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4 ULP Head FE injury criteria under different codes

4.1 Introduction

Altogether 68 head impact conditions that occurred in motor sport, motorcyclist, American football
and pedestrian accidents were reconstructed with the ULP FEM under Radioss code and
reported in the APROSYS D5.1.1B deliverable. The objectives here are to simulate these
accidents with Ls-Dyna software in order to compute mechanical parameters and to correlate
them with the occurrence of injuries observed, final objective is to compare criteria obtained with
these two codes, Radioss and Ls-Dyna.

A summary of the type and number of accident reconstruction used and simulated under the two
codes is given in Table 17. The reconstructions involved applying the motion of the head from the
accidents to the rigid skull of the ULP head model in a series of simulations. The motion of the
head in the 68 head trauma was determined in a series of investigations carried out prior to
SP5.1.1 of APROSYS, as detailed in Sections 4.2.1 to 4.2.4. Overall, the peak linear and
rotational accelerations of the head in the re-constructions ranged between 32 and 1039g and 0
and 32684rad.s™ respectively. HICs values for these loading conditions ranged between 26 and
22604. The head injuries sustained in the accidents and investigated in this work included skull
fractures, subdural haematomas (SDH) and diffuse axonal injuries (DAI) (Table 19). In 31 of the
68 head impact cases none of the aforementioned types of head injury were sustained.

Table 17. Summary of the type and number of trauma  simulated under Radioss and Ls-

Dyna codes

Number of case used

Number of case used

BRI IS under Radioss under Ls-Dyna
Motorsport accidents 6 0
Motorcycle accidents 11 11

American football accidents 22 20
Pedestrian accidents 29 28

Table 18. Summary of the number of injuries perinj  ury type for all accident reconstruction

Mild DAI Severe DAI SDH Fracture

Injury type
Number of cases 23 13 6 22

4.2 Accident reconstructions overview
4.2.1 Motorsport accident data

Six motor sport cases were included in the head accidents reconstructed under Radioss code but
not yet available under Ls-Dyna code. The head motion data for the six cases was taken from a
larger set of motor sport accident reconstructions covering accidents in Formula 1, GT, Formula
3000 and Formula 3. Details on ten of these accident reconstructions are provided in Mellor
(2000). In this work preliminary investigations for determining the head loading conditions for the
motor sport accidents involved examining post accident evidence for each accident, which
typically included an accident report, information from the accident data recorder, video from the
onboard camera, video from television coverage and photographic evidence of the car. In
addition, detailed analysis of the helmet worn at the time of the impact and the structures that the
helmet may have impacted in the accident, such as the headrest, steering wheel or safety barrier,
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were also examined. All this information was used to provide an initial estimate for the direction
and velocity of the head impact in the accident.

To refine the estimate of the head loading conditions in the accidents, helmet drop tests and sled
based tests were carried out in which a Hybrid Il headform, fitted with a nine accelerometer array,
was used to determine the linear and rotational accelerations of the headform in the tests. The
head loading conditions estimated from the preliminary investigations were used as the initial
loading conditions for the tests. The tests were repeated until the damage to the helmet and
structures impacted by the helmet adequately matched that from the accidents.

4.2.2 Motorcycle accident data

The head motion data for the Motorcyclist accidents was determined in the COST327 European
Commission project covering Motorcycle Safety Helmets. As part of this project data was
collected on motorcycle accidents that occurred between July 1996 and June 1998 in Finland,
Germany and the United Kingdom. Altogether two hundred and fifty cases were collected and
collated into a COST 327 accident database.

Cases from the accident database were reconstructed in COST327. This involved obtaining, if
available, the helmet from the accident, documentation on the damage to the helmet and the
accident report. This information was then used to make an initial estimate on the loading
conditions of the head in the accident cases. Following this repeat drop tests were carried out at
different speeds and drop angles, using new helmets equivalent or similar to those damaged in
the accidents. The helmets were dropped onto the same surface that the helmet was anticipated
to have struck in the accidents such as for example a car wheel or specimen of road surface. The
tests were repeated until the damage to the test helmet adequately matched that of the accident
helmet. A Hybrid Il headform was fitted into the helmets for the drop tests and this was fitted with
a nine accelerometer array in order to determine the linear and rotational motion of the headform
in the impacts. Eleven of the COST327 accident cases were reconstructed with the ULP FEM.

4.2.3 American football accident data

The motion data for the American football accidents was originally determined in reconstructions
carried out by Newman et al (1999, 2000a and 2000b). For their reconstructions they obtained
camera footage of incidences in American football matches in which clear head-to-head impacts
had occurred between players that resulted in either or both of the individuals sustaining Mild
Traumatic Brain Injury (MTBI). Analysis of the video footage from a number of camera angles
was then used to provide an estimate of the impact location and relative velocity of the heads
pre-impact. The pre-impact conditions were then used to setup headform drop tests to estimate
the kinematics of the heads in the impact. In these tests two instrumented Hybrid 11l headforms,
attached to Hybrid Il necks and wearing helmets equivalent to those worn by the players in the
incidence, were impacted according to the impact directions and relative velocities determined in
the camera footage analysis. Twenty two of these accidents were reconstructed with the ULP
FEM.

4.2 .4 Pedestrian accident data

Twenty nine car-to-pedestrian impact cases were reconstructed with the ULP model under
Radioss code and twenty eight cases under Ls-Dyna code. The ULP FEHM can be both driven
by acceleration fields applied to a skull supposed to be rigid (motorcyclist, motorsport and
footballer cases) or throw a direct impact with a deformable skull and using the windscreen finite
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element model (pedestrian cases) in order to predict some skull fractures. The real world
pedestrian accident replications conduced in Hanover led in particular to two outputs:
- The relative velocity between the head of the pedestrian and the windscreen of the car at

the time of the impact;
- The relative position between the head of the pedestrian and the windscreen of the car at
the time of the impact;

These results were expressed in terms of relative velocity in the three axis adopted skew system
(which is linked to the accident scene), and in terms of angular position of the ULP head in the
same skew system, at the time of impact under Radioss code.

Due to the fact that no validated windscreen is available under Ls-Dyna code we reconstructed
these accidents under Ls-Dyna by implemented acceleration fields at the center of gravity of the
model.

4.2.5 Synthesis of accident cases

For this study 68 accident case results will be analysed under Radioss code (6 Motorsport
accidents, 22 American football players, 11 motorcyclists and 29 pedestrian cases) and 59
accident case results under Ls-Dyna (11 motorcyclists, 20 American football players and 28
pedestrian accidents) with the ULP head model.

Some informations concerning age, sex, impact direction and main kinematics results are given in
Table 19 Table 20, Table 21 and Table 22 for all reconstructed cases.

Table 19. Summary of accident data (Age, Gender, im  pact location, HIC, maxima of linear
and angular acceleration and injuries) for American Football players.

Accident Gender Age Impact Max. of Ilqear Max. of angular Injuries
Male (1) : HIC acceleration acceleration
case Female (2) (year) | location [al [rad/s?]
9 DAI* | SDH* | Fracture

(~aTak 1 20 | ataral 12Q AN 5208 n n n
S002 1 22 Erantal 564 119 9678 1 0 ol
S003 1 21 L ateral 43 44 4487 Q 0 Q
S004 1 21 Erontal 535 129 5921 1 0 Q
S005 1 20 Lateral 37 32 2939 Q 0 0
S006 1 24 Erontal 155 57 7487 Q 0 Q
S007 1 22 L ateral 38 32 4151 Q 0 Q
S008 1 23 Erantal 211 72 6514 1 0 0
S009 1 24 Lateral 26 32 2087 Q 0 Q
S010 1 24 Erontal 142 83 5387 Q 0 Q
S011 1 22 Lateral 50 38 2620 Q 0 Q
S012 1 20 Erantal 156 63 8620 1 0 0
S013 1 20 Lateral 444 102 5541 1 0 0
S014 1 21 Erontal 523 124 5400 Q 0 Q
S015 1 24 Lateral 54 35 2714 Q 0 0
S016 1 23 Erontal 189 80 5160 1 0 Q
S017 1 21 L ateral 79 45 3169 Q 0 Q
s018 1 23 Erontal 226 82 9193 1 0 Q
S019 1 21 Lateral 166 60 6070 Q 0 Q
S020 1 22 Erontal 515 107 6878 1 0 Q
S021 1 24 Lateral 192 84 4487 Q 0 Q
S022 1 20 Ergntal 308 91 7548 1 Q Q

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)
**0 (No SDH), 1 (SDH)
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Table 20. Summary of accident data (Age, Gender, im  pact location, HIC, maxima of linear

and angular acceleration and injuries) for motocycl ists.
Accident Gender Age e Max. of Ilqear Max. of angular Injuries
Male (1) : HIC acceleration acceleration
case Female (2) (year) | location [d] [rad/s?]
DAI* | SDH** | Fracture

NMNN1 2 29 Ernntal 1RQ7 204 1117 1 a] 1
M003 1 21 Lateral 669 134 11447 1 0 0
M004 1 25 Lateral 752 153 10234 1 0 0
M005 1 na nc 8925 447 32684 2 0 1
M006 1 38 Occibital 312 106 4056 0 0 0
M0Q7 1 48 Lateral 711 167 8341 1 0 0
M008 1 35 Erontal 253 88 7153 0 0 0
M009 1 34 Lateral 578 118 4035 0 0 0
M010 1 36 Occipital 249 107 5109 0 0 0
M011 1 34 Frontal 709 222 24945 1 0 0
M0Q12 1 23 Lateral 2037 238 14715 2 1 0

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)

**0 (No SDH), 1 (SDH)

Table 21. Summary of accident data (Age, Gender, im  pact location, HIC, maxima of linear

and angular acceleration and injuries) for pedestri an.

Accident Gender Age Impact Max. of Imgar Max. of angular Injuries
Male (1) locati HIC acceleration acceleration

case Female (2) (year) ocation [dl [rad/s? DA | sSDH** | Fracture
DNN1 1 15 Ernntal 2282 170 7229 2 al 1
P002 2 76 Lateral 795 133 8185 2 0 1
P003 1 46 Obliaue 915 131 7588 0 0 1
P004 2 59 Oblique 2727 174 9030 1 0 1
P005 2 78 Obliaue 121 55 2535 0 0 0
P006 1 22 Occipital | 15847 514 15600 2 0 1
P007 2 22 Obliaue 102 56 2584 0 0 1
P008 1 81 Frontal 360 91 2743 0 1 1
P009 1 65 Obliaue 1116 132 5985 2 0 1
P010 1 23 Obliaue 581 230 8242 2 1 1
P011 2 17 Lateral 2959 203 10917 1 1 1
P012 1 37 Erontal 293 85 2758 0 0 0
P013 1 40 Obliaue 394 95 5728 0 0 1
P014 1 64 Vertex 353 106 5075 0 0 1
P015 1 61 Frontal 560 106 2027 1 0 0
P016 1 15 Obliaue 147 60 1386 1 0 0
P017 2 71 Frontal 359 98 1543 1 0 0
P018 1 58 Vertex 1150 144 4943 1 0 1
P019 1 56 Obliaue 999 177 6807 1 0 1
P020 1 20 Obliaue 4000 209 19242 2 1 1
P021 2 71 Vertex 117 62 2562 0 0 0
P022 1 37 Erontal 1319 137 5812 1 0 1
P023 2 69 Vertex 280 91 2895 0 0 0
P024 2 20 Obliaue 282 95 5835 0 0 1
P025 2 13 Frontal 796 117 12540 2 0 0
P026 2 38 Obliaue 228 76 2912 1 0 1
P027 1 15 Frontal 2986 192 5692 2 0 1
P028 1 nc Frontal 568 107 3978 0 0 0
P029 1 65 Qbligue 1371 152 7129 2 1 1

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)

0 (No SDH), 1 (SDH)
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Table 22. Summary of accident data (Age, Gender, im  pact location, HIC, maxima of linear

and angular acceleration and injuries) for motorspo

rt accidents.

Accident Gender Impact Max. of Iin_ear Max. of angular Injuries
case Male (1) Age location HIC acceleration acceleration
Female (2) [9] [rad/s?] DAI* | SDH** | Fracture

CIA1 1 ne. | oft tamnanral 22604 1020 n 2 n n
FIA2 1 nc Obliaue 5502 361 11160 2 0 0
FIA3 1 nc Lateral 676 104 2537 0 0 0
FlA4 1 nc Lateral 3346 203 6626 0 0 0
FIAS 1 nc Obliaue 454 80 3724 0 0 0
EIAG 1 oc Erontal 2094 244 11570 Q Q Q

*0 (no DAI), 1 (moderate DAI), 2 (Severe DAI)

0 (No SDH), 1 (SDH)

Figure 51 represents the maximum of linear acceleration according to the time duration for each
accident cases. Concerning the linear acceleration of the head, the maximum values ranged
respectively from 90 to 450g for the motorcyclist accidents, from 30 to 130g for the American
football players accidents, from 50 to 5109 for the pedestrian cases and from 80 to 1040g for the
FIA cases. Concerning the time duration of each accident types, we can observe that the longer
impact duration corresponds to the FIA cases with a range of about [1.5-19ms] and the shortest
impact duration corresponds to the motorcyclist cases with a range about [4-8ms].

The linear accelerations of motorcycle cases are clearly higher than the NFL cases and shorter in

duration.

Concerning the rotational acceleration of the head, it can be observed in Figure 52 that the order
of magnitude of most of the cases are similar for all accident cases even if extreme values appear
for the most severe pedestrian (up to 20000 rad/s2) and motorcycle (up to 32000 rad/s?) cases.
Unfortunately it was not possible to report the duration of the angular acceleration as these
loading curves are often complex with more then one pulse.

Maximum of linear acceleration [g]

Figure 51. Representation of the maximum linear acc
for each accident case (pedestrians, motorcyclists,

cases).
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Figure 52. Representation of the maximum rotational acceleration for the three types of
accidents (motorcyclists, American football players , pedestrians and FIA).

4.3 Statistical analysis

The intention of the statistical analysis was to provide a means of assessing the accuracy of a
number of mechanical parameters to predict head injuries. Binary Logistical Regression was used
for this assessment and was carried out using the version 14.0 release of the proprietary
statistical software package SPSS.

The logistical regression method involved fitting a relationship or regression model between a
number of possible head injury predictors (independent variables) and the recorded injuries
(dependent variables) from each reconstructed accident.

4.3.1 Injury predictors (independent variables)

The injury predictors investigated in the statistical analyses can be categorised into the following
two groups;
1) Those based on the motion of the head in the accident cases as the peak linear and

rotational head acceleration and HIC3s described in the deliverable D5.1.1.B (and which
are not recomputed in this study)

2) Criteria based on the predictions of the ULP head model under Radioss and Ls-Dyna
software which include the maximum brain first principal strain/Von Mises strain/Von

Mises stress, CSF minimum pressure and skull strain energy.

It is important to recall that the strain energy for the skull was obtained for the pedestrian accident
cases only under Radioss code.

4.3.2 Head injury data (Dependent variable)

For the statistical analysis the injuries for the accident data were categorised into the following
types and levels based on the details of the medical report from each accident case:
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» Diffuse axonal injuries (DAI), DAI cases covered all incidences in which neurological
injuries occurred and covered concussion, unconsciousness and coma.

» Subdural Haematomas (SDH), t his category of injuries covered all incidences in which
vascular injuries with bleeding were observed between the brain and the skull of which
there were six cases.

» Skull fracture. There were 22 reported cases of skull fracture which included both linear
and depressive types. Among the cases, there was not a single case where the only
reported fracture is in the basilar region of the skull i.e. indicating that all fractures must
have been caused by head contact rather than the head being pulled away from the

neck.
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5 Results obtained under Radioss code

In this section the results obtained under Radioss code presented in the D5.1.1B deliverable are
briefly summarized.

Results computed with the ULP head FE model under Radioss code are recalled in Table 23 in
terms of correlation coefficients in order to express their injury prediction capability.

Based on SPSS method it appears that intra-cerebral maximal principal strain and Von Mises
strain as well as Von Mises stress are well correlated with both moderate and severe DAI.
Minimal intra-cerebral pressure presents also an acceptable correlation with this first type of
injury. Coming to maximum R2 values, the maximum principle strain within the brain conducts to
0.522 and 0.53 for respectively severe and moderate neurological injury. The threshold for this
parameter are of the order of 30% and 40 % respectively for a 50% risk of moderate and severe
neurological injuries respectively as it appears in the injury risk curves reported in Figure 53.

With the ULP head FE model it was shown that the best correlation with SDH was the minimum
pressure within the CSF, with a R2 value of 0.23 and a threshold value of about -135 kPa. Finally
the skull fracture was best predicted by the strain energy within the skull (R? = 0.51) with a
threshold value of 865 mJ for a 50% risk. These results are illustrated in terms of histograms and
injury risk curves in Figure 53, Figure 54 and Figure 55 for each type of injury.

Finally main results of this study are recalled in Table 24, Table 25 and Table 26 where the most
relevant injury parameters and tolerance limits computed with the ULP head FE model under
Radioss code are provided, defining thus the improved FE model based head injury criteria under
Radioss code.
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Table 23. Nagelkerke R-Squared value for the logist ical regressions between the injury
predictors computed with ULP model under Radioss co de and the injury data.

Injury . Skull Global
. Severe DAI Mild DAI SDH ..
Predictors Fracture** Head injury
Brain min. pressure 0.568 0.316 0.115 0.46 0.308
Brain max. pressure 0.455 0.253 0.018 0.42 0.233
CSF min. pressure 0.559 0.522 0.233 0.35 0.497
P : : (-135kPa)* : :
CSF max pressure 0.295 0.284 0.032 0.39 0.259
Brain Von Mises 0.551 0.524 0.159 0.35 0.509
strain : eyy (25%)* (35%)* ' ' '
- . . 0.522 0.53
Brain first princ. Strain: g 0.186 0.42 0.512
P ! (31%)* (40%)*
Brain Von Mises stress 0.415 0.447
0.096 0.37 0.413
. Ouwm (26kPa)* (33kPa)*

CSF Von Mises stress :  Oym 0.456 0.518 0.094 0.34 0.481
Brain strain energy 0.227 0.256 0.104 0.28 0.229
CSF strain energy 0.451 0.197 0.003 0.29 0.183
Skull strain energ 0.427 0.522 0.006 0.509 0.496

y : ' ' (865 mJy* '

Note: Shaded cells represent where the regression between the injury predictor and the injury data is significant. Bold
values are the highest Nagelkerke R-Squared values for the specific injury (best value and values superior to 0.4).

* tolerance limit value obtained

** considering only pedestrian cases
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Figure 55. Histogram illustrating the correlation b etween the best mechanical parameters
candidate (Skull strain energy) computed with ULP h  ead FE model and skull fracture and
corresponding injury risk curve.

Table 24. Proposed tolerance limits for a 50% risk of mild and severe DAI injuries under
Radioss code.

Mild DA Severe DAI

Brain Von Mises strain [%] 25 35
Brain First principal strain [%] 31 40
Brain Von Mises stress [kPa] 26 33

Table 25. Proposed tolerance limits for a 50% risk of subdural heamatoma under Radioss
code.

Minimum of CSF pressure [kPa] -135

Table 26. Proposed tolerance for a 50% risk of skul | fracture under Radioss code..

Skull strain energy [mJ] 865
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6 Results obtained under Ls-Dyna code

Results computed with the ULP head model under Ls-Dyna code are reported in Table 27 in
terms of correlation coefficients.

Based on SPSS method it appears that DAI are well correlated with intra-cerebral Von Mises
stress. Maximal principal strain as well as Von Mises strain presents also an acceptable
correlation.

Coming to maximum R2 values, the maximum Von Mises stress conducts to 0.6 and 0.39 for
respectively moderate and severe neurological injury.

The threshold for this parameter are of the order of 28 and 53 kPa respectively for moderate and
severe neurological injuries as it appears in the injury risk curves reported in Figure 58.

Concerning the SDH injuries two mechanical parameters, i.e. CSF minimum pressure and CSF
strain energy were considered.

With the ULP head model it was shown (Table 27) that the best correlation with SDH was the
maximum strain energy within the CSF, with a R2 value of 0.465 and a threshold value of about
4950 mJ.

Table 27. Nagelkerke R-Squared value for the logist ical regressions between the injury
predictors computed with ULP model and the injury d ata.

Injury Predictors Mild DAI Severe DAI SDH

CSF minimum pressure 0.367

CSF strain energy 0.465
Peak brain Von Mises stress 0.6 0.39
Peak brain first principal strain 0.43 0.355
Peak brain Von Mises strain 0.43 0.35
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After the analysis of regression correlation method Figure 58 and Figure 59 report the injury risk
curves obtained with the ULP head model for each of the injury types and the corresponding
equations which permit to draw the S-curves. Finally Table 28 and Table 29 provide the tolerance
limits for each injury mechanisms with an injury risk of 50%.
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Regression: log(p/(1-p)) = -5.371 + 9.402X
where X is the maximum brain Von Mises Strain

Brain First Principal strain

Regression: log(p/(1-p)) = -4.918 + 7.291X
where X is the brain First Principal Strain
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Figure 58. Best fit regression models for DAI injur

investigated for

the ULP head model considering suc

Mises strain and First principal strain in the brai n.
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CSF Minimum pressure [MPal

Regression: log(p/(1-p)) = -2.89 + 8.85X
where X is the CSF minimum pressure

Figure 59. Best

model considering CSF pressure (left) and CSF strai

Table 28. Tolerance limits calculated for DAI injur

fit regression models for SDH/SAH i

head model and LS-DYNA software.

y (moderate left and severe right)

cessivel

y Von Mises stress, Von
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Regression: log(p/(1-p)) = -4.931 + 0.001X

where X is the CSF strain energy

njury investigated for the ULP head

n energy (right).

ies (mild and severe) with the ULP FE

Mild DAI Severe DAI
Brain Von Mises stress [kPa] 28 53
Brain Von Mises strain [%] 30 57
Brain First principal strain [%] 33 67

Table 29. Tolerance limits calculated SDH injury wi

DYNA software.

th the ULP FE head model and LS-

SDH

Minimum of CSF pressure [kPa]

290

CSF strain energy [mJ]

4950
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7 Conclusions

In this report ULP FE head model was validated under three codes, i.e. Radioss, Ls-Dyna and
Madymo, and for both brain and skull response.

This validation has been done by reproducing a Nahum’s impact in order to validate brain
mechanical behaviour in terms of intracerebral pressures.

Viscoelastic brain mechanical properties used in this study are summarizes through Table 7.
Same brain mechanical properties have been implemented in Radioss and Ls-Dyna software but
under Madymo code, best results are obtained with a shear stress modulus of the brain four
times higher than reference value (used with Radioss and Ls-Dyna codes). It must be stated that
Nahum'’s validation was difficult with Madymo code and that for this code brain behaviour had to
be changed.

The second validation of the ULP FEM under three codes concerns a Yoganandan'’s test in order
to validate skull behaviour and predictive failure. This part of the study was difficult due to the fact
that mechanical properties available for three layered composite bones are completely different in
the three codes. After some parametric studies, we proposed good validation in terms of
force/deflection curves and bone failure description and it can be conclude that skull behaviour
validation is code dependant too.

After these validations real world accidents cases were simulated under Radioss code (results
available in the deliverable D5.1.1.B) and Ls-Dyna code in order to compare tolerance limits
computed with each code.

For this part of the study, following conclusions can be drawn:

e For Mild and Severe DAI injuries, all results are summarized here after. Significant
differences can be observed for severe DAI prediction between the two codes, but it is

essential to notice that for moderate DAI very similar injury criteria are computed.

Mild DAI Severe DAI
Radioss/Ls-Dyna Radioss/Ls-Dyna
Brain Von Mises stress [kPa] 26/28 33/53
Brain Von Mises strain [%] 25/30 35/57
Brain First principal strain [%] 31/33 40/67

» For subdural haematoma differences exist between the two codes in terms of minimum
CSF pressure tolerance limit, and we can notice that for this type of injury best correlation

was found under Ls-Dyna in terms of CSF strain energy

SDH

Radioss/Ls-Dyna
Minimum of CSF pressure [kPa] -135/-290
CSF strain energy [mJ] 865/4950

Finally it can be concluded that head model validation is not code dependant as long as Radioss
and Ls-Dyna codes are concerned. Validation of the head model under Madymo model however
was possible only by changing brain constitutive law.
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Coming to head injury criteria it was shown in this study that for moderate neurological injury
prediction the computed injury criteria are not code dependant. However for severe neurological
injury significant different threshold values are obtained.

Further development of this study is needed at three levels at the author’s point of view:

- To extend the number of codes under consideration
- To further investigate difficulties faced with Madymo

- Toinvestigate also the code dependence of injury criteria related to skull fracture
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