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ABSTRACT 
 

This study was designed to investigate the biomechanics of human head injury with a 
focus on skull fracture due to side impact loading.  Temporo-parietal impact tests were 
conducted using specimens from ten unembalmed post mortem human subjects.  The 
specimens were isolated at the occipital condyle level, and pre-test x-ray and computed 
tomography images were obtained.  They were prepared with multiple triaxial 
accelerometers and subjected to increasing velocities (ranging from 4.9 to 7.7 m/s) using 
free-fall techniques by impacting onto a force plate from which forces were recorded.  A 40-
durometer padding (50-mm thickness) material covering the force plate served as the 
impacting boundary condition.  Computed tomography images obtained following the final 
impact test were used to identify pathology.   Four out of the ten specimens sustained skull 
fractures.  Peak force, displacement, strain, acceleration, energy, and head injury criterion 
variables were used to describe the biomechanics, and probability curves were developed 
using the Kaplan-Meier method to establish tolerance limits.   
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THE WIDELY USED and internationally adopted head injury criterion (HIC) is based on 
repeated drop tests of embalmed human cadavers onto yielding and unyielding surfaces 
conducted in the 1950’s (Evans et al. 1958; Lissner et al. 1960).  The impact site was the 
forehead.  Four acceleration versus time data points from isolated cadaver heads and two 
such points from intact cadavers formed the primary dataset.  Skull fractures were principal 
outcome measures.  The forehead impact site was chosen to simulate an unrestrained 
motor vehicle occupant in a frontal impact, a scenario prevalent during that period (Sances 
and Yoganandan 1986).  Reflecting the current vehicle environment, recent epidemiological 
studies, full-scale crash tests, and clinical reports indicate the occurrence of head injuries in 
lateral crashes (Morris et al. 1993; Gennarelli et al. 2002).  Biomechanical and 
crashworthiness communities continue to use frontal HIC in side impacts due to the paucity 
of tolerance and injury criteria for the human head in lateral impact.  For example, side 
impact New Car Assessment Program tests in the United States, conducted by impacting 
the crabbed moving deformable barrier with the driver side of a stationary vehicle at 17.2 
m/s, use three-linear accelerometers inside the head of the Hybrid III dummy to compute 
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HIC (NHTSA 2002).  European, Australian, and Japanese crashworthiness evaluations use 
an identical approach.   Even rollover crash and pedestrian impact simulations use this 
criterion as an index to assess crashworthiness.  Rear impacts are no exception 
(Yoganandan and Pintar 2000).  The assumption is that the criterion has equal applicability 
at all anatomical sites including the lateral mode.  This study was conducted to provide 
fundamental data on the dynamic biomechanics of the lateral region of the human head by 
measuring forces and accelerations and correlating with skull fracture.   
 
METHODS 
 

Post mortem human subjects (PMHS) were used to impact the lateral side of the 
cranium.  The unembalmed specimens were isolated at the level of the occipital condyles, 
maintaining the integrity of the entire cranial vault and brain.   The mean age, height, and 
weight of ten PMHS were 63 years, 172 cm, and 75 kg (Table 1).  The specimens included 
the head along with intracranial contents in three specimens (4,5,7).  The contents were 
replaced with Sylgard gel, a brain substitute, in the remaining preparations.  Instrumentation 
for gathering dynamic biomechanical data consisted of tri-axial accelerometers (Endevco 
Inc., Fairfield, NJ, USA) at the contra-lateral temporo-parietal impact site and at the anterior 
and posterior regions of the cranium.  A six-axis load cell placed on the impacting platform 
recorded the force histories.  Pre-test computed tomography (CT) scans (Somatome Plus, 
Siemens Inc., Germany) were obtained at 1.0-mm intervals in the axial and coronal planes.  
Similar scans were obtained following the final impact test.   
 

Table 1:  Specimen Demographics and Fracture 
 

ID Age Height Weight Head 
weight 

Head 
breadth 

Fracture 

 years cm kg Kg cm (Yes/No)

1 44 178 91 4.37 14.6 No 

2 56 178 95 4.26 17.8 Yes 

3 71 169 81 3.72 15.2 No 

4 68 170 66 2.67 14.6 Yes 

5 77 178 71 3.54 16.5 No 

6 65 168 75 3.58 15.2 Yes 

7 87 155 48 2.35 14.9 No 

8 30 163 41 3.35 14.0 Yes 

9 70 178 80 3.87 14.6 No 

10 59 182 100 4.43 14.6 No 

 
The test matrix consisted of repeated tests on the same specimen.  They were 

impacted using drop techniques with successively increasing input energies until fracture or 
a decrease in force occurred with increasing impact velocity.  A 40-durometer padding (50-
mm thickness) material served as the impacting boundary condition.  Schematic of the test 
setup is shown in figure 1.  The first drop height or velocity was estimated to provide 
baseline data without fracture so that all specimens had a nonfracture data point.  
Radiographs were obtained prior to and following each impact, and initial injury identification 
was made from these images.  Testing was stopped if pathology was detected or the impact 
force reached the rated limit (10 kN) of the load cell.  Pre-test radiographs were used to 
document anatomical landmarks and sensors.  A common trigger synchronized with various 
accelerometers and the load cell identified event start in each test.   
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Figure 1:  Schematic of test setup.  Laboratory and sensor axes are shown.   
 

Biomechanical data were gathered according to 1998 SAE J 211 specifications at a 
sampling frequency of 12.5 kHz.  Deflection of the skull was computed using acceleration 
data.  From the force-time and deflection-time histories, force-deflection responses were 
obtained by eliminating the time variable.  Biomechanical analysis included the 
determination of the peak force and deflection.  Strain was defined as the ratio of the 
computed deflection to the initial non-deformed breadth of the specimen along the right to 
left lateral direction at the level of impact.  Energy absorbed by the structure was computed 
as the integral of the force-deflection curve up to the point where the deflection crossed the 
abscissa.  HIC were computed using the anterior, posterior, and contra-lateral accelerometer 
data.  No specific limits were imposed on the time interval.  Pre- and post-test CT scans and 
intermediate radiographs were used to identify fracture.  Data were processed using product 
limit techniques (Kaplan-Meier, 1958) to determine the probability of fracture as a function of 
variables such as HIC, peak acceleration (filtered at 1000 and 200 Hz), impact force, strain, 
and energy.  For this purpose, censored data for the ultimate drop test were used for 
specimens demonstrating intact pathology.   
 
RESULTS 
 

Four specimens sustained fractures, and the remaining specimens did not sustain x-
ray or CT detectable pathology (Table 1).  As indicated earlier, further testing was stopped 
because the rated limit of the load was reached in these six specimens.  Figure 2 illustrates 
axial pre- and post-test CT images of a specimen demonstrating a skull fracture.  Table 2 
includes a summary of biomechanical data of the peak force, deflection, strain, and energy.  
Input impact velocities ranged from 4.9 to 7.7 m/s.  Peak resultant forces ranged from 5.5 to 
9.9 kN with displacements ranging from 10 to 19 mm.  Skull strains ranged from 0.07 to 0.13 
with energies ranging from 16 to 73 Nm.  Force-displacement curves exhibited nonlinear 
characteristics typical of biological materials, and increasing impact severity resulted in 
increased force, deflection, and energy.  The initial softening of the curve identified the toe 
region in the response.  A representative force-deflection response is shown in figure 3.  An 
initial plateau corresponding to the local yielding was observed before the specimen reached 
its peak impact force.    
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Table 2:  Force, displacement, strain, and energy data for each specimen 
 

ID Velocity Force Displacement Strain Energy 
 m/s (N) (mm) (ratio) (Nm) 

1 5.99 9374.9 13.6 0.093 21.3 

2 6.92 9917.6 16.2 0.091 52.8 

3 6.92 8836.2 16.1 0.105 45.9 

4 4.89 5556.4 10.4 0.071 16.3 

5 5.99 6929.3 14.0 0.085 27.0 

6 6.92 7678.3 16.1 0.106 53.4 

7 7.74 7448.7 19.1 0.128 73.1 

8 6.92 9128.1 15.0 0.108 25.3 

9 6.47 9608.8 15.6 0.107 25.0 

10 5.99 9261.6 14.3 0.098 36.4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2:  Pre- (left) and post-test (right) CT images demonstrating skull fracture. 
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Figure 3:  Typical force-displacement response illustrating the  
toe region (A), initial plateau (B), and peak impact force (C). 
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Peak resultant accelerations filtered at CFC 1000 and 200 Hz are shown in table 3 

for the contra-lateral and average anterior and posterior accelerometer data.  Resultant 
accelerations ranged from 210 to 348 g for the contra-lateral sites for the CFC 1000 Hz filter.  
These values were lower for the 200 Hz filter (Table 3, 201 to 229 g for the contra-lateral 
site).  The head injury criterion values shown in table 3 follow a similar format.  Magnitudes 
of this parameter varied by the location of the accelerometer sensor (Table 3).  Risk curves 
computed using the Kaplan-Meier technique for the force, deflection, strain, energy, and 
resultant acceleration and HIC (computed using the average of the anterior and posterior 
accelerometer data) are shown in figures 4-7, respectively.  All HIC times were < 15 ms.     
 

Table 3:  Biomechanical data for each specimen 

Resultant Acceleration (g) HIC  
ID Contra-

lateral 
(1 kHz)

Mean 
Ant+post 
(1 kHz) 

Contra-
lateral 

(200 Hz)

Mean 
Ant+post 
(200 Hz) 

Contra-
lateral  

Mean 
Anterior 
posterior 

1 248.6 225.73 228.6 207.66 2080.1 1633.1 

2 310.4 259.48 225.3 227.81 1980.0 2011.8 

3 348.3 233.12 228.5 212.45 2932.4 1841.9 

4 - 163.60 - 160.56 - 968.9 

5 - 216.93 - 201.48 - 1545.6 

6 - 255.00 - 230.97 - 2268.2 

7 - 250.59 - 218.00 - 1976.4 

8 288.7 243.08 279.7 229.54 3525.7 2044.9 

9 260.7 255.59 234.0 237.31 2167.2 2207.3 

10 209.6 197.21 200.6 191.19 1537.0 1355.3 

Note:  The contra-lateral accelerometer was not used for specimens 4-7. 

 
DISCUSSION 
 

Earlier biomechanical tests to determine human head injury tolerance in the form of 
skull fracture used static loading techniques (Messerer 1880; Yamada 1970).  Later studies 
used dynamic loading techniques wherein impact loads were delivered with the subject 
seated in an upright position or using drop tests (Hodgson and Thomas 1971; Got et al. 
1978; Nahum et al. 1981; Huelke et al. 1994).  Another study impacted isolated PMHS 
specimens fixed at the rostral end using an electro-hydraulic testing device to determine the 
effects of static versus dynamic loading on the biomechanical variables (Yoganandan et al. 
1995).  This previous study indicated that the response of the PMHS specimen depends on 
the rate of loading for variables such as impact force; a dynamic scale factor of 
approximately two was reported.  In the present study, to simulate real-world events, the 
dynamic mode of loading was accomplished using free-fall (drop) techniques.  The specimen 
was, thus, completely unconstrained.  This methodology precludes coupling effects of the 
cervical column and inferior structures on the biomechanical response of the head, and 
therefore, relies on the head structure to sustain all input impact energy.  Another advantage 
of the present methodology lies in the internal boundary condition of the specimen.  Post 
mortem effects on brain tissues and the inferior settling of the brain result in air space with 
the skull bone.  In the upright or normally seated post mortem subject, the brain does not 
contact the inner table, particularly at the parietal-vertex region.  Consequently, impacting 
such a specimen at the parietal or temporo-parietal region, in theory, lacks the internal 
boundary condition that may offer some support to the deforming inner table.  In contrast, 
drop tests force the air space away from the impact region providing a full-brain contact with  
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Figure 4:  Probability of a skull fracture not occurring as a function of force and deflection. 
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Figure 5:  Probability of a skull fracture not occurring as a function of strain and energy. 
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Figure 6:  Probability of a skull fracture not occurring as a function of peak resultant 
acceleration (left: 1000 Hz filter, right: 200 Hz filter). 
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Figure 7:  Probability of a skull fracture not occurring as a function of HIC. 
 
 
the skull bone, thus replicating a more physiologic situation.  Furthermore, data from these 
experiments can be directly used for mathematical modeling purposes as the complex 
connective elements are eliminated between the base of the skull and the inferior neck-torso 
structures.  Finite element models can be validated using accelerations recorded at the three 
regions (anterior, posterior, contra-lateral) on the cranium along with force-displacement 
data.  Such data are not available in literature for side impacts.  These considerations led to 
the use of the drop testing method in the present study.   
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Resultant accelerations from the three accelerometers were filtered at 1000 and 200 
Hz.  The former filtering level is the SAE recommended practice.  The later filter level was 
used to compare data from the present series of experiments with a more recent analysis 
(McIntosh et al. 1996) wherein the 200 Hz filtered acceleration was found statistically to be a 
better predictor of acceleration than HIC in side impacts.  As expected, decreasing the filter 
frequency decreased the peak magnitudes of acceleration in all cases (Table 3).  Although 
not reported in table 3, a similar response was obtained for HIC.  Accelerometer signals 
were used to compute skull displacements.  This methodology was used because it is 
difficult to instrument the impacting region and obtain direct measures of deflection histories 
at the impact site without compromising the integrity of the anatomical surface.  The 
differences in acceleration and HIC values between the three locations indicates that the 
human head does not respond as a rigid body under conditions used in the present study, 
i.e., dynamic loading to fracture levels and impacting to a 40-durometer padded surface.  In 
fact, the temporal differences between the anterior and posterior accelerometer signals 
represent the response of the specimen to varying outward bending characteristics due to 
impact at the temporo-parietal region of the head. 
 
 HIC values from the present study agreed favorably with literature.  For example, 
McIntosh et al., subjected intact PMHS to lateral impacts using an impactor at velocities 
ranging from 2.8 to 6.1 m/s (McIntosh et al. 1996).  For the three fractured specimens, HIC 
ranged from 1,894 to 3,850.  For the remaining ten non-fractured specimens, HIC ranged 
from 113 to 3,307.  Despite the differences in the loading methodologies, i.e., drop technique 
in the current versus impactor loading in the cited literature, the HIC are comparable (Table 
3).  This analysis assumes that an acceleration-based criterion is applicable for side impact 
head injury.  Neither this study nor other previous studies have confirmed the full validity of 
HIC in side impacts.  Because head injuries in side impacts do not always involve skull 
fractures, additional studies are required to add brain pathology into the experimental 
paradigm so that improved correlates may be derived from biomechanical investigations.  
Another limitation of the present study is the characterization of the strain and computation 
of displacement.  The method of double integration of acceleration signals was used to 
determine displacements because difficulties exist to instrument the local impact site.  
Because the denominator for computing the strain used the lateral breadth of the specimen, 
strains reported in table 2 correspond to the overall strain of the head instead of the 
conventional local strain at the temporo-parietal site.     
 

Peak impact forces determined in this study also correlate closely with literature data.  
For example, fracture forces from the studies of Nahum et al. ranged from 2,215 to 5,930 N 
(mean 3,490 N), Schneider et al. ranged from 2,110 to 5,200 N (mean 3,630 N), Allsop et al. 
from 2,500 to 10,000 N (mean 5,200 N), McIntosh et al. from 10,976 to 11,662 N with a 
mean force of 11,388 N (Nahum et al. 1968; Schneider and Nahum 1972; Allsop et al. 1991; 
McIntosh et al. 1996).  Although results from the present study (fracture forces ranging from 
5,556 to 9,918, mean 7,717 N, Table 2) agree with literature, it should be recognized that 
lower fracture forces in some specimens used in earlier studies may be attributed to the 
small contact area used by the investigators to apply localized forces to the temporo-parietal 
region of the head; velocity, impactor characteristics, and boundary conditions also play a 
role.  Free-fall techniques introduce larger contact areas owing to the anatomical interaction 
with the impacting surface resulting in greater magnitudes of force for fracture.  

 
Force-displacement curves exhibited a regional plateau (approximately at 3500 N, 7 

mm, Figure 3) before responding with increasing deflections with increasing forces.  This is 
likely due to the initial contact of the more convex parietal region of the head with the force 
plate followed by the relatively flat or concave temporal region.  During this phase in the 
response, the area of contact of the head increases with the force plate.  This phenomenon 
occurs in side impact drop tests because of the complex curvature of the human head in the 
temporo-parietal area, and the impact is directed away from its center of gravity of the 
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specimen.  The rotation of the specimen may increase due to the changing area of contact 
and curvature at the impact site.  In order to account for the rotational response in the 
biomechanical analyses, additional data acquisition (e.g., nine accelerometer array) would 
be necessary.  It may be also prudent to obtain estimates of the area of contact at the impact 
site using sensors such as the Tekscan or pressure sensitive film.   
 
CONCLUSIONS 
 

The present preliminary study provides fundamental biomechanical data on dynamic 
lateral loading of the temporo-parietal region of the human head.  The experimental design 
quantified the force, deflection, strain, energy, acceleration, and HIC.  Using the Kaplan-
Meier product limit method and limited data from four fracture and six non-fracture points, a 
survival analysis was done to estimate the probability of survival (injury) as a function of 
these variables.  Recognizing that the current US FMVSS 214 (compliance or NCAP tests) 
standards do not use a criterion to assess the potential for head injury in lateral impacts, the 
present study is a first step toward such improvements.  A mere duplication of the frontal 
FMVSS 208 criterion of HIC=1000 to the lateral impact modality may need additional 
justification owing to the differences in anatomy, injury, and biomechanical differences of the 
two regions of the human head.  In this context it is worthwhile emphasizing that the present 
study focused purely on impact-induced skull pathology and real world data is more 
comprehensive.  Computations of brain injury potential in side impacts with software such as 
SIMon using side impact NCAP data are a step in this process.  However, to obtain more 
accurate estimates of lateral skull fracture tolerances, it is necessary to increase the sample 
size and adopt methodologies used in the present study.   
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