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Abstract 

Aim: This study investigates cerebrospinal fluid (CSF) flow dynamics to enhance the 

understanding of brain biomechanics and the importance of CSF during high-impact loading. 

Methods: Comparative analyses were conducted using the benchmark model with smoothed 

particle hydrodynamics (SPH), without cerebrospinal fluid, and with an additional element — 

the arachnoid trabeculae — which functions as rigid connections between the brain and skull. 

The numerical modelling of cerebrospinal fluid and the derived conclusions were validated and 

calibrated through experiments performed in the additional research phase. 

Results: The research emphasises the challenges of accurately modelling cerebrospinal fluid 

dynamics and brain biomechanics. The results were unexpected in several ways. Initially, a 

rigid cortex-skull connection was anticipated to yield results nearly identical to those observed 

in Hardy’s experiments. Even more surprising were the results for the models with 

cerebrospinal fluid modelled as smoothed particle hydrodynamics and the model without 

cerebrospinal fluid, which showed almost identical results in comparison to each other. The 

novel physical experiment with a gelatine insert subjected to controlled loading and numerical 

model simulations revealed that SPH models exhibited closely resembling fluid displacement, 

while tetrahedral elements imposed unrealistic rigidity. 

Conclusions: The simulations and the novel experiment provide key insights into cerebrospinal 

fluid dynamics during traumatic brain injury. The findings suggest that the protective function 

of CSF might be less pronounced under extreme conditions than previously assumed. The 

smoothed particle hydrodynamics method demonstrates clear advantages over tetrahedral finite 

element approaches by offering superior brain-in-skull flexibility and avoiding the excessive 

rigidity inherent to traditional finite element models. We concluded that mechanism of brain 

protection by CSF is performed rather by hydraulic damping than the brain immersion in vast 

volume of CSF.  

Keywords: cerebrospinal fluid, head model, brain, finite element, numerical model, particle 

hydrodynamics 

 

1 Introduction  

Traumatic brain injury (TBI) is defined as a disruption in the normal function of the brain 

induced by external mechanical forces. Depending on the severity, such injuries may cause 



 

 

physiological or structural damage to the brain. This damage can manifest as loss of 

consciousness, post-traumatic amnesia, and transient or permanent neurological deficits. TBI 

is a major health concern worldwide, contributing significantly to long-term disability and 

mortality rates. According to the 2016 Global Burden of Disease Study, approximately 27 

million new cases of TBI are reported annually [15]. The consequences of TBI extend beyond 

physical impairments, often resulting in cognitive deficits, emotional disturbances, behavioural 

changes, and varying degrees of lifelong impacts [3,21]. 

Cerebrospinal fluid (CSF) fills the ventricular system and sulci of the brain and surrounds it as 

a narrow layer between the meninges (blue arrows) – Figure 1. CSF is produced mainly in the 

choroid plexus of the lateral ventricles (yellow arrow), flows through two foramina of Monro 

(green arrow) to the third ventricle, through the cerebral aqueduct to the fourth ventricle and 

leaves the ventricular system through the apertures of Luschka (red arrows) and foramen of 

Magendie (dash orange arrow). In adults, the total volume of cerebrospinal fluid is about 150 

ml [7], yet the amount of fluid that can be accounted for mechanical protection in a healthy 

adult head is no more than 50 ml. 

 

Figure 1. Magnetic Resonance Imaging (MRI) scan (T2) illustrating CSF (white) in the brain. CSF is produced 

in the choroid plexus of the lateral ventricles (yellow arrow), flows through the foramina of Monro (green 



 

 

arrow), third ventricle, cerebral aqueduct, and exits via the apertures of Luschka (red arrows) and foramen of 

Magendie (dash orange arrow), surrounding the brain between the meninges (blue arrows). 

Moderate and severe TBI mechanisms are classified into localised injuries, such as contusions 

and haemorrhages caused by direct impacts, and diffuse injuries, such as diffuse axonal injury 

(DAI), caused by rapid acceleration or deceleration forces [16,37]. As a protective medium for 

the brain, cerebrospinal fluid (CSF) plays a role in reducing mechanical forces during traumatic 

impacts [32]. Unfortunately, the protective effects of CSF are insufficient to prevent or mitigate 

significant damage under severe impacts [24]. CSF exhibits Newtonian fluid behaviour and has 

a composition similar to water, with a density and kinematic viscosity comparable to plasma at 

37°C [5]. CSF is produced primarily by the choroid plexus of the ventricular system at a rate of 

approximately 350 μL/min [5]. The production of CSF is a complex process involving passive 

filtration and active ion transport within the choroid plexus (Figure 2) [5,9,12,36]. From the 

ventricular system, CSF flows outside the brain through the apertures in the fourth ventricle, 

surrounds the brain and is absorbed by arachnoid granulations of the meninges of the brain.  In 

addition to its mechanical protective function, this continuous flow of CSF ensures the removal 

of metabolic waste products and maintains intracranial pressure within a narrow physiological 

range [8,36]. 

 

Figure 2. Cerebrospinal fluid circulation, adapted from [12] 

Accurately simulating CSF behaviour is essential for understanding the mechanisms of TBI and 

developing effective protective measures [8,27]. Biomechanical models, particularly finite 

element head models (FEHMs), are critical tools for simulating the mechanical behaviour of 

the human head under various impact conditions [2,4,31]. FEHMs are developed using detailed 

imaging techniques such as computed tomography (CT) and magnetic resonance imaging 



 

 

(MRI) to create accurate geometric representations of the skull, brain, and cerebrospinal fluid 

[4,11,23]. The process of segmentation, followed by mesh generation, ensures that each 

anatomical structure is accurately represented, allowing for precise simulations of head 

biomechanics during trauma [6,11].  

However, for these simulations to be effective, the mechanical behaviour of brain tissues, 

meninges, and CSF must be accurately modelled. This leads to developing sophisticated brain 

models that capture complex interactions between different structures during traumatic events 

[33]. Human brain models, such as the Wayne State University Head Injury Model (WSUHIM) 

[35] and the Global Human Body Models Consortium (GHBMC) M50 finite element (FE) 

model [20], incorporate detailed representations of brain tissues, the skull, and the CSF, 

designed to simulate various injury mechanisms, including skull fractures, brain deformation, 

and the dynamic response of CSF during impacts. To achieve more accurate simulations, it is 

crucial to incorporate realistic representations of CSF flow dynamics and its interaction with 

surrounding brain tissues. Traditional finite element methods (FEM) often simplify CSF as a 

solid or quasi-solid layer, which can lead to inaccuracies in simulations of fluid-structure 

interactions [1,17,18,28,39,40]. Smoothed Particle Hydrodynamics (SPH) offers a more 

realistic approach by treating CSF as fluid to address this limitation. Ptak et al. studies 

demonstrated that SPH-based models improve the accuracy of simulations by capturing the 

rapid shifts in CSF during sudden accelerations or decelerations [25]. By incorporating these 

advanced techniques into brain models, researchers can better understand how CSF dynamics 

influence brain injuries and develop more effective protective measures. This adaptation 

represents a significant step forward in creating comprehensive and reliable numerical human 

body models [13,19,30,34].  

Nevertheless, ongoing refinement is necessary to improve the accuracy and predictive 

performance of the numerical head models. This research aims to develop a more precise 

simulation of the human head’s response to sudden acceleration by evaluating existing models 

and introducing specific modifications. Ensuring the reliability of numerical models requires 

validation against experimental data. To achieve this, an innovative experiment has been 

designed using a fluid-filled container that replicates the human skull with a gelatine insert 

which mimics the brain and is subjected to sudden acceleration. High-speed camera recordings 

captured the fluid's behaviour during dynamic conditions, delivering essential data for verifying 

and calibrating the numerical model. This validation process is crucial for narrowing the gap 

between theoretical simulations and practical, real-world scenarios. 



 

 

2 Materials and methods 

The aHEAD (advanced Head models for safety Enhancement And medical Development) 

benchmark model (Figure 3) represents a significant advancement in the computational 

modelling of human head biomechanics for safety and medical applications [25]. The 

development of the aHEAD model followed a structured five-stage process: medical data 

acquisition and craniometric measurements, segmentation and 3D modelling, finite element 

(FE) modelling and material testing, modelling of the central nervous system, as well as 

validating the model using experimental data [25]. 

 

Figure 3. aHEAD benchmark model, developed by authors [25]. The further modified cerebrospinal fluid is 

indicated in a dashed frame.   

Advanced simulation software, including HyperWorks 2021 and LS-DYNA, facilitated in-

depth analysis and iterative model refinement [25]. Unlike conventional models that simplify 

cerebrospinal fluid (CSF) using hexahedral or tetrahedral elements, the aHEAD model utilised 

smoothed particle hydrodynamics (SPH) elements for more realistic fluid-structure interactions 

during impact events. The mechanical properties used in the model were selected to reflect real 

tissue behaviour and are summarised in [26,38]. 

2.1 Head model modifications 

Two primary approaches were explored to enhance the accuracy of CSF representation – 

comparing the aHEAD model with and without CSF to evaluate SPH’s effectiveness in 

capturing fluid dynamics, as well as introducing beam elements (Hughes-Liu beam 



 

 

formulation) to rigidly link the brain to the skull, simulating the mechanical role of arachnoid 

trabeculae [25] (Table 1). 

  



 

 

Table 1. Properties of the analysed models: benchmark aHEAD model (CSF as SPH), no CSF and rigid junction 

Model and no. of 

finite elements 

Approach for the 

cerebrospinal fluid 

Type and no. of finite 

elements/particles for 

CSF 

Visualisation 

aHEAD 

benchmark 

 (CSF as SPH) 

3,156,379 

CSF as a smoothed 

particle 

hydrodynamics 

SPH 140,199 

 

no CSF 

3,016,180 
Model without CSF 

No finite elements are 

used – there is a gap 

between the cortex and 

dura mater 

 

rigid junction 

3,075,239 

 

Model with rigid 

arachnoid 

trabeculae 

connection 

 

Rigid beams 

59,059 

 
 

To achieve the first approach the new material model of SPH elements was introduced.  The 

Murnaghan equation of state (EOS) (1) was applied for accurate fluid dynamics simulate of the 

incompressible fluid. 

𝑝 = 𝑘0 [(
𝜌

𝜌0
)
𝛾

− 1] 
(1) 

Where: 

p – pressure, 

k0 – modulus of incompressibility (the bulk modulus of the material), 

γ – Gruneisen parameter, which characterises the sensitivity of the material volume to changes 

in pressure, 

ρ – density of the fluid. 

For precise simulation of fluid dynamics, γ is typically assigned a value of 7, and k0 is selected 

accordingly: 

𝑐0 = √
𝛾𝑘0
𝜌0

≥ 10𝑣𝑚𝑎𝑥 

(2) 



 

 

where: 

c0 – speed of sound in the fluid, 

vmax – the maximum expected fluid flow velocity. 

 

In the considered model, k0 was set to 0.15. It should be mentioned that not all material models 

are required to use EOS. The above considerations apply to this model approach, in which a 

material charter – null (*MAT_NULL) – was assigned for SPH elements. The null material 

lacks yield strength and exhibits fluid-like properties. The mass density was set as 1e-9 t/mm3, 

the pressure cutoff was set as -1e6 MPa, and the viscosity coefficient was set as 7e-10. This 

was compared with a version of the model where CSF was removed entirely. The goal was to 

assess whether the SPH method could accurately simulate the fluid properties of CSF, 

particularly during traumatic events such as head impacts. 

The following major modification involved the incorporation of arachnoid trabeculae, which 

are structures that constrain the brain's movement relative to the skull, influencing the internal 

forces that affect brain tissue during a head impact. The arachnoid trabeculae were modelled 

using beam elements (Hughes-Liu beam formulation) that rigidly connect the brain to the skull. 

An elastic material model (*MAT_ELASTIC) was chosen for the beam elements, with the mass 

density set at 1.8e-10 t/mm3 and Young's modulus of 1.5e5 MPa. 

The refined models were subjected to identical boundary conditions derived from Hardy’s 

C755-T2 test [14], ensuring simulation consistency. The acceleration functions served as input 

parameters for the finite element analysis, targeting the centre of mass in the head model (Figure 

4). The coordinates of the surveyed points (Figure 4) in the aHEAD model were accurately 

mapped onto the brain's white matter. Incorporating these reference points into the 

computational framework allowed the authors to quantitatively evaluate the precision of model 

simulations by comparing them with data derived from actual Hardy’s experiment. These 

reference points serve as fixed markers, enabling the evaluation of critical metrics such as 

displacements.  

Boundary conditions for the full-head model simulations 

Based on the methodology described by Hardy et al. [14]. the simulation boundary conditions 

were established. The C755-T2 test, which is the most commonly referenced test in the 

literature, was employed in this study. Data collection was performed using a 6-axis 

accelerometer that captured both linear and angular accelerations. The recorded data consisted 



 

 

of six acceleration components as functions of time (three translational and three rotational), 

which were subsequently applied as input to the centre of mass in the finite element (FE) head 

numerical code (Figure 4). It is important to note that in the numerical model, all markers, 

except for P1 (located in the grey matter), were positioned (i.e. indicated on FE nodes) within 

the white matter.  

 

Figure 4. Boundary conditions for a C755-T2 Hardy test; points a1–a5 refer to the anterior, and the p1–p5 

points to posterior [25] 

The model compared the relative displacements of ten specific points within the brain, as 

defined by Hardy's experimental data [25]. These points were used to assess the accuracy of the 

virtual models in replicating real-world brain motion during traumatic events. By aligning 

simulation outputs with Hardy’s benchmark data, the reliability and predictive accuracy of the 

aHEAD model were evaluated. 



 

 

2.2 Experimental and numerical setup for gelatine insert 

Experimental setup 

The experiment aimed to validate and calibrate the numerical model of cerebrospinal fluid 

(CSF) using a gelatine-based fluid as a surrogate. The experimental setup (Figure 5) included a 

container filled with water (1) and the gelatine insert (2). The fluid was enclosed by a membrane 

end cap (3), preventing its escape. The experiment utilised a sledge mounting structure (4) with 

aluminium rails (5) to minimise the friction between the container bearings and the rails. The 

high-speed Phantom v.7312 camera was employed to capture the gelatine insert dynamics and 

the container kinematics via high-contrast markers (6) at 1,400 frames per second, with a 

resolution of 1664x1000 pixels and an exposure time of 712 µs. The container's initial velocity 

was induced by mechanical loading (7). 

 

 

Figure 5. The sledge experimental setup for gelatine insert measurements 

The procedure involved filling the container with the gelatine insert, sealing it, and ensuring no 

leaks. The container was fixed to the setup, and additional lighting was used to enhance image 

quality. After securing the container, the fluid was subjected to a controlled impact loading 

(Figure 5), and the camera recorded the fluid and gelatine insert kinematics. The experiment 

was performed 9 times. The initial velocity of the container was set to approximately 1000 



 

 

mm/s. The recorded footage was analysed using the Kinovea and TEMA software, which 

allowed for extracting key quantitative data, such as velocity and displacement.  

Numerical setup 

In addition, two numerical models (Figure 6) were developed to simulate the experimental 

setup. The first model utilised smoothed particle hydrodynamics to represent the cerebrospinal 

fluid, with a 1e-9 t/mm3 density, pressure cutoff of -1e6 MPa, and viscosity coefficient of  

7e-10. The second model simulated CSF using 10-node tetrahedral elements (TET10), 

characterised by viscoelastic material properties, including a density of 1e-9 t/mm3, bulk elastic 

modulus of 2000 MPa, short-time shear modulus of 5e-4 MPa, long-time shear modulus of  

-1e-4 MPa, and decay constant β of 80.0. The first model incorporated approximately 45,095 

smoothed particle hydrodynamics (SPH) particles, while the second used 263,187 TET10 

elements. 

 

  

(a) (b) 

Figure 6. Cross-section of modelled container including liquid fluid and gelatine insert: (a) model with SPH   

(b) model with TET10 finite elements 

Specific boundary conditions were established to ensure the system's behaviour adhered to the 

desired constraints. The motion was constrained to a forced trajectory, strictly linear, with a 

constant linear velocity prescribed as an inducted initial condition. Notably, the simulation 

focused solely on the initial phase, isolating the starting conditions to highlight the immediate 

system response. The velocity of the finite element mesh nodes was set along the x-axis to 

replicate the motion of the container in the experiment. The initial velocity of the container was 



 

 

set at 1000 mm/s (as in the experiment) and 2000 mm/s to imply higher fluid dynamics. Two 

numerical tests were conducted for each model, varying the initial velocity, with the 

experimental conditions summarised in Table 2. 

After the simulations, the relative displacement of the gelatine insert was calculated. The 

analysis focused on two extreme points on the finite element mesh of the gelatine insert. The 

results indicated that the gelatine insert experienced slight compression, reflecting the physical 

properties of the brain. 

  



 

 

Table 2. Mechanical properties of the experiment models components 

Component Material model Type and 

no. of finite 

element/ 

particles 

Density 

[t/mm3] 

Young’s / 

Bulk 

modulus 

[MPa] 

Other 

parameters 

Visualisation of 

FE/SPH model 

Container *MAT_RIGID Shell 630  1.095e-9 1565 Initial 

velocity:  

1000 mm/s 

and  

2000 mm/s 

 

Gelatine  insert *MAT_KELVIN

_MAXWELL_V

ISCOELASTIC 

Hexa 

44,472 

1.060e-9 Bulk 

modulus: 

2160 

Material 

parameters: 

G0 = 1.0e-2 

G1 = 5.0e-3 

 

Cerebrospinal 

fluid 

 

*MAT_NULL SPH  

45,095 

1e-9 - Viscosity 

coefficient 

= 7e-10 

 

*MAT_NULL Tetrahedral  

263,187 

1e-9 - Viscosity 

coefficient 

= 7e-10 

 

3 Results  

3.1 Full head numerical model results  

The primary goal of this study was to evaluate the precision and credibility of the finite element 

model of the human brain by comparing its predictions with experimental data from Hardy et 

al. [14]. Several simulations were performed, including the one where cerebrospinal fluid (CSF) 

was modelled as smoothed particle hydrodynamics (Figure 7a), one without CSF (Figure 7b), 

and one with the additional inclusion of arachnoid trabeculae in the rigid brain-cranial junction 



 

 

(Figure 7c). The results of these simulations are compared below, highlighting key trends 

observed in the numerical models. 

(a)  (b)  

 

(c) 

Figure 7. Test results: (a) benchmark aHEAD (CSF as SPH); (b) no CSF – i.e. empty space (c) rigid junction 

(model with arachnoid trabeculae); the simulations mimic the C755-T2 Hardy experiment 



 

 

In the simulations, the models with CSF (SPH) and without CSF showed similar deformation 

of the pia mater, the brain's outermost layer. However, there should be no relative displacement 

between the brain cortex and skull in a rigid brain-cranial junction. These differences were 

observed in the simulations as graphs comparing Hardy’s experimental data (Figure 8).  

3.2 Physical and numerical gelatine insert kinematic results  

Using the high-speed camera footage data, the initial displacement (referred to here and after 

as X-direction displacement) was approximately 2.29 mm (averaged from 9 physical tests). 

Reference points were established according to the setup to compare the experimental and 

numerical results. The relative displacement of the gelatine insert concerning the container was 

numerically simulated for different initial velocities, and the results are presented in Table 3.  

Figure 8. Benchmark aHEAD simulation (CSF as SPH) with two modified head models: “rigid junction” and “no CSF”. The 

displacements are compared with Hardy C755-T2 test results. 



 

 

Table 3. The relative displacement of the gelatine insert in relation to the container for the simulations and 

experiments 

No. of the test 

Numerical 

approach to  

CSF 

Container 

initial velocity 

[mm/s] 

 

Relative displacement of 

gelatine insert 

[mm] 

LC01 
SPH 

v0=1000 2.45 

LC02 v0=2000 6.52 

LC04 
TET10 

v0=1000 0.07 

LC05 v0=2000 0.22 

Physical experiments (averaged) n.a. v0=1000 2.29 

4 Discussion   

Full-head numerical model  

The comparison reveals that for the first 30 milliseconds of impact, the displacement history of 

the posterior column in the X-direction shows a similar trend between the experimental data 

and the numerical simulations. However, after the initial 30 ms, significant deviations appear. 

The numerical models predict much higher displacements than those recorded in Hardy’s 

experiment, indicating a divergence between the computational model and the cadaveric head 

behaviour. In the Z-direction, the displacement of the posterior column initially aligns with the 

experimental data for approximately the first 20 ms. After this period, however, the numerical 

model once again predicts displacements higher than those observed in the experiments, further 

indicating discrepancies between the simulated and real-world results.  

Overall, the numerical simulations exhibit much higher displacement magnitudes in the first 30 

ms than the experimental data. This overestimation continues throughout the simulation, with 

the finite element (FE) models showing excessive increases in displacement beyond the initial 

period. These results highlight a significant overestimation of brain displacements by the FE 

models. Unlike the X-direction, the displacement of the anterior column in the Z-direction 

aligns more closely with Hardy’s experimental results. The numerical model’s predictions in 

this direction are more consistent with the experimental data, indicating better accuracy in 

predicting Z-direction displacements for the anterior column.  

The literature on brain mechanics contains limited descriptions of experimental studies 

conducted on dissected human cadaver specimens, which could serve as a reference for 

validating numerical models. When considering the comprehensive construction and 

multivariate testing of materials in these models, the obtained results contrast with those from 

other FE models in the literature that have been successfully validated against Hardy’s 



 

 

experiments. These alternative models typically use more simplified geometries, employ linear 

elastic material models, and utilise solid FE elements for fluids such as cerebrospinal fluid 

(CSF). Often, lower-quality tetrahedral elements are used in these models. The representation 

of fluids with solid elements might significantly affect the overall behaviour of the model. The 

stiffness introduced by using solid elements to model fluids could alter brain displacement 

predictions, potentially explaining the incompatibilities observed in the results. The results were 

unexpected in several ways. Initially, a rigid brain-skull connection was anticipated to yield 

results nearly identical to those observed in Hardy’s experiments. Even more surprising were 

the results for the models with CSF modelled as smoothed particle hydrodynamics (SPH) and 

the model without CSF, which showed almost identical results in comparison to each other.  

Gelatine insert kinematics 

Focusing on the provided experiment, the numerical simulation relative displacement values 

exhibit considerable variation compared to the experimental results. In the simulations with 

SPH (LC01 and LC02), the relative displacement is insignificantly higher than the experimental 

value of 2.29 mm. In the simulation with an initial velocity of 1000 mm/s (LC01), the 

displacement is 2.45 mm, only 7% greater than the experimental value. For the simulation with 

an initial velocity of 2000 mm/s (LC02), the displacement reaches 6.52 mm, 3 times greater 

than the experimental result. Conversely, the simulations using tetrahedral TET10 elements 

(LC04, LC05) yield much lower displacement values. The displacement for the simulation with 

an initial velocity of 1000 mm/s (LC04) is only 0.07 mm, and for the simulation with an initial 

velocity of 2000 mm/s (LC05), it is 0.22 mm. These values are significantly lower than the 

experimental result of 2.29 mm, with the TET10 model underestimating the displacement by 

almost 33 times. 

5 Conclusions 

The detailed review and application of the aHEAD model underscore the complexity of 

accurately simulating brain behaviour. The smoothed particle hydrodynamics (SPH) method 

for cerebrospinal fluid (CSF) modelling allowed for dynamic fluid representation, providing 

new perspectives on brain deformation. Unlike other finite element (FE) models that use solid 

elements or brain-cranial interfaces [10,22,29], the current models did not accurately replicate 

Hardy’s findings. Nevertheless, these deviations do not invalidate the tests but underscore the 

complexity of accurately simulating brain mechanics. The observed discrepancies between 

simulation results and Hardy’s experimental data highlight ongoing challenges. Specifically, 



 

 

the findings suggest that the protective function of CSF might be less pronounced under extreme 

conditions than previously assumed. Additionally, the rigid brain-skull junction model yielded 

results that call into question the applicability of Hardy-based benchmarks to CSF 

biomechanics. 

The physical experiments and numerical simulations revealed limitations in current modelling 

techniques. SPH models exhibited closely resembling fluid displacement, while tetrahedral 

elements imposed unrealistic rigidity. Continued refinement of these models, supported by 

strict experimental validation, is essential for bridging the gap between theoretical simulations 

and real-world biomechanics. 

What is important, the biomechanics of cerebrospinal fluid may lead to misconceptions about 

its role in brain protection. Instead of providing cushioning through immersion in the 

surrounding fluid, the results suggest that CSF primarily acts through hydraulic damping and 

energy dissipation facilitated by fluid exchange in capillary-like channels. This conclusion is 

supported by experiments with gelatine insert. When the container was positioned upside-down, 

the gelatine moved downward very slowly, and turbulent flow was observed in the small side 

channels. Overall, the presented physical experiment and the numerical simulations explain 

why CSF does not offer soft support for the brain but rather mitigates brain motion through 

hydraulic damping. 

While the current study provides important insights into the numerical modelling of traumatic 

brain injury (TBI), addressing limitations through ongoing refinement and validation will 

enhance the fidelity and applicability of the FE models in medical and biomechanical research. 

Future research should focus on conducting new experiments that explore a broader range of 

impact conditions and brain states. Incorporating real-time imaging and advanced sensor 

technologies will help generate more comprehensive datasets for model validation. 

Furthermore, developing hybrid approaches that combine SPH and traditional FE methods 

could address the current limitations, offering more accurate and reliable simulations of CSF 

dynamics and brain biomechanics. 

Acknowledgement 

„The article was co-financed from the state budget of Poland and awarded by the Minister of Science within the 

framework of the Excellent Science II Programme”. 

 



 

 

6 References 

[1] Al-Bsharat A.S., Hardy W.N., Yang K.H., Khalil T.B., Tashman S., King A.I., 

Brain/Skull Relative Displacement Magnitude Due to Blunt Head Impact: New 

Experimental Data and Model. In: ; 1999. DOI:10.4271/99SC22 

[2] Barbosa A., Fernandes F.A.O., Alves de Sousa R.J., Ptak M., Wilhelm J., 

Computational Modeling of Skull Bone Structures and Simulation of Skull Fractures 

Using the YEAHM Head Model.,Biology (Basel), 2020,9(9),267, 

DOI:10.3390/biology9090267 

[3] Blennow K., Brody D.L., Kochanek P.M., et al., Traumatic brain injuries.,Nat Rev Dis 

Primers, 2016,2(1),16084, DOI:10.1038/nrdp.2016.84 

[4] Cai Z., Xia Y., Bao Z., Mao H., Creating a human head finite element model using a 

multi-block approach for predicting skull response and brain pressure.,Comput 

Methods Biomech Biomed Engin, 2019,22(2),169-179, 

DOI:10.1080/10255842.2018.1541983 

[5] Cardillo G., Fluid Dynamic Modeling of Biological Fluids : From the Cerebrospinal 

Fluid to Blood Thrombosis. Politecnico di Torino; 2020. 

https://www.researchgate.net/publication/349665311 

[6] Carmo G.P., Dymek M., Ptak M., Alves-de-Sousa R.J., Fernandes F.A.O., 

Development, validation and a case study: The female finite element head model 

(FeFEHM).,Comput Methods Programs Biomed, 2023,231,107430, 

DOI:10.1016/j.cmpb.2023.107430 

[7] Czarniak N., Kamińska J., Matowicka-Karna J., Koper-Lenkiewicz O., Cerebrospinal 

Fluid–Basic Concepts Review.,Biomedicines, 2023,11(5),1461, 

DOI:10.3390/biomedicines11051461 

[8] Daneman R., Prat A., The Blood–Brain Barrier.,Cold Spring Harb Perspect Biol, 

2015,7(1),a020412, DOI:10.1101/cshperspect.a020412 

[9] Donatelli D., Romagnoli L., Nonreflecting Boundary Conditions for a CSF Model of 

Fourth Ventricle: Spinal SAS Dynamics.,Bull Math Biol, 2020,82(6),77, 

DOI:10.1007/s11538-020-00749-4 

[10] Duckworth H., Sharp D.J., Ghajari M., Smoothed particle hydrodynamic modelling of 

the cerebrospinal fluid for brain biomechanics: Accuracy and stability.,Int J Numer 

Method Biomed Eng, 2021,37(4), DOI:10.1002/cnm.3440 

[11] Fernandes F.A.O., Tchepel D., Alves de Sousa R.J., Ptak M., Development and 

validation of a new finite element human head model.,Eng Comput (Swansea), 

2018,35(1),477-496, DOI:10.1108/EC-09-2016-0321 

[12] Filis A.K., Aghayev K., Vrionis F.D., Cerebrospinal Fluid and Hydrocephalus: 

Physiology, Diagnosis, and Treatment.,Cancer Control, 2017,24(1),6-8, 

DOI:10.1177/107327481702400102 

[13] Gomes M.S., Carmo G.P., Ptak M., Fernandes F.A.O., Alves de Sousa R.J., Accuracy 

and efficiency of finite element head models: The role of finite element formulation 



 

 

and material laws.,Int J Numer Method Biomed Eng, 2024,40(9), 

DOI:10.1002/cnm.3851 

[14] Hardy W.N., Mason M.J., Foster C.D., et al., A study of the response of the human 

cadaver head to impact.,Stapp Car Crash J, 2007,51,17-80, DOI:10.4271/2007-22-0002 

[15] James S.L., Theadom A., Ellenbogen R.G., et al., Global, regional, and national burden 

of traumatic brain injury and spinal cord injury, 1990–2016: a systematic analysis for 

the Global Burden of Disease Study 2016.,Lancet Neurol, 2019,18(1),56-87, 

DOI:10.1016/S1474-4422(18)30415-0 

[16] Jamroziak K., Bajkowski M., Bocian M., et al., Ballistic Head Protection in the Light 

of Injury Criteria in the Case of the Wz.93 Combat Helmet.,Applied Sciences, 

2019,9(13),2702, DOI:10.3390/app9132702 

[17] Ji S., Ghadyani H., Bolander R.P., et al., Parametric Comparisons of Intracranial 

Mechanical Responses from Three Validated Finite Element Models of the Human 

Head.,Ann Biomed Eng, 2014,42(1),11-24, DOI:10.1007/s10439-013-0907-2 

[18] JIN J.X., ZHANG J.Y., SONG X.W., HU H., SUN X.Y., GAO Z.H., EFFECT OF 

CEREBROSPINAL FLUID MODELED WITH DIFFERENT MATERIAL 

PROPERTIES ON A HUMAN FINITE ELEMENT HEAD MODEL.,J Mech Med 

Biol, 2015,15(03),1550027, DOI:10.1142/S021951941550027X 

[19] Kobielarz M., Szotek S., Głowacki M., Dawidowicz J., Pezowicz C., Qualitative and 

quantitative assessment of collagen and elastin in annulus fibrosus of the physiologic 

and scoliotic intervertebral discs.,J Mech Behav Biomed Mater, 2016,62,45-56, 

DOI:10.1016/j.jmbbm.2016.04.033 

[20] Lyu D., Zhou R., Lin C. hsu, Development and Validation of a New Anisotropic 

Visco-Hyperelastic Human Head Finite Element Model Capable of Predicting Multiple 

Brain Injuries.,Front Bioeng Biotechnol, 2022,10, DOI:10.3389/fbioe.2022.831595 

[21] MacManus D.B., Menichetti A., Depreitere B., Famaey N., Vander Sloten J., Gilchrist 

M., Towards animal surrogates for characterising large strain dynamic mechanical 

properties of human brain tissue.,Brain Multiphys, 2020,1,100018, 

DOI:10.1016/J.BRAIN.2020.100018 

[22] Madhukar A., Chen Y., Ostoja‐Starzewski M., Effect of cerebrospinal fluid modeling 

on spherically convergent shear waves during blunt head trauma.,Int J Numer Method 

Biomed Eng, 2017,33(12), DOI:10.1002/cnm.2881 

[23] Mao H., Zhang L., Jiang B., Development of a Finite Element Human Head Model 

Partially Validated With Thirty Five Experimental Cases.,J Biomech Eng, 

2013,135(11), DOI:10.1115/1.4025101 

[24] Ozga J.E., Povroznik J.M., Engler-Chiurazzi E.B., Haar C.V., Executive (dys)function 

after traumatic brain injury: special considerations for behavioral 

pharmacology.,Behavioural Pharmacology, 2018,29(7),617-637, 

DOI:10.1097/FBP.0000000000000430 



 

 

[25] Ptak M., Dymek M., Sawicki M., et al., Experimental and computational approach to 

human brain modelling – aHEAD.,Archives of Civil and Mechanical Engineering, 

2023,23(3),218, DOI:10.1007/s43452-023-00758-9 

[26] Ptak M., Dymek M., Sawicki M., et al., Experimental and computational approach to 

human brain modelling – aHEAD.,Archives of Civil and Mechanical Engineering, 

2023,23(3),218, DOI:10.1007/s43452-023-00758-9 

[27] Ptak M., Dymek M., Wdowicz D., Szumiejko A., Kwiatkowski A., Energy-absorbing 

limitations of hard hat safety helmets in mitigating trauma from falling 

objects.,Archives of Civil and Mechanical Engineering, 2024,24(4),199, 

DOI:10.1007/s43452-024-01012-6 

[28] Ratajczak M., Ptak M., Chybowski L., Gawdzińska K., Bedziński R., Material and 

structural modeling aspects of brain tissue deformation under dynamic loads.,Materials, 

2019,12(2), DOI:10.3390/ma12020271 

[29] Rycman A., McLachlin S., Cronin D.S., Comparison of numerical methods for 

cerebrospinal fluid representation and fluid–structure interaction during transverse 

impact of a finite element spinal cord model.,Int J Numer Method Biomed Eng, 

2022,38(3), DOI:10.1002/cnm.3570 

[30] Salgado A., Wdowicz D., Fernandes F., Ptak M., Alves de Sousa R., Assessing head 

injury risks in electric scooter accidents: A multi-body simulation study with insights 

into sex differences.,Leg Med, 2024,71(August),102526, 

DOI:10.1016/j.legalmed.2024.102526 

[31] Sybilski K., Małachowski J., Sensitivity study on seat belt system key factors in terms 

of disabled driver behavior during frontal crash.,Acta Bioeng Biomech, 2019,21(4), 

DOI:10.5277/ABB-01421-2019-02 

[32] Toma M., Dehesa-Baeza A., Chan-Akaley R., Nguyen P.D.H., Zwibel H., 

Cerebrospinal Fluid Interaction with Cerebral Cortex during Pediatric Abusive Head 

Trauma.,Journal of Pediatric Neurology, 2020,18(05),223-230, DOI:10.1055/s-0040-

1708495 

[33] Toma M., Nguyen P.D.H., Fluid–structure interaction analysis of cerebrospinal fluid 

with a comprehensive head model subject to a rapid acceleration and 

deceleration.,Brain Inj, 2018,32(12),1576-1584, DOI:10.1080/02699052.2018.1502470 

[34] Tomaszewski M., Kucewicz M., Rzepliński R., Małachowski J., Ciszek B., Numerical 

aspects of modeling flow through the cerebral artery system with multiple small 

perforators.,Biocybern Biomed Eng, 2024,44(2),341-357, 

DOI:10.1016/j.bbe.2024.04.002 

[35] Tse K.M., Tan L. Bin, Lee H.P., The Skull and Brain. In: Military Injury 

Biomechanics. CRC Press; 2017:175-220. DOI:10.4324/9781315151731-10 

[36] Tumani H., Huss A., Bachhuber F., The cerebrospinal fluid and barriers – anatomic and 

physiologic considerations. In: ; 2018:21-32. DOI:10.1016/B978-0-12-804279-

3.00002-2 



 

 

[37] Werner C., Engelhard K., Pathophysiology of traumatic brain injury.,Br J Anaesth, 

2007,99(1),4-9, DOI:10.1093/bja/aem131 

[38] Wilhelm J., Ptak M., Fernandes F.A.O., et al., Injury Biomechanics of a Child’s Head: 

Problems, Challenges and Possibilities with a New aHEAD Finite Element 

Model.,Applied Sciences, 2020,10(13),4467, DOI:10.3390/app10134467 

[39] Willinger R., Kang H.S., Diaw B., Three-Dimensional Human Head Finite-Element 

Model Validation Against Two Experimental Impacts.,Ann Biomed Eng, 

1999,27(3),403-410, DOI:10.1114/1.165 

[40] Yan W., Pangestu O.D., A modified human head model for the study of impact head 

injury.,Comput Methods Biomech Biomed Engin, 2011,14(12),1049-1057, 

DOI:10.1080/10255842.2010.506435 

  

 


