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Abstract: Increasing the protection efficiency of helmets is counted as the biggest challenge in ice hockey. The main objective
of this study is twofold: first to understand the effect of fitting on the protection capability of ice hockey helmets, and second to
determine a possible optimal fit with respect to minimum head accelerations. A purpose-built monorail drop tower was utilized to
perform front and front boss impacts at a velocity of 4.47m/s on a custom headform outfitted with a commercial helmet (CCM
Resistance) with no gap (tight fit), 2mm (regular fit), and 5 mm gaps (loose fit). It was observed that while in both impacts linear
accelerations were lower for the regular fit model, the loose fit model predicted the lowest angular accelerations. A loosely-fitted
helmet provides non-deterministic shifting upon impact which generally leads to a wider standard deviation of linear and angular
accelerations. The results indicated that in front impacts while introducing a gap reduced the risk of focal injuries, only the loose
fit model suggested lower risks of concussive injuries. However, the regular and loose fit models showed better protection

against focal and concussive injuries in the front boss impacts, respectively.
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1. Introduction

Mild traumatic brain injuries (mTBI), have become an
inevitable outcome of many contact sports such as ice hockey
which has one of highest incidence rates of brain trauma [ 1-4].
About 1.8 to 3.6 million cases of mTBI have been reported for
sport and recreational activities with 65% of them occurring
among youth athletes (5 to 18 years old) [5, 6]. Prevalence of
concussive injuries and the lifetime neurodegenerative
disorders associated with them have risen many concerns in
the past decades which has been the motivation of much
research [7-11]. Moreover, besides concussive injuries, many
sub-concussive impacts have been recorded during the course
of given games or collegiate seasons [12, 13]. While the
severity of these impacts is lower than the concussion level,
accumulation of such impacts can cause long-term brain
dysfunctions [14-16]. The high incidence rate and
life-threatening consequences of head injuries have led to the
development of strict safety standards and mandated use of

helmets. Underlying injury mechanisms as well as the safety
metrics associated with the helmet design are the two major
factors that can determine the extent to which helmets protect
the head against impacts [17-19]. Head kinematics in terms of
linear and angular accelerations is responsible for different
injury mechanisms and hence many thresholds have been
developed based on these parameters [9, 20-23]. While focal
injuries have been shown to be derived mainly by linear
accelerations, diffuse injuries have been associated with
angular accelerations [14, 17, 20, 24-26].

The advent and evolution of Ice hockey helmets have
significantly contributed to the mitigation of focal injuries
such as subdural hematoma and skull fracture [1, 17, 27, 28].
However, incidence of diffuse injuries such as concussion and
diffuse axonal injuries (DAI) are still common [29-33]. This is
in part because the current helmet’s safety metrics consider
measures such as absorption of impact energy, retention, and
penetration resistance performance which mainly affects the
peak linear acceleration. Hence, the majority of the studies has
focused on the development of new shell designs and liner
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materials for helmets [34-37]. However, sizing of helmets is
one of major issues that has not been addressed in most
studies. Reviewing ASTM and CSA standards and associated
metrics for different sport helmets, Hasltead et al. [38]
mentioned that the safety standards of hockey helmets can be
improved without compromising the cost or marketability
attributes of these helmets.

Currently, a given helmet model is typically manufactured
in only a few sizes which crudely approximates the different
head sizes and shapes among athletes. This will lead to fitting
[39] issues that can greatly impact the protection efficacy of
hockey helmets [40-45]. Upon wearing the helmet, a variable
spacing is developed between the player’s head and the liner.
This spacing and the subsequent fit influences the protection
capability of the helmet against head injuries [43, 44]. While
Hopes and Chinn [44] did not observe any significant
difference in the energy absorption of the helmet, Gilchrist
and Mills [45] reported that the helmet fit greatly affected the
performance of the helmet. Chang et al. [41] used a finite
element model to evaluate the effect of fit on the efficiency of
motorcycle helmets in mitigating the head injuries. They
changed the fitness of the helmet through (1) scaling the
headform and (2) scaling the helmet and found a remarkable
improvement in protection in the case the headform was
scaled. It is safe to assert that the majority of researchers
studying sports-related head injuries employ Hybrid III and
NOCSAE headforms to conduct their experiments and
investigate the kinematic responses of the helmeted heads [14,
20, 29, 46-49]. While these headforms provide invaluable
information on the injury risk, they fail to include all the
different configurations in the real world due to the mismatch
between the head shapes and helmets. Few studies have
looked into effects of the proper helmet fit on the cervical
spine movement prone to log roll or after securing the athlete
to the spine board. [50-53]. Using commercial headforms and
helmets, these studies found out that the proper fit only
increased the transverse motion of the head. Greenhill et al.
[43] observed elevated concussion risk with poorly fitted
helmets in their study on a cohort of 4580 high-school football
players through evaluating 13 different concussive symptoms
such as hyperexcitability, drowsiness, and amnesia. Several
other studies have also reported the head injury risks
associated with poorly fitted helmets [40-42]

While many studies have investigated the protective
potential of helmets against head injuries, they have
overlooked the issue of helmet fit [54-57]. This suggest that
improper helmet fitting is counted as a major risk factor in
sport-related head injuries and should be minimized through
introduction of new safety standards and testing methods. To
the authors’ best knowledge, no study has focused on the
effect of helmet fit on the mitigation of brain injury risk in ice
hockey. Accordingly, the main objective of this study is
twofold: first to understand the effect of fitting on the
protection capability of hockey helmets, and second to
determine a possible optimal fit with respect to minimum head
accelerations.

2. Methods

2.1. Experimental Testing

Three adult male 50th percentile custom headforms were
attached to a flexible neck form (both manufactured out of
acrylonitrile butadiene styrene (ABS)) and were used for the
experimental tests. The neck form mimicked the range of
motions of the cervical spine and the approximate resistance
based on the study [39]. The baseline headform was developed
using a 3D scan of the interior of the CCM Resistance helmet.
The CCM Resistance helmet used for this study is certified by
the Canadian Standards Association's Z262.109 and Hockey
Equipment Certification Council ASTM F1045-07 and is
representative of the ice hockey helmets commercially
available. The baseline headform ensured a consistent fit as
defined by a constant pressure (or gap) between the helmet
and the headform [58]. To this end, a series of force sensors
were used to validate constant compressive pressure against
the headform. The headform was adjusted accordingly and
reprinted to achieve a perfect fit between the headform and the
helmet, and is referred to as the “tight fit” model from now on.
The other two headforms were adjusted off this baseline case,
with the second headform being 2mm smaller in all
dimensions, and the third headform 5mm smaller in all
dimensions, referred to as “regular fit” and “loose fit” models,
respectively.

Each of the three helmeted headforms were impacted at a
velocity of 4.47 m/s on the helmet in two locations, five times
per location for a total of 30 impacts. Figure 1 shows different
impact locations for the helmeted heads from different views.
The first impact location, front, was to the anterior intersection
of the mid-sagittal and transverse planes. The second impact,
front boss, occurred at the midpoint between the anterior
mid-sagittal and right coronal planes in the transverse plane
with an impact angle of 45 degrees in the transverse plane
(Figure 1).

Front

Front Boss

Figure 1. Impact locations on the helmeted headform from different views.

2.2. Equipment

Figure 2 shows the purpose-built drop assembly consisting
of a monorail guidance system, drop carriage, custom
headforms and a data collection system that was used to



International Journal of Biomedical Science and Engineering 2019; 7(2): 26-32 28

provide three-dimensional impacts for three distinct
headforms using a single commercially available ice hockey
helmet. Except where noted, the testing procedures followed
the specifications of Standard Performance Specification for
Ice Hockey Helmets F1045-15. It should be noted that the
nature of the experiments required dimensional changes to the
headform. The monorail guidance system consisted of a 2525
mm precision rail system capable of drop velocities greater
than 7 m/s. The impact surface consisted of a 60 shore A
modular elastomer programmer (MEP) anvil. For better
visualization of the impact as well as annotation of coordinate
system and head direction, a close-up of the helmeted head
impact with the anvil is shown on the right side of Figure 2. A
set of laser gates were used at about 1 cm above the MEP anvil
to confirm the impact velocity prior to contact with the MEP
covered anvil. The monorail has a pneumatically driven lift
and adjustable height presets. For our impact, the height was
set at 1.05 m to achieve the corresponding 4.47 m/s test
velocities. This test velocity was selected to match the CSA
and HECC standards and replicate fall events in ice hockey
[59] The carriage system slid along the monorail and allowed
the attachment of any number of custom headforms. The
headforms weighed 2.91 kg, 2.97 kg and 3.00 kg from the
smallest to the largest headform. The combined weight of the
carriage, head and neck assembly is 4.0 kg with only.55 kg of
the weight on the carriage assembly itself or within the same
specification as 535mm headform used in ASTM testing. The
data acquisition consisted of a 3-axis ADXL377
accelerometer and a ITG-3200 gyro, both sampling at 3.5 kHz.
An additional single access ADXL001 accelerometer was
used to measure linear accelerations in the range of 200 to
500g, though the measurements did not reach this level for this
paper. The sensors were placed in the center of the headforms
to capture both the linear and angular accelerations
experienced by the headform.

Figure 2. Monorail drop rail used to simulate fall impacts in ice hockey (left)
and closer view of head/neck and helmet assembly at the time of impact on
anvil (right).

3. Results

The performance of the CCM Resistance hockey helmet
with respect to fitting quality was evaluated over six impact
conditions across two impact locations and three differently
sized headforms. Impact results in terms of peak linear and
angular accelerations are presented in Table 1. The values for
the linear acceleration ranged from 62g (regular fit, front boss
impact) to 89.2g (loose fit, front boss impact). The values for
the angular acceleration ranged from 3209 rad/s” (loose fit,
front boss impact) to 4629 rad/s” (regular fit, front impact).
The results for the front boss impacts on the regular fit model
were the most interesting when contrasted with those for the
frontal impact. Introducing a 2 mm gap (regular fit) to our
baseline model resulted in 11% and 30% reduction in linear
acceleration in the front and front boss impacts, respectively.
Figures 3 and 4 show graphical comparisons of peak linear
and angular accelerations among different fitting models,
respectively.

3.1. Acceleration Results in Front Impact

For the front impacts, the tight fit and regular fit models
predicted the highest linear and angular accelerations at 84.1g
(p<0.05) and 4629 rad/s’, respectively. The loose fit model, on
the other hand, resulted in both the lowest linear (74.1g)
(p<0.05) and angular (3610 rad/s”) accelerations. For the front
impacts on the tight fit model, we also observed that the
helmet was snugly fit on the headform and didn’t move more
than several millimeters from its original position on the
headform. In contrast, both the regular fit and loose fit models
moved significantly upon impact with the MEP anvil. While
introducing a 2 mm gap (regular fit) to our baseline model
resulted in 11% reduction in linear acceleration, it increased
the angular acceleration by 19%.

3.2. Acceleration Results in Front Boss Impact

For the front boss impacts, the loose fit and tight fit models
predicted the highest linear and angular accelerations at 89.2g
(p<0.05) and 4495 rad/s’, respectively. Figure 3 shows the
comparisons of linear accelerations while Figure 4 shows the
comparison for angular accelerations. Moreover, the lowest
linear and angular accelerations were observed for the regular
fit (62g) (p<0.05) (Figure 3) and loose fit (3209 rad/s?) (Figure
4) models, respectively. The regular fit model provided
significant improvements by reducing the linear and angular
accelerations by 26.6g (p<0.05) and almost 500 rad/s?,
respectively, over the tight fit model. Similar to the frontal
impact, our observations suggested that significant
movements of the helmet on the headform acted to deflect and
absorb both linear and angular forces. The loose fit model,
however, showed a significant rise in linear accelerations over
the regular fit model.
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Table 1. Peak acceleration results for different helmet fitting and impact locations. Standard deviation in parentheses.

Peak Accelerations (SD)

Impact Direction Fitting Model (gap)

Linear (g)

Angular (rad/s®)

Tight Fit (0)
Regular Fit (2 mm)
Loose Fit (5 mm)
Tight Fit (0)
Regular Fit (2 mm)
Loose Fit (5 mm)

Front

Front Boss

84.1(2.5)
74.9 (3.2)
74.1 (2.0)
88.6 (1.9)
62.0 (4.3)
89.2 (23.9)

3889 (1003)
4629 (1361)
3610 (330)
4495 (548)
3988 (1090)
3209 (608)

120.0

100.0

Linear Aceleration (g)
(2]
o
5)
—_—

Front Front Boss

W Tight Fit & Regular Fit Loose Fit

Figure 3. Linear acceleration comparison for the impacts across different

fitting head forms.
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Figure 4. Angular acceleration comparison for the impacts across different
fitting head forms.

4. Discussion

The effect of fitting on the linear and angular accelerations
of helmeted heads for concussive impacts during fall events in
ice hockey was carried out with respect to the impact location.
Fall on ice has been introduced as the major cause of brain

injury in ice hockey, due to the shorter duration of fall events
as well as high energy transfer to the head [30, 60]. To this
end, impacts were performed at a velocity of 4.7 m/s
representative of fall events. Figure 2 shows the moment that
the helmeted headform impacts the anvil at this velocity. The
quality of helmet fitting resulted in significant differences
between acceleration responses for the impacts on the
helmeted headforms. The magnitudes of linear accelerations
all suggested 25% to more than 50% (> 88g) risk of mild
traumatic brain injuries (mTBI) [20, 61-63], with the front
boss impact predicting the highest injury risk in the loose fit
model. However, all angular acceleration data identified less
than 50% risk of concussive injuries, with the loose fit model
showing no injury risk for both front and front boss impacts.
The regular fit predicted the highest peak angular acceleration
in the front impact. A noticeable decrease in the peak linear
acceleration was observed in the front impact as the gap was
increased to 2 mm (regular fit) This was found to be due to the
fact that the loosely-fitted helmet was able to move more
freely against the smaller headform (as determined by the
helmet position after the impact), resulting in partial impact
deflection and energy absorption. However, the regular fit and
loose fit models predicted statistically similar linear
accelerations responses due to the alignment of frontal
impacts along the center of mass of the head in the sagittal
plane and the axis of the neck. This results in the occipital
portion of the helmet and chin strap preventing the helmet
from rotating from the top to the back of the head beyond a
given range of rotation such that both models had comparable
motions. This suggested while different fitting model were
able to maintain the linear acceleration at about 74 g (about
35% mTBI risk), as shown in Figure 3, greater gaps could
significantly decrease the angular accelerations (3610 rad/s’)
to well below the injury risk levels. This is in accordance with
the observations of [ 14, 64]. The future use of headforms with
regular markings on the back would allow a more precise
measurement of the helmet movement and validate that their
movement is limited to a finite maximum.

Both linear and angular accelerations were observed to be
quite sensitive to the impact location. This coincides with
many studies which have investigated the effect of impact
location on the acceleration responses of helmeted headforms
[12, 22, 65]. Also, computational works have shown the effect
of impact direction on the dynamics responses of the brain
tissue [49, 66, 67]. This is of great importance since it can
greatly contribute to the design of improved helmets with
increased protection capability. Accordingly, different
patterns in both linear and angular accelerations were
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observed for the front boss impacts. While a consistent decline
was observed in the angular accelerations, the linear
accelerations had a significant rise by increasing the gap to
Smm. It was because that in the case of front boss impacts,
higher torsional forces caused the twisting of the helmet and
consequently contact of the headform with the anvil (i.e. the
helmet partially or fully dismounting the head form) which
resulted in the linear accelerations to exceed 88 g introducing
more than 50% risk of mTBI. However, in the regular fit
model where the helmet was able to stay affixed, significant
rotation of the helmet deflected both linear and angular
accelerations to below 65g and 4000 rad/s?, respectively. The
consistent decline of the angular acceleration with increasing
the gap size occurred as a result of the free rotation of the
helmet about the headform which agrees with the results of
[41] which was carried out for the effect of fit in motorcycle
helmets.

Based on our data, the loose fit model with a 5 mm gap
provided increased protection levels specifically against
concussive and diffuse injuries which are mainly associated
with head rotation [24, 57, 68] by significantly reducing the
angular accelerations in both impacts, as shown in Figure 4.
Moreover, it showed improved performance for the helmet as
it reduced the linear acceleration to the same level as the
regular fit in the front impact but failed to manage the linear
acceleration in the front boss impacts. This could introduce
potential limitations in developing an optimal fit capable of
reducing the linear and angular accelerations to the same
degree. One possible resolution could be improving of the
shell and liner material, as well as the design of the helmet.
The effect of helmet design and shell/liner materials have been
studied by several researchers [14, 17, 37, 62] which reported
use of 3D structures to manage linear acceleration, as well as
use of thicker liners and bigger helmets shells to improve the
protection efficiency of sports helmets by comparing different
types of helmets.

This research is best represented when studied by
considering its limitations. While the custom headform /neck
used for this study follow the standards of impact research,
they were not directly compared to the Hybrid III equivalents
or human cadavers to replicate the exact kinematic responses
produced by the human head/neck. The impact scenario
considered in our study was representative of fall events in ice
hockey which serves as the main cause of injury. Inclusion of
velocities corresponding to other major events such as
collision and puck impacts, as well as more impact locations
are necessary for future improvements.

5. Conclusions

Improper fit of ice hockey helmets can result in elevated
risks of concussion and TBI. Even with the limited number of
helmet sizes in hockey, the selection or adjustment of the
helmet fit may yield material benefits to the wearer. This study
set off to investigate the effect of helmet fitting on the risk of
brain injury among hockey players considering different
locations. Our results showed that while introducing different

levels of fitting could reduce the acceleration responses in
helmeted impact, they sometimes may cause adverse effects
due to the extreme rotation or detachment of helmet from the
head. Impact location was observed to significantly affect the
protection capability of the helmet, suggesting the need for
development of safer helmets. The looser-fitted helmets
showed the management of kinematic responses for front boss
impacts, especially in terms of the angular accelerations. Our
data showed that each fitting models, even with only a few
millimeters in difference, can manage linear and angular
accelerations to different extents, which reiterated the need for
combining linear and angular accelerations in the study of
brain injury. The large variation of acceleration data with the
fitting levels and the impact location in helmeted impacts,
suggest the need for an optimal fit which can provide
maximum protection regardless of the direction of impact.
This may require the helmet manufacturers to produce helmets
in more sizes, improvements in existing fitting mechanisms
and develop advanced tools for measuring the fitting quality.

6. Recommendations

Based on the results of this study, the authors would like to
recommend the following to reduce the risks of traumatic
brain injury:

1. Sports helmets such as ice hockey helmets should be
custom made for players based on their headform to
provide the best fitting.

2. 3D structures can be used to manage linear acceleration,
and thicker liners and bigger helmets shells can improve
the protection efficiency of sports helmets.

3. Since the impact location highly affects the level of head
kinematics as well as the dynamic responses of the brain,
modular design of the helmets is necessary.
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