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Finite element modelling of paediatric head impact: Global validation against experimental data

Biomechanics of the human head has been widely studied for several decades. At a mechanical level, the use of engineering and Finite Element (FE) methods has allowed injury mechanisms to be investigated using biofidelic FE models. These models are generally validated using experimental data then used to simulate real-world head trauma in order to derive numerical tolerance limits, leading to efficient injury predicting tools. Due to ethical issues, experimental tests on the paediatric population remain prohibitive so direct validations of numerical models cannot be performed. However injury biomechanics on paediatric population is emerging with experimental tests on the paediatric cadavers or tests on biological tissue and the development of finite element models. The present paper proposes a new finite element model of a newborn head, simulating its main features, with material properties from the literature. Global validation of the model against experimental data in terms of skull deflection is performed and the model is used to simulate paediatric skull fracture coming from real-world head trauma.

Introduction

Paediatric FE models

According to epidemiological studies [START_REF] Viano | Serious brain injury from traffic related causes: priorities for primary intervention[END_REF], Traumatic Brain Injury (TBI) is a major cause of death and disability among the young paediatric population. Most frequent causes of TBI are vehicle traffic accidents, falls and mishandling (e.g. shaken baby syndrome) [START_REF] Langlois | Traumatic brain injury in the United States : emergency department visits, hospitalizations, and death[END_REF][START_REF] Cdc | Childhood Injuries in the United States[END_REF]. Determination of reliable injury criteria and tolerance limits is essential for the understanding of injury occurrence and for the development of protective devices. Finite element modelling is a widely used tool for investigation of the dynamic response of the head under impact. Compared to adult models, there are relatively few realistic three dimensional finite element models of a child's head.

A finite element model of a 6-month-old child has been developed by DeSantis Klinich et al. [START_REF] Desantis Klinich | Estimating infant head injury criteria and impact response using crash reconstruction and finite element modeling[END_REF] and intracerebral response was analyzed through the simulation of real-world accidents.

The specific injury scenarios in the reconstruction involved infants in rearfacing child restraint systems (CRS) who sustained skull fractures and brain injuries from deploying airbags. These numerical replications allowed developing injury criteria for minor skull fracture. Roth et al. [START_REF] Roth | Finite element analysis of impact and shaking inflicted to a child[END_REF] performed a comparative study between impact and shaking situations with a 6-month-old child head model. This study showed similar results in terms of bridging veins strain for both scenarios. Limitation of scaling methods in child head modelling was performed, comparing a scaled adult model to a biofidelic 3-year-old child model [START_REF] Roth | Limitation of scaling methods in child head finite element modelling[END_REF]. Differences in terms of intracranial parameters led to the conclusion that accurate geometry of child head is needed for a child head numerical investigation. Tolerance limits for neurological lesions were developed with this 3-year-old child head model [START_REF] Roth | Child head injury criteria investigation through numerical simulation of real world trauma[END_REF], by simulating real-world head trauma. Shearing stress appeared to be clearly the most predictive parameters, allowing clear distinction between injured and non-injured cases Coats et al [START_REF] Coats | Parametric study of head impact in the infant[END_REF] developed a 1.5-month-old infant FE model of the head to reproduce Weber's experiments on bone fracture [START_REF] Weber | Experimental studies of skull fracture in infant[END_REF]. Coats et al. compared results of the numerical simulations to experimental tests for different impacted surfaces, in terms of fracture line. Replication of a number of falls allow finding tolerance limit for skull fracture for the newborn infant head. Finally, only DeSantis Klinich and Coats investigated skull fracture with finite element models, by reconstructing several real-world head traumas. However, even if these models give encouraging results in the field of child head biomechanics, none of them have been validated against experimental data.

Experimental tests on paediatric population

Typically, implementation of mechanical properties of head components is based on experimental data. While adult brain and bone material have been extensively investigated, few data are available for the paediatric population: tensile and flexion tests have been performed [START_REF] Margulies | Infant skull and suture properties: measurements and implications for mechanisms of paediatric brain injury[END_REF] in bone and sutures samples extracted from piglets, allowing elaboration of constitutive relationships. Infant bone properties have also been investigated [START_REF] Mc Pherson | The elastic modulus of fetal cranial bone: a first step toward an understanding of the biomechanics of fetal head molding[END_REF][START_REF] Jans | Bending properties of cranial bone segments of new-born children[END_REF][START_REF] Kriewall | Bending properties and ash content of fetal cranial bone[END_REF][START_REF] Kriewall | Structural, mechanical, and material properties of fetal cranial bone[END_REF][START_REF] Runge | Material properties of human infant skull and suture: experiments and numerical analysis[END_REF], showing its orthotropic properties, based on 3-point flexion experiments. The above-mentioned experiments have been performed on quasi-static conditions. High strain rate experiments have also been conducted [START_REF] Coats | Characterization of paediatric porcine skull properties during impact[END_REF][START_REF] Coats | Material properties of human infant skull and suture at high rates[END_REF] and influence of strain rate on elasticity modulus was studied. Experimental tests on brain samples have also been performed [START_REF] Thibault | Age dependent material properties of the porcine cerebrum: effect on paediatric inertial head injury criteria[END_REF]. In parallel to these experimental characterizations on biological tissues, tests on a whole paediatric head have been performed by [START_REF] Prange | Mechanical Properties and Anthropometry of the Human Infant Head[END_REF] in order to investigate the global response of the head submitted to compression tests [START_REF] Prange | Mechanical Properties and Anthropometry of the Human Infant Head[END_REF]. For different impact tests (frontal, occipital, vertex, parietal), impact force and acceleration were computed allowing to give first mechanical results on paediatric cadaver.

Based on the above experimental data, and motivated by the need of a detailed validated newborn head model, the present study proposes the development of a new FE model of newborn child head, based on CT scan slices. In order to ensure its biofidelic behaviour, this model is validated against experimental data and is used in the framework of real-world head accident replication. To the author knowledge, this model is the only one combining biofidelic geometry, global validation against experimental tests, and a use in a context of accident replication, which can contribute to the understanding of injury mechanism in children population.

Method

Geometry

The proposed finite element model was based on the geometrical 3D reconstruction of slices obtained by CT scanner. The specifications of the scanner were not provided. Scanner examination was performed on a newborn subject (17-day-old infant) for medical purposes with no relation with the present study. No abnormalities were found by the medical staff. Resolution of 2D slices was millimetric. For the reconstruction, 230 slices in transversal plane were used. The scanner sections underwent grey level processing in order to distinguish the skull from the soft tissues. A 3D Triangular mesh were then generated and imported into Stereolithographic format and imported in Hypermesh v9.0 software (ALTAIR©) for a step of regular and homogeneous meshing, as needed by explicit codes like Radioss as illustrated in Figure 1.

Anthropometry

Global measurements of the head model were checked based on anthropometric studies concerning the evolution of the head during growth. The main dimensions (length, width, and circumference) of the model were compared to anatomical studies reported by Dekaban et al. [START_REF] Dekaban | Table of cranial and orbital measurements, cranial volume and derived indices in males and females from 7 days to 20 years of age[END_REF] as illustrated in Figure 2. On the other hand, the model's cerebral volume has been compared to anthropometric data (Figure 2), and illustrates that the modelled volume (418 cm 3 ) is realistic. In terms of dimension and mass, the model corresponds to an average population. There are very few discrepancies between the model and the curves, which do not reach more than 3.3 % difference as illustrated in Table 1. The head model can therefore be considered as a 50 percentile newborn head.

Meshing

This model includes the main anatomical features of a newborn head, as described in Figure 1: the scalp, the Cerebro-Spinal Fluid (CSF) and the brain were modelled with brick elements. Coronal, sagittal, lambdoid and temporo-parietal sutures were modelled with shell elements as well as anterior, posterior and sphenoidal fontanels. Skull and membranes were modelled with shell elements. The skull thickness of the model has been evaluated from CT scan slices. In area of the skull which are important in head impact investigations (parietal, frontal, occipital, temporal bones), the thickness is almost constant. Finally, the thickness of the skull is 1.4mm, and is assumed homogeneous, based on measurements given by the CT scan, as it was performed in previous study of head impact [START_REF] Roth | Child head injury criteria investigation through numerical simulation of real world trauma[END_REF].

The whole model is comprised of 30000 solid and 3700 shell elements as shown in Figure 1. The mass of the global head is 0.72 kg.

Material properties

As explained in the introduction, only a few studies report mechanical properties of child head components. Membrane and scalp properties were derived from the literature [START_REF] Zhou | Head injury assessment of a real world crash by finite element modelling[END_REF] concerning adult subjects with a linear elastic constitutive law. Cerebro-Spinal Fluid modelling was considered similar to adult subarachnoid space. Thus mechanical properties reported by Willinger et al were considered in this model [START_REF] Willinger | Modal and temporal analysis of head mathematical models[END_REF]. Coats et al. [START_REF] Coats | Characterization of paediatric porcine skull properties during impact[END_REF][START_REF] Coats | Material properties of human infant skull and suture at high rates[END_REF] have investigated material properties of newborn skull and sutures. The constitutive law of sutures and fontanels were considered as linear elastic based on tension tests. The constitutive law of the skull was elastic-plastic with rupture, based on three-point bending tests. Material properties of the face was considered the same as the skull.

There is a considerable paucity of data concerning the evolution of brain tissue mechanical properties with age. Few studies have investigated properties of paediatric population: Thibault et al. [START_REF] Thibault | Age dependent material properties of the porcine cerebrum: effect on paediatric inertial head injury criteria[END_REF] compared shear viscoelastic properties of 2 to 3-day-old (~equivalent to a 1-month-old human) and 1-year-old (equivalent 4 year-old human) porcine subjects. Non linear aspects of brain tissue have also been investigated in the literature [START_REF] Prange | Regional, Directional, and Age-dependent Properties of the Brain Undergoing Large Deformation[END_REF].

When comparing all these material properties, it appears that some discrepancies exist concerning brain tissues stiffness. In the present study, only linear aspects of brain constitutive law are taken into account. However, in the light of the discrepancies in terms of brain laws, a parametric study is performed on viscoelastic parameters of brain law. Baseline value of material properties implemented in the finite element model are summarised in Table 2.

Mesh convergence

Three different mesh were tested. 5 mm, 2.5 mm (the present model), and a fine mesh ( 1.2 mm). The model meshed with 5mm elements had a quite high time pitch (0.5e-3 ms), but element size may not respect the original geometry of complex head structures. Mesh size was too large. Fine mesh respected the geometry of the brain and the head, but had a low time pitch (8e-5 ms). The present model with element of 2.5mm size, combined both respect of the geometry and acceptable time pitch ( 0.2e-3 ms) for an acceptable computational time. For a 50 ms simulation, run lasted almost 15 hours. Differences in terms of mechanical outputs did not bring significant difference between 1.2 mm and 2.5 mm size elements. Results in terms of stress distribution were similar and only 7% difference were noticed in terms of maximum stress. Simulations performed with the FEM using 2.5 mm size elements showed that the mesh was sufficiently refined to perform a run in a stable manner over the range of loading conditions, without large element distortion, and gave an acceptable computational time. As a result, the mesh size was assumed to be acceptable. Finally, this density was a good compromise between the respect of the geometry and the computational time.

Results

Validation under experimental impact.

Finite element models of the adult head have been typically validated against experimental data carried out in terms of intracerebral pressure, brain displacement and skull fracture [START_REF] Nahum | Intracranial pressure dynamics during head impact[END_REF][START_REF] Hardy | Investigation of head injury mechanisms using neutral density technology and high-speed biplanar X-ray[END_REF][START_REF] Yoganandan | Biomechanics of skull fracture[END_REF]. For paediatric populations, there are very few experimental tests allowing validations of numerical models. To the authors' knowledge, only [START_REF] Prange | Mechanical Properties and Anthropometry of the Human Infant Head[END_REF] [START_REF] Prange | Mechanical Properties and Anthropometry of the Human Infant Head[END_REF] study provides validation data for the global behaviour of the head. In the reported study, the whole newborn paediatric head was positioned between two flat plates and was submitted to a compression in the antero-posterior direction at different velocities along the Frankfort plane. Force and skull deflection were recorded during these tests.

As in the experimental test, the proposed finite element model of the newborn head was subjected to an anterior-posterior compressive force. For all the finite element analysis performed in this study, energy balance was checked and Hourglass energy limit was set to 10% of total energy. Force versus deflection was computed and superimposed to the experimental curve. Figure 3 illustrates the simulation of the compression of the head at 50 mm/s. Numerical and experimental forces versus deflection curves are also reported for the 50 mm/s velocity. Good correlations were found between experimental and numerical results in terms force displacement curves. Prange et al. also performed experimental drop tests with newborn heads, at different velocity on to five different impact locations (Occipital, vertex, forehead, right and left parietal). Impact force versus time was recorded. Dividing impact force by the head mass, acceleration curves were reported in this study. The conclusion of these experimental tests is that average peaks acceleration are significantly different for different drop height but do not vary between impact locations. Then, the 30 cm experimental height drop test was reproduced with the new FE model and led to the computed acceleration versus time curve reported in Figure 4 and superimposed to the experimental test results. Numerical accelerations were also obtained by dividing the impact force by the head mass. Based on these experimental curves coupled with the provided standard deviations, and in order to provide a quantitative model validation, statistical analyses have been performed on the response of the FEM for each impact configuration.

For the forehead impact, a good correlation in terms of acceleration was observed. Indeed, 100% of the response was included in the experimental corridor. For the occipital drop test, as well as for parietal drop test, the error was of the order of 51 %, and 45% respectively, showing a less accurate response. For the vertex drop test, a good correlation was observed between the FEM and the corridor with 85 % of the response included in the experimental corridor. Analysis of simulations for each impact location led to the same conclusion as in Prange's study concerning peak acceleration i.e. does not vary significantly between impact locations.

Parametric study

In the field of biomechanics, large discrepancies exist in the literature in terms brain material properties [START_REF] Nicolle | Shear properties of brain tissue over a frequency range relevant for automotive impact situations: new experimental results[END_REF]. As for adult brain tissues, very few experiments exist for paediatric brain tissues. This point should be investigated in mathematical models. Indeed, it is necessary to know the influence of material law parameters on the model response, as these parameters are not well controlled. Especially, for the present model where skull behaviour is investigated, it is important to study the influence of the viscoelastic parameters of the brain tissue on the skull deformation. Therefore a parametric study was performed on brain characteristics, for a 30 cm drop height forehead impact, as described in Table 2. Parameters of the viscoelastic law G 0 , G ∞ and bulk modulus have been changed in order to investigate their influence on the model's response.

In Table 3, bold values indicate a greater than 15% difference from baseline value A large variation of viscoelastic parameters led to minor variation of mechanical parameters such as Von Mises stress in the skull, skull deflection or peak acceleration of the head. Only higher bulk modulus K and higher G 0 lead to more than 15% difference from the baseline value. Increasing G 0 from 5.99e-3 MPa to 0.599 MPa led to a peak acceleration of 108g and a maximum Von Mises stress of 9.5 MPa compared to 79g and 12 MPa respectively with the original values. Results of this parametric study showed that brain constitutive law is found to have a minimal influence on skull deformation and stress as well as peak acceleration for the reconstructed drop test. Only skull mechanical parameters are observed in the parametric study since only the skull behaviour is investigated. However brain mechanical parameters should be studied if brain injuries are investigated with finite element models.

Application to a real-world head trauma

In order to illustrate the ability of the developed FE model to reproduce head injuries, a realworld head trauma was simulated with the new model. The accident was collected in the paediatric emergency department of a hospital. The selected case for accident reconstruction was a well-described accident case with precise explanation of the accident in the medical file. The description was made by the emergency medical service. Information required for numerical reconstruction were extracted from the medical files, e.g. fall height, nature of impact surface floor, area of impact and observed injuries. The accident involved a 1-month-old newborn child who fell on a concrete surface on the vertex. The head impacted first. A small bruise was observed on the vertex area of the head, which confirmed the area of impact. The origin of the fracture line and impact point was clearly identified by the medical staff and confirmed by medical imaging. For this accident, the impact point was identified in the vertex area leading to bilateral parietal fracture. The medical file clearly stated that the child did not lose consciousness. The observed injury was a skull fracture. Figure 5 illustrates fracture line resulting from this fall. CT images of the brain were used to conclude that no brain damage was observed. A medical consultation was performed 1 week after the fall, which indicated no neurological relapses. The nature of the impacted surface provides the mechanical characteristics of the floor.

Based on the height of the fall of 1 meter, which is stated in the medical file, an impact velocity was evaluated by kinetic and potential energy balance according to equation (1):

h g v . . 2  (1)
where h is the height of fall, and g is the gravity acceleration.

The FE model of the newborn was submitted to a direct impact against the modelled surface with an initial velocity of 4.4 m/s corresponding to 1m high of fall. The impacted surface was a concrete surface with a Young's modulus of 30 GPa and was modelled with shell elements with a thickness of 7mm.

Results in terms of skull fractures are given in Figure 6, showing a good accordance in terms of the fracture line. The fracture line of both parietal bones was observed with the model, and appears 5 ms after the impact. The length of the right and left parietal fracture was almost 67 mm and 85 mm respectively in the simulation.

It is also important to notice the dynamical behaviour of the skull at the time of impact which is an important characteristic of skull fracture in young infants, and quite different from adult fracture. The elasticity of the skull allows great malleability which lead to a "Ping Pong" skull response [START_REF] Mastrapa | Depressed skull fracture in Ping Pong: elevation with Medeva extractor[END_REF]. The impacted convex surface of the head becomes concave after a trauma. The numerical simulation of the accident reproduced this typical behaviour of the infant skull, as illustrated in Figure 7.

Discussion.

In this study, a biofidelic Finite Element Model of a newborn head was developed. Presently, the large number of existing FEMs of adult heads which are able to predict occurrence of neurological injuries, subdural haematomas or skull fractures, contrasts with the few existing paediatric head models available [START_REF] Desantis Klinich | Estimating infant head injury criteria and impact response using crash reconstruction and finite element modeling[END_REF][START_REF] Roth | Finite element analysis of impact and shaking inflicted to a child[END_REF][START_REF] Roth | Limitation of scaling methods in child head finite element modelling[END_REF][START_REF] Roth | Child head injury criteria investigation through numerical simulation of real world trauma[END_REF][START_REF] Coats | Parametric study of head impact in the infant[END_REF]. Experimental tests on cadavers provided data for validation of finite element models of the head. Concerning adult head, several experimental studies on brain pressure, displacement or skull fracture have been performed, and comparison between these tests and numerical results were performed in term of pressure (Nahum's et al [START_REF] Nahum | Intracranial pressure dynamics during head impact[END_REF]) or brain displacement (Hardy's et al. [START_REF] Hardy | Investigation of head injury mechanisms using neutral density technology and high-speed biplanar X-ray[END_REF]) and skull fracture (Yoganandan's et al. [START_REF] Yoganandan | Biomechanics of skull fracture[END_REF]) which ensured a realistic behaviour of the head when submitted to load cases. Moreover, these models also permitted the derivation of improved head injury criteria from an extensive real-world head trauma campaign (Deck et al. 2008 [29])

Validation

Concerning child head models, only Prange's experiments provided data on the global behaviour of the head, in terms of compressive force-displacement curve and acceleration of the head under impact. The proposed finite element model of the newborn head was validated against these experimental data. In the framework of the model validation, the global behaviour of the newborn skull was studied and its biofidelity was checked, as illustrated on Figure 3 and4. However, some discrepancies were observed in terms of accelerations curves. Several parameters could explain the difference of amplitude.

The newborn head undergoes wide and rapid changes during growth in terms of characteristic dimensions and mass. The present model represented a 50% newborn head as described in the Methods section. However, experimental tests performed by Prange et al. involved 1, 3 and 11-day-old specimens. This variation of ages of the tested cadavers could also lead to different skull responses in terms of acceleration since the mass of the head was slightly different.

Experimental tests have been performed with different cadavers having different mass (36% difference between specimens), which explain the large thickness of corridors. The model mass was almost 720 grammes compared to the experimental masses of 650 grammes. This difference of mass can be explained by the age of concerned heads (the FE model was based on a 17-day-old child whereas specimens are aged of 3 to 11-day-old) Furthermore, acceleration is usually evaluated at the centre of gravity (cog) of the head for rigid entities (like instrumented dummies' head). In this case, experimentation and simulation involved deformable structures, where no acceleration of the cog can be evaluated. Acceleration has been evaluated for both experimental tests and numerical simulations by dividing the impact force by the head mass. This way to calculate the head acceleration could be questioned and could lead to uncertainties concerning peak acceleration. Large standard deviations of peak acceleration in experimental tests illustrate this point.

Finally, skull fracture validation cannot be performed since the experimental tests do not investigate skull rupture. Reconstruction of well-documented real-world head trauma can help in the study of skull fracture. Even if information in the medical file do not allow a precise measurement of the length of fracture line, comparison between the simulation and the trauma can be made at a qualitative level: the simulated accident reproduces in a realistic manner the skull fracture line and the "Ping Pong" fracture, and confirms the biofidelity of the skull constitutive law.

Limitations and future work

Even if the model has shown a biofidelic behaviour, limitations concerning this study exist, especially concerning the material properties. Material properties of the brain tissue can be questioned. Even if brain properties are not the aim of this study, and even if its influence on skull response is very limited (parametric study), it is important to notice that only the linear viscoelastic aspect of the brain behaviour was taken into account, whereas more and more studies express its nonlinear aspect. Therefore, further investigations are needed to implement more biofidelic material laws for the brain tissue, especially if neurological injuries are studied.

Concerning skull properties, this study investigated skull deformation. The study did not provide skull fracture validation. Even if the accident reconstruction have shown interesting results in terms of rupture, fracture was only shown by the real-world trauma, and not at an experimental level, as it was performed on adult head [START_REF] Yoganandan | Biomechanics of skull fracture[END_REF]. In that case, precise experimental tests on skull fracture would be necessary, and it is obvious that a great number of similar accident cases are needed and will be investigated in order to consolidate the rupture behaviour of the skull.

Conclusion

A new finite element model of the newborn head was developed in this study, and was validated against experimental data in terms of skull deformation and acceleration. Child biomechanics suffers strongly from great limitations in terms of experimental data. Ethical issues limit the type of experiments which can be conducted, yet these experiments are required for mathematical model validation. To the author knowledge, only Prange's test allowed an acceptable global validation of infant head impact under dynamic compression and impact. These data were used to validate the new FE model in terms of skull deformation and acceleration. The developed model has been used to reconstruct a real-world head trauma leading to encouraging results in terms of skull fracture and "ping pong" skull deformation. Previously developed child head FE models have been used to investigate paediatric head trauma, but none of these has been validated due to the lack of experimental data for validation. As for adult's head, validation against experimental data is essential in the development of efficient injury predicting tools, but remains one of the main difficulties in FE studies concerning the paediatric population. With this first step in terms of FE validation, this study presents a child FE head model which, with further development, could be used for analysing paediatric head trauma in future