen when shell had come to a stop and the gel overshot 

slightly in the direction of the rotation of the shell. Afterwards the gel was seen to rotate 
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back and create the second spike. The amplitude of the rotation then decreased with 

time as is seen in Figure 4-26. The strains measured and predicted in these experiments 

were much larger than what is expected in AHT, [97], [117], [136]. However, the ability 

to predict the relative motion between the shell and the gel at these high levels, gives 

more confidence in applying these modelling techniques into the infant model in 

Chapter 6.  

The maximum rotational accelerations observed in the high acceleration experiments 

were 600 rad∙s-2, whereas in AHT cases the infant head is thought to experience angular 

rotations of up to 1000 rad∙s-2 - 1500 rad∙s-2. Higher acceleration experiments were not 

able to be conducted due to budget and time constraints. The agreement between the 

measured displacements and the computational model for high acceleration rotational 

motions gave confidence in applying an FSI framework to infant head computational 

model described in Chapter 6. 

The purpose of this chapter was to investigate whether the relative motion between a 

soft gel and a rigid outer shell, separated by a fluid layer, under a rotational motion 

could be modelled with an FE model. The analysis described in this chapter showed that 

this was possible using a fluid structure interaction setup. Chapter 5 describes how the 

fluid structure interaction was implemented to represent an adult head model 

undergoing low acceleration rotations.  

 

  



105 
 

 

Chapter 5:  In Vivo Adult 

Head Experiments 

5.1  Introduction 

Chapter 4 outlined the procedure to validate the computational techniques required to 

accurately model the rotation of a gel in relation to a rigid outer shell. This was an 

important aspect to consider, as it is believed that the relative motion between the brain 

and the skull is what causes many of the injuries that are seen in AHT.  

This chapter describes the application of these computational techniques to an adult 

human head undergoing low rotational accelerations. In a series of experiments, the 

head of an adult volunteer was subjected to low acceleration rotations up to a maximum 

of 260 rads-2, which was reached when the cradle holding the head reached a 

mechanical stop. During this rotational motion the 3D deformation of the brain was 

measured using a tagged MRI sequence, [23], [24]. These experiments were conducted 

by Dr Andy Knutsen at the Image Processing Core, Center for Neuroscience and 
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Regenerative Medicine, Bethesda, MD. This data set enabled the predictions of the 

computation model to be validated against the in vivo adult deformation 

measurements.  

FE models of the experimental setup were created in ANSYS Workbench 16.0. The 

geometries necessary to model the adult head were either segmented from MR images 

of the volunteer, or constructed manually with reference to the segmented anatomy. 

The FE model contained a fluid-structure interaction component, where the CSF was 

modelled as a fluid, and the other geometries (skull, brain, and interior skull geometry) 

were modelled as solid components. The rotations applied to the human volunteer were 

measured and used as the boundary conditions in the FE model, and the deformations 

of the brain were predicted.  

A good match was obtained between the deformations predicted by the FE model and 

the measured deformations. The RMS errors between the predicted and measured 

deformations were all smaller than the experimental uncertainty. The validation of the 

computational techniques using in vivo adult human brain deformations provides 

confidence in applying these techniques to the infant head model. Chapter 6 will outline 

this process, and also predict certain mechanical indices on the infant brain under a 

shaking motion. 

5.2  Experiments 

A set of low acceleration in vivo adult head rotation experiments were conducted. The 

deformations of the brain under these rotational motions were measured using MRI and 

were used to validate a finite element (FE) model. 

A healthy volunteer was placed supine into a MRI scanner with a rotational rig placed 

around their head Figure 5-1. When a pulley was actuated, a latch was released allowing 

the head to rotate approximately 30 °, guided by an off axis weight until a mechanical 

stop was reached. Contact with the stop provided repeatable rotational accelerations of 

approximately 260 rad∙s-2. These experiments were approved by the Internal Review 

Board at the National Institutes of Health (USA) [137].  
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Figure 5-1: The initial and final position of the head. 

Tagged MR images of the brain were acquired using a novel approach that combined a 

modified tagged MRI pulse sequence with an MRI-compatible angular position sensor 

[137]. The imaging and the rotation were synchronised using a fibre optic sensor, which 

detected the release of the latch and initiated the MRI sequence. The tag lines were 

applied immediately at the start of the motion, and a second trigger was sent to the 

scanner when the shaft of the device had rotated through approximately 29 ° which 

initiated the cine gradient echo acquisition from which the displacements were 

obtained. The acquisition parameters used for these experiments can be seen in Table 

5-1. 

Table 5-1: Acquisition parameters used for the adult head model. 

Parameter Value 

Field of view  145 mm x 145 mm 
Slice thickness 
Tag spacing 

10 mm 
6 mm 

Voxel size 1.5 mm x 1.5 mm x 1.5 mm (x,y,z) 
Number of slices 14 
Time steps 12 
Time resolution  18 ms 
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The rotational displacement of the whole head versus time can be seen in Figure 5-2. 

The first peak shows when the head came to a compliant stop and it was seen to rebound 

slightly – an event evident in the decaying ripple after the first peak. 

To capture the full deformation of the brain, the experiments were repeated 120 times. 

Image displacements were computed using harmonic phase (HARP) analysis [132]. 

Three dimensional displacements of 14 axial slices throughout the adult brain were 

obtained. Starting at the base of the brain (brainstem), slices were regularly spaced at 

10 mm intervals. Data for 12 time steps were collected, with the acquisition starting at 

0.3074 s (first red line in Figure 5-2), just before the mechanical stop. Data were 

collected every 18 ms until 0.5422 s (second red line). The 2D displacements were all 

measured relative to the first time step.  

 

Figure 5-2: The rotational displacement of the adult head. The first (left) red line indicates the 
onset of image acquisition and the second (right) red line shows the end of the data 

acquisition. 

The coordinate system in which these displacements were measured is shown in Figure 

5-3. The rotation was applied about the z axis, from the positive x axis towards the 

positive y axis.  
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Figure 5-3: MRI of the volunteer’s head in the supine orientation. The coordinate system to 
which the displacements were referred is also shown. 

5.3  Computational Model 

A computational FE model of the adult head subject to low acceleration rotational 

motions was created with ANSYS Workbench 16.0, using a fluid-structure interaction 

(FSI) model formulation. A FSI formulation was used since Chapter 4 showed that this 

type of model gave the most accurate results when modelling the motion of the gel 

relative to the shell.  

5.3.1  Obtaining the Geometry of the Adult Head 

A geometric model of the volunteer’s head was created in the ANSYS Workbench 

environment. First, ITK Snap (US National Institutes of Health, [138]) was used to 

segment the images using active contour segmentation. This is a semi-automated 

segmentation process, where certain sections of the head could be segmented based on 

intensity levels, expansion force, smoothing force, and edge attraction force [138]. The 

segmented images were subsequently cleaned manually where each slice was inspected 

to make sure that only the correct anatomy was segmented to the best of the author’s 

ability. Volumes corresponding to the brain, brain stem, and the optic nerves of the 

volunteer were segmented from the MR images. These segmented images were then 

imported into the ANSYS Workbench environment. 

  

Posterior 

Anterior 

x 

y 

z 
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Figure 5-4: MR image of the volunteer (left) and brain segmentation derived using ITK-SNAP 
(right). 

 The cerebrospinal fluid (CSF) and the skull were not segmented from the MR images 

as the T1 weighted MRI intensity levels of the skull and the CSF could not be 

differentiated. Gravitational loading while the brain was being imaged may have altered 

the volume of the CSF, due to the density difference between the brain and the CSF. 

Because of this, the CSF and skull components of the model were created manually. 

Once the entire brain had been segmented, the data were written to stereolithography 

(STL) files and imported into MeshLab (National Research Council, Italy), a 3D mesh 

processing application. The STL surface mesh obtained from ITK Snap was cleaned, 

filtered, and reduced using MeshLab. The manipulation process of the original STL 

mesh is described below and the results are shown in Figure 5-5. 

1. All the isolated segments (less than 20 % of the maximum volume) were selected 

and removed.  

2. Any open holes were closed, so that a volumetric mesh could be constructed 

later. 

3. The mesh was then smoothed using a Laplacian smoothing filter. 
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Figure 5-5: Left: Original STL surface mesh obtained from ITK Snap. Right: STL mesh after it 
had been modified with MeshLab. 

The processing of the initial STL mesh resulted in most of the fine folds of the brain 

(gyri and sulci) being neglected. The inclusion of these folds in the model would over 

complicate the mesh of the finite element model and also increase the solve time of the 

model. The STL files for the brain stem and the optic nerve were not processed in this 

way as they did not contain a complex outer surface.  

The cleaned STL file was then saved as a text file containing the locations of all the nodes 

and the surface normals. This text file was used to create the model of the CSF and skull 

of the adult head. MATLAB (The Math Works Inc, 2013) was used to project the nodes 

outwards to create the outer surface of the CSF layer, and this was further extended to 

create the outer surface of the skull. MeshLab was used to create the outer surfaces of 

the CSF and the skull from the nodes and the surface normals. A Poisson surface 

reconstruction algorithm was used to create the surface from the point clouds [139]. 

This model contained a 2 mm CSF layer and a 6 mm thick skull, [139]. This conversion 

to create the skull surface can be seen in Figure 5-6. A very similar conversion between 

the point cloud and the reconstructed surface was seen for the CSF.  
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Figure 5-6: Left: Point cloud of the skull. Left: The skull after it has been reconstructed. 

The falx cerebri and the tentorium cerebelli were added to the existing geometry. 

These structures could not be segmented from the surrounding tissue using ITK Snap 

as they had similar MRI intensities. Instead the sizes and locations of the falx cerebri 

and the tentorium cerebelli were estimated from the MRI scans and which were also 

consistent with those reported in the literature. The thickness of the falx and 

tentorium varies between 2-3 mm, whereas in the model the thickness was 2.5 mm. 

The longitudinal fissure and the transverse fissure were used to position the falx and 

the tentorium.  

These surfaces were projected outwards by 2 mm to create the CSF layer between the 

brain and the falx cerebri and the tentorium cerebelli. These structures were added 

manually using ANSYS ICEM (ANSYS Inc., Canonsburg, PA, U.S.A.). The outlines of the 

falx and tentorium were created using points and line segments. Faces were then 

inserted to create a final geometry.  

5.3.2  Meshing the Geometry of the Adult Head 

Once the anatomical surface data was created, a volume mesh was developed using 

ANSYS ICEM. All surface meshes were imported into ICEM and an integrated 

volumetric mesh was created using an automated process. Tetrahedral meshes were 

used for the skull, CSF, falx, tentorium, optic nerves and brainstem. The surface of the 
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brain was described using tetrahedral elements. The main body of the brain was meshed 

using a hexahedral mesh. 

Figure 5-7 shows the mesh created by ICEM. The structural mesh (everything apart from 

the CSF) contained 24831 elements, while the fluid component contained 85504 

elements. A mesh convergence study was conducted to determine what size elements 

should be used. The results of this study can be seen in Appendix F. 

Once the geometry had been discretised, it was imported into ANSYS Workbench. A 

module named finite element modeller was used to import this mesh, as it could not be 

readily imported into the transient structural module. The finite element modeller 

module converted the mesh file created by the ICEM into the generic ANSYS mesh 

format used by both the transient structural module and ANSYS Fluent. The structural 

components were imported into the transient structural module and the fluid 

components into ANSYS Fluent.  

This workflow resulted in a model where the brain was contained inside a skull and 

surrounded by a 2 mm layer of CSF. The falx cerebri and the tentorium cerebelli 

protruded into the skull, thereby separating the two hemispheres of the brain and the 

cerebellum. CSF was also present between the falx and the brain, and between the 

tentorium and the brain. The optic nerves and the brainstem tether the brain to the 

skull, and both extend from the brain through the CSF to the outer surface of the skull. 

This arrangement is illustrated in Figure 5-7, where the green elements represent the 

skull, blue elements represent the CSF, pink elements represent the falx and tentorium, 

and red elements represent the brain. 



114 
 

 

Figure 5-7: The volume mesh of the adult head. Top left: transverse plane, Top right: Off-
centred medial plane, Bottom left: Isometric view, Bottom right: Coronal plane. Red represents 

the brain, blue the CSF, green the skull, and pink the falx and tentorium. 

5.3.3  Material Properties of the Anatomical Components 

Table 5-2 lists the material properties assigned to each component of the model. The 

outer skull, falx, and tentorium were modelled using linear elastic material properties. 

The CSF was modelled using the standard Newtonian fluid properties of density (ρ) and 

viscosity (η). The brain (including the optic nerves and brainstem) was modelled using 

a linear viscoelastic material model. 
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Table 5-2: The material properties of the different anatomical components in the computational 
model. 

Anatomical Structure Material Model 

Brain G0 = 0.038 MPa, G∞ = 0.007 MPa, t1 = 1.4 ms,  
ρ = 1080 kg.m-3  [140]–[144] 

Skull E = 7 GPa, μ = 0.22 [145], [146] 
CSF ρ = 1000.59 kg.m-3, η = 0.78 [122]–[124] 
Falx Cerebri E = 31.5 MPa, μ = 0.23[140], [142], [147] 
Tentorium Cerebelli E = 31.5 MPa, μ = 0.23[140], [142], [147] 

 

5.3.4 Boundary and Contact Conditions 

The measured angular displacement of the adult head (see Figure 5-2) was used as a 

kinematic constraint applied to the outer nodes of the skull in the FE model. 

Two sets of contact conditions were applied to this model. A bonded contact condition 

was implemented between the outer edge of the optic nerves and the skull, and a 

frictionless sliding contact condition was applied between the brainstem and the skull. 

These constraints were assumed to provide reasonable representations of the 

interactions between these anatomical structures. The frictionless contact condition 

allowed the brainstem to move independently of the skull. 

The other model settings selected for each of the simulations are shown in Table 4-5 

and Table 5-4.  

Table 5-3: ANSYS Structural model settings for the adult head model. 

Transient Structural Variable Option Selected 

Length of simulation 0.6 s 
Number of time steps 1000 
Time integration On 
Large Deflections On 
Solver Type Iterative 
Force Convergence 10-5 N 
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Table 5-4: ANSYS Fluent model settings for the adult head model. 

 

 

 

 

The results from the FE model and the experiments were compared to determine 

whether the FE model could reliably predict the deformation of the brain. 

5.4  Methods for Analysing the Results 

This section will outline how the results shown in Section 5.5 were calculated.  

The absolute error and the RMS error were calculated using the resultant displacement 

magnitudes between all the points (59478) measured and the corresponding points 

predicted in the FE model.  

5.4.1  Absolute Errors and RMS Error 

The absolute error and RMS error calculation described in Chapter 4 was also used in 

this Chapter. The absolute errors were calculated at every node at each time step and 

were then displayed as box plots. The RMS error was also calculated using all the nodes 

for each time step.  

5.4.2  Strains Between the Brain and the Skull 

The strains between two nodes at four locations were calculated to make sure that the 

model predicted the relative motion between the outer surface of the brain and the 

inner surface of the skull. This was an important metric to consider as it is this relative 

motion that has been hypothesised to cause the subdural haemorrhages that are seen 

in AHT cases.  

Fluent Variables Option Selected 

Length of simulation 0.6 s 
Number of time steps 1000 
Solver Scheme Coupling 
Solver Type Pressure based transient 
Dynamic Meshing Smoothing and Remeshing 
Residual Target (RMS average) 10-6  
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The four locations (white lines) where the relative motion between the brain and the 

skull were calculated can be seen in Figure 5-8. The orientation and the location of these 

points were chosen to represent a few of the bridging veins present in an adult human 

head.  

 

Figure 5-8: The location of the nodes, from which the relative motion between the brain and 
the skull was calculated. Red represents the brain, blue the CSF, green the skull, pink the falx 

and tentorium and the ends of the white lines show where the nodes were located. 

As in Chapter 4 the relative motion was converted into a strain value by investigating 

the relative change in length between the nodes throughout the experiment.  

5.4.3  Variance Accounted for 

This chapter presents results where strains measured in the experiments were compared 

to the strains predicted by the FE model. Just as it was in Chapter 4, the difference 

between the experiments and model result were quantified using the variance 

accounted for (coefficient of determination, or r2).  

5.5  Results/Comparisons 

5.5.1 Validation of the Computational Model 

Figure 5-9 and Figure 5-10 show the magnitude of the displacements and the errors 

associated at each time respectively. The error was calculated by taking the absolute 

differences between the measured and the predicted displacements. There was no 
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obvious systematic relationship between the absolute errors and the total displacement 

of the brain. The absolute errors did have some outliers, and these were excluded from 

the figure. The reason for this exclusion will be discussed in the next section.  

 

Figure 5-9: The displacement magnitudes from the measured displacement for the whole 
experiment.  

 

Figure 5-10: The absolute error between the measured and the predicted displacement values.  
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The plot in Figure 5-11 shows the RMS error between the displacements predicted from 

the FE model and the displacements measured from the adult brain. The time shown is 

relative to when the MR imaging started. The RMS error was seen to vary with the 

rotation of the brain. 

 

Figure 5-11: RMS error between the experimental data and the FE model throughout the 
experiments.  

Figure 5-12 shows all the measured data points for the x displacement at 126 ms. The 

circled regions show outliers that have measured a displacement that was much larger 

(right) and smaller (left) than the surrounding points. These errors seem to occur at the 

outer surface of the brain and seem to be measurement artefacts. 

 

 

Figure 5-12: Shows the measured data at time 126 ms. The circled regions show points where the 
displacements measured were much larger or smaller than the surrounding points.  
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Figure 5-13 shows a slice (coronal plane of the brain) of the raw data from the 

experimental results (left), the FE model predictions (middle), and the differences 

between models and experiments (right). The colours in these plots represent the x-

displacement (perpendicular to the plane shown) of the brain, with maximum value of 

3.4 mm (red) and a minimum of –4.2 mm (blue). All displacements were measured with 

respect to the first measurement at time - 0. The following frames show displacements 

of the brain after the head had hit a mechanical stop. The brain deforms the most during 

the start, and settled as the experiment proceeds. 
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Figure 5-13: Comparison of x-displacements from the experiments (left) and the FE model 
predictions (middle), with the differences between the two (right), for the adult head FE 

model. The colours in these plots represent the x-displacements of the brain, with maximum 
value of 3.4 mm (red) and a minimum of –4.2 mm (blue). ‘a’ represents the anterior and the ‘p’ 

the posterior of the volunteer. 
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Figure 5-14 shows the strains between a point on the outer surface of the brain and the 

inner surface of the skull. The blue line shows the measured strains and the red line 

shows the predicted strains. The strains at three other locations were also calculated. 

However as they were similar to the one shown in Figure 5-14, they were not included. 

The strains seen here are much smaller than those seen in Chapter 4 and expected to 

be seen in Chapter 6.  

The variance accounted for between the measured and the predicted strains were also 

calculated to determine how well the model predicted the strains. The results from all 

the locations are seen in Table 4-9. 

 

Figure 5-14: The strains between a point on the inner surface of the skull and the outer surface 
of the brain. The blue plot is the measured strains and the red plot is the predicted strain. 

Table 5-5: The variance accounted for between the measured and predicted results at the four 
different locations. 

 

 

 

 

Locations Variance accounted for 

1 0.923 
2 0.934 
3 0.928 
4 0.925 
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5.5.2  Effect of the Falx and Tentorium 

The importance of modelling the falx cerebri and the tentorium cerebelli were 

investigated. This investigation would help when creating the final infant head model 

(Chapter 6).  

Figure 5-15 shows the RMS errors with respect to the experimental data when using FE 

models with and without the falx and tentorium. It shows the RMS error between the 

displacements predicted by the computational model and the measured displacement. 

From these results it is evident that there was a significant difference between the 

displacements predicted when a model contained the falx and tentorium and when it 

did not.  

  

Figure 5-15: RMS error for FE model with and without the falx and tentorium.  

5.5.3  Effect of the Different Brainstem Contact Conditions 

Different contact conditions between the brainstem and the skull were also examined. 

A model that contained a bonded contact condition between the brainstem and the 

skull was compared to a model that contained a frictionless contact condition.  

Figure 5-16 shows the RMS errors when the displacements predicted by these models 

were compared to the experimental data. There did not seem to be a significant 

difference between the models with bonded and a frictionless boundary conditions.  
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Figure 5-16: RMS errors with respect to measured displacements for FE models with bonded 
and frictionless contact conditions between the brainstem and the skull. 

5.6  Discussion and Conclusion 

The aim of this chapter was to use the computational techniques, validated in Chapter 

4, to predict the displacements of the adult human brain undergoing low rotational 

accelerations. A volunteer underwent low acceleration (max of 260 rads-2) head 

rotations, where the 3D deformation of the brain was measured using a tagged MRI 

sequence [23], [24]. The volunteer’s brain, brain stem, and optic nerves were segmented 

from MR images. FE models of the CSF, skull, falx cerebri, and the tentorium cerebelli 

were created manually. The motion of the volunteer’s head was measured and the 

rotational displacement was applied to the outer nodes of the skull. The displacements 

of the brain under this rotation were calculated by the FE model and these 

displacements were compared to the displacements measured in the experiment.  

The overall spread of the displacement magnitude of the adult brain throughout the 

experiment is illustrated in Figure 5-9. This figure also shows the absolute error between 

the predicted and the measured data. The acquisition started just before the impact 

with the mechanical stop, as the maximum displacements of the brain would be 

achieved after this incident. This is evident in the box plots as the first 3 measurements 

had median displacements of above 1.5 mm. When the head ceased rotating, and the 

brain motion settled, the median measured displacements were below 1.5 mm. The 

absolute error between the predicted and the measured data had medians below 
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0.3 mm, which was below the experimental error, and much smaller than the overall 

displacement of the brain. The very low absolute errors, which were all below the 

experimental error of 1.5 mm, throughout the whole simulation provide confidence in 

the ability of the computational models to predict the displacement of the brain under 

low acceleration rotations. This was also the case when comparing the RMS errors 

between the measured and the predicted displacements seen in Figure 5-11. 

The absolute errors contained some outliers, as mentioned in the previous section, 

which were removed from the box plots. This was done because the measured 

displacement contained measurement artefacts, as seen in Figure 5-12, that produced 

these outliers. These points were thought to be measurement artefacts as they 

contained displacement values that were 6 orders of magnitude larger than their 

surrounding data points. Dr Knutsen has also mentioned these types of measurement 

artefacts were common occurrence in these measurements. The outliers occurred at the 

locations of the measurements artefacts and the number of outliers also corresponded 

with the number of measurement artefacts for each time step. This shows the link 

between the measurement artefacts seen in Figure 5-12 and the outliers that were 

removed from the box plots. 

In creating the adult head model, the sulci and gyri of the brain were smoothed as 

described in Section 5.3.2. This was done mainly due to computational limitations, 

where the modelling the sulci and gyri would greatly increase the mesh density and the 

number of nodes in the model. It was hypothesised that this may cause discrepancies 

between the predicted and measured displacement, as previous research has shown that 

the inclusion of the sulci and gyri can reduce the strains and stresses on the brain, [148].   

However, the results show the smoothing of the sulci and gyri did not affect the 

prediction of the displacement of the brain under low acceleration rotations. This could 

have occurred because of the type of motion undergone in these experiments or due to 

the measurement resolution of the tagged MR imaging not being able to capture the 

fine motions of the sulci and gyri.  

The strains between two points were also identified and compared to the predicted 

values as presented in Figure 5-14. This was an important metric as the strains between 
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points were used to determine if the bridging veins would rupture in Chapter 6. Figure 

5-14 and the variance accounted for shown in Table 5-5 show that the model predicted 

the displacement of the outer surface of the brain well. This gives confidence in using 

these computational methods to create the infant head model in Chapter 6.  

The initial computational model did not contain the falx cerebri and the tentorium 

cerebelli. When the predicted displacements of these models were compared to the 

measured displacement from the experiments, a good match was not obtained. During 

these experiments the initial rotation of the brain was well modelled, but when the brain 

rebounded, the displacement was overestimated. This can be seen in Figure 4-22, where 

the second half of the experiment produced large RMS errors. These large RMS errors 

can also occur even if the deformation of the brain was underestimated, and the raw 

data of the brain displacement (not shown in this chapter) showed that the 

displacements were indeed overestimated. The addition of the falx cerebri and the 

tentorium cerebelli helped to address this issue. This was because the falx and the 

tentorium created internal boundaries that limited the displacement of the brain and 

hence the rebound of the brain. Since inclusion of the falx and the tentorium is so 

important for accurately modelling the deformation of the brain under low rotational 

accelerations, their inclusion is also likely to be important when predicting the 

deformations of the brain under high accelerations. 

Two boundary conditions between the brainstem and the skull were investigated. The 

RMS errors for both models throughout the whole experiment were below the 

experimental error, as seen on Figure 5-16. Thus, it was not possible to conclude which 

boundary condition resulted in a more accurate outcome. However, as a frictionless 

boundary condition was thought to better represent the anatomy of the human head, it 

was used as the boundary condition in the final adult and infant models.  

The main purpose of this chapter was to compare results using the techniques in 

Chapter 4, to validate them against in vivo human data. It was expected that once these 

techniques were validated, they would be used on the infant head model and predict 

the deformations on the infant brain under shaking motions. However, there are some 

shortcomings that may limit the application of these techniques to the infant head. The 
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main limitation of these experiments is that the accelerations of the adult head were 

much smaller than the accelerations experience by an infant when shaken. These 

experiments were deliberately limited to low accelerations to avoid injuring the 

volunteer. While there are plans to perform high acceleration experiments on animals, 

these have not yet been completed. This data set would be valuable to validate high 

acceleration FE head models. Another shortcoming of these experiments was that it was 

a different type of motion compared to that likely to be experienced in typical shaking. 

During shaking the head would most likely oscillate in an anterior to posterior motion, 

whereas the volunteer in these experiments experienced acceleration about the spinal 

axis. Experiments were planned to examine the anterior-posterior motion of the head. 

However, they were not completed before this work was submitted. Nevertheless, the 

data presented here were useful for testing the computational techniques required to 

model the in vivo deformation of the adult brain under low acceleration rotations. This 

was an important step in the process of creating a validated infant head FE model that 

could predict the deformations of the infant brain under a shaking motion. 

Another shortcoming of these experiments was the magnitude of the relative motion 

between the brain and the skull. These experiments produced strains of up to 0.05, and 

are much lower than the strains that are thought to occur in AHT [97], [117], [136]. Even 

though adult head experiments did not produce strains of this magnitude, the capability 

of the computational techniques to model these large strains were tested in Chapter 4. 

This chapter showed that the computational techniques could also predict the strains 

in a more anatomically correct environment.  

5.6.1  Conclusion 

This chapter has detailed the construction of an FE model that was used to predict the 

displacements of an adult human brain undergoing mild rotational accelerations. The 

computational techniques required to predict the displacement of the brain were 

validated using in vivo measurements of human brain displacements. Chapter 6 

describes how these computational techniques were incorporated into an FE model of 

an infant head in order to predict the mechanical effects on the infant brain under a 

shaking motion. The dynamic stresses, strains, and the motion of the brain in relation 
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to the skull were then used to help ascertain whether injuries could result from 

particular shaking incidents. 
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Chapter 6: Infant Head 

Model 

6.1  Introduction 

Chapter 5 outlined the procedure to validate the computational techniques required to 

accurately model the deformation of an adult human brain under low acceleration 

rotational motions. The displacement of the brain in relation to the skull was an 

important aspect to consider, as this relative motion between the brain and the skull 

could lead to subdural haematomas that are seen in AHT [33], [78]. This chapter applies 

similar computational techniques to an infant head FE model subject to a realistic 

shaking motion.  

The infant FE model was created on ANSYS Workbench 16.0, with the geometry 

obtained from an infant head atlas [149]. The FE model formulation included a fluid 

structure interaction (FSI) modelling framework, which modelled the interaction 

between the cerebrospinal fluid and the solid segments of the infant’s head.  
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The head motions used in the model were obtained from literature [22] which predicted 

the head motions of an infant when the torso of the infant was shaken using two 

modalities (linear and arc shake). The material properties for all the segments of the 

infant head were also incorporated from literature. Three possible mechanical indices 

of injury to an infant’s head under the shaking motion were investigated: the forces on 

the optic nerve; the von Mises stresses on the brain; and the strains on the bridging 

veins (modelled by looking at the displacement of nodes on the brain and the inner 

skull).  

This chapter also presents results where the model was modified to determine the effect 

of certain aspects of the infant’s head. The effect of the fontanelle and the effect of the 

neck forces on the three mechanical indices mentioned above were investigated.  

The findings from these experiments could elucidate the link between the injuries seen 

in mistreated infants and a shaking action. 

6.2  Injuries and Injury Thresholds 

The injuries most commonly associated with AHT include intracranial bleeding 

(typically subdural) and bleeding into the retina, although a range of other injuries may 

be sustained [6]. Three mechanical indices were investigated to determine if injury can 

occur from a shake alone. These were the strain of the bridging veins, the forces on the 

optic nerves, and the von Mises stresses throughout the brain.  

The relative motion of the brain and skull was used to indicate the stretch of the 

bridging veins to determine if they would rupture, and form a subdural haematoma. 

There have been many studies done on the mechanical properties of bridging veins of 

adults [145], [150]–[153]. The only study that had conducted experiments on bridging 

veins of human infants was by Morison [97]. In this study, the bridging veins of three 

infants aged between 0 weeks and 12 weeks were examined. A wide range of results were 

obtained due to the different conditions the infants were in before their death. Two of 

them had serious head injuries and the third was premature and very small. The 

bridging veins were described as very delicate and extremely small, and only the weakest 
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vein needs to rupture to produce a subdural haematoma. This research indicated that 

for the human infant the rupture stretch ratio was 1.433 ± 0.308. They concluded that 

the average ultimate stretch ratio of bridging veins was found to be approximately 1.5. 

A stretch ratio of 1.5 is equivalent to a strain of 0.5 and this value was used, for the 

purpose of this study, as the injury threshold associated with bridging vein rupture 

(subdural haematomas) as predicted by the FE model. 

Retinal haematomas occur when there is bleeding from the blood vessels in the retina  

[1], [50], [51], [55], [56]. The mechanisms through which this occurs are not very well 

understood, but this type of injury is highly correlated with infant abusive head trauma. 

There are two hypotheses for how retinal haematomas can occur due to a shaking 

trauma. The first hypothesis suggests that when the vitreous fluid pulses, a pressure 

wave (initiated by a shaking motion) strikes the retina causing injury. The other 

hypothesis indicates that shaking causes vitro-retinal traction, leading to the retina 

tearing from its connections and disrupting the connections of blood vessels to the eye 

[74], [79], [80], [82], [83]. To date, no research has been done on the forces associated 

in the retina tearing from its connections. It is likely that the forces experienced on the 

optic nerves may indicate if this injury can occur. Therefore, the computational model 

presented in this chapter has been used to predict the forces at the tip of the optic nerve 

when the infant is shaken. Future research should be directed towards examining the 

forces associated with the retinal tearing from the optic nerve so that forces measured 

can be compared to the forces predicted by this model.  

Traumatic brain injury, which includes concussion, is rarely seen in infants with AHT 

[6], [25], [26], [87]. Previous research that has considered rigid body mechanics of 

shaking has typically compared the accelerations from a shake to the acceleration injury 

thresholds for concussion. It has been reported that the accelerations experienced by 

an infant’s head due to a shake are smaller than the accelerations associated with 

concussions [13], [14], [22], [110], [111]. Some studies have identified soft tissue injury 

thresholds for traumatic brain injury [136], [154]–[157], stating that von Mises stress can 

be used to predict when these injuries can occur. These injury threshold stresses, 

summarised in Table 6-1, were obtained from FE models that recreated adult pedestrian 

or motor vehicle accidents. In this thesis, an infant computational model was used to 
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predict the von Mises stresses on the infant brain under a shaking motion, enabling 

these values to be compared to the injury threshold values presented in the literature.  

Table 6-1: The von Mises stress threshold values for mild and severe TBI. 

Study Injury type Injury threshold (kPa) 

Deck et al. (2008)[136] 
 

50% probability of mild TBI 
50% probability of severe TBI 

26 
36 

Newman et al. (2000)[155] Mild TBI >20 
Willinger et al. (2003, 2005)  50% probability of mild TBI >18 
[158], [159] 50% probability of severe TBI >38 

 

From Table 6-1, an injury threshold of 30 kPa was chosen to determine if the predicted 

von Mises stresses due to shaking could cause traumatic brain injury. 

The injury thresholds used in this chapter were all averages of published injury 

threshold ranges. This was because a minimum threshold value would overestimate the 

probability of injury and using the maximum values would underestimate the 

probability of injury for an average infant. It is understood that infant anatomy varies 

greatly between individual infants and even within the infant themselves, this indicates 

that a minimum injury threshold would be more suitable as it takes into account the 

weakest infants. However, this threshold was likely to create false positive results for 

average infants therefore an average injury threshold was used throughout this chapter.  

6.3  Computational Model 

An FSI modelling framework was used to create the computational model of an infant’s 

head. Chapter 5 and Chapter 4 validated the use of an FSI model using both low 

rotational acceleration adult head data and high rotational acceleration gel phantoms.  

6.3.1  Obtaining the Geometry of the Infant Head 

The geometry needed for the construction of the computational model was obtained 

from an infant atlas [149]. The atlas was created from a set of longitudinal images 

acquired from 95 normal infants (56 males and 39 females) at neonate (41.5±1.7 weeks). 
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Figure 6-1: A slice of the coronal plane showing the segmented CSF of the neonate infant.  

ITK-SNAP was used to create a STL surface mesh of the pre-segmented CSF region, 

obtained from the infant atlas. The CSF in the ventricles of the brain was excluded from 

the STL surface mesh as these sections were not incorporated in the model. The STL 

surface mesh obtained from ITK-SNAP was cleaned using MeshLab as follows: 

1. All the small isolated volumes (less than 20% of the maximum segmented 

volume) were selected and removed. 

2. Any open holes were closed, so that a volumetric mesh could be constructed 

subsequently. 

The cleaned mesh was saved as a text file contained all the node locations and their 

outward normals. This file was then used to create a model of the skull geometry. 

MATLAB was used to expand the nodes outwards by 6 mm to create the outer surface 

of the skull [160], [161] and MeshLab was used to create the outer surfaces for the skull 

using a Poisson surface reconstruction algorithm [139]. These nodes were expanded as 

the outer surface of the infant skull was not an important factor to consider in this 
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model. The inner skull and the outer brain surface were the important factors and were 

accurately incorporated in this model using this method.  

The falx cerebri, tentorium cerebelli, optic nerves, brainstem and fontanelle were added 

manually to the existing geometry of the infant’s head model using ANSYS ICEM. This 

was required as the infant atlas did not contain these anatomical structures. The 

outlines of the falx and the tentorium were drawn manually using points and line 

segments. Faces were then inserted to create the final geometry. The longitudinal fissure 

and the transverse fissure were used to position the falx and the tentorium. These 

surfaces were expanded outwards to create the CSF layer between the brain, the falx 

cerebri and the tentorium cerebelli. The optic nerves and the brain stem were 

represented as cylinders. Their approximate size was determined using MR images of 

neonatal infants obtained from an existing clinical database at Starship Children’s 

Hospital in Auckland, New Zealand. The anterior fontanelle was similarly incorporated 

into the model. The size and location of the fontanelle were obtained from the literature 

[60].  

6.3.2  Meshing the Geometry of the Infant Head 

Once the anatomical surface model was created, a volume mesh was built using ANSYS 

ICEM. All of the surface meshes were imported into ICEM and the volumetric mesh was 

created through an automated process. An independent tetrahedral mesh was used to 

represent the skull, CSF, falx, tentorium, optic nerves and brainstem. The surface of the 

brain was meshed using tetrahedral elements, while the interior body was meshed using 

hexahedral elements. 

Figure 6-2 shows the mesh created by ICEM. The structural mesh (everything apart 

from the CSF) contained 27886 elements. The fluid component contained 85504 

elements. A mesh convergence study was conducted to determine the size of elements 

to be used. The results from this study are described in Appendix G. 

The 3D mesh was read into ANSYS Mechanical using a module named finite element 

modeller, which converted the output mesh file created by ICEM into an ANSYS mesh. 

This mesh was then used by both the transient structural module and Fluent.  
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This workflow resulted in a model where the brain was contained within a skull and 

surrounded by the CSF. The falx cerebri and the tentorium cerebelli protruded into the 

skull, thereby separating the two hemispheres of the brain and the cerebellum. CSF was 

also present between the falx and brain, and between the tentorium and the brain. The 

optic nerves and the brainstem tethered the brain to the skull, and both extended from 

the brain through the CSF to the outer surface of the skull. This arrangement is 

illustrated in Figure 6-2, where the green elements represent the skull, blue elements 

represent the CSF, the yellow elements represent the falx and tentorium, the purple 

elements represent the fontanelle, and the red elements represent the brain. 

 

Figure 6-2: The volume mesh of the infant’s head. Top left: Off-centred medial, top right: 
transverse plane, bottom left: isometric view, bottom right: coronal plane. Red elements 

represent the brain, blue the CSF, green the skull, purple the fontanelle and yellow the falx and 
tentorium.  
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6.3.3  Material Properties  

Table 6-2 shows the material properties assigned to each part of the model. The outer 

skull, falx, and tentorium were modelled using elastic material properties. The CSF was 

modelled using the standard Newtonian fluid properties of density (ρ) and viscosity (η). 

The brain, optic nerves and brainstem were modelled using a hyperelastic Ogden 

model. The fontanelle was modelled using a hyperelastic Mooney-Rivlin model.  

Previous infant FE models have used linear viscoelastic material properties [97], [117], 

[118], [121], [142], [162], [163]. However, in this case it was decided that a hyperelastic 

material property should be used, as the brain experienced large strains when shaken, 

and thus the linear (small strain) approximation is not appropriate for this analysis. The 

only hyperelastic material properties for the infant brain that have been published were 

from an Ogden model [164], [165]. The material properties were determined from young 

(5 day old) porcine tissue that underwent large deformations of up to 0.5 strain [165]. 

This constitutive model was validated using an FE model that had been used to predict 

the fractures on the infant skull for small falls [164].  

Table 6-2: The material properties used in the infant head model. 

Part Constants Constitutive Equation References 

Brain μ = 559 Pa, α = 0.00845, B = 2.1 GPa 
ρ = 1080 kgm-3, μ = 0.49 

Hyperelastic (Ogden) [164], [165] 

Skull E = 1.95 GPa, μ = 0.22  Isotropic Elastic [98], [117], 
[118], [121] 

CSF ρ = 1000.59 kgm-3, η = 0.78 Viscous Fluid [122]–[124] 
Falx E = 31.5 MPa, μ = 0.23 Isotropic Elastic [140], [142], 

[147] 
Tentorium  E = 31.5 MPa, μ = 0.23 Isotropic Elastic [140], [142], 

[147] 
Fontanelle C1 = 1.18 MPa, C2 = 0.295 MPa, 

μ = 0.49 
Hyperelastic (Mooney-
Rivlin) 

[162] 

 

6.3.4  Boundary and Contact Conditions 

6.3.4.1  Shaking Boundary Condition 

The coordinate system in which these displacements were defined for the experimental 

measurements and computational model is illustrated in Figure 6-3.  
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Figure 6-3: The coordinate system used to define the displacements on the infant’s head. 

The shaking motions applied to the infant’s head were obtained from previous research 

conducted at the Auckland Bioengineering Institute [22]. This research used rigid body 

mechanics to investigate how the head of an infant would move if their torso was 

shaken. Using this rigid body model, the displacement of the head in the anterior-

posterior direction (x-axis), the superior- inferior direction (y-axis), and the rotation of 

the head about the transverse axis (z-axis) were extracted. The modelling study 

described two shaking modalities; a linear shake (Figure 6-4) and an arc shake (Figure 

6-5). Both of these shaking methods were used as a boundary condition for the FE 

simulation. The accelerations can be seen in Figure 6-6 and Figure 6-7 of the linear and 

arc shakes respectively. The spikes seen in these accelerations plots indicate the head of 

the infant impacting the chest and the back of the infant. It must be noted that the 

boundary condition used as an input were only the linear and angular displacements. 

The acceleration plots are shown below only to indicate the impacts of the head with 

the torso of the infant during a shaking motion.  

The linear shake was when the torso of the infant was shaken in a linear fashion. 

However, the head of the infant was seen to move in the Y direction and also included 



140 
 

a rotational component. The same was seen when the infant was shaken under an arc 

shake, which was when the infant torso was shaken in an arc.  

The raw displacement data contained step inputs of accelerations. This would not have 

been a reasonable input to the model. Because of this the displacement for the x and y 

directions and the angle of rotation were ramped and matched the original data by 

making sure that the zeroth, first and second derivatives were all continuous. This 

added ramping occurred in the first 0.025 s.  

The shaking frequencies used in this study were approximately 2 Hz. Biofidelic shaking 

experiments have that shaking frequency can be as high as 3.5 Hz, [111], however more 

recent rigid body models have presented head motion frequencies between 2- 2.5 Hz, 

[22], [164], [166]. 

 

Figure 6-4: The X and Y displacements (top plot) and the angular displacements (bottom plot) 
for the linear shake. 
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Figure 6-5: The X and Y displacements (top plot) and the angular displacements (bottom plot) 
for the arc shake. 

 

Figure 6-6: The X and Y accelerations (top plot) and the angular accelerations (bottom plot) for 
the linear shake. 
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Figure 6-7: The X and Y accelerations (top plot) and the angular accelerations (bottom plot) for 
the arc shake. 

6.3.4.2  Brain-Skull Contact Condition 

During shaking, the brain model was observed to collide with the interior skull wall 

(including the falx cerebri and tentorium cerebellum). This contact caused the fluid 

elements between the brain and the skull to collapse, which led to the failure of the 

simulation. To overcome this, and to allow the brain and the skull to interact, an offset 

frictionless contact condition was set between all of the interior skull surfaces and the 

outer brain surface. This contact condition allowed the brain and the skull to interact 

indirectly with one another, but still maintained a small gap (offset) between the two 

surfaces, to ensure the fluid elements would not collapse. The offset was set to 0.05 mm 

for all the simulations conducted in this chapter. This was the minimum offset that 

could be used to prevent fluid element collapse under the shaking motions. 

6.3.4.3  Optic Nerve and the Brainstem Contact Condition 

A bonded contact condition was implemented between the outer edge of the optic 

nerves and the skull, and a frictionless contact condition was applied between the 

brainstem and the skull. These contact conditions were used in Chapter 5 and were 
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validated for an adult brain undergoing low rotational accelerations. These constraints 

were assumed to provide a reasonable representation of the mechanical interactions 

between these anatomical structures. The frictionless contact condition allowed the 

brainstem to move independently of the skull.  

6.3.4.4  Neck Force Boundary Condition 

When an infant is being shaken, the neck bends and experiences either hyperextension 

or hyperflexion. This causes the spinal cord to bend (axial tension), and exerts a force 

on the bottom of the brainstem. These forces must be considered when trying to predict 

the motion of the brain under a shaking motion.  

Bilston et al [167] determined the maximum strains experienced by the spinal cord in 

the region of the C2 – C3 vertebrae. They constructed and validated a physical model of 

the human cervical spinal column, and measured its deformation during a simulated 

impact. The strain values at hyperflexion and hyperextension were presented and were 

used to calculate the forces on the brain stem. These forces were used as boundary 

conditions on the free end of the brainstem in the computational model. The force 

values were aligned to the rotation of the infant’s head. Figure 6-8 shows the force 

boundary condition along with the angular displacement for a linear shake. 

 

 

Figure 6-8: The force boundary condition placed on the base of the brainstem to simulate the 
effect of the bending of the neck. 
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6.3.4.5  Fluid Structure Interaction 

Like the computational model of the cylindrical phantoms and the adult head, an FSI 

formulation was used in the computational model of the infant’s head. This was a 

simplified representation of the meninges layers, however Chapter 5 showed that this 

was sufficient to accurately model the deformation of an adult brain under low angular 

rotations.  

Other settings selected for the simulation are shown in Table 6-3 and Table 6-4.  

Table 6-3: ANSYS Structural model settings for the infant model. 

Transient Structural Variable Option Selected 

Length of simulation 1.0 s 
Number of time steps 30000 
Time integration On 
Large deflections On 
Solver type Iterative 
Force convergence 1e-5 N 

 

 Table 6-4: ANSYS Fluent model settings for the infant model. 

Fluent Variables Option Selected 

Length of simulation 1.0 s 
Number of time steps 30000 
Solver scheme Coupling 
Solver type Pressure based transient 
Dynamic meshing Smoothing and remeshing 
Residual target (RMS average) 1e-6  

 

6.3.5  Methods for Analysing the Results 

6.3.5.1  Strains on the Bridging Veins 

The bridging veins were not represented explicitly in the computational model because 

previous research [97] had indicated that the bridging veins do not alter the motion of 

the brain. The stretch of the bridging veins was determined by examining the motion of 

a specific node on the brain relative to a corresponding node on the skull. The position 

of each node was tracked throughout the simulation and the distance between these 

nodes was used to determine the strains that would have been experienced by the 
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bridging veins. The same formulations used in Chapter 4 and Chapter 5 are used in this 

chapter. 

Eight bridging veins locations that were investigated in this model can be seen in Figure 

6-9. As mentioned the bridging veins were not physically modelled rather the stretch of 

these bridging veins were measured by comparing a node on the inner skull and node 

on the brain. The locations of the bridging veins in an infant vary between individuals, 

but they all traverse between the brain and the sagittal sinus [60]. As the sagittal sinus 

was not included in the computational model, the distance between the brain and the 

tip of the falx was considered as an appropriate surrogate measure of the bridging vein 

dimension.  

 

Figure 6-9: Locations of bridging veins (white line segments) superimposed on the FE model. 
Note that these bridging veins were not represented explicitly in the model. Green elements 

represent the skull, purple is the anterior fontanelle, blue is the CSF, yellow is the falx cerebri 
and red is the brain.  

6.3.5.2  Variance Accounted for 

This chapter presents results where the model was modified to determine the effect of 

certain aspects of the infant’s head. The effect of the fontanelle and the effect of the 

neck forces were investigated. To determine if these modified models changed the final 

results they were compared with the original (base) model. The difference between the 
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model results was quantified by the variance accounted for (coefficient of 

determination, or r2). The same formulation was used in Chapter 4 and Chapter 5.  

6.4  Results 

6.4.1  Shear Wave Propagation 

One of the first features that can be identified when examining the results of the infant 

FE model is that a wave seems to propagate throughout the brain when the brain makes 

contact with the interior of the skull. This wave propagation can be seen in Figure 6-10, 

which shows the z displacements, with a maximum displacement of 0.28 mm. The 

positive Z-axis in these images is directed out of the page. It can be seen that when the 

brain initially strikes the back of the skull, a shear wave (red) appears and propagates 

throughout the brain.  

The analytical shear wave speed was calculated to be 0.733 m/s using the material 

properties described in Table 6-2, and the speed of the wave seen in the computational 

model was measured to be 0.788 m/s. This seemed to indicate that the wave observed 

in the computational model was in fact a shear wave.  
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Figure 6-10: Shear wave propagation was predicted to propagate throughout the brain. The 
colours indicate the Z (out of the page) displacements of the brain. A maximum displacement 

of 0.28 mm was predicted. 

6.4.2  Mechanical Indices on the Brain during a Linear Shake 

The strains on the bridging veins, the forces on the optic nerves, and the maximum von 

Mises stresses on the infant brain were predicted when the simulation model was loaded 

using a linear shake.  

The strains on the bridging veins were estimated from the relative motion of the brain 

and the skull. The strains calculated from the displacement of the nodes (which 

represented the bridging veins) throughout the whole linear shake are illustrated Figure 

6-11. The colours represent the location of the bridging veins, with the red representing 

the most posterior bridging vein location and the blue representing the most anterior 

bridging vein location. The inset shows the location of the bridging veins according to 

the colour. The horizontal red line represents the injury threshold for bridging veins to 

rupture. All eight bridging vein locations exhibited strains that were larger than the 

injury threshold at least once throughout the shake.  
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Figure 6-11: The strains on all the bridging veins locations through a linear shake. The colours 
correspond to the locations of the bridging veins. The horizontal red line is the injury 

threshold for bridging vein rupture [97].  

To get a better representation of strains experienced by the bridging veins, the strains 

calculated from the displacement of the nodes (which represented the bridging vein 

number five located just anterior to the anterior fontanelle) throughout the whole 

simulation, is seen on Figure 6-12. The horizontal red line represents the injury 

threshold for bridging veins to rupture [97].  



149 
 

 

Figure 6-12: The strains on bridging vein location number five through a linear shake. The 
horizontal red line is the injury threshold for bridging vein rupture [97].  

The forces experienced on the optic nerves under a linear shake are shown in Figure 

6-13. A negative force occurred when the optic nerves were compressed, and positive 

forces represent optic nerve stretch. The blue trace shows the forces on the right optic 

nerve, and the red trace shows the forces on the left optic nerve.  

The maximum von Mises stresses that were predicted in the model of the infant brain 

were predicted to determine if severe traumatic brain injury is likely to occur due to 

shaking. Figure 6-14 shows the maximum von Mises stresses in the brain throughout a 

linear shake, and the horizontal red line shows the injury threshold for severe traumatic 

brain injuries. The von Mises stresses only exceeded the injury threshold for severe TBI 

briefly at the start of the simulation. It must be noted that it was the 99th percentile that 

was shown, to make sure that any outliers did not influence the maximum von mises 

stresses that were presented.  
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Figure 6-13:The reaction forces on the ends of the optic nerves. The blue trace shows the forces 
on the right optic nerve and the red trace shows the forces on the left optic nerve.  

 

Figure 6-14: Maximum von Mises stresses throughout the brain for a linear shake. The 
horizontal red line is the injury threshold for severe traumatic brain injury. 
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6.4.3  Mechanical Indices on the Brain during an Arc Shake 

The strains calculated from the displacement of the nodes (which represented the 

bridging veins) throughout the whole arc shake are illustrated in Figure 6-15. The 

colours denote the location of the bridging veins, as in Figure 6-11, where the red trace 

is the most posterior bridging vein, and the blue trace represents the most anterior 

bridging vein. The inset shows the locations of the bridging veins according to the 

colour. The horizontal red line represents the injury threshold for bridging vein rupture. 

Figure 6-16 shows the strains calculated from the displacement of the nodes (which 

represented the bridging vein five) throughout the arc shake.  

The forces on the end of the optic nerves through an arc shake are shown in Figure 6-17. 

The blue trace shows the forces on the right optic nerve, and the red trace shows the 

forces on the left optic nerve.  

Figure 6-18 shows the maximum von Mises stresses on the brain throughout an arc 

shake. The horizontal red line shows the injury threshold for severe TBI to occur. The 

von Mises stresses only briefly exceeded the injury threshold for severe TBI.   

 

Figure 6-15: The strains on all the bridging veins locations through an arc shake. The colours 
represent the locations of the bridging veins. The horizontal red line is the injury threshold for 

bridging vein rupture. 
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Figure 6-16: The strains on bridging vein location number five through an arc shake. The 
horizontal red line is the injury threshold for these bridging veins to rupture. 

 

Figure 6-17: The reactions forces on the ends of the optic nerves for an arc shake. The blue trace 
shows the forces on the right optic nerve, and the red trace shows the forces on the left optic 

nerve.  
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Figure 6-18: The von Mises stresses on the brain through an arc shake. The horizontal red line 
is the injury threshold for severe traumatic brain injury. 

6.4.4  Effect of the Anterior Fontanelle 

The effect of the anterior fontanelle on the mechanical indices for the infant brain under 

a linear shake was investigated. Comparisons of the results from the computational 

model that contained a fontanelle, and the computational model that did not, can be 

seen in Figure 6-19, Figure 6-20 and Figure 6-21. Figure 6-19 shows the strains at the 

location of bridging vein five for models with (blue) and without (red) the anterior 

fontanelle. Figure 6-20 shows the forces on the right optic nerve for models with (blue) 

and without (red) the anterior fontanelle. Figure 6-21 shows the maximum von Mises 

stresses on the brain for models with (blue) and without (red) the anterior fontanelle. 

There does not seem to be substantial differences in the mechanical indices on the 

infant brain when the infant’s head was modelled with or without the anterior 

fontanelle. The variance accounted for, for these different computational models is 

quantified in Table 6-5.  
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Figure 6-19: The strains on bridging vein location five for models with (blue) and without (red) 
the anterior fontanelle. 

 

Figure 6-20: The forces on the right optic nerve for models with (blue) and without (red) the 
anterior fontanelle. 
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Figure 6-21: The maximum von Mises stresses on the brain with (blue) and without (red) the 
anterior fontanelle. 

6.4.5  Effect of the Neck Force Boundary Condition 

A force boundary condition was incorporated into the computational model to take into 

account the bending of the infant neck under a shaking motion. The effect of this force 

on the mechanical indices on the brain of an infant subject to a linear shake was 

investigated. Figure 6-22, Figure 6-23 and Figure 6-24 compare the results of a model 

that contained no force boundary condition on the brain stem, another model that was 

subjected to measured forces reported in the literature, and a third model that was 

subjected to measured forces five times greater than that which had been measured in 

literature. Figure 6-22, shows the strains on bridging vein location five for the models 

without a force condition (blue), with measured force conditions (red) and with five 

times the measured forces (green). Figure 6-23 shows the forces on the right optic nerve 

for these three different models. Figure 6-24 shows the maximum von Mises stresses on 

the brain for the three models described.  
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There is no substantial difference between the mechanical indices on the infant brain 

when the infant’s head was modelled without the neck force, with the measured neck 

force, and with five times the measured neck force. The variance accounted when 

comparing the different computational models can be seen in Table 6-5. 

 

Figure 6-22: The strains on bridging vein location five for the models without a force condition 
(blue), with the measured force condition (red), and with five times the measured force 

condition (green). 
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Figure 6-23: The forces on the right optic nerve for the models without a force condition (blue), 
with the measured force condition (red), and with five times the measured force condition 

(green). 

 

Figure 6-24: The maximum von Mises stresses on the brain for the models without a force 
condition (blue), with the measured force condition (red), and with five times the measured 

force condition (green). 
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6.4.6  Variance Accounted For 

The variance accounted for when comparing the models to the base model was 

computed. The base model for the fontanelle comparison was the model that did not 

contain the anterior fontanelle. The base model for the force comparison was the model 

without a force condition. Table 6-5 shows the results from the comparison. 

Table 6-5: The variance accounted for when comparing the effect of the different models on the 
mechanical indices for the infant brain under a linear shake. 

 

 

 

6.5  Discussion and Conclusion 

6.5.1 Limitations 

The model presented in this chapter contains some limitations which need to be 

considered with discussions presented in Section 6.5.2. The first major limitation was 

that the techniques used to create this model were validated against low acceleration 

rotational motions. These techniques were then used to predict mechanical indices 

under high linear and rotational accelerations. Due to time limitations and availability 

of appropriate equipment high accelerations experiments could not be conducted on 

the cylindrical phantoms presented in Chapter 4.  Safety and ethical barriers prevented 

high accelerations experiments being conducted on humans. Therefore, this should be 

the primary focus with further experimentation in this field. 

The second major limitation was that the adult head model was validated using a linear 

viscoelastic material property, whereas the infant model used a hyperelastic constitutive 

equation to model the brain. This was because the strains were below 5% in the adult 

experiments and above 5% in the infant model.  This creates another discrepancy 

between the adult and infant head models. A sensitivity analysis could be conducted to 

Model Bridging vein strains Optic nerve forces Von-misses stress 

Fontanelle 0.996 0.991 0.993 
Force 0.998 0.994 0.997 
Force x5 0.959 0.948 0.964 
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get a better understanding of the effect of this material property change. However, due 

to the solve time of the model it was not a practical to conduct the analysis. Therefore, 

this is another important component that can add value to future studies on this 

subject. 

The third limitation was how the geometry of the model was created. The sulci and gyri 

were not incorporated. As discussed previously the inclusion of these can lead to the 

decrease in the stresses and strain experienced by the brain, [148]. Therefore, the results 

presented in this chapter may be an overestimation. The model also contained a rigid 

skull with only an anterior fontanelle. This again is not an accurate representation of an 

infant skull as it has many fontanelles and sutures.     

The limitations discussed above should be taken into account in conjunction with 

discussion points of the results presented in Section 6.5.2. 

6.5.2 Discussion 

The aim of this chapter was to create an FE model of an infant head, and use this model 

to predict certain mechanical indices of the brain under shaking motions. The geometry 

required to create this model was obtained either from a publicly available infant head 

atlas [149], or was manually created. The simulated head motions of a shaken infant 

were obtained from the literature [22], where two types of shaking modalities were 

identified - a linear shake, and an arc shake. Both of these shaking modalities were 

applied to the infant FE model, and the mechanical indices of the brain were predicted. 

The surface wave illustrated in Figure 6-10 was further investigated to ensure that it was 

not due to numerical error, and was in fact due to the constitutive equation being used 

to model the brain. There are two types of waves (longitudinal and transverse) that can 

be created from this interaction between the brain and the skull. From these two 

scenarios, only the transverse wave would cause the brain to deform in a direction that 

is perpendicular to the direction of the wave propagation. Using the transverse wave 

speed equation, which is dependent upon the shear modulus and the density of the 

material, the speed of a transverse wave can be calculated as 0.733 m/s. The speed of 

the wave seen in the FE model was 0.788 m/s. The model supported the premise that a 
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shear wave had propagated through the brain once it had impacted the interior skull 

surface. A literature search indicated that no other infant or adult FE model have shown 

this to occur during either impact or shaking motions.  

Shear wave propagation in adult brain has been extensively measured using 

elastography [168]–[171]. From these studies shear wave speeds ranging between 1.8 – 

2.5 m/s have been published. The discrepancy between the shear wave speeds seen in 

this model and the speeds presented for an adult brain is due to the difference in the 

shear modulus of the brain. The shear modulus of an adult brain is estimated to be 

3.5 kPa, whereas the shear modulus of the infant brain used in the model was 596 Pa. 

This difference in the shear moduli attributes to the differences seen.  

 However, it should be noted that this result might be a consequence of the geometry 

of the FE model, as the FE model contained a smooth outer surface, whereas in reality 

the outer surface of the human brain contains folds (gyri and sulci). It is not clear if a 

model with these features would produce similar shear wave propagation on the surface 

of the brain. This is an area where further research is needed. If these folds did interfere 

with the propagation of the transverse waves then one would expect to see a change in 

the strains in the bridging vein locations, as the waves themselves would have added to 

the predicted strains. 

The mechanical indices predicted by the computational model under a linear shake are 

shown in Figure 6-11, Figure 6-12, Figure 6-13 and Figure 6-14. Figure 6-11 shows that all 

the bridging veins exceeded the injury threshold, indicating that they would tear and 

hence subdural haematoma would likely occur. Figure 6-12 shows the strains on the 

bridging vein location five, which was just anterior to the anterior fontanelle. The first 

peak seen in Figure 6-12 was due to the initial motion of the skull moving forward and 

the stretch caused by the lag in the motion of the brain. This lag in the brain motion 

caused the nodes (that represented the bridging veins) to move apart from each other 

and hence stretch, which is seen as the first strain peak in Figure 6-12. The other strain 

peaks that are seen in Figure 6-12 can be attributed to the coup-contrecoup motion that 

the brain experiences under a shaking motion. The peak strains at times 0.4 s and 0.9 s 

occurred when the infant head was at maximum extension and hence the brain had 
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moved to the back of the skull and caused the bridging vein locations to stretch. The 

peak strains at times 0.15 s and 0.65 s occurred at maximum flexion of the infant head 

which caused the brain to move to the front of the skull, and the bridging veins to 

stretch.  

Another feature of this trace (Figure 6-12) was the smaller (than the main strain peaks 

mentioned before) strain peaks that are seen throughout the simulation, which 

indicated the brain shook in the skull. During the simulation the infant head was seen 

to collide with the torso, which caused a spike in the accelerations experienced by the 

head [22]. These spikes can be seen in Figure 6-6 and Figure 6-7 for both the linear and 

arc shakes. These spikes in acceleration, along with the contact conditions, could be the 

reason that the brain seems to vibrate and cause the smaller strain peaks that are seen 

in Figure 6-12. On closer inspection of Figure 6-6 and Figure 6-7, it is evident that the 

smaller strain peaks occur before the first head to torso strike. This means that 

something else must also be causing these strain peaks.  

High frequency oscillations have also been seen in other studies [97] which have stated 

the oscillations could be explained by comparing this type of system to a piston 

compressing an enclosed fluid. However, these oscillations are two orders of magnitude 

greater than the results in this chapter, hence this may not be a valid reason.  A simple 

mass spring calculation was also conducted to determine the natural frequency of the 

brain oscillating on the brain stem. To achieve oscillations of this frequency, the 

stiffness of the brainstem would have to be three orders of magnitude greater than what 

it is now. Another reason for these high frequency oscillations could be due to how the 

shaking boundary conditions are implemented in the model. The boundary condition 

was described by discrete displacements which could generate small impulses. To test 

if this was the case, a polynomial function was fitted to the discrete points and these 

functions were used as the boundary condition. Unfortunately, this created almost 

identical high frequency oscillations. Due to these reasons, a full modal analysis may 

have to be conducted to understand the cause of the higher oscillations seen in the 

results.  
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The strains on the bridging vein locations predicted by this model were different from 

the strain values previously published in literature [97], [117]. The strains on the bridging 

veins published by Morison [97] had similar maximum strain values to the values 

presented in this chapter, but did not contain the high frequency oscillations that were 

visible in the results. The strains presented by Roth et al had much smaller maximum 

values than the strains presented in this chapter. This discrepancy could be the result 

of the CSF being modelled as a soft solid and not as a fluid like it was modelled in the 

model described in this chapter. Improvements can be made to the model presented in 

this chapter that may result in different strains on the bridging veins; these potential 

improvements will be discussed in Chapter 7.  

Figure 6-13 illustrates the forces on the end of the optic nerve. When the head was in 

full flexion, the brain had moved to the front of the skull which compressed the optic 

nerves and created negative forces on the free face of the optic nerve. When the head 

was in full extension, the brain had moved to the back of the head and had extended 

the optic nerves, which created larger positive forces on the free face of the optic nerve. 

To date, no research has investigated the forces required to tear the retina from its 

connections and hence the injury threshold is unknown. Thus, this study only quantifies 

the maximum force predicted when the optic nerves were stretched as 0.28 N.  

Figure 6-14 illustrates the maximum von Mises stresses predicted due to a linear shake. 

The injury threshold plotted on this graph was for severe TBI and comparing the 

maximum von Misses stresses predicted from the model to this threshold shows that 

the von Mises stresses exceeded the injury threshold briefly at the start of the 

simulation. This may indicate why severe TBI has not been one of the injuries that had 

been identified with abusive head trauma. On the other hand, the predicted von Mises 

stresses exceeded the threshold for mild TBI.  

Similar values for the von Mises stresses were reported in studies using other infant 

head models [97], [117]. Von Mises stresses were investigated in this chapter, because 

improvements were made to the models presented by both Morison [97] and Roth et al 

[117]. It was hypothesised that the use of realistic shaking boundary conditions, an FSI 

modelling framework, and the incorporation of internal skull geometry would result in 
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higher von Mises stresses compared to the results presented by Morison [97] and Roth 

et el [117]. However, this was not the case. There are many modifications that can be 

incorporated into an infant head model that may result in different outcomes. Several 

of these improvements are discussed in Chapter 7.  

Figure 6-15, Figure 6-16, Figure 6-17 and Figure 6-18 show the mechanical indices 

predicted by the model for an arc shake. From Figure 6-15, it can be seen that all the 

nodes (which represented the bridging veins) experienced strains which exceeded the 

injury threshold. This implies, once again, that when an infant has been shaken under 

an arc shake, the bridging veins would likely tear leading to a subdural haematoma. 

Figure 6-16 shows the strains on bridging vein number five, which is just anterior to the 

anterior fontanelle. The first peak seen in this figure was due to the initial motion of the 

skull moving forward and the stretch experienced on the bridging veins due to the 

lagging motion of the brain. The other peaks that are seen in Figure 6-16 can again be 

attributed to the coup-contrecoup motion that the brain experiences under an arc 

shaking motion. As in the linear shakes, there are higher frequency smaller peaks in 

these strain traces. This was due to either the high accelerations caused by the infant 

head hitting the infant torso, or due to the contact mechanics between the brain and 

the interior skull geometry.  

Figure 6-17 showed the forces on the end of the optic nerve. When the infant head was 

under full flexion, the brain had moved to the front of the head and the optic nerves 

were compressed. This caused negative forces to be experienced on the free end of the 

optic nerve. When the infant head was under full extension, the brain moved to the 

back of the skull and the optic nerves were stretched and hence a positive force was 

experienced on the free end of the optic nerve. The maximum force experienced by the 

optic nerves under an arc shakes was predicted to be 0.41 N. 

Figure 6-18 showed the maximum von Mises stresses predicted under an arc shake. The 

injury threshold plotted on this graph is associated with severe TBI. This plot shows that 

the von Mises stresses exceeded the injury threshold briefly at the start of the 

simulation. Similar to the linear shake this may indicate why severe TBI has not been 

one of the injuries that has identified with abusive head trauma. 
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Different model setups were investigated to identify the effects of various anatomical 

features or boundary conditions applied to the original FE model. Figure 6-19, Figure 

6-20 and Figure 6-21 show the predicted results for the original model that contained 

an anterior fontanelle, and a modified model that did not substantially contain an 

anterior fontanelle. This comparison was conducted to identify the effect of the 

fontanelle. The variance accounted for, shown in Table 6-5, indicated that the inclusion 

of the anterior fontanelle did not affect the predicted results of the model. Initially, this 

was not expected as the cube phantom results from Chapter 3 indicated that mimicking 

the fontanelle, using a dental dam, substantially affected the pressures seen in the gel. 

Therefore, it was expected that the inclusion of the anterior fontanelle in the infant head 

model would affect the predicted stresses and possibly the motion of the brain. 

However, the major difference between the cube phantom and the infant head model 

was that in the cube phantom, the surrogate fontanelle (dental dam) covered the whole 

top surface, whereas in the infant head model the anterior fontanelle only covered 

relatively a small area compared to the outer surface of the skull. This diminished the 

mechanical influence of the fontanelle. 

During the simulations, the fontanelle was seen to move slightly, which was made 

possible due to the non-slip boundary condition between the brainstem and the skull. 

This slight movement of the fontanelle, however, did not significantly affect the 

predicted strains on the bridging veins as illustrated by Figure 6-19 and Table 6-5. This 

was due to the positions of the bridging veins between the falx and the brain. As the falx 

was more rigid than the fontanelle, and because it was attached to the interior surface 

of the skull, it did not deform along with the fontanelle. Thus the deformation of the 

fontanelle would not influence the predicted strains on the bridging veins.  

The model described in this chapter only included the anterior fontanelle whereas in 

reality the infant skull has numerous fontanelle and sutures that divide the skull in 

different segments. A model where the different segments of the skull are able to move 

in relation to one another would provide a more accurate anatomy of the infant skull, 

and may produce results different from those that have been shown in this chapter. This 

improvement is further discussed in Chapter 7. 
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A comparison of the predicted results for the original model that did not contain forces 

on the brainstem, the model that was loaded with the brainstem forces obtained from 

literature, and the model with the forces that were five times larger are shown in Figure 

6-22, Figure 6-23 and Figure 6-24. This comparison was conducted to examine the 

influence of the force boundary condition on the motion of the brain under a shaking 

motion. These plots, and the variance accounted for shown in Table 6-5, indicate that 

the inclusion of the force boundary condition did not affect the predicted results of the 

model. This was mainly due to the fact that the accelerations on the head were much 

larger than the forces placed on the base of the brainstem. These results indicate that 

the bending of the neck does not affect the mechanical indices on the brain under a 

shaking motion.  

More research should be conducted to identify the mechanical indices on the neck and 

spinal cord under a shaking motion. An FE model of an infant neck would be able to 

predict these stresses and strains along the brainstem under a shaking motion. This 

model could then be used to identify if injuries could occur on the infant spine due to 

the shaking. 

The strain results presented in this chapter predicted that all the bridging veins would 

rupture from either a linear or arc shake.  Comparisons need to be made with previous 

literature to determine if these results can be accepted. Case studies have shown that 

bridging veins do rupture when an infant is shaken, [2], [48]–[57] . To the authors best 

knowledge these case studies did not present the number of veins that rupture. 

Therefore it cannot be conclusively assumed that all the bridging veins have been shown 

to rupture similar to what was seen in this computational model.  

Two previous computational models have presented the strains on the bridging veins, 

[97], [121]. The computational model presented by Morison showed that for a 2 Hz 

shake the bridging veins would not rupture whereas, Roth et al. showed that the 

bridging veins would using an injury strain threshold of 0.5. The maximum strain 

presented by Roth et al. was 0.9 whereas this thesis presented that the maximum strain 

was 1.4. This discrepancy between these values could be attributed to the brain material 

properties and the modelling framework used.  Roth et al. used a stiffer linear 
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viscoelastic material property and was not constructed using an FSI framework. These 

differences can be attributed to the higher strains observed in this thesis. The boundary 

conditions between the two models were also different.  Roth et al and Morison both 

used boundary conditions where the head moved about a set pivot in an arc. The 

boundary conditions used in the infant model used predicted realistic shaking motions 

which incorporated the head and torso impacts. These realistic shaking boundary 

conditions along with the higher acceleration of the head strikes could cause the high 

strains seen in the infant model compared to the other models.   These points show the 

results from the infant model are within the ranges presented in literature when the 

differences between the models have been considered.  However, care should be taken 

when using these results, due to the limitations of the model stated previously.  

6.5.3 Conclusion 

The aim of this chapter was to create an FE model of an infant head, and to use this 

computational model to predict mechanical indices of the brain under a shaking 

motion. Three mechanical indices were investigated: the forces on the optic nerve; the 

maximum von Mises stresses on the brain; and the strains on the bridging vein 

locations. In addition to predicting the mechanical indices of the infant brain, this 

chapter also investigated the importance of modelling the anterior fontanelle and the 

forces on the brainstem under a shaking motion. 

The bridging veins were predicted to stretch sufficiently for them to rupture, which 

would mean that subdural haematomas are likely to occur. The optic nerve forces 

predicted could not be compared to any injury threshold as, to the author’s knowledge, 

this information has not been published. The von Mises stresses on the brain predicted 

by the model did not meet the stresses required for severe traumatic brain injury to 

occur. This may indicate why infants who are thought to be affected by AHT do not 

show signs of severe TBI.  

Due to the limitations of the model, results should be carefully evaluated. The results 

from this chapter can help to advance future computational models and address the 

limitations discussed in this chapter.  
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Chapter 7: Conclusions 

7.1  Summary 

The principal motivation for this research project was to determine if shaking alone can 

cause the injuries seen in AHT. The main aim of this thesis was to predict the 

mechanical indices on the infant brain under a shaking motion and to compare these 

mechanical indices to injury threshold from literature.  

The key research contribution of this thesis was the construction of a finite element 

model of an infant head. The computational techniques used in this model were 

validated against both phantom experiments and in vivo adult head experimental data. 

This model was novel as it modelled the CSF layer as a fluid and allowed for submerged 

solid-solid (brain and interior skull) interactions, contained an anterior fontanelle, 

contained the internal skull geometries (falx cerebri and the tentorium cerebellum) and 

tethered the brain to the skull in two locations via the optic nerves and the brain stem.  

The new information obtained from completing this thesis will help to clarify the 

mechanisms linking shaking and brain damage, and provide insight needed to answer 

the main research question: Is shaking alone sufficient to elicit injuries seen in AHT? 
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7.2  Validation of the Computational Techniques 

Before an FE model of the infant head could be constructed the computational 

techniques used to create this model had to be validated. The computational techniques 

used for modelling the infant head were validated using experiments on phantoms 

(Chapter 3 and Chapter 4) and in vivo adult head data (Chapter 5). This section outlines 

the main outcomes of these studies.  

7.2.1  Cube Phantom Experiments 

A set of instrumented physical phantoms were created and subjected to linear and 

circular arc shakes in order to better understand the mechanics of the brain, 

cerebrospinal fluid, and the fontanelle.  

Three phantoms were created to investigate how anatomical aspects of the infant head 

affected the pressure distribution on the brain under a shaking motion. The first 

phantom consistent of an outer acrylic shell that was filled with silicone gel (Sylgard 

527, mimicking the brain). The second phantom contained a water layer between the 

block of gel and the outer shell to mimic the CSF. The third phantom contained a soft 

membrane on its top surface, to mimic the fontanelle. The main purpose of the third 

phantom was to identify how the soft membrane would affect the pressure distribution 

in the gel. This experimental error was determined to have a range between 35 Pa and 

40 Pa for all the experiments. 

An analytical solution was derived to calculate the pressure between two points of a 

constant density material enclosed in a rigid shell which was being shaken in a linear 

sinusoidal motion.  

Computational finite element (FE) models of the three phantoms were then created 

using ANSYS Workbench. The results calculated from these models were compared to 

the analytical and experimental data to validate the computational techniques used in 

creating the FE model. 

For the first phantom, the FE model had an RMS error of between 30 Pa and 35 Pa 

compared to the experimental data throughout the whole shake for all the amplitudes 
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and frequencies. However, this only validated the pressures at two locations (the 

locations of the pressure transducers). The analytical model was used to validate the 

pressures at all the locations and also throughout the shake. During this comparison 

the RMS error ranged from 0.11 Pa to 0.21 Pa, when all the experiments at different 

amplitudes and different frequencies were compared.  

When predictions from the FE model of the non-slip cube phantom were compared to 

the experimental results, the RMS errors ranged from 28 Pa to 34 Pa for the linear 

shakes and from 27 Pa to 33 Pa for the circular shakes. The FE model undergoing a linear 

shake was also compared to the analytical model, which produced an RMS error that 

ranged from 0.16 Pa to 0.28 Pa.  

For the fontanelle FE model, the pressures measured in the physical phantoms at the 

locations of the pressure transducers were compared with the pressures predicted by 

the FE model. The FE model had RMS errors that ranged from 26 Pa to 35 Pa for the 

linear shakes, and from 33 Pa to 74 Pa for the circular arc shakes.  

The simulations and experiments showed that the pressures experienced in the gel had 

a quadratic relationship with the frequency and a linear relationship with the amplitude 

of the shake. These results provided confidence that the computational techniques 

could predict the pressures experienced by the gel in the three different phantoms for 

linear and circular arc shakes.  

7.2.2  Cylindrical Phantom Experiments 

One of the most common injuries seen in infants with AHT is subdural haematoma. 

These are thought to occur when the bridging veins, that are located between the brain 

and the sagittal sinus, stretch and rupture. Stretching of these bridging veins is caused 

by the relative motion between the brain and the skull. In order to investigate how the 

motion between the brain and the skull could be incorporated in an FE model, another 

set of phantoms were developed. A non-slip cylindrical phantom and a slip cylindrical 

phantom were constructed and subjected to rotational loading conditions.  

Experiments were conducted in which the displacement of the gel was measured in two 

ways. Both phantoms underwent low acceleration rotational motions of up to 260 rads-
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2, where the 3D deformation of the gel was measured using a tagged MRI sequence, [23], 

[24]. Additionally, high acceleration experiments were conducted on the slip phantom, 

where the deformation of the free end of the gel was measured by tracking florescent 

markers. The experimental error was determined by conducting multiple rotational 

experiments while measuring displacements throughout the gel over time. The 

standard deviation of these results showed an experimental precision error 

(uncertainty) of 1.5 mm. 

FE models of the cylindrical phantoms were created using ANSYS Workbench. The 

deformations measured in the experiments were compared to the displacements 

predicted by the FE models to validate the computational techniques. The non-slip 

phantom was created using a transient structural modelling setup, and the slip phantom 

was modelling using an FSI setup. 

The non-slip FE model was constructed and validated against the measured volumetric 

deformations. The RMS error between the modelled and measured displacements for 

the whole gel cylinder was below 1.5 mm for all the time steps throughout the shake.  

An FSI modelling framework was required to accurately model the deformation of the 

gel in the slip phantom. When comparing the predicted deformation of the gel to the 

measured deformation of the gel for the low acceleration rotational experiments, the 

RMS error between the two was below 1.5 mm for all the time steps. The strains between 

two nodes at three locations were calculated to make sure that the model predicted the 

relative motion between the outer face of the gel and the inner face of the shell. This 

was an important metric to consider as it is this relative motion that has been 

hypothesised to cause the subdural haemorrhages that are seen in AHT cases. A 

variance accounted for measure was used to determine how well the FE model predicted 

the measured strains. These simulations showed that modelling the fluid layer between 

the gel and the outer shell as a fluid (as opposed to a soft solid) was important. 

The results described in this section and detailed in Chapter 4 gave confidence in the 

computational techniques that were used to model the deformation of the gel in a 

cylindrical phantom experiencing low and high rotational accelerations.  
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7.2.3  In vivo Adult Head Experiments 

The computational techniques were then validated against an in vivo adult head 

undergoing low rotational accelerations. A volunteer underwent low acceleration 

(maximum of 260 rads-2) head rotations, where the 3D deformation of the brain was 

measured using a tagged MRI sequence, [23], [24]. The experimental error was 1.5 mm 

as it was for the cylindrical phantom experiments. 

FE models of the experimental setup were created in ANSYS Workbench. All of the 

geometries required to construct the FE model were segmented from high resolution 

MR images of the human volunteer or were manually added with reference to the 

segmented images. The FE model contained the brain, CSF, optic nerves, brainstem, the 

falx cerebri, the tentorium cerebelli, and the skull. An FSI modelling framework was 

used to model the rotation of the adult head where the CSF was modelled as a fluid and 

all the other components were modelled as solids.  

The displacements predicted by the FE model were then compared to the measured 

displacements. The RMS and absolute errors between the predicted and measured 

displacements were below 1.5 mm for all the time steps throughout the rotation. The 

strains between two nodes at four locations were calculated to test the ability of the 

model to predict the relative motion between the outer surface of the brain and the 

inner surface of the skull. The variance accounted for between the predicted and 

measured data was calculated to determine how well the model predicted these strains.  

Chapter 5 investigated the importance of the falx cerebri and the tentorium cerebelli. 

There was a large difference in the model output when the FE model contained both 

the falx and the tentorium and when it did not. Because these internal skull geometries 

made such a difference under low acceleration rotational motions, it can be assumed 

that they will play an important role when trying to predict how the infant brain 

deforms under high acceleration shaking motions. Although the rotations were low 

acceleration, and they were not in the form of a typical shake, these experiments were 

still an important step in creating an FE model of an infant head.  
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7.3  Prediction of Mechanical Indices Under a Shaking Motion 

The main aim of Chapter 6 was to create an FE model of an infant head and use this 

computational model to predict certain mechanical indices on the brain under a 

shaking motion. The computational techniques that were used in the cube phantom 

models (Chapter 3), the cylindrical phantom models (Chapter 4) and the adult head 

model (Chapter 5) were incorporated into the final FE model of the infant head. The 

infant head model was thus an FSI simulation where CSF was modelled as a fluid and 

the other segments were modelled as solids. The geometry required to create this model 

was either obtained from a publically available infant head atlas [149], or was manually 

added after the segmentation process. The simulated head motion of a shaken infant 

was obtained from literature [22], where linear and arc shaking modalities were 

investigated. The mechanical indices of the brain for both of these shakes were 

presented. 

Three main mechanical indices of the brain were investigated. These were the forces on 

the optic nerve, the von Mises stresses on the brain, and the relative motion of the brain 

with regard to the skull. The bridging veins were predicted to stretch enough for them 

to rupture, which means that subdural haematomas would occur. The optic nerve forces 

that were predicted could not be compared to any injury threshold as, this information 

seems to be lacking in literature. The von Mises stresses on the brain predicted by the 

model seemed to indicate that it did not meet the stresses required for severe traumatic 

brain injury to occur. This may explain why infants, who are thought to be affected by 

AHT, do not show any signs of severe TBI.  

Chapter 6 also investigated the importance of modelling the anterior fontanelle and the 

forces on the brainstem under a shaking motion. A model containing the fontanelle and 

a model without a fontanelle were compared to determine what effect the anterior 

fontanelle had on the mechanical indices of the infant brain under a shaking motion. It 

was found that adding the anterior fontanelle did not substantially affect the 

mechanical indices of the brain. This was mainly due to the fact that the anterior 

fontanelle occupied only a small portion of the whole infant skull. This indicated that 
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more research was needed to determine if any of the fontanelles and sutures would have 

an effect on the mechanical indices on the brain during shaking.  

A force boundary condition was applied to the brainstem in the model to simulate the 

effect, which the bending of the neck had on the mechanics of the brain. A model 

containing no force boundary condition was compared to a model containing the forces 

obtained from literature, and a model containing five times these forces. The 

mechanical indices were not substantially different between the three models. This 

indicated that the bending of the neck is unlikely to affect the mechanical indices on 

the brain.  

The findings from these experiments will help to establish a relationship between the 

injuries seen in mistreated infants and a shaking action. 

7.4  Limitations of the model 

The model contains limitations which must be considered when examining the results 

shown in this thesis. These are as follows, 

– Computational techniques were validated against low acceleration experiments 

but were used to predict mechanical indices under high accelerations. 

– A sensitivity analysis was not conducted on the material property used in the 

model. 

– The model did not include the sulci and gyri. It modelled the skull as a rigid body 

with an anterior fontanelle.  

These limitations are described in detail in Section 6.5.1.  

7.5  Future Research Ideas 

This final section of the thesis describes some additional ideas that have emerged while 

working on both the validation experiments and the predictive infant head model. 
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These are ideas or techniques that could improve future infant FE head models, or even 

future adult head FE models.  

7.5.1  Infant Head Modelling Improvements 

7.5.1.1  Infant Skull  

The FE model presented in this thesis contained a rigid infant skull, which contained 

the anterior fontanelle. This, however, was not anatomically accurate as the infant skull 

is deformable, being a collection of bones that are connected to keep the infant skull 

intact. There are five major bones that comprise the infant skull, two frontal bones, two 

parietal bones, and one occipital bone. These sections of the skull cover and protect the 

brain and are held together with a fibrous material called sutures and fontanelles.  

The work presented in this thesis showed that the inclusion of just the anterior 

fontanelle did not substantially affect the mechanical indices on the brain. However, 

the inclusion of all the sutures and the fontanelles may enable the skull itself to deform, 

and hence the brain to deform and displace more than it can in the present rigid setup. 

This could lead to increased stretching of the bridging veins and the forces on the optic 

nerves. Thus, creating an infant model where the skull was deformable may change the 

results and hence it is recommended that this to be one of the first improvements that 

should be made to the FE model presented in this thesis.  

7.5.1.2  Modelling the Gyri and Sulci 

The infant FE model did not include the folds on the brain surface (sulci and gyri). It 

was initially thought that these would not influence the mechanics of the brain. 

However, the results from this work may indicate otherwise. Chapter 6 showed that 

there was a shear wave that travelled on the surface of the brain when the brain made 

contact with the skull during shaking. It is possible that this wave would not be 

significant if the folds of the brain were incorporated into the infant FE model. It was 

hypothesised that the surface deformation that was seen due to these shear waves would 

diminish a great deal with the inclusion of the gyri and the sulci. This aspect of the 

infant model would be important to consider in future models.  
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7.5.1.3  Animal Models to Determine Injury Thresholds 

The creation of an accurate infant head model was one of the main steps in addressing 

the key question presented in this thesis, which was to determine if shaking alone could 

cause the injuries seen in AHT. The next section in answering this question will be to 

use animal models to accurately identify soft tissue injury thresholds.  

Research had been conducted on the threshold stretch ratios of the bridging veins, and 

also the threshold stresses for concussion injuries. However, there is a lack of data on 

the threshold required for retinal haemorrhages to occur. Research concerning this type 

of injury would be helpful in obtaining more valuable information from future FE infant 

models.  

There have also been many shaking experiments conducted on animals ranging from 

rats to lambs, [12], [101], [103]–[106], [172] . As discussed in Chapter 2, none of these 

studies could reproduce the injuries that were seen in AHT. Several reasons have been 

proposed for this, the main one being that the anatomy of the animals themselves are 

different to the anatomy of an infant human. Thus more research is needed to find a 

good animal model to mimic the injuries seen in AHT, without which it would be hard 

to link the injuries to a pure shaking action. 

7.5.1.4  Modelling the Infant Neck 

The computational model presented did not incorporate the infant neck. However, the 

studies in this thesis did represent the influence that the neck and the spinal cord had 

on the deformation of the brain under a shaking motion. Research conducted by Bilston 

and Thibault [167] was used to determine the forces on the brainstem when the infant 

head was in full flexion and full extension. The work presented in this thesis went a step 

further and compared the results when the model contained no forces on the brainstem, 

contained the identified forces, and when the model contained five times the forces 

identified. It showed that the results were not substantially influenced by these neck 

forces.  
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To make sure these results were accurate future models should include the cervical 

spine. Using the rigid body models [22], the bending of the vertebrae could be 

represented and then the forces on the brainstem could be identified.  

7.5.1.5  Obtaining Infant Material Properties 

Presently there are abundant data sets on the geometry of the infant head and on how 

the head moves during a shake. However, more research is needed to identify the 

material properties of the infant head.  

There has been much research on the material properties of the infant skull and the 

CSF. However, little research has focused on the other parts of the infant head. Most of 

the paediatric brain material property testing has been conducted on adult rodents and 

pigs, and these results have had to be extrapolated to the human infant. Further material 

property testing is required to verify this extrapolation from animal or adult human 

material properties to the human infant. The material properties for the fontanelle and 

sutures also require further investigation. The lack of age-specific material properties of 

the infant head is a significant issue for future computational models.  

7.5.1.6  Different Validation Experiments 

The computational techniques used for the infant head model presented in this thesis 

were validated using low rotational acceleration experiments on an in vivo adult head. 

There are two main improvements that can be made to these experiments so that they 

better represent what is seen in AHT.  

The first improvement would be to perform similar experiments using greater rotational 

accelerations. However, human experiments at these high accelerations might not be 

appropriate due to risks to the participant. On the other hand, animal experiments can 

be performed under these high acceleration rotational motions. Such data would be 

valuable for future infant and adult FE models.  

The second improvement would be to perform similar experiments, but using head 

motions that replicate a shake. The experiments presented here were conducted where 

the head rotated approximately 30 degrees to the side. Experiments where the head 

undergoes total flexion or extension would give valuable data for human FE models.  
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Both of these types of experiments are planned to be conducted at the Image Processing 

Core, Center for Neuroscience and Regenerative Medicine. 

When the changes described in these sections are implemented, future FE model of the 

infant head may be able to better predict the mechanical indices on the infant brain 

under a shaking motion. Thus giving a better understanding of whether shaking alone 

can cause the injuries that are seen in AHT. 
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Appendix A 

Table A-1, Table A-2 and Table A-3 show the mesh convergence analysis conducted on 

all the phantoms. A mesh convergence analysis was conducted to make sure that the 

result obtained from the FE model converged as the node and element count increased. 

Table A-1, Table A-2 and Table A-3, show the element sizes, the corresponding number 

of elements at the edge of the gel, and the RMS error. The RMS error shown was the 

error between the model that contained the finest mesh and subsequent courser 

meshes. From these results the maximum element size of the gel was set to 2.7 mm for 

the non-slip model, 2.2 mm for the slip phantom and 2.2 mm for the fontanelle 

phantom. These were also the same size that was used to mesh the acrylic shell and the 

fluid layer.  

Table A-1: Convergence analysis of the non-slip phantom. 

Element Size 
(mm) 

Number of Elements Across 
Gel 

RMS Error 
(Pa) 

10.8 5 0.12 
5.4 10 0.06 
2.7 20 0.05 
0.54 100 n/a 

 

 Table A-2: Convergence analysis of the slip phantom 

Element Size 
(mm) 

Number of Elements Across 
Gel 

RMS Error 
(Pa) 

8.8 5 0.09 
4.4 10 0.04 
2.2 20 0.03 
0.44 100 n/a 
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Table A-3: Convergence analysis of the fontanelle phantom. 

Element Size 
(mm) 

Number of Elements Across 
Gel 

RMS Error 
(Pa) 

8.8 5 0.16 
4.4 10 0.07 
2.2 20 0.04 
0.44 100 n/a 
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Appendix B 

 

Figure B-1: Analytical solution, FE solution and the phantom measurements for the slip 
phantom for shakes with amplitudes ranging from 10-40 mm. 

 

Figure B-2: FE solution and the phantom measurements for the fontanelle phantom for shakes 
with amplitudes ranging from 10-40 mm. 
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Appendix C 

 

Figure C-1: FE solution and the phantom measurements for the slip phantom undergoing an arc 
shake with amplitudes ranging from 10-40 mm. 

 

Figure C-1:: FE solution and the phantom measurements for the fontanelle phantom 
undergoing an arc shake with amplitudes ranging from 10-40 mm. 
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Appendix D 

A mesh convergence analysis was conducted on the non-slip cylindrical phantom to 

make sure that the result obtained from the FE model converged as the node and 

element count increased. These results can be seen in Table D-1. It shows the element 

sizes, the corresponding number of elements along the diameter of the gel, and the RMS 

error. The RMS error shown was the error between the model that contained the finest 

mesh and subsequent courser meshes. From these results the maximum element size 

was set to 5.6 mm. 

Table D-1: The convergence analysis conducted on the non-slip phantom.  

Element Size (mm) Number of elements across gel RMS error (mm) 

11.2 5 0.21 
5.6 10 0.06 
2.8 20 0.05 
0.56 100 n/a 

 

Table D-2 shows the mesh convergence analysis conducted on the non-slip phantom. A 

mesh convergence analysis was conducted to make sure that the result obtained from 

the FE model converged as the node and element count increased. Table D-2 shows the 

element sizes, the corresponding number of elements across the diameter of the gel, 

and the RMS error. The RMS error shown was the error between the model that 

contained the finest mesh and subsequent courser meshes. From these results the 

maximum element size was set to 7 mm for the solid mesh and 0.625 mm for the fluid 

mesh. 
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Table D-2: The convergence analysis conducted on the slip phantom. The RMS error was 
calculated between the FE model and experimental results. 

Element Size (mm) 
Solid 

Element Size (mm) 
Fluid 

Number of elements 
across gel 

Elements across the 
CSF layer 

RMS error 
(mm) 

14 1.25 5 2 0.19 
14 0.625 5 4 0.07 
7 1.25 10 2 0.18 
7 0.625 10 4 0.03 
7 0.313 10 8 0.02 
3.5 1.25 20 2 0.12 
3.5 0.625 20 4 n/a 
0.7 0.625 100 4 0.18 

 

 

  



184 
 

Appendix E 

These results validate the buoyancy mechanics of the ANSYS fluent solver. A sphere was 

placed inside the infinite fluid (where the diameter of the sphere << than the length of 

the fluid). Gravity was replicated by adding a uniform force to all the objects and the 

buoyancy force was validated by measuring the acceleration of the sphere in the fluid 

and comparing it to an analytical solution.  

The table below shows the variety of densities that were used to validate the buoyancy 

mechanics of the ANSYS Fluent solver.  

Table E-1: The buoyancy mechanics analysis conducted for a sphere inside an infinite fluid. The 
accelerations from the analytical model and the accelerations predicted from the FSI models are 
shown.  

Fluid density (kg/m3) Sphere density (kg/m3) Analytical (m/s2) Modelled (m/s2) 

3000 1000 7.28 7.87 
2000 1000 4.91 4.50 
1000 1000 0.00 -0.01 
500 1000 -3.92 -4.19 
3000 2000 2.89 2.86 
2000 2000 0.00 -0.03 
1000 2000 -3.92 -3.85 
500 2000 -6.54 -6.71 
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Appendix F 

These results show the mesh convergence analysis conducted on the adult human head 

FE model. A mesh convergence analysis was conducted to make sure that the result 

obtained from the FE model converged as the node and element count increased. Table 

E-1, shows the element sizes for the solid segments, the corresponding number of 

elements in the solid segments, the number of elements across the CSF layer and the 

RMS error. The RMS error shown was the error between the model that contained the 

finest mesh and subsequent courser meshes. From these results the maximum element 

size was set to 4 mm for the solid elements and 0.5 mm for the fluid elements. 

Table F-1: The convergence analysis conducted on the adult head FE model. The RMS error is the 
error between the model that contained the finest mesh and mesh that is being investigated. 

Element Size (mm) 
Solid 

Element Size (mm) 
Fluid 

Total number of 
Elements (solid) 

Elements across the 
CSF layer 

RMS error (mm) 

16 1 6579 2 0.23 
16 0.5 6579 4 0.07 
8 1 24831 2 0.18 
8 0.5 24831 4 0.06 
8 0.25 24831 8 0.04 
4 1 177285 2 0.12 
4 0.5 177285 4 0.03 
2 0.5 1338565 4 n/a 
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Appendix G 

These results show the mesh convergence analysis conducted on the infant human head 

FE model. Table F-1 show the mesh convergence analysis conducted on the infant FE 

model. A mesh convergence analysis was conducted to make sure that the result 

obtained from the FE model converged as the node and element count increased. Table 

F-1, shows the element sizes for the solid segments, the corresponding number of 

elements in the solid segments, the number of elements across the CSF layer and the 

RMS error. The RMS error shown was the error between the model that contained the 

finest mesh (solid element size of 1 mm and fluid element size of 0.5 mm) and 

subsequent courser meshes. The first column of RMS errors was when the strains of the 

bridging veins were compared, the second row was for the forces on the optic nerves 

and the final column was comparing the von Mises stresses between the models. From 

these results the maximum element size was set to 4 mm for the solid elements and 

0.5 mm for the fluid elements. 

Table G-1: The convergence analysis conducted on the infant head FE model. The RMS error was 
the error between the model that contained the finest mesh and mesh that was being 
investigated. The first column of RMS errors was when the strains of the bridging veins were 
compared, the second row was for the forces on the optic nerves and the final column was for 
the von Mises stresses between the models. 

Element Size 
(mm) 
Solid 

Element Size 
(mm) 
Fluid 

Total number of 
Elements (solid) 

Elements 
across the CSF 
layer 

RMS error  
(strain      force      Pa) 

8 1 8256 2 0.065     0.072      25.0 
8 0.5 8256 4 0.009     0.008     5.6 
4 1 27866 2 0.010      0.012      9.5 
4 0.5 27866 4 0.006     0.006     4.3 
4 0.25 27866 8 0.005      0.004    3.2 
2 1 240147 2 0.013       0.015      9.3 
2 0.5 240147 4 0.005      0.003    2.3 
1 0.5 1270555 4 n/a           n/a        n/a 
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