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ABSTRACT

Leiva, Nicolas M.S.B.M.E., Purdue University, May 2019. Characterization of Soccer
Ball Parameters for the Manufacturing of Protective Headbands and the Frequency
Domain Evaluation of Football Helmets. Major Professor: Eric A. Nauman.

An increase of 153,375 to 248,418 traumatic brain injuries (TBI) due to incidents

in sports and recreation activities has been reported in the past couple of years in the

US alone. These are grounds for concern for athletes partaking in sports with a high

incidence of TBIs such as football and soccer. The latter, traditionally not classified

as a contact-sport, has attracted research due to participants using their head as an

instrument for heading. Voluntary heading, in combination with lenient laws and

regulations concerning TBI expose how soccer players are easily at risk of injury. On

the other hand football, an aggressive sport by nature, has brought attention to the

possible neurocognitive and neurophysiological ramifications of repetitive subconcus-

sive impacts. One of these is in the form of a progressive neurodegenerative pathology

known as chronic traumatic encephalopathy (CTE). A priori reasons revealed, led to a

need to characterize the most important variables involved in ball-player interactions

within soccer simulated gameplay. By understanding these, it would be possible to

obtain parameters to design and manufacture new composite-material based protec-

tive headgear unlike products that are commercially available nowadays. In addition,

development of a testing protocol focused on frequency domain variables - transmissi-

bility and mechanical impedance - would allow to evaluate the performance of football

helmets. A focus would be set on low impacts categorized as subconcussive impacts.

Incoming velocity and inflation pressure were identified as the most influential vari-

ables affecting the peak impact force of a soccer ball. An innovative 6-layer carbon

fiber headband, with silicone padding, was manufactured that out-performed existing
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headgear at attenuating peak linear acceleration. Lastly, quantification of the trans-

missibility and mechanical impedance indicated poor performance of football helmets

below 60 Hz.
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1. INTRODUCTION

1.1 Motivation

Increasing concern in the risk of athletes experiencing traumatic brain injury (TBI)

has led to a surge of interest from traditional media and researchers in the medical

and engineering field. In the United States alone, an increment of 153,375 to 248,418

was observed in the number of visits emergency departments received due to TBI

related incidents in sports and recreation activities [1]. Taking into account that par-

ticipation in sport is increasing, it is expected that the amount of TBI is set to grow

as well [2]. According to the Center of Disease Control (2011) the principal diagnosis

of these injuries was concussion. The International conference of concussion in sport

held in 2017 defined sport related concussion as ”a traumatic brain injury induced

by biomechanical forces.” [3]. Some of the tools/mechanics used to help describe

and diagnose these injuries are a direct blow to the head; short-lived neurological im-

pairment that should resolve over a brief period of time; neuropathological alterations

that are not necessarily detected through neuro-imaging; and possible prolonged signs

and symptoms [3].

Nonetheless, recent studies have shown that despite not being clinically diagnosed

with a sport related concussion, athletes partaking in sports still suffer neurocognitive

[4] [5] and neurophysiological consequences [6] [7] [8]. A clear pathology exemplifying

these asymptomatic alterations is chronic traumatic encephalopathy (CTE) [9]. A

pathology that is associated to progressive neurodegeneration that can ultimately

lead to mood alterations and nuerocognitive impairments [10]. An example of sports

that have been linked to CTE are soccer [11] and American Football [12].

The former, is not necessarily classified as a contact sport, albeit, existing studies

have shown a high incidence of TBI incidents in soccer players amongst other tradi-
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tional contact sports [13] [14]. The use of the head is an essential aspect of the game,

given that it can be used to shoot, control, pass and defend the ball. Nonetheless,

it is rendered a double-edged sword since these athletes are being subjected to high

number of subconcussive impacts [15] [16]. Moreover, little is known about how dif-

ferent variables affect the resultant force experienced during collisions between the

head and other objects in the field. Whether it is a soccer ball, another player or

the ground. Hence, the design of existing protective headgear is not tailor-made to

mitigate the possible range of impact forces registered in a game [17].

On the other hand, football is highly associated to TBI [18] [19] [20] thanks to

the aggressive nature of the game. In contrast to what is seen in soccer, protective

headgear is a requirement in the sport for more than half a century (Levy, 2004).

As a consequence an evolution in helmet design and its posterior evaluation and

certification is natural. However, conventional certification programs such as those

offered by the National Operating Collegiate on Standards for Athletic Equipment [21]

lack specific attention to the repetitive subconcussive episodes that result in long-term

neurocognitive damage.

1.2 Study Objectives

This first objective of this thesis is to characterize the velocity profile of soccer

balls by simulating in-game header impacts. The goal was to determine how to alter

the mass and pressure of a soccer ball in order to reduce the peak force felt during

impact. The second objective was to design, manufacture and evaluate new personal

protective headgear for soccer. Lastly, the final objective consisted in developing

evaluation criteria for the performance of protective headgear through modal analysis.
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2. HEADING A SOCCER BALL AND THE

CHARACTERIZATION OF PARAMETERS THAT

INFLUENCE ITS PEAK IMPACT FORCE

††

2.1 Motivation

Bearing in mind that soccer has more than 270 million people active worldwide [22]

and more than 16 million registered players solely in the United States [15] player’s

health and safety is non-negotiable. To the untrained eye, soccer is usually not

classified as a risk-related activity that can lead to TBI [23]. Nonetheless, it has

been categorized as a contact sport [24] [25] [26]. The natural aggression within the

sport undeniably ushers athletes to sustain head injuries across different levels of play,

whether youth, college or elite/professional. More so, several studies have shone a

light on the fact that athletes involved in soccer are at higher risk of head injury per

player when compared to other contact sports [27] [13] [28].

Varied mechanisms of acquiring TBI are linked to soccer players, including player

to player collisions [16], heading the ball during open-play [15] [16] [29], contact be-

tween players and the ground [27] [13] and even position-specific situations such as

goalkeeping [13]. In spite of the variety of mechanisms, when utilizing one’s head as

an instrument during game play - whether its for passing, shooting or controlling the

ball - [15] an athlete can experience accelerations up to a range of 18−25Gs [30]. The

resulting acceleration can be influenced by a series of factors, including the velocity

of the soccer ball or the pressure at which it was inflated [31] [29]. Pressure of the

soccer ball is a factor that is regulated by governing entities such as the National Col-

††Content from this chapter is currently under revision: Auger et al., manuscript in preparation
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legiate Athletic Association (NCAA) and the Fédération Internationale de Football

Association (FIFA), leaving little leeway for modification by athletes. The ranges

established are 8.5− 16.21 PSI and 8.5− 16 PSI respectively for colleges in USA [32]

and active players worldwide [33]. Velocity-wise, soccer balls have been registered to

surpass the 30 m/s mark (67 mph) across different levels of play [?] [34] [35] [36].

In furtherance of the possibility of characterizing parameters within active game-

play that may lead to increased safety for soccer playing athletes exposed to TBI,

the velocity and pressure of soccer balls will be studied closely. Established pressures

will be used to simulate in-game kicks that will differ in their velocity. Based on the

results, suggestions will surface on how to reduce the risk of TBI whilst maintaining

the tradition and nature of the game.

2.2 Theory

2.2.1 Dimensional Analysis

The Buckingham Pi Theorem allows for dimensional analysis of a model through

the development of dimensionless and independent groups known as Π-groups. There

are a total of (nd−k) Pi-groups, where nd is the number of variables of interest and k

is the number of base quantities necessary to describe the nd variables. In this case,

the variables of interest are the peak force, Fp velocity, v, pressure, p, diameter, d,

and mass, m, of a soccer ball. Having stated the variables, it is important to define

them in terms of their base quantity

Fp =

[
ML

T 2

]
,

p =

[
M

LT 2

]
,

v =

[
L

T

]
,

d = [L],
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m = [M ]

where the fundamental dimensions are length, L, mass, M, and time, T. Subse-

quently, the peak force was identified as the output variable and the remaining four

were inputs. Hence,

Fp = f(p, v, d,m). (2.1)

Due to the fact that nd = 5 and k = 3, two Pi-groups have to be formulated.

Πo =
Fp
pd2

. (2.2)

Πi =
pd3

v2m
. (2.3)

Given the relationship between the input and output Pi-groups, equation (2.2)

can be re-written as

Πo = f(Πi). (2.4)

Moreover, if the relation between both Pi-groups is assumed to fall under an

intermediate asymptotic behavior it can be expressed as f(Πi) = BΠβ
i [37]. The

natural logarithm of the Pi-groups is

ln(Πo) = ln(B) + βln(Πi), (2.5)

an equation that allows to determine the values of the coefficients B and β by

recollecting experimental data and utilizing a linear regression. Having identified the

coefficients a final expression for the peak impact force was formulated,

Fp = (Bpd)

(
pd3

v2m

)β
. (2.6)
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2.2.2 Cotter’s Method Sensitivity Analysis

A screening procedure based on a systematic fractional replicate design was de-

veloped by Sarah Cotter [38] with the goal of determining the most important factors

affecting the result of an experiment. The basis relies on having 2np+2 trials, with np

two-level factors. Four scenarios are established; 1) treatment 0, in which all factors

are at their lowest level; 2) a total of n trials with treatments ranging from 1, ..., np

where each factors is set at an upper level, whilst the other factors are assigned a low

level; 3) treatments np + 1, ..., 2np for np trials where each chosen factor is assigned a

low level and all remaining factors are set at an upper level; 4) lastly, a trial where

all factors are turned to an upper level.

Having established the trials, an odd and even contrast can be calculated for the

effects of the factors, where the factor in turn is denoted by j

Co(j) =
1

4
[(y2n+1 − yn+j) + (yj − y0)], (2.7)

Ce(j) =
1

4
[(y2n+1 − yn+j)− (yj − y0)], (2.8)

where y is the corresponding output value of the trial. Subsequent, a measure can

be estimated, which allows for a categorization of the factors

MCM(j) = |Co(j)|+ |Ce(j)|. (2.9)

Based on the measure calculated, a sensitivity value, S(j) is quantified by dividing

the measure in turn by the sum of all np measures.

SCM(j) =
MCM(j)∑np

j=1MCM(j)
. (2.10)

In order to rule out levels, the factors in turn are plotted against their respective

sensitivity value. Lastly, a screening threshold is put in place corresponding to a value

of 1
np

. Any sensitivity below the threshold is considered to be not as influential in the

experiment.
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2.3 Methods

2.3.1 Soccer Ball Parameters

Data recollection was based on the use of six soccer balls with different sizes: two

”lightweight” (size 4.5), two size 4s and two size 5s (Figure 2.1). The 4.5 size soccer

balls were manufactured by EIR soccer, and known as Global Goals Balls. The aim of

these balls being sized as 4.5 is to better adjust for female game play at an elite level,

under the argument that size 5 hinder a females ability. The panels making up the

EIR ball are machine-stitched thermoplastic polyurethane (TPU) configured in the

classic hexagon-pentagon pattern. The size 4 and size 5 used throughout testing were

Adidas StarlancerTM training balls, constructed with machine-stitched TPU panels

tessellated in a hexagon-pentagon pattern.

One of the variables of interest during testing was the pressure at which the soccer

balls were inflated. Thus, two ruling entities in soccer were taken as reference points:

1) at the highest international level, FIFA and 2) at the varsity college level in the

United States, the NCAA. According to the 2015-2016 FIFA Laws Of The Game -

Law 2, The Ball: Qualities and measurements- the soccer ball should have a pressure

equivalent to 8.8 - 16.2 PSI [33]. Similarly, under subsection 2.1 Dimensions of

the NCAA 2016-2017 Soccer Rules and Interpretations the pressure of the soccer ball

shall remain between 8.8 - 16 PSI [32]. Taking this under consideration, each ball was

tested at four distinct pressures: 4, 8, 12 and 16 PSI. A value below the recommended

regulatory boundaries was included to analyze the effect of pressurizing the ball below

the manufacturing pressure specifications. The three remaining pressure values were

the minimum, maximum and median of the pressure ranges established by NCAA

and FIFA. The mass and pressure were measured on each soccer ball before testing,

by a scale and a digital pressure gauge respectively.
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Fig. 2.1. Soccer balls used during testing. The ball sized from left to
right are size 4, 4.5 and 5. The size 4 and 5 are Adidas StarlancerTM.
The size 4.5 is the EIR soccer Global Goals Ball.

2.3.2 Kicking Methodology and Experimental Framework

The experimental framework used to recollect data was comprised of a motion

capture system coupled with a force plate. An instep kicking technique was used to

launch each soccer ball at the force plate at a distance of approximately 2 meters.

Instep kicking was preferred over other types of kicks such as the inside, lofted, outside

or curved kick. The reason was due to the fact that a higher velocity can be achieved

with an instep kick, whilst maintaining reasonable accuracy [?] [39] [40]. According

to Cerrah (2018) an instep kick is described as a kick in which the foot is laterally

rotated to an estimated 45 degree angle, whilst engaging the ankle articulation is

engaged in plantar-flexion. During impact, the area of contact for the foot is roughly

situated where the laces of a shoe are and in regards to the ball, close to its center of

mass in the out most layer (Figure 2.2).

Sets of 10 kicks were performed, were the power ranged from low to high for each

set. The power behind the kick was monitored by the athlete performing the kicks
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Fig. 2.2. Graphical representation of an instep kick technique. The
area of contact between the foot and the ball is delimited by the
dotted line. Proper technique should result in the laces of the cleat
impacting the ball close to its center of mass.

by means of the force platform. A light tap of the ball was the first kick, followed by

the strongest possible impact. After being quantified, these were established as the

lower and upper boundaries for that set of kicks. Hence, the remaining eight kicks

were kept between this range. Kicks were considered non-standard or unusual if the

trajectory of the ball was angled or the impact measured resulted from a rebound

or ricochet shot. Unusual impacts were not taken into account and repeated until a

clean shot was attained with a perpendicular path. Subsequent to the set of 10 kicks,

the pressure was measured with a digital pressure gauge and regulated accordingly
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for the following test. In total there were 600 kicks recorded, 200 per ball size and 50

trials per determined pressure and ball size.

2.3.3 Quantification of Force of Impact

A PASCO PASPORT Force Platform R© (PASCO, Roseville, CA, USA) was the

instrument used to measure the force of the impacts. The force plate provided an

area of impact of 35 cm x 35 cm and had a maximum force range of 4400 N. The

measurement device was vertically mounted to a back frame with metal beams on

either side - to provide stability and reduce the possible noise induced in the data

recollection by the vibration motion of the force plate and its subsequent dampening.

Special care had to be taken to ensure that the horizontal force being measured was

accurate. This included the feet of the plate being in stable contact with the back

frame, in addition to the platform being screwed directly to the wooden back frame

(Figure 2.3).

Data recollection-wise, the PASCO Force Plate R© was limited to a maximum

sample rate of 1000 Hz. Nonetheless, when coupled with the PASCO sensor Xplorer

GLX (PASCO, Roseville, CA, USA) the sampling rate was increased to a value of

2000 Hz. Sets of testing were initialized by powering up and taring the force platform

to zero, making sure resting noise was not part of the output data. Following this, the

sensor and force plate were connected to each other through PASPORT R© interface.

Additionally, both instruments were coupled to a computer that was running PASCO

Capstone SoftwareTM as the means to collect the incoming data. Altogether, the

PASCO components work in synchrony to allow for accurate data measurements.

Through Capstone, a trigger was set in the ”Start/Stop” conditions at 4 N, which

caused a data collection window of 40 ms. The window was made up of two time

intervals: a 5 ms post-trigger and a 35 ms pre-trigger. The reason for this was to

make sure it encompassed the entirety of the force response wave of each individual

impact that was collected. Data was processed through a custom Matlab R© script.
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Processing consisted of identifying and indexing the peak of each impact response

wave, which was later considered to be the peak impact force.

Fig. 2.3. Sketch of the experimental framework used to recollect the
data. A force plate was attached to a wooden back-plate that had
two supporting arms. The force platform was connected to both the
Xlporer GLX and a computer through the PASPORT R©interface. An
instep kick was performed directly in front of the platform. A ruler
was set directly on the balls path, within the cameras frame to help
calibrate the distance.



12

2.3.4 Velocity Data Recollection

In order to measure the velocity, motion capture methods were used. Video record-

ings were taken of the ball trajectory through a top-mounted camera. Settings on the

recording device were adjusted to capture video in a slow motion mode, which did so

at 240 frames per second. The recording allowed to view the balls approach to the

rig, the deformation of the sphere when in contact with the platform and the final

rebound trajectory of the soccer ball after impact.

Measuring tape was aligned to the floor of the rig, making sure it appeared within

the video recording. This tool was utilized to calibrate distance measurements in the

video clips, through the motion analysis software. Tracker was the video analysis

and modeling tool used to process the raw video data. The analysis consisted of

tracking the position of the soccer ball frame by frame in the impact video clips.

This was done through a combination of manually and automatically tracking an

array of pixels in the clips. Regions of interest were chosen on the surface of the

soccer ball based on suggestions made by the auto-tracking tool. These included

high contrast areas, regions in where there was a change in color or the tracking of

specific landmarks on the ball such as a sticker. Having obtained the position and

utilizing time data inherent to each frame in the clip, the displacement of the ball

was known. Subsequently, the velocity was calculated through analytic derivation of

the position data through the video analysis and modelling tool. It is important to

note that velocities were measured from both the incoming and outgoing trajectories

of the ball. Incoming trajectory was established as the path it took the soccer ball to

travel approximately 1.5m to the force plate and the deformation stage was evident.

The outgoing trajectory began as soon as the ball was no longer in contact with the

force platform - or deformed - and the ball was no longer in frame.
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2.3.5 Screening Procedure Adapted to Soccer

Based on Cotter’s method, the range of values for the factors of interest had to

be established. Those parameters pertaining a size 5 soccer ball - mass, diameter

and pressure - were isolated according to the FIFA regulations law book. In regards

to the velocity values, a literature review was in order that focused on the velocities

a soccer ball could experience in different situations prior to heading a soccer ball

(Table 2.1). These included throw-ins, long-range passing, crosses, shots and goal

kicks. Consequently, the lowest level of the velocity factor was related to a throw-in

velocity, whilst the upper level was a consequence of shots on-goal.

Table 2.1.
Upper and lower factor values obtained through literature review for
Cotter’s Method Sensitivity Analysis

Variable (unit) Lower Level Upper Level Source

Velocity (m/s) 15 30 (Sakamoto et. al, 2013; Koizumi et. al, 2014)

Ball Diameter (m) 0.204 0.221 (NCAA, 2018; FIFA, 2016)

Inflation Pressure (Pa) 58600 111700 (NCAA, 2018; FIFA, 2016)

Ball Mass (kg) 0.397 0.480 (NCAA, 2018; FIFA, 2016)

2.4 Results

2.4.1 Soccer Ball Characterization

The mass and diameter were measured three times at each established ball pres-

sure. The average value for the measurements was calculated (Table 2.2)

The diameter of the EIR soccer Global Goals ball is indeed between the size 4

and 5 Adidas StarlancerTM. In terms of the mass, the approximate increase of mass

ranged between 11% − 12% when switching from the size 4 to size 5. The mass of

the size 4.5 EIR soccer ball was lower than both other diameter sized balls. More
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Table 2.2.
Soccer ball parameters, diameter and mass, categorized by pressure value.

Pressure (Pa) Mass (kg) Diameter (m)

Size 4 Ball

27600 0.387 0.204

55200 0.388 0.205

82700 0.389 0.206

110300 0.391 0.206

Size 4.5 Ball

27600 0.379 0.213

55200 0.381 0.214

82700 0.382 0.215

110300 0.384 0.215

Size 5 Ball

27600 0.430 0.211

55200 0.431 0.220

82700 0.433 0.221

110300 0.435 0.221

specifically, there was an increase of 1% and 13% when comparing the 4.5 with the

size 4 and 5 respectively.

2.4.2 Impact Force Simulation of a Soccer Ball

The impacts recorded on the force platform were processed within the custom

MATLAB script, which allowed to identify the peak impact force, the temporal du-

ration of said impact and an estimate of its impulse (Figure 2.4). Thanks to the

recordings a range of data was established for the three descriptors per ball size across

all the pressure ranges. The size 4 ball had 201−4419N , and 1.78−20.32m/s respec-
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tively for the peak force and average velocity. In regards to the size 5 196 − 4667N

and 1.59 − 20.83m/s. Lastly, for the EIR 4.5 the ranges were 355 − 4641N and

3.33− 23.37m/s.

(a) Size 4. (b) Size 4.5.

(c) Size 5.

Fig. 2.4. Force wave traces (Force, N , vs time, s ) extracted from the
PASCO Capstone software. (a) Trial kick for a size 4 ball inflated
at 4PSI and travelling at 14.63m/s. (b) Trial kick for a size 4.5 ball
inflated at 8PSI and striking at 17.15m/s. (c) Trial kick for a size 5
ball inflated at 16PSI with a velocity of 8.13m/s. Impact duration for
the different trials ranged between 0.0045s and 0.017s. A clear peak
is evident followed by minor oscillation caused by the vibration of the
froce plate post-impact.

Higher incoming velocities result in higher peak impact forces (Table 2.3 and Table

2.4). For both the low and high velocity groups, a trend is noticeable in which by
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Table 2.3.
Average peak force in N (± Standard Deviation) for a velocity range
classified as high between 14-20 m/s. A tendency is observed where as
you increase the ball pressure, the peak force does as well. Alike, by
utilizing larger balls, an increase in the peak impact force is expected.

Pressure (Pa) Size 4 Size 4.5 Size 5

27600 3136 (651) 2580 (377) 2924 (392)

55200 3114 (668) 2976 (431) 3141 (676)

82700 2977 (597) 3078 (412) 3455 (312)

110300 3198 (594) 3328 (474) 3783 (529)

Table 2.4.
Average peak force in N (± Standard Deviation) for a velocity range
classified as low between 4-10 m/s.

Pressure (Pa) Size 4 Size 4.5 Size 5

27600 1113 (430) 987 (302) 1107 (384)

55200 1273 (499) 1257 (353) 1308 (402)

82700 1266 (514) 1323 (422) 1436 (504)

110300 1238 (456) 1403 (465) 1612 (533)

increasing the inflation pressure, the resultant peak force is increased as well. Notably,

for low pressures of 4 PSI and 8 PSI the size 4.5 soccer ball has lower average impact

forces than the other sizes being tested. Furthermore, for both a low velocity and

high velocity range, by decreasing the pressure from 16-8 PSI in a size 5 ball, a 19%

and 17% occurs respectively.
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2.4.3 Buckingham Pi Theorem

Data recollected from the different trials allowed to demonstrate the linear rela-

tionship between the input and output Pi-groups (Figure 2.5). After being plotted,

the coefficients were found to be B = 1.237 and β = −0.636, see figure 2.2 and 2.3.

The final form of equation (2.6) was

Fp = 1.237(pd)

(
pd3

v2m

)−0.636
. (2.11)

Fig. 2.5. Πo against Πi for the entire data set recollected. All ball
sizes and pressures are plotted, alongside the linear trendline and its
equation. The equation allows to assign values of -0.636 and 1.237 for
B and β coefficients respectively. An R2 value of 0.97 gives insight
to the existing linear relationship between in th einput and output
Pi-groups.
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Fig. 2.6. Πo plotted against Πi for all the results, but categorized by ball size.

2.4.4 Sensitivity Analysis

According to the analysis made through Cotter’s method, a threshold was estab-

lished with a value of 0.25 equivalent to 1/np, where np is the number of factors used.

The equation used to calculated the indices was based on the dimensional analysis

equation (2.11). The sensitivity index calculated for the velocity was 0.5043, which

leads to conclude that it is the factor that affects the peak impact force the most.

Second to velocity, was the pressure with an index of 0.4007. The mass and the

diameter did not impact the peak impact force as much (Figure 2.7).

2.5 Discussion

Unlike other sports in which contact is intrinsic, soccer players are not required

to use protective headgear. Despite recent studies presenting evidence of the brain

injuries related to soccer, little to few personal protective equipment is commercially

available. Moreover, existent safety equipment are found in the form of headbands,
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Fig. 2.7. Sensitivity index per factor of interest. The dotted line
is equal to 1/np = 0.25, the calculated threshold for influential fac-
tors. Both the velocity and pressures sensitivity indices are above said
threshold, rendering them more powerful than the other factors.

that have been proven to attenuate impacts within certain ranges [30] [41] but lacked

the capacity to mitigate neurocognitive effects of heading [42]. As a means to im-

proved design of headgear in soccer, a proper characterization of the parameters

involved during the player-ball collision is required.

According to the sensitivity analysis performed, the variable that most affects the

peak impact force during headers is the velocity of the incoming ball, as expected.

Nonetheless, due to the nature of the game, controlling the velocity of the ball is

not an easy variable to alter. Consequently, the second most influencing parameter,

should be the focal point for reducing the risk of TBI due to heading in soccer. The

screening procedure prompted this to be the inflation pressure. Based on the data

recollected, for velocity ranges typical to a soccer game, changing the pressure from
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the upper limit allowed, 16 PSI, to the lower boundary, 8 PSI, can result in a decrease

in peak impact force of approximately 20% across the spectrum of ball sizes.

This stated, it would be important to understand how a high impact force could

potentially translate to neurocognitive impairment [20]. A measure of the peak linear

acceleration (PLA) at the center of mass of the head, alongside the quantification

of biomarkers related to neurocognitive symptoms, is a valid approach [6]. Within

this study a cohort of 14 athletes were followed during a season of high school soccer.

In-game recordings of peak force were taken through worn sensors and coupled with

MR imaging to characterize their cerebrovascular reactivity (CVR). Players were

subsequently assigned to one of two groups: high load or low load, relative to a

measure of cumulative PLA registered for a specific session. The resulting variables

of interest can be (Table 2.5), where there is clear evidence that the high load group

is receiving a vaster amount of hits at a higher average PLA. In addition, a trend was

observed in the study where changes of CVR were seen, when comparing the post-

season and in-season session, within the High Load group of athletes. No significant

changes were seen in the Low Load cohort [6]. Thus, it is evident that changes in CVR

in these soccer players depended on the cumulative loading of PLA, consequently,

being able to shift athletes from high to low loading would result in a mitigation of

the risk of neurocognitive impairment.

A manner in which a shift can be achieved is by controlling in-game variables,

such as the inflation pressure, ball size and number of hits. Data recollected during

this study (Table 2.3) showed that a reduction in pressure from 16 to 8 PSI could

result in a 19.7% reduction in PLA, downsizing from a size 5 to 4 would further

decrease 7.1% and lastly, a reduction of 20% caused by an arbitrary decrease in the

amount of hits, based on the average hit value per player [6]. These factors can

translate a high load athlete to a low load category [43]. Hence, controlling these

parameters would ultimately lead to a non-significant change in CVR and a lower

risk of neurophysiological alterations.
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Table 2.5.
Results from Svaldi et al.’s [6] study showing the session specific vari-
ables of interest for both the High Load and Low Load groups during
Post-season. A clear distinction can be seen between both groups,
more so, in the rather high average number of hits

Low Load High Load

25th Percentile 2425 g 4515

50th Percentile 2930 g 5615

75th Percentile 3800 g 12313

Average No. of Hits 84.1 200.3

Average PLA per Hit 36.3 g 39.5 g

Having identified some of the factors that influence the risk of athletes acquiring

TBI, certain modifications can be made to tools used in game or to the rules them-

selves. With respect to the pressure, a hard-stop pressure regulator can be installed

in pumps utilized by soccer players to ensure that the inflation pressure is at a desired

and safe value. Law-wise, governing bodies have the capacity of narrowing down the

range of allowable pressures by lowering the upper limit. Rigorous enforcement of

these inflation values should be followed by part-takers of the sport, no matter the

level of play. Leagues and soccer ball manufacturers should also consider utilizing

the size 4.5 balls for female athletes. A more venturesome solution would be to aim

to lower the amount of headers received by a player during a game. A possibility is

to prohibit the header of goal kicks which are known to have high velocities. Players

can be reprimanded when doing this, and should only be allowed to use other body

parts to receive or control the soccer ball. Referees, coaches and other authoritative

figures within soccer should be educated on these issues. Conferences and informative

sessions should be held with the aim of teaching these figures how to take preventive

measures - whether its pressure, ball size or avoiding unnecessary headers - for their

players safe-sake.
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Limitations to the study included the dependence on a human to perform the

kicks. A level of variability was added, due to no kick being the same. In addition, a

high number of kicks were considered unusual, rendering the data useless.

Future studies should focus on quantifying the actual forces experienced by players

when heading, in order to custom-fit the factors discussed in this study. In addition,

a proper monitoring of elite-level inflation pressure should take place.
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3. DESIGN AND MANUFACTURING OF

COMPOSITE-BASED PROTECTIVE HEADGEAR FOR

SOCCER ATHLETES

3.1 Motivation

Recently, there has been an increased awareness of the risks associated with sus-

taining short or long term brain damage through participation in soccer [28] [15].

Gessel (2007) demonstrated that soccer is responsible for the highest rate of con-

cussions among female athletes of both high school and collegiate level. Moreover,

recent studies have shown that subconcussive impacts have the ability to accumulate

over seasons causing neurocognitive and neurophysiological alterations [44] [6]. These

changes were observed before, during and after their respective sport season through

functional MR imaging [4]. In addition, through the use of transcranial magnetic

simulation Di Virgilio et al. (2016) was able to show the acute short term effects

heading had on athletes [45]. These studies show that the brains functionality is im-

paired through the accumulation of subconcussive impacts, suggesting that headgear

could be used to mitigate this accumulation.

Reports have indicated that among the different injury mechanisms found for

TBI in soccer [27] [46], heading a soccer ball is the most common mechanism of

injury [15] [14] [13] [16]. This is voluntary action, where the forehead is used as a

multi-purpose instrument in the game. During gameplay, when heading, an athlete at

the high school or collegiate level can be exposed to accelerations averaging 40 gs, but

possibly exceeding the 100 g mark, from a soccer ball [44] that can reach velocities

of approximately 30 meters per second [?] [34]. Recent studies have shown that over

70% of head acceleration events monitored in high school girls soccer are between 20

gs and 40 gs . Furthermore, due to heading not being accidental, it is possible to
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simulate and predict the resultant impact forces of a soccer ball travelling at a given

velocity [43]. These data allow to understand the mechanics of impacts felt during

heading, and consequently, open the possibility for the use of protective headgear.

Unlike other collision sports, there are no existing regulations that enforce the

use of protective headgear to prevent subconcussive episodes in soccer. Nonetheless,

according to governing bodies, protective headbands are allowed to be used under

certain restrictions [33]. However, after simulated testing, several of these headbands

have proven to have a poor ability to mitigate severe impacts experienced in-game [30]

McIver et al. 2018. A pattern can be identified where headbands are capable of

absorbing some energy from high magnitude hits, but not those related to small

impacts [17]. That stated, existing protective headgear in soccer does not properly

aid in the reduction of a wide range of impact magnitudes felt during game play.

Despite the possible importance of using personal protective equipment during

game play in soccer, no existent headgear has the capability of truly diminishing all

of the impacts felt in-game caused by heading. Therefore, the goal of this study was

to expand on previous research by quantifying the ability of an innovative piece of

equipment reduce the physical effects of subconcussive hits in soccer.

3.2 Theory

3.2.1 Dimensional Analysis for Peak Force and Angular Acceleration

Similar to the analysis made in the previous chapter, the Buckingham Pi Theorem

was used to model dimensionless Π-groups for the peak angular acceleration and

the peak force. This meant that two different input-output relationships would be

formulated. The variables of interest, defined in terms of their base quantity are:

ap =

[
M

T 2

]
θ̈p = [T−2]
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∫
F (t)dt =

[
ML

T

]
mh = [M ]

mT = [M ]

wn = [L]

Ln = [L]

t∗ = [T ]

where ap is the peak acceleration; θ̈p is the peak angular acceleration;
∫
F (t)dt

defines the impulse derived; mh and mT are the mass of the head and the total mass;

Ln and wn representing the length and the width of the neck; and t∗ which is a term

that relates the reference time tr and the time of impact ∆t through the equation

t∗ = tr −∆t.

According to the theorem a total of nd−k Pi-groups must be defined (where nd = 7

and k = 4, for both the peak linear acceleration and the peak angular acceleration).

Three common input Pi groups were defined

Πi,1 =
(
∫
Fdt)t∗

mhwn
(3.1)

Πi,2 =
mT

mh

(3.2)

Πi,3 =
Ln
wn
. (3.3)

In regards to the output variables, Πo,1 and Πo,2 correspond to the PLA and PAA

terms.

Πo,1 =
ap(t

∗)2

wn
(3.4)

Πo,2 = θ̈p(t
∗)2 (3.5)
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Alike the previous dimensional analysis, an intermediate asymptotic model was

used (Barblatt, 2003) to relate the input and ouput Pi-groups

Πo,j = BjΠ
β1,j
i,1 Π

β1,j
i,1 Π

β2,j
i,2 Π

β3,j
i,3 (3.6)

where j can either be 1 or 2, depending on the output variable of interest. Hence,

applying a natural logarithm to equation (3.6) leads to

ln(Πo,j) = ln(Bj) + β1,jln(Πi,1) + β2,j(Πi,2) + β3,j(Πi,3). (3.7)

By experimentally obtaining the values for the Pi inputs, it is possible to close

down on the solution of the coefficients Bj, β1,j, β2,j, β3,j.

3.3 Methods

3.3.1 Headgear Design

This protective system focuses on the frontal and temporal regions of the skull.

Players involved in the game are taught to utilize their forehead as the main area for

contact with the soccer ball when heading [46] [47] [31]; . Moreover, there is evidence

indicating that the regions that are major sites for head injuries in soccer are both

the forehead and temple [48] [49]. Existing commercial protective headgear in soccer

focus on the forehead, temple and the occiput [17] [30]. However, the latter is a

site that experiences a lower amount of injuries [48], most of these caused through

accidental head to head collisions or collisions with the ground [15].

Taking these constraints under account a design of the headband was blueprinted

and digitized (Figure 3.1 and 3.2). It is made up of a soft energy absorbing layer

and a flexible composite shell. The first, is a 10mm thick silicone padding specifically

designed to attenuate a wide range of blows. Silicone padding was encased in a

stretchable and breathable fabric to facilitate adhesion to the harder shell. The

silicone layer is made up of five smaller pieces, two of which are intended to cover
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Fig. 3.1. Render of the frontal view of the computer aided design of
the headband. Both the composite shell and the padding can be seen.

the front-boss on each side and the remaining part is for the front of the headband.

These were attached to the composite shell through fast-acting adhesive. The second

layer, is a 6 mm thick composite material plate on the outer-most surface. Epoxy

composites are known for their exceptional mechanical properties and highly desirable

appearance.

3.3.2 Construction of Tool

In order to manufacture the composite shells, a mold had to be constructed.

A three-dimensional scan of a Hybrid III 50th percentile male head (Humanetics

Innovative Solutions, Farmington Hills, MI) was performed. The geometry mesh

was imported into Fusion 360 (Autodesk, San Rafael, CA), a computer-aided design
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Fig. 3.2. Render of an orthographic view of the computer aided design
of the headband. The geometry of the composite shell is visible, as
well as the five components of the padding.

software, and converted into a B-rep. By extruding a solid block onto the head

geometry, a negative impression of the model was created. Simple commands were

utilized to isolate the desired areas: the forehead and temples (Figure 3.3). Further

processing was necessary to smooth the surface of interest, which was done through

a Laplacian smoothing function in Meshlab [50].

Having obtained the preferred geometry, a computer-aided manufacturing code

was generated in MasterCam (CNC Software Inc, Tolland, CT). By means of this

code, a computer numeric control machine was utilized to manufacture the mold out
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(a) Front View. (b) Top View.

(c) Orthographic View.

Fig. 3.3. Digital render of the mold designed in Fusion 360. A negative
impression of the forehead and frontal bone of the hybrid III head
gives the necessary geometry for the composite shell manufacturing.

of wood. Post-processing of the tool included sanding and coating the surface of

interest with a coat of epoxy resin (Figure 3.4).

3.3.3 Assembly of Composite Shell

A composite materials was used during the manufacturing of the headbands, which

was carbon fiber based. Carbon fiber is widely used material in a variety of industries

such as automobile, aircraft and sporting technology [51] due to its mechanical prop-

erties, lightweight and moldability [52] [53]. 3K, 2x2 twill weave fabric carbon fiber
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Fig. 3.4. Photograph taken of the real tool to be utilized during the
manufacturing of the composite shell. MDF was the preferred mate-
rial during construction, and clear sanding and CNC defects can be
seen. A smooth surface finish was obtained, and the shiny appearance
is given by the resin coating.
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and plain weave Kevlar were the preferred types of fabrics for the manufacturing of

the headbands (Fiber Glast, Brookville, OH).

As a means to ensure improved mechanical properties, these fibers are reinforced

in a matrix of thermosetting resins. In this case, a chemical reaction-based curing

process was used, where epoxide groups within an epoxy resin helped form a complex

cross-linked network [54] [51].

Fig. 3.5. Manufacturing process of the composite shell. The five steps
seen include the stacking of the fabrics impregnated with epoxy resin;
the use of a vacuum; the initial extraction of the cured carbon fiber
piece; total extraction of the part; and the final product after carving
the desired geometry

Manufacturing of the product was the same process, no matter the fabric utilized.

A vacuum assisted wet layup was favored, due to geometry of the headband mold.
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Firstly, strips of 8”x14” of fabric were cut out from 5 yard rolls of textile. The

number of pieces being cut out depended on the number of plies being utilized for

manufacturing, which was six in this case. Secondly, individual strips were coated

in a mixture of IN2 infusion epoxy resin and fast epoxy hardener (Easy Composites,

United Kingdom) and carefully placed within the tool. Due to the natural geometry

of the head, and consequently the shape of the mold, proper fitting of the strips was

complicated. In certain cases relief cuts were necessary, however, these were kept

to a minimum as to not introduce stress points within the product. After laying

down the required plies, peel ply and breather were stacked on top. Subsequently,

a vacuum bag was used to cover the tool and other plies of fabric. A vacuum port

was fit in the interface between the bag and the tool, where the vacuum pump was

to be connected. Applying a vacuum through the closed molding process allowed

for a better surface finish by removing all the entrapped air and speeding the curing

process (Park, 2015). It is important to note that the curing process took place at

room temperature, which results in a lower glass transition temperature (TG), desired

flexibility and impact resistance. Finally, the piece was removed from the mold and

given shape through an oscillating saw (Figure 3.5).

3.3.4 Design and Manufacturing of Padding

The layer of padding included in the headgear is comprised of an in-house manu-

factured silicone (Eager Polymers, Chicago, IL), unlike other commercially available

headbands that utilize layers of foam material. Open cell-foams are typically used in

the automotive industry [56], in sport helmets [57] [58] or in military helmets [59].

The typical behavior of open cell-foams during a compression test can has three sec-

tions: linear elasticity, plateau and densification (Figure 3.6). In contrast to what

is observed with layers of foam, silicone padding is expected to have a unique linear

relation between the stress-strain [55]. Through this behavior, the in-house padding
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Fig. 3.6. A typical graph of stress versus strain for polyurethane foam
as presented by Avalle et al. (2001) [55]

padding will behave in a more homogeneous manner, no matter what load is being

applied, thanks to its degrees of porosity.

Manufacturing of the padding was split in different steps. Firstly, a 3D printed

mold had to be designed in Fusion 360. The tool included two types of portrusions,

a cylinder and half a sphere, for desired features of the first degree of porosity. At a

superficial level, these portursions would result in hollow indentations within the block

of silicone. Subsequent to the printing of the mold, the silicone had to be prepared to

be poured. One of the constituents of the RTV 1000 (Eager Polymers, Chicago, IL)

mixture were graphite particles. These particles added the second degree of porosity

at a millimeter level scale. Lastly, the four hour curing process of the silicone inside

the mold took place within a vacuum bell. By releasing entrapped air in the mixture,

a third degree of porosity at a micro level was obtained (Figure 3.7).
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Fig. 3.7. Manufacturing process of the padding pieces. The first
image shows the 3D printed molds which include the cylinders and half
spheres that allow for a degree of porosity. Second, an image where the
pouring of the polymer within the molds can be seen. In third place,
the molds and polymer are placed within a vacuum bell. Fourth, the
cured product is removed from the bell and the post-vacuum pieces
are extracted from the molds. Lastly, the manufactured silicone is
encased in a breathable, stretchable fabric.

3.3.5 Experimental Testing of Protective Headgear

The experiment was designed to simulate the impacts delivered in practices and

games during head injury related mechanisms. Manufactured protective equipment

was fitted on a Hybrid III 50th percentile male head and neck that was fixed on a 80 kg

steel block. The hollow space within the head is filled with an array of accelerometers
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arranged in a 3-2-2-2 setup [60]. These measuring instruments generate an estimated

value of acceleration at the center of mass of the head, which is then passed to a

National Instruments model 9234 DAQ module (National Instruments, Austin, TX).

Similar to the accelerometers, a model 086D20 impulse hammer (PCB Piezotronics

Inc, Depew, NY) was coupled with the DAQ systems, as the tool used to record the

impulse and force values of the simulated impacts.

The DAQ acquisition module was utilized to digitize the hammer and accelerom-

eter voltages by means of a custom software functioning at a sampling frequency of

5120 Hz. Raw incoming signals were processed through custom Matlab Code [60]

that could output peak translational acceleration (PTA) and peak angular accelera-

tion (PAA) at the center of mass of the Hybrid III head. In order to do so, kinematic

equations describing the impacts were solved. By obtaining data recordings of the

PTA and PAA, it was possible to use them as inputs in the dimensional analysis.

Twenty impacts were dealt to the locations of interest of the headband. Four sets

of five strikes were recorded at the following approximate g-force acceleration ranges:

<20g, 21−40g, 41−60g, 61−80g and 81−100g. The designated locations of interest for

impact testing were front, front-boss and side (Figure 3.8). It is important to clarify

that only the right side was impacted, a symmetrical response to impacts was assumed

for both the right and left side. Each location was struck by the hammer normal to

the surface and at a 45o angle. A total of 120 hits were registered per headband. The

composite material based headbands were compared with three different commercial

headbands. These included the Storelli Exoshield Head Guard, the Full 90 and the

Second Skull.

3.3.6 Statistical Analysis for Impact Attenuation

Based on the dimensional analysis performed, it was possible to obtain values for

the B and β coefficients through a simple linear regression. As a means to remove

outliers, a modified version of Grubbs’ method was implemented. A value for a
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Fig. 3.8. Digitized sketch of the experimental setup. A 50th percentile
Hybrid III male head was used for testing. The composite material
headband was placed across the frontal and temporal areas of the
head form. A modal impulse hammer was used to strike the protective
equipment on the three sites highlighted in red: the front, front-boss
and side.

standard deviation between the original data set and data curve fitted to the simple

linear regression was calculated. Data points were removed from the data set if

they were more than three standard deviations from the curve fitted data. A final
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curve fit was performed to the new data set, to calculate values for the B and β

coefficients. Following this, an analysis of covariance (ANCOVA) was utilized to

evaluate the coefficients obtained from the unhelmeted Hybrid III head and each

headband tested [60].

In addition, an effect size was quantified to further the comparison between exist-

ing head gear and the in-house manufactured headband. A minimum and maximum

impulse were identified for the data set being analyzed per headband and location.

100 more impulse values were chosen, evaluated and averaged per location for the

established range. This statistical measure gives insight on the average difference

between groups in regards to to the overall variability [60].

3.4 Results

3.4.1 Headband Manufacturing

The construction of the protective headgear was successful for the most part. Five

sets of padding were built to specification and easily adhered to the composite shell.

The dimensions and geometry allowed for proper fixation to the outer shell as well as

tight fitting on the hybrid III head. Padding stayed encased within the stretchable,

breathable fabric and did not suffer major damage during testing.

In regards to the composite shell, a total of 6 headbands were manufactured: three

3-ply thick and three 6-ply thick headbands. The vacuum assisted wet layup allowed

impregnation of a vast majority of the composite shell, however, the epoxy resin did

not permeate the entirety of the fabric. This resulted in a series of dry spots where

mechanical failure can occur with ease. In spite of the headbands being extracted

out of the mold successfully, after an initial round of testing, delamination occurred

vertically around the mid-line of the headband due to mechanical load (Figure 3.9).
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Fig. 3.9. Sample of headband after testing. Delamination is evident
across the vertical mid-line of the product.
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3.4.2 Dimensional Analysis and Impact Analysis Testing

After performing the data recollection, it was clear that the input Pi-group of

interest was only Πi,1. Due to the fact that the mass of the Hybrid III head was

constant, the value of mT would slightly vary from helmet to helmet. Nonetheless,

the overall value of Πi,2 did not fluctuate in a consequential manner. In regards to

Πi,3, the Hybrid III neck was not changed during testing. Thus, the calculated value

of the dimensionless group would vary at all. This stated equation 3.7 was simplified

to

ln(Πo,j) = ln(Bj) + β1,jln(Πi,1). (3.8)

Therefore, a simple linear regression would yield the values of the coefficients in

both scenarios.

The ANCOVA results (Table 3.1) indicate that the in-house composite material

based headgear manufactured did not perform well (highest value of β11). However,

for the location tested, all of the estimated β11 were above unity. In other words,

within this location the headgear tested does not do the best job to mitigate the

impacts as the dimensionless impulse increases.

By plotting the Πo,1 and Πo,2 against Πi,1 (Figure 3.10) the overall performance can

be evaluated. When analyzing the peak translational acceleration, the 6 layer manu-

factured helmet (labeled IOC6) performs best at low impulse values. It tends to the

other headgear at higher Πi,1 values. Interestingly, across the entire impulse spectrum

all the commercially available helmets have a behaviour similar to the unhelmeted

hybrid III headform. The effect size calculated for the translational acceleration (Ta-

ble 3.X) indicates that the CF 6-Layer has a substantial effect when compared to an

unhelmeted headform (value above unity).

In regards to the angular acceleration (Πo,2), none of the headbands tested has an

effect (Figure 3.10). The data points recollected are clustered around the trend-line
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Fig. 3.10. Πo,1 (left plot) and Πo,2 (right plot) versus Πi,1 for an
unhelmeted Hybrid III head form and the headgear tested - Full 90,
Second Skull, Storelli Exoguard and CF 6-Layer.
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Table 3.1.
ANCOVA statistical results for the dimensionless groups Πo,1 and
Πo,2, between types of headgear denoted with letters. The annotations
a, b, c and d indicate significant difference between the unhelmeted
Hybrid III headform, Full 90, 2nd Skull, Sotrelli Exoshield and the
CF-6 Layer prototype respectively.

Front Location

Coefficient Πo,1 Πo,2

Hybrid III B1 17.54 (bcde) 6.05

β11 1.96 (bcde) 1.73

Full 90 B1 15.96 (acde) 5.54

β11 2.13 (ad) 1.73

2nd Skull 5mm B1 17.17 (abde) 6.51

β11 2.07 (ae) 1.89

Storelli ExoShield B1 16.24 (abce) 5.46

β11 2.05 (abe) 1.65

CF 6-Layer B1 10.81 (abcd) 4.38

β11 2.27 (acd) 1.71

of the unnhelmeted headform. None of the effect sizes (Table 3.2) are above unity,

moreover, the commercially available headgear are closest to 0.

Table 3.2.
Effect size compared from each headband to the unhelmeted Hybrid
III headform. An effect size greater than unity is desired.

Parameter Full 90 Second Skull Storelli CF 6-Layer

Πo,1 0.8 0.21 0.6 2.45

Πo,2 0.18 0.21 0.2 0.54
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3.5 Discussion

During the fabrication of the headbands, the fabric strips of carbon fibers used to

construct the composite shell were not uniformly impregnated with epoxy resin. A

wet layup does not ensure that the distribution of the thermoset resin is homogeneous

across all the plies being used after the curing process. These are known as macro

voids - or dry spots - and are considered manufacturing defects caused by an irregular

flow front of the resin [61]. In spite of the flow front being guided by the use of a

vacuum, the rate of suction in combination with the cyring time of the epoxy was not

completely accounted for. As a result of epoxy resin not impregnating all the layers

of fabric, the interlaminar bonding is weak and can cause a mode of delamination

known as tearing due to shear [62]. A mode in which this could have happened was

that the plies tore apart from each other in response to the impacts being dealt by

the hammer.

Another possibility, is the response the shell had to the experimental testing setup.

The headband was placed on the forehead of the Hybrid III head and kept secured

through an elastic band tied to the ends of each side. In an attempt to maintain the

product firmly mounted on the head, the elastic band was thoroughly tightened. As

a consequence, a three point bending scenario was established. Each fixture point of

the elastic band acted as a supporting pin and the strike on the forehead from the

impulse modal hammer would apply the load to the composite shell. A three-point

laminar flexure test induces shear in the lamina of the specimen, leading to a tearing

delamination failure mode [62].

Different materials should be explored for the manufacturing of the headbands.

Kevlar, an aramid fiber, could be a substitute, known for its flexibility, durability

and its characteristic strength which exceeds steels’ by five-fold [63]. These and other

mechanical properties [64] make the material attractive for a variety of applications

including tactical bullet-proof vests and airplane components [65]. The use of 6 kevlar

plies is not necessary though, carbon fiber plies can be used interchangeably.
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That stated, the headbands manufactured with carbon fiber showed potential. At

low impulse values, the performance seen for the peak linear acceleration was better in

comparison to the other commercially available helmets. The addition of a hard outer

layer to the padding improves the performance. The lone composite shell allows for

the distribution of the force across a larger surface. The statistical analysis rendered

the same conclusion, an effect size above unity and a low β1,1 indicate the superior

performance. However, when analyzing the angular acceleration, the performance

was not as great. Despite the effect size being larger than the other headbands, it

was not above unity. Hence, there was no marginal difference between the use of

the 6-layer carbon fiber headband and not using protective equipment. However, a

reduction in PAA is not expected in headgear that is firmly affixed to a head and

does not expand out.
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4. FREQUENCY DOMAIN EVALUATION OF IMPULSE

ATTENUATION BY FOOTBALL HELMETS

4.1 Motivation

Protective head gear is a requirement in a variety of sports in which athletes are

constantly involved TBI related incidents. Some of these sports include American

football [18], hockey [66], lacrosse [67]( and boxing [3]. According to Levy (2004) [68]

the use of helmets has been obligatory in American football for more than 70 years.

Leather helmets that lacked chinstraps and even face-masks evolved over the years

to a version that fulfills the needs of the modern game. Nowadays, helmets have

chinstraps, steel face-masks and a plastic-shell lined up with padding or some other

cushioning instrument comprised of air-bladders, polyurethane foams or other liner

systems [69]. Performance of protective head gear can be evaluated through different

standards developed to quantify the capability the gear has to protect its user against

brain injury [70]. Standards can be contributed to organizations such as ASTM

International and NOCSAE. ASTM International elaborated an American national

standard, ASTM F717-10, focused on shock absorption capabilities and requirements

for materials and manufacturing through impact testing [71]. Nonetheless, it was

withdrawn in 2017 ”due to its lack of use in Industry” [71]. In contrast, the standard

written by NOCSAE (2007) is widely used in the industry as a certification program

characterized by its use of the Gadd Severity Index [72].

Compliance with these standards and the need to certify helmets for commercial

use, has driven the design of helmets to focus on the prevention of skull fractures

and/or other major head trauma. Notwithstanding, recent evidence has been pre-

sented by various studies highlighting the fact that repetitive impacts to the head

can lead to alterations in an athletes neurophysiological [8] and neurocognitive [5]
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development. These kind of head acceleration events do not necessarily result in skull

fractures and thus, are overlooked by the NOCSAE grading system [5] [73] [20]. For

this reason, other design parameters should be taken into account that may possibly

encompass brain injuries that range across the entire spectrum of head acceleration

events. Two of these new parameters include the transmissibility and mechanical

impedance of helmets used in American football. These variables can be quantified

to evaluate the energy absorption of materials through a range of impact loads.

Therefore, a study was performed to understand how the use of frequency domain

variables is instrumental to evaluate the performance of protective head gear in con-

tact sports. Simulated and in-game impacts were utilized to determine a frequency

range of interest with biomechanical relevance. The resulting Frequency Range of

Interest (FROI) was used to help characterize the transmissibility and mechanical

impedance of two helmets.

4.2 Theory

4.2.1 Transmissibility

In vibration mechanics, the ratio of output to input accelerations as a function of

frequency can be defined as the transmissibility [74] [75] [76].

THD,HT =
ẌHD(ω)

ẌHT (ω)
(4.1)

where ẌHD and ẌHT represent the acceleration experienced by the head and

helmet in the frequency domain, respectively.

4.2.2 Mechanical Impedance

By measuring the output at a point A on the head, Ẍ(ω), and transforming the

input force in the time domain, fB(t), to the frequency domain, FBω the frequency

response function, HA,B(ω) is defined theoretically as
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HA,B =
ẌA(ω)

FB(ω)
, (4.2)

where ẌA(ω) corresponds to the acceleration output in the frequency domain

measured at point A (Figure 4.1). Furthermore, the acceleration frequency response

function (FRF) is associated to the displacement FRF by a factor of −ω2 (a more

detailed derivation can be found in the following subsection). Thus, equation (4.2)

can be rewritten as

HA,B = −ω2XA(ω)

FB(ω)
. (4.3)

where XA(ω) is a frequency domain representation of point A.

On the basis of equation (4.3) the displacement experienced by the head and

helmet (Figure 4.2.c) is formulated as

XHD = −−1

ω2
HHD,HDFHD. (4.4)

By considering that there are external forces being applied on the helmet by

both the external stimuli and the head pushing up against it, an equation for the

displacement transmitted to the head is derived,

XHT = −−1

ω2
(HHT,HTFHT −HHT,HDFHD). (4.5)

Due to an existing interaction between the padding of the helmet and the force be-

ing experienced on the head, FHD, the spring constant, kHT , and damping coefficient,

cHT , have to be considered as constraints (Figure 4.2.b).

fHD = kHT (xHT − xHD) + cHT (ẋHT − ẋHD). (4.6)

After transferring the equation to the frequency domain, and considering an ex-

pression for the coupling force between a head and a helmet, Z(ω), the force can be

described as
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Fig. 4.1. Diagram demonstrating the basic mechanical impedance
model, in which there are two point of interest A and B. Force is being
applied at point B and acceleration is measured at point A. Through
this interpretation it is possible to relate input force and output ac-
celeration to formulate a frequency response function HA,B(ω).
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FHD(ω) = Z(ω)(XHT −XHD). (4.7)

It is important to note that the padding can be modeled by a dynamic impedance

formulated as Z(ω) = k+ωic. Having described the coupling relationship between the

forces experienced by the head and helmet, the FRF for the force measured at a point

on the helmet and the output acceleration measured within the head, HHD,HT (ω) can

be computed theoretically by substituting eq. (4.7) into both equations (4.4) and

(4.5),

HHD,HT (ω) =
HHT,HTHHD,HDZ(ω)

(−ω2HHD,HD)Z(ω)− ω2
. (4.8)

The value for HHD,HT (ω) can be quantified experimentally, thus, allowing to solve

equation (4.8) for the variable of interest: Z(ω)

Z(ω) =
−ω2HHD,HT

(HHT,HTHHD,HD) +HHD,HT (−ω2HHD,HD −HHD,HT )
, (4.9)

where ω2 and the remaining FRF’s can be identified through experimentation.

Frequency Domain Relationship between Displacement and Acceleration

A valid assumption that can be made is that the padding lining a helmet can be

treated as single-degree of freedom system.

The sum of the vertical forces can be formulated as∑
~F = m~a = mẍ (4.10)

mẍ = −cẋ− kx+ F (t), (4.11)

where F , is the force being applied to the system; m, is the mass; c is the damping

ratio; k, is the stiffness; ẍ is the acceleration; ẋ is the velocity and x is the displacement

experienced by the body. By rearranging equation (4.11)
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Fig. 4.2. Visual representation of the experimental setup. a) Point
of interest where measurements were taken for the hits dealt on the
Hybrid III head, or helmet; b) padding modeled as a spring-dashpot
system, used to model the impedance of the system; c) body diagram
of the forces and displacement experienced by the Hybrid III head
and helmet during impact.

1

m
F (t) = ẍ+

( c
m

)
ẋ+

(
k

m

)
x (4.12)

The natural angular frequency of a free damping mass and spring system can be

expressed as

ω2
n =

k

m
.
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Similarly, an expression can be formulated for the damping ratio and angular

frequency

2ξω2
n =

c

m
.

In addition, the force being applied to the system can be described through the

following function

F (t) = F0sin(ωt).

By substituting these conventions into equation (4.12)

ω2
n

k
F0sin(ωt) = ẍ+ 2ξω2

nẋ+ ω2
nx, (4.13)

the previous governing equation can be solved through a Fourier transform, thus,

∫ ∞
−∞

[
ω2
n

k
F0sin(ωt)

]
e−iωtdt =

∫ ∞
−∞

[ẍ+ 2ξω2
nẋ+ ω2

nx]e−iωtdt. (4.14)

In order to solve this equation, the integral on the right hand side will be separated

into three integrals

∫ ∞
−∞

[
ω2
n

k
F0sin(ωt)

]
e−iωtdt =

∫ ∞
−∞

ẍe−iωtdt+

∫ ∞
−∞

2ξω2
nẋe

−iωtdt+

∫ ∞
−∞

ω2
nxe

−iωtdt

(4.15)

The individual integrals will be solved from here on. The first integral concerns

the displacement term

∫ ∞
−∞

ω2
nxe

−iωtdt = ω2
n

∫ ∞
−∞

xe−iωt = ω2
nX(ω). (4.16)

Where the displacement function in the frequency domain is defined as

X(ω) =

∫ ∞
−∞

xe−iωtdt. (4.17)

Secondly, the integral that includes the velocity term can be solved by parts

2ξω2
n

∫ ∞
∞

ẋe−iωtdt = 2ξω2
n

[
x(t)

∣∣∣∞
∞

+ (iω)

∫ ∞
∞

xe−iωtdt

]
.
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As the term t approaches ∞, x tends to 0. Additionally, the definition of the

displacement function in the frequency domain can be used to further simplify the

integral term

2ξω2
n

∫ ∞
∞

ẋe−iωtdt = 2ξω2
n(iω)X(ω). (4.18)

Lastly, the integral containing the acceleration variable, ẍ can be solved by parts

as well:

ẍe−iωtdt =

(
dx(t)

dt
e−iωt

) ∣∣∣∞
∞
− (iω)

∫ ∞
∞

ẋe−iωtdt.

Similar to the previous solution, the first term will approach 0 when it is evaluated

between [−∞,∞]. The second term was solved previously, leading to the following

expression

∫ ∞
∞

ẍe−iωtdt = −ω2X(ω). (4.19)

In terms of the frequency dependent force

F (ω) =

∫ ∞
∞

[F0sin(ωt]e−iωtdt. (4.20)

By substituting equations (4.17), (4.18), (4.19) and (4.20) into equation (4.14)

ω2
n

k
F (ω) = −ω2X(ω) + iω(2ξωn)X(ω) + ω2

nX(ω), (4.21)

and solving for X(ω)/F (ω)

X(ω)

F (ω)
=

1

k

[
ω2
n

−ω2 + iω(2ξωn) + ω2
n

]
. (4.22)

In regards to formulating and expression for the acceleration in the frequency

domain, the acceleration term Ẍ(ω), is related to the displacement by a factor of ω2

as can be seen in equation (4.19)

Ẍ(ω)

F (ω)
=

1

k

[
−ω2ω2

n

−ω2 + iω(2ξωn) + ω2
n

)
. (4.23)
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4.3 Methods

4.3.1 Frequency Analysis of Head Impacts Delivered to Football Players

Analysis of Head Impacts in Human Subjects and Anthropomorphic Test

Device

Before evaluating the performance of the helmets through the transmissibility and

mechanical impedance parameters, two sets of data were recollected. The first, was

the use of wearable sensors fitted on high school football players, with the goal of

determining a FROI for head acceleration events (HAE). The second consisted in

impacting a helmeted and unhelmeted 50th percentile male Hybrid III head form

with a modal impact hammer.

xPatch (X2 Biosystem; Seattle, WA) wearable sensors were utilized to record

HAE during training sessions that involved the use of personal protective equipment.

These were placed on the right mastoid process - an anatomical landmark found

as a prominence behind the ear - of each player and secured with adhesive tape

[44]. The xPatch sensors have an integrated tri-axial accelerometer that allowed to

measure impacts experienced to the head. Events that exceeded a value of 10g, in any

axes, were registered as HAEs. Following this, the Head Impact Monitoring System

software (X2 Biosystems; Seattle, WA) was used to download the data after each

practice session.

In terms of the Hybrid III head form, the acceleration data was registered by

means of an array of accelerometers placed at the center of mass of the head form.

A helmeted and unhelmeted head form was utilized throughout testing. A total of 5

locations were impacted, including: front, front-boss, side, rear-boss and rear. Five

preset ranges of impulse were established for testing; 2 − 4Ns, 4 − 7Ns, 8 − 10Ns,

11− 14Ns and greater than 14Ns. A rubber-tip modally tuned short-sledge impulse

hammer (Model 086D20, PCB Piezotronics Inc.; Depew, NY) was used to deliver

the impacts to the head form. The impulse hammer and accelerometer voltages
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were digitized using a model 9234 data acquisition module (NI, Austin, TX) paired

with custom software with a sampling frequency of 5120 Hz. A modified exponential

windows was used to diminish the leakage, by focusing on the fact that the measured

response tends to the noise of the ambient. Data recordings were processed by using

kinematic equations to solve for angular acceleration and generate Peak Translational

and Peak Angular Accelerations at the CoM using a custom Matlab code. [60].

Data Processing of in-game and simulated impacts

Matlab was used to transform the acceleration data collected from the X2 sensors

from the time domain to the frequency domain. The findpeaks function was used to

identify the maximum peak of the acceleration signal within the frequency response

curve of the impact. An average was calculated, corresponding to the average peak

acceleration over the total number of impacts per team participating in the study.

The unhelmeted head form was impacted 2400 times. For the helmeted system

1200 impacts were processed. Similar to the data processing for the xPatch sensors,

the peak accelerations were identified. Lastly, peak accelerations were averaged for

each of the impulse groups used through testing.

Data recorded through the accelerometers in the time domain was processed and

transferred to the frequency domain. A fast Fourier transform was performed in Mat-

lab for the transformation. Consequently, an algorithm was developed that would

identify the maximum peak as a function of frequency of each HAE. In other words,

it is possible to locate the peak linear acceleration of individual impacts. Data pro-

cessing of HAEs was executed for all three participating teams. Furthermore, 75% of

the area under the response curve was delimited as the FROI due to its biomechanical

relevance. In total, 12582 were processed through the algorithm.
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Fig. 4.3. Logic diagram showcasing how the time domain measure-
ments for force and acceleration were taken and later on converted
into a frequency domain signal through a fast Fourier transform al-
gorithm. Force data was collected by means of the impulse hammer.
Accelerometers were used for acceleration data in different component
and system scenarios.

4.3.2 Experimental Determination of Transmissibility and Mechanical

Impedance Model

Experimental Setup

A 2 component system was utilized to record the output and input of interest.

The acceleration was registered by means of an array of tri-axial accelerometers (PCB

Piezotronics Inc.; Depew, NY) arranged in a 3-2-2-2 formation within the center of

mass of a Hybrid III 50th percentile head (Humanetics, Michigan). The head was at-
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tached to an 82kg steel block through a Hybrid II 50th Percentile neck model. On the

other hand, the input force of every individual strike was recorded through a rubber-

tip modally tuned short-sledge impulse hammer (Model 086D20, PCB Piezotronics

Inc.; Depew, NY). Voltage data from the accelerometers and impulse hammers were

digitized by a 9234 data acquisition module (NI, Austin, TX) while being coupled

to a software that would allow for a sampling frequency of 5120Hz (Fig. 4.3). An

algorithm was developed in Matlab that would: 1) process the data inputs and out-

puts by using kinematic equations; 2) obtain peak translational and peak angular

acceleration at the center of mass by solving the kinematics for angular acceleration.

Fig. 4.4. Visual representation of the impact locations determined on
both the unhelmeted Hybrid III 50th head form and helmeted head
form. The three locations chosen were rear, front and side. Only the
right side was hit during test, under the assumption that both the left
and right sides would have the same response when impacted.

Data Collection

The design of the experiment allowed for data recollection of the mechanical

impedance and transmissibility of the helmet and its padding. Xenith X1 (Xenith;
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Detroit, MI) and Schutt Ion (Schutt Sports; Litchfield, IL) helmets were used for

testing. Two configurations were used during impact testing: component and sys-

tem. During component trials, a uni-axial accelerometer was either adhered to the

outer surface of the helmet or the most superficial layer of the Hybrid III head form.

For system tests, two accelerometers were used. The first was placed on the outer

shell of the helmet. The second accelerometer was aligned with the first, however,

was mounted on the outer surface of the head form. The acceleration sensors were

positioned in the front, right side (symmetry was assumed for the response between

the right and left side of the head from) and the rear (Figure 4.4). The modally tuned

short-sledge impulse hammer was the tool used to impact each location, making sure

it recored hits between the range 100− 200lbforce.

4.3.3 Quantification of Transmissibility and Mechanical Impedance

Transmissibility Quantification

The necessary acceleration data was obtained by means of the coupled system

between the head form and helmet. The three locations mentioned in prior instance

were impacted five times by the impulse hammer, making sure the strike was as

close to the accelerometer as possible. The acceleration response was recorded by

each accelerometer and a FFT algorithim was used to transform the data into the

frequency domain (Figure 4.3). As a last step, the transmissibility was calculated

according to equation (4.1) by taking the ration of the output acceleration, ẌHD(ω),

to the input acceleration, ẌHT (ω). The importance of calculating the transmissibility

relies in the fact that it allows to understand the relative acceleration the head feels

in comparison to the helmet when excited by an external force, the modal hammer

in this case. The nature of the relationship between the input and output can be

inferred by comparing to transmissibility unity, given that the calculated value is a

ratio. If the value of the transmissibility is equivalent to one, both objects of interest

experienced the same acceleration for a given force. If the transmissibility was greater
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than one, the resultant acceleration of the head was larger than that experienced by

the head. This can be interpreted as an amplification of the input force. If the

calculated transmissibility is less than one, the acceleration experienced by the head

was less than the acceleration of the helmet for a given force. In other words, there

was an attenuation of the force.

Mechanical Impedance Experimental Measurement

Given the need to calculate FRFs for the head and helmet in different scenarios,

both the component and system level tests were used. The component level test would

allow for the acquisition of the uncoupled FRF for the head, HHD,HD, and helmet,

HHT,HT . In the interest of obtaining the uncoupled response of the head, strikes were

dealt to the bare Hybrid III head form set on the steel block. Helmet-wise, HHT,HT

was obtained by placing the helmet on a block of soft foam and imapacting it with the

impulse hammer. In regards to the system level testing, a coupled response between

the head and helmet, HHT,HD, was experimentally obtained. In this case, blows were

dealt while the helmet was secured on the head form. It is worth mentioning that

the tension of the straps was not measured, they were merely adjusted according to

the user’s manual before impacts. Moreover, special attention was paid to carefully

mounting the helmet on the head without dislodging any of the accelerometers.

It is important to note that Z(ω) was quantified through the experimentally ob-

tained values of the FRFs. In other words, equation 4.2 was used as theoretical

formulation to further understand the relationship between the input force and out-

put acceleration being measured during experimental procedures to obtain the FRFs.

Nonetheless, in reality, the estimator of the frequency response function was calcu-

lated by means of the cross spectral (GXY ) and auto spectral density (GY Y ) functions

of the parameters of interest.

H(ω) =
GXY

GY Y

. (4.24)
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The auto spectral density is a measure of the power over a given range of frequency.

Cross spectral density is a function that allows to identify the linear relationship

between Y (output acceleration) and X (input force). A command in Matlab was

used to calculated both the auto and power spectral densities. The reason to utilize

this practical definition is to account for the noise on the input variable. Noise in the

input signal is random variation that can be inherent to the sensor or accounted for

by mechanical input unrelated to the experiment, picked up by the sensor.

4.4 Results

4.4.1 Biomechanical frequency range of interest

Acceleration data of the HAEs taken from the time domain downloaded through

the xPatch and were transformed to the frequency domain (Figure 4.5). The data

transformed through an FFT contains a gray shaded area which represents 75% of the

area of the total signal. The upper boundary of the FROI for the event is equivalent

to the frequency range at the 75% mark. Table 4.1 shows the frequency rang of

interest per participating team that range from 0 − 200Hz. When it comes to the

peak acceleration, the average frequency at which it was found ranged between 8.92−

11.22Hz for all recorded impacts.

Having determined a biomechanical FROI for in-game HAES, the acceleration

data for the simulated impacts recorded on the unhelmeted Hybrid 3 headform

was constrained to this range (Figure 4.6). The smallest impulse range, corre-

sponding to 2 − 4Ns averaged values of 17.22g ± 20.86g which translates to a HAE

of 244.26N ± 252.22N . On the other hand, for the highest impulse range of >

14Ns, the accelerations registered of 191.70g ± 23.31g corresponded to a force of

2270.51N ± 240.79N (Table 4.2). The peak accelerations in the frequency domain

ranged between 1.35Hz ± 0.65Hz and 5.83Hz ± 0.52Hz. Large impact forces, with

resultant peak accelerations, occurred at higher frequencies than those peaks that

were measured at lower impact forces.
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Fig. 4.5. HAE wave form extracted from data recollected from a
Football player in Team 1 utilizing the xPatch sensor. a) Data in the
time domain, despite being noisy, a peak in acceleration is evident. b)
Frequency domain data, post-FFT, in which an area shaded in gray
is identified as 75% if the total area of the signal.
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Table 4.1.
The recordings correspond to in-game impacts for 3 high school teams,
for a total of 12582 impacts. Acceleration data in the time domain
was obtained from the xPatch sensors and converted to the frequency
domain impacts. Peak acceleration for each impact was located and
averaged for each participating team. A frequency range of interest
was determined by calculating 75% of the area under the curve and
indexing its frequency.

Frequency at Peak Acceleration [Hz] Frequency Range of Interest [Hz]

Team No. No. of Hits Mean ± St. Dev. Upper Boundary

1 2912 11.22 ± 6.85 198

2 5336 9.81 ± 6.34 200

3 4334 8.92 ± 5.59 195

By introducing a helmet in the system, a reduction in force and peak acceleration

was seen in both the time (Figure 4.6) and frequency domain (Figure 4.6).

4.4.2 Transmissibility

As mentioned in prior instance, transmissibility unity is the point of reference.

That said, at 0 Hz the transmissibility should have a value of 1, given that the head

form is not moving.. For the location of the forehead (Figure 4.7a), below the 40Hz

mark there is noticeable variability. Helmets from the Schutt brand have a clear peak

at 10Hz, in contrast to the results seen from the Xenith helmet, which do not exceed

unity for any frequency value throughout testing.

A marked distinction is evident below and above 60Hz for data corresponding

to impacts dealt to the rear of the helmets (Figure 4.7c). Above 60 Hz, the trans-

missibility is close to a value of 0. Below the 60Hz mark, the data is higher than

transmissibility unity which can be interpreted as an amplification of the signal, and

force from the helmet to the head.

It is clear that helmets manufactured at Xenith do not perform well when struck

at the right side location (Figure 4.7e). Around the 15 and 20Hz mark, there are
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Fig. 4.6. Top graph corresponds to acceleration data in the time
domain after striking bot the unhelmeted Hybrid 3 head form (*)
and helmeted head form (**). Acceleration data in the frequency
domain for both helmeted and unhelmeted headforms is present in the
bottom graph. Acceleration recorded in the time domain is plotted
for an approximate duration of 0.1s. The frequency domain data is
constrained to the FRO (0-200Hz) determines through the xPatch
data analysis.
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transmissibilty values above 1. In terms of Schutt helmets, there was poor perfor-

mance around the 15 and 22 Hz frequency values. Nonetheless, these peaks are short

and not sustained regions of response. The transmissibility tends to a value of 0 at

approximately the 60Hz mark.

4.4.3 Model for the Mechanical Impedance

In accordance to the theoretical formulation of the mechanical impedance, a lower

value of Z(ω) is advisable. This due to the fact that it translates to a less couples

response of the head when being impacted by force at the helmet.

In terms of the forehead location (Figure 4.7b), there was not a desireable perfor-

mance below the 100 Hz mark. Elevated values of Z(ω) were observed below 40Hz,

with a clear peak at 26Hz for the Xenith helmets. This location has noticeably higher

values of the impedance when compared to the other two regions.

A similar behavior was observed in the rear location (Figure 4.7d), where the

stabilization of Z(ω) happened around the 55Hz mark. Schutt had higher values of

impedance when compared to Xenith. A steeper drop was seen for Xenith helmets

after the peak at 37Hz.

For the side location, both football helmets had a poor overall performance, with

high impedance values seen across the spectrum (Figure 4.7f). The stabilization of

Z(ω) occurs at a frequency above 130Hz.

4.5 Discussion

The frequency domain analysis derived and implemented herein combined field

data to determine the frequency spectra of head impacts in high school football with

a set of modal hammer-based impact measurements to quantify the dynamic charac-

teristics of football helmets. Unfortunately, data from both helmet models exhibited

transmissibilities well above one in the 0-40 Hz range with the magnitude character-

istics varying considerably with the location of the impact. The impedance, , also
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Fig. 4.7. Average transmissibility and mechanical impedance are plot-
ted against frequency in Hz for the Shutt and Xenith helmets. Schutt
(dash-dot) and Xenith (solid) were impacted in locations: forehead
(a,b), rear (c,d) and right side (e,f). Several peaks below unity - force
amplification - are seen across the locations under 40Hz frequencies
for the transmissibility of both helmets. Alike, high values of the me-
chanical impedance are found in the same range, which indicates poor
performance.
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depended on impact location, ranging from 9 on the side of the helmet to almost 50

at the top front. These data suggest that, in addition to mitigating skull fractures,

new helmet designs should focus on absorbing energy, especially in the low frequency

domain.

Despite testing helmets from two different manufacturers, the trends observed were

comparable, suggesting that current helmet designs are unable to sufficiently mitigate

impacts across the range of frequencies observed in game situations. To date, helmet

characterization has been primarily performed on helmets without facemasks using

a drop tower-based standard [21] that was designed to ensure that the helmet could

protect against skull fracture or other forms of severe brain trauma. More recent

standards employ pneumatic rams, but utilize the same injury criterion [21] [77].

Combining these methods with a frequency domain analysis such as the one proposed

here may provide an algorithm for characterizing and designing helmets capable of

mitigating brain injuries of all types.

This technique makes it possible to measure a number of frequency domain param-

eters that provide a means of selecting materials and geometries that will maximize

the attenuation of the impact load. In order to reduce the risk of TBI in athletes

participating in contact sports the transmissibility and mechanical impedance have

to be considered as design factors.

There are several limitations of the current study. Firstly, the frequency range of

interest was overestimated as a safety factor. The FFT taken from the xPatch sensors

was transforming the magnitude of the raw acceleration data collected. Ergo, higher

frequency components - two-fold minimum - were introduced into the signals. Second,

the range of impacts captured between the xPatch and the Hybrid III system differ

slightly. While the frequency responses were generally comparable, it is important

to note that the precise forces experienced during in-game impacts are unknown and

cannot be determined solely from the kinematic relationship [60]. Thirdly, we only

report a single transmissibility value at each location. In order to fully characterize

the behavior of each component of the system, transmissibilities should be quantified



66

between the impact location and multiple points on the head. This would require a

model much more biofidelic than the Hybrid III system. Lastly, the impedance model

presented in section 2.2 assumes a linear relationship between the padding and the

shell of the helmet. Future work should consider nonlinear force-deflection profiles

in an effort to better understand the design parameter space for helmets and other

protective gear.

Future studies should focus on how modifying a helmets geometry or padding

systems will directly affect the frequency-domain parameter measurements. The goal

is to optimize the design so that there is a reduction of the transmissibility and

mechanical impedance across a range of head impacts. This should result in a mea-

surable level of mitigation of the deleterious effects of TBI in athletes. It should be

noted, however, that such data can only be obtained currently through biomedical

imaging-based studies [7] [73] [5]. This methodology should make it possible to obtain

a reasonable range for the mechanical impedance.
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5. CONCLUSION

Velocity of incoming soccer balls and their pressure of inflation were determined as

two of the most influential factors affecting the peak impact force of soccer kicks. Due

to the nature of the game, some of these balls will be in contact with athletes heads

as it is used as a tool in the game. The resulting peak linear acceleration experienced

by the head after being in contact with the soccer ball has been found to result in

neurocognitive impairment. Thus, a more extensive control on parameters such as the

inflation pressure and headers during game-play should allow for a safer environment

for soccer players.

Soccer headbands that were manufactured and tested showed potential to decrease

peak translational acceleration in impacts. The use of a two-layered system that

included silicone padding and a carbon fiber shell out-performed existing commercial

headbands within a clinically relevant range.

A vast majority of the head acceleration events were located within a frequency

range of interest of 0 - 200 Hz. The transmissibility and mechanical impedance, two

frequency domain parameters, were introduced to evaluate the performance of helmets

and aid in the improved manufacturing of helmets to reduce the risk of traumatic brain

injury in athletes. As a result of the underperformance of the coupled head-helmet

systems at low frequencies, it is important to lower both the mechanical impedance

and transmissibilty of the system.
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6. RECOMMENDATIONS, LIMITATIONS AND FUTURE

WORK

6.1 Recommendations

Governing bodies within the soccer world should not only acknowledge the exis-

tence of traumatic brain injuries, but work to combat, prevent and treat them prop-

erly. The study that took place highlighted some of the parameters that are directly

affecting the incidence of TBI incidents related to heading a soccer ball. Appropri-

ate enlightenment to all participants in soccer is necessary through different media,

whether its reports, conferences or q/a sessions. Special attention should be drawn

to the inflation pressure of soccer balls. Controlling the pressure and enforcing that

its value is kept closer to the lower boundaries of what is stipulated in-game should

be a priority. The simple use of a digital pressure gauge before games and during

half-time is a step in the right direction. Referees and coaches should be required to

utilize these more often, and even suggest that their players carry them as part of

their equipment kit. Moreover, female leagues should transition into the use of size

4.5 soccer balls. Despite their not being a large difference between the mass of the size

5 and 4.5 balls, the peak impact force can be reduced. The former recommendations

do not deeply impact the nature of the game and can easily be adopted by players

and leagues across different levels of play. More fundamental changes of the game

include altering certain game conditions and legal action against ball manufacturers.

Output from the sensitivity analysis allowed to conclude that the velocity is the most

influential factor when it came to the value of peak impact force. Ergo, forbidding

players to header balls coming from goal-kicks is a desired scenario, given that these

are associated to high velocities. In terms of possible legal action, soccer ball manu-

facturers should be more mindful of enforcing that product users maintain pressures
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specified on their balls. Moreover, they have the capacity of modifying the pressure

range imprinted on their balls with the basis of preventing TBI.

Headgear-wise, a series of recommendations can be presented. Players of certain

age-grades should be obliged to use headgear in game and during practice, no mat-

ter what type of headgear. Despite existing commercial headbands not performing

well across the entire range of forces experienced in simulated environments, they

do manage to mitigate the impact forces. In addition, an age restriction should be

put in place for when athletes are allowed to partake in plays associated to heading.

Transitioning to football, a more holistic evaluation of protective headgear utilized

within the sport should take place. Modern day helmet manufacturers should ensure

that their products are keeping their users safe. In order to do so, alternative certifi-

cation programs should be established that focus on the mitigation of subconcussive

impacts.

6.2 Limitations and Future Work

6.2.1 Soccer Ball Parameter Characterization

The first major limitation of the study was the fact that the kicks being recorded

were being delivered by an athlete. In other words, kicks were not consistent and

a noteworthy amount were discarded due to the ball ricocheting. In addition, even

if they were not disregarded, tracking of the soccer balls after an angled deflection

was arduous. Secondly, the video resolution and quality was not the highest. Having

video clips with a larger set of frames would increase the fidelity of the velocity values

obtained through the tracking software. Being limited to 240 frames per second

constrained the velocity measurements obtained.

For future reference, different kinds of kicks could be used. In spite of an instep

kick technique being preferred due to its capacity of reaching higher peak forces, re-

peatability is concerning. However, this may also be cause by the use of an athlete

and not a machine to deliver the soccer balls. A launcher would be a suitable re-
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placement, more so if the velocity can be preset beforehand. Furthermore, it would

be beneficial to understand what genuine in-game forces or accelerations by securing

wearable sensors and obtaining medical images of athletes during practice sessions

and official games throughout a season. By following a team it would be possible

to modify game-play and understand how changes in pressure inflation, laws of the

game or size of the ball affect soccer players.

6.2.2 Innovative Headgear for use in Soccer

Manufacturing of the soccer headbands was limited by different factors. Firstly,

the design of the mold was restricted to a 50th percentile male. Tailor-made headgear

would only be useful for a restricted amount of users. In addition, the use of the B-

rep geometry resulted in a negative impression that was not as smooth as desired.

The accuracy of the mesh, and consequent CAM model, was ensued by the post-

processing procedure. Secondly, the wooden molds limited the type of manufacturing

process that could be used to manufacture the headbands. Room temperature curing

of epoxy resins results in a low transition glass temperature and as a consequence, less

optimum mechanical properties. However, heat curing - that should yield a higher TG

- was not an option with a wooden molds that would: 1) combust inside an autoclave

or 2) morph due to the interaction between heat and the material. In third place,

a wet layup procedure does not ensure a uniform distribution of epoxy across the

fabric being used, easily leading to dry-spots and other weaknesses of the product.

Lastly, the adhesion between the padding and composite shell was fragile, which has

implications at the moment of testing the headgear on the Hybrid III head.

Future work in regards to the headband includes: use of different padding geome-

tries; improved methods for manufacturing composite materials and on-field testing

of the product. The padding utilized during testing was kept to a simple geometry

that would easily comply with having three degrees of porosity. Distinct geometries

can be used that would fit an athletes head better and have a better adhesion in-
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terface with the composite shell. As mentioned in prior instance, there are several

improvements that can be made including using a composite material tool that will

allow for heat curing of the epoxy resin and the use of prepeg epoxy instead of a wet

layup for a more homogeneous distribution of the resin. Lastly, although the perfor-

mance of the product was satisfactory within the confines of the testing environment,

on-field testing is required. Composite shells are primarily seen on soccer players as a

tool to help them in their recuperation process of a facial fracture, not in headbands.

Encouraging players to utilize these composite-based products would allow to see how

deeply it can impact traditional game-play.

6.2.3 Frequency Domain Analysis for Protective Headgear

Whilst performing the frequency analysis, one of the most important limitations

being faced was the fact that the FROI was overestimated. Additionally, the model

being proposed is linear and might not reflect the reality of the problem. A non-

linear force-deflection profile describing the interactions between the padding and the

composite shell is probably more genuine.

As a means to further improve the analysis, more locations should be tested.

During the evaluation of the helmets, only three locations were observed - front, rear

and side. However, other certification protocols require testing in other locations

such as the front-boss, rear-boss and top of the helmet. Another aspect that could be

improved in the future would be the calculation of other types of transmissibilities.

During the study, the an overall transmissibility was quantified that was based on the

interface between the entire helmet and the head. Nevertheless, there is interlinkage

of other components of the system such as the helmet shell and the padding, or the

padding and the head. It would be useful to know how force is being distributed

among these surfaces to further improve the design of both the shell, helmets and

their adhesion. Additional to that, a wider variety of helmets has to be tested in

order to have a larger data set to validate the evaluation method.
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