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Importance of Windscreen Modelling Approach for Head Injury Prediction.

Victor S. Alvarez, Svein Kleiven

Abstract The objective of this study is to evaluate the capability of two modelling approaches in capturing
both accelerations and deformations from head impacts, and to evaluate the effect of modelling approach on
brain injury prediction. The first approach is a so-called smeared technique, in which the properties of the two
glass sheets and the intermediate polyvinyl butyral (PVB) are combined and divided into two coinciding shell
layers, of which one can fracture. The second approach consists of three shell layers, representing the glass and
PVB, separated by the distance of their thickness, using a non-local failure criterion to initiate fracture in the
glass. The two modelling approaches are compared to impact experiments of flat circular windscreens,
measuring deformations and accelerations as well as accelerations from impacts against full vehicle
windscreens. They are also used to study head-to-windscreen impacts using a detailed Finite Element (FE)
model, varying velocity, impact direction and impact point. Only the non-local failure model is able to
adequately capture both the accelerations and deformations of an impactor. The FE head model simulations
also reveal that the choice of modelling approach has a large effect on the both localisation of the strain in the
brain and the characteristics of the strain-time curve, with a difference in peak strain between 8% and 40%.

Keywords Windscreen modelling, Finite Element Method (FEM), Brain injury, Pedestrian, Head impact.

I. INTRODUCTION

Pedestrians and bicyclists involved in vehicle accidents constitute up to 54% of all fatalities caused by traffic
accidents [1]. German in-depth investigation data (GIDAS) show that up to 60% of all pedestrians sustain a head
injury, of which 19.8% are caused by the windscreen pane [2]. According to [3] the most frequent impact point
for the head is the lower part of the windscreen area, with a large variation of head injury types, with impacts
near the windscreen frame leading to higher severity injuries. In [4] it is reported that 26% of the severe head
injuries in the GIDAS database from 1999 to 2008 derived from an impact to the windscreen area. Of the pure
glass impacts, 73% were brain injuries. The probability of impacting the windscreen area also increases with
higher collision speeds, with a probability of 60.4% between 51 km/h to 60 km/h [2].

To better understand head injury mechanisms and develop safer vehicles, computational models are being
used to an increasing extent. It is clear that there are many parameters that can affect the outcome of an
impact to the head, where accelerations determine the magnitude of the impact. But as the brain is sensitive to
rotational motion due to its low shear modulus [5-7], it is also important to capture the motion of the head
correctly. This emphasises the importance to model all boundary conditions to the head in as detailed a manner
as possible and also the need for a windscreen model that can capture both accelerations and deformations
correctly.

Most vehicle windscreens are constructed in a similar way with two layers of glass and a thin interlayer of
polyvinyl butyral (PVB), so-called laminated glass, which aims to prevent fragments of glass flying away when
fractured. The glass is bonded to the PVB and when the glass fails, the fragments are held in place by the PVB
layer. As a result of this composite structure, the laminated glass attains a relatively complex pattern of failure
that can be divided into the five phases described in [8], where the behaviour is initially elastic and, as the two
glass layers fail, the response becomes non-linear. A variety of approaches have been employed to capture this
behaviour in Finite Element (FE) models for dynamic explicit solvers, from detailed 3D solid elements
representing each layer, both in blast [9][10] and impact applications [11][12], to a combination of shell
elements and solid elements [13]. A commonly used approach in impact applications is the so-called
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smeared technique using two superimposed shell elements combining the pre- and post-failure behaviour
where one of the shell layers can be deleted with failure [8][14][15]. Different groups have also used different
approaches to model the failure of glass, from simple maximum Von Mises stress or maximum principal strain,
to more complex, constitutive failure models. There is also a laminated glass model available in LS-Dyna that
takes into account the combination of two materials. In [16] a failure model based on experimental
observations is introduced, namely that the laminated glass does not fail directly after impact by assuming that
a critical energy value has to be exceeded within a finite region before failure. In the study they also performed
well controlled experiments with both planar and curved laminated glass specimens, measuring accelerations
and deformations where they could show a good agreement for their model with the experiments performed.
This model has since been included in the LS-Dyna *MAT_ADD_EROSION, where the two parameters developed
in the study can be included and failure initiation is based on a principal stress limit value.

A benefit of using solid elements is the possibility of introducing advanced material models and detailed
geometrical description. On the other hand, the degrees of freedom (DoF) and number of nodes quickly
increase as the element size should be in the same order as the thickness of the thin PVB interlayer, and can
thus give very long calculation times. It has also been suggested that there is no major benefit in using 3D
elements [16]. For implementation in pedestrian impact situations, the use of shell elements is preferable since
the calculation times are already large due to the rest of the models in such simulations.

This study aims to compare two different modelling approaches used in vehicle impact simulations in order
to gain a deeper understanding of their effect on brain injury prediction. The objective is to compare their
performance to the experiments in [16] and investigate the influence of the models on strains in the brain by
impacting a detailed FE head model on the windscreen models at relevant points based on real-world data.

Il. METHODS

Two FE models of windscreen glass were developed: one based on the smeared technique; and one based
on the non-local failure model [16]. Based on the experiments in [16], two meshes were created with each
model: one circular plate; and one of a full vehicle windscreen from a common passenger car. The two meshes
were given the same approximate element size of 20 mm based on a mesh convergence study showing small
effects of further mesh refinement, presented in Appendix A. Based on the technique for creating the models
the material properties were adjusted for each model. Both models were tested for their performance,
comparing with both deformation and acceleration data from [16]. All simulations were performed using
LS-Dyna (revision 8.0.0), and all accelerations from the simulations were filtered with SAE 1000.

Material Properties

Glass has linear elastic behaviour with a Young’s modulus of 70 GPa [8][13—-16] and Poisson’s ratio of 0.23
[8][13]. It exhibits brittle fracture and has slightly varying failure values for both ultimate stress and strain. In
this study the values from [16] of 60 MPa was used for the non-local failure model, and for the smeared model
50 MPa with plastic strain limit of 0.001 from [15]. The two different ultimate stress values were used since they
were chosen empirically in each study for the respective model.

PVB exhibits nonlinear deformation behaviour that can be described with a hyperplastic model like
Mooney-Rivlin [13][18] or an Ogden Rubber [18][19]. It also exhibits viscoelastic effects, considered with a
linear viscoelastic model in [21] or with a nonlinear viscoelastic model in [8][15]. However, it has been shown
that there is little difference in models with and without viscoelasticity [20], which was also confirmed when
performing preliminary simulations of the experiments in [16], and it was therefore omitted in this study. The
failure of PVB is also ignored as reported failure strain values of 200% [8] are expected to lie well beyond the
strains experienced in impacts scenarios simulated in this study.

Smeared Model

The smeared model presented in [14] is based on two coinciding shell element layers with the same thickness:
one representing a combination of the two glass layers and the PVB before fracture; the other a combination of
fractured and non-fractured glass and the PVB. The stiffness before fracture is adjusted by introducing an
equivalent thickness tg given by:
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3 Epyp
tg = [tg + 3t (ts +tpyp)? + ?tgvs' (1)
G

where tgand tpys are the thicknesses of the glass and PVB layer, respectively, and Eg and Epys are the Young’'s
moduli for the glass and PVB, respectively. Due to this change, the density has to be adjusted to maintain the
total mass using:

1
Pctc + 7 Ppvetpya 2)
PE = t :

After failure it is assumed that the glass layer on the tensile side loses all its stiffness, but that the glass on
the compressive side remains intact. To represent this, the elements in one of the two layers are deleted when
reaching a given stress value, while the elements in the non-failure layer are assigned the Young’s modulus for
the state after fracture given by:

1
El= = [EG (t& + 3tthys) + Epyp(tiyp + 3tPVBt§)]- (3)
G

The shell elements of the failure layer are given a Young’ modulus that maintains the correct bending
stiffness before fracture, given by:

EGmoa = 2E; — E". (4)

This model was implemented for impact in [15] using linear elastic material properties for both glass and
PVB, with failure controlled by plastic strain and a tied penalty based contact between the two coinciding shell
layers. Experiments were conducted with a standard EEVC adult head form with a weight of 4.8 kg to test the
model. The simulated accelerations in their study only seem to agree marginally, having similar magnitudes of
the peak values as the experiments. The material properties presented in [15] were used to calculate the
smeared properties based on the glass and PVB thickness from [16] (see Appendix B).

Non-local Failure Model

A three-shell layered model was constructed to incorporate the failure model introduced in [16]. The meshes of
the three layers were identical, but given an offset equal to half the shell thicknesses, tied with a penalty based
contact. Each shell layer was given the thickness equal to the actual thickness of the three layers in [16], see Fig.
1.

Fig. 1. Cross-section and thickness of plies (mm) of windscreen glass used in [16].

The non-local failure model is implemented for the glass plies, with failure initiation in the elements when
the strain energy reaches a critical value E. within a finite region given by the radius R.,, as defined in [16],
calculated at each time step. In LS-Dyna this is implemented together with a principal stress failure criterion.
When the principal stress in an element reaches the critical value, the corresponding element is flagged as the
centre of impact. Thereafter, the internal energy inside the region R. around the centre of impact is tested
against the product of the given critical energy E. and a so-called area factor, defined as

total area of shell elements found inside circle
Area Factor = 5 (5)
2m X R;
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If this product is exceeded, all elements in the part are allowed to be deleted if they fulfil the critical value
for the principal stress [22].

The glass layers were modelled with a linear elastic material and the non-local failure model described
above. The PVB layer was modelled with *MAT_SIMPLIFIED_RUBBER/FOAM using a stress strain curve from
[23] for a strain rate of 60 s. All the material properties can be found in Appendix B.

Model performance

One set of experiments in [16] consisted of propelling head impactors of 3.5 kg, 4.8 kg and 6.3 kg in varying
speeds against flat plates of laminated glass, with a thickness according to Fig. 1, fixed inside a rigid frame with
a circular hole with a radius of 500 mm. A three-axis accelerometer was used to measure the accelerations from
the centre of the impactors, and a set of ten laser extensometer to measure the deformations, placed uniformly
(50 mm apart) from the centre to the edge. In a second set of experiments, the 4.8 kg head impactor was
propelled against a windscreen from both outside and inside the windscreen, measuring the accelerations.

From the first set of experiments, results from three combinations of weight and velocity were published,
seen in TABLE I, and used in the current study together with the full windscreen experiments to test the models.
A validated model of the 4.8 kg NCAP impactor [24] was used in the simulations of the experiments. To create
the different masses, the density of the outer foam was scaled appropriately. The boundary conditions of the
plate were simplified to rigid constraint in all DoF on all edge nodes.

TABLE |
Experiments from [16] simulated in current study
Head Impactor Circular plate Windscreen
Outside Inside
3.5kg 5m/s
4.8 kg 10 m/s 10 m/s 10 m/s
6.3 kg 12 m/s

Head Injury Simulations

To investigate the influence of the two different models on brain injury prediction using a FE head model, a set
of windscreen impacts was simulated based on injury risk. The head was impacted at 40 km/h and 60 km/h at
the centre of the windscreen and close to the A-pillar (edge). In all four cases the face was either towards the
windscreen (termed front impact), or with the head rotated 90 degrees to impact the side of the head (termed
side impact). Dimensions of the windscreen, head relative position and impact angle can be seen in Appendix C.

FE-head model

The head model used in this study includes the scalp, the skull, the brain, the meninges, the cerebrospinal fluid
(CSF) and 11 pairs of the largest parasagittal bridging veins, with material properties adapted from [25]. The
head model has been validated against several localised brain motion, intracerebral acceleration and
intracranial pressure experiments [25][26]. A more detailed description and material properties can be found in
Appendix D. The maximal principal Green-Lagrange strain was chosen as a predictor of CNS (Central Nervous
System) injuries since it has been shown to correlate with diffuse axonal injuries [28-31], as well as for
mechanical injury to the blood-brain barrier [32].

lll. RESULTS

Circular Plate Impact

Fig. 2 shows the accelerations from the NCAP impactors and deformations at the centre of the plate for all sizes
of impactor and impact speeds. The time of initial contact is defined as time zero. The results from [16] are
compared to both the smeared model and the non-local failure model. In the first row, the results using 3.5 kg
and 5 m/s impactor are presented, showing that both the smeared model and the non-local failure model give
both acceleration and deformation in the same order of magnitude and shape as the experiment. At this
impactor velocity the glass never fails, which is also predicted with both models. When the size and speed is
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increased (the two bottom rows in Fig. 2), the glass fails in both cases. As can be seen, the smeared model
highly over-predicts the acceleration (40% error) and under-predicts the deformation, and the error is larger for
the higher velocity and size. The non-local failure model predicts the initial peak acceleration with an error of
6% for the 4.8 kg Impactor at 10 m/s and 14% for the 6.3 kg impactor at 12 m/s. Also the slow increase in
acceleration after the initial peak is in the same order of magnitude, but with some oscillations not seen in the

experiment.
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In Fig. 12 to Fig. 14 in Appendix E the deformation of the plate at the sensor positions is plotted as a function
of the radius, and is presented for times t = 2, 5, 10 and 20 ms. The experimental results in [16] are compared
with the non-local failure model and smeared model. For the 3.5 kg impactor (Fig. 12), the results agree well
with both models, but the deformation is also quite limited. For both the 4.8 kg impactor (Fig. 13) and the 6.3 kg
impactor (Fig. 14) using the non-local failure model, the deformation agrees well with the experiment up to 20
ms, with a max difference in displacement of a few millimetres. After 20 ms the deviation is slightly larger with a
maximum difference of 10 mm, but only at more than 100 mm from the centre. The smeared model only agrees
relatively well up to 5 ms and thereafter grossly under-predicts the deformation.

Windscreen Impact

In Fig. 3 the accelerations from the 4.8 kg impactor are shown from the impact against a windscreen at 10m/s
from both outside (left plot) and inside impact (right plot). The non-local failure model exhibits a similar
behaviour as the experiments, where the initial peak has a similar timing and duration, as well as a secondary
smaller increase over a long duration. When impacting from the outside, the acceleration at the first peak is
under-predicted by about 18%, and when impacting form the inside it is over-predicted by 70%. For the
smeared model, the first peak for the outside impact is in the same range as the non-local failure model, but it
also shows an even larger second peak not seen in the experiments at about 11 ms (left plot, Fig. 3). For the
inside impact the acceleration peak is about three times as wide in duration and over-predicted by about 300%.
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Fig. 3. Accelerations from NCAP impactor at 4.8 kg and 10 m/s impacting from outside of windscreen (left) and
inside of windscreen (right).

Head Model Simulation

In Fig. 4 and Fig. 5 the maximum principal strain of all elements in the brain is plotted as a function of time for
the four head orientations (centre front and centre side; edge front and edge side) and the two velocities (40
km/h and 60 km/h), comparing the results using the non-local failure model and the smeared model. It can be
observed that there is a fairly good agreement between the two windscreen models in the two centre impacts
at 40 km/h (Fig. 4, centre front and centre side). The two models give the same curve shape and a maximum
difference of 5% in strain up to 10 ms. A second and equally large peak is, however, only observed for the
non-local failure model. In general, the agreement between models is poor, with a difference between 8% and
40%, but especially in the shape of the strain-time curve. For the smeared model an initial high peak is
consistently seen, followed by a decrease in strain. For the non-local failure model, on the other hand, the peak
occurs later in the simulations, if not as for the two aforementioned impacts, with two peaks. In the edge side
impacts, seen in the two bottom rows of Fig. 5, there is also a sudden increase in strain when using the
non-local failure model not seen when using the smeared model. For each model in Fig. 4 and Fig. 5, the strain
in a section plane of the brain is also shown for two time points corresponding to a peak strain value in either
(or both) of the two simulations. For each impact condition and time point, the same section plane is used for
both models; a sagittal plane for the front impacts and a coronal plane for the side impacts. These images show
that the location of the highest strains is similar for the two models in the centre impacts, but with different
timing. In the edge impacts, however, the location of the strain is changed to a much larger extent.
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Fig. 4. Maximum strain in the brain, from top to bottom, impact at: center front 40 km/h, center front, 60 km/h,
center side 40 km/h, center side 60 km/h, comparing the non-local failure and smeared model.
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Fig. 5. Maximum strain in the brain, from top to bottom, impact at: edge front 40 km/h, edge front, 60 km/h,
edge side 40 km/h, edge side 60 km/h, comparing the non-local failure and smeared model.
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IV. DIScuUsSION

This study implements two approaches of modelling vehicle windscreens, comparing their deformation and
acceleration predictability, as well as assessing the effect of the two approaches on brain injury prediction.

The results of the comparison with a circular plate impact show that if the glass layers do not fail, the
response in terms of both deformation and acceleration can be captured by either of the two modelling
approaches used in this study. On the other hand, when the glass fails, only the non-local failure model shows
capability of capturing both accelerations and deformations to an acceptable degree (Fig. 2). The smeared
model, however, fails to capture the acceleration peak and the duration, as well as the degree of deformation,
with an error not considered acceptable. One explanation for this could be the assumption that one side of the
glass is maintained intact in the smeared model. Although this is likely a sound assumption for smaller
deformations of pure bending, the effective Young’s modulus after failure of £ = 16.5 GPa is probably much too
high a value, being more than six times larger than that of the Young’s modulus for PVB. In the non-local failure
model, the load-carrying capacity after glass failure is almost solely due to the PVB since the glass breaks on
both sides relatively simultaneously and the elements are deleted to such an extent that it would not be able to
carry much, if any, load. This also indicates that for the non-local failure approach introduced in [16], the
increase in acceleration is mostly due to the stiffness of the glass (being more than 28 times that of PBV).
Further, the time of drop in acceleration also occurs at the expected time, being the moment of failure of the
glass, due to the developed failure criterion. After failure, an oscillating acceleration response can be seen for
the non-local failure model (Fig. 2), which is most likely a side effect of the element deletion in the glass layer.
These oscillations can be observed visually in the outer rubber surface of the impactor due to the sudden loss of
load-carrying material directly in contact with the impactor. However, this effect is assumed to have a minor
influence on the injury predictability of head impacts, and is left for further investigation.

The non-local failure model also seems capable of capturing the deformation of the circular plate as a
function of the radius relatively well, also for points further away from the centre (Fig. 12 to Fig. 14 in Appendix
E). Deviations from the experimental results are mainly seen at 20 ms and at a distance larger than 5 cm from
the centre; see Fig. 13 and Fig. 14. This could possibly be due to different change in mass of the windscreen
when the glass fails. When the impactor hits the plate in the experiments, some of the glass is most likely to be
removed, but the removed mass is likely to be higher in the simulations than in the experiments due to the
element deletion, since the mesh size is relatively large. This is, however, not considered a large drawback for
injury prediction since the deformation close to the head is assumed to be of most importance.

The results from the outside impacts to the full windscreen show that the initial acceleration peak is
captured to a similar degree of accuracy with both models. After failure, however, the smeared model shows a
second, larger peak (left plot in Fig. 3) not seen in the experiment. This is most likely due to the relatively high
stiffness, causing the windscreen to act as a springboard, only delaying the spring-back due to the geometry of
the windscreen. For the non-local failure model, the fracture seems to occur at the expected time and the
shape of the acceleration-time plot follows the experiment fairly well, though the same oscillations described
above can be observed here as well. For the impact from the inside to the full windscreen, both models
over-predict the acceleration peak, although using the smeared model it is over-predicted by about 300% with a
duration about three times as long as the experiment. The non-local failure model has similar peak duration as
the experiment and overall shape of the curve, but still over-predicting by about 100%. The differences seen in
the initial peak levels could be due to differences in windscreen geometry, specifically the radius of curvature,
although they are unknown as the geometry of the windscreen of the experiments were not published and an
available windscreen was used instead. The differences are however only large for the inside impact which is
not as relevant for pedestrian impacts as the outside impact.

One limitation with the evaluation of the models is the relatively small sample of experiments used. This
could be further improved if more experiments are made available, but it should also be noted that the
experiments used were well controlled and therefore suitable for this type of evaluation. A limitation with the
study on brain injury was the lack of a body connected to the head model. This was a simplification made in
order to facilitate the parametric study and to reduce the calculation time. Although the body can probably
have some influence in the later stage of the impact, it is not considered a major drawback as the study only
compared the different initial conditions and has as its primary goal the comparison of the two windscreen
models. This does, however, put some limitations on conclusions regarding specific injury levels, which may be
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different with a body connected.

The effect of the windscreen modelling approach on head injury prediction is seen in the results from the FE
head simulations in Fig. 4 and Fig. 5. It reveals that the effect on tissue strain is not only on the peak value but
especially on the shape of the strain-time curve. In two cases, however, the first peak agrees fairly well between
the two models (centre front and centre side impacts at 40 km/h in Fig. 4), although a secondary peak can be
observed for the non-local failure model not seen for the smeared model. The explanation for the absence of
this secondary peak using the smeared model is that with this model, the head is only in contact until about 15
ms, after which the head recoils away from the windscreen. With the non-local failure model, the head
continues to collide in the same direction into the windscreen. In all the other impact cases using the non-local
failure model, the initial peak is almost completely absent and only the peak values are comparable using the
two windscreen models. The explanation for this is the fact that in all but the two aforementioned impacts, the
glass layers in the non-local failure model fracture very early in the simulation, after about 0.5 to 1 ms from
head contact instead of about 5 ms. In the case of a late windscreen fracture, the highly stiff windscreen
deforms as a whole as the motion of the head is changed. The strain increase and peak also correlate well with
the duration of intact windscreen deformation and the time of fracture. In the case of an early fracture, the
windscreen deforms more locally and mostly in the much softer PVB, which is why a high peak strain value is
instead obtained when the head motion is changed by the PVB as it is stretched out and stiffens. The stretching
of the PVB also correlates well with the secondary peak seen in the two late fracture impacts. This effect is not
seen with the smeared model, as the glass always fractures shortly after contact and the remaining layer is
much stiffer than the PVB. For the higher speed impacts, the earlier failure of the glass is also consistent with
the experimental results from Pyttel et al. [16], where a lower acceleration is seen for the heavier impactor at a
higher impact speed (see Fig. 2). The absence of an initial peak and early glass fracture can also be observed for
the lower 40 km/h edge impacts using the non-local failure model. This is probably due to the very stiff
boundary condition of the frame, being rigidly constrained, leading to a higher strain on the glass. It can also be
observed that the peak strain for these impacts occurs earlier in time as a consequence of being closer to the
frame where the PVB cannot deform to the same extent. For the edge-side impacts, the sharp increase in strain
observed with non-local failure model (see last two rows in Fig. 5) is most likely an effect of the head coming
into contact with the frame, causing a sudden rotation, due to the fact that the head covers a larger area in this
orientation. These effects are not seen with the smeared model as the deformation of the windscreen is never
large enough for the head to come in contact with the frame and the effect of the constrained boundary
condition on the intact layer is most likely smaller. This effect would also explain the large difference in location
of strain between the two models for the edge impacts seen in the in section plane images in Fig. 5, compared
to the centre impacts in Fig. 4.

V. CONCLUSIONS

This study shows that a non-local failure model can capture both accelerations and deformations of a
head-like impact to a windscreen, with a maximum error of about 18% in acceleration and even less in
deformation. This level of agreement is not possible with a smeared modelling technique, showing errors in the
range of 40% to 300%, expect for cases where the windscreen does not fracture. Further it can be concluded
that the large deformations and time of fracture predicted with the non-local failure model, but not the
smeared model, has a large effect on the timing, level and location of strains experienced in the brain during a
windscreen impact. It is also shown that these properties are especially important in impacts close to the
A-pillar.
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VIIl. APPENDIX
Appendix A: Mesh Convergence Flat Plate Impact

In Fig. 6 the accelerations and deformations from the flat plate impact are shown from simulation with four
different mesh densities using the non-local failure model.

4.8 kg 10 m/s

2501 200 -
:ln ——Pyttel et al. Experiment

200 | = ==60mm l 150

—Pyttel et al. Experiment
== =60 mm
----- 20 mm
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5mm
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6.3 kg 12 m/s
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—Pyttel et al. Experiment
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o —
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Fig. 6. Resultant acceleration from head impactor (left column) and deformations at the centre of plate (right

column) presented from top to bottom row for, 4.8 kg 10 m/s and 6.3 kg 12 m/s, respectively. The experiment
from [16] is drawn in solid black.

Fig. 7. 20 mm mesh of flat plate used in NCAP impact simulations.
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Appendix B: Material Properties for Windscreen Models

TABLE Il
MATERIAL PROPERTIES OF GLASS AND PVB FROM [15] AND CALCULATED SMEARED PARAMETERS
Property Glass PVB Smeared parameters
p 2500 kg/m? 1100 kg/m? te 3.5mm
E 74 GPa 2.6 GPa pe 1426.9 kg/m?
v 0.227 0.435 E" 16.5 GPa
oy 50 Mpa -- Ecmod 131.6 GPa
€fail 0.001 - - -
TABLE 11l
MATERIAL PROPERTIES FROM [16] USED IN THE NON-LOCAL FAILURE MODEL
Property Glass PVB
p 2500 kg/m? 1100 kg/m3
E 70 GPa -
v 0.25 0.495
oy 60 Mpa --
E. 22.3 kNmm -
R: 210 mm -
30
25
220
&
E"ls
S‘5'3, 10
g
5
0

0 02 04 06 08 1 12
Engineering strain [-]
Fig. 8. Stress strain relationship for PVB at strain rate 60 s [23] used in the non-local failure model.
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Appendix C — Dimensions of Windscreen, Head Relative Position and Impact Angle

Fig. 9 shows the dimensions of the windscreen model used in the head impact simulations and the relative
position of the head measured from the centre of gravity (CG) for both centre and edge impacts. The relative
positions are the same for both front and side impact. Fig. 10 shows the head initial velocity given in the
direction of the Frankfurt plane with an angle relative a line connecting the corners of the windscreen. The
same direction and angle is used in all head impact simulations.

615 mm

A
Y

1086 mm

/ 466 mm
762 mm /

— 1378mm ———— ——

Fig. 9. KTH head model positioned in relation to windscreen (seen from the inside) with dimensions. Left figure
shows the head with the face towards the windscreen for both centre and edge impacts. The right figure shows
the head positioned with a 90 degree rotation, for both centre and edge impacts.

L
Fig. 10. Impact velocity vector for the head and the angle relative the windscreen used in all head impact
simulations.
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Appendix D - The KTH FE Head Model

The head model includes the scalp, the skull, the brain, the meninges, the cerebrospinal fluid (CSF) and
eleven pairs of the largest parasagittal bridging veins, see Fig. 11, with material properties adapted from the
study by [25] listed in TABLE IV. To accommodate large elastic deformations of the brain, a second order Ogden
hyperelastic constitutive model was used together with a linear viscoelastic model. The constitutive constants

used for the brain tissue are also adapted from [25] and presented in TABLE V.

Supenor-
Sag. Sinus ~__

Bridging vein

/ Pia mater
= Corpus-
Callosum
Lateral and
3™ Ventricie
Transverse-
SINUS

Tentonum Brain stem

Fig. 11. Finite element model of the human head.

TABLE IV
MATERIAL PROPERTIES USED FOR THE FE HEAD MODEL
Tissue Young's modulus [MPa] Density [kg/dm3] Poisson's ratio
Outer compact bone 15 000 2.00 0.22
Inner compact bone 15000 2.00 0.22
Porous bone 1000 1.30 0.24
Brain Hyper-Viscoelastic 1.04 0.49999
Cerebrospinal Fluid K=2.1GPa 1.00 -
Sinuses K=2.1GPa 1.00 -
Dura mater 31.5 1.13 0.45
Falx/Tentorium 31.5 1.13 0.45
Pia mater 11.5 1.13 0.45
Scalp Hyper-Viscoelastic 1.13 0.42
Bridging veins EA=19N

K = Bulk modulus, and EA = Force/unit strain.

TABLE V
OGDEN HYPERELASTIC AND LINEAR VISCOELASTIC CONSTANTS
Parameter Value
U1 (Pa) 53.8
U2 (Pa) -120.4
a1 10.1
o -12.9
G; (MPa) 0.32
G, (kPG) 78
Gs(kPa) 6.2
G4 (kPa) 8.0
Ge (kPa) 3.0
B1(1/s) 10°
B2(1/s) 10°
Bs (1/s) 10
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Appendix E — Sensor displacement for Flat Plate NCAP Impact
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Fig. 12. Displacement of sensor positions marked with dots as function of radius of plate, using NCAP head of
3.5 kg at 5 m/s, at time t=2 ms (upper left), t=5 ms (upper right), t=10 ms (lower left) and t=20 ms (lower right).
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Fig. 13. Displacement of sensor positions marked with dots as function of radius of plate, using NCAP head of
4.8 kg and 10 m/s, at time t=2 ms (upper left), t=5 ms (upper right), t=10 ms (lower left) and t=20 ms (lower

right).
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Fig. 14. Displacement of sensor positions marked with dots as function of radius of plate, using NCAP head of
6.3 kg and 12 m/s, at time t=2 ms (upper left), t=5 ms (upper right), t=10 ms (lower left) and t=20 ms (lower

right”).

*The experimental data comes directly from [16] and though the third point from the centre deviates in this plot

no explanation is given in the paper.
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