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This study presents an in silico finite element (FE) model-based biomechanical analysis of brain injury metrics
and associated risks of a soccer ball impact to the head for aware and unaware athletes, considering ball impact
velocity and direction. The analysis presented herein implements a validated soccer ball and 500 percentile
human head computational FE model for quantifying traumatic brain injury (TBI) metrics. The brain’s me-
chanical properties are designated using a viscoelastic-viscoplastic constitutive material model for the white and
gray matter within the human head FE model. FE results show a dynamic human head-soccer ball peak contact
area of approximately seven times greater than those documented for helmet-to-helmet hits in American Foot-
ball. Due to the deformable nature of the soccer ball, the impact dynamics are unique depending on the location
and velocity of impact. TBI injury risks also depend on the location of impact and the impact velocity. Impacts to
the rear (BrIC:0.48, HIC;5:180.7), side (BrIC:0.52, HIC;15:176.5), and front (BrIC:0.37, HIC;5:129.0) are associ-
ated with the highest injury risks. Furthermore, the FE results indicate when an athlete is aware of an incoming
ball, HIC;5-based Abbreviated Injury Scale 1 (AIS 1) injury risks for the front, side, and rear impacts decrease
from 10.5%, 18.5%, and 19.3%, respectively, to approximately 1% in front and side impacts and under 6% in a
rear impact. Lastly, the unique contact area between the head and soccer ball produces pressure gradients in the
ball that translate into distinguishable stress waves in the skull and the cerebral cortex.

1. Introduction remains most prone to concussive injuries with 80% reported to have

sustained at least one concussion during their career [7]. Studies indi-

Throughout the world, soccer is enjoyed by athletes of all ages at
various levels of play proficiency. It has been reported approximately
265 million athletes worldwide participate in the game of soccer [1].
Some athletes begin playing soccer as early as six years of age, when
neurological development is at a profound stage [2]. It has been re-
ported for sports related concussions, soccer accounts for approximately
37%, combined for both men’s and women’s sports [3]. Additionally,
soccer ball headings have been shown in one study may produce peak
head accelerations 160 — 180% greater than those seen in noninjuries
football (American) or hockey impacts [4] related head impacts. It has
also been reported that concussions are responsible for 5.8% of all in-
juries during a men’s soccer game [5] and 8.6% of all injuries in females
[6] over 15-year duration. Interestingly, the goal keeper position

cate approximately 62% of soccer athletes experienced a concussion
during their career; and, statistics reveal that only 20% of athletes
realize and acknowledge a concussion has been sustained [8]. This
suggests that some athletes may continue to play while concussed,
leaving them vulnerable to further neurological impairment. It is note-
worthy that most studies neglect to indicate the true causation of the
concussion, such as player to player contact; or, player to ball contact.
However, in response to the reported concussions, research groups are
thoroughly investigating the effects and concerns related to repeated
impacts in soccer players [9].

Presentation of chronic traumatic encephalopathy (CTE) has been
seen to occur after repeated head trauma and is characterized by pro-
gressive neurological degeneration [10]. Significant research aims to
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investigate the correlation between CTE and repeated brain trauma,
including head impacts that result in symptoms inferior to the threshold
associated with the diagnosis of a concussion [11]. Common symptoms
of concussions consist of headaches, nausea, fatigue, and possible
changes in vision, especially diplopia (or, double vision). Since common
soccer techniques, such as heading a soccer ball, are rarely reported, to
acknowledge these concussive symptoms, other areas of neurological
impairment have drawn interest from researchers. Head impacts have
been known to affect an individual’s neurological functioning, such as
memory and planning capabilities. A solid correlation has been estab-
lished [12] indicating repeated exposure to soccer competitions often
heightened deterioration of memory and planning capabilities, deter-
mined by psycho-neurological testing and evaluation.

FE soccer ball models have previously been developed to accurately
represent the behavior of a FIFA regulation size soccer ball (size 5) [13,
14]. There are limited numerical studies which focus on the relationship
between the location of impact on the players head and corresponding
risk of injury. One particular study utilizes a finite element analysis
(FEA) approach to examine the results of heading a soccer ball on the
forehead or on top of a player’s head with the possible occurrence of a
mild TBI [15]. Additionally, head to ball contacts in soccer have been
shown to cause concussion [16]. It has also been indicated that soccer
headings independently contribute to cognitive impairment [17].
Particularly, a heightened risk of injury is caused by impact to the
forehead and temple of the head, rather than the occiput region of the
head [16,18]. Since soccer ball headings frequently occur during a
match, the forehead region (including the scalp and supraorbital ridge)
is frequently subjected to impact by the soccer ball. For this reason, great
interest exists to understand the risk of injury associated with this
technique. Research has evaluated the effects of a single ball to head
impact by assessing the soccer ball at velocities between 10 and 30 m/s
on a Hybrid III test dummy [18]. Using the Head Injury Power (HIP),
injury criteria, results indicate a singular impact from a soccer ball poses
less than a five percent risk of resulting in concussive symptoms [18].
However, other studies suggest that a soccer ball striking a player’s head
is associated with significant neurological injuries, such as a large
chronic and/or subacute subdural hematoma [19]. Finally, repeated
impacts to a player’s head region have been correlated to reduced brain
function regarding memory consolidation, planning ability, and mental
dexterity [20,21].

During active heading of a soccer ball, the player anticipates contact
with the ball, which cause the neck muscles to tense in preparation for
stabilizing the head and neck. Most heading related concussions occur
when a player is not expecting contact with the incoming soccer ball as
opposed to a player purposefully heading the ball [22]. When a soccer
player is intentionally heading a soccer ball, activated neck muscles
limit the movement of the player’s head. As the strength of the neck
increases, the athlete can better control and reduce the movement of the
head and thus, mitigate the severity of injury [23-26]. Conversely, if the
player is not expecting to achieve contact with the soccer ball using their
head, the neck region fails to limit motion of the head in the same
prospective manner; thus, increasing the kinematic range of movement
of the head. In turn, increasing the likelihood and probability of injury
due to soccer ball headings.

In the present study, a finite element (FE) model consisting of a
human head and soccer ball is developed to evaluate head injury risk,
severity, and mechanisms associated with heading a soccer ball. Using
this FE model, this study investigates the effects of the impact location,
impact velocity, and an active or passive neck condition during headings
by soccer athletes.

2. Methods
2.1. Finite element model development

Herein, an FE model of a size 5 regulation-size soccer ball (FIFA) is
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developed to conduct impact simulations with a previously developed
50% percentile human head to study the impact caused by heading a
soccer ball. The dimensions and density measurements of the soccer ball
are extrapolated from the literature [13] and are defined as a spherical
shape with a diameter of 220 mm. The ball consists of two layers, an
inner latex bladder layer and an outer shell layer. The inner layer has a
thickness of 0.8 mm and a density of 1175 kg/m?; the outer shell has a
thickness of 2.2 mm and a density of 900 kg/m>. Mechanical testing of
the soccer ball was conducted through uniaxial tensile testing [27] and
the experimental data is used to define a reduced polynomial strain
energy equation. This serves as an acceptable, hyperelastic model,
considering its coefficients could be well defined by this type of exper-
iment. The reduced polynomial strain energy potential equation is
shown by Eq..
N
U = Zcio(il - 3)1 +
i=1

i

1 i
U =) ¢

N
i=1

i

In Eq. 1, Gy and D; are material constants, I, is the first strain
invariant, J is the elastic volume ratio and U represents the strain en-
ergy per unit of reference volume. The soccer ball is assumed to be fully
incompressible; therefore, the D; material constants are set to 0. The
inner latex bladder layer and the outer shell layer are characterized
using a fourth order and fifth-order polynomial strain energy potential,
respectively. To model the viscous material properties of the soccer ball,
a proportional damping stiffness (fr) coefficient is defined in the outer
panel material model. This damping is introduced in proportion to the
strain rate, which is similar to defining viscous material damping. Thus,
creating an additional damping stress, (64) proportional to the total
strain as seen in Eq. 2 where D is the material’s current elastic stiffness
and ¢ represents strain rate.

64 = D¢ 2)

The value of the proportional damping stiffness is determined by an
iterative process and observation of the results of the ball’s verification
simulations. The value of the damping stiffness that best fits the com-
parison data is determined to be 0.00025. The ball’s mesh is designed
using shell elements, since the thickness of the ball is less significant in
comparison to the other dimensions of the soccer ball.

Prior to any soccer ball being used in a game, it must be inflated to a
specified pressure. A ball pressure of 0.09 MPa lies within the pressure
range used for regulation soccer games [28] and is implemented for
these simulations. This value also represents an approximate mean of
the allowable pressure ranges and has been used in previous studies for
developing FE models of a regulation soccer ball [13,27]. To represent
the air pressure, a surface fluid-based cavity technique is defined for the
analysis. This is accomplished by coupling a cavity reference node at the
center of gravity of the soccer ball to its inner surface. To define the air in

the ball, the molecular weight is defined as 0.02897 % Additionally,
since this study is performed using an explicit analysis, the heat capacity

(Cp) is required. This is achieved by applying the polynomial form of
heat capacity, as shown by Eq. 3, where E,E, <, E, and e are gas constants,
@ is the current temperature, and 6 represents temperature of absolute
zero (0).

Co=a+b(0—0")+2(0— ) +d(0-0) +—— 3)
©-¢)

The calibrated stress-strain curves for the inner latex bladder layer
and the outer shell layer defined by the hyperelastic material model are
shown in Supplemental Fig. 1. The material constants described in this
definition, as well as the hyperelastic material definition, are delineated
in Table 1. To allow for gradual inflation of the soccer ball, an inflation
step is defined for 1ms, to enable the soccer ball to achieve a state of
equilibrium prior to the impact simulation. This prevented any distor-
tion of elements caused by rapid expansion of the ball.
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Table 1
Soccer ball hyperelastic material constants, heat capacity of air constants used in
the soccer ball finite element model, and the body moment of inertia.

inner bladder Outer panel heat capacity Moment of

(MPa) (MPa) inertia (N-m?)
Cio 012 Cio 124 @  28.110 (J/mol-K) I; 1356
Cyp 017 Cyp —24.5 5 1.967e-3 (J/mol-K?) I, 14.28
Csp —0.24 Cso 841 ¢ 4.802e-6 (J/molK®) I3 1.42
Csq 0.14 Cs —1260 g —1.966e-9 (J/mol-K*

Cso  72.0 € 0.0 (J/molK®)

2.2. Soccer ball model validation

To ensure that the FE soccer ball appropriately modeled the behavior
of a FIFA regulation size 5 soccer ball used for regulation games, the ball
is verified by simulations of the soccer ball impacting a rigid wall. The
results are compared with experimental data [27]. To model the contact
between the ball and the plate, a surface-to-surface contact is used with a
hard contact pressure overclosure relationship. Impact velocities for
verification included 11, 15, 20, 22 and 28 m/s.

The validation criteria are defined by considering the maximum
displacement of the soccer ball, the contact time with the wall, and the
coefficient of restitution. The coefficient of restitution is defined as the
ratio of the exit velocity of the soccer ball to its initial velocity. This
validation study is conducted using these three criteria and are
compared to the experimental data (Supplemental Fig. 2). It is shown
that the FE model of the soccer ball resembled the actual behavior of a
regulation size ball during experimental testing.

Additionally, to determine the optimal number of elements required
to represent the response of the soccer ball, a mesh convergence study is
performed. This is accomplished by simulating a soccer ball with an
initial velocity of 20 m/s impacting a rigid wall at different mesh den-
sities; in which duplicate criteria as the validation study is considered. It
is evident that at approximately 3,000 elements, minimal changes to the
response exist (Supplemental Fig. 2). This number also serves the in-
terest of minimizing the computational time, maximizing cost efficiency
of the simulations and, therefore, is adopted as the specified mesh
density.

2.3. Human head FE model description and validation

The human head model represents a 50th-percentile male athlete
and includes distinct representations of the scalp, cranium (skull), ce-
rebral spinal fluid (CSF) and the brain. The entire FE head model consists
of 1,248,377 elements. A viscoelastic-viscoplastic material model de-
fines the gray and white matter of the brain. Its mechanical behavior is
captured using a validated internal state variable (ISV) model, cali-
brated for intermediate to high strain rates [29,30]. The FE head
model’s development and formulation are further discussed in [31]. The
response of the head was validated by the coup and countre-coup
pressure histories, produced by postmortem human subject (PMHS)
experiments [32] and compared to simulation data [31], with good
agreement (Supplemental Fig. 3). Additionally, the FE head model is
validated for relative brain-skull displacements for the case C383-T1
presented in [33]. The experimental data presented used neutral den-
sity targets (NTD) implanted into the brain of the PMHS at various lo-
cations to determine their displacements relative to the skull at these
specific locations. Similarly, nodes are selected in the FE head model,
which are closest to the experimental locations of the NTDs. The nodes’
relative displacements are calculated and compared with the experi-
mental data to validate the head response for this study (Supplemental
Fig. 4).
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2.4. Finite element simulation design

The finite element simulations are designed and completed using the
software package Abaqus (Dassault Systemes, 2019). The experimental
set up is designed to account for three input variables: ball velocity,
impact location, and the anticipation by the player of the incoming ball.
These simulations incorporate a nonstructural mass and moment of
inertia in its design. Eq. 4 presents the relationship that enables the
center of gravity of the human body to be determined based on a player’s
height and weight [34]. The mass moment of inertia, shown in Table 1,
is specified based on prior published data [35] determined from vol-
unteers. The body nonstructural mass and moment of inertia are
assigned to the center of gravity of the body (RF1). A second massless
point (RF2) is defined 1 cm below the base of the spine in the FE model
to account for a relaxed or locked neck (Fig. 1).

COG = (h x0.597+w x 0.16 — 5.82) @

The anticipation of the ball by the player is accounted for by two
conditions: an active or a passive neck condition. As discussed previ-
ously, when a player is expecting and preparing for an incoming ball, the
player’s stabilizing neck muscles will tense. This is considered to be the
active neck condition. To model this scenario, RF2 to RF1 and base
vertebra elements to RF2 are coupled for displacement and rotations
(Fig. 1b). If the player is not anticipating the incoming ball the passive
neck condition is assumed. The scenario is modeled by, coupled
displacement and rotations for RF2 to RF1 and coupled displacement
with free rotational degrees of freedom for the base vertebra elements to
RF1 (Fig. 1a). Hence, the active neck condition will limit the head
movement relative to the athlete’s body while the passive neck condi-
tion will allow head rotations about the spine base.

Rotational velocities and accelerations are important measurements
for certain injury metrics; however, traditional three-dimensional (3-D)
elements lack rotational degrees of freedom and are unable to calculate
the rotational components. To account for the rotational components,
rotational accelerometer connector elements are assigned at the center
of gravity of the head, and at 2.5 cm away from this point along the x, y,
and z directions, conceptually similar to previous studies [36]. The
soccer ball’s path is assigned along an axis of impact, which is defined by
the ball’s center of gravity and the center of gravity of the brain of the
human head. Ball-head impacts occurring during a soccer game consist
of a range of velocities. Previous studies have shown peak ball velocities
resulting from a player’s kick ranging from approximately 24 m/s — 34
m/s depending on factors such as competition level, player position, or
kick method [37-40]. Simulations of the soccer ball impacting the front,
side (lateral), top and back of the human head at 35 m/s are

(@) (b)

RF2 RF2

0.70m| 0.70m
RF1 oo RF1

Fig. 1. Representation of the passive (a) and active (b) neck conditions used in
the simulations. The arrows indicate the free rotation allowed in the passive
neck condition and the constrained rotation implemented by the active condi-
tion due to the activation of the neck. Inertial mass and rotational inertia are
applied to RF1 (center of gravity of the body) and RF1 and RF2 are coupled for
displacement and rotation.
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implemented to ascertain the significance of impact location at a
heightened ball impact velocity. A better understanding as to the effect
of the inbound soccer ball velocity is accomplished by designing simu-
lations of the soccer ball impacting the front of the human head model at
velocities of 11, 23, and 35 m/s to encompass a wider range of velocities,
which are expected to be encountered during games. The severity of
injury for each case is determined by considering the peak stress and
strain values for the frontal, temporal, parietal, occipital lobes, and
cerebellum in the brain as well as kinematic and strain-based injury
metrics. The kinematic injury metrics are determined for each case by
the HIC;5 and BrIC injury criteria. The HIC;5 formulation is based on the
acceleration a(t) of the head and is defined by Eq. 5.

" -25

HIC = max % /a(t)dt (—11) 5)
n

The variables t; and t, are comprised between [0, t], where t is the
time period of the analysis. Additionally, the maximum time interval
between t; and t; is specified to be 15 ms for this criterion. Injury metrics
are commonly presented as Abbreviated Injury Scale (AIS) injury
probabilities to offer a clinical comparison of the data presented. AIS
injury curves have been derived from existing safety standards for the
criteria presented herein [41]. The BrIC is established by the head’s
rotational velocities and is defined according to Eq. 6 [42].

2 2 2
WDy Wy w,
BrIC = ) z 6
e \/(66.25md> * (56.45md> * (42.87,(14) ©)

A BrIC value of 0.5 has been shown to correlate to a 50% risk of a
concussion and a value of approximately 0.53, using the maximum
principal strain (MPS) criteria, indicates a 50% risk of AIS 2 injury [42].
Each simulation is run for 15 ms to capture the impact and rebound of
the ball at the athlete’s head. The results obtained from these simula-
tions are essential to determine the risk of injury, severity, and their
respective correlation, as the metrics described previously are calculated
and compared against existing values in current literature. Various
threshold values also exist for different injury predictors and injury se-
verities. It has been proposed that HIC;5 values of 151 and 240 corre-
spond to a 25 and 50% risk of a mild traumatic brain injury (mTBI),
respectively [43]. The cumulative strain damage measure (CSDM) is a
strain-based metric also calculated in these simulations. This metric
calculates the percent of elements in the brain over a specified maximum
principal strain threshold, which is set as 5% for this study. This metric
and strain threshold has been used in previous studies when studying
TBI [44].

3. Results

The FE simulations evaluate the effect of the soccer ball headings on
brain injury and associated risks due to soccer ball impact location,
impact velocity and the active versus passive heading of the soccer ball.
The results of the simulations are evaluated by BrIC, HIC;s, peak pres-
sure, Von Mises stress, and max principal strain.

3.1. Injury metrics predictions from finite element simulations

The HIC;5 and BrIC injury metrics calculated for soccer ball impacts
to the front (anterior), top (superior), side (lateral), and rear (posterior)
regions of an athlete’s head, with an inbound soccer ball velocity of 35
m/s, are shown in Fig. 2a and b for both passive and active neck con-
ditions. Additionally, the injury metrics are presented for frontal soccer
ball impacts at inbound soccer ball velocities of 11 m/s, 23 m/s, and 35
m/s (Fig. 2¢, d). Table 2 presents the peak values for pressure, Von Mises
stress, and the maximum principal strain averaged for the frontal lobe,
temporal lobe, parietal lobe, occipital lobe, cerebellum, and the full
brain. Peak linear and angular acceleration of the head is also calculated
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(a) (b)

200 _ 0.6
oPassive
180 | 5Active 7 % 50%.Risk of AIS 2
160 25% Risk of mTBI 0.5 _—
140 04
120 o -
] =
5100 % 0.3
80
60 0.2 -
40 01 50% Risk of AIS 1
=[] |
0 0 [

Front Top Side Rear Front Top Side Rear
(c) (d)
160 0.4
140
120 0.3
100
& 2
g 80 5 0.2
60
40 0.1
20
0 0
11 mis 23 m/s 35mis 11 mis 23 m/s 35mis

Fig. 2. Injury metric values for soccer ball headings at a 35 m/s ball velocity
showing a comparison of active and passive headings at front, top, side, and
rear impact locations using: (a) HICys, and (b) BrIC. Shown also are the injury
metric values for a passive frontal impact at 11 m/s, 23 m/s, and 35 m/s using:
(¢) HIC;5 and (d) BrIC.

from the simulations and is shown in Supplemental Table 1.
3.2. Analysis of soccer ball-head contact area

The dynamic behavior of the contact area between the soccer ball
and the player’s head is shown in Fig. 3. The contact area appears to be
directly proportional to the peak ball velocities. Additionally, the time
interval between the initial and final contact remains independent of the
ball peak velocity. The ball remains in contact with the head for
approximately 12 ms, with the maximum contact occurring at approx-
imately 6ms for each velocity tested. Additionally, the strain energy in
the soccer ball is plotted in Fig. 4 for impact velocities of 35 m/s and 11
m/s in a passive frontal header.

3.3. Brain response to soccer ball heading

The pressure evolution throughout the simulations is depicted by the
contour plots provided in Figs. 5 and 6. Fig. 5 shows the pressure evo-
lution for a frontal heading at 35 m/s for an active and passive neck
condition; Fig. 6 exemplifies the pressure evolution due to a soccer
heading at 35 m/s for various impact locations. The maximum
compressive pressure at the coup site and the maximum tensile pressure
at the countre-coup site are denoted in both figures. Additionally, Fig. 7
shows the time evolution of the maximum principal strain, pressure, and
Von Mises stresses throughout the entire brain for a frontal impact with
a passive neck condition.

3.4. Stress wave propagation

Fig. 8 shows a frontal impact at a velocity of 35 m/s, a sagittal view of
the initial propagation of stress waves - as depicted by pressure time
evolution contour plots - through the brain for the passive and active
neck conditions (Rows a and b) and an isometric view through the whole
brain for the passive neck condition (Row c). The first and second stress
waves that are captured in the simulation are shown to provide insight
into the complex behavior of the dynamic stress interactions in the brain
throughout the duration of the impact. Furthermore, Fig. 9 shows a
sagittal view of the pressure evolution throughout the skull (Row a), and
the soccer ball and the skull (Row b) to highlight the transmission of
stress waves from the soccer ball to the head. Finally, Fig. 10 shows the
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Table 2

Peak values for pressure (P), Von Mises stress (VM), and maximum principal strain (MPS) in the frontal lobe, temporal lobe, parietal lobe, occipital lobe, cerebellum, and the full brain during a soccer ball heading for active

and passive conditions at different soccer ball-head impact locations and a 35 m/s ball velocity (stress in units of kPa).

Full brain

P

Cerebellum

P

Occipital

P

Parietal
P

Temporal

P
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MPS (x107%)

VM
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VM
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VM
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12.1

34.8

15.4

53.6

14.2
13

43.6

11.3 2.7

39.4

14.8

44.9

12.3 2.1

37.7

TopActive
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99.5 14.1 29.2 62.9 11.2
6.9

47.8
7.9
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peak values of the acceleration magnitude found in the soccer ball and
the head. These peak values correlate to the outermost portion of the
contact surface between the head and the soccer ball. The circular pat-
terns arising from the contact surface are associated with the stress
waves found in the brain coup site during impact (Fig. 8, Row c).

4. Discussion

An FE model consisting of a human head and a soccer ball is devel-
oped to evaluate injury risk to the brain, and the mechanisms affiliated
with heading a soccer ball. The input variables include soccer-athlete’s
head impact location, impact velocity, and active and passive neck
condition during heading. The FE simulations provide insight of the
injury risks associated with a soccer ball header, while accounting for
the complex geometry and behavior of the brain.

4.1. Impact severity for impact velocity and location

TBI metrics indicate injury risks depend on impact location. Specif-
ically, highest risks are found for impacts to the rear and side of the
head, followed by the front (see Fig. 2). The injury metrics show
agreement that a top impact yields the lowest risk of producing any
injury to a player. Abbreviated Injury Scale 1 (AIS 1) injury risks for a
passive neck condition and an inbound soccer ball velocity of 35 m/s,
based on the HIC;5 criterion, are 18.5%, 19.3%, and 10.5% for a side,
rear, and frontal impact, respectively. Additionally, AIS 2 scores, using
the BrIC criterion, for the same passive neck and soccer ball velocity
show 41.1%, 48.1%, 22.9%, and 1.1% injury risk probabilities for the
rear, side, front, and top impacts, respectively. It should be noted that
AIS head injury risks determined using CSDM-based critical values in
[45] for the BrIC metric do not show a risk of a head injury. These injury
risk values are expected to be representative of higher impact velocities
occurring during games. The AIS injury risk scores found for a frontal
impact with a passive neck condition to values of 1.5% and 0.1% using
HIC;5 (AIS 1) and 8.6% and 1.1% using BrIC (AIS 2) for impact velocities
of 23 m/s and 11 m/s, respectively. Furthermore, Fig. 2 depicts the risk
of brain injury for the kinematic metrics with the highest risk of an mTBI
produced by a side or rear impact (Fig. 2a). This is also correlated with
the predictions of the CSDMj o5 as values of 37.27% and 17.35% are
predicted for the side and rear cases, respectively. All other simulations
predicted a value of approximately 0% for this metric. These results also
show the rear impact with the highest HIC;5 (180.65) and the side
impact with the high BrIC (0.52) values, which indicate these impacts
could pose elevated injury risks when a player is anticipating a soccer
ball impact (Fig. 2b) as they produce higher AIS injury risks and asso-
ciated injury concern for mTBI in soccer. Specifically, the simulation
results for these impact locations are associated with over a 25% risk for
mTBI based on the threshold presented in [43]. When considering the
BrIC, all the simulations of the passive condition except for the top
impact location indicate an AIS 2 injury risk of 22.9% — 48.1% to the
head. It is noteworthy, that all these simulations are impacts along the
line between the center of gravity of both the soccer ball and the head.
Therefore, it can be asserted that BrIC values may be even greater if the
ball were to impact off the center of the impact path due to higher
rotational acceleration values.

During the passive impact condition, maximum compressive pres-
sures at the coup site approach 150.4 kPa (side impact), and tensile
pressures of -52.2 kPa (side impact) are present at the countre-coup site
(Fig. 6). The highest compressive and tensile pressure values found in
the side impact case correlate with the predictions of the BrIC and
CSDMy o5 injury metrics. For all simulation scenarios, the highest
compressive pressures appear between 3 ms and 6 ms corresponding to
time points near when the maximum contact area between the soccer
ball and the head is achieved. The highest tensile pressures are also
observed earlier in the simulation, between 3 ms and 6 ms. The peak
compressive pressures throughout the brain are achieved at
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Fig. 3. Relationship between soccer ball contact area and pressure for a passive frontal heading at 35 m/s and the envelope formed by the soccer ball around the
head throughout the simulation. The graph indicates the relationship between the contact area and the inbound soccer ball velocity.
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Fig. 4. Comparison of the strain energy produced by the soccer ball during a
passive frontal header at impact velocities of 11 m/s and 35 m/s.

approximately 6 ms, after which the tensile pressures in the countre-
coup site begin to decline (Fig. 6). These tensile pressures continue to
decline as the ball rebounds from the head (between 6 ms and 12 ms)
until predominantly compressive pressures are seen at the countre-coup
site during the final segment of the impact at approximately 12 ms
(Fig. 6).

The most common on-field impact location is the forehead region. A
rear impact would be less likely due to a soccer player’s preferentially
heading a soccer ball at the forehead. This preferential forehead heading
may underrepresent the number of incidences resulting from the rear
impact mTBI. The ball contacting the top vertices of the head indicates
the least likelihood of injury risk. A vertex impact would limit the

possible head movement due to the rest of the body providing additional
stiffness. This type of location dependency of injury risk has also been
shown in American football impacts, as those occurring to the top or
front of the helmet produced lower strains than those observed at other
locations [46].

Additionally, an increase in the inbound soccer ball velocities shows
a correspondingly increased injurious risk, according to the HIC;5 and
BrIC injury metrics (Fig. 2¢, d). The AIS 1 injury risks, due to an increase
in the inbound ball velocity from 11 m/s to 35 m/s, increase the HIC;5
injury metric from 0.1% to 10.5%, and the AIS 2 injury risks increase for
BrIC from 1.1% to 22.9%. These increased values are not surprising,
given the increase in kinetic energy at the highest soccer ball velocities;
however, it is a noteworthy aspect of the injury mechanisms of a soccer
heading.

4.2. Active versus passive neck heading

There are substantial differences between the severity of the risk of
brain injury resulting from the active and passive ball-head impact
conditions. When comparing the active and passive cases, the pressure
profile changes at the larger, increased time scales (Figs. 5, and 6),
where head displacement is apparent. When the neck muscles are not
active, a passive neck is stimulated. During this case, for a frontal ball-
head impact, the backward head motion creates a coup-countre coup
pressure profile (Fig. 5 passive and Fig. 6), with positive magnitudes of
pressure in the frontal lobe and negative pressures in the occipital lobe
and the cerebellum. Similar pressure profiles are also seen for lateral and
rear ball-head impact cases when the neck is relaxed (Fig. 6¢, d) with
either tensile or extremely low compressive pressures at the countre-
coup location. In comparison, when the soccer player is aware of the
ball, with active neck muscle engagement and lack of head movement,
the coup-countre coup mechanism is still observed through 9 ms (Fig. 5
Active Condition); however, compressive pressures are observed at the
countre-coup site later in the simulation (12 ms), and the pressure
magnitudes at both coup (compressive pressures) and countre-coup
(tensile pressures) are lower than the passive cases throughout the
entire duration of the impact (Fig. 5 Passive Condition).
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The passive condition represents a player who is not anticipating
contact with the ball, such that the head is displaced without active
musculoskeletal restraint and produces more significant linear and
rotational accelerations and poses a greater risk of injury. A passive ball-
to-head contact type is considered to be an increased risk for elevated
brain injuries in soccer [47]. Similar trends of heightened stress and
strain states for passive neck heading are observed regionally near the
impact site and throughout the full brain. Interestingly, elevated stresses

and strains are observed in brain regions opposite the impact site in the
active condition as compared to the passive condition; however, peak
values for the full brain show reduced values for the pressure and max
principal strain values in the passive case for all impact locations. This is
illustrated by average pressure, Von Mises stress, and maximum prin-
cipal strain peak values presented in Table 2. The increase of head injury
caused by passive neck heading is further demonstrated in the wider
range and increased severity of pressure values in the contour plots of
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Fig. 7. Time histories for the maximum principal strain (a), pressure (b), and Von Mises stress (c) responses for the full brain of a passive frontal impact at 35 m/s.
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Fig. 8. Initial pressure (MPa) propagation throughout the FE brain for a passive (a) and active (b) frontal header at 35 m/s with the peak values of pressure shown for
the initial stress wave in both neck conditions. The pressure propagation around the brain for the passive impact case is presented in (c) to exemplify the “ring
shaped” pressure waves. The black arrows show the cross section of the first pressure wave and the red (arrow and circled) show the second pressure wave.

Fig. 5. Furthermore, the magnitude of the initial pressure waves prop-
agating through the cerebral cortex are elevated, due to the decreased
neck stiffness (Fig. 8a, b).

The active condition is controlled movement of the forehead towards
the ball with an associated bracing of the neck muscles to resist recoil as
the ball impacts the head. As the neck musculature stiffens up as one is
anticipating the incoming ball, the head being “connected” to the body
produces significantly lower magnitudes of transitional and rotational
head displacement. All AIS injury risks are reduced considerably when
the neck constraint is active and indicates injury risk reductions to
values under approximately 1% (front, side, top impact locations) or
5.8% (rear impact case) for the HIC;s5 metric (AIS 1) and under
approximately 2% for the BrIC (AIS 2) criteria (Fig. 2a). Additionally,
the CSDMy o5 metric showed values of approximately 0% for all impact
locations in the active condition. Brain injuries are due to excessive
linear and rotational head accelerations that cause deformation [48].
Anticipation is also associated with a reduction in injury severity during
collisions between players in ice hockey [49]. The reduced BrIC and
HIC15 values evidence this concept (Fig. 2b). Additionally, on-field

studies of soccer headers have indicated as the neck muscles are
increasingly activated, the head accelerations and the forces produced
on the head are reduced [50]. Previous researchers have demonstrated
this correlation between head acceleration and brain injuries in exper-
imental rodent studies [51]. The immobilization of a mouse’s head
showed reduced learning ability and memory defects [51].

4.3. Brain injury metrics comparison

Fig. 2 and Table 2 provide the associated BrIC, HIC;s, peak pressure,
Von Mises stress, and max principal strain values produced within the
regions of the brain and entire brain for soccer ball impacts at 35 m/s to
the front, lateral, top, and rear of an athlete’s head. These impact met-
rics’ results are for both active and passive neck bracing. Rear and side
impacts notably produce the highest values in terms of HIC;5, and BrIC
injury risks, which correlates with the highest peak pressure at 99.5 kPa
corresponding to the cerebellum region of the brain during a rear soccer
header in the passive case and the highest maximum principal strain of
0.0573 in the cerebellum region during a side impact header in the
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Fig. 9. Initial pressure (MPa) propagation of the stress wave through the skull (scalp and brain removed) (a) and the transfer of the stress wave from the soccer ball to
the head (scalp and brain removed) (b). The black arrows indicate the first stress wave transferred from the ball to the skull and red arrows indicate the second stress
wave. Other indications of stress transfer between the ball and skull are marked by the black circle.

passive neck condition (Fig. 2a, b, and Table 2). The HIC; 5 predicted that
the side and rear impacts are the most likely to produce an injury in
passive neck conditions, whilst the rear impact has the highest risk of
injury in the active neck conditions (Fig. 2a). The BrIC predicted the side
and rear impacts have the highest risk of injury in the passive and active
neck condition (Fig. 2b). Furthermore, the kinematic injury predictors
also indicate a risk of higher injury severity at greater inbound soccer
ball velocities. The peak values of pressure and maximum principal
strain also indicate increased magnitudes during the side and rear im-
pacts (Table 2). The pressure values that correspond to the peak values
are almost exclusively determined at the time of maximum contact be-
tween the soccer ball and the head. This trend is most clearly observed
for the brain lobes nearest to the impact site. Brain lobes opposite to the
location of impact show reduced pressure values, with the peak response
values still corresponding to the maximum contact area or during a
relatively constant response. Von Mises stress values reach their
maximum before the peak contact area occurred (at approximately 3
ms). The maximum principal strain values showed a more constant
trend, with peak values occurring after the maximum contact area is
achieved (around 10 ms). The influence of anticipation of incoming
soccer ball impacts indicates a significant reduction in peak values when
comparing the passive and active neck conditions (Fig. 2a, b).

Interestingly, the side impact produces elevated values in the pressure
variable in the active neck response conditions, based on the peak values
shown in Table 2. Also, lower magnitude values are predicted in the top
impact case for both the passive and active cases in the considered ki-
nematic variables (Fig. 2a,b).

Brain injury indicators are a widely studied topic, due to the com-
plexities of understanding and predicting injuries. Additionally, com-
prehending and diagnosing brain injuries caused by soccer ball heading
is especially challenging. Until recently, any potential brain injury
occurring during a soccer game has been expected to produce milder
symptoms, which may not be diagnosed as a TBI. This correlates with
the minimally reported concussions sustained from head-to-ball contact
[52]. The risk assessment for soccer ball headings is important for un-
derstanding how to improve the safety of this sport and develop coun-
termeasures that promote the safety of athletes. The results of the
present simulations indicate there is a risk of mTBI when heading a
soccer ball, most significantly during the rear and side-impact scenarios
(Fig. 2). However, the potential injury severity of any impact is chal-
lenging to distinguish and define, particularly for sub-concussive and
concussive injuries, due to a lack of corresponding clinically observed
data for the creation of injury thresholds and risk curves. A better un-
derstanding of these types of injury metrics when studying sports-related
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mTBIs is needed. The greatest danger to the head health of soccer
players may not be the single, acute exposures associated with
head-on-head or head-on-surface contacts, but the cumulative effects of
repeated sub-clinical exposures associated with soccer ball headings. An
improved injury metric that includes representations of sub-concussive
and concussive impacts would significantly improve the understand-
ing of sports-related mTBI. Particular emphasis should be placed on
understanding the relationship between the duration of brain exposure
at impact energy level (over a period of time) and the associated risk of
injury. Most injury metrics correlate maximum values of their respective
criterion to determine the risk of injury, not the peak exposure duration.
Injury metrics that include time-dependent considerations of these
metrics could be considered to define better the risk of head-to-ball
contact TBI in soccer and other related sports injuries.

4.4. Stress wave propagation

Since a soccer ball is pressurized, tensile and compressive stress
waves are produced in the ball during a heading impact. These tensile
and compressive stress waves correspond to the tensile and compressive
pressure evolution, respectively. At the onset of the ball-head impact,
the tensile pressures are transformed into compressive pressure as the
ball deforms and wraps around the head contact surface, which is pro-
duced at the ball’s point of impact and then transferred into the head of
the athlete (Figs. 3 and 9). As the initial contact occurs, these tensile
pressures can be seen (Fig 9b; black arrow) at 0.1 ms in the soccer ball.
As the impact continues, the initial stress waves are transmitted to the
scalp and skull as the peak compressive pressures, shown in the 0.2ms
time step. During this time, the emergence of a second tensile stress
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wave is seen at the rear side of the soccer ball, as the pressures are
continuously transmitted through the ball (red arrow) and then into the
scalp and skull, in the 0.3 ms time step. Simultaneously, as the wavefront
traverses through the skull, it also transmits into the brain tissue,
creating a ring-shaped, circular pressure profile, the cross-section of
which is shown with black arrows at locations adjacent to the wavefront
in the skull, as seen by the high magnitudes in Fig. 8, at 0.2, 0.3, 0.4, and
0.5 ms. Here, it is to be noted that the longitudinal stress waves move
significantly faster in the skull than in the brain tissue, mainly due to the
stiffness difference between the skull and the brain tissue. Hence, the
stress waves travel faster in the skull than in the brain. The ring-shaped
stress waves can be seen to travel around the brain, see Fig. 8c, and are
caused most notably by the high tensile pressures in the ball being
located at the center point of the contact area, which create a “cup-like”
region in the contact surface (Fig. 3). Surrounding this high tensile re-
gion are the ball’s highest compressive pressures, which mark the
initiation point for the stress wave transmission from the soccer ball to
the head during this contact. The ring-shaped pattern of the stress waves
can be further illustrated by the corresponding high accelerations found
at the edges of the contact surface in the soccer ball and the scalp
(Fig. 10). As the impact progresses, these peak accelerations are seen to
expand radially along with the edge of the contact surface to form the
circular shapes found in the stress waves transmitted from the soccer
ball to the brain presented in Fig. 8. The magnitude of the stress wave
then decreases as it travels through the scalp, skull, and CSF and damps
out to lower values due to the poroviscous nature of the soft tissue in the
head [53,54]. At 0.3 ms, a new peak pressure (red arrow) is introduced
to a second stress wavefront (Fig. 8). The location of the high magnitude
ring-shaped pressure profile within the cerebral cortex is of some
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concern, since they have been shown to generate shear stresses at the
sulcus base, the location of which correlates with CTE [55-57]. This
would correspond with the findings of other authors, who have sug-
gested a correlation between repetitive soccer headers and CTE in
post-mortem human subjects [58]. Furthermore, the behavior of the
stress wave is shown to traverse through the thickness of the skull, in
conjunction with the stress waves seen in the brain. These waves are
found to extend across a greater surface area and are of a much higher
magnitude than those in the brain, with peak compressive pressure
values exceeding 1.5 MPa.

4.5. Dynamics of soccer ball-head contact area

A significant difference between soccer ball impacts and those
associated with firmer, unyielding surfaces is the relatively longer
contact durations. The pliancy of the ball results in a longer (12 ms) and
more delayed energy transfer. Fig. 7 shows that peak stresses and strains
in the brain reach a plateau, after a sharp initial increase, due to the
transfer of energy from the ball deformation to the head and then to the
brain. The transfer of energy occurs over a large contact surface area,
with the duration of the energy transfer independent of the impact ve-
locity (Fig. 3). A relatively large contact surface area and a delayed
energy transfer are associated with a reduced risk of skull fracture and
skull fracture-related brain injury compared with a low contact area and
high magnitude forces. However, a significant amount of energy is still
transferred into the head and the brain with a passive frontal impact of
35 m/s transferring approximately 100 J into the head. Additionally, the
peak energy transfer occurs at the peak contact area for this impact
scenario (Fig. 4). Notably, a strong difference is observed between the
energy transfer at the higher and lower impact velocities with an 11 m/s
passive frontal impact indicating a transfer of 10 J to the head and the
strain energy indicating a decrease in energy after the initiation of
contact (Fig. 4). While concussions, due to ball-headings, are not as
common as other contact sports (such as football or hockey [59-61]),
the risk of sub-concussive injury in headings is suspected to be high, with
clinical studies suggesting the adverse effects of headings on cognitive
impairment [62]. Specifically, there is a lack of documented concussive
diagnosis resulting from soccer headers; however, studies have corre-
lated neurological deficits due to headings [63] indicating the potential
of injury below concussive levels.

4.6. Limitations and future work

The FE head model used throughout this effort is a 50th percentile
male head model used in a prior study [31]. This model does not account
for other head anthropometric differences present for different athletes
throughout the sport. Conclusions as to the degree and probability of
injuries in soccer are somewhat limited in this study, due to a lack of
consensus among the current injury metrics and the limited studies of
clinical observations of brain injuries in soccer. Additionally, this study
did not consider a female FE head model, limiting the inferences that
could be applied to women’s soccer-related TBI. Female athlete headers
warrant future studies with respect to any potential differences between
female and male header participants. Further, the FE head model does
not include a validated incorporation of the human neck and corre-
sponding muscles. Future work will include the development and
implementation of a further developed and validated cervical neck FE
model. This FE model will enable future research to explore more
extensively the role of the activation of the muscular network
throughout the neck and its contribution to reducing injury risks asso-
ciated with soccer headings. This study also lacks a characterization of
the uncertainty due to the experimental studies and computational
simulations. Additionally, future work will have to include a sensitivity
analysis for these results to better understand the robustness of the
simulation results, due to the input parameter changes in the FE head
model. Furthermore, different soccer ball inflation pressures have been
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shown to affect the behavior of the soccer ball and the response of the
athlete’s head [64-66]. Future work will also include finite element
simulations, which evaluate the head response for different soccer ball
inflation pressures to provide additional insight into these sensitivities
and injury risks associated with different inflation pressures.

5. Conclusion

The brain injury risk of soccer ball headings has not been well un-
derstood or defined. The simulations evaluate the effect of soccer ball
impact velocity, impact location and the effects of anticipation of an
incoming soccer ball. The simulations show increasing soccer ball ve-
locities and an impact to the side and rear, followed by the front of the
head, pose the greatest risk of injury (Fig. 2a—d, Table 2, Fig 6). The lack
of anticipation of an incoming soccer ball by an athlete, referred to as a
passive heading in this study, produces a much greater injury risk than a
typical soccer ball heading when the athlete’s neck musculoskeletal
features are activated (Table 2, Figs. 2a, b and 5). Additionally, the
simulations show that the pressure waves within the soccer ball are
transferred to the head upon impact and propagate throughout the scalp,
skull, CSF and the brain (Figs. 8, 9). Furthermore, these pressure waves
manifest as compressive and tensile waves in the cerebral cortex of the
brain (Figs. 5, 6, 8). Also, the soccer ball’s contact surface is unique
when impacting the head and strongly influences the resulting stress
waves and their severity on the brain (Figs. 3, 4). This contact surface
causes an extended duration of energy transfer in comparison to other
sports-related head trauma mechanisms (Fig. 7). Moreover, the shape of
the stress waves is heavily influenced by this contact interaction
(Fig. 10). The results of this study give insight into the potential risk of
headers in soccer and possible methods to improve the safety of an
athlete. Lastly, brain injury metrics indicate discrepancies in the degree
of injury risks for the soccer headers and emphasized the importance of
developing new injury metrics to better predict sub concussive,
concussive, and mTBI injuries in sports (Fig. 2).

Statement of significance

Mild traumatic brain injuries (mTBI) are a worrisome aspect of
participation in most sports due to difficulties in their diagnosis in
competitions and the potential of long-term neurological defects. These
types of injuries are not well understood for athletes playing soccer,
specifically pertaining to the risks of heading a soccer ball. Studies are
warranted which investigate impacts in this game to improve current
knowledge. Our computational study uses finite element modeling to
investigate contact between a player’s head and the soccer ball. The
results of this study present potential injury mechanisms and risks
caused by this contact interaction to contribute to the current under-
standing of brain injuries in soccer and the promotion of athlete safety.
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