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ABSTRACT

Boxing headguards offer a form of head protection to minimize the risk of head injuries for athletes.
Existing literature, however, lacks information regarding the protective capabilities of boxing
headguards. This study examined the protective capacity of three boxing headguards in minimizing
impact accelerations to the head that cause concussions using a dynamic head model. The researchers
implemented thermoplastic polyurethane (TPU) inserts in one of the headguards and conducted
static tests to examine the material properties of the headguards. The researchers also conducted
dynamic testing using a surrogate headform to compare the three boxing headguards in minimizing
the risk of concussion for measures of linear and rotational accelerations across different head impact
locations. The results of this study revealed that TPU significantly mitigated the magnitude of linear
and rotational accelerations when compared to the other headguards. This study offers an avenue to
improve athlete safety.
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INTRODUCTION

Giza and Hovda (2001) described a concussion as “any transient neurologic dysfunction resulting
from a biomechanical force” (p.1). More specifically, a concussion is a “clinical syndrome of
biomechanically induced alteration of brain function typically affecting memory and orientation, which
may involve a loss of consciousness” (Giza et al., 2013, p. 2250). Concussions or mild traumatic brain
injuries (mTBI) that occur while playing the sport of boxing, for example, cause short and long-term
traumatic neurologic impairments on athletes and represent one of the major occurrences of head
injuries for athletes at the amateur and professional levels.

In the sport of boxing, athletes scores points by landing finishing shots on their opponents with
the intention to disable them (World Boxing Association, 2012). Consequently, the magnitude of the
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acceleration induced to the athlete’s head plays a significant role in the risk of concussions, brain
injuries, and the severity of the damage (Rowson et al., 2016).

Boxing headguards provide a mean to reduce the risk of concussion on athletes by mitigating the
magnitude of linear accelerations induced to the athlete’s head while playing the sport (McIntosh &
Patton, 2015). There is a need to understand, however, the behaviour of boxing headguard materials
in minimizing not only the magnitude of linear impact accelerations induced to the head but also
rotational accelerations caused by oblique impacts to the head. Oblique impacts generate shear forces
and consequently rotational accelerations producing a “jarring” effect to the head, which deforms
the brain tissue and causes a concussion (Meaney & Smith, 2011). Furthermore, there is a lack
of information in the literature regarding the effect of linear and rotational accelerations causing
concussions on athletes in the sport of boxing.

Based on the need to further investigate the protective capabilities of boxing headguards, this
study examined the static and dynamic properties of two commercial boxing headguards (Adidas—
and Century— Drive) and a modified TPU liner insert model implemented into a Century— Drive
headguard. The TPU material has become attractive in helmet design for its elastic, high tensile, and
flexural strength properties (Lin et al., 2017). The first objective of this study was to determine the
energy absorption capacity of boxing headguard materials across different locations during static
testing. The second objective was to examine the combined effect of headguard type and impact
location on measures of linear and rotational accelerations during simulated dynamic impacts.

BACKGROUND

Meaney et al. (1995) stated that during a head impact, the combination of linear and rotational accelerations
causes the brain to accelerate and decelerate inside the skull, which may result in a concussion. Linear
accelerations produced during a head impact cause the brain to elongate and deform by putting a stretch
on various structures of the brain including neurons, glial cells, and blood vessels. This elongation and
deformation of the brain alters membrane permeability and decreases blood flow (Mckee & Daneshvar,
2015), which in turn can lead to a variety of symptoms affecting the physical and cognitive performance
of the athlete (Giza & Hovda, 2001). Symptoms of concussion may include confusion, disorientation,
unsteadiness, dizziness, headache, and visual disturbances (Giza & Hovda, 2001).

Rotational accelerations, on the other hand, cause shear brain injury. This type of brain injury disrupts
the white matter and its connections in the brain, disturbing the axons of the neurons, which may result in
a concussion (Rush, 2011). Indeed, several studies have suggested that shear brain deformation resulting
from rotational acceleration represents the predominant injury mechanism in concussions (Adams et
al., 1982; Gennarelli et al., 1982; Meaney & Smith, 2011; Unterharnscheidt & Higgins, 1969). More
specifically, the disturbances of the white matter induced by shear forces result in cell death, causing
symptoms related to slow cognitive speed, and decreased motor coordination on the affected individuals
(Rush, 2011). Other symptoms related to rotational accelerations may include loss of consciousness due
to impact “rotational forces at the junction of the midbrain in the thalamus,” which is the region of the
brain responsible for all input for motor and sensory information (Mullally, 2017, p. 886).

The location of the impact on the head also plays a role in the cause of the brain injury and the
occurrence of concussions (Meaney & Smith, 2011). Impacts to the side, front, or back of the head
show significantly different linear and rotational accelerations induced to the brain and consequently,
cause different levels of impairment on the athlete (Gennarelli et al., 1982; Meaney & Smith, 2011).
Gennarelli et al. (1987), for example, found that impact accelerations induced to the side of the head
produced more axonal damage in the brainstem and more frequently a concussion than other head
impact locations (Gennarelli et al., 1987). Liao, Lynall, and Mihalik (2016) found that concussed
athletes experienced more impacts to the side of the head than non-concussed athletes did. Kerr et
al. (2014), on the other hand, found that concussions occurred more frequently from impacts at the
front than the side of the head.
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In the sport of boxing head impacts may cause, for example, facial lacerations; eye and nose injuries.
These head impacts pose a high risk of concussions and acute neurological injuries for amateur and
professional athletes (Jordan & Campbell, 1988; McCown, 1959; Zazryn et al., 2003; Zazryn et al.,
2009). Acute neurologic injuries in boxing often result from the knockout (KO) punch, which induces
linear or rotational acceleration to the cerebellum and brain stem affecting the ability of the athlete to
remain standing (Bledsoe et al., 2005). Neurological issues in boxers due to concussions manifest in their
resultant speech, gait, cognition, behavior, and personality changes. Boxers who suffer a concussion may
also experience a variety of post-concussion symptoms including headaches, balance issues, disrupted
sleeping behaviors, and memory problems when recalling information (Johnson, 1969; Mendez, 1995).

Headguards offer a form of head protection to mitigate the risk of head injuries and concussions
in the sport of boxing (Dau et al., 2006). The capabilities of boxing headguards to mitigate the risk
of concussion, however, depend on the properties of the headguard liner to minimize linear and
rotational accelerations induced to the brain during a head punch. McIntosh and Patton (2015), for
example, tested the protective capabilities of boxing headguards with the use of linear impactors and
surrogate headforms instrumented with linear and rotational accelerometer sensors. The researchers
found that with a punch velocity of 8.3 m/s, a bare surrogate headform experienced a mean peak
resultant acceleration of 130 g. The use of a boxing headguard, however, reduced the mean peak linear
acceleration to 85 g. Dau et al. (2006) also found decreases in linear acceleration from 78.08 g to
51.17 g and rotational acceleration from 9164.10 rad/s* to 5534.78 rad/s* with the use of a headguard.
Although the decrease in peak rotational acceleration exceeded the threshold level of 4500 rad/s?, the
results suggest that the use of a headguard reduces the risk and severity of the concussion.

MAIN FOCUS OF THE ARTICLE

Issues, Controversies, and Problems

The main issue is that the sport of boxing comes with an inherent risk of concussions and head
injuries. In particular, concussions that occur while playing the sport of boxing can cause short and
long-term traumatic neurologic impairments on athletes, which disrupt the life of the athletes and
their families, the functioning of sport organizations, and may also result in an increase in health care
costs (Jordan & Campbell, 1988; McCown, 1959; Zazryn et al., 2003; Zazryn et al., 2009). In United
States of America (USA), for example, concussions in the sport of boxing represent one of the major
occurrences of head injuries for the medical community and are the highest for any individual male
sport (Tommasone & McLeod, 2006).

The controversy, however, is that the sport of boxing has different headguard rules by gender
and competition levels across different world organizations. Boxing Canada, for example, states that
headguard use is mandatory for elite male open boxers, except for National Championship bouts
(Boxing Canada, 2017). The International Boxing Association (AIBA) also prohibits the use of
headguards in AIBA open boxing men’s elite competitions (AIBA, 2019).

The problem lies in that, although the use of boxing headguards reduces the magnitude of linear and
rotational accelerations induced to the head during a punch (McIntosh & Patton, 2015), these boxing
organizations do not make the use of headguards mandatory at all levels of competition. One of the
main reasons for non-mandatory use of headguards is that the literature lacks information regarding
the effectiveness of boxing headguards in mitigating the risk of concussion in the sport of boxing. Only
a few studies have provided valuable information regarding the behaviours of linear and rotational
accelerations during a punch in the sport of boxing (McIntosh & Patton, 2015; O’ Sullivan et al., 2016).

As a result, further research is needed to explore the capacity of boxing headguard materials
in absorbing energy to minimize linear and shear force impacts to the head. Energy, in the context
of mechanics, is the capacity of doing work. The mechanical energy is calculated by the product
of force and displacement. When applying the concept of energy absorption to examine the elastic
properties of a boxing headguard material during static testing, it involves a loading force over
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some deformation of the material, and subsequently an unloading force over some restoration of the
shape of the material (Marsh et al., 2004, Zerpa et al., 2019). Specifically, the force has a normal
component as well as a shear component. The displacement also consists of a compression and shear
displacement component. The goal is to be able to examine the extents to which headguard materials
absorb compressive and shear energy. As stated by Meaney & Smith (2011), during a boxing punch,
shear forces cause rotational accelerations and a “jarring” effect to the head, producing deformation
to the brain and consequently a concussion (Meaney & Smith, 2011).

Materials with high tensile and flexural strength such as thermoplastic polyurethane (TPU)
provide an avenue to improve helmet design technology and minimize concussion risk (Lin et al.,
2017); however, the research on its effectiveness in boxing headguards to reduce linear and rotational
accelerations during a punch is still lacking. Based on these issues, controversies, and problems, there
is aneed to compare the effectiveness of boxing headguard materials in mitigating not only linear but
also rotational accelerations to minimize the risk of concussion in the sport of boxing. The following
questions guided the current study:

1)  Whichboxing headguard (Century— Drive, Adidas—, or TPU-Century— Drive) absorbed the most energy
when loaded with compressive and shear forces across locations (front or side) during static testing?

2) Which boxing headguard (Century— Drive, Adidas—, or TPU-Century— Drive) would be more
effective in mitigating linear and rotational accelerations at the front, front boss, or side impact
locations during dynamic testing?

METHOD

1. Static testing. The researchers used three boxing headguard materials in this study including an
Adidas—, a Century— Drive, and a modified TPU-Century— Drive, which had TPU inserts
placed at the front and side locations of the headguard. All three headguards underwent static
testing by using a Chatillon— force tester to compress the headguards at the front and side
locations to analyze the changes in the material properties (VanLandingham et al., 2005) as
depicted in Figure 1. The researchers modified the Chatillon— force tester by adding a pair of
30° wooden wedges. One of the wedges was mounted on top of an AMTI— force platform. The
other wedge was attached to the load cell and the headguards being tested fitted between the
inclined surfaces of the wedges. The down and up movements of the load cell with the wedge
attached to it caused the headguard to be compressed then restored to its original shape.

The Chatillon— TCD1100 force tester captured the vertical force and vertical displacement over the duration
of the static testing. The AMTI— force platform, on the other hand, captured the forces in the x and y
directions. The researchers added these forces to compute the horizontal force as shown in Equation 1.

FH = |FX* + Fy* @))]

where F_is the force in the x direction, and Fy is the force in the y direction.

Next, the researchers used Equations 2 and 3 to compute the compressive (or normal) force (N) and
shear force (T) as shown in Figure 2. The researchers then combined the measures of compressive and
shear forces (N and T) with displacement measures (also shown in Figure 2) to compute the compressive,
shear, and total energy absorptions of the material using a MATLAB— script developed by the researchers.
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Figure 1. Static testing of Adidas— headguard at the front location using the Chatillon— TCD1100 force tester and AMTI— force
platform, showing one wedge and the load cell (right side of the figure)

Figure 2. Free-body diagram showing components of forces (left) and components of displacement (right)
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where F,, is the vertical force captured by the Chatillon— TCD1100 force tester; F,, is the horizontal
force by Equation 1 and 6 is the wedge angle.

2.

Dynamic testing. The researchers conducted the dynamic impact testing using a pneumatic
horizontal impactor. The impactor included a welded steel structure composed of a main frame,
a linear bearing table, and an impacting rod as shown in Figure 3. The researchers mounted the
headguards on a National Operating Committee on Standards for Athletic Equipment (NOCSAE,
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Figure 3. Pneumatic Horizontal Impactor
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2019) headform, which was attached to a mechanical neckform as depicted in Figure 3. The surrogate
headform and mechanical neck form represented the 50 percentile of a human head and neck.

Each boxing headguard experienced 18 impact velocities at the front, front boss, and side
locations, respectively, based on NOCSAE (2018) standards. The front location was situated “in
the median plane approximately 25 mm above the anterior intersection of the median and reference
plane” (NOCSAE, 2018, pp. 26-27). The front boss was situated as “a point approximately in the
45-degree plane from the median plane measured clockwise and located approximately 25 mm above
the reference plane” (NOCSAE, 2018, pp. 26-27). The side location was located “approximately at
the intersection of the reference and coronal planes on the right side of the headform” (NOCSAE,
2018, pp. 26-27). The velocities ranged from 2.01 m/s to 5.13 m/s. The researchers achieved these
velocities by filling the compressed air tank of the impactor system shown in Figure 3 to a desired
air pressure, which was previously calibrated within the velocity range from 2.01 m/s to 5.13 m/s in
increments of 2 psi. The researchers released the air pressure from the tank by clicking on a solenoid
valve switch to move forward the impactor rod at the desired speed, striking the headguard mounted
on the surrogate headform at the respective location. The researchers conducted a total of 162 impacts
based on three types of headguards and three head impact locations across 18 different velocities.

The surrogate headform was instrumented with accelerometers and gyroscope sensors to capture
the linear acceleration (in g) and angular displacement (in radians) in the x, y, and z directions at
a sampling frequency of 20 kHz for each impact. The researchers developed a MATLAB— script
to compute: (a) the angular accelerations (in rad/s?) from the displacement measures; (b) the peak
resultant linear acceleration (PRLA); and (c) the peak resultant rotational acceleration (PRRA).

The researchers conducted two-way ANOVAs for the independent measures to examine the
interaction effect between boxing headguard type (Adidas—, Century— Drive, and TPU-Century—
Drive) and impact location (front, side, and front boss) on measures of PRLA and PRRA. If the results
revealed no significant interaction effect, the researchers then used one-way ANOVAs to examine
the main effect of headguard and location separately. If the results revealed a significant interaction
effect, the researchers explained the interaction by conducting simple main effects analyses to compare
the headguard types across each location separately using one-way ANOVAs. Post-hoc analyses and
descriptive statistics were implemented using Tukey’s test for mean pair comparison regarding the
interactions and main effects.
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RESULTS

The results of this study addressed each of the research questions separately. The first question aimed
at comparing three boxing headgears for the front and side locations during static testing. This analysis
included measures of total, compressive, and shear energy absorptions for the front and side locations
of the headguards. The second question aimed at comparing three boxing headgears for the front,
front boss, and side locations during dynamic testing. This analysis included measures of linear and
rotational accelerations for the front, front boss, and side locations of the headguards.

Static Measures

a. Frontlocation static test. The results for the static tests conducted at the front headguard location
indicated that the TPU-Century— Drive absorbed the highest amount of total energy of the three
headguards in terms of mean percentage (M=42.38%), followed by the Century— Drive headguard
(M=31.98%), and then the Adidas— headguard, which absorbed the lowest amount of total energy
(M=25.71%). Figure 4 shows a representation of the percentage of total energy absorption when
comparing the three headguards at the front location across 14 loading and unloading cycles.

Figure 4. Percentage of total energy absorption for the Adidas—, Century— Drive, and TPU-Century— Drive headguards at the
front location during static testing

Total Energy Absorption (%) at the Front Location by Headguard
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When separating the total energy into compressive and shear energies, the TPU-Century— Drive had the
highest mean percentage of compressive energy absorption (M=46.25%), followed by the Century— Drive
(M=36.39%), and then the Adidas—, which absorbed the lowest amount of compressive energy (M=30.13%).
Similarly, the TPU-Century— Drive absorbed the highest amount of shear energy (M=35.08%) when
compared to the Century— Drive headguard (M=22.85%), and the Adidas— headguard (M=17.63%).

b. Side location static test. The results of the static tests conducted at the side location indicated
that the TPU-Century— Drive had the highest mean percentage of total energy absorption
(M=41.52%) when compared to the Adidas— (M=34.42%), and Century— Drive (M=24.01%)
headgears. Figure 5 shows a representation of the percentage of total energy absorption when
comparing the three headguards at the side location across 14 loading and unloading cycles.
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Figure 5. Percentage of total energy absorption of the Adidas—, Century— Drive, and TPU-Century— Drive headguards at the
side location during static testing
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When separating the total energy into compressive and shear energies, the TPU-Century— Drive
had the highest mean percentage of absorbed compressive energy (M=48.48%), when compared to
the Adidas— (M=40.10%), and Century— Drive (M=28.66%) headgear. Similarly, for the shear
energy, the TPU-Century— Drive absorbed the highest percentage of shear energy (M=29.15%), when
compared to the Adidas— headguard (M=22.48%), and the Century— Drive headgear M=13.51%).

Dynamic Measures

a. Linear impact acceleration. The results of the two-way independent measures ANOVA showed
no significant interaction effect, F' (4,153) =1.087, p=.365, between headguard condition
(Adidas—, Century— Drive, and TPU-Century— Drive) and impact location (front, front boss,
and side) for the measures of PRLA. When examining the main effects, however, the results
of the one-way ANOVA showed statistically significant differences, F(2,153)=17.066, p<.05,
n*=.182 with a large effect size between headguard types (Adidas—, Century— Drive, and
TPU- Century— Drive) for the measures of PRLA. The Tukey’s post-hoc analysis revealed that
the TPU-Century— Drive performed the best in mitigating PRLA (M=104.61 g, SD=48.39),
when compared to the Century— Drive (M=182.93 g, SD=99.58) and Adidas— (M=184.94 g,
SD=92.27) at p<.05 as shown in Figure 6. The differences in performance between the Century—
Drive and Adidas—, however, were not statistically significant at p<.05 as shown in Figure 6.

The one-way ANOVA main effect analysis also showed statistically significant differences, F (2,153)
= 4.237, p=.016, n?=.052, with a small effect size between impact locations (front, front boss, and
side) for the measure of PRLA. The Tukey’s post-hoc analysis showed statistically significant lower
PRLA measures for the front boss impacts (M=138.30 g, SD=75.43) than the side impacts (M=182.73
g,SD=108.91) at p<.05. The Tukey’s post-hoc analysis, however, revealed no statistically significant
differences in PRLA measures for the front impact location (M=151.45 g, SD=80.21) when compared
to the front boss and side impact locations as shown in Figure 7.

b. Angular Acceleration. The results of the two-way independent measures ANOVA showed a
statistically significant interaction effect, F(4,153)=4.103, p=.003, #°=.097, with a medium effect
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Figure 6. Measures of PRLA for each helmet type
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Figure 7. Measures of PRLA for each impact location
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size between headguard conditions (Adidas—, Century— Drive, and TPU-Century— Drive)
and impact locations (front, front boss, and side) for the measures of PRRA. Figure 8 displays
a representation of this interaction.

The researchers then conducted simple main effect analyses to further explain this interaction.
The results of the one-way ANOVA showed statistically significant differences in measures of PRRA,
F (2,51) = 6.456, p=.003, n°=.202, with a large effect size among the three headguard types at the
front location. The Tukey’s post-hoc analysis revealed that the Adidas— headguard (M=1209.99 rad/
s?, SD=840.99) had significantly higher measures of PRRA than the Century— Drive headguard
(M=713.06 rad/s?, SD=431.40) and the TPU-Century— Drive headguard (M=588.15 rad/s?,
SD=108.47) for the front location, at p<.05 as shown in Figure 8.

For the one-way ANOVA conducted by headguard types, the Adidas— headguard revealed significant
differences in measures of PRRA across impact locations, F(2, 51)=5.572, p=.006, °=.179, with a large
effect size. The Tukey’s post-hoc analysis revealed significantly lower measures of PRRA for the front
boss location (M=585.74 rad/s?, SD=89.57), than the front location (M=1209.99 rad/s?, SD=840.99) at
p<.05. The differences in measures of PRRA for the side location (M=925.98 rad/s?, SD=481.02) were
not statistically significant when compared to the front and front boss impact locations at p<.05.
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Figure 8. Interaction effect of headguard type and impact location on measures of PRRA
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The Century— Drive headguard revealed significant differences in measures of PRRA across
impact locations, F (2, 51) = 6.154, p=.004, n’=.194, with a large effect size. The Tukey’s post-hoc
analysis showed that the PRRA was significantly higher for impacts at the side (M=1135.95 rad/s?,
SD=730.42) than impacts at the front (M=713.06 rad/s?>, SD=431.40) and front boss (M=579.57
rad/s?>, SD=144.01) locations, p<.05. The differences between front and front boss locations were
not statistically significant for measures of PRRA.

The TPU-Century— Drive headguard also revealed statistically significant differences in
measures of PRRA across impact locations, F (2, 51) = 9.993, p<.05, #°=.282, with a large effect
size. The Tukey’s post-hoc analysis showed that the PRRA measure for the TPU-Century— Drive
headguard was significantly higher (p<.05 for both) for impacts at the side location (M=1224.07
rad/s?, SD=831.74) than at the front boss (M=600.30 rad/s?>, SD=105.65), and front (M=588.15
rad/s?, SD=108.47) locations. The differences between the front and front boss locations were not
statistically significant at p<.05 for measures of PRRA.

CONCLUSION

This study explored the effectiveness of boxing headguards to absorb energy during static testing and
their capacity to reduce head impact accelerations during dynamic testing. Particularly, this study
built on previous boxing headguard research by investigating the effectiveness of a modified TPU
headguard as a protective technology to mitigate head impact accelerations responsible for causing
concussions (Mclntosh & Patton, 2015).

The static analysis provided valuable information regarding the material properties of the TPU-
Century— Drive, Century— Drive, and Adidas— boxing headguards in term of their capacity to load,
unload, and absorb energy. Across 14 loading and unloading cycles at the front and side locations
of the boxing headguards, the TPU-Century— Drive provided the highest compressive, shear, and
total energy absorptions when compared to the Century— Drive and Adidas— boxing headguards.
This outcome supported the notion that the elastic, high tensile, and flexural strength properties of
the TPU material improved the performance of the Century— Drive headguard to distribute the
loading energy over a larger area and, consequently, expanded the energy absorption capacity of the
headguard (Barth et al., 2001; Lin et al., 2017).

Ideally, a boxing headguard liner would absorb most, if not all, of the loading energy of an impact
and then dissipate it during the unloading phase at any impact location of the headguard (Zerpa et

10
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al., 2019). As stated by Barth et al. (2001), a higher energy dissipation value translates to a lower rebound
velocity, reducing the risk of a contrecoup injury, where the brain collides with the skull because of the impact.

In the current study, the addition of a single TPU insert to the front location of the Century—
Drive headguard resulted in a 10% increase in the capability of the headgear to absorb compressive,
shear, and total energies than the other headguards examined in this study. Similarly, for the side
location, the addition of a single TPU insert to the Century— Drive headguard yielded 50% more
shear energy being absorbed and 15% more compressive and total energies absorbed than the other
boxing headguards. These were promising results, suggesting the use of TPU insert liners as an
avenue to improve the protective capabilities of current boxing headguards as the sport of boxing
poses a high risk of concussion during amateur and professional competitions (Pellman et al., 2003).
In the sport of boxing, the loss of consciousness very often results from hook punches to the side of
the mandible, which cause high levels of rotational movement and increase the magnitude of trauma
in all areas of the brain (Cournoyer and Hoshizaki, 2019). Consequently, increasing the protective
capacity of boxing headguards with the use of TPU may provide an avenue to minimize the risk of
concussion for amateur and professional boxers.

The results from the static testing also seemed to suggest that the Adidas— headguard absorbed
energy less effectively at the front location, while the Century— Drive absorbed energy less effectively
at the side location. These outcomes pointed to the need to improve the protective capacity of these
commercial boxing headguards in the front and side locations to reduce the impact loads placed on the
head during a punch and therefore, minimize the risk of concussion (Di Landro et al., 2002). As stated by
Kerr et al (2014), concussions occur primarily from impacts at the front and side locations of the head.

The inclusion of the TPU material in the Century— Drive headguard marked an improvement in
shear, compressive, and total energy absorptions across the front and side locations. These findings
support the research conducted by Bates et al. (2019) and Rizzo et al. (2021) regarding the usefulness
of TPU material in energy absorption.

The dynamic analysis, on the other hand, provided valuable information regarding the capacity
of the boxing headguards in mitigating linear and rotational accelerations responsible for causing
concussions due to head impacts occurring in the front, front boss, and side locations of the head
while practicing the sport of boxing (Jordan & Campbell, 1988; McCown, 1959; McIntosh & Patton,
2015; Zazryn et al., 2003; Zazryn et al., 2009).

In the current study, the TPU performed the best at mitigating PRLA when compared to the
tested commercial headguards. This finding supports the need to improve the performance of existing
commercial boxing headguards in minimizing concussion risk. As stated by O’Sullivan and Fife
(2016), commercial headguards tested according to the American Society for Testing and Materials
(ASTM) protocols (ASTM, 2015) failed to pass the resultant linear acceleration threshold value of
150 g. In the current study, the Adidas— and Century— Drive headguards also failed this threshold,
but the TPU-Century— Drive performed the best (M=104.61 g, SD=48.39) and passed the threshold
requirement with a value of 30% below the ASTM recommendation. This outcome expands on
previous TPU research by showing the effectiveness of TPU in reducing PRLA, which is considered
a good predictor of peak pressure occurring within the brain due to a head impact (Bates et al., 2019;
Meaney & Smith, 2011; Rizzo et al., 2021).

The literature also suggests that rotational acceleration correlates highly with the occurrence of
concussions as this type of acceleration produces more deformation in the brain tissue than linear
acceleration does, making rotational acceleration a strong predictor of concussions (Meaney & Smith,
2011). In the current study, the TPU-Century— Drive performed the best at mitigating rotational
accelerations at the front location as compared to the commercial headguards. This outcome indicates
a need for improved and more durable materials located at the front location of current commercial
boxing headguards and, more specifically, the Adidas— headguard, which was less effective in
mitigating angular accelerations at the front location than the Century— Drive headguard. The TPU-
Century— Drive and commercial Century— Drive, however, showed consistently worse performance
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at the side in mitigating angular accelerations in comparison to other locations of the headguards,
which may be explained by the thin side padding of the commercial Century— Drive headguard.
When comparing these results to the concussion threshold of 4500 rad/s* of angular acceleration noted
by Ommaya et al. (2002), the current study found that all the boxing headguards performed below
these threshold values. This outcome is encouraging in terms of the capabilities of commercial boxing
headguards to mitigate the occurrence of concussions due to rotational accelerations. Nonetheless, the
use of TPU in combination with a Century— Drive headguard material showed promise in reducing
PRLA across all locations and PRRA at the front location when compared to commercial headguards.

In summary, from the theoretical perspective, the research findings of this study build on the
existing literature by implementing TPU insert liners in boxing headguard technologies as an avenue
to mitigate linear and rotational accelerations responsible for causing concussions on athletes in the
sport of boxing (Bates et al.,2019; Meaney & Smith, 2011; Rizzo et al., 2021). From the practical
perspective, the method and research findings of this study provide an avenue for helmet designers
and researchers to improve the performance of current boxing headgears to protect athletes’ heads in
the sport of boxing against concussions. The inclusion of multiple impact locations, a wide range of
impact velocities, and the use of accelerometers and gyroscope sensors in the current study allowed
the researchers to create a closer replication of impacts that occur in real boxing matches to evaluate
the performance of boxing headguards in protection against concussion. Future research will include
different ranges of neck strengths for the male and female populations and different impact angles
to further examine the performance of boxing headguards. Finally, future research will include
information on the risk of injury measures and energy absorption capabilities of boxing headguards
during dynamic impacts.
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