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SUMMARY 
Ice hockey is one of many contact sports which have a high 
incidence of brain injury. The current methods of evaluating 
protective devices use peak resultant linear acceleration as 
their pass/fail criteria which are not fully representative of 
brain injuries as a whole. The purpose of this study is to 
examine how the linear and angular acceleration loading 
curves from a helmeted impact influence currently used brain 
deformation injury metrics. A helmeted and instrumented 
Hybrid III headform was impacted in 5 centric and non-
centric impact sites to elicit linear and angular acceleration 
responses. These responses were examined through use of a 
brain model. The results indicated that when the helmet is 
examined using peak resultant linear acceleration alone they 
are similar and protective, but when a 3 dimensional brain 
deformation response is used to examine the helmets there 
are risks of brain injury with lower linear accelerations which 
would pass standard certifications for safety. 
 
 
INTRODUCTION 
Ice hockey is a contact sport with a high incidence of 
neurologic injury [1]. Peak resultant linear acceleration has 
been the accepted dependent variable to assess the ability of 
helmets to prevent traumatic brain injury through standards, 
however peak resultant rotational acceleration has also been 
proposed as an influential factor in the creation of brain 
damage [2]. The combined theory (linear and rotational 
acceleration) of brain damage has been supported by many 
researchers, with King et al. [3] suggesting that the only way 
to characterize the protective capability of a helmet would be 
to consider the influence of the linear and angular acceleration 
pulses, and thus all their characteristics, on brain deformation. 
Research into brain deformation injury metrics has found that 
Von Mises stress (VMS) and maximum principal strain (MPS) 
are highly correlated to brain injury, higher than using peak 
linear or peak angular acceleration alone. With the 
development of finite element models of the human brain, the 
assessment of the performance of a helmet in relation to brain 
deformation and subsequently injury thresholds is now 
possible [4].  
 
The purpose of this study is to use a finite element model of 
the human head to evaluate the influence of linear and angular 
acceleration loading curves on brain injury metrics through 

impacts to vinyl nitrile (VN) and expanded polypropylene 
(EPP) hockey helmets. 
 
 
METHODS 
A pneumatic linear impactor was used to impact the helmeted 
headform and consists of a frame, impacting arm and a sliding 
table. The frame houses the compressed air tank and the 
piston. The impacting arm had a mass of 16.6 ± 0.1 kg and is 
propelled horizontally by the compressed air. The tip of the 
impactor had a cap consisting of a hemispherical nylon pad 
covering a 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 [5].  
 
Twelve identical helmets were used in this study, 6 were VN 
and 6 EPP. Each helmet was impacted at 5.0 m/s in five sites 
designed to elicit both linear and angular accelerations (Table 
1). 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 is the 
University College Dublin Brain Trauma Model (UCDBTM). 
The head and brain are comprised of ten parts: the scalp, skull, 
pia, falx, tentorium, CSF, grey and white matter, cerebellum 
and brain stem. Validation of the model was accomplished 
through comparisons against cadaveric research [6-8]. The 
model was comprised of 7,318 hexahedral elements 
representing the brain, and 2,874 hexahedral elements 
representing the CSF layer [6]. 
 
 



 
RESULTS AND DISCUSSION 
The effects of liner type on maximum principal strain and Von 
Mises stress are presented in Tables 2 and 3. The means were 
compared using an ANOVA with a p value of 0.05.  
 
Table 2: Peak resultant linear and angular acceleration and 
maximum principal strain. 

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

 
 
The results demonstrate that the VN and EPP liners produce 
differing amounts of protection to the brain depending on the 
impact location. The VN liner produced lower magnitude 
stresses and strains in the grey matter in three sites, while the 
EPP liner offered lower values in the white matter for sites 1 
and 2. Sites 1 and 2 are the locations closest to the centre of 
gravity of the headform and closely resemble the impact sites 
of the CSA hockey standard. This may explain why the EPP 
liner performs best in this location; it is well tuned for that site 
but may not be as well able as the VN liner to manage the 
oblique impacts offered by sites 3 and 4 . The linear 
acceleration inputs for the model differ between the liners only 
in site 1 (p< 0.05), whereas the remainder of the sites were not 
significantly different from each other. There are some 
differences in peak angular acceleration in sites 2, 3 and 5 (p< 
0.05). However, there were sites where the peak resultant 
linear and angular acceleration results for the two liners are 
not statistically different from each other.  
 
The areas of the brain which showed the largest magnitudes of 
stress and strain were the grey and white matter, with the brain 
stem and then the cerebellum having the lowest magnitudes 
respectively. The largest values of MPS and VMS were found 
for the oblique impacts in the grey matter indicating that a 
combination of linear and higher angular acceleration 
contributes to a greater chance of injury. The white matter 
values were highest for the side impact. These results indicate 
that the site of injury may be sensitive to the location of the 

impact, which is also supported by animal research reporting 
the degree and severity of injury can vary according to loading 
vector [9]. 
 
When risks of injury values [4] are used as benchmarks 
against which the hockey helmets can be compared, 
interesting relationships result. Both the grey and white matter 
indicate a significant risk of brain injury from the impacts 
using a linear impactor at 5.0 m/s, which is well within the 
velocity of impacts for the game of ice hockey. Also, both 
helmets perform well when just linear acceleration is 
examined, with values far below those of the current CSA 
standard (275 g). This result indicates that peak value may not 
be the only characteristic of the kinematic response which 
should be considered as influential for brain injury, as has 
been suggested by Post et al. [10]. These results may shed 
light on the current problem with concussion in hockey. The 
helmets used in hockey at the moment are designed to prevent 
against TBI and as such but the current generation of helmets 
largely prevent such injuries. However, the risk of concussion 
remains in the sport. 
 
 
CONCLUSIONS 
 
These results reveal that when the helmet is examined using 
peak resultant linear acceleration alone they are similar and 
protective, but when a three dimensional brain deformation 
response is used to examine the helmets there are risks of 
brain injury with lower linear accelerations which could pass 
the standard. As a result of this possible relationship it may be 
prudent to evaluate helmets on the basis of a three dimensional 
kinematic response to an impact instead of just linear 
acceleration. This type of analysis may aid in the prevention of 
concussion in sport. 
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