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The concem of this paper is the study of mechanical tolerance limits of intracranial injuries, i.e„ 
epidural, subdural, subarachnoidal, coup and contre-coup contusions and brain lacerations, by the 
investigation of real world accidents. 

Twenty-five fatal pedestrian accidents have been analysed with respect to pedestrian kinematics, 
head impact velocity, contact area, and mechanical loading as related to sustained head injuries. 
From this analysis, upper and lower tolerance limits are defined: Above a mean acceleration of 250 
g subarachnoidal hematoma, above 300 g subdural hematoma, brain lacerations, and contre-coup 
contusions were regularly observed . Due to uncertainties in reconstruction and analysis, values 
marking the amount of loading below which these injuries were never observed are rather low and 
range between 20 and 80 g for long pulse durations (20-40 ms). 

FURTHER EXAMINA TION of the biomechanical tolerance limits of the human brain is required. 
Rather than carrying out the establishment of injury criteria the interest was in examining the inci­
dence of particular injuries. If these are known, global injury criteria can be deduced. The knowl­
edge of the limits of intracranial injuries is also of great importance for the analysis and 
reconstruction of actual accidents in accident research or for forensic purposes. The study is based 
on pedestrian accidents since these can be reconstructed and analysed in a comparatively good way. 
Our further interest was in the discrimination between vehicle and pavement impact in the origin of 
injuries and in the case of the former, which contact areas (hood, windshield, A-pillar) are most 
likeJy to cause certain injuries. 

Materials and Methods 

In the years 1990-1993 243 cases of fatalJy injured pedestrians invoJved in accidents with passenger 
cars were subject to forensic medical examination at the University of Munich Institute of Legal 
Medicine. From these, the course of the accident and the documentation in 25 cases allowed for the 
carrying out of a biomechanical and technical analysis with respect to the research topic. 

Acquisition and Analysis Procedures 

The accidents have been analysed in detail with regard to impact kinematics, mechanical Joading to 
the head, impact duration, and resulting brain injuries. 

Mean head acceleration, impact duration, and impact force were estimated from the contact area 
deformation, the head impact speed, and the basic acceleration histories. For rigid contact areas 
(e.g. windshield-frame, A-pillar, windshield) a triangular acceleration history and for soft contact 
areas (hood) a parabolic acceleration pulse were assumed. 
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Because of uncertainties of the input values which determine the mechanical loading only data 
ranges can be calculated. The parameters collision speed, head impact velocity, and dynamic contact 
area deformation were reconstructed and varied in such a manner that it is guaranteed that the actual 
loading was within these ranges. The results were verified by comparing these with results of ca­
daver and dummy tests published in literature [ l ] ,  [2], [3], [14], [ 16], [23], [30], [31].  

Tue steps in working up a pedestrian accident are as follows: 

1 .  Medical examination: In every single case a complete forensic section was performed and 
the entire injury pattem was assessed. Injuries of the integument and soft tissue as well as 
bone fractures caused by contact with the vehicle were geometrically measured. The cra­
nium was opened in the usual manner. The brain was cut in slices and the morphologically 
detectable injuries were located and diagnosed using the scheme of RYAN et al. [26]. 
Photographs of every injury were taken. 

2. Vehicle inspection: In most cases the vehicle was available for inspection. All deforma­
tions were measured, especially the depth of the head contact dent. Photographs were 
taken. In a few cases car damage and deformations bad to be taken from the photographic 
documentation of the police records. 

3. Tracks at the accident site: From the police records the final positions of the pedestrian 
and the vehicle were taken, as well as skid marks, scratch marks, fragment patterns on the 
road, and items thrown away from the pedestrian. If necessary, the site was reinspected. 

4. Impact speed: The collision speed was calculated using all obtainable data such as skid 
marks, throwing distance of the pedestrian, etc. If possible, the calculations were done 
using several methods [7], [8], [ 17]. 

5. Impulse geometry and kinematics: From the injury pattem, the vehicle damage, and the 
tracks at the accident site the relative orientation of the pedestrian in relation to the vehicle 
at the time of the first contact was assessed [4], [5], [6], [25], [27). Using the injuries and 
the tracks on the vehicle and the road it could be reconstructed how the body and 
especially the head impacted the vehicle and the pavement, resp. 

6. Velocity of head vehicle impact: The velocity of the head impacting the vehicle is depend­
ent on the collision speed and the height of the upper leading edge (ULE) of the hood 
[23), [27]. JANSSEN et al. ( 15] and WALZ et al. [34] have shown that the angle between 
head impact direction and vehicle surface is almost perpendicular. Therefore a splitting 
into speed components is not necessary. The head impact velocity vhead.L was calculated 

from vhead = Cform • 
v00n according to NIEDERER and SCHLUMPF (23]. The form­

factor Cform determines the relation between collision speed vk, upper leading edge of the 
hood (ULE), and head impact velocity. Cform ranges from 0.75 to 1 .25. For high collision 
speed it reaches 1 .0 which means that then the head impact velocity is rather independent 
of the front geometry of the vehicle. 

7. Head loadings during vehicle impact: The dynamic deformation sdyn was derived from the 
head contact dent on the car body, i.e., the permanent deformat1on due to head impact: 
The dynamic deformation for hood and windshield contacts was assumed to be 10 - 20% 
higher than the permanent deformation. Concerning contacts with the windshield frame, it 
was assumed that the dynamic deformation equals the permanent one. Using the calculated 
head impact velocity Vbead.L the mean acceleration i and the impulse duration t1 were 

estimated: for triangular acceleration profiles (impact on A-pillar, windshield and wind­
shield-frame) using 
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2 
Vheadl. li =  
2Sdyn 

for a parabolic profile (hood impact) using 

2 
Vheadl. li =  
4Sdyn 

2Sdyn 
1 1  = 

Vheadl. 

4Sdyn 
11 = 

Vheadl. 

(1), 

(2). 

8. Head loadings during road impact: For the estimation of the head acceleration caused by 
impact on the pavement, the head impact velocity vheacLL was calculated from falling 

height h of the pedestrian, the throwing velocity v0 and the throwing angle a Jeaving the 
vehicle: 

Vheadl. = �V� · sin2 a +  2gh (3). 

Maximum dynamic cranial deformation was assumed to be sdyn = 0.003 m in the case of 
an intact skull and 0.01 m in the case of a fractured skull, resp. [20]. For the calculation 
of the head acceleration Eq.(1) was used. 

Case-Overview 

Age, sex, height, weight, impact area on the car, and the collision speed are listed in Table 1 .  The 
head acceleration and the sustained head injuries are presented in Table 2. 

Case Age/ Helght.[m]/ Head Impact 
Nb. Sex welaht. fKal - Car -

1 79 / f 1 .50 / 71 .5 no contact 
2 74 / m  1.68 / 58.6 air intake arill 
3 80 / m  1 .69 / 69.0 windshield 
4 82 / f 1 .62 / 45.7 windshield 
5 47 / m  1 .71 / 58.6 windshield-wiper 
6 68 / f 1 .55 / 57.3 windshield 
7 54 / f 1 .59 / 53.1 A-Pillar 
8 20 / m  1 .62 / 62.7 motorhood 
9 61 / m  1.62 / 68.4 windshield 
10 93 / f  1.60 / 49.7 windshield 
1 1  56 / m  1 .72 / 83.9 windshield 
12 81 / m 1 .75 / 84.0 windshield 
13 44 / m 1 .78 / 75.6 A-pillar 
14 83 / m  1 .73 / 91.9 windshield 
15 79 / m  1 .71 1 77.8 windshield 
16 42 / m  1.73 / 84.6 windshield 
17 51 / m 1 .73 / 88.4 windshield 
18 83 / m  1.67 / 81 .0 windshield 
19 50 / m  1.77 / 51 .2 A-pillar 
20 51 / m  1.78 / 67.8 windshield-frame 
21 66 / m  1.67 / 73.7 no contact 
22 22 / m  1 .83 / 93.6 no contact 
23 25 / m  1 .84 / 74.7 windshield 
24 48 / f  1 .67 / 80.7 A-pillar 
25 22 / m  1 .69 / 68.1 no contact 

Table 1:  Case-overview - general specifications 

- 249 -

Colllslon-speed 
V1r fKm/h] 

1 8-25 
21-23 
"'32.8 
48-61 
50-55 
78-80 
60-70 
35-40 
... 10 

80-100 
70-80 

... so 
55-61.6 
40-50 
50-55 
55-60 
50-60 
55-59 
60-70 
68-71 
60-80 

"'60 
50-55 
40-50 

„70 



Case Car-lmpact Pavement-lmpact Head Injurie& 

Nb. a ra1 t1 [ms] a ral t„ [mal 

1 - - 308-269 2.2-2.5 SDH/SAH/ZBUGZ 
2 - - 351-602 2-1 .6 EDH/SDH/SAHIZBUGZ 
3 84-42 1 1 -22 228-200 2.5-2.9 SDH/SAH/ZBL 
4 85-139 12-9.4 - - no iniurv 
5 1 38-238 7.7-6.5 1 00-97 3.8-4.1 SDH/ZBL 
6 68.4-145 24-19 189-140 2.3-3.2 SAH 
7 1 77-260 4.8-3.3 40-30 12.2-16.3 SDH/SAH/GZ 
8 24-57.3 41-27 146-139 2.4-2.7 SAHIZBL 
9 123-159 1 3-16 43.4-32.5 1 1 .9-15.8 SDH/SAH/GZ 
1 0  283-442 6-4.8 1 1 2-133 4.3-3.9 SAH/ZBUGZ 
1 1  142-193 12-10 „99 "'4.5 EDH/ZBUGZ 
12 91-1 1 5  6-4.5 141-123 3.2 3.6 SDH/SAH/ZBL 
13 206-227 4.8-3.9 1 97-123 2.3-3.6 SDH/ZBUGZ 
14 63-94.4 ... 1 8  1 1 7-159 3.5-3.2 SDH/SAH/ZBL 
15 "'98.3 „14.4 1 78-159 2.8-3.2 SDH/SAH 
16 59.5-47.2 26-36 „297 „1 .9 SAH 
17 98-71 14.4-24 160-1 14 2.5-3.5 SDH/SAH 
18 79-91 19.6-18.3 170-121 2.4-3.4 SDH/SAH 
19 265-260 „3.2 98-49 4.3-9. 1 EDH/SDH/SAH/ZBUGZ 
20 244-193 "'4.4 74-1 1 1  7.4-6.1 EDH/SOH/SAH/ZBL 
21 140-252 12-9 - - SDH/SAH 
22 - - 200-171 2-2.9 SDH/SAH/ZBL 
23 141-86 12-22 247-212 1 . 8-2.6 SDH/SAH/ZBUGZ 
24 1 47-275 5.8-3.1 160-79 2.5-5 SDH/SAH/ZBUGZ 
25 80-40 16-32 300-150 1 . 8-3.7 SAH/GZ 

Table 2: Case overview - head accelerations and sustained injuries: 

Origln of 
lnJury 

pavement 
pavement 
pavement 

-
car 
car 
car 

car+pavem. 
car 
car 
car 

no decision 
car 
car 
car 

car+pavem. 
car 
car 
car 
car 
car 

pavement 
car+pavem. 

car 
car+pavem. 

i = mean head acceleration; tl = estimated impact duration; EDH = epidural 
hematoma; SDH= subdural hematoma; SAH= subarachnoidal hematoma; ZBL= 
contusion; GZ = brain laceration 

Results and Discussion 

lt is commonly accepted that brain injuries which are closely connected to skull deformation and 
fractures (epidural and local subarachnoidal hematoma and coup contusions) are related to contact 
forces. The incidence of remote and diffuse injuries (subdural, intracerebral, and remote subarach­
noidal bematoma and contre coup contusions) seems to depend on the level of acceleration. Linear 
as well as rotational accelerations or a combination of botb (angular) and also shockwaves are 
assumed to be responsible for these iojuries ( 1 1], ( 12], ( 13], (22], (24], (29]. 

In a retrospective analysis, however, only linear accelerations can be estimated with acceptable 
precision. Impact forces can not easily be estimated from accelerations: According to GOT et al. 
(14] the effective impact mass is considerably smaller (down to only 2 Kg) than the actual mass of 
tbe head. ENOUEN [9] has showo that the effective head mass ranges from anywhere near 50% to 
150% of the actual bead mass. Effective head masses lower than 70% of the actual head mass were 
observed at head impacts on very rigid surfaces. Masses greater than 100% due to the contributions 
of the neck and sboulders depend mainly on the angle of impact. lt is thus to be taken into account 
that in estimating the force, the head mass m has to be replaced by the effective mass meff. Because 
so far a satisfactory way of estimating the effective mass retrospectively has not been found, a 
calculation of the force was omitted. 

The same limitation exists in the estimation of the rotational or angular acceleration. In additioo, 
tbere is the uncertainty in the determination of the center of angular motion. In the kinematics of 
head impact, however, pure rotational accelerations do not occur but are always connected with lin-
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ear accelerations. Therefore, to a certain extent, linear accelerations serve as a measure of loading 
even for injuries generated more or less by rotational accelerations. 

In consequence of the fact that for the head impact velocity as well as for the dynamic deforma­
tion only ranges can be assessed or reconstructed, ranges result for the mean accelerations and head 
impact durations. Head impact velocities and dynamic deformations are combined in a way that 
yields maximum ranges. For the further analysis it is essential that the actual mechanical loading is 
within these ranges. 

THE INTEREST of the further evaluation is to find thresholds for the occurrence of the head inju­
ries examined. For this purpose, Upper and Lower Tolerance Limits are defined as follows: The 
Upper Tolerance Limit (UTL) is defined by the minimum of mechanical loading above which the 
specified injury was always observed. The Lower Tolerance Limit (L TL) is defined by the maxi­
mum of mechanical loading below which the specified injury was never observed. 

For the determination of the limits of cerebral injuries, the analysed cases are sorted in a 
decreasing order according to the maximum and minimum values of the estimated ranges of 
acceleration, as schematically shown in Fig. 1 .  The upper/lower threshold for a certain injury can 
be read off the course sorted according to the maximum/minimum values: The Upper Tolerance 
Limit (Fig. la) is given by the lowest value above which the injury in question was always 
observed after sorting on the maximal values. In the same way the Lower Tolerance Limit is given 
by the highest value below which the injury has never been observed after sorting on the minimum 
values (Fig. lb). 

mechanical 
loading 

a) 

mechanical 
loading 

b) 

LTL 

l lnjury present 

0 lnjury not present 

lnjury always occured 

UTL 

case-number 

l lnjury present 

D lnjury not present 

case-number 

Fig. 1 :  Definition of Upper and Lower Tolerance Level (UTL, L TL) 
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Fig. 2: Cases arranged by minimum values; injuries incurred from car are marked ( + )  
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Fig. 3: Cases arranged by maximum values; injuries incurred from pavement are marked ( + )  
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Fig. 4: Cases arranged by minimum values; injuries incurred from car are marked ( +) 
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Fig. 5: Cases arranged by maximum values; injuries incurred from car are marked ( +) 
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Fig. 6: Cases arranged by minimum values; injuries incurred from car are marked ( +) 
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Fig. 7: Cases arranged by minimum values; injuries incurred from pavement are marked ( +) 
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THE ESTABLISHMENT of tolerance limits for different intracranial injuries as described above is 
shown in Figs. 2 to 7, which are a selection out of 20 possible diagrams. Vehicle and pavement im­
pacts are treated separately. The injuries caused by these contacts are marked in the corresponding 
diagrams with a ( + ) . 

The Lower Tolerance Limit for epidural hematoma follows from Fig. 2.  The minimum mean ac­
celeration of about 140 g (Case 1 1) is the lowest level at which an epidural hematoma was still ob­
served. An Upper Tolerance Limit for epidural hematoma cannot be determined: Primarily, the im­
pact force is responsible for this injury. Furthermore, the size of the area involved and the elastic 
deformation of the skull are of significance and, last but not least, the chance of a blood vessel 
present in the affected skull area. No epidural hematoma, for instance, was observed even in a case 
of at least 280 g (Case 10, Fig. 2). 

The Upper Tolerance Limit for subdural hematoma is given by Case 1 (Fig. 3) with a maximum 
mean acceleration of 308 g. The Lower Tolerance Limit is described according to Fig. 4 by the car 
impact of Case 14 and has a value of 68 g. 

In the same way a maximum mean acceleration of 250 g (Fig 5, Case 20) results for the Upper 
Tolerance Limit of the subarachnoidal hematoma. Case 25, Fig. 7 yields 150 g as the Lower Tol­
erance Limit in the case of short duration pulses (3-4 ms) resulting from road impact. In the case of 
long pulses as with the impact on the hood a value of app. 24 g at 41 ms was determined (Fig. 6, 
Case 8). 

Cerebral hematoma and cerebral contusions can be observed as coup and as contre coup injuries 
as well .  Coup injuries are caused by forces, contre coup lesions by accelerations. The threshold of 
coup injuries is obviously higher than that of contre coup injuries [33) which, therefore, determine 
the risk of injury. For contre coup contusions the Upper Tolerance Limit is found to be at 300 g, 
the Lower Tolerance Limit at 60 g. For brain laceration the corresponding values are 300 g and 90 
g, resp. 

Upper and Lower Tolerance Limits 

of lnvestigated Brain lnjuries 
mean acceleration (g) 

350 
1 

308 g 1 upper tolerance limlt 308 g �!2§ g 
300 r (2,2 ms) (2,2 ms) (2,2 ms) 

244g 
lower tolerance limlt 

250 r 
(4,4 ms) 

EDH: 
epidural hematoma 

200 i-
SDH: 

J�!2 g subdural hematoma 

(12 ms) (3,7 ms) SAH: 

100 r ßg g 
subarachnoidal hematoma 

� (22 ms) �3g GZ: 
50 r ( 1 8  ms) ?4 n (18 ms brain laceration 

ZBL: 
0 contusion 

EDH SDH SAH GZ ZBL 

lnjury 

Fig. 8: Summary of upper and lower tolerance limits of the investigated brain injuries 

THE FINDINGS are summarised in Fig. ·8. Because mechanical tolerance l imits are dependent on 
the pulse duration, the acceleration values in Fig. 8 are connected with impact duration. In the case 
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of short duration impacts subarachnoidal hematoma must be expected above a mean acceleration of 
250 g, above 300 g subdural hematoma, contusion, and brain laceration as weil .  

Tue values determined for the subdural hematoma are in accordance with investigations by 
MATIERN et al. (19) and MANAVIS et al. ( 18) .  For the subarachnoidal hematoma similar values 
for cadavers and animals are reported by GENNARELLI et al. (10), NAHUM and SMITH [2 1),  
NUSHOLTZ et al. [24), STALNAKER et al. (29), and UNTERHARNSCHEIDT [32) . 

Because of the accumulation of errors in estimating the mean acceleration, very low values are 
determined for the Lower Tolerance Limits. In the case of longer lasting pulses (18-40 ms) these 
range between 20 and 80 g for the subdural and subarachnoidal hematoma, brain lacerations, and 
for contusions. We want to point out that the reverse conclusion is not allowed: These results do 
not imply that above these accelerations the considered injuries may occur, but merely that these are 
save values below which the injuries have not been observed. 

CONCERNING THE age distribution of our sample (Fig. 9), 19 individuals out of 25 are above an 
age of 45 years. This might imply, that the results apply mainly to older individuals. 

However, from our material, there is so far no indication for a significant influence of age on the 
tolerances of the injuries under consideration. Among those injured at rather low accelerations there 
are individuals of all age groups. Final conclusions have to be reserved for further investigations on 
larger samples. 

Number 
6 .----
5 
4 
3 
2 

0 < 25 25-35 36-45 46-55 

Years 

56-65 

• Males D Females 

Flg. 9: Age distribution of the investigated sample 
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