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Abstract 

Traumatic brain injury is a critical public health issue. Finite element (FE) head models are valuable 

instruments to explore the causal pathway from mechanical insult to resultant brain injury. 

Intracranial fluid-structure interaction (FSI) and biofidelity evaluation are two fundamental aspects 

of FE head modeling. The existing head models usually do not account for the fluid behavior of the 

cerebrospinal fluid (CSF) and its interaction with the other intracranial structures. Such 

simplification cannot guarantee a realistic interfacial behavior and may reduce the biofidelity of the 

head model. The biofidelity of a head model can be partially identified by comparing the model’s 

responses against relevant experimental data. Given the recent plethora of strain-based metrics for 

brain injury evaluation, a direct comparison between the computationally predicted deformation 

and experimentally measured strain is preferred. Due to the paucity of experimental brain 

deformation data, the majority of FE head models are evaluated by brain-skull relative motion data 

and then used for strain prediction. However, the validity of employing a model validated against 

brain-skull relative motion for strain prediction remains elusive.  

The current thesis attempted to advance these two important aspects of the FE head modeling. An 

FSI approach was implemented to describe the brain-skull interface and brain-ventricle interface, in 

which the CSF was modeled with an arbitrary Lagrangian-Eulerian multi-material formulation with 

its response being concatenated with the Lagrangian-simulated brain. Such implementation not 

only contributes to superior validation performance and improved injury predictability of the head 

models but also largely reveals the mechanisms of age-related acute subdural hematoma (ASDH) 

and periventricular injury. It is verified that the age-related brain atrophy exacerbates bridging vein 

strain that explains the predisposition of the elderly to ASDH, while the presence of a fluid ventricle 

induces strain concentration around the ventricles that aggravates the vulnerability of the 

periventricular region. For the biofidelity evaluation, the current thesis revisited the only existing 

dynamic experimental brain strain data with the loading regimes close to traumatic levels and 

proposed a new approach with guaranteed fidelity to estimate the brain strain. Biofidelity of a head 

model was evaluated by comparing the model’s responses against the newly estimated brain strain 

and previously presented brain-skull relative motion data. It is found that the head model evaluated 

by brain-skull relative motion cannot guarantee its strain prediction accuracy. Thus, it is advocated 

that a model designed for brain strain prediction should be validated against experimental brain 

strain, in addition to brain-skull relative motion.  

In conclusion, this thesis yields new knowledge of brain injury mechanism by implementing the FSI 

approach for the brain-skull interface and brain-ventricle interface and standardizes the strain 

validation protocol for FE head models by reinterpreting the experimental brain strain. It is hoped 

that this research has made a valuable and lasting contribution to an improved understanding of the 

basic head impact mechanics. 
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Sammanfattning 

Traumatisk hjärnskada är ett enormt folkhälso- och socioekonomiskt problem. Finita element (FE) -

huvudmodeller är värdefulla verktyg för att undersöka orsakssambandet mellan mekanisk 

belastning och tillhörande risk för hjärnskador. Noggrannheten hos sådana numeriska surrogat 

bygger på tillräcklig beskrivning av den intrakraniella fluid-struktur-interaktionen (FSI) och hur 

människolik modellen är. 

Emellertid har den intrakraniella FSI-modelleringen, främst för gränssnittet mellan hjärnan och 

skallbenet och gränssnittet mellan hjärnventriklarna, till stor del förenklats i de befintliga 

huvudmodellerna, eftersom vätskebeteendet hos cerebrospinalvätskan (CSF) och dess interaktion 

med de intrakraniella strukturerna har ignorerats. För utvärderingen av biofidelitet, är det önskvärt 

att jämföra den beräknade erhållna töjningsresponsen med dess experimentellt bestämda 

motsvarighet. På grund av bristen på experimentella mätningar av hjärndeformation valideras 

huvuddelen av de befintliga FE-huvudmodellerna mot mätningar av hjärnans relativrörelse mot 

skallbenet och används sedan för töjningsprediktering. Även lämpligheten av att använda en modell 

validerad mot hjärnans-relativrörelse för töjningsprediktering återstår att verifieras. 

Denna avhandlingen syftar till att vidaretuveckla dessa två viktiga aspekter av FE-

huvudmodellering. En FSI-metod implementerades för att beskriva gränssnittet mellan hjärnan och 

skallbenet samt hjärnventrikelgränssnittet, där CSF modelleras av en arbiträr Lagrangian-Eulerian  

multimaterialformulering sammanlänkat med en Lagrangsk formulering för hjärnan. Sådana 

implementeringar har inte bara bidragit till förbättrad skadeprediktering för huvudmodellerna utan 

också till större förståelse för skademekanismen för åldersrelaterad akut subduralt hematom 

(ASDH) och periventrikulär skada. Det bekräftades att åldersrelaterad hjärnatrofi ökade ASDH-

risken hos äldre, medan ventrikelns närvaro ökade sårbarheten för skador i 

periventrikulärregionen. För utvärderingen av biofidelitet återanvändes de enda befintliga 

dynamiska experimentella hjärntöjninsmätningarna och en ny metod föreslogs för att uppskatta 

töjningen med större noggrannhet. Biofideliteten för en huvudmodell utvärderades genom 

validering av modellens svar mot den nyligen uppskattade hjärntöjningen och existerande 

rörelsesdata för hjärnan. Valideringsprestanda för den givna modellen fick höga värden för både 

hjärntöjning och hjärnans relativrörelse. Avsaknaden av korrelation mellan valideringsprestanda 

för töjning och relativrörelse indikerade att en hjärnmodell utvärderad enbart mot hjärnans 

relativrörelse inte kunde garantera dess noggrannhet i töjningsprediktering. Således 

rekommenderas det att en modell med potentiell användning för töjningsprediktering bör valideras 

mot experimentella hjärntöjningsmätningar tillsammans med mätningar av hjärnans relativrörelse. 

Sammanfattningsvis genererade denna avhandling ny kunskap om hjärnans patogenes genom att 

implementera FSI-metoden för gränssnittet mellan hjärnan och skallbenet samt för 

hjärnventrikelgränssnittet och genom nya rekommendationer kring valideringsstrategin för FE-
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huvudmodeller medelst att tolka om experimentella mätningar av hjärntöjningar. Resultaten av den 

aktuella avhandlingen gav kritisk insikt om två grundläggande aspekter av finit elementmodellering 

av det mänskliga huvudet 

Nyckelord 

Traumatisk hjärnskada, fluid-strukturinteraktion, hjärntöjningar, modellvalidering, finit 

elementanalys  
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1 Introduction 

Traumatic brain injury (TBI) is the disruption of brain function secondary to an external insult to 

the head, typically in the form of head impact and inertial loading. The clinical outcome of a TBI 

exhibits a broad spectrum of cognitive impairment and pathologic severity, varying from transient 

unconsciousness along with mild neurological deficit to prolonged coma accompanied by severe 

damage throughout the brain [1].  

TBI has been regarded as a global public health problem, associated with its high mortality and 

morbidity, and enormous treatment expenses. According to a report from the World Health 

Organization and World Bank, about 10 million individuals worldwide are estimated to sustain a 

TBI each year [2]. In the United States, the Center for Disease Control and Prevention reported that 

the annual number of TBI-induced emergency department visits was around 1.37 million, resulting 

in an estimated cost of 60.43 billion dollars [3]. A meta-analysis of injury data from 23 European 

countries revealed an overall TBI incidence rate of about 235 per 100000 and an average fatality 

rate of about 11 per 100 [4]. Olesen et al. [5] reported a total cost of 33 billion euros associated with 

TBI in 2010 in Europe. Although global effort has been made to reduce the incidence rate and 

alleviate the detriment of TBI, neither clear decreases in TBI-related socioeconomic burden nor 

improved treatment outcome of TBI patients has been observed over the past two decades [6-8]. 

Faul and Coronado [3] reported that TBI-induced emergency department visits have even increased 

84% during the last decade, indicating that the present preventative and therapeutic tactics seem 

insufficient. Such a predicament may be partially related to the fact that the current understanding 

of TBI pathogenesis cannot provide solid guidance for the development of head protection strategies.  

As numerical surrogates of the human head, finite element (FE) head models serve as predictive 

tools to explore the causal pathway from external insult to resultant brain injury. The predictability 

of such models can be guaranteed only if two specific prerequisites are satisfied. First, the model 

should possess adequate geometrically and mechanically representations of each anatomical 

structure as well as accurate descriptions of the interfacial conditions among various intracranial 

components. Second, its responses need to be evaluated against relevant experimental data [9, 10]. 

Emerging medical imaging techniques, such as magnetic resonance imaging and diffusion tensor 

imaging, permit the head model to incorporate a high degree of anatomical details [11, 12]. In 

parallel, persistent endeavors in experimental characterization of biological tissue mechanics 

provide data for developing constitutive equations and material constants amenable to numerical 

implementation [13]. However, equivalent elaboration in interfacial representation and model 

validation appears lacking in the existing FE head models.  

Great disparities exist among models when it comes to interface modeling, especially for the 

intracranial fluid-structure interaction (FSI) that mainly includes the brain-skull interface and 

brain-ventricle interface (Figure 1.1). For both interfaces, the cerebrospinal fluid (CSF) exists. 

Though it is generally endorsed that the CSF is a fundamental element of the interfacial mechanics, 
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the majority of interface modeling techniques either completely ignore the CSF existence or 

approximate the CSF as a solid structure [14]. Considering that CSF is a water-like fluid with low 

shear resistance and incompressibility, such ignorance or approximation cannot guarantee a 

realistic interfacial behavior and may consequently confine the applicability of the head model [15].  

 

Figure 1.1 - Schematic representation of a sagittal cut-section of the head with indications of the brain-skull 

interface and brain-ventricle interface. 

Previous studies suggest that numerical representations of the brain-skull interface and brain-

ventricle interface have direct impacts on the prediction of acute subdural hematoma (ASDH) and 

periventricular injury, respectively [16-18]. Thus, improving the accuracy of intracranial FSI 

modeling holds great potential to enhance the injury predictability of the head model. ASDH is a 

type of hematoma where the blood accumulates between the dura and arachnoidea. Epidemiologic 

studies found that ASDH is a life-threatening injury, especially for the elderly [19, 20]. Although it 

has been clinically and experimentally observed that the most common mechanism of ASDH is 

tearing of the bridging veins (BVs) [19-21], etiology for the prevalence of ASDH in the elderly 

remains elusive. Periventricular injury is a type of lesion occurring at the margins of the ventricles 

and is commonly observed in patients with severe TBI [22]. Holbourn [23] hypothesized that there 

might be a tendency for the strain to concentrate near the ventricular wall, which seemed to explain 

the vulnerability of the periventricular region. However, no numerical endeavor has been made so 

far to properly verify or falsify this hypothesis.  

Another important aspect of FE modeling of the human head is the level that a model has been 

validated. Considering the recent plethora of strain-based metrics for brain injury evaluation, a 

direct comparison of computationally predicted strain to its experimentally determined counterpart 

is appealing. Thus far, the only experimental brain strain dataset under loading regimes close to 

traumatic levels was presented by Hardy et al. [24]. Surprisingly, this dataset has rarely been used 

to validate the strain responses of FE head models except for a handful of studies [25-27]. This may 

be partially related to the fact that the fidelity of the strain estimation approach used in Hardy et al. 

[24] remains to be evaluated. In practice, it is ubiquitous that an FE head model evaluated by brain-

skull relative motion data was used for strain prediction [28-31]. From the continuum mechanics 

perspective, the brain-skull relative motion is the compound of a rigid-body displacement 

component and a deformation component [32, 33]. Considering that strain is exclusively 

determined by the deformation component, employing a model evaluated only by brain-skull 

relative motion for strain prediction seems questionable.  

These foregoing problems motivated the research work in this doctoral thesis. The series of 

designed studies attempted to answer the following research questions: 

 Does a model with FSI simulation for the intracranial interfaces contribute to enhanced 

validation performance? 

Intraventricular CSF 

Brain 

Subarachnoid CSF 

Skull 

Brain-skull 

interface 

Brain-ventricle 

interface 
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 Does a model with FSI simulation for the intracranial interfaces exhibit improved injury 

predictability? 

 Does a model with FSI simulation for the intracranial interfaces better uncover the brain injury 

mechanism? 

 Is the only existing dynamic experimental brain strain dataset properly calculated?  

 Does a model validated against brain-skull relative motion assure its strain predictability?  
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2 Objectives 

The general objective of this thesis is to advance two fundamental aspects of the FE head modeling, 

i.e., intracranial FSI simulation and biofidelity evaluation.  

For the first aspect, it is hypothesized that intracranial FSI modeling leads to superior validation 

performance and enhanced injury predictability of the FE head model, and improved understanding 

of the brain injury mechanism. The specific aims of three designed studies are listed as follows:  

Paper A To reveal the significance of FSI modeling between the brain and skull for model 

validation performance and ASDH prediction.  

Paper B  To elucidate the mechanism regarding the prevalence of ASDH in the elderly. 

Paper C To uncover the mechanism regarding the prevalence of periventricular injury in TBI 

victims. 

For the second aspect, it is hypothesized that an FE head model validated against brain-skull 

relative motion cannot guarantee its strain prediction accuracy. The overall aim of two designed 

studies is listed as follows: 

Paper D-E To propose a new approach with guaranteed fidelity for experimental strain 

calculation. The strain validation protocol for FE head models is standardized with 

the aid of the newly calculated strain.  
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3 Background 

Since one major goal of this thesis is to uncover the mechanisms for age-related ASDH and 

periventricular injury, a brief description of the head anatomy and candidate mechanisms of these 

two specific brain injuries are presented in this chapter. In addition, a literature review is conducted 

to summarize previous efforts and define the state of the art in intracranial FSI modeling and FE 

head model validation.  

3.1 The Human Head 

3.1.1 Anatomy 
The scalp is the outermost layer of the human head with five principal layers, including the skin, the 

dense connective tissue, the aponeurosis, the loose connective tissue, and the periosteum (Figure 

3.2). The thickness of the scalp varies from 3 mm to 8 mm, depending on the age and location [34]. 

The presence of the loose connective tissue allows the superficial three layers to move over the 

periosteum tightly adherent to the skull [34-36]. 

The skull is a bony complex that encases the brain and supports the facial structures, consisting of 8 

cranial and 14 facial bones connected by sutures or joints in adults (Figure 3.1). The cranial bone in 

the adult is a typical sandwich structure with the outer and inner compact cortical bones separated 

by a porous diploë layer in the middle (Figure 3.2). The cavity (i.e., cranial cavity) formed by the 

cranial bones is not completely closed with several foramina that allow communication of nerves, 

blood vessels, and other structures. The largest one is called foramen magnum, through which the 

spinal cord connects with the brainstem. The facial bones support and accommodate the eyes, ears, 

nose, and teeth as well as provide additional reinforcement for the cranial cavity [35, 37]. 

The anatomical structures between the skull and brain are mainly the cranial meninges, the CSF, 

and the arachnoid trabeculae (Figure 3.2). The cranial meninges consist of the dura, the 

arachnoidea, and the pia, while the arachnoidea and pia are collectively referred to as the 

leptomeninges. The dura is directly attached to the skull and extends inwards to form the falx that 

separates the two cerebral hemispheres and the tentorium that separates the cerebrum from the 

cerebellum. The arachnoidea is tenuously adhered to the dura, forming the so-called subdural 

space. It is clinically noted that the subdural space may not exist under the normal physiological 

condition. Some groups describe that the dura and arachnoidea are weakly connected by thin border 

cells with a propensity to shear open in traumatic or surgical scenarios [38-40]. The pia is a vascular 

membrane that closely envelops the convoluted surface of the brain. The compartment between the 

arachnoidea and pia is called subarachnoid space having the CSF and arachnoid trabeculae within 

it. The cranial meninges provide support for various vessels and venous sinuses, such as the BV that 

drains the blood from the cerebral cortex into the superior sagittal sinus (SSS).  
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Figure 3.1 - A side view of the human adult skull (Modified from the image available in from 

http://www.pixabay.com, where all the image are covered by the Creative Commons CC0 license that allows 

free use, modification, and distribution). 

 

Figure 3.2 - Schematic representation of a coronal cross-section through the scalp, the skull, the brain-skull 

interface, and the cerebral cortex (Adapted from Gray [35]).  

 

The CSF is a saline fluid and is mainly produced by the choroid plexus within the lateral ventricles. 

It enters the third ventricle through the interventricular foramen, and then the fourth ventricle via a 

narrow channel called cerebral aqueduct, further streaming upwards to the subarachnoid space, 

where it is absorbed into the SSS via the arachnoid granulation (Figure 3.3) [35]. Thus, the CSF 

geometry can be roughly segmented into the reservoirs (lateral ventricles, third ventricle, and fourth 

ventricle), the thin flow layers (subarachnoid space), and the connecting tubes [15]. CSF is a 

Newtonian fluid with a viscosity of 0.0007-0.001 Pa.s [41]. 
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Figure 3.3 - Schematic representation of the CSF geometry and intracranial circulation pathway (Adapted from 

[15]). 

Located within the cranial cavity, the human brain is an organ of extreme complexity with its 

normal function maintained by the interaction of about 86 billion neurons with 100 trillion 

connections [9]. The brain can be divided into three structures: the cerebrum, the brainstem, and 

the cerebellum (Figure 3.4). The cerebrum is the largest part of the brain with its cortical layer 

consisting of grey matter (GM) and underlying region mostly consisting of white matter (WM). The 

GM contains the nerve-cell bodies and the WM is formed by the axons connecting different parts of 

the brain. The cortical layer of the adult brain exhibits a heterogeneous morphology with many 

grooves known as sulci and ridges known as gyri. The cerebrum is divided into two hemispheres 

connected by a WM structure, called corpus callosum with fully aligned axons. The brainstem, 

consisting of the midbrain, the pons, and the medulla oblongata, is continuous with the spinal cord. 

The cerebellum, inferior to the cerebrum and posterior to the brainstem, is structured similarly as 

the cerebrum with the GM at the cortical region and WM at the internal region [35].  

 

Figure 3.4 – A hemisphere of the adult brain (Adapted from Gray [35]). 

The human brain naturally undergoes an aging process towards the end of life, just as the growing 

process in early life. The most notable variations occurring to the aging brain are loss of the brain 

volume and mass, and thereby, enlargement of the subarachnoid space and cerebral ventricles. 

Decrease of brain volume emerges in the fifth decade with a rate of 3.2% per year, regionally 

characterized as cortical thinning along with widening sulci and atrophied hippocampus (Figure 3.5) 

[42]. The mean brain weight progressively decreases from 1.45 kg for the 20 years old to 1.29 kg for 

the 85 years old [43]. The average CSF volume in a young male is about 150 mL, of which 25 mL is 

contained within the ventricles. These volumes are increased with rates around 1.98 ml per year for 

the subarachnoid CSF and 0.16 ml per year for the intraventricular CSF, respectively [44].   
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Figure 3.5 - Schematic representation of the major macroscopic variations to the brain while aging with the 

young brain on the left and the elderly brain on the right. 

3.1.2 Brain Injury Mechanisms 
The study of brain injury biomechanics attempts to unravel the physical process and 

pathophysiological changes to the brain following an external insult to the head [45]. Though a 

complete understanding of the causal relationship between external insult and resultant brain 

injury is yet to be further elaborated, it has been disclosed that the brain displacement and 

deformation are primarily triggered by rotational loadings with dependence on the loading 

magnitude, duration, and direction [8, 14, 23, 46-50]. Transient intracranial pressure elevation has 

been reported to exert detrimental sequels on the brain and is mainly associated with the 

translational loading [51-58]. For a more thorough review of the human TBI mechanisms, the 

readers are suggested to refer to several recently published reviews [7, 59-61]. Here, current 

understanding and remaining perplexity of the mechanisms for ASDH and periventricular injury 

are presented.  

ASDH is a type of hematoma with the blood being accumulated between the dura and arachnoidea 

(i.e., the subdural space). In addition to head contusion and laceration of the cerebral vessels, BV 

rupture associated with the relative motion between the brain cortex and skull has been considered 

as the major cause of ASDH (Figure 3.6) [19, 20, 62]. The BV-induced ASDH is a catastrophic 

injury, especially for the elderly. Compared to the young adult, the elderly people suffer from a 

much higher ASDH incidence rate along with increased morbidity and mortality, and poorer 

treatment outcome [63-68]. Although clinical studies have long assumed that brain atrophy was the 

primary etiology for the prevalence of ASDH in elderly trauma patients [68, 69], a proper test of this 

hypothesis appears lacking, and the associated mechanism remains to be further elucidated. 

 

Figure 3.6 - (a) CT scan of a patient with subdural hematoma indicated by the red arrow; (b) Schematic 

representation of the injury mechanism of ASDH resulted from BV rupture (Adapted from [59]). 
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As the name suggests, periventricular injury is a type of trauma that occurs at the margins of the 

ventricles (Figure 3.7) with its clinical pathology typically exhibited as axonal injury around the 

ventricles [70, 71], subependymal hemorrhage at the ventricle wall [22, 72], and intraventricular 

hemorrhage [73]. A seminal study by Holbourn [23] hypothesized that a strain concentration might 

occur near the ventricle wall, which seemed to explain the vulnerability of the periventricular 

region. Later, Ross et al. [71] proposed that the mechanism of periventricular injury was either 

related to the intracranial pressure that caused volumetric expansion of the lateral ventricles or 

associated with high deformation in the periventricular region due to its inertial properties. 

However, these candidate mechanisms remain to be properly verified.  

 
Figure 3.7 - Schematic representation of the periventricular injury illustrated by a coronal cut-section (a) and a 

sagittal cut-section (b) with the lesions indicated by black dots (Adapted from Grcević [74]).  

3.2 Numerical Studies of ASDH in the Elderly 

Numerical models have been employed to predict the ASDH in the elderly, though consistent 

finding has not been reached. Zou et al. [75] employed the KTH (Kungliga Tekniska Högskolan) 

head model [31] with a sliding-only contact for the brain-skull interface to investigate the 

dependence of brain-skull relative displacement on brain size during impacts. For the model with a 

smaller brain, a decreased brain-skull relative motion peak was predicted. However, it was 

suggested by Kleiven and Von Holst [76] that the FSI techniques be used to simulate the brain-skull 

interaction. 

Couper and Albermani [15] adopted a Reynolds lubrication theory to simulate the brain-skull 

interface in a series of two-dimensional (2D) FE models of infant head with varying CSF 

thicknesses. When the models were excited by an oscillatory loading associated with the shaken 

baby syndrome, the estimated displacement peak increased with the CSF thickness.  

To probe the predisposition of the elderly to ASDH, Yanaoka and Dokko [77] adapted the 

morphological features of the Global Human Body Models Consortium (GHBMC) brain model [28] 

to represent two age-specific head models. A tied contact was imposed between the dura and 

arachnoidea to simulate the brain-skull interface. It was reported that the decreased brain volume 

led to elevated BV elongation secondary to the loadings measured from automotive crash tests.  

To represent the young adult rat and its older counterpart, Antona-Makoshi et al. [78] developed 

two rat head models with varying brain sizes. The brain-skull interface was approximated as several 

layers of CSF elements that shared interaction nodes with the brain and skull. The relative motion 

damage measurement (RMDM) [29] was selected as an ASDH risk indicator. It was found that the 

older model consistently predicted higher RMDM values.  

(a) (b) 
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3.3 Numerical Studies of Periventricular Injury 

Computational models of animal heads were used to investigate the periventricular injury 

mechanism by simulating animal experiments. Zhou et al. [79] developed several 2D coronal models 

representing different sections of the porcine brain to simulate the animal test conducted by Ross et 

al. [71]. The intraventricular CSF and brain tissue shared common interface nodes. The inclusion of 

the ventricles was found to be essential to produce high stress in the periventricular region.  

Later, Miller et al. [18] coupled 2D axial models with an experimental model of the porcine brain to 

evaluate the capabilities of different interfacial modeling approaches in terms of replicating the 

topographic distribution of axonal injury and cortical contusion in the experiments. When modeling 

the ventricles as hollow cavities along with approximating the brain-skull interface as a sliding 

frictional contact, the predicted strain and von Mises stress distribution showed similar patterns to 

those of the experimental lesions.  

Recently, a three-dimensional (3D) rat model [80] employed different modeling strategies to 

reproduce the pathological lesions observed in the experimental model of the rat brain [81]. High 

strain encompassing the ventricles was predicted only when the ventricular cavities were left empty.  

In addition to the animal models, a few FE models of human head were developed to investigate the 

influence of the ventricles on intracranial responses. Zhou et al. [82] generated two 3D models with 

different levels of anatomical differentiation. It was reported that the inclusion of the ventricles was 

essential to predict high shear stress in the periventricular region. In contrast, Nishimoto and 

Murakami [83] reported that the presence of the ventricles and interpeduncular cistern had limited 

effects on the shear stress distribution in the brain. In both studies, the intraventricular CSF was 

modeled as a nearly incompressible solid with low shear moduli and shared common nodes with the 

brain.  

3.4 Intracranial Interface Modeling 

As partially reviewed above, great disparities exist among the head models when it comes to 

interfacial modeling, varying from ignoring the presence of the CSF (approach 1), approximating the 

CSF as a nearly incompressible solid with low shear moduli (approach 2), to more sophisticated 

contact algorithms (approach 3), such as tied contact and sliding-only contact. The principal 

rationales of these three approaches are illustrated in Figure 3.8 using the brain-skull interface as 

an example.  

Ignoring the presence of the CSF cannot guarantee a realistic interfacial behavior. This was 

supported by Darvish and Crandall [84], who found that the existence of the CSF largely affected the 

brain responses during impacts. Of the latter two approaches, the CSF is represented as a 

Lagrangian structure without simulating the fluid property of the CSF as well as potential fluid flow 

secondary to the exterior insult. To overcome this, there are a few FE models [85-89] that simulated 

the subarachnoid CSF with fluid elements. Compared to the Lagrangian formulation where the 

mesh follows exactly the material deformation (Figure 3.9 (a)), the fluid element formulation, i.e., 

Eulerian formulation (Figure 3.9 (b)) and Arbitrary Lagrangian-Eulerian (ALE) formulation (Figure 

3.9 (c)), excels in not only realistically representing the fluid behavior of the CSF but also 

maintaining numerical stability without causing severe element deformation. Both formulations 

allow the fluid to flow through the mesh that is either fixed in space for the Eulerian formulation or 

move according to a predefined directive for the ALE formulation.  



 

13 

 

 

Figure 3.8 - Schematic representation of undeformed and deformed brain-skull interface configurations 

predicted by the three most widely used interface modeling approaches. Approach 1: The presence of the CSF is 

ignored, i.e., the brain outer surface is rigidly attached to the skull; Approach 2: The CSF is modeled as a nearly 

incompressible solid with low shear moduli. The CSF shares interfacial nodes with the brain and skull; 

Approach 3: Contact algorithm is defined between the CSF and brain/skull. Relative motion between the CSF 

inner surface and brain is illustrated in the deformed configuration. The brain and skull are shown in black 

while the CSF in blue. The interfaces with potential relative motion are highlighted as red lines. The directions 

of skull motion are illustrated by black arrows in the undeformed configurations. 

 

 

Figure 3.9 - Schematic representation of undeformed and deformed element configurations calculated by the 

Lagrangian formulation (a), the Eulerian formulation (b), and the ALE formulation (c) (Courtesy of Ian Do 

from Livermore Software Technology Corporation, Livermore, CA, USA).  
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3.5 ALE Formulation for FSI 

Given its superiority of controlling the mesh geometry independently from the material geometry 

(Figure 3.9 (c)), the ALE formulation has been growingly used to simulate the FSI problems [90, 91]. 

As detailed by Donea et al. [92], in order to relate the time derivative in the material, spatial, and 

reference domains, let a scalar physical quantity be described by 𝑓(𝒙, 𝑡), 𝑓∗(𝝌, 𝑡), and 𝑓∗∗(𝑿, 𝑡) in the 

spatial, referential and material domains, respectively. The fundamental ALE equation that relates 

the material time derivatives, referential time derivatives, and spatial gradient is expressed as: 

𝜕𝑓∗∗

𝜕𝑡
=

𝜕𝑓∗

𝜕𝑡
+

𝜕𝑓

𝜕𝒙
∙ 𝒄                                                                                 (3.1) 

Where 𝑡 is the time, 𝒙 is the spatial coordinates, and 𝒄 is the relative velocity between the material 

and the mesh.  

The ALE differential form of the conservation equations for mass, momentum, and energy are 

obtained from the corresponding Eulerian forms:  

For the mass:                                       

𝑑𝜌

𝑑𝑡
=

𝜕𝜌

𝜕𝑡
|𝒙 + 𝒗 ∙ 𝛁𝜌 = −𝜌𝛁 ∙ 𝒗                                                               (3.2) 

For the momentum: 

𝜌
𝑑𝒗

𝑑𝑡
= 𝜌(

𝜕𝒗

𝜕𝑡
|𝒙 + (𝒗 ∙ 𝛁)𝒗) = 𝛁 ∙ 𝝈 + 𝜌𝒃                                                         (3.3) 

For the energy: 

𝜌
𝑑𝑬

𝑑𝑡
= 𝜌(

𝜕𝑬

𝜕𝑡
|𝒙 + 𝒗 ∙ 𝛁𝑬) = 𝛁 ∙ (𝝈 ∙ 𝒗) + 𝒗 ∙ 𝜌𝒃                                                (3.4) 

where 𝜌 is the mass density, 𝒗 is the material velocity vector, 𝝈 is the Cauchy stress tensor, 𝒃 is the 

specific body force vector, and 𝑬 is the specific total energy.  

The ALE formulation advances the solution in time using an operator divided into two steps. Firstly, 

a Lagrangian step is performed wherein the deformation of the FE mesh follows exactly the 

deformation of the material secondary to the internal and external forces. This step is governed by 

the equation of state (EOS) for the dilatational response and constitutive equation for the deviatoric 

response. In the second phase (i.e., the advection phase), the element state variables are transported 

back to the reference domain with mass flux flowing through the mesh.   

To concatenate the response of the ALE-represented fluid to that of the Lagrangian-represented 

structure, a coupling algorithm is defined between them. A penalty-based coupling is generally 

recommended out of its extensive applicability and superior accuracy [91]. The principle of this 

coupling is that, when a penetration between the fluid nodes and coupling points distributed over 

the Lagrangian segment is detected, a force with its magnitude proportional to the penetration 

depth is applied to resist the penetration.  

3.6 FE Head Model Validation     

FE head models are powerful tools to link the external insult to localized brain responses and injury 

risk thereon. To ensure the accuracy of such tools, it is important to evaluate the biofidelity of the 
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head model by comparing the model’s responses with relevant experimental data, typically 

including intracranial pressure [55, 57], brain-skull relative motion [24, 93], and brain strain [24] 

(Figure 3.10). It has been generally agreed that a head model with satisfactory brain pressure 

response does not necessarily guarantee equivalent predictabilities of brain displacement and 

deformation for the given model. This agreement has been approved, both theoretically and 

numerically, by the findings that the brain motion and deformation depend heavily on the shear 

stiffness of the brain, while the pressure response is mainly determined by the inertial properties of 

the brain [14, 94].  

To ensure the strain predictability of a head model, a direct comparison between the 

computationally predicted deformation and experimentally measured strain is appealing. 

Surprisingly, the experimental database presented by Hardy et al. [24] with the loading regimes 

close to traumatic levels has only been used to validate the strain responses of a handful of FE head 

models [25-27]. In practice, the majority of current head models have been validated against brain-

skull relative motion and then used for strain prediction.  

 

Figure 3.10 - Schematic representation of the typical configurations for model validation. (a) Intracranial 

pressure validation; (b) Brain-skull relative motion validation; (c) Brain strain validation. Black dots represent 

the sites of experimental measurements. Red block in the sub-figure (a) and red triangles in subfigure (b) and 

(c) represent either the impactor in motion or rigid surface in static. 

The correlation between the computationally predicted time-history curves and experimentally 

measured responses can be quantitatively evaluated using different indices, such as CORrelation 

and Analysis (CORA) and Normalized Integral Square Error (NISE). For CORA, the similarity 

between a pair of signals is assessed with simultaneous involvement of the cross-correlation rating 

in aspects of shape, size, and phase, and the corridor rating in terms of deviation between two 

signals. The CORA scores range from 0 (no correlation) to 1 (perfect match) [95]. For NISE, the 

correlation between experimental data and model prediction is evaluated in the aspects of phase, 

amplitude, and shape. The NISE scores vary from 0 (no correlation) to 100 (perfect match) [96]. 

3.7 Experimental Brain Strain 

The experimental study by Hardy et al. [24] is particularly revelatory since it provided the best 

picture of brain deformation of human head specimens under conditions that are suspected to cause 

injury. During the experiments, the human cadaver head and neck complexes were initially 

accelerated and then stopped rapidly by impacting against a stationary block. The motion of the 

radiopaque neutral density targets (NDTs) implanted within the cadaveric brain was measured 

using a high-speed, bi-planar X-ray system. The raw measurement was further expressed with 

reference to an anatomical coordinate system that was rigidly attached to the skull, resulting in 

brain-skull relative motion. To expedite the local strain estimation, the NDTs were deployed in 

cluster with the affiliated NDTs roughly occupying 1 ml of tissue. As represented by C1 and C2 in 

Figure 3.11 (a), two NDT clusters were deployed within each cadaveric brain. NDT motion pattern of 

an exemplified impact is presented in Figure 3.11 (b). 

(a) (b) (c) 
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To estimate the strain within the volume occupied by the NDT cluster, two auxiliary models were 

developed for two specific scenarios. For a cluster with all seven NDT being tracked successfully, 12 

triad elements, i.e., triangular shell elements having 2D descriptions in local element coordinate 

systems although being 3D in terms of degrees of freedom, were generated by connecting each node 

to its neighboring counterparts (Figure 3.11 (c)). For a cluster with only the center NDT missing, up 

to 8 triad elements were generated in a similar manner (Figure 3.11 (d)). The coordinates of each 

node kept the same as those of the NDT initial positions. The strain was calculated by imposing the 

tracked NDT motion to the auxiliary model. To provide a general response within the volume 

encompassed by the NDTs, strains from all available triad elements were averaged. This approach is 

referred to as the triad approach. 

Hardy et al. [24] used incremental displacement to excite the auxiliary model, which resulted in the 

incremental strain, although it was not explicitly described as incremental strain in the original 

publication. This might lead to ambiguity when employing this strain dataset for model validation 

since the finite strain is commonly reported from FE head models. Second, the fidelity of using an 

auxiliary model with triad elements to deduce strains from NDT motions in 3D remains elusive. 

 

Figure 3.11 - (a) Schematic representation of the NDT cluster deploying configuration for impacts in the sagittal 

plane (left), coronal plane (center), and horizontal plane (right). The large “S” markers were attached to the 

skull, defining the rigid anatomical coordinate system. The impact direction was indicated by the blue arrow 

and rigid surface by the red triangle. C1 represents the cluster 1, while C2 represents the cluster 2. (b) 

Projection of the NDT trajectories with respect to the skull in the XY plane for test C380T2. NDT 1-7 comprise 

C1, while NDT 8-14 comprise C2. (c) The auxiliary model with 12 triad elements. (d) The auxiliary model with 8 

triad elements (Modified from Zhou et al. [97]). 
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4 Method 

This chapter describes the method used in Paper A to E to improve the intracranial FSI modeling 

and standardize the strain validation protocol for FE head models. Firstly, the KTH head model is 

introduced with a special focus on the brain-skull interface modeling, based on which an FSI 

approach is implemented to enhance the biofidelity of the model as presented in Paper A. This 

newly-revised model is further modified to generate three models with varying brain atrophy 

severities to uncover the predisposition of the elderly to ASDH (Paper B). The FSI approach is 

further implemented for the brain-ventricle interface in a new head model (i.e., the KTH detailed 

head model) with a realistic representation of the ventricles to disclose the mechanism of 

periventricular injury (Paper C). Paper D and Paper E reinterpret the experimental brain strain 

dataset and confine the strain validation protocol for FE head models.  

4.1 Intracranial FSI Modeling 

4.1.1 FSI Modeling of the Brain-skull Interface 

The KTH Head Model 

The KTH head model was developed by Kleiven [31] at KTH in Sweden. The head model includes 

the scalp, the skull, the brain, the meninges, the CSF, the ventricles, the SSS, a simplified neck with 

an extension of the spinal cord, and 11 pairs of parasagittal BVs (Figure 4.1). Material properties of 

each head component are described with greater detail in Kleiven [31]. In particular, the beam 

elements were developed with one end on the cerebral surface and the other end on the SSS to 

represent the 11 pairs of major parasagittal BVs with anatomical information from Oka et al. [98] 

(Figure 4.1 (b)). A uniform tensile stiffness of 1.9 N per unit strain was adopted from the 

experiments by Lee and Haut [99] to model BVs’ resistance.  

In the original model (referred to as Sliding-model), a sliding-only contact was employed to emulate 

the brain-skull interaction. Such a contact warrants sliding in the tangential direction and delivers 

tension and compression in the radial direction [31]. The CSF was modeled as a nearly 

incompressible Lagrangian solid with associated equations and material constants in Table 4.1 

[100]. To alleviate the spurious oscillations, a numerical damping coefficient (𝑉𝐶) was introduced. It 

should be noted that such a coefficient is independent of the fluid dynamic viscosity. With reference 

to the recommended value range (0.1-0.5) [100], the 𝑉𝐶 was defined as 0.3 in the Sliding-model. 
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Figure 4.1 – (a) Finite element model of the human head with the brain exposed; (b) modeling of the 11 pairs of 

major bridging veins (Modified from Zhou et al. [101]). 

 

Table 4.1 - Material constants for the CSF modeling in the Sliding-model. 

Pressure rate (𝑃 ̇ )                                                                  𝐾 (GPa) Deviatoric stress (𝜎𝑖𝑗
𝑣 ) 𝑉𝐶 𝜌 (kg/m3) 

𝑃 ̇ = −𝐾 𝜀�̇�𝑖 2.19 𝜎𝑖𝑗
𝑣 = 𝑉𝐶 ∙ ∆𝐿 ∙ √

𝐾

𝜌
 ∙ 𝜌𝜀�̇�𝑗

′     0.3 1000 

𝐾  is the bulk modulus; 𝜀�̇�𝑖  is the dilatational strain rate; 𝑉𝐶  is a tensor viscosity coefficient; ∆𝐿  is the 

characteristic element length; 𝜌 is the fluid density, and 𝜀�̇�𝑗
′  is the deviatoric strain rate. 

 

FSI Implementation for the Brain-skull Interface 

An FSI approach was implemented to emulate the brain-skull interface. The subarachnoid CSF 

elements in the original KTH head model were modified using an ALE multi-material formulation, 

while the brain elements remained with the original Lagrangian formulation. To empower the 

potential CSF flow to the region that was initially inhabited by the brain cortex, additional meshes 

were generated at the peripheral region (referred to as void mesh in Figure 4.2). The void mesh was 

emulated with identical element formulation and material property to those of the subarachnoid 

CSF elements, along with an extra void definition. Such a void definition prevents fluid from being 

distributed within the void mesh at its initial configuration.  

The ALE multi-material formulation advances the solution in time using an operator divided into 

two steps, in which the material is initially deformed in a Lagrangian step, followed by an advection 

step with the element variables being remapped. In the Lagrangian step, the CSF deformation was 

determined by the EOS for the dilatational response and the constitutive equation for the deviatoric 

response, respectively (Table 4.2). In the advection step, a second-order van Leer scheme was 

selected, given its superiority in terms of numerical stability and advection accuracy [102].  

A penalty-based coupling was imposed between the CSF (ALE fluid elements) and pia mater 

(Lagrangian shell elements). The imposed coupling warrants relative motion in the tangential 

direction and deliveries tension and compression in the radial direction. A tied contact was defined 

to emulate the tight connection between the dura and skull.  
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Figure 4.2 – Cut-section of the head model in a sagittal view (left) with an enlarged cut-section in the coronal 

view (right) under the initial configuration. The CSF-filled volume is colored in yellow (ALE elements), while 

the void mesh is in dark grey (ALE elements), and brain in light grey (Lagrangian elements). The ALE elements 

on the left side are blanked in the right figure (Modified from Zhou et al. [103]).  

 

Table 4.2 - Material constants for the CSF modeling in the FSI-model. 

Equation of state  C (m/s) 𝑆1 𝑆2 𝑆3 𝑎 𝛾0 

𝑃 =
𝜌0𝐶2𝜇[1+(1−

𝛾0
2

)𝜇− 
𝑎

2
𝜇2]

[1−(𝑆1−1)𝜇−𝑆2
𝜇2

𝜇+1
−𝑆3 

𝜇3

(𝜇+1)2]
; 𝜇 =

𝑉0

𝑉
− 1 1482.9 2.1057 -0.1744 0.010085 0 1.2 

Constitutive equation 𝛾 (Pa.s)      

𝜎𝑖𝑗
𝑣 = 𝛾𝜀�̇�𝑗

′                                                                           0.001      

𝑃 is the pressure, 𝐶 is the intercept of 𝑣𝑠-𝑣𝑝 curves with 𝑣𝑠 being the velocity of a shockwave traveling through 

the intermediary material and 𝑣𝑝 being the velocity of the shocked material; 𝑆1, 𝑆2, and 𝑆3 are the coefficients of 

the slope of the 𝑣𝑠-𝑣𝑝 curves, 𝛾0 is the Gruneisen gamma, and 𝑎 is the first order volume correction to 𝛾0; 𝑉0 is 

the initial volume; 𝑉 is the instantaneous volume; 𝜎𝑖𝑗
𝑣  is the deviatoric stress; 𝛾 is the dynamic viscosity; 𝜀�̇�𝑗

′  is 

the deviatoric strain rate. 

 

The modified model (referred to as FSI-model) was validated against brain-skull relative 

displacement from Hardy et al. [24] and intracranial pressure responses published by Nahum et al. 

[55]. To evaluate the ASDH predictability of the modified model, an experimentally measured 

loading that was known to induce ASDH resulting from BV failure [19] was imposed on the head 

model. Responses of the modified FSI-model were compared to those of the original Sliding-model 

to elucidate any possible superiority of the FSI approach.  

4.1.2 Influence of Brain Atrophy on ASDH Risk 
Models with various severities of brain atrophy were generated to uncover the age-related ASDH 

mechanism. To emulate the fluid property of the subarachnoid CSF and concatenate its mechanical 

responses with the brain and skull, the FSI-model revised above was successively used.  

Three models with varying brain dimensions were generated to simulate the age-related brain 

atrophy. The brain was independently scaled, guaranteeing identical skull dimensions among the 

models. Based on the relationship between the brain volume and atrophy severity [104], the model 

with a brain volume of 1.354 L approximately represented a young adult, while the ones with brain 

volumes of 1.330 L and 1.276 L roughly represented two heads with mild brain atrophy and severe 
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Void mesh (ALE domain initially unfilled) 
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brain atrophy, respectively (Figure 4.3). These three models were exposed to six experimentally 

measured loadings known to induce BV-associated ASDH or not [19].  

 

Figure 4.3 - Models with varying brain sizes representing heads with different atrophy severities. To better 

illustrate the CSF thickness increment resulting from brain atrophy, part of the CSF in yellow is masked. 

4.1.3 FSI Modeling of the Brain-ventricle Interface  

The KTH Detailed Head Model 

The FSI approach was further used to simulate the interaction between the brain and ventricles to 

uncover the mechanism of periventricular injury. The FSI implementation generally requires a high-

resolution description of the interfacial boundary, which the original KTH head model with a 

simplified ventricle shape does not have. To overcome this, a new model with a detailed 

representation of the ventricles (i.e., The KTH detailed head model) was developed (Figure 4.4 (a)-

(c)). This newly-developed head model has 4.2 million hexahedral elements and 0.5 million 

quadrilateral elements. The volume ratio between the cerebral ventricles and brain was 1.9 %, 

approximating the ratio range (1%-4%) in adults [105]. Details regarding the material constants of 

the major head components are presented in Table 4.3, except for the intraventricular CSF which is 

described in the next section.  

FSI Implementation for the Brain-ventricle Interface 

An FSI approach was used to simulate the brain-ventricle interface. To capture the fluid property of 

the intraventricular CSF as well as the potential fluid flow during impact, the cerebral ventricles 

were modeled using an ALE multi-material formulation. Considering that the intraventricular CSF 

is likely to flow to the regions that were originally inhabited by the deep brain structures due to 

brain deformation and brain-ventricle relative displacement, additional meshes, referred to as void 

mesh in Figure 4.4 (d), were generated in these regions. The void mesh overlapped with parts of the 

brain mesh and was not filled by fluid material at its initial configuration. Strategy for 

intraventricular CSF material modeling and advection scheme kept the same as those of the 

subarachnoid CSF in the modified KTH head model, as detailed in Section 4.1.1. For the interface 

between the cerebral ventricles (ALE solid elements) and brain (Lagrangian solid elements), a 

penalty-based coupling was defined.  

To uncover the mechanism of periventricular injury, an additional model was developed by filling 

the ventricular cavities with a substitute with brain material (Table 4.3). Both models were exposed 

to a sinusoidal-shaped acceleration impulse with a duration of 5 ms and a peak of 10000 rad/s2, 

which was in the range of the proposed tolerance criterion for diffuse axonal injury (DAI) in man 

[106]. Such a loading choice was motivated by the autopsy observation that periventricular injury 

Young adult Mild atrophy Severe atrophy 
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was frequently detected along with DAI [22, 72]. This impulse was used to excite both models in the 

coronal plane, axial plane, and sagittal plane, respectively.  

 

Figure 4.4 - The KTH detailed head model with the FSI approach implemented for the brain-ventricle 

interaction. (a) Head model with the brain exposed; (b) Brain model with the mesh visible; (c) The model for 

the cerebral ventricles including the lateral ventricles and third ventricle with the mesh visible; (d) Isometric 

view of the brain-ventricle interface with a cut-section plane (left) and the brain cut-section in coronal view 

(right). For better illustration, half of the brain is masked, while the cerebral ventricles are shown as shaded 

elements and the void mesh as wireframe elements (Modified from Zhou et al. [107]).   

Table 4.3 – Tissue properties of the KTH detailed head model. 

Structure Density (kg/dm3)  Young's modulus (MPa) Poisson's ratio 

Skull [108] 2.00  6500                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 0.22 

Brain [31] 1.04  Hyper-Viscoelastic ~0.5 

Subarachnoid CSF [31] 1.00  K = 2.1 GPa -- 

Dura/Falx/Tentorium [109] 1.13  Average stress-strain curve  -- 

Pia mater [110] 1.13  Average stress-strain curve -- 
K: Bulk modulus.  
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Brain 

CSF 

Skull 
(c) 

Third ventricle 

Lateral ventricles 

Brain 
(Lagrangian) 

Mesh of the cerebral ventricles 
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4.2 Strain Validation of FE Head Model 

4.2.1 Experimental Brain Strain Estimation  
Hardy et al. [24] used incremental displacement to excite the NDT triad model, which resulted in 

incremental strain. Given the significance of finite strain for FE head model validation and injury 

prediction, the first purpose was to update the strain calculation to reflect finite strain. To achieve 

that, the total displacement was used to excite the NDT triad model (Figure 4.5 (b)), resulting in the 

finite strain. The strain interval was also updated. 

Another potential issue regarding the strain calculation in Hardy et al. [24] was about the fidelity of 

the strain estimation approach, i.e., the triad approach. Considering the 3D nature of the brain 

displacement field in Hardy et al. [24], using triad element for 3D strain estimation seems 

questionable [111]. Thus, a new strain estimation approach with 3D elements was proposed. Based 

on the NDT deploying scheme in Hardy et al. [24], tetrahedron elements were adopted to 

alternatively estimate the experimental brain strain. For a typical cluster with all 7 associated NDTs 

being tracked successfully, 8 tetrahedron elements were formed (Figure 4.5 (c)). Identical to the 

triad approach, the tracked NDT motions were used to drive the tetrahedron elements, and the 

strain results of all available tetrahedron elements were averaged to provide a general response of 

the volume occupied by the NDT cluster. This newly proposed approach was referred to as the tetra 

approach.  

 

Figure 4.5 - (a) Schematic representation of the NDT cluster implanting schemes. For a given head, two NDT 

clusters were implanted as C1 and C2 (b) The NDT triad model with NDTs shown as black spheres, while triad 

elements are in grey and mesh lines in black; (c) The NDT tetra model with NDTs seen as black spheres while 

tetrahedron elements are in grey and mesh lines in black. To visualize the center NDT, all tetrahedron elements 

are shown in translucency (Modified from Zhou et al. [112]). 

Fidelity of this newly-proposed tetra approach along with the previously-adopted triad approach 

was evaluated with the aid of the KTH detailed head model by numerically replicating the 

experimental impacts and strain estimation procedures. Considering that only experiments with 

intervals over 40 ms reflected the major trend of the NDT motions, 8 clusters with intervals over 40 

ms were selected as the validation targets [27]. The rationale for evaluating the fidelity of these two 

strain estimation approaches is explained in Figure 4.6 using C1 in C288T3 as an example. To 

accurately represent the NDT locations, nodes nearest to the initial positions of the experimental 

NDTs were taken as the marker representations in the model. These identified nodes were further 

used to select brain elements representing the tissue encompassed by the NDT cluster. For a typical 

NDT cluster occupying a tissue volume of about 1 ml, approximately 600 elements were selected 

(Figure 4.6 (b)). Strains of all selected brain elements were directly extracted from the whole head 

model simulation and then averaged. To replicate the experimental strain estimation procedures, 

the identified nodes were used to establish two models with triad elements (Figure 4.6 (c)) and 

tetrahedron elements (Figure 4.6 (d)), respectively. Nodal motion responses obtained from the 

whole head model simulation were used to drive the models, and resultant strains of all affiliating 

(c) 

Triad approach 

(a) (b) 

Tetra approach 
C1 C2 
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elements were averaged within the model. Fidelities of these two strain estimation approaches were 

ascertained by comparing the strain in the representative brain elements obtained from the whole 

head simulation with its triad and tetra estimations. 

 

Figure 4.6 - Numerical replication of C288T3 and the strain estimation procedures for C1. (a) Sketch of the 

head impact simulation of experiment C288T3 and the NDT representative nodes for C1 visualized as yellow 

dots. (b) Selected brain elements representing the brain tissue encompassed by C1. For better illustration, the 

model in the tetra approach is superimposed on the representative brain elements shown as the wireframe with 

black mesh lines. (c) Strain estimation by the triad approach with the NDT representative nodes shown as 

yellow spheres, triad elements in yellow, and mesh lines in black; (d) Strain estimation by the tetra approach 

with NDT representative nodes as yellow spheres, tetrahedron elements in yellow, and mesh lines in black. To 

visualize the center NDT representative node, all tetrahedron elements are shown in translucency (Modified 

from Zhou et al. [112]). 

4.2.2 Strain Validation Protocol of an FE head Model  
The revised brain strain and brain-skull relative motion data were collectively employed to answer 

the question if a model validated against brain-skull relative motion could ascertain its strain 

predictability. The method designed to test the hypothesis is illustrated in Figure 4.7, in which the 

strains with superior fidelity as evaluated above were employed. 

As reported by Zou et al. [32], the brain-skull relative motion of Hardy et al. [93] could be separated 

into a rigid-body displacement component and a deformation component. To analyze the relative 

proportion of the deformation component to the brain-skull relative motion, the average strain 

peaks and the average brain-skull relative motion peaks were calculated for each cluster. Correlation 

analysis (Pearson coefficient) was performed to evaluate the correlation between the experimentally 

measured peaks (Figure 4.7 (a)). A correlation was considered significant for p<0.01. 

As shown in Figure 4.7 (b), both brain strain and brain-skull relative motion were used to validate 

the KTH detailed head model [31]. As stated above, 8 clusters with intervals over 40 ms were 

selected as the validation targets. The node with the least Euclidian distance to the initial position of 

the experimental marker was selected as the NDT representation in the model. Trajectories of the 

selected nodes relative to the skull were extracted from the whole head model simulation and 

further used to calculate the strain responses. Following the experimental protocol, the nodal 

trajectories were expressed with reference to the anatomical coordinate system in the three axial 

directions, while the strain estimation approach with superior fidelity as evaluated in the forgoing 

section was employed for strain calculations. CORA and NISE were employed to quantify the 

similarity between the experimental measurements and model responses. Correlation analysis 

(Pearson coefficient) was performed between the brain strain validation scores and brain-skull 

relative motion validation scores. A correlation was considered significant for p<0.01. 

(d) 

Triad model 

(a) (c) 

Tetra model C1 

(b) 

Brain elements within the NDT cluster 

overlapped with the tetra model 
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Figure 4.7 - (a) Correlation analysis between experimentally measured average cluster strain peaks and average 

cluster brain-skull relative motion peaks. (b) Model validation for both the brain strain and brain-skull relative 

motion with the validation performance quantified by CORA and NISE. Correlation analysis was performed 

between model validation scores. 
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5 Results 

The principal results of the five studies presented in this thesis are highlighted in this chapter with 

details in the attached articles.  

5.1 Paper A: FSI for the Brain-skull Interface  

Paper A implemented an ALE multi-material formulation for the subarachnoid CSF with its 

response being concatenated with the brain through a penalty-based coupling in the KTH head 

model. The newly-implemented model (i.e., FSI-model) along with the original model (i.e., Sliding-

model) was validated against the brain-skull relative motion experiments from Hardy et al. [24] and 

intracranial pressure measurements published by Nahum et al. [55]. To reveal any possible 

superiority in terms of ASDH predictability associated with the cortical motion, both models were 

exposed to an experimentally measured loading that was known to induce ASDH resulting from BV 

rupture. 

Compared to those of the sliding-model, the CORA scores in terms of brain-skull relative motion 

validation for the FSI-model increased by 20.4% for the sagittal impact (C288T3) and coronal 

impact (C380T4), and 10.1% for the horizontal impact (C380T5) (Figure 5.1 (a)). For the 

intracranial pressure, both models showed good correlations with the experimental measurement. 

For the ASDH predictability, cortical relative motion (i.e., relative motion between the cerebral 

surface and the skull) and BV strain were selected as the ASDH indicators, similar to the approach 

used by Kleiven [16]. Both models predicted the peak cortical relative motions at the posterior 

frontal and precentral regions (Figure 5.1 (b)) with maximum values of 4.07 mm and 8.44 mm for 

the Sliding-model and the FSI-model, respectively (Figure 5.1 (c)). The maximum BV strain was 0.17 

for the Sliding-model and 0.41 for the FSI-model (Figure 5.1 (d)). Compared to the range of ultimate 

BV strain (0.5 ± 0.16) [99], only the FSI-model predicted a possible ASDH occurrence associated 

with BV failure, agreeing with the experimental observation.  

The results clearly indicated that, compared to the original Sliding-model, the modified FSI-model 

excelled in terms of brain-skull relative motion validation performance as quantified by CORA and 

ASDH predictability as evidenced by the general agreement between the computationally estimated 

BV rupture and experimental observed ASDH occurrence. Thus, a realistic representation of the FSI 

between the brain and skull is crucial for accurate head injury predictions.  
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Figure 5.1 - Comparison of the FSI-model and the Sliding-Model in terms of the CORA scores for the brain-

skull relative motion validation and ASDH predictability. (a) CORA scores of brain-skull relative motion 

validation. (b) Cortical relative motion contour. Fringe Levels represent brain-skull relative motion in the unit 

of meter. (c) Maximum values of the cortical relative motion. (d) BV strain peaks and the range of ultimate BV 

strain from Lee and Haut [99]. SD represents standard deviation (Modified from Zhou et al. [101]). 

5.2 Paper B: ASDH in the Elderly 

Paper B aimed at unraveling the predisposition of the elderly to ASDH by testing the hypothesis that 

brain atrophy contributed to elevated ASDH risk in the elderly. Results from one representative 

loading known to cause BV rupture were presented.  

Following the approach in Paper A, cortical relative motion and BV strain were selected as ASDH 

indicators. For all the three models, the maximum cortical relative motions were consistently 

distributed at the posterior frontal and precentral regions (Figure 5.2 (a)). For the young adult, the 

peak cortical relative motion was 7.6 mm, while for its mild and severe atrophied counterparts, the 

peak values were 8.4 mm and 9.2 mm, respectively (Figure 5.2 (b)). The BV strain peaks were 

collected from the BV at anterior parietal regions for all the simulated cases with values of 0.31, 

0.41, and 0.46 for the young adult, mild atrophy, and severe atrophy, respectively. When compared 

to the range of ultimate BV strain (0.5 ± 0.16) [99], a possible ASDH occurrence was predicted only 

for the mild and severe atrophied cases, not for the young adult (Figure 5.2 (c)). The relatively larger 

BV strain peaks in the older models explained the predisposition of the elderly to ASDH. 
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Figure 5.2 - Results of the cortical relative motions and BV strains for the young adult, mild atrophy, and severe 

atrophy. (a) Cortical relative motion contour. Fringe Levels represent brain-skull relative motion in the unit of 

meter. (b) Maximum values of the cortical relative motion. (c) BV strain peaks and the range of ultimate BV 

strain from Lee and Haut [99]. SD represents standard deviation (Modified from Zhou et al. [103]). 

The current results verified the hypothesis that brain atrophy exacerbated the vulnerability of the 

elderly to ASDH. It was disclosed that the age-related brain atrophy triggered elevated cortical 

relative motion and BV strain, which provided a credible explanation for the predisposition of the 

elderly to ASDH.  

5.3 Paper C: FSI for the Brain-ventricle Interface 

Paper C aimed at uncovering the mechanisms of periventricular injury by testing the hypothesis that 

the presence of the ventricles increased the vulnerability of the periventricular region. Two models 

with and without a ventricle inclusion (referred to as ventricle-model and no-ventricle-model, 

respectively) were developed and exposed to loadings suspected to induce periventricular injury 

associated with DAI. The responses of the two models were compared to reveal the influence of the 

ventricles on periventricular injury prediction.  

The influence of the ventricle inclusion on the brain strain distribution is illustrated in Figure 5.3. 

Similar strain distributions were noted between the models, except that manifest strain 

concentrations around the ventricles were exclusively predicted by the ventricle-model. Such 

concentrations were particularly notable at the anterior horn for the axial and sagittal rotations, and 

interventricular region for the coronal rotation. 
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Mild atrophy 
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Figure 5.3 - First principal Green-Lagrangian strain distributions of coronal, axial, and sagittal cut-sections at 

the maximum value occurring time in the ventricle-model and no-ventricle-model. Fringe Levels represent first 

principal Green-Lagrangian strain (Modified from Zhou et al. [107]). 

Brain elements in direct contact with the intraventricular CSF (i.e., ventricle wall) were further 

classified into 7 regions (Figure 5.4 (b)) to reveal the influence of the ventricles on the strain in the 

periventricular region. The strain in each classified region was compared between the two models. 

To avoid potential numerical issues, the 95th percentile maximum principal strain (referred to as 

MPS) was presented (Figure 5.4 (a)). It should be noted that the MPS was exacerbated in the 

ventricle-model than that in the no-ventricle-model, irrespective of rotational direction and 

classified region. 
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Figure 5.4 - MPS values of the periventricular region in the ventricle-model and no-ventricle model. (a) MPS 

values in the periventricular region for three rotational directions. (b) Regional partition of the periventricular 

region (Modified from Zhou et al. [107]). 

The results verified the hypothesis that the presence of the ventricles induced strain concentrations 

in the periventricular region. Such strain concentrations provided a plausible explanation for the 

predisposition of the periventricular region to injury. 

5.4 Paper D-E: Fidelity Evaluation of Experimental Brain Strain  

As detailed in Paper D, 15 NDT clusters from 14 impacts, out of 70 NDT clusters from 35 impacts in 

Hardy et al. [24], were selected for strain recalculation. Following the triad approach, strain within 
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the volume occupied by the NDT cluster was recalculated with the total displacement serving as the 

boundary condition, resulting in the finite strain. In addition, Paper E proposed a new approach 

using tetrahedron elements (i.e., the tetra approach) to estimate the experimental brain strain. For a 

given approach, the maximum principal Green-Lagrangian strain was extracted from all available 

elements and then averaged for each NDT cluster (referred to as Cluster Principal Strain in Figure 

5.5). The triad-estimated strain was found to be consistently smaller than the tetra-estimated strain. 

The recalculated principal strain peaks fell within the range of 0.072 to 0.220 for the tetra approach, 

and 0.035 to 0.094 for the triad approach.  

 

Figure 5.5 - Comparison of the principal strain responses of 15 NDT clusters calculated by the triad-approach 

and the tetra-approach (Modified from Zhou et al. [112]). 

The evaluation results regarding the fidelity of this newly implemented tetra approach along with 

the previously developed triad approach are plotted in Figure 5.6. For all the eight clusters, strains 

in the representative brain elements obtained from the whole head simulations exhibited good 

correlations with their tetra estimations with peak differences less than 0.01, and exceeded their 

triad estimations with peak differences around 0.03 on average. The results indicated that the tetra 
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approach provided a better approximation of the strain in the representative brain elements. Thus, 

the tetra approach should be used to estimate the experimental brain strain in Hardy et al. [24]. 

 

Figure 5.6 - Numerical comparison of strains in the representative brain elements obtained from whole head 

simulations and their estimations by the tetra approach and the triad approach (Modified from Zhou et al. 

[112]). 

5.5 Paper D-E: Strain Validation Protocol of the FE Head Model 

As detailed in Paper D, based on the triad-estimated strain, it was found that a model evaluated by 

brain-skull relative displacement could not ascertain its strain predictability. Since the triad 

approach underestimated the experimental brain strain as verified in Paper E, the major finding in 

Paper D needed to be reassessed based on the tetra-estimated strain and brain-skull relative motion 

data following the designed method in Figure 4.7. 

The average cluster principal strain peaks by the tetra approach and average cluster brain-skull 

relative peaks are plotted in Figure 5.7. No significant correlation was observed between the 

experimentally measured peaks (correlation coefficient: -0.039, p=0.889). 

Brain-skull relative motion and tetra-estimated brain strain responses of 8 NDT clusters with 

intervals exceeding 40 ms were used to validate the KTH detailed head model. Model validation 

scores for each evaluation term and the overall values are provided in Figure 5.8 for CORA and 

NISE. For each evaluation term, no significant correlation was observed between the brain strain 

validation scores and brain-skull relative motion validation scores (Table 5.1).  
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Figure 5.7 - Scatter plot showing average cluster brain-skull relative motion peaks and average cluster principal 

strain peaks estimated by the tetra-approach and Pearson correlation results.  

 

Figure 5.8 - Scatter plot showing CORA scores (left) and NISE score (Right) for brain strain validation and 

brain-skull relative motion validation using 8 NDT clusters. Note that the experimental strain estimated by the 

tetra approach was used for the strain validation here. 

 

Table 5.1 - Pearson correlation coefficients and associated probabilities between the brain strain validation 

scores and brain-skull relative motion validation scores. Note that the experimental strain estimated by the 

tetra approach was used for the strain validation here. Correlation was considered significant for p<0.01. 

CORA NISE 
Term Correlation coefficient p value Term Correlation coefficient p value 

Phase 0.684 0.062 Phase 0.091 0.831 
Size  -0.205 0.627 Amplitude  -0.600 0.116 
Shape 0.672 0.068 Shape  0.688 0.059 
Corridor 0.435 0.281 -- -- -- 
Average 0.327 0.429 Average  0.199 0.636 

The current results revealed no significant correlations, neither between the average cluster 

principal strain peaks estimated by the tetra approach and average cluster brain-skull relative 

motion peaks, nor between the computationally calculated brain strain validation scores and brain-

skull relative motion validation scores. The results suggested that validating a model against brain-

skull relative motion could not ensure its strain validation performance. Thus, it is recommended 

that a model designed for brain strain estimation should be evaluated by experimental brain 

deformation data, in addition to the brain-skull relative displacement. 
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6 Discussion 

The current thesis advanced two important aspects of FE head modeling, i.e., intracranial FSI 

simulation and brain strain validation. For the first aspect, an FSI approach was implemented to 

simulate the brain-skull interface in the KTH head model and the brain-ventricle interface in the 

KTH detailed head model, respectively. Such implementation not only contributes to superior 

validation performance and improved injury predictability of the FE head models, but also yields 

new knowledge of brain injury mechanism. It is verified that the age-related brain atrophy 

exacerbates the BV strain that provides a credible explanation for the prevalence of ASDH in the 

elderly, while the presence of the ventricles induces strain concentration around the ventricles that 

uncovers the vulnerability of the periventricular region. For the second aspect, it is verified that a 

head model validated against brain-skull relative motion may not be sufficient to assure its strain 

prediction accuracy. Thus, a head model designed for strain estimation should be evaluated by 

experimental brain deformation data, instead of exclusively validated against brain-skull relative 

motion as is the typical practice. The newly calculated strain curves by tetra-elements can be used to 

validate the strain response of FE head models.  

6.1 FSI Simulation of the Intracranial Interfaces 

In head impact computational simulations, the Lagrangian-based method is the prevalent 

numerical scheme. When it comes to the large deformation regime during impact, a pure 

Lagrangian-based solution is likely to be insufficient. Considering that CSF is a nearly 

incompressible fluid with low shear resistance, the Lagrangian-based representation may induce 

excessive mesh distortion and artificial resistance, consequently triggering enormous computational 

expense and inaccurate numerical prediction. In contrast with the Lagrangian formulation where 

the mesh follows exactly the material deformation, ALE formulation controls the FE mesh 

deformation via a predetermined directive and permits the material to flow through the mesh. In 

light of its superiority of partially settling or even entirely circumventing the element distortions, the 

ALE multi-material formulation was used in the current thesis to simulate the subarachnoid CSF in 

the KTH head model and intraventricular CSF in the KTH detailed head model, respectively. The 

ALE multi-material formulation advances the solution in time using a two-step operation, in which 

the material is antecedently deformed in a Lagrangian step, followed by an advection step with the 

element variables being remapped. When it comes to the coupling strategy that concatenates the 

mechanical response of the ALE-represented CSF elements with the Lagrangian-represented brain 

elements, the no-slip approach, i.e., the ALE elements share common interface nodes with the 

Lagrangian elements, is expected to induce severe element distortion at the interfacial boundary. 

Thus, a penalty-based coupling is used, both for the brain-skull interface and brain-ventricle 

interface. Such a contact warrants relative motion in the tangential direction and deliveries tension 

and compression in the radial direction, circumventing severe element distortion at the interfacial 

boundary.  
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Per the implementation of the FSI approach for the brain-skull interface in Paper A, an improved 

validation performance of the brain-skull relative motion was noted in the modified FSI-model. 

Compared to those of the original Sliding-model, the validation scores for the FSI-model increased 

by 20.4% for the sagittal and coronal impacts, and 10.1% for the horizontal impact. 

Except for validating the model’s response against motions of the NDTs implanted within the deep 

brain region [24], it is comparably important to assess this newly-implemented FSI approach in 

terms of predicting trauma at the peripheral region, such as ASDH associated with BV rupture. 

Thus, the ASDH predictability of the FSI-model along with the Sliding-model was assessed based on 

their predicted ASDH occurrences secondary to a loading that was known to cause BV rupture. The 

results showed that only the FSI-model predicted a possible BV rupture, agreeing with the 

experimental observation. Such results could be explained by the different CSF modeling strategies 

between the two models. As shown in Figure 6.1, the magnitude of shear stress in the CSF predicted 

by the FSI-model (about 10 Pa) was three-orders of magnitude smaller than that in the Sliding-

model (about 10 kPa). Such results indicated that the FSI approach realistically emulated the low 

shear resistance nature of the fluid. Compared to that of the Sliding-model, less dose of contact 

force was developed in the FSI-model to reach the local equilibrium at the interface, which 

resultantly allowed the less-restricted brain in the FSI-model to slide to a larger extent. The general 

correlation between the possible ASDH occurrence estimated by the FSI-model and experimental 

findings of ruptured BV further reinforced the superiority of the FSI approach for brain-skull 

interface representation.  

 

Figure 6.1 - Contours of shear stress in the CSF. Fringe Levels represent shear stress in the unit of Pa (Modified 

from Zhou et al. [101]). 

Given its superiority in terms of ASDH predictability, the FSI-model was further adopted in Paper B 

to disclose the predisposition of the elderly to ASDH. By comparing the responses of three models 

with different atrophy severities, it was found that the age-related brain atrophy triggered elevated 

cortical relative motion and BV strain, which explained the prevalence of ASDH in the elderly. To 

further uncover the underlying mechanics, the relevant forces at the interfacial boundary were 

illustrated in Figure 6.2 (a). The resistance in the tangential direction at the brain-skull interface, 

arresting the brain-skull relative motion, is mainly composed of the shear stress in the subarachnoid 

CSF and the frictional force in proportion to the pressure at the brain cortex. For all the three 

models, the shear stresses developed in the CSF were minute (<15 Pa) (Figure 6.2 (b)). In contrast, 

the cortical pressure manifested notable decreases as the brain was atrophied (Figure 6.2 (c)). Thus, 

it could be inferred that the magnitude of the frictional force in proportion to the cortical pressure 

reduced with brain atrophy. This finding presented a plausible explanation to the elevated cortical 

FSI-model Sliding-model 
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relative motion, and BV strain observed in the atrophied brain. Considering the growing proportion 

of the geriatric population in the society and the over-representation of the elderly in the injury 

data, current results provided certain guidance to develop age-adapted head protection gear, such as 

helmet specially marketed for the elderly people [113]. 

 

Figure 6.2 - (a) Schematic description of the brain-skull interaction forces. (b) Contours of shear stress in the 

CSF for one representative case with detected BV rupture. Fringe Levels represent shear stress in the unit of Pa. 

(c) Contours of pressure at the brain cortex for one representative case with detected BV rupture. Fringe Levels 

represent pressure in the unit of Pa (Modified from Zhou et al. [103]). 

In addition, three Lagrangian-based brain-skull interface modeling approaches were collectively 

evaluated in terms of revealing the predisposition of the elderly to ASDH and corresponding results 

were compared with those of the FSI-approach as described above. As elaborated in the 

“Intracranial Interface Modeling” section, the three selected approaches include modeling the CSF 

as an elastic material with a fluid option, tied contact, and sliding-only contact. As shown in Figure 

6.3, when approximating the brain-skull interface either as a tied contact or a layer of elastic-fluid 

CSF, brain atrophy exerted only minor effects on the cortical motion and BV strain. It was indicated 

that both methods might be inapplicable to evaluate cortical motion-induced injuries, such as 

ASDH. In contrast, the sliding-only contact did predict cortical relative motion with comparable 

magnitudes to that of the FSI approach. However, when the subarachnoid space was enlarged, 

significant decreases in the maximum cortical relative motion and BV strain were predicted. Such 
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decreases indicated that, when investigating the age-related influence on ASDH, using sliding-only 

contact for the brain-skull interface might be inappropriate.  

 

Figure 6.3 - Maximum cortical relative motions (a) and maximum bridging vein strains (b) for the young adult, 

mild atrophy, and severe atrophy predicted by different brain-skull interface modeling approaches. 

Paper C extended the FSI implementation to the brain-ventricle interface in the KTH detailed head 

model to uncover the susceptibility of the periventricular region to injury. By comparing the strain 

responses between the two models, with and without an inclusion of the ventricles, it was found the 

presence of the ventricles resulted in strain concentration in the periventricular region, providing a 

credible explanation for the prevalence of periventricular injury in the TBI victims. To further 

illustrate the mechanics, shear stresses developed in the intraventricular CSF and its substitute 

following a coronal rotation is plotted in Figure 6.4. It was found that the shear stress in the 

intraventricular substitute in the no-ventricle-model was about 1.5 kPa, providing unphysical 

support to the ventricle wall. Comparatively, the shear stress endured by the intraventricular CSF in 

the ventricle-model was less than 10 Pa, which realistically reflected the low shear resistance 

properties of the CSF. Thus, the ventricle wall in the ventricle-model was much easier to deform, 

which consequently triggered strain concentration in the periventricular region. 

(a) 

(b) 
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Figure 6.4 - Contour of shear stress in the intraventricular CSF for the ventricle-model and CSF substitute for 

the no-ventricle-model at the maximum value occurring time secondary to the sagittal rotation. Fringe Levels 

represent shear stress in the unit of Pa (Modified from Zhou et al. [107]). 

By implementing the FSI approach for the brain-skull interface and brain-ventricle interface in the 

three performed studies, credible answers were provided to the three previously-formulated 

research questions as follows: 

 A model with FSI simulation for the brain-skull interface contributes to an improved 

validation performance in terms of brain-skull relative motion and enhanced ASDH 

predictability. 

 Per the FSI simulation of the brain-skull interface in three models with varying severities of 

atrophy, it is verified that age-related brain atrophy exacerbates the vulnerability of the 

elderly to ASDH. 

 Per the FSI simulation of the brain-ventricle interface, it is verified that the presence of the 

ventricles induces the strain concentration in the periventricular region, explaining the 

prevalence of periventricular injury in the TBI victims. 

6.2 Strain Validation of an FE Head Model 

FE models of human head offer detailed spatiotemporal information about the localized brain 

response and injury insight during impacts. To ensure the credence of such computationally 

predicted information, it is indeed important to evaluate the biofidelity of a head model by 

comparing the models’ responses against available experimental data. Though claiming model 

validation, the majority of the available FE head models have only validated their responses against 

experimental data measured from sparse sites. For example, Hardy et al. [24] used high-speed, bi-

planar X-ray to track the motion of the NDTs implanted within the cadaveric brain during impact. 

Thus, motion information only for the region where the NDT deployed was available. Even when 

limited to these scanty data outlined, none of the existing models have achieved perfect matches 

with the experimental data [26, 114].  

In light of the importance of experimental brain strain, Paper E evaluated the fidelity of the strain 

calculation approach used in Hardy et al. [24], in which the brain strain was calculated by imposing 

the experimentally measured NDT motions to an auxiliary model formed by triad elements. Since 

the experimentally measured NDT motions had components in all three directions of the anatomical 

coordinate system, the nature of the resultant strain should be 3D. Thus, a new approach with 

tetrahedron elements was proposed to estimate the brain strain in Hardy et al. [24] with its fidelity 

being assessed along with the previously developed triad approach. By numerically replicating the 

experimental impacts and strain estimation procedures, the strains in preselected brain elements 

obtained from the whole head simulations exhibited good correlation with its tetra estimations, and 

exceeded its triad estimations. Thus, the tetra approach provided a better approximation of the 

Ventricle-model No-ventricle-model 
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strain in the preselected region and should be used to estimate the experimental brain strain in 

Hardy et al. [24]. 

Although a universally accepted validation protocol for FE head models appears lacking, it has been 

generally endorsed that a head model with satisfactory brain pressure response could not guarantee 

its predictabilities of brain displacement and deformation. As stated by Kleiven and Hardy [14], the 

most relevant parameters for FE head model validation should be strain, since the strain-based 

thresholds have been derived from the computational studies to assess brain injury risk. Whereas, 

the majority of FE head models have been evaluated against experiments on brain-skull relative 

motion and then used for strain prediction. Thus, the tetra-estimated strain presented in Paper E 

along with the brain-skull relative motion in Hardy et al. [24] was used to evaluate the validity of 

using a model evaluated by brain-skull relative motion for strain prediction. It was found that no 

significant correlations were noted, neither between the average tetra-estimated principal strain 

peaks and average cluster brain-skull relative motion peaks, nor between the computationally 

calculated brain strain validation scores and brain-skull relative motion validation scores. Such 

finding suggested that a brain model evaluated only by brain-skull relative motion could not 

ascertain its strain predictability. Thus, it was proposed that a model designed for strain estimation 

should be evaluated by experimental brain deformation data, in addition to the brain-skull relative 

motion. It is worth clarifying that, when the future modeler attempts to use the strain curves to 

validate the strain response of an FE model of human head, the newly calculated strain curves by 

tetra elements in Paper E should be used, instead of its triad-estimated counterparts in Paper D. 

By reanalyzing the experimental brain strain in the two conducted studies, rational answers were 

provided to the two previously-formulated research questions as follows: 

 The newly proposed tetra approach provides a better approximation of the experimental 

brain strain, while the previously adopted triad approach underestimates the experimental 

brain strain magnitude. 

 With the aid of the newly calculated strain by the tetra approach, it is verified that a model 

validated against the brain-skull relative motion may be insufficient to assure the strain 

prediction accuracy of the given model.  
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7 Future Work 

Although the current thesis presented some new insights about the FSI modeling and strain 

validation of computational head models, certain limitations existed in the performed studies that 

require further investigation and improvement. First, the tethering effect, that the subarachnoid 

structures might exert, was ignored. Although the experimental determination of the material 

properties for the pia-arachnoid complex (PAC) in the bovine is available [115], caution is advised 

when utilizing properties measured from animal heads to the human head. Moreover, the 

unavailability of the morphology information of the PAC makes it indeed challenging to implement 

these mechanical data in the head model. Recently, Hartmann et al. [116] showed that the optical 

coherence tomography had the potential of in vivo visualizing the subarachnoid space and adjacent 

brain cortex. Such anatomical information in combination with the material properties of the PAC 

measured from the human subject could be incorporated in the FE model of human head in the 

future.  

The current thesis confronted intensive computational challenges. For example, the adoption of the 

ALE formulation for the CSF representation largely increased the computational time. Moreover, 

per the requirement of the coupling approach used in the current thesis, void elements need to be 

generated, which further increases the element number. As a compromise, Paper B adapted the 

original KTH head model with a smooth brain surface to uncover the ASDH injury mechanism 

associated with brain atrophy, while Paper C implemented the FSI approach only for the brain-

ventricle interface. In-house work has already developed three age-specific head models with 

detailed brain morphology in the form of gyri and sulci (Figure 7.1). When the computational 

challenge is overcome in the future, these high-resolution models would be valuable tools to further 

illuminate the geriatric brain biomechanics.   

Most markers in Hardy et al. [93] and Hardy et al. [24] were not deployed near the brain periphery. 

Thus, the nature of the brain-skull interface remains largely elusive. To address this understanding 

gap, Mallory [40] attempted to use high-frequency, high-speed, brightness-mode ultrasound to 

measure the meningeal motion in the cadaveric head subjected to pure rotational loadings. 

Currently, work is on-going to increase measurement accuracy. Hopefully, the nature of the brain-

skull interface will be enlightened in the nearest future, which, in turn, guides the interfacial 

modeling in FE head models.   
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Figure 7.1 – Three age-specific FE models of human head. 
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8 Conclusion 

The studies presented in this thesis generated new knowledge of brain injury mechanism by 

implementing the FSI approach for the brain-skull interface and brain-ventricle interface, and 

confined the strain validation strategy of FE head models by reinterpreting the experimental brain 

strain under loading regimes close to traumatic levels. The specific conclusions for each of the five 

studies were listed below:   

Paper A This paper detailed the implementation of an FSI approach for the brain-skull 

interface in the KTH head model. The modified model was validated against brain-

skull relative displacement, intracranial pressure responses, and further evaluated in 

terms of predicting ASDH by exposing the model to an experimentally determined 

injurious loading. Compared to the original KTH head model, the superior model 

validation performance and improved ASDH predictability of the modified KTH head 

model advocated the superiority of the FSI approach for the brain-skull interface 

representation. 

Paper B By comparing the cortical relative motion and BV strain estimated by the FE models 

with varying brain sizes and thereby different subarachnoid spaces, it was concluded 

that the age-related brain atrophy contributed to elevated cortical relative motion 

and BV strain, which explained the predisposition of the elderly to ASDH.  

Paper C By comparing the strain responses predicted by FE models with and without an 

inclusion of the ventricles, it was concluded that the presence of the ventricles 

contributed to strain concentration in the periventricular region, which provided a 

credible explanation for the prevalence of periventricular injury in the TBI victims. 

Paper D-E From these two studies, a tetra approach was proposed to estimate the experimental 

brain strain. The fidelity of this tetra approach, as well as the previously adopted 

triad approach, was assessed with the aid of the KTH detailed head model by 

numerically replicating the experimental impacts and strain estimation procedures. 

It was concluded that the tetra approach provided a better approximation of the 

experimental brain strain and the newly calculated strain curves by the tetra 

approach could be used to validate the strain responses of FE models of human head. 

Further, no significant correlation was found, neither between the experimentally 

acquired peaks nor between the computationally determined validation scores. Such 

findings suggested that a model designed for strain assessment should be evaluated 

using experimental brain deformation, in addition to brain-skull relative motion 

data. 
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