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ABSTRACT 

 

The cerebrospinal fluid (CSF) is one of the most challenging features to represent correctly in a 

finite element model of the head and brain. Currently, models frequently employ a solid element, 

Lagrangian mesh representation of the CSF, sometimes achieving fluid-like responses through 

manipulation of material properties. The small space which the CSF occupies, in addition to the 

large relative displacement of the brain to the skull, means the Lagrangian mesh method is not 

well suited for this situation. This study presents a quantification of the usefulness of a particle-

based method, Smoothed Particle Hydrodynamics (SPH) in representing the CSF in the brain. It 

is hypothesised that an SPH representation of CSF can allow for greater accuracy in modelling 

injuries which have direct relation to the relative movements of the brain (such as subdural 

haemorrhaging, coup and contrecoup, and chronic traumatic encephalopathy). Under low shear 

deformations Lagrangian meshes can perform well, however, when there are large movements 

over a small thickness of mesh inaccuracies can occur. This study compares the accuracy of a 

Lagrangian mesh to an identical model with an SPH representation of the CSF. A parametric 

study of formulations, smoothing lengths, initial smoothing lengths, particle densities, and 

material models is completed. Promising results show that SPH can be used to accurately recreate 

low deformation, in vivo motion of the brain, however, limitations of the model make further study 

necessary in investigating the effectiveness and accuracy of SPH in a 3D space and injurious 

conditions. 

 

INTRODUCTION 

 

Traumatic Brain Injury is frequently seen in after traffic collisions, falls, assaults, and object strikes 

(Langlois, Rutland-Brown, & Wald, 2008; Perel et al., 2009; Rutland-Brown, Langlois, Thomas, 

& Xi, 2006; Taylor, Bell, Breiding, & Xu, 2017) . In recent years, emergency department visits 

relating to traumatic brain injuries consist of 1−2.3 million people (Headway, 2012; Taylor et al., 

2017) with approximately a third of all injury related deaths in the United States caused by a 

traumatic brain injury (Faul, Xu, Wald, & Coronado, 2010) .  

 

The use of the Finite Element (FE) method for modelling of the brain’s dynamics is widespread 

due to its repeatability, minimal resources used, ability to easily change parameters such as 

material properties and loading conditions. Most commonly, these FE models consist solely of 

brain matter in the intracerebral space with scalp, skull, CSF, and membranes present, all 
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represented by Lagrangian meshes. However, due to the nature of Lagrangian meshes, high 

deformations which can occur in the fluid-representation regions can bring in inaccuracies to the 

model.  

The brain-skull interface 

The presence of cerebral motion has long been known of (Pudenz & Shelden, 1946), and is a key 

factor in the occurrence of injuries such as subdural haemorrhaging (Depreitere et al., 2006). 

Studies have shown that the brain-skull boundary condition choice has a large effect on the 

dynamical response of the brain (Tse et al., 2015; Wang et al., 2018; Wittek & Omori, 2003) and 

additionally, the choice of constitutive model for modelling the cerebrospinal fluid can influence 

the brain dynamics significantly (Baeck, Goffin, & Vander, 2011; Kleiven & Hardy, 2002; 

Madhukar, Chen, & Ostoja-Starzewski, 2017; Sadegh & Saboori, 2017; Wang et al., 2018; Wittek 

& Omori, 2003). The effect of modifying material properties within a constitutive model has been 

shown to have varying levels of significance (Chafi, Dirisala, Karami, & Ziejewski, 2009; Kleiven 

& Hardy, 2002; Madhukar et al., 2017; Wittek & Omori, 2003)  

 

Arbitrary Lagrangian-Eulerian meshes, which allows for the arbitrary movement of the mesh to 

optimise element shape, have also been used with varying levels of success when modelling the 

cerebrospinal fluid (Zhou, Li, & Kleiven, 2018) . The accuracy of Arbitrary Lagrangian-Eulerian 

meshes depends on large mesh depths which can be a problem when modelling the small gap 

between then skull and brain, as well as for those models which contain detailed anatomy such as 

gyri and sulci.  

 

Particle-based methods, namely smoothed particle hydrodynamics (SPH) (Gingold & Monaghan, 

1977; Lucy, 1977), have been shown to give promising results (Klug, Sinz, Brenn, & Feist, 2013; 

Toma & Nguyen, 2018) . Klug et al, showed that a simplified spherical model of the brain with a 

particle representation of the cerebrospinal fluid had good relative displacement and pressure 

curves when compared to surrogate brain model results. Toma and Nguyen used a 3D head a brain 

model with the cerebrospinal fluid represented as particles to correctly show the specific regions 

affected under given loading conditions. Their model, however, shows gaps in the coup and 

contrecoup region between the particles and the skull, and the model is not verified with 

experimental data.  

 

Smoothed Particle Hydroynamics formulation 

Smoothed Particle Hydrodynamics (SPH) is a mesh free modelling method capable of accurately 

modelling material flow over high deformations. SPH differs from grid-based Lagrangian methods 

by allowing free motion of nodes through a domain. Each node describes an element of the chosen 

material and has its own mass, velocity, and location which is update through a distance-based 

weighting algorithm of nearby particles’ variables. Figure 1 visually shows how a particle, 𝑖, is 

influenced by surrounding particles in the domain, Ω, by a smoothing function, or kernel, 𝑊, which 

depends on the interparticle distance, 𝑟𝑖𝑗. The smoothing function decides the weighting of the 

effect of nearby particles on one another, with different splines being available including cubic, 

quadratic, quartic, and quantic. There is much in the way of methodology behind SPH, and it is 

beyond the scope of this report to describe it fully, so further reading is recommended to 

supplement the data presented here.  
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Figure 1: Domain of particle 𝑖 with kernel function which shows the influence of neighbouring particles 

 

METHODS 

Model Creation 

A 2D parasagittal slice of the brain, which includes skull, dura, tentorium, grey matter, white 

matter, brain stem, and CSF, was created from a previously validated 3D model of the head 

(Ghajari, Hellyer and Sharp, 2017) and compared anatomically through comparison to original 

MRI scans of the subject. Two types of 2D models are created; the first model (Figure 2c), 

henceforth called the pure Lagrangian model, is created using Lagrangian solid elements 

completely, the second model (Figure 2d), is otherwise identical to the pure Lagrangian model 

except the solid element CSF is replaced with a particle field. The skull is modelled as a rigid body 

and slave to a solid element near the foramen magnum where accelerations are applied.  

 

 
 

Figure 2: a – T1 MRI scan of parasagittal plane of subject, b – Parasagittal slice of brain model used as 

basis for created models, c – Solid element model d – Hybrid, solid element and SPH model. Axes for all 

models shown in bottom right corner, y axis normal to plane, rotation counter clockwise.  

Experimental procedure 

A parametric study of various properties and parameters associated with the SPH formulation, 

spatial features, and material models were carried out using LS-DYNA (LSTC., 2019). The most 

recent beta version of the software of R11 was used to ensure some SPH features worked correctly, 
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such as the SPH MLS formulation (FORM = 12). For each model, four relative displacement 

curves of the brain to the skull were recorded.  They were compared to the experimental data 

(shown later) using a CORelation Analysis, CORA (Gehre, Gades, & Wernicke, 2009), a 

command line tool used to compare time signal curves in terms of their size, shape, phase, and 

closeness. A CORA score of 1 indicates perfect correlation and a score of 0 means no correlation. 

This study used CORAplus version 4.0.4 with default settings. Box and whiskers plots were 

created using R statistical software v3.5.3 (R Core Team, 2017), and data processing was 

completed using MATLAB 2017b (The MathWorks Inc., 2017). 

 

The parametric study carried out was limited due to resources available, as not every variable could 

be compared with every other one. Instead a step-by-step process, ordered by supposed 

importance, was followed where the default/inferred value was chosen for all variables except the 

one being tested (Figure 3). For placeholders the following variables were used as they are the 

default or reported as accurate:  

 

• Kernel Function: cubic (default) 

• Particle density: 1mm (same as Lagrangian mesh size) 

• Initial smoothing length: calculated during initialisation   

• Material model: Ogden rubber (Ghajari, Hellyer, & Sharp, 2017)  

 

 
 

Figure 3: Progression of parametric studies. The * indicates which formulations have the quintic, 

quadratic, and quartic kernels available  

 

The model was additionally run under pure gravitational loading to see whether there is any erratic 

behaviour of the SPH particles or due to the SPH-Lagrangian mesh coupling. 

 

Finally, the material models were run on an identical Lagrangian mesh model and results were 

compared to the SPH counterparts. The overall CORA scores were calculated and used as 

comparison between the modelling methods.  
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Material Properties 

The material properties of the brain, brainstem, dura, tentorium, and skull are taken from a previous 

study by Ghajari, Hellyer, & Sharp (2017). To provide a comprehensive analysis of the 

effectiveness of SPH, various common material models were used; elastic, viscoelastic, Ogden 

rubber, and that with an equation of state. An attempt is made to pick both high and low values 

from literature (Horgan and Gilchrist, 2003, 2004; Kleiven, 2003; Sarkar, Roychowdhury and 

Ghosh, 2008; Takhounts et al., 2008; Chafi et al., 2009; Zoghi-Moghadam and Sadegh, 2009; 

Baeck, Goffin and Sloten Vander, 2011; Panzer et al., 2012; Klug et al., 2013; Yang et al., 2014; 

Tse et al., 2015; Ghajari, Hellyer and Sharp, 2017; Toma and Nguyen, 2018; Zhou, Li and Kleiven, 

2019) . This resulted in seven cases chosen, two for elastic (Table 1), viscoelastic (Table 2), and 

EOS (Table 4), with one for Ogden rubber (Table 3). 

 
Table 1: Elastic (fluid) properties used for CSF 

Authors Density (kg/m3) Poisson's Ratio Bulk Modulus (Gpa) Viscosity Coefficient 

(Chafi et al., 2009) 1040 0.5 
0.219 0.2 

0.00219 0.05 

 
Table 2: Viscoelastic material properties for CSF 

Authors Density (kg/m3) 
Bulk Modulus 
(GPa) 

Long term shear 
modulus (GPa) 

Short term shear 
modulus (GPa) Decay factor (s-1) 

Takhounts et al. 
(2008) 

1050 4.966e-3 0.02e-3 0.1e-3 0.01 

Yoganandan, N., Li, 
J., Zhang, J. and 
Pintar, F. A. (2009).  

1040 21.9e-3 0.5e-3 0.528e-3 5 

 
Table 3: Ogden rubber hyperelastic model used to represent CSF 

Authors Density (kg/m3) 𝜇1 [kPa] 𝛼1 Poisson’s ratio 

(Ghajari, Hellyer 
and Sharp, 2017) 

1040 20 2 0.4998 

 
Table 4: Variables used for in the Mie-Grüneisen equations of states to represent CSF 

Authors 
Density 
(kg/m3) 

Intercept of 𝑢s − 
𝑢p curve (m.s) Constants 

Grüneisen's 
gamma  

Cavitation 
Pressure (GPa) 𝝁 (GPa.ms) 

Panzer et al. (2012) 1000 1484 S1 = 1.979 0.11 2.1e-3 0.8e-9 
Zhou, Li and Kleiven 
(2019) 

1000  1482.9 S1 = 2.1057 
S2 = -0.1744 
S3 = 0.010085 

1.2 -22e-3 0.001e-9 

 

Boundary Conditions 

Displacement data of the relative motion between the skull and the brain has been recorded in vivo 

by Feng et al. (2010) using a tagged MR imaging technique. Their experiments consisted of three 

subjects undergoing mild frontal head impacts inside of a MR scanner, with images taken every 

5.6ms after the head drop is triggered. The motion of the skull was found and reported through 

tracking of certain points on the skull. The relative brain motion was then found by transforming 
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each image to the skull’s fixed coordinate system and calculating the change in location of certain 

points of the brain between each image to get x-displacement, and rotational displacement of the 

parasagittal plane (in reference to the defined axes in Figure 2). 

 

We calculated accelerations using a five-point moving average (Wood, 1982), with the 

acceleration before impact, when the head is in free-fall, being manually calculated using 

Dynamics principles. This provided the curves shown in Figure 4, which theoretically should 

provide the same translational and rotational rigid body displacement of the skull seen in the 

experiment.  

 

 
Figure 4: Rotational and translational accelerations calculated from the experimental displacement data 

 

RESULTS 

Displacement  

To verify that the calculated accelerations produce the same rigid body displacements as those 

seen in the experiment the rotational and translational displacements are recorded from the model’s 

origin. This produced the similar plots shown in Figure 5 which show that, according to the 

available data, the acceleration curves applied are producing the same conditions as those seen in 

the experiment. The CORA scores for model rotational and translational displacement are 0.943 

and 0.819 respectively when compared to experimental data.  

 

 
Figure 5: Rotational and translational displacement of the second subject, S2 from Feng et al. (2010), as 

well as the displacements seen in the model after the calculated accelerations are applied  
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Gravitational Load 

A gravitational load was applied both to an SPH model using default formulation and one using 

MLS formulation (Figure 6). The default formulation showed voids forming in the gap between 

the dura and grey mater, with additional movement of the particles in other areas of the CSF. The 

MLS formulation did not show voids forming and the grid keeps its shape, however, there were 

some negligible artefacts between the tied nodes and the grey mater.  

 
 

Figure 6: Comparison of the effect of gravitational loading on MLS and default SPH formulations with 

artefacts circled in red 

Formulation Study 

For each formulation the CORA scores for each of the four locations in the brain were used to 

create the box and whiskers plot shown in Figure 7. There was a clear pattern, with 10 of the 11 

formulations tested having an average CORA score of around 0.2. Of these, 8 formulations (default 

+ renormalized, enhanced fluid + renormalized, fluid particle + renormalized, and symmetric + 

renormalized) had a similar, small, variance. There are a number of outliers’ present. However, as 

𝑛 = 4, their exclusion seemed unreasonable therefore they were kept in the data set.  

𝑡 = 0𝑚𝑠                                   𝑡 = 200𝑚𝑠                               

 

 

Default 

formulation 

(cubic spline) 
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Figure 7:CORA scores for SPH formulations (l) and kernel functions (r), kernel functions tested using 

default formulation 

 

The total Lagrangian formulations shared a similar mean to the other formulations (excluding the 

MLS formulation), but had a larger variations in the CORA values. The MLS formulation had the 

highest correlation with a mean value of 0.43, yet with the largest range between 0.2 and 0.45. It 

was also seen that all formulations (except for MLS) experienced tensile instability like that shown 

in Figure 6 (data not shown). The MLS formulation was chosen to take forward in the parametric 

study, however, for thoroughness the default formulation was also chosen.  

Kernel Study 

Four different Kernels were tested using the default formulation to see whether the accuracy could 

be improved (Figure 7). The cubic, quadratic, and quartic splines have identical accuracies, 

however the quintic spline shows an improvement of approx. 0.07 in its average CORA score. It 

does however have a large variance with one score of 0.05. Hence, the Quintic spline for the kernel 

was chosen for the default formulation. 

Particle Density Study 

The CORA scores for the particle densities of 2.0mm, 1.4mm, 1.2mm, 1.0mm, 0.8mm, 0.4mm, 

and 0.2mm are shown in Figure 8 for the MLS formulation and Default formulation with a Quintic 

spline kernel. The MLS formulation shows average scores between 0.3 and 0.45, with the highest 

being on the model with a particle distance of 1.0mm. The accuracy of the models is shown to 

decrease as the particle density increases. The default formulation’s models show lower average 

CORA scores, between 0.2 and 0.26, yet overall they have a smaller spread of values. The highest 

scores lie between the models with particle distances between 0.8mm and 1.4mm. Based on these 

results we chose an interparticle distance of 1.0mm. 
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Figure 8: CORA scores for MLS formulation (l) and Default formulation with quintic spline (r) 

Initial Smoothing Length Study 

Although only five values were tested for the smoothing length, it can be seen that both the MLS 

and default formulations show similar patterns of accuracy Figure 9. The smallest initial smoothing 

lengths providing the greatest level of accuracy, which decreases as initial smoothing length 

increases. As with the previous studies, MLS has the higher scores overall (0.5mm and 1mm 

having a CORA score of 0.4). The default formulation has a highest average CORA score of 0.3. 

Interestingly, choosing an initial smoothing length of 1mm for the default formulation results in 

the lowest accuracy (CORA = 0.2). The parameters chosen were and initial smoothing length of 

1mm. 

 

 

 
Figure 9: CORA scores showing the influence of initial smoothing length on accuracy 

Material Model Study 

The material model study compared the previously determined best models against the Lagrangian 

mesh counterpart shown in Figure 2c. The CORA scores in Figure 10 show a very similar 

distribution across all models. Most average CORA correlation scores fall between 0.2 and 0.4. 

The default formulation of SPH gives the lowest values, grouped around 0.25 and the MLS 

formulation has most average values in the range of 0.25 to 0.4. The average CORA scores for the 

Lagrangian models is larger (Elastic 1, Elastic 2, Ogden, Viscoelastic 1, and Viscoelastic 2 are 

 MLS              Default - Quintic 

 MLS            Default - Quintic 
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grouped around 0.4) yet the highest individual CORA scores belong to the MLS formulation of 

SPH, where some CORA values reach above 0.5 (Elastic 1 and Viscoelastic 1). 

 

The variance of the material models of the two SPH models is larger than the Lagrangian model 

material models. The Lagrangian model also is more consistent across material models, if the 

viscoelastic models are excluded, whereas the variance in the SPH models are higher.  

 

Elastic 1 and Ogden produce respectively similar results from the MLS method to Lagrangian 

model. These are among the highest averages in the complete study. Both EOS material models 

perform well on the Lagrangian model, with reasonable results on the MLS model. However, the 

default formulation SPH model shares the lowest and highest average CORA values using these 

material models.  

 

 
 

Figure 10: CORA scores for MLS, default, and Lagrangian mesh models for each material model 

DISCUSSION 

The use of SPH has been thoroughly investigated through parametric studies which investigate 

some of the key features of SPH and its formulation. SPH models were successfully created, tested, 

and compared to a Lagrangian mesh model - the popular modelling choice today, with key data 

showing correlation of the created models’ motion to in vivo brain motion extracted for 

comparison.  

 

The applied acceleration curve, created from the experimental data for this study, is shown to have 

high levels of accuracy and therefore valid for use on the models and the further comparisons 

between the models and experimental relative displacements of the brain.  

 

Under pure gravitational loading, it is expected for there to be no movement in the brain. We see 

that, when using SPH, some artifacts are created in the particle mesh. The default formulation 

produces voids in areas where there are a few layers of particles present. There have been some 

detailed investigations into the cause of instabilities like this is SPH (Morris, 1996; Swegle, 

Hicks, & Attaway, 1995). Instability often appears with tensile stresses, which causes particles to 

clump together, however, in the gravitational loafing case there are no changes in force and 

therefore no tensile forces.  
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The MLS formulation is proven to perform well under tensile loads (Yreux, 2018) and it can be 

seen that there is little change is location of the particles under gravitational loading. It can be 

seen that there are some small artifacts on the wall between the SPH particles and the brain, 

where the brain seems to ‘peel away’ from the SPH particles. The cause of this is also unknown, 

but we believe that it may be due to problems with the contact definition between the SPH 

elements and the brain elements.  

 

The parametric study identified the best parameters for use when modelling CSF using SPH in 

respect to accuracy, with either and MLS based formulation (with a particle density and 

smoothing length of 1mm) or the default formulation with a quantic spline kernel (which in 

theorized to reduce tensile instability (LSTC., 2019)) with the same parameters as MLS. It is 

possible that other formulations will also produce results on par with the default formulation (as 

the correlation was seen to be similar across the board, when MLS is excluded), but due to 

limited resources they all could not be carried to the final stage of comparison.  

 

The accuracy of the SPH default formulation is diminished by instability problems (data not 

shown), which is evident by the low CORA scores. This formulation is not currently 

recommended as even under these low acceleration conditions the instabilities are present, and, 

under higher accelerations they will likely propagate, making the model unusable.  

 

MLS formulation show results on par to the Lagrangian method, with similar CORA correlation 

scores on certain material models. The models which performed best are the Elastic 1 material 

and Ogden rubber. However there is a lot of variation in all the materials making it difficult to 

categorically say these are the best suited.  

 

The hybrid SPH/FE model shows significant differences in the skull/brain relative displacements 

when compared to the pure FE model, which under-predicts relative displacement. SPH has a wide 

variety of results, some overpredicting displacements by up to a factor of 10, and some matching 

the experimental data. This varies closely per material model, density of particles, and smoothing 

length. Visually convergence is seen for the density of particles, which converge around 1mm, 

however a divergence is seen when increasing the smoothing length. The SPH formulation also 

has a large effect on the relative displacements, as does material model and properties.  

 

Even with the slight artifacts appearing at the boundary between the skull and brain, it is evident 

that the modeling method can provide reasonably accurate results. At face value a CORA score, 

which falls between 1 and 0, of 0.4 does not seem good. Yet, as the CORA scores for this 

modelling method are similar to the Lagrangian mesh, which is the currently used methods in 

most other brain models, it can be assumed that the reason for the ‘low’ correlation scores is not 

due to the method but perhaps due to another factors such as the 2D model overlooking 

important anatomical factors.  

 

Our work shows that SPH has the potential to significantly improve the accuracy of computational 

models of traumatic brain injury, allowing us to better understand the mechanism of injuries which 

have direct relation to the relative movements of the brain, such as subdural haemorrhaging, coup 



12 
 

2019 Ohio State University Injury Biomechanics Symposium 

This paper has not been peer- reviewed. 

 

and contrecoup injuries, and chronic traumatic encephalopathy. Future work will extend this work 

into a 3D modelling space, as well as to test higher accelerations which are under injurious 

conditions.  
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