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Abstract

Head injuries remain one of the major health concerns in contact sports such as boxing. Despite
the widespread use of protective gloves and helmets, their biomechanical effectiveness in
mitigating head acceleration and reducing brain injury risk remains uncertain. This study
aims to biomechanically assess available boxing equipment solutions and identify the brain–
skull system’s response to physical forces from a boxing punch. A dedicated experimental
setup was developed using mini triaxial accelerometers and a high-speed camera to measure
head accelerations in a Primus unbreakable dummy. Tests were performed using gloves of
different masses (0 oz, 10 oz, and 16 oz) and three head protection configurations: no helmet,
rugby helmet, and boxing helmet. The resultant accelerations were analyzed and compared
across test conditions. Peak wrist accelerations ranged from 195.00 to 271.77 m/s2, while head
accelerations did not exceed biomechanical injury thresholds. The boxing helmet, composed
of multilayer polyurethane foam, did not consistently decrease acceleration; in some cases,
it produced higher overloads due to increased head mass and moment of inertia. A rugby
helmet made of open-cell EVA (ethylene vinyl acetate) foam with lower density exhibited
more favorable energy-dissipation characteristics under low-impact conditions. Glove mass
also influenced acceleration differently between male and female participants, likely due
to variations in punch velocity and force generation. This work is a pilot study using two
trained adult volunteers to validate the combined IMU–video measurement framework. The
results serve as hypothesis-generating mechanistic observations rather than population-level
effect estimates. Protective effectiveness in boxing depends on a complex interaction between
material properties, geometry, and user biomechanics. Optimal equipment design should
balance energy absorption and mass to minimize both linear and rotational accelerations.
Future studies should integrate advanced material modeling and finite element simulations
to support the development of adaptive, lightweight protective systems.

Keywords: boxing; biomechanics; head acceleration; impact energy absorption; protective
equipment; polyurethane foam; EVA foam; sports safety

1. Introduction
Traumatic brain injuries constitute a significant economic and social burden. It is

estimated that sixty-nine million people worldwide suffer from traumatic brain injury
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(TBI) [1], of which approximately 75% are mild traumatic brain injuries (mTBI) [2]. Seem-
ingly minor brain injuries disrupt brain function. Literature reports indicate that, in the
long term, the most dangerous are repetitive minor head injuries. These sorts of injuries
can cause changes in neurotransmitter systems, which play a crucial role in maintaining
homeostasis in behavioral and cognitive functions. Specific brain regions, such as the
frontal cortex, white matter of the prefrontal region, rostral brainstem, and temporal lobes
with the hippocampus, are particularly susceptible to damage [3]. The studied research
shows that frequent brain injuries lead to the accumulation of tau protein in the brain,
which is strongly associated with dementia syndromes [4]. Consequently, head injuries
are a compelling risk factor for the development of neurodegenerative diseases, including
Alzheimer’s disease [5,6], Parkinson’s disease, and chronic traumatic encephalopathy [7].

Considering psychological aspects, it should be noted that mechanical injuries can cause
numerous cognitive dysfunctions. The disorders may appear immediately after injury or be
chronic. Frontal lobe damage, responsible for executive functions such as problem-solving,
attention shifting, impulse control, and self-monitoring, is common [8,9]. Other frequently
affected functions include concentration [10,11], short-term memory, learning [9,12–14], infor-
mation processing speed [15], and speech and language functions [16–20]. Research indicates
that individuals with traumatic brain injuries often experience emotional control disorders and
personality changes, manifesting as impulsivity, irritability, affective instability, and apathy
due to motivational behavior deficits [21]. Moreover, literature descriptions suggest that brain
injuries increase the relative risk of psychiatric disorders, such as mood disorders, anxiety,
substance abuse, and psychotic syndromes [22–24].

According to data available from the Centers for Disease Control and Prevention
(2023), approximately 3.8 million brain injuries occur annually in the United States, 10%
of which result from sports and recreational activities. Among American children and
adolescents, these activities account for over 21% of all brain injuries [25,26]. However, it is
essential to highlight that the estimated incidence of this phenomenon is based solely on
hospitalized patients and does not account for injured individuals who do not seek medical
assistance or lack access to healthcare services.

One of the primary causes of brain structure damage is mechanical overload [27,28].
The high risk of developing long-term neurological dysfunctions due to frequent micro-
injuries to brain tissue is most common among athletes practicing contact sports [29,30].
High-risk sports include combat sports such as boxing [31]. This issue was first highlighted
in 1928 by Harrison Martland [32], who described a case of a boxer suffering from cognitive
disorders due to repeated head blows and episodes of concussions sustained in fights.
Another example is Muhammad Ali, who was diagnosed with speech and movement
retardation [33]. According to the Boxing-Related Head Injuries data, between 1732 and
November 2007, 1465 boxers died from traumatic brain injuries [34].

Despite the high risk of brain injury, boxing has several benefits for the nervous system.
During fights, quick thinking, decision-making, and strategy are crucial, helping to develop
cognitive skills such as concentration, visual–motor coordination, and psychomotor reactions.
Due to its high-intensity training, boxing can improve blood flow to the brain, supporting
cognitive function [30,35]. Additionally, it enhances overall fitness and offers various health
benefits, including stress reduction [36]. Consequently, boxing has become increasingly
popular, attracting more amateur participants each year. Statistical data published by the
Statista Research Department, based on an analysis conducted in the USA between 2018 and
2023, indicate that approximately 8.4 million people over the age of six practice boxing, with
about 3.4 million participating in boxing as a recreational activity [37].

The safety of contact sports athletes is primarily influenced by sports equipment [38–41].
Therefore, the development of protective elements and systems is crucial. Since 1904, boxing
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gloves have been the primary protective equipment used in amateur and Olympic boxing
to absorb and disperse part of the impact energy exchanged between boxers. Theoretically,
boxing gloves significantly reduce punch intensity, protecting the athletes’ hands [42,43].
However, in boxing, the athletes’ brains undergo rapid accelerations, causing the brain to
collide with the skull [36,44,45]. Repeated occurrences of this mechanism over the long term
result in numerous neurological consequences [46,47].

Despite the ubiquitous use of boxing gloves and headgear in both training and competition,
their actual biomechanical effectiveness in attenuating head loading remains insufficiently
quantified. In particular, there is a lack of experimental data examining how gloves and headgear
interact and how their protective performance depends on striker-specific biomechanics, such
as punch execution characteristics and individual force-generation capacity. This knowledge
gap is especially relevant given the wide variability in equipment design, material properties,
and user behavior, which may substantially influence head kinematics and injury risk.

The current literature contains few studies on boxing gloves and their ability to
absorb impact energy. Most research was conducted three decades ago [48–50]. At that
time, glove padding consisted of a layer of horsehair sandwiched between two layers of
low-density foam, covered with natural leather [48]. Given this, available studies provide
limited information on energy absorption capacity since glove manufacturing processes and
materials have evolved significantly over the years. Selecting appropriate glove materials
is crucial for protecting athletes’ health. Walilko et al. demonstrated that adequate boxing
glove padding significantly reduces peak impact force values [50].

A boxing helmet is an essential piece of protective equipment for combat sports athletes,
designed to reduce the risk of head injuries during training and competition. Their primary
function is to absorb the kinetic energy of impact and protect the cranial and cerebral structures
from direct contact with an opponent. Various types of helmets are used in sports, from
training models that cover the entire face to amateur helmets used in competitions that leave
part of the face exposed [39]. Despite their widespread use, scientific evidence indicates that
protective headgear provides only partial protection and does not fully prevent concussive
injury. Some studies confirm that helmets reduce the risk of superficial injuries, such as cuts
and bruises [51], but their impact on concussion prevention remains inconclusive [52]. Some
studies even indicate that helmets may increase the risk of brain injury due to changes in
distance perception and increased head moment of inertia [53].

The effectiveness of a helmet’s impact is broadly determined by its structure, layering,
and the properties of the impact-absorbing materials [54]. A typical boxing helmet consists
of several layers: a synthetic plastic layer (e.g., polyurethane or synthetic leather), a closed-
cell foam (most often EVA—ethylene vinyl acetate or PU—polyurethane foam), and a layer
to prevent perspiration. Biomechanical studies have shown that elastic-damping effects are
side effects resulting from the use of simultaneously accelerated linear and rotational heads,
which pose a major risk to the brain [50,55]. In recent years, new materials have also been
developed, such as variable frequency power supplies, thermoplastic elastomers (TPEs),
and shape memory composite structures that better adapt to different impact powers [56].

According to Hoshizaki et al., so-called multi-impact helmet liners that absorb impact
energy—such as vinyl nitrile (VN) or expanded polypropylene (EPP)—dissipate the impact
energy by undergoing elastic deformation and then returning to their original shape [57].
However, EPP is more resistant to higher-energy impacts than VN, but it degrades faster
than VN under such loading [57]. The energy-absorption capacity of these helmets is
influenced by the foam’s thickness and density [57]. The higher the foam material’s density,
the greater its ability to withstand high-energy impacts. In addition, when dissipating the
impact energy absorbed by the helmet, not only does the material type matter, but also its
stiffness and geometry [58,59].
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The average impact forces of novice boxers are on the order of several kilonewtons [60].
Impacts of this magnitude significantly exceed or are comparable to the biomechanical
tolerance of various facial bone regions, such as the nasal bone (0.5 kN), the maxilla
(0.7–1.5 kN), the mandible (1.4 kN), the lateral part of the skull (2.0–3.6 kN), or the temporo-
parietal region (2.5–5.2 kN) [61]. Boxing punches involve a transfer of kinetic energy and a
change in momentum, governed by the relationship between impact force (F), duration (∆t),
and the target mass (m). The energy transferred during the impact is partially dissipated
within the helmet and partially contributes to its deformation (∆x). For novice boxers,
striking at velocities of approximately 5 m/s [61], punch power (P) can exceed 11 kW [60].
The resulting deformation of the protective layers is determined by the portion of the impact
energy that is not dissipated through the material’s internal damping mechanisms [59].

Several scientific articles have been published examining the reduction in acceleration
provided by a rugby helmet ([62–65], but almost all of them focus exclusively on linear
kinematics. These studies demonstrated that the rugby helmet significantly reduced the
peak linear acceleration (PLA) observed during laboratory impacts. The helmet meets the
attenuation criteria if the PLA is greater than 200 g. In addition, the helmet has strict thickness
and density limits: 10 ± 2 mm and 45 kg/m3, respectively. There are several other conditions
that must be met for a helmet to be approved by World Rugby, including the strength and
effectiveness of the retention system and obstruction of the field of vision [66,67].

This study aims to biomechanically assess available boxing equipment solutions and
identify the brain–skull system’s response to physical forces from a boxing punch. This
study involved the development of a specialized measurement setup using acceleration
sensors and a high-speed camera to record the physical response of human head tissues to
a biologically delivered punch. We state the following: the use of head protection reduces
peak head acceleration compared with no protection; increased helmet mass may lead to
higher selected kinematic responses due to increased moment of inertia; glove mass modi-
fies head acceleration depending on punch biomechanics and performer characteristics.

2. Materials and Methods
This study was designed as a controlled pilot biomechanical experiment. To achieve

the intended research objective, a dedicated experimental setup was developed, combining
proprietary technical solutions with human-delivered impacts and the use of a biofidelic
anthropomorphic dummy. Specialized measurement equipment was employed, including
synchronized inertial measurement units (IMUs) [68] and a high-speed camera system,
and the experiment was conducted under laboratory conditions, enabling controlled and
repeatable impacts. Commercially available boxing equipment was used, including gloves
of different masses and various head-protection configurations, allowing comparison of the
effects of mass, structural design, and material properties on the biomechanical response
of the head–neck system. Two adult participants with amateur boxing experience were
recruited to deliver standardized punches under controlled conditions. Head motion
and acceleration were recorded using sensors mounted inside the dummy’s head, and the
experimental protocol was designed to ensure participant safety, measurement repeatability,
and the reliability of the acquired kinematic data.

2.1. Data Preparation

Each accelerometer measured the change in acceleration over time during the test, for
3 different planes. Due to the number of degrees of freedom and the nature of the impact, a
resultant acceleration value was calculated for each sample (1).

aw =
√

a2
x + a2

y + a2
z (1)
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Then, for the sensor data from the phantom skull, the arithmetic mean was calculated
to improve accuracy and reduce individual errors (2).

aśr =
a730 + a733

2
(2)

To better illustrate the results and compare the waveforms with the WSTC curve, the
resultant acceleration was presented in overload units, equal to the acceleration of gravity (3).

a =
aw

g
(3)

2.2. Description of the Measuring Station and Accelerometers

Head and wrist accelerations were recorded using wireless ProMove-mini inertial mea-
surement units (Inertia Technology, Enschede, The Netherlands) [68]. Each node integrates
triaxial low-g accelerometers, triaxial gyroscopes, triaxial magnetometers, a high-g accelerom-
eter (up to ~400 g), and a barometric sensor, providing 10-DOF inertial data. The network
supports sub-microsecond synchronized sampling across multiple nodes with sampling rates
up to 1 kHz; data can be logged to on-board flash memory and/or streamed via a 2.4 GHz
gateway to Inertia Studio for real-time visualization and export [69]. Devices are battery-
powered and housed in an ergonomic casing that enables stable strap or surface mounting.
The geometry and mounting method were designed for simple and accurate attachment. The
set includes dedicated software for real-time data observation and recording.

2.3. Primus Unbreakable Dummy

The analyzed punches were delivered to a dummy produced by CTS Dummy–Solution
(CTS Dummy-Solution GmbH, Münster, Germany) [70]. This study used an artificial head
mounted on a movable neck. Due to its construction and materials, this product closely
replicates human body parameters. The manufacturer provides dummies in various mass,
height, and build configurations. For this study, a three-degree-of-freedom artificial head
was used, mounted on a movable neck attached to a steel plate. The model is characterized
by high durability and repeatability.

Figure 1 shows the structure and mounting locations of the accelerometers used to
measure accelerations during impacts.

  
(a) (b) (c) 

Figure 1. The structure of the PRIMUS unbreakable dummy: (a) model with artificial skin applied,
(b) internal structure of the head with the skull, (c) base neck with mounted acceleration sensors.

2.4. Protective Equipment
2.4.1. Boxing Gloves

To study the impact of personal protective equipment on brain injury risk, two pairs of
standardized boxing gloves were used. The gloves’ weights were measured before the tests
and are presented in Table 1. Both pairs had an outer layer of natural leather and a damping
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core made of polyurethane (PU) foam, along with an inner comfort layer (synthetic fabric).
The inner material responsible for cushioning and hand fit was foam; in both cases, a large,
adjustable Velcro strap ensured proper fit and stability.

Table 1. Mass of the used boxing gloves.

# Class Mass (oz) Measured Mass (g) Picture of the Boxing Gloves

1 10 273.6

2 16 463.0

The boxing gloves used in this study were commercially available models intended for
training and amateur competition. The 10 oz gloves (Benlee, Neuss, Germany) are classified
as amateur-standard gloves and are commonly used in amateur boxing bouts, where glove
mass is regulated at approximately 284 g. The measured mass of the tested 10 oz gloves was
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273.6 g, which is within the acceptable manufacturing tolerance for amateur equipment. The
16 oz gloves (DBX Bushido, Żędowice, Poland) are training gloves designed primarily for
sparring and technical training rather than official competition. Their measured mass was
463.0 g, which exceeds professional bout standards (typically 12 oz ≈ 340 g) but is consistent
with widely accepted training practice. The use of 16 oz gloves was intentionally selected to
represent a higher-mass glove configuration commonly employed during training sessions to
reduce superficial injuries and distribute impact forces over a larger contact area. Including
16 oz gloves allowed assessment of how increased glove mass and padding thickness influence
head acceleration and impact biomechanics, despite such gloves not being used in official
amateur or professional bouts, where 10–12 oz gloves are standard.

Polyurethane foams are characterized by high elastic deformation capacity and good
fatigue durability. Their damping properties depend on thickness (typically 30–40 mm)
and density (approx. 60–80 kg/m3). Research by the authors of [49] showed that properly
designed gloves can reduce peak impact forces by up to 40%, although their effectiveness
decreases as the kinetic energy of the impact increases [49].

2.4.2. Boxing Helmet

An A-size L boxing helmet was used to protect the head. A crucial parameter for
brain protection is the additional mass of the protective equipment, its fit to the user’s
head, and compliance with EU regulations. The tested helmet weighed 290.0 g. The boxing
helmet used in this study was a commercially available training helmet (DBX Bushido,
Żędowice, Poland), intended primarily for training and sparring rather than for official
amateur or professional competition. This model is not approved by the International
Boxing Association (AIBA) for competition use, unlike certified competition helmets manu-
factured by companies such as Green Hill (Tostedt, Germany), Adidas (Herzogenaurach,
Germany), Everlast (New York, United States). The headgear was selected as a repre-
sentative example of training headgear commonly used in daily practice, characterized
by extended coverage and a multilayer foam structure designed to increase contact time
and distribute impact forces during repeated impacts. The choice of training headgear
rather than an AIBA-approved competition model was deliberate. Competition helmets
are subject to strict regulations regarding mass, thickness, and field of vision, which limit
their energy-absorption capacity and prioritize performance and visibility during bouts. In
contrast, training headgear typically employs thicker, more compliant padding to reduce
superficial injuries and attenuate repeated sub-concussive impacts. The selected headgear,
therefore, enabled evaluation of how increased padding thickness and additional head
mass influence head acceleration and kinematic response, which is particularly relevant
under training conditions where helmets are used extensively.

The boxing helmet used in this study consisted of several functional layers:

• Outer layer: synthetic leather (PU– polyurethane or PVC—polyvinyl chloride) with
hydrophobic properties and high abrasion resistance.

• Middle layer: closed-cell foam (EVA—ethylene vinyl acetate—or PU); the primary
function of this layer is to absorb impact energy by compressing the enclosed air cells.

• Inner layer: soft comfort foam responsible for fit and moisture management.

EVA foams exhibit an elastic modulus of 0.5–1.5 MPa and good resistance to elastic
deformation; however, their energy-damping capacity may decrease after repeated high-
force impacts. Studies by Hoshizaki et al. indicate that, in multilayer sports helmets, the
maximum reduction in peak linear acceleration (PLA) is approximately 30–40% compared to
no protection [57]. In practice, foams with a density of 45–70 kg/m3 used in boxing helmets
provide a compromise between weight and energy absorption capacity. However, increased
material thickness and stiffness can negatively affect an athlete’s spatial perception and may
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increase the risk of distance misjudgment, which can indirectly contribute to injury [52]. In
recent years, foams with variable density and open-cell structures have also been developed,
enabling improved dissipation of impact energy across different impact force levels.

2.4.3. Rugby Helmet

In contact sports such as rugby, a helmet is not required equipment because of the
game’s dynamic nature and the rules governing set pieces (e.g., scrums and throw-ins). Any
head protection must remain small and lightweight to reduce the risk of serious injuries
during contact. A throw-in is formed at the place where the ball is put back into play after
the captain has determined the number of players taking part; then, a line player throws the
ball into a perpendicular tunnel between the two formations. In this context, the primary
role of a rugby helmet is to protect against cuts, abrasions, and ear injuries rather than to
prevent concussion from high-energy impacts.

The rugby helmet used in the present study was a commercially available soft-shell
headgear (Canterbury, Auckland, New Zealand), size L. This model complies with the
World Rugby Regulation 12, which specifies requirements for headgear used in official
rugby competition, including limits on thickness, density, mass, and material stiffness. This
helmet is approved by World Rugby for use in match play and training and represents
a standard example of a competition-legal rugby helmet. The rugby helmet used in the
present study weighed 90.5 g (≈90 g) (Figure 2) and featured a relatively thin foam layer,
consisting of an outer polyurethane (PU) textile shell and a core of open-cell EVA foam with
a density of 45 kg/m3. Open-cell foams exhibit higher viscoelasticity and can dissipate
energy through airflow between pores, thereby increasing contact duration and reducing
peak acceleration [62]. This type of helmet can reduce peak linear accelerations by up to
50% under laboratory conditions. At the same time, the low mass of this design limits
any increase in the head’s moment of inertia, making it more effective at attenuating
lower-energy impacts but less effective for high-force, localized (point) impacts.

 
(a) (b) 

Figure 2. Measuring the mass of (a) a rugby helmet and (b) a boxing helmet.

2.5. Experimental Procedure

This study was reviewed and approved by the Ethics Committee of Wrocław Univer-
sity of Science and Technology (Approval O-24-51, 24 October 2024). Two volunteers with
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amateur boxing backgrounds participated in the study. The female participant (36 years,
168 cm, 54 kg) had two years of training experience, practicing 2–3 times per week in tech-
nical drills, coordination exercises, and controlled sparring. The male participant (25 years,
174 cm, 72 kg) had three years of amateur boxing experience, training 3–4 times per week
and regularly engaging in technical–tactical drills, endurance conditioning, strength ex-
ercises, and sparring. Both individuals were purposively recruited from a local boxing
club, were fully informed about the study procedures, and provided written informed
consent in accordance with the mentioned ethical approval. Basic anthropometric measure-
ments (body mass and height) were obtained using standard laboratory procedures with
an accuracy of 0.1 kg and 0.5 cm, performed in light sportswear, without shoes, and in a
resting state. Both were familiarized with the protocol to deliver seated straight punches
with a neutral wrist at a fixed distance. Basic anthropometry (stature and body mass) was
recorded to contextualize punch mechanics; given the pilot design (n = 2), no normalization
or inferential analysis by anthropometry was performed. Each performer executed at least
nine valid impacts per equipment condition. A trial was repeated if off-axis contact, wrist
rotation, or camera/IMU desynchronization was observed. To minimize the influence of
shoulder girdle rotation during the punch, the individuals delivering punches were seated
at a distance ensuring that the end of the punch’s range extended approximately 5 mm
beyond the dummy (Figure 3). This setup reduced the introduction of shear accelerations
and allowed for focused examination of protective systems. Before each session, IMUs
were zeroed and time-synchronized; camera scale was verified using a rigid calibration
object; marker visibility was checked across the impact arc. Trials with tracking loss, off-axis
contact, or IMU dropouts were repeated immediately.

 

Figure 3. Maximum forearm range during the impact.

High-speed cameras were positioned perpendicularly to the test area before motion
tracking. To facilitate video analysis and acceleration assessment, special white markers on
a black background were applied to the gloves, helmets, and dummy (Figure 4).

One IMU was secured to the athlete’s wrist using factory straps to record hand
kinematics (Figure 5). Two additional IMUs were mounted inside the dummy’s skull
to capture head accelerations (Figure 5); redundant mounting was used to reduce noise
and asymmetry. A glove-internal sensor was piloted but excluded from analysis due to
compression-induced displacement and noise. Mounting positions and device IDs are
summarized in Table 2.

https://doi.org/10.3390/app16041999

https://doi.org/10.3390/app16041999


Appl. Sci. 2026, 16, 1999 10 of 26

  
(a) (b) 

 

(c) (d) 

Figure 4. Marker placement on (a) rugby helmet, (b) boxing helmet, (c) 10 oz glove, and (d) 16 oz glove.

(a) (b) 

Figure 5. Location of accelerometers on the wrist cavity (a) and of mounting accelerometers relative
to the neck (b).

Table 2. The accelerometer number depends on the mounting location.

Installation Location Accelerometer Number

Wrist 728

Fingers 732

Head 1 730

Head 2 733

2.6. Data Processing

Each accelerometer measured acceleration changes over time in three different planes.
Due to the degrees of freedom and nature of the impact, the resultant acceleration value
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was calculated for each sample. The arithmetic mean of the accelerations recorded inside
the dummy’s skull was computed to increase accuracy and exclude individual errors.

2.7. The Course of the Study

The analysis covered translational acceleration, which attains its maximum value in
frontal, so-called simple impacts. The movement started with the hand positioned at the
jaw, parallel to the body axis (Figure 6); then, a perpendicular impact was delivered to
the dummy’s head axis without wrist rotation. After the hand contacted the head, the
initial phase was returned. Punches were delivered by two participants (one male and
one female) from a seated position at a fixed distance from the dummy. For each test
configuration, multiple punches were performed, and only impacts consistent with the
prescribed technique were included in the analysis.

  
(a) (b) 

Figure 6. The initial phase of the impact (a) and the final phase of the impact (b).

After the impact, sensor data were recorded and analyzed using Microsoft Excel and
MATLAB 2025a. During the tests, the actual change in the acceleration values was observed
in the Inertia Studio program. In Figure 7, we can see the impact’s course across three
frames, with a 100 [ms] gap between them.

   
(a) (b) (c) 

Figure 7. Impact course: (a) 0 ms, (b) 100 ms, and (c) 200 ms.
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3. Results
3.1. Acceleration Achieved

Based on the obtained graphs and results, the maximum and minimum acceleration
values were analyzed, and the course of the head returning to its initial state was also taken
into account. The graphs were grouped for fixed protective equipment on the striker’s
hands and the variable dummy PPE.

Figure 8 shows a graph of a woman punching a dummy without gloves or protective
equipment. The following graphs (Figures 9–13) and tables (Tables 3–8) show the results
for the remaining tests, with boxing gloves on.

The wrist acceleration values showed a rapid increase at impact, followed by a return
to baseline. The peak acceleration values ranged from 195.00 to 271.77 m/s2, indicating a
significant force applied during the punch. The accelerations recorded inside the dummy’s
head were lower due to the cushioning effect of the gloves and helmet.

Table 3. Summary of results for punching women, without gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 246.61 85.69

Min. 7.63 1.98

Overload [g]
Max 25.14 8.74

Min. 0.78 0.20

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 271.77 84.80

Min. 0.82 3.69

Overload [g]
Max 27.70 8.64

Min. 0.08 0.38

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 258.27 81.25

Min. 2.83 3.53

Overload [g]
Max 26.33 8.28

Min. 0.29 0.36
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Figure 8. Head acceleration values for impacts by a woman without gloves.

Table 4. Summary of results for women’s punches with 10 oz gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 236.14 86.90

Min. 5.12 4.43

Overload [g]
Max 24.07 8.86

Min. 0.52 0.45

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 256.92 63.99

Min. 3.51 5.09

Overload [g]
Max 26.19 6.52

Min. 0.36 0.52

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 262.37 84.26

Min. 2.08 2.49

Overload [g]
Max 26.75 8.59

Min. 0.21 0.25
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Figure 9. Head acceleration curves for impacts by a woman wearing 10 oz gloves.

Table 5. Summary of results for women’s punches with 16 oz gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 195.20 76.18

Min. 9.08 4.95

Overload [g]
Max 19.89 7.77

Min. 0.93 0.50

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 217.00 78.75

Min. 6.53 4.64

Overload [g]
Max 22.12 8.03

Min. 0.67 0.47

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 231.50 65.00

Min. 8.12 5.08

Overload [g]
Max 23.60 6.63

Min. 0.83 0.52
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Figure 10. Head acceleration curves for impacts by a woman wearing 16 oz gloves.

The subsequent results were obtained for punches performed by the man; the graphs
and tables are presented in the same order as the previous results.

Table 6. Summary of results for men’s punches, without gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 268.67 81.07

Min. 3.99 1.51

Overload [g]
Max 27.39 8.26

Min. 0.41 0.15

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 271.77 83.15

Min. 3.56 0.83

Overload [g]
Max 27.70 8.48

Min. 0.36 0.08

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 271.61 45.28

Min. 6.26 6.75

Overload [g]
Max 27.69 4.62

Min. 0.64 0.69
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Figure 11. Head acceleration values for impacts by a man without gloves.

Table 7. Summary of results for men’s punches, 10 oz gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 237.80 78.22

Min. 0.49 1.69

Overload [g]
Max 24.24 7.97

Min. 0.05 0.17

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 258.88 53.26

Min. 2.22 7.48

Overload [g]
Max 26.39 5.43

Min. 0.23 0.76

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 239.39 47.95

Min. 1.63 5.89

Overload [g]
Max 24.40 4.88

Min. 0.17 0.60
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Figure 12. Head acceleration curves for impacts by a man wearing 10 oz gloves.

Table 8. Summary of results for men’s punches, 16 oz gloves.

Boxing helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 223.00 62.18

Min. 2.88 2.03

Overload [g]
Max 22.73 6.33

Min. 0.29 0.21

No helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 228.49 46.07

Min. 2.24 3.46

Overload [g]
Max 23.29 4.69

Min. 0.23 0.35

Rugby helmet

Accelerometer Wrist Head

Acceleration [m
s2 ]

Max 225.78 61.33

Min. 3.34 1.70

Overload [g]
Max 23.01 6.25

Min. 0.34 0.17
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Figure 13. Head acceleration curves for impacts by a man wearing 16 oz gloves.

3.2. Neck Swing Range

Thanks to video image analysis in TEMA Motion 3.4 (Image Systems Motion Analysis,
Linköping, Sweden), the course of changes in the dummy’s head deflection during impacts
was obtained. The results were presented separately for the impacts delivered by a woman
(Figure 14) and a man (Figure 15).

Figure 14. Recorded the change in head tilt angle during the woman’s impact.
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Figure 15. Recorded the change in head tilt angle during the man’s impact.

3.3. Energy Absorption and Protective Performance of Helmet

Despite advances in material design, helmet performance declines proportionally with
increasing impact energy due to limitations in foam deformation capacity. This highlights
the need to optimize density, thickness, and geometric configuration, as well as to explore
novel materials, such as metamaterials or 3D-printed structures, that could offer tailored
protection while minimizing mass and bulk.

The performance of the helmet is evaluated through metrics such as the Head Injury
Criterion (HIC). The HIC is calculated using the standard method based on the resultant
acceleration of the head’s center of gravity over a specific time interval [39] (Table 9). This
metric provides a composite measure of injury risk, where values exceeding 1000 indicate a
high likelihood of life-threatening trauma. Protective helmet aims to maintain PLA below
critical thresholds (e.g., 300 g) and HIC within safe limits, accounting for impact duration.

Table 9. Head Injury Criterion calculated for the impact matrix.

0 oz MALE FEMALE

HIC15 HIC36 HIC15 HIC36

Boxing_Helmet 167.60 167.60 167.60 167.60

Without_Helmet 167.40 167.70 167.50 167.50

Rugby_Helmet 166.70 166.70 167.30 167.30

10 oz MALE FEMALE

HIC15 HIC36 HIC15 HIC36

Boxing_Helmet 168.00 168.00 168.60 168.80

Without_Helmet 167.00 167.50 168.20 168.90

Rugby_Helmet 167.80 167.80 168.10 168.10

16 oz MALE FEMALE

HIC15 HIC36 HIC15 HIC36

Boxing_Helmet 168.20 168.40 167.80 168.10

Without_Helmet 167.20 167.60 167.80 168.30

Rugby_Helmet 168.10 168.30 168.60 168.90
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4. Discussion
The human brain is the most important organ and requires the greatest protection.

In contact sports, we can identify several methods to reduce the risk of head injuries,
including personal protective equipment such as gloves or helmets. The aim of this study
was to biomechanically evaluate available boxing equipment and to determine the response
of the cranial–cerebral system to the physical forces generated by a boxing punch. This
objective was achieved, and the predefined hypotheses were partially confirmed: head
protection reduced peak linear acceleration in several configurations; increased helmet
mass was associated with higher kinematic responses in selected cases; and glove mass
influenced head loading depending on punch biomechanics. Given the pilot nature of the
work (n = 2), these findings should be interpreted as mechanistic observations rather than
population-level estimates.

Across conditions, the dummy exhibited a damped oscillatory head tilt response, with
the largest angular excursions occurring after ungloved impacts. Increasing glove mass re-
duced head tilt amplitude, and both helmets attenuated rotational motion, with the boxing
helmet showing the greatest damping effect, followed by the rugby headguard. Peak head
acceleration values consistently clustered within a range across several glove–headgear
combinations, indicating that equipment-related differences at these impact energies are
modest. Notably, HIC values remained similar across all test configurations, underscoring
the limited sensitivity of the HIC to moderate variations in protective-equipment design
and highlighting the importance of including rotational metrics in injury risk assessment.

This study also revealed characteristic differences between the two headgear types.
The boxing helmet occasionally generated higher linear accelerations, due to its greater
mass and the resulting increase in rotational inertia, whereas the lighter open-cell rugby
headguard dissipated low-energy impacts more effectively. No consistent relationship
was observed between glove mass and head acceleration across participants, reflecting the
influence of individual biomechanics and striking technique.

Beyond these findings, this study provides four methodological contributions: (a) a
dual-modality measurement framework combining IMUs with high-speed video, enabling
simultaneous analysis of linear and rotational head responses; (b) empirical demonstra-
tion of HIC insensitivity in low-to-moderate boxing-like impacts; (c) the first controlled
comparison of training boxing headgear and competition-approved rugby headgear under
identical conditions; and (d) a repeatable laboratory protocol that balances controlled pos-
ture and punch trajectory with human-generated impacts, suitable for future larger-scale
studies. Overall, the results illustrate the multifactorial nature of head-impact mitigation
and emphasize that evaluating protective equipment requires attention not only to peak
linear acceleration but also to rotational dynamics and the interaction between equipment
mass, material properties, and user biomechanics.

Biomechanical studies have shown that the elastic-damping properties of the foam
are crucial for reducing both linear and rotational head acceleration, which are major risk
factors for brain injury [50]. In recent years, new materials have also been developed, such
as variable-density foams, thermoplastic elastomers (TPEs), and shape-memory composite
structures, which better adapt to varying levels of impact force. Additionally, the use of
numerical simulation technologies (e.g., finite element methods) allows for more precise
analysis of force distribution within the head and optimization of helmet designs to mini-
mize brain acceleration [56]. Advances in polymer materials and safety engineering have
enabled power supplies to be activated by adaptive adapters to various impact signals
and to be captured by the rotational energy transferred to the control system [71,72]. This
research has implications not only for boxing but also for the broader context of safety in
contact sports.
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Our results indicate that the protective effectiveness of these elements is not unam-
biguous and depends on a range of physical, structural, and psychological factors. The
use of a boxing helmet was intended to reduce the loads acting on the head by increasing
contact time and dispersing the impact energy. In practice, however, cases were observed
in which head acceleration values increased compared to the situation without protection.
This effect can be attributed to the increased mass of the head–helmet system, which leads
to a higher moment of inertia and the generation of greater rotational accelerations—a key
factor in the mechanisms underlying concussion [73–76].

The test results also indicate that heavier gloves (16 oz) do not always reduce head
acceleration. In men, heavier gloves led to higher loads, likely due to greater punch kinetic
energy. In women, the opposite relationship was observed, which may result from reduced
hand speed and muscle force under greater load. The load values did not exceed injury
threshold levels (according to the WSTC curve), suggesting that single impacts do not cause
direct brain damage. However, frequent, repeated microtraumas may lead to structural
damage of neural tissue and the accumulation of tau protein, characteristic of chronic
traumatic encephalopathy (CTE) [7].

The overload occurring during the tests was significantly lower than the values
presented in the WSTC tolerance curve. In such a situation, a single blow should not
result in brain contusion, but one should remember the frequency of blows to the face
during a boxing fight. Minor injuries, occurring frequently or systematically, may lead
to complications and increase the risk of Parkinsonism or Boxer’s encephalopathy. The
accuracy of measurements may still depend on external factors, such as the stability of the
measuring equipment, predispositions, and differences in striking technique.

An additional important aspect in protecting the central nervous system is neck injuries.
In a 2010 CMAJ article by Kelly Russell, MSc, and Josh Christie, BHSc, over 10 studies
were reviewed regarding the effect of helmets on the increased risk of whiplash injuries in
winter sports. Based on these studies, there was no association between wearing a helmet
and an increased risk of neck injuries, which confirms the safety of helmets [59,77,78]. The
protocol and dataset can serve as a screening/benchmarking tool for protective-equipment
R&D, highlighting that HIC may remain insensitive under low-to-moderate impacts while
angular kinematics change—supporting the routine inclusion of rotational metrics in design
verification. The controlled human-delivered setup provides parameters for calibrating
mechanical impact rigs and for validating computational models (e.g., finite element method),
and it informs design choices that balance mass distribution and damping without assuming
that higher mass is protective.

Many articles, scientific papers, and expert opinions on injuries in contact sports
agree that education and awareness of the consequences are important factors influencing
athletes’ safety. In the Olympic formula, a boxing match lasts 9 min (3 × 3 min), and the
average number of blows to the head is 33.4. In contrast, for taekwondo, the fight lasts 6
min (3 × 2 min), and the number of blows to the face is 7.32. Despite the differences related
to the rules, scoring system, or motor preparation, both disciplines are burdened with a
high risk of injuries, such as a concussion. Much of the technology used in boxing and
American football is not available in lesser-known disciplines, which reduces the ability to
protect athletes. It should also be emphasized that the regulations specifying the forms of
contact and permitted punches are important [31,79].

5. Limitations
The protective effectiveness of personal protective equipment in boxing is influenced

by multiple interacting factors, including material properties, structural design, individual
biomechanics, and the broader training environment. This study should be interpreted as a
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pilot methodological investigation based on two volunteers (n = 2), intended to validate
a synchronized IMU–video measurement framework rather than to provide population-
level estimates; thus, the findings cannot be generalized or used for sex-based inference.
Although punch execution was standardized through a fixed posture, predefined trajectory,
and high-speed video oversight, natural variability in human movement could not be
completely eliminated, and small differences in punch velocity may have affected recorded
accelerations. The use of a biofidelic dummy ensured mechanical repeatability but cannot
fully reproduce the neuromuscular responses, soft-tissue deformation, or adaptive behav-
ior of the human head–neck complex during real impacts. The analysis was restricted
to selected models of boxing gloves and headgear; differences in construction, padding
geometry, and certification standards across commercially available products may yield
different biomechanical responses. Observed trends in head acceleration patterns reflected
equipment mass, material stiffness, and changes in head dynamics, but these effects should
be interpreted cautiously due to the limited sample size. Ultimately, while the experimen-
tal system demonstrated good repeatability, future work should incorporate controlled
impact-delivery mechanisms and a broader range of equipment designs to enhance re-
producibility, support numerical model validation (such as a finite element approach),
and improve the translational relevance of laboratory findings to real-world training and
competition scenarios.

6. Conclusions
This pilot biomechanical study examined the performance of selected personal

protective-equipment configurations during controlled boxing punching delivered to an
anthropomorphic dummy. Using a synchronized IMU–video framework, we quantified
both linear head acceleration and rotational head tilt kinematics for a boxing helmet, a
rugby headguard, and gloves of different masses under standardized conditions. The mea-
surement system proved effective, and the study’s hypotheses were partially confirmed:
head protection reduced peak linear acceleration in several configurations; higher headgear
mass was associated with increased kinematic responses in selected cases; and glove mass
influenced head loading depending on punch biomechanics. These findings are exploratory
and should not be generalized due to the pilot study design.

The lighter, open-cell rugby headguard provided more favorable attenuation at low-
to-moderate impact energies than the heavier boxing helmet, while glove mass effects
varied between participants, reflecting individual striking mechanics. Rotational responses
were further reduced by head protection, and no substantial sex-related differences were
observed under comparable conditions, suggesting that equipment characteristics played
a more dominant role than striker sex in this context. Overall, the results highlight that
effective head protection depends on balancing energy absorption with mass distribution
to limit both linear and rotational accelerations.

Ultimately, athlete safety is determined not only by protective-equipment design but
also by correct and consistent equipment use, appropriate fitting, regulatory oversight, and
awareness of the long-term neurological risks associated with repeated sub-concussive impacts.
The validated measurement protocol provides a foundation for future, larger-scale studies
and for the development and testing of enhanced protective systems in combat sports.
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The following abbreviations are used in this manuscript:

TBI Traumatic Brain Injury
mTBI Mild Traumatic Brain Injury
CTE Chronic Traumatic Encephalopathy
HIC Head Injury Criterion
HIC15 Head Injury Criterion calculated over a 15 ms interval
HIC36 Head Injury Criterion calculated over a 36 ms interval
PLA Peak Linear Acceleration
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