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SUMMARY 
Brain injury reconstructions utilize three dimensional 
kinematic impact data and finite element modeling of the 
human brain. Linear and angular acceleration time histories 
were used to undertake finite element modelling in order to 
illustrate the respective brain deformations. The purpose of 
this study was to establish the relationship between peak linear 
and angular accelerations with brain stress under different 
conditions of brain location and impact site. A helmeted 
Hybrid III headform was impacted at 5 impact sites (2 centric 
and 3 non-centric) using a pneumatic linear impactor. A 
Pearson’s correlation was used to reflect the association 
between brain deformation and acceleration by impact site and 
brain region. The results suggest that brain stress is dependent 
upon impact site, type of acceleration and brain region. 
 
INTRODUCTION 
Brain injuries in sport are a common occurrence and they 
result from deformation of the central nervous system tissues 
beyond a definable threshold. Currently the amount of brain 
deformation from an impact is characterized by the three 
dimensional response of the head in linear and angular 
acceleration. The influence of the peak resultant linear and 
angular acceleration on brain deformations have yet to be fully 
understood. Recently several authors have identified that the 
most appropriate method to assess helmet performance is to 
use brain deformation based injury metrics and not peak 
resultant linear acceleration alone [1, 2]. To accomplish this, 
the dynamic response of the helmeted head system was 
represented by the three dimensional linear and angular 
acceleration time histories of the event and the brain tissue 
stress calculated using a finite element model of the human 
brain. The influence of the peak resultant linear and angular 
acceleration time histories on the generation of brain strains 
and stresses has been estimated by previous researchers under 
various loading scenarios. Ueno and Melvin [3] found that 
linear acceleration was highly influential in the creation of 
strains while angular acceleration was highly correlated to 
shear strains. Contrary to these findings, Forero Rueda et al. 
[2] found low correlations for linear acceleration to brain 
stress and strain (0.2 and 0.52) and higher correlations to 
angular acceleration (0.72). If a reliable and valid correlation 
could be established between peak resultant kinematic 
variables and brain deformation response it would allow for 
the use of properly instrumented headforms to represent the 
behaviour of brain tissue. This would allow for improvements 
in helmet design, which would reflect reductions in brain 

deformations as opposed to just reductions in peak resultant 
linear acceleration [2]. The purpose of this study is to examine 
the relationship between peak resultant linear and angular 
acceleration and brain deformation metrics under centric and 
non-centric impact conditions.  
 
METHODS 
A pneumatic linear impactor was used to impact the helmeted 
headform consisting of a frame, impacting arm and sliding 
table. The impacting arm had a mass of 16.6 ± 0.1 kg and is 
propelled horizontally by compressed air. The tip of the 
impactor consists of a hemispherical nylon pad covering a 
modular elastomer programmer (MEP) disc. A 50th percentile 
adult male headform and neck was attached to the sliding table 
and instrumented for measurement of three dimensional 
kinematics according to Padgaonkar’s 3-2-2-2 accelerometer 
array [4].  
 
Twenty four ice hockey helmets were used in this study.  Each 
helmet was impacted at five sites to elicit both linear and 
angular accelerations (Table 1). The accelerometers were 
sampled at 20 kHz and the raw data was filtered using a low 
pass Butterworth filter at 600 Hz. The resulting x, y and z axes 
responses for linear and angular acceleration were then used as 
input for the finite element model analysis.  
 
Table 1: Impact sites 

 
 
The finite element model used in this research was the 
University College Dublin Brain Trauma Model (UCDBTM). 
The geometric parameters of the model were from a male 
cadaver as determined by medical imaging techniques [5]. The 
head and brain were comprised of ten parts: the scalp, skull, 
pia, falx, tentorium, CSF, grey and white matter, cerebellum 
and brain stem. Validation of the model involved comparisons 
with cadaver data [6-8]. The model was comprised of 7,318 
hexahedral elements representing the brain, and 2,874 
hexahedral elements representing the CSF layer [5]. A 
Pearson’s correlation was used to identify the correlations of 
peak linear and angular acceleration to maximum principal 



strain (MPS) and Von Mises stress (VMS) according to impact 
sites and brain region.  
 
RESULTS AND DISCUSSION 
Peak resultant linear and angular accelerations as well as peak 
MPS and VMS are reported in Tables 2 and 3 for each impact 
site and brain region. Significant high correlations were found 
at site 2 between peak angular acceleration and VMS in grey 
matter (0.95) and the cerebellum (0.95). Also, site 4 had high 
significant correlations with peak resultant linear acceleration 
and MPS in the brainstem (0.96) and cerebellum (0.97), and 
with peak angular acceleration and MPS and VMS in the 
cerebellum (0.99 and 0.98 respectively). Significant 
correlations were found at the P<0.05 level in which all 
correlations reported were above 0.90.  
 

Table 2: Peak resultant linear and angular acceleration and 
maximum principal strain 

 
 

Table 3: Peak resultant linear and angular acceleration and 
Von Mises stress (Pa) 

 
 
The results of this study found significant high correlations 
between peak resultant accelerations and brain deformation 
metrics. This suggests that these peak resultant accelerations 
may be predictive of brain deformation. High correlations 
found between peak angular acceleration and VMS in grey 
matter and the cerebellum at site 2 suggest that brain 
deformation response is sensitive to the impact site. Other 
sites, for example site 5, did not have significant correlations 
for the same variables (peak angular acceleration and VMS in 
grey matter and cerebellum). Interesting observations can be 
found when the results are analyzed by brain tissue type. For 
example, a high correlation was found in the brainstem and 
cerebellum at site 4 for MPS with peak resultant linear 
acceleration and not for the other two brain regions (grey and 
white matter). This could be further evidence that suggests 
that the brain tissue response is sensitive to brain tissue type 
and location. Strength of correlations also varied with the type 
of acceleration: site 4 had high significant correlations for 
MPS and VMS with peak resultant angular acceleration in the 
cerebellum and not with peak linear acceleration. These 
correlations suggest that brain tissue has varying responses 
specific to the type of loading. One possible reason for these 
differences in response seen across impact site and brain 

deformation could be attributed to the geometry and material 
characteristics of each type of brain tissue in the model [9]. 
This would be expected due to the different material 
characteristics for each brain tissue as is defined in the 
UCDBTM. These properties could also have an effect on the 
different brain deformation responses seen under various 
loading conditions. In this study the material property 
characteristics governing grey matter, white matter, the 
brainstem, and cerebellum would subject them to variable 
deformation responses at impact. This would also help to 
explain the distribution of significant high correlations 
between peak resultant linear and angular acceleration and 
MPS and VMS at the five impact sites.  
 
CONCLUSIONS 
The results indicate that peak resultant acceleration can be 
predictive of global peak brain deformation. However the 
strength of the correlations are influenced by the type of 
acceleration (linear or angular), region of brain tissue (grey 
matter, white matter, brainstem, or cerebellum) and the impact 
site. As a result of the influential nature of these parameters on 
overall correlations, it can be concluded that it may be 
inappropriate to use peak resultant acceleration correlations as 
predictors of brain deformation response. This study supports 
the use of brain deformation metrics for evaluating helmet 
performance in eliciting its protective capacity to brain injury 
rather than only using linear acceleration alone. 
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