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Abstract

The goal of this project was to reduce the likelihood of concussions for football players by
designing a helmet that decreased linear acceleration of the head. The design incorporated shock-
absorbent protective padding. A testing assembly was created to simulate an impact force while
measuring X and z accelerations experienced in the head. Recorded accelerations were used in
equations to calculate the Head Injury Criteria (HIC) and Gadd Severity Index (SI) parameters,
which are commonly used to measure the probability of a head injury. Results obtained from the
helmet with shock-absorbent material were compared to results obtained from the helmet in its
original condition. Analysis of the results demonstrated that exterior shock-absorbent protective
padding was effective at reducing the likelihood of a concussion by reducing the linear

acceleration of the head when comparing parameters such as acceleration, HIC, and GSI.
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1.0 Introduction

In 2012, an estimated 3.8 million concussions were reported [1]. This number is more
staggering when the number of unreported concussions are considered. An estimated 26 out of
27 concussions go unreported by college football players, according to a Harvard University and
Boston University study [2].

A concussion is a traumatic brain injury (TBI) which is defined as a blow or jolt to the
head, or a penetrating head injury, which disrupts the normal functioning of the brain [3]. TBIs
are often caused when the head suddenly hits or receives a hit by another object and when the
body rapidly accelerates [1]. High impact forces move the brain within the skull, potentially
causing brain injury. The rapid acceleration of the body itself will create a whiplash effect of the
head and neck, causing effects similar to a direct hit to the skull and a hit that shakes the brain
within the skull [4].

TBUI’s are classified into three main categories: mild, moderate, and severe. During a
mild TBI, there is only a brief change in the player's mental state or consciousness. During a
severe TBI, there are extended periods of unconsciousness that can lead to coma or death. The
most common forms of reported concussions while playing sports are moderate TBIs; however,
severe TBIs also occur [3].

A concussion is a common TBI that is defined as a complex pathophysical process that
affects the brain and is commonly induced by a pathological injury. Concussions can occur from
any blow to the body that causes an impulsive force to be transmitted to the head. A concussion
is categorized as a mild TBI [3].

Football is one of the leading sources of head and neck injuries in sports. This particular

sport accounts for roughly 48,000 of the 450,000 total injuries (~ 10.67%) [3]. In 2015, the NFL
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received court approval to pay $765 million to settle concussion-related lawsuits after more than
4,500 ex-players sued the league in 2013, claiming that the NFL failed to protect them
adequately against concussions and head injuries [5]. Football players of all ages are in desperate
need for adequate preventive equipment to reduce head injuries and to prevent the onset of
severe neurological conditions linked to head trauma, such as ALS and Alzheimer's Disease.
Current helmets aim to prevent skull fractures, but neglect emphasis on concussion
reduction. Since acceleration experienced by the head is a chief cause of concussions in football,
a helmet design that focuses on reducing linear acceleration is the focus of this Major Qualifying

Project.
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2.0 Background

2.1 Traumatic Brain Injuries

In most sport contests, there are high levels of physical contact between players and their
surroundings. In fact, sports are responsible for more than 20% of all brain injuries in children
and adolescents. These injuries are commonly called traumatic brain injuries (TBI) [1]. A TBI is
a blow or jolt to the head, or a penetrating head injury, which disrupts the normal functioning of
the brain. A TBI is also defined by the American Association of Neurological Surgeons as a
sports related head injury [3].

2.1.1 Causes and Examples of TBI’s

A TBI is commonly caused by the head’s sudden contact with another object. The high
impact forces experienced make the brain move within the skull, potentially causing brain injury.
Another cause of TBI is the rapid acceleration of the body itself. This will create a whiplash
effect on the head and neck, which causes the brain to move around within the skull. This
whiplash has similar effects on the brain as a direct hit to the head. A rare TBI is one caused by
an object piercing the skull and brain tissue [3].

There are three main categories of TBI’s. The first is mild, which results in a brief change
in the players’ mental state or consciousness. These symptoms may pass quickly and not greatly
affect the player. The second is severe, which results in extended periods of unconsciousness that
can lead to coma or death. A severe TBI is an extremely dangerous situation and occurs
occasionally in sports. The most common form of concussions sustained during sports is
categorized as moderate. The severity of moderate TBIs falls between the mild and severe

categories [3].
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2.1.2 Concussions

Concussions are a mild-moderate form of TBI. A concussion is defined as a
complex pathophysical process that affects the brain. These are commonly induced by
pathological injury. Concussions usually occur in low velocity situations. The subsequent
shaking of the brain within the skull will cause clinical symptoms that are not necessarily related
to a pathological injury. Some symptoms experienced may include confusion, headache,
dizziness, nausea, visual disturbances, vertigo, or memory loss [3].

Concussions can be caused by a direct blow to the head, face, neck, or anywhere else on
the body that causes an impulsive force to be transmitted to the head. Usually the effects of a
concussion occur quickly and neurologic function is impaired immediately. In some cases,
however, the effects are not evident for a few minutes or hours after the injury occurs. A
concussion can cause neuropathic changes but does not largely affect the structures within the
brain [3]. This causes the observation of the effects on a neuroimaging study to be nearly
impossible.
2.1.3 Grading a Concussion and Effects

Determining the severity of a concussion is an important factor regarding the well-being
of the person hit. The process of treating the concussion depends on its severity. The first factor
that doctors and trainers consider is the person’s state of consciousness. The second factor to
observe is the duration of time for which the person lost consciousness. The greater this duration
is, the more severe the concussion.

In sports, a player who has suffered a concussion but returns to play too early due to
misdiagnosis may experience devastating repercussions. The most frequent consequence is

Second Impact Syndrome (SIS). SIS is a potentially fatal brain swelling that occurs when a
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person sustains a second concussion before fully recovering from a previous concussion. SIS
causes vascular congestion and increased intracranial pressure that is nearly impossible to control
[6]

2.1.4 Incidence

In order to study concussions, it is important to record all related head injuries that occur
in sports. The US Consumer Product Safety commission tracks a large number of sports-related
injuries through National Electronic Injury Surveillance System (NEISS). In 2009, estimates
show more than 400,000 high school sports related head injuries were treated at hospital
emergency rooms [7]. This estimate accounts only for documented head injuries and does not
include concussions that were not reported by athletes. In football, there were close to 50,000
concussions in 2009 [3].

Concussions are mainly caused by plays that involve tackling. In the past 40 years,
tackling was responsible for 67% of all TBIs [3]. More specifically, the majority of concussions
in football are associated with the defensive position players who frequently participate in
tackling.

2.2 Athletics and Concussions

The first major change regarding concussion awareness in sports occurred at the high
school level. In 2010, the National Federation of State High School (NFSHS) Football ruled that
“Any player who shows signs, symptoms, or behaviors associated with a concussion must be
removed from the game and shall not return to play until cleared by an appropriate health-care
professional”[3]. This rule was implemented into all high school sports.

The National Collegiate Athletics Association (NCAA) was responsible for further

meaningful concussion prevention policies in sports. In 2013, a rule was established which made
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it illegal for a player to lead with a down-facing helmet when hitting another player [3]. Also, the
NCAA implemented a similar policy to the NFSHF Football’s rule concerning clearance to
return to play.
2.2.1 Football and Concussions

In any given football game, over 100 “big hits” can occur. A “big hit” is commonly
defined by sports doctors as a contact that causes the helmet of a player to experience forces
upward of 100 g’s for a short period of time (concussions may occur at this number) [8].

Despite the tendency to cause injury, these “big hits” are viewed as integral to football.
Football currently has the highest rate of concussions in games [9]. Recently, a study to
determine the amount of concussions in various sports (Figure 1) demonstrated that football has

more concussions than any other sport.

Top five sports with the highest rate
of concussions

B Concussions per 100,000
I Ii Athletic Exposures

Football Boy'slce Boy's Girl's Girl's
Hockey Lacrosse Soccer Lacrosse

Figure 1 Top Five Sports with the Highest Rate of Concussions.

Most children begin to participate in the game of football between the ages of 5 and 7. At
this age, children are weaker and smaller in size and weight. Children's decreased strength and

mass lessen their ability to cause a "big hit,” which is one reason beginners have the lowest rate
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of concussions in football (1 in 30 players per year). As a player moves into the high school level
(ages 15 to 18) the concussion rate is greater than double the rate of concussions for beginners at
1 in 14 per year. In high school football, players are still learning and improving skills and
proper techniques but now they are larger and capable of administering concussion-inducing hits
[11].

Similar to the contrast between elementary and high school level players, athletes at the
collegiate level also differ. Despite the higher collision force, college players are more
knowledgeable and experienced in enduring "big hits." The brains of players below the age of 21
are still developing. During brain development, the brain is more vulnerable to injury and takes
longer to recover from injury. College players possess brains that are developmentally more
mature, especially in the frontal lobe region [42]. This region affects judgment and voluntary
movement, which are both imperative in one's ability to avoid concussion-inducing hits. The
concussion rate in college football is lower than in high school football (1 in 20 per year) [11].
2.2.2 NFL Attention to Concussions

In the past 15 years, studies showing troubling results associating concussions and long-
term health issues have stimulated attention from many sports associations, especially the
National Football League (NFL). Dr. Gerard Gioria has spent the past twenty years researching
concussions in youth sports. Over the recent years, he has noticed major advancements in
concussion prevention. He cites the NFL’s focus on these injuries as being one of the main
reasons, stating:

What is amazing about this is how, over the last year, with the attention that's been

brought to the issue by the NFL, the whole field has just vaulted forward. In 2003, | had

to convince families that this injury was something they needed to be concerned about.
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Now | have families coming to me, asking mostly the right questions and prepared to deal

with the issue in ways so much ahead of where we were [12].

As previously discussed, concussions are a serious problem in non-professional football;
however, concussions remain a dilemma at the professional level as well. Due to the size and
strength of professional football players, injuries and concussions in the NFL are commonplace.
The NFL has reported that an average of 1 to 2 concussions occur per game. This does not take
into account the minor concussions frequently unreported [12]. The NFL has taken some
preventative measures on this “concussion epidemic.”

2.3 NFL Rule Changes
2.3.1 Kickoff

The play in a football game that experiences the highest rate of concussions is the
kickoff. In order to lower the risk of injury during this play, the NFL moved the starting point of
the play 5 yards forward in 2011. This change had two beneficial results. First, players have less
time to reach full speed, resulting in less powerful hits. Second, many more kickoffs now result
in touchbacks, meaning that the play is in fact immediately called dead, thus removing the
possibility for a concussion altogether. In the first year this change was implemented (2011)

there were fifteen less kickoff concussions than in the previous season (Figure 2) [13].
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NFL Kickoff Data: Touchbacks (TB) & Concussions (MTBIS)
Year Kickoffs Returns Pct. 'TB | Pct. | MTBIs Pet.

2004 | 2453 2155 87.9% 208 |85% (30 | 1.39%
2005| 2439 2137|876% 218 [89% |36 | 1.68%

2006 2427 2037|839% 316 | 130% |27 | 1.33%
2007 2515 2074 825% 311 | 124% 34 | 164%
2008 2576 2114|821% 371 |144% 34 | 161%
2009 2484 2004 80.7% 401 | 16.1% 30 | 1.50%

2010 2,939 2,033 80.1% 416 | 16.4% 35 1.72%

Figure 2 NFL Kickoff Data.

2.3.2 Defenseless Player

In 2010, a rule regarding defenseless players was established in an effort to reduce
concussions. The rule made it illegal to initiate any unnecessary contact against a player in a
defenseless posture. There are now numerous rules in the NFL focused on reducing big,
unnecessary hits in football [14].

2.4 Concussion Regulations and Programs

In 2014, the NFL agreed to pay over 5000 NFL players a lawsuit settlement concerning
the concussions they had experienced while playing for the league; the settlement totaled $765
million. The players sued because they claimed they were not adequately informed of the
dangers of their concussions. Since this lawsuit, the NFL has come up with a more intensive
protocol for dealing with concussions. All players who have a concussion, and players suspected
of having a concussion, must go through a very strict protocol system. The NFL reports that the

system works well in the evaluation of concussions, although it is not foolproof [15].
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2.4.1 NFL Concussion Protocol

The first step of this protocol takes place before training camps begin. The trainers have
the players perform tests to assess critical functioning skills affected by concussions. This
establishes a baseline to compare to throughout the season [16].

The next part of the protocol occurs on the field. An athletic trainer sits in the stadium
box to review all hits on players throughout the game. If he observes a hit that he believes may
have caused a concussion, he directs the trainers on the field to check on the players involved.
The trainers give the player the same test administered to him at the beginning of the season,
using his previous results as the baseline for normal behavior. This test, which takes about 10
minutes, indicates whether the player needs further attention [16].

The final protocol step occurs during the days after a game in which a player is suspected
to have sustained a concussion. Trainers and doctors monitor the player and as his symptoms
start to improve he is be allowed to take part in more activities. Once all symptoms have
subsided and the player has passed his baseline tests, he is able to return to play [16].

2.4.2 NFL Research into Concussions

Due to the increased awareness of concussions, the NFL has offered contracts for
concussion research and development. In 2013, General Electric began a $60 million project
with the NFL focusing on improving concussion-detecting imaging technology over a four-year
period. As part of this investment, $20 million will be spent on an open innovation program
called the "Head Health Challenge"” to generate ideas for new and improved safety equipment.
This is a project open to the public to participate in [17].

The "Head Health Challenge” is divided into two main categories. The first component

focuses on increased understanding of the relationships between physiological biomarkers and
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mechanical causes of brain injuries, as well as improved knowledge of advanced brain imaging.
These advancements could potentially improve the prevention of brain injury and diagnosis. The
second part of the challenge is to develop new ways to reduce impact forces to the head,
potentially through new materials and protective devices. GE and the NFL will pursue the best
developments and research to further develop and potentially introduce to the football helmet
market [17].
2.4.3 Concussion Reductions in the NFL

Research indicates that concussion rates have decreased. In regular season games,
concussions have reduced by 35%. Hits against defenseless players have decreased by 68%. In
addition, head to head hit concussions have decreased by 43% [18].

The NFL offers many types of screening events for former NFL players. Tests conducted
on former players are incorporated into future research. The NFL fully covers costs for a
program for Neurological Care offered in five areas in the U.S. to assist players with any mental
issues [18].
2.5 Evolution of the Football Helmet

2.5.1 First Helmets

The first documented football helmet was used in 1893. It was a basic leather cap that
was used until the 1950s when more advanced materials, such as polymers, were developed.
Helmets were made mandatory for NCAA football games in 1939 and in the NFL in 1940. These
helmets were designed to protect a player’s head from skull fractures, but were not designed to

prevent concussions [19].
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Figure 3 One example of early football designs.

2.5.2 Standards

A steady increase in the number of head injuries over many years caused the NFL and
NCAA to begin collecting injury data in 1967. Soon after, the National Operating Committee on
Standards for Athletic Equipment (NOSCAE) was founded in 1969.

This committee initiated research efforts for head protection and implemented the first
safety standards for football helmets in 1973. Due to these research efforts, many changes
occurred in the early 1970s, such as the design of the outer shell currently seen in the modern
football helmet. NOSCAE stated that the outer shell of the helmet should be constructed to cover
the fragile areas of the cranium, which may fracture, or to cover specific portions of the
intracranial contents, which are most frequently vulnerable to head injuries and may result in
concussion. The helmet design and standards have not changed much since the 1970’s other than
the materials used and slight modifications to the helmet itself [20].

2.5.3 Current Helmets
The Ridell Speedflex Helmet (Figure 4) is a popular new design, incorporating some

features which help prevent concussions. This design incorporates new technologies that have



Designing a Concussion-Reducing Football Helmet 13

been shown to reduce concussions, such as a moving facemask. The facemask is attached by
hinge clips that allow the mask to move, reducing the impact on the athlete. A flexible plastic
piece located on the forehead of the helmet deforms during a hit. Similar to the deformation of a
car’s bumper during a crash, the deformation of this plastic plate helps mitigate the forces
applied to the head. Finally, it incorporates side impact protection that provides extra padding.
For safety only, the facemask has a quick release system to remove the facemask quickly in case

of serious injury [21].

Figure 4 Riddell Helmet.

Another new, innovative football helmet is the Schutt Vengeance VTDII (Figure 5). This
helmet is known for using thermoplastic polyurethane (TPU) as its interior padding. The single
layers provide better absorption impact and lower overall weight. Dual layer TPU is used in the
helmet’s front. These layers are mechanically secured and cannot move. The helmet features a
two piece facemask and a soft foam system that fits the head snugly and comfortably. The back
of the helmet has a patented system called a Flexural Resistance Back Sheif Design, which

increases strength and absorption in the back of the helmet [22].
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Figure 5 Schutt Vengeance VTDII Helmet.

Another popular product is the Xenith X2E Helmet (Figure 6). This helmet focuses on fit,
comfort, and protection. The outer shell is an extremely tough polycarbonate shell. It has a Fit
Seeker system which “adapts to the head.” There are no pumps needed and the Fit Seeker helps
keep the helmet secure during impact. When the chinstraps are pulled, the “Shock Bonnet” liner
conforms around the head for a custom instant fit. The pads used on the inside of the helmet are
durable, and are also resistant to all bacterial growth due to its chemical properties. The Aware
Flow X2E shock absorber technology “adapts to the hit.” The Shock Bonnet system acts as a
suspension system allowing the helmet and shell to move independently which deflects rotational
forces. The shock absorbers collapse venting air, providing optimal response to a wide range of

hits [23].

Figure 6 Xenith X2E Helmet.

The Rawlings NRG Tachyon is another popular, new helmet (Figure 7). The purpose of

this helmet is to be as lightweight as possible. It utilizes Rawlings AC2 Technology — a system
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of easily deforming pads which help guarantee a secure fit on a player’s head. This technology
uses Active Compression cores for comprehensive, lightweight coverage that is integrated with
the foam to protect against diverse impact levels and temperatures. The helmet also uses a heat
reduction system called Rawlings Heat Exchange. The padding system is designed for
temperature control using strategically placed top vents that move hot air away from the head.

Back and side vents circulate cooler air into the helmet [24].

Figure 7 Rawlings Helmet.

2.6 Technology and Analysis for Testing Head Impacts

2.6.1 Testing Methods

A vertical drop test is used to test most football helmets. The standards for this test were
set by the NOCSAE: the "test standard involves mounting a football helmet on a synthetic head
model and dropping it a total of 16 times onto a firm rubber pad"” [25]. However, as one study
points out, this test is not effective at determining a helmet's ability to prevent concussions
because it does not take into account the linear and horizontal accelerations of the head within
the helmet. A test which better simulates these accelerations is one where a football helmet is
mounted on an upright synthetic head attached to a model neck which accurately mimics the
movements of a human neck. The helmet is then struck by horizontal force great enough to cause

a concussion (usually at a speed of 7.4 - 9.3 m/s). This force is commonly simulated using a
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linear pneumatic impactor. Accelerometers are placed on the helmet and synthetic head in order
to measure the accelerations generated by the test. The horizontal impact method is shown in

Figures 8 and 9 [26].

Figure 8 Horiontal pneumatic impactor.

Figure 9 Horizontal Impact Tests.
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2.6.2 Linear and Rotational Acceleration

In any hit experienced by the head, there are two forms of acceleration. The first, linear
acceleration, usually occurs when the head is hit straight on, generating an acceleration in a
linear direction for a short period of time. There is an axis of rotation for the head because the
head is attached to the neck securely. When a direct hit is made to a head the linear acceleration
is forced around the axis of the head and neck, generating a rotational acceleration. Each hit to
the head can cause these two accelerations, putting the brain at risk in both situations [27].

On average, the linear acceleration for a concussed player is roughly 94 +/- 27 g’s. Non-
concussed players experience about half of that acceleration, generally 55 +/- 21 g’s. When the
neck was considered in the calculations, the axis of rotation was also included. This created the
rotational accelerations, which for a concussed player can reach 6398 +/- 1978 rad/s2. Once
again, a non-cussed player typically sustains approximately half as much rotational acceleration
reaching 3938 +/- 1406 rad/s2. To find rotational acceleration, linear acceleration vectors and an
assumed point of rotation were obtained. Angular acceleration was then estimated. The brain
motion in linear acceleration was limited to +/- 1 mm and the rotational acceleration motion was
limited to +/- 5 mm [27].

2.6.3 Common Concussion Inducing Hits
In one study with Virginia Tech Football, the frequency of impacts (Table 1) and impact

locations of hits to the head were measured (Figure 10). Most impacts occurred at less than 40

2

g’s.
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Table 1 Frequency of impacts above specified resultant acceleration thresholds.

Linear Angular
acceleration acceleration Number of
(g) Number of impacts (rad/s?) impacts
>0 1712 >0 1712
>20 684 >1000 875
>40 172 =>2000 339
>60 52 >3000 143
>80 11 >4000 57
>100 3 >5000 23
>120 1 >6000 12
>140 0 =>7000 5
>160 0 >8000 4
>180 0 >9000 1

In most sports, concussions occur in similar ways. The most common impact location is
from the front. Hits to the sides of the head cause a whiplash effect, also producing a concussion.

Beyond the initial impact, players often experience subsequent impacts, typically with the

ground [28].
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Figure 10 Distribution of impact locations.
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2.6.4 Algorithms and Testing Methods
Head Impact Telemetry (HIT) System

The HIT system is a testing method which has been shown to accurately estimate the
cranial center of mass acceleration. HIT can also evaluate all impacts in a system, even if the hit
is not in the correct field of view. The HIT system does this through several main steps. A helmet
is fitted with 6 single axis accelerometers. Each one is angled differently and transmits wirelessly
to a computing system. Once the data has been transferred, the linear acceleration can be
determined. From this value, the angular or rotational acceleration can be estimated [31].
6DOF Measurement Device

This device was developed to measure linear and angular accelerations of each axis of the
head. It is composed of 12 single axis high-g iMEMs accelerometers. They are placed in
orthogonal positions at 6 different locations in the helmet. During the game these accelerometers
send information wirelessly to the computers on the sideline which collect the data. These

measuring devices cannot be used in real time but can be assessed after the game [28].

Figure 11 High-g iMEMs accelerometers.
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Figure 12 Comparison between 6DOF and Previous HITS Data.

2.6.5 Assessing the Injury: HIC, GSI
The two most widely used metrics for assessing head impacts are the Head Injury Criteria

(HIC) and Gadd Severity Index (GSI). Each is used to predict when a single, linear acceleration

of the head may lead to brain injury. They are mathematically defined as:

T
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where T is the duration of acceleration during head trauma, t1 and t. are the time bounds
(in seconds) of the interval during which the HIC is at its maximum, and a is the acceleration of
the head’s center of gravity (in units of “g”) [39]. HIC is a measure of the likelihood of head
injury that consists of the integral of the acceleration over a certain amount of time. The period

of time is the difference of the initial and final times of the interval during which HIC attained a
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maximum value. This time is between 3 and 36 milliseconds but is typically 15 milliseconds.
The acceleration is measured in g’s (standard gravity acceleration). HIC is significant because it
not only includes the effects of head acceleration but it also considers the duration of the head
acceleration.

Both formulas were designed to indicate a fatal injury at a value of 1000, and are used to
measure the likelihood and severity of head injury arising from an impact. The tolerance for NFL
concussions is believed to be a GSI of 300 and HIC 250. The NOCSAE uses HIC as a measure
of helmet acceptability. Head rotation is a second type of biomechanical response that influences
head injury; however, there is no concurrence on tolerance limits [40].

2.7 Materials

2.7.1 Sorbothane®

Sorbothane® is a proprietary, visco-elastic polymer. It has a very high damping
coefficient, reducing impact forces by up to 80%, and has an extremely low transmissibility,
which helps to reduce vibration and damage to sensitive components nearby. Sorbothane® has
an operating range of temperatures superior to other elastomers, ranging from -20 degrees F to
160 degrees F [32].

Unlike fluid-based shock absorbers or foam products, Sorbothane® absorbs shocks
efficiently for millions of cycles and eliminates the need for metal springs to return the system to
its equilibrium position after absorbing a shock [32]. Sorbothane® works by deforming and
turning mechanical energy to heat. This heat is translated perpendicularly away from its origin

[32].
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Figure 13 Sorbothane® material.

2.7.2 PORON Medical® Urethane-Firm-Energy Absorbing

Rogers Corporation manufactures PORON® Medical Urethanes available in multiple
density/thickness combinations that offer high-energy return and excellent impact absorption.
Furthermore, this urethane combines comfort, elasticity, breathability, and fungal resistance. It

can be abraded as well [33].

Figure 14 PORON® samples.

2.7.3 Neoprene Commercial Grade

The Neoprene sample tested was a compound of 10% neoprene base and a blend of
Styrene Butadiene Rubber and neoprene. Neoprene is a group of synthetic rubbers that are
produced by polymerization of chloroprene. This sample is resistant to moderate oil, petroleum,

ozone, and weathering. Neoprene is used in a variety of applications because it maintains
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flexibility over a wide temperature range (-20°F to 212°F) and exhibits good chemical stability.

Neoprene is often used as a protective garment in various sports and activities to protect the

user’s skin and body.

Figure 15 Neoprene samples.

3.0 Methodology

With the objective of designing a helmet that was more effective at preventing
concussions, a number of steps were required. First, preliminary designs were drafted with a
series of design specifications. Next, materials for constructing the design needed to be tested in
order to determine which would be most effective. Upon completion of this step, a final design
was chosen and then assembled. Next, each piece of the rig on which the design was to be tested
needed to be constructed. Then, tests were necessary to determine the impact forces the rig was
capable of delivering. Finally, the accelerations of the head during impacts were measured,
recorded, and analyzed. Evaluation of the results supported the development of future

recommendations for a more effective design.
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3.1 Design Specifications
Certain requirements were considered for decreasing concussion risk in football helmets
in order for the helmets to be considered viable options. The conditions used to guide and

evaluate potential design ideas were:

Non-restrictive (allows for same range of motion as unmodified helmet)
e Comfortable (no more uncomfortable to wear than unmodified helmet)
e Lightweight (less than 3 kilograms)
e Sweat-proof/resistant
o Effective at reducing head acceleration/absorbing shock and isolating vibration from
impact. Goal is to decrease HIC and GSI baseline values by at least 25%. Findings
indicate that linear acceleration of 98g was most directly related to concussion with a
mean threshold for injury, and corresponds to a 75% HIC [43].
3.2 Preliminary Design
Shock absorbing material was used within the helmet and on the outside of the helmet.
The pads were placed within a typical football helmet and served as more effective shock
absorbers than the typical pads found within a football helmet. The outside pads were positioned
to cover areas of the helmet that most commonly experience concussion-inducing hits (Figure
16). The inside pads replaced any padding already placed within the helmet (Figure 17).The
damping element of these pads should absorb more of the energy from the impact, thus

decreasing the acceleration of the head.
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Figure 16 Shock absorbing material within the helmet.

et
ander He hedne

‘i:. 1)( woin
e hcoc Vi

1("p
] ¢
Made of ' shack

rv‘.(\*( cieds

Figure 17 Shock absorbing material on the outside of the helmet.

3.3 Design Materials

Materials evaluated for the design were Sorbothane® Isolation Pads, Energy Absorbing
PORON Medical® Urethane (Firm) and Neoprene sheets.

Three different samples of Sorbothane® Isolation Pads of varying size and durometer
were evaluated. The first sample was 12.5 by 12.5 centimeters with a durometer of 70. The
second sample was also 12.5 by 12.5 centimeters but had a durometer of 50. The third sample
was 10 by 10 centimeters and had a durometer of 50. All samples had a thickness of 1.25
centimeters. The durometers of all three samples were measured on a Shore Scale of OO.

Four different samples of Energy Absorbing PORON Medical® Urethane (Firm) materials of
varying densities were evaluated. All samples were 22 by 28 centimeters with a thickness of 6
millimeters. The first sample (09236) had a density of 144 kilograms per cubic meter (9 pounds

per cubic foot) with a durometer of 10 (Sample A). The second (12236) had a density of 192
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kilograms per cubic meter (12 pounds per cubic foot) with a durometer of 19 (Sample B). The
third (15236) had a density of 240 kilograms per cubic meter (15 pounds per cubic foot) with a
durometer of 32 (Sample C). The fourth (20236) had a density of 320 kilograms per cubic meter
(20 pounds per cubic foot) with a durometer that was still being tested by the company (Sample
D). The durometers of these PORON® materials were measured on a Shore Scale of O.

The sample of Neoprene was 22 by 28 centimeters with a thickness of 3.175 millimeters.
Multiple layers were cut to layer the sheets in order to test the material at 6 millimeters thickness
and 12 millimeters thickness as the others were. The durometer of the Neoprene was 60 on a
Shore Scale of A.

The varying durometers of the different materials were compared using the chart in

Figure 18.
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Figure 18 Shore Scale Comparison Chart.

3.4 Preliminary Force Plate Tests
In order to determine the comparative effectiveness of each material’s ability to absorb
energy from an impact, preliminary force tests were conducted. These tests were conducted by

dropping a 5-kilogram weight from a height of 0.5 meters onto a Vernier force plate. The Vernier
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force plate was connected to a laptop computer and data recorded to a LoggerL.ite file for
analysis. The goal was to determine which material would dissipate force most effectively. Due
to the simplicity of the Vernier force plate, these tests were only used to compare peak forces
experienced by the system. A chute approximately 0.5 meters tall was constructed out of
cardboard and used to guide the head in order to ensure it landed on the same spot on the force

plate each run.

Figure 19 Preliminary Force Plate Tests with Materials

First, ten control tests were completed without any materials on the force plate in order to
obtain an average, baseline impact force. Next, tests were performed for each sample of the
Sorbothane® and PORON®. Each test consisted of placing a material sample at the center of the
force plate and placing the cardboard chute directly over the sample and dropping the head from
the top of the chute (Figure ). In order to obtain an average impact force, the test would be
performed on each individual sample ten times. The average impact force of each sample could

then be compared in order to obtain a preliminary idea of which sample was most effective.
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3.5 Final Design

Ultimately, the Sorbothane® and Neoprene materials were abandoned and PORON® was
chosen for the final design. The decision to disregard Sorbothane® was due to the limited
amount of material in possession and the inability to acquire more due to budget constraints. The
Neoprene was abandoned due to its poor performance in the preliminary force plate testing

(Table 5).

The 22 by 28 centimeter sheets of PORON® were cut into nine 5.5 by 7.0 cm pieces.
Each piece was paired with an identical piece using Velcro, resulting in 5.5 by 7.0 cm pads with

a thickness of 12.0 mm. Some of these pads were shown in Figure 20.

Figure 20: PORON® Padding

These pads were placed on the inside and/or outside of the helmet in various
configurations and used during the simulation of three different hit impacts- top front of helmet,
face mask, and middle side of helmet. Table 2 demonstrates an explanation of each padding

configuration and the impact locations.
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Table 2: Testing Configurations

Impact
Padding Configuration Visual Locations
Tested
Control —
. All
all original pads only
Front and Top Interior —
double-layered PORON®
N Top front,
pads of same density in
Face mask

front and top, original
padding in back

Figure 22: Front and Top Configuration



Designing a Concussion-Reducing Football Helmet

Back and Sides Interior —
double-layered PORON®
of same density in back and
sides of helmet, original
padding in front and top

Exterior —
double-layered PORON®
pad of same density on
outside of helmet at impact
location, all original pads in
helmet interior

Figure 24: Exterior Forehead Configuration

All

All

30
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Figure 25: Exterior Facemask Configuration

Figure 26: Exterior Side Configuration
Figure 22 and Figure 23 demonstrate the helmet with PORON® on the inside of the

helmet at the front and back respectively. Figure 24 demonstrates the helmet with PORON®
padding on the exterior, placed on the forehead. Figure 25 demonstrates the padding on the
facemask. Figure 26 shows PORON® padding on the exterior side of the helmet. Due to a

limited amount of material, a variation of the helmet with PORON® padding at each location

was not possible.

31
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3.6 Test Rig
3.6.1 Accelerometer

In order to measure accelerations during testing, a two-axis accelerometer with a range of
approximately +/- 35 g’s was used. In order to measure accelerations experienced by a model

football player’s brain, this accelerometer was placed at the center of mass of the model head.

3.6.2 Neck, Head, and Helmet

A CPR manikin head was used for the model head for the test rig. Appendix A explains
the procedure for locating the head’s center of mass. In order to make testing scenarios more
realistic, the hollow head was cut open along one of the planes of its center of mass with a band
saw. The two halves of the head were filled with plaster to increase the weight. The total final
weight was 5.5 kg. A small cavity was carved in the plaster at the head’s center of mass. The
accelerometer was glued in place inside this cavity before the halves of the head were taped back

together.

Figure 27 Head with plaster and accelerometer.

The model head was mounted on a model neck. This neck, used in previous MQPs, was

made of %4” aluminum vertebrae disks, a combination of %4 50 durometer Neoprene rubber
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sections, and a '4” diameter 6-ply steel cable for tensioning. The neck was found to have a
bending stiffness of roughly 5500 N/m (see Appendix B for the procedure and calculations). The

head and neck combination was placed on a steel base in order to make it the proper height

(Figure 28).

Figure 28: Model Neck and Steel Base
This entire component was secured to a wooden platform. The test helmet was fastened

to the model head. The test helmet was borrowed from the WPI equipment room and had
previously been used by the varsity football team. It was a Schutt DNA model, in size large, with
SKYDEX™ Cushioning Components and a SUREFIT™ Air Liner system. A cross-section of

this model type is shown in Figure 29.

Figure 29: Cross-section of Schutt DNA football helmet [41]
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The helmet was also fitted with an RJOP-DW (reinforced jaw, oral protection, double

wire) type face mask and an Adams 4-Point High Hook Up vinyl chinstrap.

3.6.3 Air Cylinder
In order to generate a force comparable to one that causes concussions, the team had to

decide between two systems; a pendulum or a pneumatic air cylinder. A pendulum system could
not be used due to constraints of testing areas; see Appendix B for calculations and more detailed
reasoning. Thus, the team used a pneumatic cylinder system. To generate the necessary force, a

100 mm bore air cylinder with a 250 mm stroke was chosen (see Appendix D for calculations).

A solenoid valve was used in combination with the air cylinder to release the air from an
air tank once it had reached the desired pressure. %2 tubing connected the air tank to the solenoid
and then to the input port of the air cylinder using adjustable fittings for easy disassembly. The
air cylinder had to be mounted in such a way that it could hit the helmet at certain positions and

speeds.

A frame was constructed using slotted aluminum angle pieces so it would be sturdy
enough to withstand the recoil force while also allowing for easy height adjustments of the air
cylinder (Figure 30). Once mounted at each of the three different heights (corresponding to
different impact positions on the helmet), the air cylinder was extended to its full stroke length
and arranged on the wooden platform at the correct distance away from the helmet component.
Three sets of holes (one for each impact position) were marked and drilled out so that the frame
could be mounted on the platform. The cylinder was placed so that any contact between the
cylinder rod’s impact cap and the helmet would last around 15 milliseconds (see Appendix D for

calculations).



Designing a Concussion-Reducing Football Helmet 35

Figure 30 Metal frame constructed for air cylinder.

3.7 Force Impact Test
The team decided to use a force of 2000 Newtons to generate a simulated concussion-

inducing hit (reasoning and calculations shown in Appendix D). In order to ensure that the
cylinder was truly generating this magnitude of force, a force impact test was designed that
utilized a force sensor acquired from another MQP team. The force sensor was calibrated before
it was used to measure forces (Appendix E). Calibration showed no hysteresis (Figure 31). The
equation from calibration was used in the LabVIEW for the slope and intercept used for testing
(Appendix E). The force sensor was attached to the impact site in order to measure the forces of

the impacts. The force sensor was thin, flexible, and had stable output with respect to load area.
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Hysteresis Check

Figure 31 Force Sensor Hysteresis Check

3.8 Acceleration Tests

The main focus of this study was to determine how different padding materials and
configurations in the helmet influence the resulting head acceleration after a collision. Three
different hit impacts were simulated — top front of helmet, facemask, and middle side of helmet.
For each impact location, a variety of padding configurations were tested, as explained and

illustrated in Table 2.

For each testing scenario, the air tank was filled to a pressure of 40 psi before air was
manually released to the cylinder by pressing and holding a button on the solenoid. After the
cylinder fired and impact occurred, everything was reset and repeated until a total of ten hits
were obtained for each impact location, padding configuration, and PORON® density (aside
from the controls). Data for each hit was recorded using a LabVIEW program constructed to
change the voltages read from the accelerometers to x-axis and z-axis acceleration values

(Appendix F). In order to collect enough data points to thoroughly capture and analyze the hits,
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data was collected at a rate of 3000 samples per second. The minimum and maximum z- and x-
axis acceleration values of each hit were averaged, along with the time interval of the initial

impact (taken as the length of the first x-axis acceleration).

The average x-axis and z-axis peak accelerations, and calculated HIC and GSI values of
the different padding configurations were all evaluated against the control to assess the

performance of the PORON® materials.

3.9 Calculating HIC and GSI

Calculating the HIC and GSI values involves the average value of the acceleration over
the most critical part of the impact. The time interval for the critical impact period was
determined by picking an impact that resembled the average impact over the same series the
closest. The x-axis accelerations were used as a basis for the critical time intervals because they
were of a much higher magnitude than the z-axis accelerations, thus contributed more to the

overall resultant acceleration of the head.

The first step in calculating HIC and GSI was to use the full acceleration graphs
generated by a series of impacts. Figure 32 Front Impact Acceleration Graphsshows both the X
and Z acceleration graphs of the front impact control hit. The X acceleration max average was

10.58 g’s and the Z acceleration max average was 4.88 g’s.
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Figure 32 Front Impact Acceleration Graphs

The next step was to pick an impact that fits the average of the series done in this test.
Figure 33 shows a zoomed in front impact control hit, with a maximum x-axis acceleration value

of 10.61 g’s, which was closest to the average impact series of 10.58 g’s.

Front Impact Control Hit
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Figure 33 Front Impact Control Hit.

The next step was to select the correct portion of the impact, which represents an
acceleration curve under the critical time-period. Figure 34 shows a zoomed-in section of the

impact from when the x-axis acceleration first starts to spike until it becomes negative.
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Figure 34 X-Axis Acceleration.

Figure 34Figure 35 shows the same time interval for the z-axis acceleration.
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Figure 35 Z-Axis Acceleration.

The data points in this critical time period were plotted individually and fitted with sixth-

order polynomials. The modeled curves are shown in Figure 36 and Figure 37.
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X Axis Acceleration Peak Interval with Trendline
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Figure 36 X Axis Acceleration Peak Interval with Trendline.

Z Axis Acceleration Interval with Trendline
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Figure 37 Z-Axis Acceleration Interval with Trendline.

These equations generated by the best-fit line were combined to produce an overall
resultant acceleration equation by using the formula: a(t) = \ [ax(t)?+az(t)?]. Both the X and Z
accelerations were evaluated in the corresponding critical time interval to find HIC and GSI

using the following equations:

40
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T 572
HIC = {(rz —t) [rﬂ i tJ alt) dt] }
“ o

T
GSI = [u(tjsf’fdr
o

HIC and GSI values were calculated using MATLAB and Excel. The results of the HIC
and GSI calculations are in Table 6. Appendix L shows an example of the MATLAB code

created to calculate the resultant acceleration and integral value.

3.10 System Model
This model analysis focused on the horizontal forces and accelerations of the system. The

simplified version of the horizontal system diagram is represented below in Figure 38.

¥4t

Figure 38: Horizontal System Diagram

For Figure 38, the nomenclature was as follows:

e F =Force being applied by the pneumatic cylinder.
e Vo = Velocity of the helmet.

e M = Mass of the helmet.
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e K, = Stiffness coefficient of shock-absorbing pad.
e D, = Damping coefficient of shock-absorbing pad.
e v =Velocity of the model head within the helmet.
e Mnm = Mass of the model head.

o K, = Stiffness coefficient of model neck.

e D, = Damping coefficient of model neck.

Figure 38 represented the system when shock-absorbing pads are used within the interior
of the helmet, applied directly to the head. The spring and damping coefficients of the neck were

depicted as horizontal to better illustrate the translational effects of their forces.

The diagram illustrated that when an initial force was applied to the helmet it created a
velocity which was slowed down by compression of the pad which in turn exerted a reaction
force (consisting of a damping force and a spring force) onto the model head. This reaction force
resulted in a velocity of the model head which was slowed down by the spring and damping
forces of the model neck. The forces acting on the model head are illustrated in the free body
diagram, Figure 39. This project’s goal was to minimize the acceleration of the model head

caused by the initial force.
Y)Yy
¥P F ¥
?op FO N

Figure 39: Model Head Free Body Diagram
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Gravity was neglected in this model.

From Figure 38, a bond graph was created. The system’s causal bond graph and state

variables were shown in Figure 40.
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Figure 40: Causal Bond Graph with Assigned State Variables

As illustrated, this system’s state variables were pn’, pm’, Xp’, and xn’. Each of these state

variables were functions of the source of effort (in this case, F) and the derivative of each state

variable.

These functions are in Appendix G. From the equations in Appendix G, the equation for

determining the peak x acceleration for the system was:
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am = { [Kp*Xp + Dp*(Vo - V) ] — Kn*Xn — Dn*v } / (9.8*Mm) D

Equation (1) solved for the peak acceleration of the model head where am was measured
in g’s. In order to calculate this acceleration the values for Kp, Xp, Dp, Vo, V, Kn, Xn, and Dy must

be known.

3.10.1 Calculating K and D for Pads

Stiffness
In order to determine values for the stiffness coefficients for the varying types of

PORON® padding, a test was developed. The steps for this test were:

=

Place pad on rigid surface

2. Place lightweight aluminum plate on top of pad to ensure that applied weight was
distributed equally across surface area of pad.

3. Measure thickness of pad.

4. Record thickness in excel.

5. Apply 10 pound weight to aluminum plate.

6. Repeat steps 3-5 until thickness of pad with 100 pounds of weight applied was measured.
This procedure was performed for each of the 4 types of PORON® foams used by the team.
Using the equation:

F =K *x

where X is displacement, the excel sheet calculated values for the stiffness coefficients which
varied depending on the applied force. As an example, the data from the excel sheet for the 9

Ib/ft® density pad was shown in Error! Reference source not found..
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Table 3: Stiffness Data for 9Ib/ft3 Density Pad.

Force (Ibs)|Force (N} |Height (mm)} |Height (m) |Stiffness (N/m) |Displacement (m)
0.01 0 11.9 0.0119 1] 1]
10 44,4822 11 0.011 49424.66667 0.0009
20 88.9644 10 0.01 46823.36842 0.0019
30 133.4466 8.5 0.0085 39249 0.0034
40| 177.9288 7 0.007 36312 0.0049
50 222,411 5] 0.006 376096.77966 0.0059
60| 266.8932 5.6 0.0056 42364 0.0063
70| 311.3754 5.1 0.0051 45790.5 0.0068
75| 333.6165 4.9 0.0049 47659.5 0.007
80| 355.8576 4.7 0.0047 49424.66667 0.0072
100 444,822 4 0.004 56306.58228 0.0079

These stiffness values were averaged to obtain a single stiffness coefficient for the pad.

Damping

A different test was developed to find the damping coefficient of each PORON® sample.

Using a high-speed camera, the team filmed the drop of a lacrosse ball from a measured height.

Five different drops were recorded: one where the ball was dropped onto the rigid floor and the

other four where the ball was dropped onto each sample of PORON® padding. The height of the

ball’s bounce for each test through analysis of the videos. The values for these heights were

inserted into the equations below:

M*g*ho - 1/2*M*V02
M*g*hf - 1/2*M*Vf2
e=vi/ Vo
C = (-In(e)/m) * [1 + (In(e)/m)?] 2
D = 2C * (K*M)*?2

With nomenclature as follows:

M = mass of the ball
g = gravity
ho = height from where the ball was dropped
ht = height that the ball bounced
Vo = velocity of ball immediately before impact
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vs = velocity of ball immediately after impact
K = stiffness coefficient of material
D = damping coefficient of material

Through these equations, the damping coefficient of each PORON® sample was calculated. The

calculated stiffness and damping coefficients for each sample of PORON® are in Table 4.

Table 4: Stiffness and Damping Coefficients

PORON® Sample Density | Stiffness | Damping
(KN/m) | (N/ms)

9 lb/ft® 45.11 86.64

12 lo/ft 50.24 74.33

15 lo/ft 101.79 | 89.65

20 Ib/ft? 222.76 | 108.21

3.10.2 Determining Velocity and Displacement

In order to determine the velocities and displacements experienced by the system, this
group used the same high-speed camera from the damping tests to capture the impacts on video
and analyze the data frame by frame. By placing a marked board behind the system, the starting
position of the system and the point at which it reached its full displacement were determined.

Images from the video are shown in Figure 41.
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Figure 41 Images from High-Speed Data Analysis.

From this procedure, the maximum displacement experienced by the model from a frontwards-
facing hit was 12.37 cm, which corresponds to 0.14 seconds of movement for the model in the
positive x direction. From this data, the average velocity of the system was calculated to be

roughly 0.9 m/s. However, this displacement and time do not correspond to the system at peak
acceleration. The following equation was used to calculate for the velocity at peak acceleration

(constant acceleration was assumed due to the short period of time for which the impact occurs):
v=x/t

Where x was the displacement of the head at peak velocity and t was the time. The team used
0.025 meters for x (calculations in Appendix C) and estimated 15 milliseconds for t. The velocity

was calculated as 1.67 m/s.
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4.0 Results and Analysis

4.1 Preliminary Force Plate Tests
The results from the preliminary force plate tests are in Table 5.

Table 5: Preliminary Force Plate Test Results

Sample Th(i:;l;rr:)e >3 Average Impact Force (N) % Imggg;/rirln_le_zg rom
No material (Control) 1890 +/- 100 NA

Sorbothane® 70 Durometer 12.5 1637 +/- 246 -13%
Sorbothane® 50 Durometer 12.5 1569 +/- 227 -17%
PORON® 9 Ib/ft® Density 6.0 1508 +/- 213 -20%
PORON® 12 Ib/ft® Density 6.0 1350 +/- 153 -29%
PORON® 15 Ib/ft* Density 6.0 1402 +/- 210 -26%
PORON® 20 Ib/ft® Density 6.0 1594 +/- 182 -16%

Neoprene 6.0 1664 -12%

For all materials tested, the standard deviation for average impact force was between 10-
15%. This was likely due to the force plate’s data collection speed, which was sometimes too

slow to record the rapid impacts produced by the tests.

PORON® performed the best despite the fact that each sample was less than half the
thickness of the Sorbothane® samples. The 12 Ib/ft> PORON® sample showed the most

potential with a 29% reduction in force measured by the force plate.

4.2 Force Sensor
Figure 42 shows data collected from the force sensor test.
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Figure 42: Force Sensor Impact Readings Graph

The force impact generated by the air cylinder on the helmet was, on average, 40-50 Ibs
(175-225 Newtons). This impact force was much lower than the predicted force of 2000 N
(defined in Appendix D). This was most likely due to the damping effects within the air cylinder
itself.

These lower force impacts resulted in head accelerations that were far less than
anticipated. Therefore, the accelerations measured by this project were not comparable to
accelerations experienced by football players during a concussion inducing impact. However,
despite these weaker hits, this team still compared the effectiveness of the different PORON®
materials and configurations with that of the control (original Schutt padding, Figure 21) to
determine which was more efficient at reducing accelerations.

4.3 Acceleration Tests
Table 6 displays the acceleration test results.
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Table 6: Acceleration Test Data
Location oad | AVO. | Accel% | Avg Accel | ime HIC % SI1 %
of Pad D ad Max X- | Change | Max Z- % of change change
. . ensity change HIC Sl
Impact | Orientation (Ib/f) Accel from Accel from Impact from from
(9) Control (9) control (s) control control
10.58 4.89
Control NA +/-0.24 NA +/-0.3 NA 0.015 1.40 NA 2.16 NA
12.45 5.30
9 | +/-0.24 17.7% | +/- 0.32 85% | 0.013| 1.74 | 244% | 2.78 | 29.0%
Pads in 13.50 5.65
Interior, 12 | +/-0.42 +/-0.11 | 15.6% | 0.013 | 2.02 3.31
Front and 12.91 5.62
Top 15 | +/-0.26 +/-0.25 | 15.0% | 0.012 | 1.89 2.98 | 38.0%
13.32 5.48
20 | +/-0.43 +/-0.64 | 12.2% | 0.012 | 2.04 3.30
10.23 4,93
9| +/-0.30 -3.4% | +/-0.58 0.9% 0.017 | 1.37 -2.1% | 2.17 0.4%
Front of Pads in 10.45 5.30
Helmet . 12 | +/-0.31 -1.2% | +/-0.49 8.4% 0.016 | 1.40 -0.1% | 214 | -0.7%
Interior,
Back Only 10.38 5.95
15 | +/-0.42 -1.9% | +/-0.57 0.015| 136 | -29% | 210 | -2.7%
10.87 5.12
20 | +/-0.44 2.7% | +/-0.55 48% | 0014 | 158 | 125% | 2.41 | 11.7%
7.63
9 | +/-0.61
7.94
Pads on 12 | +1-0.22
Exterior of 764
Helmet 15 | +-0.20
8.99
20 | +/-0.35
9.26 +/-
Control NA 0.7
10.81
9 | +/-0.43
. 11.22
oo | 12| 5025
Front Only 15 | +/-0.85
Face- 11.07 4.37
mask 20 | +/-0.57 +/-0.44 | 84.7% | 0.015| 1.16 | 31.5% | 1.80 | 22.6%
8.01 3.26
9| +/-040 | -135% | +/-0.41 | 37.8% | 0.021 | 0.79 | -10.2% | 1.22 | -16.4%
Pads in 9.00 3.87
. 12 | +/-0.79 -2.8% | +/-0.52 | 63.8% | 0018 | 1.18 | 33.4% | 1.70 | 16.4%
Interior, 8.96 508
Back Only 15 | +/-0.68 | -3.2% | +/-0.69 0021 | 1.12 | 26.8% | 1.65| 12.3%
8.63 3.94
20 | +/-0.49 -6.8% | +/-0.42 66.5% 0.019 | 1.02 | 153% | 151 3.4%
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8.04 2.46
9 | +/-0.45 -13.1% | +/- 0.45 4.1% 0.016 | 0.68 | -23.5% | 1.09 | -25.7%
Pads on 7.66 1.90
; 12 | +/-0.23 -17.2% | +/-0.32 | -19.5% 0.016 | 0.61 | -30.5% | 0.98 | -33.1%
Exterior of
Facemask 8.28 2.69
15 | +/-0.55 -10.6% | +/-0.56 | 14.0% 0.016 | 0.75 | -14.6% | 1.19 | -18.9%
8.76 2.95
20 | +/-0.39 -5.4% | +/-0.42 | 24.8% 0.015 | 0.92 44% | 141 | -3.5%
Control 13.05 3.23
NA +/-0.22 | NA +/-0.64 | NA 0.012 | 1.89 | NA 3.13 | NA
16.15 5.07
9| +/-0.16 23.8% | +/-0.28 | 57.0% 0.010 | 3.03 | 60.7% | 452 | 44.2%
16.66 2.72
Pads in 12 | +/-0.36 271.7% | +/-0.25 | -15.7% 0.010 | 3.31 | 75.4% | 4.94 | 57.7%
Interior 17.06 2.92 101.0
15 | +/-0.50 30.7% | +/- 0.20 -9.5% 0.010 | 3.79 % | 5.35| 70.9%
Side 17.69 3.06
20 | +/-0.36 35.6% | +/- 0.46 -5.1% 0.009 | 3.30 | 74.9% | 5.23 | 67.0%
10.12 3.93
9 | +/-0.09 -225% | +/-0.20 | 21.7% 0.013 | 1.19 | -37.1% | 1.68 | -46.4%
10.17 3.65
Pads on 12 | +/-0.29 -22.1% | +/-0.14 | 13.0% 0.014 | 1.06 | -44.0% | 1.69 | -45.9%
Exterior 10.96 2.99
15 | +/-0.19 -16.0% | +/- 0.18 -7.3% 0.013 | 1.21 | -35.9% | 2.00 | -36.0%
12.88 4.38
20 | +/-0.35 -1.3% | +/-0.55 | 35.6% 0.013 | 180 | -44% | 2.90 | -7.4%

Appendices I-K show graphs from all tests.

4.3.1 Accelerations
In each impact-testing scenario, both X and Z accelerations were affected by the

placement of the PORON® pads. In most of the tests, adding pads to the interior of the helmet
did not make any difference or produced worse results. In some tests, the impacts increased by
over 20% when interior PORON® pads were used. When adding pads to the outside of the
helmet, the accelerations were reduced considerably. Adding exterior padding to the helmet was

capable of decreasing the resulting accelerations of the head up to 28%.

When looking at the acceleration curves over time, some of the Z acceleration curves
were inconsistent. The Z accelerations were difficult to determine because the data produced had
large oscillations and noise. This may have been caused from the way the helmet was impacted.

On impact, a slight upward or downward movement (Upwards for facemask impact, downward
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for front and side impacts) of the head was generated. Some of the Z acceleration curves did not
match up well over time when compared to the X accelerations. However, some of these impacts
were matched over time with the X accelerations. Evaluation of the accelerations in both the X
and Z directions described each hit more thoroughly but the angular acceleration could still not

be determined.

Impact testing on the facemask was highly inconsistent. The impact sight on the
facemask was a small vertical bar, making it difficult to produce a flush impact. Despite adding
flat plates to the facemask and air cylinder to create a planar impact site, the helmet ricocheted in
various directions over the course of many hits. This produced varied accelerations in all

directions, making the results inconsistent.

Overall, the lower density pads (densities 9 and 12 Ib/ft®) performed better than the
higher density pads (densities 15 and 20 Ib/ft®). However, almost all of the PORON® pads tested
in the interior of the helmet performed worse than the control pads. The major finding of this
project’s testing was that padding added to the exterior of the helmet was most effective in

reducing the acceleration of the head during a hit in football

4.3.2 HIC and GSI
From the HIC and GSI values, a different intensity was observed for different pad

samples. As the pad density increased, the resultant HIC and GSI values increased as well (Table
6). The higher density PORON® made for higher HIC and GSI values, indicating greater risk of

injury.

The HIC and GSI values calculated were lower than anticipated. This was due to the low-

impact forces discussed in Section 4.2.
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The main observation was the effect that exterior pads caused on the HIC and GSI values.
In each of the three main impact tests, padding attached to the outside of the helmet greatly
decreased the HIC and GSI values (Table 6). Padding added to the front interior of the helmet
proved to make the intensity of impacts worse. In each front interior padding test, the HIC and
GSl increased. Adding padding to the back of the helmet did not make much of a difference.

Only slight changes were observed.

4.3.3 Model Analysis

The following equation was found in Section 3.10 to calculate the peak acceleration of

the head during an impact with PORON® padding in the front interior of the helmet:
am = { [Kp*Xp + Dp*(Vo - V) ] — Kn*Xn — Dn*v } / (9.8*Mn)

Using this equation, a peak acceleration for a 400 N impact was calculated for each
sample of the PORON® padding. These values were compared to the corresponding measured

accelerations from Table 6. These comparisons were shown in Table 7.

Table 7: Measured vs Calculated Accelerations

PORON® Measured Acceleration | Calculated Acceleration | % Error
Sample Density | (m/s?) (m/s?)

9 Ib/ft3 12.45 6.95 44%

12 Ib/ft3 13.50 7.08 48%

15 Ib/ft3 12.91 10.56 18%

20 Ib/ft3 13.32 8.34 37%

Unfortunately, the calculated values varied greatly from the actual measured
accelerations. This variation was expected and was most likely due to the System Model from
Section 3.10 that drastically simplified the far more intricate system that this project tested.

Despite the variation, the calculated accelerations from the System Model support the trend
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observed in the acceleration testing (Table 6) that indicated 9 Ib/ft® and 12 Ib/ft® density pads

were more effective at reducing acceleration.

54
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5.0 Conclusion and Future Recommendations

The goal of this MQP was to reduce the likelihood of concussions for football players by
designing a helmet that reduced the linear acceleration of the head.

Testing indicated that lower density PORON® samples demonstrated higher
effectiveness at decreasing accelerations. The two samples with densities of 9 Ib/ft® and 12 lb/ft3
had lower stiffness coefficients, thus making them less resistant to deformation than the 15 Ib/ft®
and 20 Ib/ft3 density pads. Better damping effects were due to the lower density materials' ability
to deform more upon impact before transferring the force to the helmet and head as demonstrated
in Section 3.10. The other two samples, with densities of 15 Ib/ft® and 20 Ib/ft3 were too stiff.
The high stiffness prevented the pads from deforming as much as the lower density pads within
the time of impact (15 milliseconds), thus reducing their ability to dissipate energy through
damping.

While the lower density samples performed better during testing with relatively low
impact forces, if they were exposed to greater forces (more typical of those experienced in
football games) results might be different. The impacts generated by the air cylinder were around
200 N with a maximum of 400 N. A concussion-inducing impact in football is generally around
3000 N. Therefore, it can be assumed that the 15 Ib/ft® and 20 Ib/ft® density pads would be more
effective at reducing accelerations during a 3000 N impact than the 9 Ib/ft3 and 12 Ib/ft® density
pads. A 3000 N impact may compress the lower density pads too quickly; therefore, the pads
would reach their max displacement before the impact was over. Since the pads can only
dissipate the force of the impact while they are being deformed, the lower density pads would
only be effective during the first few milliseconds of a 3000 N impact and provide no dissipation

for the remainder of the impact. Conversely, the higher stiffness of the higher density pads would
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allow the PORON® padding to deform throughout a 3000 N impact. Because of this, the pads
would dissipate the force of the hit for the full time of impact as opposed to just a portion of the
time.

Another key finding was that exterior padding was far more effective at reducing
accelerations than interior padding. It was predicted that the PORON® padding deformed more
when the impact was applied to it directly as opposed to when the impact was applied to the
helmet, which in turn transmitted the force to the interior PORON® pads. This greater
deformation allowed the PORON® pads to dissipate more of the impact energy when placed on
the exterior of the helmet. In addition, when testing PORON® pads in the interior of the helmet,
the PORON® pads were tested as a substitute for the Schutt pads, because the original Schutt
pads within the helmet were removed and replaced with the PORON®. It could be concluded
that PORON® on the interior of the helmet might be slightly less effective at reducing the
acceleration than the Schutt pads. One explanation may be that the Schutt Pads offered more
consistent coverage of the interior of the helmet than the PORON® pads. The Schutt pads were
better arranged to accommodate the head than the square pieces of PORON® pads that were not
fitted for the inner sphere of a helmet. However, when testing PORON® pads on the exterior of
the helmet, the PORON® pads were tested as additional protection with the original Schutt pads
unaltered. Because of this, a greater reduction in acceleration was expected when testing the
PORON® on the exterior of the helmet.

For future projects, this team recommends producing a means to generate a force closer
to a concussion-inducing impact of 3000 N. Using a larger air cylinder or a different test method
discussed in Section 2.6.1 could achieve this. A greater force would allow future projects to

observe the effectiveness of concussion-reducing materials in a more accurate depiction of a
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football impact by producing more realistic HIC and GSI values. In addition, a recommendation
is to develop a more consistent testing procedure capable of generating highly repeatable impact
forces. Finally, this team recommends that future projects attempt to evaluate the relationship

between concussions and angular acceleration.
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7.0 Appendices

Appendix A- Hanging String Method for Determining the Head’s Center of Mass
First, attach a long piece of string to any point on the head. Then attach a second piece of string
that is weighted with a nut on the end to the same point as the first string. It should span the
head. Hold the first string and lift the head. Draw a straight line on the head where the weighted
string falls (Figure 43). Repeat to find the intersection of the two lines. This intersection is the
location of the center of mass. Repeat the entire process to determine the center of mass on the

top, bottom, and sides of the head.

W

Figure 43 Method to find the center of mass.

AN

Appendix B — Determining the Bending Stiffness of the Neck
First, the length and diameter of the neck were measured as 0.164 m and 0.08255 m,
respectively. Next, the supporting base platform for the neck was laid on its side and clamped to

a table. A picture was taken to determine a baseline position for the neck (Figure 44).
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Figure 44 Determining Baseline Position for Neck.

A second picture was then taken after a 18.44 kg kettlebell was hung from a bolt at the far end of
the neck (Figure 45).

Figure 45 Position after weight applied to neck.

Using Adobe Photoshop, the change in angle of the neck from was determined to be 11.4°. The
following equations were used to calculate the neck's displacement, area moment of inertia,
elastic modulus, and bending stiffness.

tan(11.4°) = D/(0.164m) --> D(displacement) = 0.033 m
I = nd%/64 = n(.08255m)*/64 = 2.2795x10° m*

F = mg = [(3EI)/L®]D = (18.44kg)(9.81m/s?) = [3E(2.2795x10° m*)/(0.164m)*](0.033m) -
> E = 3535791.742 N/m?
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k = (3EI)/L3 = [3(3535791.742 N/m?2)(2.2795x10°® m*)]/(0.164m)® = 5481.7 N/m

Appendix C Pendulum Calculations

Length of Pendulum
m
Desired impact velocity is 9.3 5

LT,
S mv’ =mg
he 2
an = Zg
v (93%)°
= —= = 4.4m
29 2+98%

Impact force capable of causing a concussion using the average mass and acceleration of a
college football player:

Myplayer = 90kg
m
Aplayer = 34.45—2

Frit = Myiayer * Aprayer = 90 * 34.4 = 3096N = 3.1kN

Load supported by pendulum
F =mgh

F 3096N 718k
m=—=—-n= .
gh 980 s 44m 7
S
The pendulum would have to be very large (4.4 meter long arm) and able to support a significant
load of approximately 72 kg. We do not have lab space conducive for this type of set-up. It

would also be more difficult (compared to the air cylinder) to change impact angles/locations and

ensure accuracy. Therefore, the pendulum set up was not used.
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Appendix D
Air Cylinder Calculations

Impact Calculations:
Mplayer = 90kg

Gpiayer = 344

Frie = Mplayer * Aplayer
Fyir = 3.096 kN

For these calculations, the team chose to assume the pressure within the cylinder as 80 psi (551.6
kPa). This assumption was made because this pressure corresponded to the maximum, safe

pressure to use from the team’s air supply.

P =551.6 kPa
Fhrie
Agroa = —L
area P

Agreq = 5.61 x 1073m?
Aarea
D =2(—)°
( - )

D = 0.089

Table 8 Variables Used in Determining Impact Force and Air Cylinder Requirements

Variables
Mylayer Average mass of an NFL Defensive Back
Aplayer Acceleration of player while delivering
concussion-inducing blow
P Pressure from lab’s pressurized tanks

e Pneumatic cylinder will have a 250 mm stroke length
e Cost of 100 mm bore pneumatic cylinder with 250 mm stroke ~$200
e Impacting cap will be fastened to end of pneumatic cylinder’s striking rod (cap, foam

pad, backing plate to simulate helmet shell+liner of striking player)
e For our testing procedure, a 2000 N impact force is used. There is a wide range of impact

forces that potentially cause brain damage; they can be as low as 500 N and as high as
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3096 N as calculations show. 2000 N is used in order to not produce unfavorable
reactions from the test rig (addressed in equations below).
e In order to simulate a 2000 N impact, a pressure of 254.8 kPa (~ 40 psi) will be used.

Force = Pressure * Area

Pressure = % = 254777.07 Pa
TTx(—
2

Impact Model
In order to determine the test rig’s maximum velocity and movement in response to the impact

force, the following calculations were made:

m
kneck = SONa
Tneck = 0.1778m
Mpeadneck = 14kg
V= S

Xcontact = 0.025m

Fimpact = 2000N

0.5
Xcontact 2
Vmax = [(Fimpact * Xcontact — O-Skneck * ( 4;011 (:: HE Mhead i ]
nec eadnec
m
Vinax = 2.66—
Conservation of Energy:
1 1
2 2 2 2
-mv,° +=-k0,;° = =mv,“ +=k0
A e R
Distance the Head will Rotate:
X
60 — contact
Theck

0o = 0.141 radians

Full Range of Motion:
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2 2 2
(mheadneck * Vmax + kneck * 90 — Mpeadneck * V1 )

0.5

Hm ax

kneck

Omax = 1.22 radians

Table 9 Variables Used in Determining Neck Motion and Rotation
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Variables
Mpeadneck Mass of the head, neck, and helmet
Kpeck Stiffness of the neck rig
Theck Length of the neck rig
12 Initial Velocity
Distance for which the pneumatic cylinder’s
Xcontact impacting cap allies the force to the test rig
F Force applied by the pneumatic cylinder’s
tmpact impacting cap
p Angle test rig rotates while making contact
0 with impacting cap (8°)
Max angle test rig rotates after being struck
Hmax

by impacting cap (70°)

Appendix E Force Sensor Calibration and LabVIEW

Force Sensor Calibration

The team created a LabVVIEW VI which could record data from the force sensor. The test was

performed by a number of steps:

N o g bk~ wDdPE

Sensor.

The force sensor was laid on a flat surface.

The user entered 0 into the LabVIEW input for the weight experienced by the sensor.
The user placed a ten pound weight on the force senor.

The user entered the total weight on the force sensor into the LabVIEW input.

Steps 3-4 were repeated until a total weight of 100 Ibs rested on the force sensor.
The excel file which the LabVIEW was writing to was opened.

The user made a chart that graphed user input weight vs voltage given by the force

8. The user made a trendline and obtained an equation from it.
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Upon completion of these steps, the team could use the equation obtained from step 8 to

determine any force experienced by the sensor.

Force Sensor Calibration

120
y =2017.7x - 10.769
2 100 R2=0.9972g¢"
= s
= ®
2 80 o
& o0
S
S e ..
g Lo
9]
= 40 o0
T s
S 2 g
.".‘-.
0 oo
0.0000 0.0100 0.0200 0.0300 0.0400 0.0500 0.0600 0.0700

Voltage from Transducer (V)

Figure 46 Force Sensor Calibration Graph.

The team determined the calibration values to be 2017.7 for a slope, and -10.769 for the intercept

(Figure 46).

LabVIEW for Force Sensor
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Appendix F LabVIEW for Acceleration Testing
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Figure 48 LabVIEW Accelerometer Program Block Diagram.

Appendix G- System Model
As illustrated in Figure 40, this system’s state variables were pn’, pm’, Xp’, and xn’. Each of these
state variables were functions of the source of effort (in this case, F) and the derivative of each

state variable.

Xp

= f(pn, Pm, Xp, Xn, F)

70
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xn = T(ph, Pm, Xp, Xn, F)

Pravview = T(Pn, Pm, Xp, Xn, F)

Pm = f(pn, Pm, Xp, Xn, F)

Using Figure 40, the derivative equation for each state variable was obtained.
Xp = (Ph/Mh) — (Pm/Mm) = Vo - v

%n=pm/ Mu=V

Pravview = F - [Kp*Xp + Dp*( (ph/Mn) — (pm/Mm) ) ]

Pm = [Kp*Xp + Dp*( (ph/Mh) — (Pm/Mm) ) 1 — Kn*Xn — Dn*(pm/Mwm)

X refers to displacement and p refers to momentum.

Since momentum is equal to mass multiplied by velocity, the integral of momentum (p)
was written as M*X¥ or M*a (mass times acceleration). Thus, these state equations were re-

written to obtain two equations of motion, one at the helmet and the other at the model head:
Mhn*an = F - [Kp*Xp + Dp*(Vo - V) ]
Mm*am = [Kp*Xp + Dp*(VO - V) ] — Kn*Xn — Dn*V

am = { [Kp*%p + Dp*(Vo - V) ] — Kn*Xn — Dn*Vv } / (9.8*Mm)
X is displacement. The excel sheet calculated values for the stiffness coefficients which varied

depending on the applied force. As an example, the data from the excel sheet for the 9 Ib/ft

density pad is shown in Error! Reference source not found.Error! Reference source not found..

These stiffness values were average to obtain a single stiffness coefficient for the pad.
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The following equations were used to calculate damping for each PORON® sample:

Appendix H — Preliminary Force Plate Test Results

4000
3000

2000

Force (N)

1000

-
—~

-1000— 1 T : : T : ! ! | |
0 50 100
Time (s)

Figure 49 Sorbothane© Sample 2 1569 N average (17% improvement).
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Figure 50 Sample 1 Sorbothane®© 1637 N average (13% improvement).
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Figure 51 PORON® Sample A 1508 N average (20%).
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Figure 52 PORON® Sample B 1350 N average (29% improvement).
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Figure 53 PORON® Sample C 1402 N average (26% improvement).

80

74



Designing a Concussion-Reducing Football Helmet

4000
3000

2000 |

Force (N)

1000

-1000— : T !
0 50
Time (s)

Figure 54 PORON® Sample D 1594 N average (16% improvement).
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Figure 55 Neoprene 1664 N average (12% improvement).
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Designing a Concussion-Reducing Football Helmet 76

Appendix | — Impacts to Front of Helmet

Control

Acceleration: 2

- 2x@CRTERIA0SI0000.0 + 3x0VEOTTI80000000.0- = y

y = -0.000000103935639x* + 0.000013538054253x%°
- 2XZ02002ETSCOAL 0.0 + *xTeTLECTDO082000.0

0.0006 7 7060( 745x* + 0.016755437816349%°

8820ATBELEZ0VD.0 - xhBALISZ2E2B8E82.0 + xa2[MESERB022L80.0

0,206527029003499%" + 0.825226013345590% +
0.239360329340516
.e
at by or
.
»,
e
“ .
LD
a
|| e
3 R
» - B
o
-* 3
d-,_._ .........
' . os 0OF =9 ot ar or g o

. .
Teen

Hit# | ZMax | ZMin | XMax | XMin | Collision
Time (ms)
1
2 561918 | -4.4058 | 10.38516 | -3.57862 15
3 4757682 | -4.3201 | 10.68017 | -3.38657 |  14.67
4 4.800965 | -4.55627 | 11.06745 | -3.22873 |  15.67
5 4.63141 | -4.22869 | 10.55753 | -3.29153 16
6 4.914036 | -4.41084 | 10.78938 | -3.33325 |  14.67
7 4.904186 | -3.97357 | 10.46073 | -3.39715 15
8 5.00707 | -3.91187 | 10.23609 | -3.50119 |  15.67
9 4.729347 | -4.66907 | 10.61438 | -3.30233 15
10 4.611253 | -4.14589 | 10.45479 | -3.20601 15
Average | 4.886125 | -4.29134 | 10.58285 | -3.35837 |  15.19
Std Dev | 0.304521 | 0.252768 | 0.244752 | 0.122201 | 0.4746051




Designing a Concussion-Reducing Football Helmet 77

Interior Front and Top Padding: 9 Ibs/ft"3

Acceleration: X Acceleration; Z

‘ e-|- }

y = -0.000000110212206x° + 0.000014335388898xC y = 0.000000013307380x" - 0.000001566599929x" +
0.000626211845775x" + 0.010414582698825x° 0.000064491898033x" - 0.002265048481794x" +
0.077053314793497x + 1.134882068137460x 0.086240805950667x" - 1.285686237890640x +

1.692367721868620 1.486485704149570

ooooo

Hit# | ZMax | ZMin | XMax | X Min | Collision
Time (ms)

2 5.676453 | -3.46016 | 12.5293 | -1.31388 11.67
5.692169 | -5.64476 | 12.78749 | -1.39398 11.33
5.565707 | -4.75049 | 12.34459 | -1.32209 11.33
5.194936 | -4.63001 | 12.42574 | -1.21153 11.67
4.851154 | -4.07955 | 12.2582 | -1.16727 12.33
5.172144 | -4.57338 | 12.16211 | -1.23394 12.33
5.310534 | -5.03214 | 12.81284 | -1.33038 11.33
9 4.934552 | -4.21971 | 12.31806 | -1.31039 12
Average | 5.299706 | -4.54877 | 12.45479 | -1.28543 11.75
Std Dev | 0.322629 | 0.654245 | 0.239173 | 0.07431 | 0.42716466

0N |O1|~ W




Designing a Concussion-Reducing Football Helmet

Interior Front and Top Padding: 12 Ibs/ft"3

Acceleration: X

|

@ ceeas=m oo
& rot Semcen

340895 - 0,00001 14066568265 +

523910210x% +

56465282

y = -0,000000030865872x° + 0.000006387168236x°
0.000493209060273x* + 0.016976243183511x°
0.237782972128158x* + 0.889460710377797x

1.203327708637640

Hit# | ZMax | zMin | XMax | xmin | Collision
Time (ms)
1 | 5697712 | -4.58613 | 12.83942 | -1.50383 12
2 | 5864128 | -4.80212 | 13.6556 | -1.29656 | 11.67
3 | 5624411 | -4.04169 | 14.40158 | -1.59779 12
4 | 5670502 | -4.91044 | 13.05513 | -1.35283 |  12.67
5 | 5591007 | -5.04573 | 13.56841 | -1.4367 12
6 | 5726811 | -527772 | 13.45298 | -1.34916 | 11.33
7 | 5571286 | -4.77433 | 13.18888 | -1.22497 | 11.33
8 | 5.65486 | -4.92314 | 13.5356 | -1.41068 | 11.67
9 | 5638767 | -4.97453 | 13.61074 | -1.55027 | 11.67
10 | 5.454341 | -4.46768 | 13.6803 | -1.4513 12
Average | 5.649392 | -4.78035 | 13.49886 | -141741 | 1183
Std Dev | 0.107081 | 0.345516 | 0.424403 | 0.115321 | 0.3941009




Designing a Concussion-Reducing Football Helmet

Interior Front and Top Padding: 15 Ibs/ft"3

Acceleratic

n: X

y = 0.000000195528847x* - 0.000019475972580: +
0.000810115854288x* - 0.018859575763559x" +
0.208873947525335x* + 0.028281985563162x

0.4966608503

ooooo

36845

y = -0.000000007634685x* + 0.000002026838271x°
0.000164021845015x* + 0.004624900672311x°
0.013334137877167x° - 0.677340352489760x +

Acceleration: Z

0.861858298441500

. - . .;.'. 0

Hit# | ZMax | ZMin | XMax | XMin | CoOllision

Time (ms)
2 5868661 | -4.827 |13.45324 | -1.42244 | 12
3 | 5476282 | -4.06333 | 12.61143 | -1.49943 | 1133
4 6011727 | -4.18092 | 12.7954 | -1.53608 | 11
5 5543431 | -4.72864 | 12.74187 | -1.48077 | 1167
6 | 5837194 | -4.43782 | 12.90342 | -1.52808 | 1133
7 5156089 | -4.28351 | 12.7801 | -1.42195 | 12
8 | 5.640016 | -4.21345 | 12.8999 | -1.47865 | 11
9 | 5.646215 | -4.61703 | 12.75983 | -1.36860 |  11.67
10 | 5385087 | -4.78403 | 12.84783 | -1.27774 | 12
11 | 5607377 | -4.50291 | 13.26252 | -1.29841 |  11.67
Average | 5.617298 | -4.46386 | 12.00555 | -1.43122 | 11.57

Std Dev | 0.249573 | 0.272001 | 0.256724 | 0.09129 | 0.3673704
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Interior Front and Top Padding: 20 Ibs/ft"3

Acceleration: X Acceleration: 2

y = 0.000000494905135x" - ().()(X)U‘)h398()()‘)()59){l # y = 0.000000014811823x - 0.000001715717595x%° +
0.002447094339780x" - 0.054522587792415x° + 0.000049282902678x* + 0.000085237781987x +
0.593377772866836x° - 1.771116524628720x + 0.005219897322632x% - 0.507118888215162x +

Y 1.274803532270060 0.665484735566756

e PR T aa .o'..'.“...n.
o v . \

. . . N
: . ** . X ., -..
. o > - Sy
- '-. ( X «
‘ y . . g
. - ’ ..O ..."
ooo" ..' '.°00‘0 .
5 0 35 &
. . . Collision
Hit # Z Max Z Min X Max X Min .
Time (ms)
1 6.987102 | -4.02331 | 14.02067 | -1.74926 11.33
5.712316 | -3.45666 | 13.25865 | -1.41995 12

5.169177 | -3.98803 | 13.35871 | -1.40813 11.67
4.998785 | -4.29373 | 13.32223 | -1.61523 11.33
5.17279 | -3.6932 | 13.5884 | -1.28434 11.67
5.348325 | -4.82079 | 13.13836 | -1.3755 11.33
5.326974 | -5.19219 | 13.40485 | -1.52083 11.33
10 5.142309 | -4.32376 | 12.5001 | -1.24895 11.67
Average | 5.482222 | -4.22396 | 13.324 | -1.45277 11.54
Std Dev | 0.643943 | 0.570075 | 0.42771 | 0.168134 | 0.25033906

N IWIN




Designing a Concussion-Reducing Football Helmet

Interior Back Padding: 9 Ibs/ft"3

Acceleration: X

Y 0.000000027362418x" + 0.000003903962204x
0.000175566833056x" + 0.0018 Oy

0.029700737664528x° - 0.023753304186306x

0.002279701290004

WBx"' +

y = 0.000000004299799x" - 0,000000972988471x" +
0.000054222414445x* - 0.000285396834533x
0.029128101765090x° + 0.201664164501620x +

0.670553121818909

.....
......

. Z Max Z Min X Max X Min Collision
Hit# ) @) ) (9) | Time (ms)

1 4.942426 | -4.17654 | 9.72989 | -3.91914 16.0

2 5.083207 | -4.58584 | 9.912551 | -3.73942 16.3

3 4741273 | -4.78951 | 10.26283 | -3.61565 16.3

4 4.33132 | -4.51408 | 10.18102 | -3.37976 16.0

5 4.055138 | -4.39608 | 10.2831 | -3.36299 16.0

3] 4512875 | -4.44136 | 10.02301 | -3.18773 18.67

7 4.679958 | -4.44195 | 10.16092 | -3.02628 17

8 5.767921 | -4.57475 | 10.35077 | -3.10117 16.33

9 5.749621 | -4.61658 | 10.60648 | -3.16316 16.33

10 5.437692 | -4.56964 | 10.7511 | -3.03325 16.33
Average | 4.930143 | -4.51063 | 10.22617 | -3.35285 16.53
Std Dev | 0.582256 | 0.16211 | 0.304141 | 0.311876 | 0.80556981

.
.....
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Designing a Concussion-Reducing Football Helmet 82

Interior Back Padding: 12 Ibs/ft"3

Acceleration: X Acceleration: 7

y = 0.000000014016520x° - 0.000003311229442xC +
0.000251914671473x* - 0.008137152248373x +
0.125938262671048x° - 1.149321969361430x +

3.452940114387360

y = -0.000000075215852x* + 0.000010583245239x
0.000523964960129* + 0.010521532388800x
0.083475032610654x" + 0.716401510148515x

0.543451450764886

-
"""""

.. o
"o " Saan®
ey )

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 5.593651 | -5.29616 | 10.67462 | -3.65098 15.33
2 5.036066 | -4.6065 | 10.65784 | -3.3383 15.00
3 5.266049 | -4.8913 | 10.85507 | -3.44994 14.67
4 6.178963 | -4.65201 | 9.930888 | -3.35633 14.33
5 5.242406 | -4.78845 | 10.56938 | -3.26203 16.00
6 5.735656 | -4.65408 | 10.25492 | -3.14996 16.00
7 4.92956 | -5.01599 | 10.7182 | -3.10733 16.00
8 5.161315 | -4.23122 | 10.19881 | -3.16195 15.67
9 4514263 | -4.37231 | 10.21659 | -2.99414 17.00
10
Average | 5.295325 | -4.72311 | 10.45292 | -3.27455 15.56
Std Dev | 0.486875 | 0.323101 | 0.31003 | 0.199425 | 0.81655404




Designing a Concussion-Reducing Football Helmet

Interior Back Padding: 15 Ibs/ft"3

Acceleration: Z
Acceler i X
1
3
|

y 000000133 00 v = 0.000000003435209¢ - 0.000002232833369x" +

M0086485449293 "r:'.l. 8 - :'ir--5@:::,«"‘»-f-*lfM:ﬂ;‘ \,l.‘f"‘r"fl“,iv.{ ;"".::,(‘l/“"].;”.' ¢

8 0.107018019792247% - 0.961985593367847x +
Hit # ZMax | ZMin | XMax | X Min Qollision
(@) () (@) (@) | Time(ms)

1 5.575524 | -5.05248 | 9.532698 | -3.55743 15.67

2 5.487417 | -4.96998 | 10.72332 | -3.09632 14.67

3 6.384324 | -4.95849 | 11.01114 | -2.98794 15.33

4 6.785998 | -4.60388 | 10.57113 | -2.6749 15.67

5 6.701247 | -4.69158 | 10.15748 | -2.66202 15.33

6 5.332219 | -4.61039 | 10.47333 | -2.8433 15.00

7 5.373316 | -4.57224 | 10.50469 | -2.83253 16.67

8 5.743673 | -4.11363 | 10.25251 | -2.64348 13.67

9 6.173541 | -4.01322 | 10.17027 | -2.54333 14.67

10

Average | 5.950807 | -4.62065 | 10.3774 | -2.87125 15.19

Std Dev | 0.571497 | 0.363393 | 0.41902 | 0.312077 | 0.834908
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Designing a Concussion-Reducing Football Helmet 84

Interior Back Padding: 20 Ibs/ft"3

Acceleration. Z

Acceleration: X

¥ = -0.000000156227039x + 0.000020206643684x° y = -0.000000113850652x° + 0.000012203907168x"
0.000938212836611x* + 0.018663291791818x° - 0.000482788826459x* + 0.009370810090194x" -
0.170148234774396x% + 1.321774352056260x - 0.092402535550914x2 + 0.043670280499058x +

q 4 >
1.292597424414610 7 509188810673910

LR}
¥ 00,

Hit# | ZMax | ZMin | XMax | xMin | Collision
Time (ms)

1 |5.163948 | -5.24638 | 10.93153 | -3.20994 | 14.00
2 |4.043808 | -5.15164 | 11.28903 | -2.95714 |  16.67
3 |4.017574 | -4.86325 | 11.27348 | -2.88445 | 14.33
4 |4.944164 | -4.79254 | 11.29335 | -2.97931 | 14.00
5 | 4.758333 | -4.95483 | 11.28045 | -2.80688 |  14.33
6 | 4.95727 | -4.83826 | 10.99438 | -2.64288 | 14.00
7 | 5.654475 | -4.73232 | 10.64454 | 255442 |  14.67
8 | 5371593 | -4.56808 | 10.23212 | -2.48148 | 14.00
9 | 6.093363 | -4.56994 | 10.21078 | -2.36457 | 14.00
10 | 5302628 | -457821 | 10532 | 21316 | 14.33
Average | 5.120716 | -4.82954 | 10.86817 | -2.71027 |  14.43

Std Dev | 0.549651 | 0.236679 | 0.436123 | 0.342581 | 0.81850881




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 9 Ibs/ft"3

Acceleration: Z
Acceleration: Z

0.000000006237997x* + 0.000001012036153 -
0.000060639787688x* + 0.001901292244580x" -
0.037660068419533x% + 0.272177967750099x +
1.796595421747840

y = -0.000000006299513xF + 0.000001852043848x%° Y
0.000168150860080x* + 0.006049509223569x
0.082430979536256x7 + 0.448814981507269x

0.154371896082344

. Z Max Z Min X Max X Min Collision
Hit # .

(9) (9) (9) (9) Time (ms)

1 5.330003 | -3.6007 | 7.981148 | -2.19973 15.00

2 5.318758 | -3.20306 | 7.661627 | -1.8368 14.33

3 4.663739 | -3.45508 | 7.009532 | -1.79762 14.33

4 4.236893 | -3.32596 | 7.199461 | -1.69006 14.33

5 3.804735 | -3.42866 | 7.564437 | -1.77809 14.67

6 4.532455 | -3.40693 | 8.946141 | -2.28195 15.67

7 4294773 | -3.32692 | 7.3569 | -1.56204 15.33

8 4530937 | -3.3555 | 6.934003 | -1.50545 15.00

9 4.108226 | -3.51346 | 7.557888 | -1.80523 14.67

10 4.114186 | -3.23099 | 8.061344 | -1.72831 16.33

Average | 4493471 | -3.38473 | 7.627248 | -1.81853 14.97
Std Dev | 0.515376 | 0.116521 | 0.609506 | 0.260305 | 0.655653




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 12 lbs/ft"3

Acceleration: Z

Acceleration: X

y = -0.000000015626069x° + 0.000003148003481x°
-0.000218416909484x* + 0.006088586897656x% -
0.060127862162659x% + 0.303571490257174x +

y = -0.000000028511469x® + 0.000003764419595x%" -
0.000175221735125x* + 0.003521193152906x° -
0.028994396176774x - 0.093513053019512x +

0.210034964660464 3377142129170780
o".“"o 1 e
* ..‘. .', | 1.1'.“.. ."‘l‘. « ." 5
-""“.'. .". ...."oio“. !
Hit # Z Max Z Min X Max X Min Collision
(9) (9) (9) (9) Time (ms)
1 4.072534 | -2.90494 | 7.561998 | -1.936432 15.33
2 4157233 | -2.94379 | 7.742684 | -1.623374 15.33
3 4134961 | -2.97195 | 8.192888 | -1.964461 15.33
4 3.780046 | -3.15919 | 7.981077 | -1.988009 15.67
5 3.612856 | -3.14989 | 8.092278 | -1.894458 15.33
6 3.728119 | -3.04051 | 7.661555 | -1.848642 16.33
7 3.894776 -3.0121 | 7.862701 | -1.806342 16.67
8 4104103 | -3.32638 | 8.03661 | -2.003075 16.00
9 4.239802 | -3.39954 | 8.160615 | -2.040858 16.33
10 3.993049 | -3.39037 | 8.062103 | -2.045239 18.00
Average 3.971748 | -3.12987 | 7.935451 | -1.915089 16.03
Std Dev 0.208662 | 0.18633 | 0.217782 | 0.12930293 | 0.852754




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 15 lbs/ft"3

Acceleration: X

y = -0.000000025083547x° + 0.000004599780959x°
0.000303650278953x* + 0.008455727732462%°
0.090215721440693x" + 0.435677897636786x

0.168099073124782

P M

"

Acceleration: Z

-0.000000014863100x* + 0,000001714294833x° -

0.000052658838220x* - 0.000211783613923x° +
0.030612582950712x7 - 0.539369500338451x +
3.567188830802290

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 4284971 | -3.222 | 8.083983 | -1.98512 16.33

2 4.375265 | -3.03463 | 7.752937 | -1.91611 17.33

3 4.251642 | -3.1406 | 7.732196 | -1.87213 18.33

4 4.145525 | -3.2173 | 7.706403 | -1.80968 17.67

5 4.528894 | -3.19869 | 7.626328 | -1.51323 17.33

6 4.049493 | -3.32804 | 7.674569 | -1.53264 15.33

7 4.151579 | -3.38775 | 7.485686 | -1.46561 18.33

8 4.217829 | -3.29796 | 7.565095 | -1.39502 17.67

9 4.199008 | -3.28443 | 7.34194 | -1.39756 15.67

10 4.427161 | -3.27395 | 7.4702 | -1.40461 18.33

Average | 4.263137 | -3.23853 | 7.643934 | -1.62917 17.23
Std Dev | 0.144837 | 0.100359 | 0.203062 | 0.237827 | 1.1000384




Designing a Concussion-Reducing Football Helmet 88

Exterior Padding: 20 lbs/ft"3

Acceleration: X Acceleration: Z

y = 0.000000010476590%° - 0.000001279822872x5 +
0.000030725595924x* + 0.001572208053941%°
0.071281910421389%% + 0.606675731895557x

0.615504556922232

y = -0.000000056973771x5 + 0.000007939806916x°
0.000383097511177x* + 0.007134141021945x" -
0.045133724552119%° + 0.461309196651725x

0.066655834181889

- -
P A M

Hit # Z Max Z Min X Max X Min C_:ollision

(9) (9) (9) (9) Time (ms)

1 4.354382 | -3.67325 | 9.836692 | -2.45038 16.67

2 3.878444 | -3.6197 |9.177787 | -2.17385 15.67

3 3.954728 | -3.59342 | 9.033801 | -2.34431 14.67

4 3.792284 | -3.50877 | 8.976088 | -2.17258 15.33

5 3.586676 | -3.43787 | 8.937897 | -1.99604 15.00

6 3.588211 | -3.38044 | 9.084872 | -2.15793 16.00

7 3.732301 | -3.49227 | 8.844741 | -2.04213 15.67

8 3.850699 | -3.57684 | 8.740247 | -2.07896 16.00

9 3.835939 | -3.54748 | 8.779092 | -1.94305 16.67

10 3.71966 | -3.68729 | 8.509283 | -1.95693 16.00

Average | 3.829332 | -3.55173 | 8.99205 | -2.13162 15.77
Std Dev | 0.219634 | 0.09879 | 0.353551 | 0.165408 | 0.64937235




Designing a Concussion-Reducing Football Helmet

Appendix J — Impacts to Facemask

Control

Acceleration: X

y = 0.000000021138418x°
0.000004284137472x° + 0.000338622368816x*
0.012703399731662x> +
0.207962912598852x* - 0.802554403881915x +

‘1.2::6008417/75540

o

Acceleration: Z

89

y = 0.000000075956277x" - 0.000012222400881x" +
0.000717174237945x" - 0.018305394946975x° +
0.183075420411824x2 - 0.398513130050918x

0.052032090519186

’ . ¢ b, A
..“.. O.'.‘“' .0.. i
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 2.669407 | -3.03434 | 9.23323 | -0.14134 16.67
2 2.51115 | -3.19849 | 9.10399 | 0.174583 16.67
3 2.409029 | -3.04456 | 8.972289 | 0.157663 16.67
4 2.415409 | -3.37075 | 9.724937 | 0.330517 16.67
5
6 2.241494 | -2.70588 | 9.348903 | 0.231136 16.00
7 2.223897 | -3.45631 | 9.33325 | 0.218427 16.67
8 2.228973 | -3.21873 | 8.86134 | 0.067316 15.33
9 2.279856 | -2.80878 | 9.433514 | 0.124444 15.67
10 2.292938 | -2.84279 | 9.312399 | 0.129884 16.00
11 2.362838 | -2.77878 | 9.527032 | 0.247394 16.33
Average | 2.363573 | -3.07562 | 9.258206 | 0.143626 16.26
Std Dev | 0.159902 | 0.259505 | 0.274049 | 0.139749 | 0.52115731




Designing a Concussion-Reducing Football Helmet

Interior Front and Top Padding: 9 Ibs/ft"3

Acceleration: X

:
EEm -
! ' 4183
4 ® 2 e ° K -
y = 0.000000055781229x5 - 0.000008613575895x5 +
0.000534419558442x* - 0.016217291904226x> +
0.210961965343701x° - 0.312388560190281x + y = 0.000000102012405x% - 0.000015619900654x" +
0.298288285191483 0.000880462067537x* - 0.021679870744780x* +
des 0.20154376859 56(:76)(" 0,189648065292503x +
® < 0.316143779720207
. ZMax | zMin | XMax | xmin | Collision
Hit # @ @ @ @) Time
9 9 9 g (ms)
1]4.191906 | -2.28294 | 10.74825 | -2.49282 | 18.33
2| 5.481821 | -2.12846 | 11.36898 | -3.02989 | 8.33
3| 4.767162 | -2.30514 | 10.3651 | -2.34032 | 19.00
4| 4190373 | -1.89893 | 10.06976 | -2.35606 | 10.00
5| 4.637497 | -1.86973 | 10.51736 | -1.55932 | 15.00
6 | 5.195793 | -2.21497 | 11.23986 | -2.81351 | 16.33
7 | 5.225782 | -2.47046 | 10.89474 | -2.3803 | 15.00
8 | 4.723868 | -2.06884 | 10.88926 | -3.01989 | 15.00
9 | 5.499207 | -2.30004 | 11.16711 | -3.19234 | 15.67
Average | 4.879268 | -2.17105 | 10.80671 | -2.57605 14.74
Std Dev | 0.501232 | 0.19869 | 0.429166 | 0.502758 | 3.503341

Acceleration: Z

.........
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Designing a Concussion-Reducing Football Helmet

Interior Front and Top Padding: 12 Ibs/ft"3

Acceleration: X

y » 0.000000015974463x" - 0.000003105127487x" +
0.000233725463309x" - 0.007892533952912x° +
0.090044137121366x° + 0.452788544685805x

0.573097269192126

y = 0.000000231080201x" - 0.000032992278758x" +
0.001751386599938x" - 0,041916259531276x" +
0.430662658619623x% - 1.511764386708280x +

Acceleration: Z

2.712052307747140

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.746265 | -2.66612 | 10.80265 | -1.14934 15.00

2 5.365442 | -2.71046 | 11.24685 | -2.52987 14.67

3 5.449415 | -2.30274 | 11.63038 | -2.43182 14.67

4 5.321806 | -2.82473 | 11.41941 | -2.59864 14.33

5 4.748036 | -2.50379 | 10.91652 | -2.54822 15.33

6 4.01398 | -2.42261 | 11.15579 | -3.09477 15.00

7 4.435179 | -2.76073 | 11.2415 | -3.24156 15.00

8 4.467336 | -2.43721 | 11.19697 | -2.40022 14.33

9 4.937525 | -2.40554 | 11.32889 | -3.36313 14.00

10 4.618345 | -2.46867 | 11.36168 | -3.3892 13.67

Average | 4.609443 | -2.55933 | 11.21544 | -2.59528 14.70
Std Dev | 0.850585 | 0.184195 | 0.247982 | 0.65372 | 0.423143




Designing a Concussion-Reducing Football Helmet 92

Interior Front and Top Padding: 15 Ibs/ft"3

Acceleration: X
Acceleration: Z

y = 0.000000049320192x* - 0.000008549813273x° +
0.000581666732530x" - 0.019207889430941x° +
0.288492752597082x% - 1.135443108371380x +

1.644511076601060

y = 0,000000199797408x* - 0.000030650844146x" +
0.001761473030960x* - 0.046523756899599¢ +
0.553788123910259x* - 2.535090362953850x +

4.936754839904970

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 4.053939 | -3.58932 | 9.414982 | -3.70541 16.67

2 4.610241 | -2.67691 | 10.39259 | -3.649 14.67

3 4.318065 | -3.01617 | 11.20969 | -3.52353 15.00

5 4.798998 | -3.01497 | 11.55719 | -3.45268 14.67

6 4.163165 | -2.82673 | 10.66764 | -3.53582 15.33

7 4.195684 | -2.83835 | 9.775924 | -2.94127 15.33

8 4.163001 | -2.69739 | 11.34572 | -3.59352 14.33

9 4.26918 | -2.56767 | 11.71654 | -3.44343 14.33

10 4.325002 | -3.24468 | 11.82964 | -3.69234 13.67

Average | 4.321534 | -2.90344 | 10.76004 | -3.48058 15.04
Std Dev | 0.254035 | 0.318975 | 0.846571 | 0.235913 | 0.76613




Designing a Concussion-Reducing Football Helmet 93

Interior Front and Top Padding: 20 Ibs/ft"3

Acceleration: X Acceleration: 7

y = 0.000000047951433%° - 0.000008580104003x> +
0.000597331956538x* - 0.019711717577900% +
0.282593644359002x* - 0.906187437994414x +

1.241547509280760

Ll

y = 0.000000192120450x" - 0.000028430408432x" +
0.001569106038186x* - 0.039107494627728x" +
0.413456750178151x7 - 1.288402342297960x +

g s 1.223492604205710

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) | Time (ms)

1 5.346286 | -3.04159 | 11.59271 | -3.2759 15.33

2 4.092852 | -2.76858 | 10.9267 | -3.63275 14.33

3 4.09989 | -2.98124 | 10.67148 | -3.48195 15.67

4 4.487018 | -2.60883 | 12.26787 | -2.96275 14.67

5 3.906393 | -2.6938 | 11.12046 | -3.06468 14.33

6 4.63228 -2.855 | 10.74843 | -3.27845 14.67

7 4.143114 | -2.33173 | 10.34128 | -3.07591 15.33

8 4.482627 | -2.58673 | 10.88725 | -3.2603 15.00

9 4.10529 | -1.66615 | 11.0863 | -2.55503 15.00

10 3.825089 | -2.13471 | 11.09648 | -1.65898 15.33

Average | 4.366194 | -2.61485 | 11.07139 | -3.17641 14.93
Std Dev | 0.437953 | 0.416066 | 0.565476 | 0.312909 | 0.465352




Designing a Concussion-Reducing Football Helmet 94

Interior Back Padding: 9 Ibs/ft"3

Acceleration: X PO VAot -
Acceleration; Z

y = -0.000000001404517x% + 0.000000113449371x5 + i
0.000010702442501x* - 0.001281553992421x* + y = 0.000000001147898x" + 0.000000239033711x°
0.029742599290714x° + 0,158705913177808x - 0.000068181006461x* + 0,005053069230768x*

0.230155948708248 0.149731885937858x* + 1,559754620461110x
2.089575421978680

o W

5 .- A
41 - man - %
1 v N : .Tf, IR
1 1—pee v " o
[
-1 10 20 30 40 50 60 70
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 3.178006 | -3.95021 | 8.425489 | -1.6635 18.67
2 3.929808 | -3.12483 | 7.53707 | -1.46885 20.67
3 3.419903 | -3.33454 | 7.874565 | -1.59048 21.67
4 2.629739 | -3.84216 | 7.681432 | -1.51579 22.00
5 3.205571 | -3.36051 | 7.639632 | -1.62823 22.33
6 3.152141 | -3.18438 | 7.559986 | -1.87563 21.33
7 3.342641 | -3.03214 | 8.24335 | -1.60725 22.33
8 2.600995 | -3.29994 | 8.669894 | -1.49856 22.33
9 3.206972 | -2.64099 | 8.175952 | -1.501 24.33
10 3.617566 | -2.8043 | 8.313905 | -1.59261 24.00
Average | 3.228334 | -3.2574 | 8.012128 | -1.59419 21.97
Std Dev | 0.402011 | 0.408143 | 0.404426 | 0.117871 | 1.604149




Designing a Concussion-Reducing Football Helmet

Interior Back Padding: 12 Ibs/ft"3

Acceleration: X

-

N W h U OO

O

y = 0.000000027407146x5 - 0.000004939683324x° +
0.000349421722257x* - 0.011980934691926x° +
0.184058555523894x? - 0.615753960739975x +

10

y = 0.000000050018478x° - 0,000007830110404x* +

Acceleration: Z

0.987566062127924 0.000429819507036x* - 0.009130606596063x" +
. 0.035945387734799x + 0,597454370849950x
T N 0.538273161590921
20 30 0 50 60
Hit # Z Max Z Min X Max | X Min Qollision
(9) (9) (9) (9) | Time (ms)
1 4591589 | -3.06639 | 10.08653 | -3.62543 16.00
2 3.199894 | -3.13368 | 8.259348 | -0.57882 19.67
3 4.638982 | -4.09323 | 9.556355 | -1.81583 19.00
4 3.453429 | -5.29644 | 9.047395 | -1.7038 18.00
5 3.418402 | -4.42499 | 10.09808 | -1.51544 17.67
6 4.017567 | -3.31961 | 8.437245 | -1.34272 21.33
7 3.896966 | -3.69038 | 9.173643 | -1.45688 18.33
8 3.505274 | -3.91137 | 8.081592 | -1.65128 22.67
9 4.126161 | -3.43175 | 8.289755 | -1.5785 20.67
10 4.454408 | -3.90697 | 8.384667 | -1.50125 21.00
Average | 3.872029 | -3.81865 | 9.003327 | -1.69652 19.26
Std Dev | 0.519573 | 0.714647 | 0.785919 | 0.807435 | 2.053807
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Designing a Concussion-Reducing Football Helmet

Interior Back Padding: 15 Ibs/ft"3

Acceleration: X

-

O N WMV O

y = 0.000000007275385x% - 0.000001767147585x" +
0.000166268361187x" - 0.007316394180510x* +
0.136149063750290x" - 0.502083536768747x +

10

y =0,000000024130227x" - 0.000004135825909%° +

Acceleration; Z

0.000256817702491x* - 0.007075342177647%° +

0.860417686541024
= 0.085456262145296x* - 0.382256135478150x +
“.' '.‘“‘,«,' 0.656263966173207
ot P TS _...' '.,.
*‘"“mm
0 30 4 50 60 70 5
Hit # ZMax | ZMin | XMax | X Min C_:ollision
(9) (9) (9) (9) | Time (ms)
1 5.787519 | -5.43751 | 9.734969 | -2.61433 17.33
2 4.876094 | -5.90452 | 9.090946 | -2.09877 9.67
3 4.353412 | -6.17409 | 10.23857 | -2.33735 15.67
4 4.658734 | -5.43908 | 8.946796 | -2.13991 18.67
5 4.092697 | -4.58654 | 8.957673 | -1.9083 21.33
6 4179847 | -4.39344 | 8.699975 | -2.20131 20.00
7 3.582121 | -4.56441 | 8.342659 | -1.505 21.00
9 3.88729 | -4.98619 | 8.610495 | -1.91996 21.67
10 3.286534 | -4.22134 | 8.039323 | -1.8201 20.33
Average | 4.300472 | -5.07857 | 8.962378 | -2.06056 18.41
Std Dev | 0.745515 | 0.694659 | 0.677413 | 0.320209 | 3.827626
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Designing a Concussion-Reducing Football Helmet

Interior Back Padding: 20 Ibs/ft"3

Acceleration: X

Acceleration: 2

y = 0.000000008049189x* - 0.000001714071975x" +
0.000142826739210x" - 0.005497505285125x* +
0.079867730175692x* + 0.121453765788122x -

10 0.096755364240694 y = 0.000000008587074x" - 0.000000442437782:°
. 0.000068513466145¢* + 0.006530387022289%°
s ""', o . 0.188698890547291x + 1.751710297889620x - 1.173281929112230
= ;
3 1 . y S ‘_
e 10 20 30 40 50 0 70
Hit # ZMax | ZMin | XMax | XMin | Collision
(9) (9) (9) (9) | Time (ms)
1 3.19343 | -2.97828 | 7.830224 | -2.04686 19.33
2 3.510239 | -3.30306 | 8.336822 | -1.6521 21.00
3 3.907842 | -3.47348 | 8.443388 | -1.47196 22.67
4 4110124 | -3.34478 | 8.287443 | -1.51312 22.67
6 3.859493 | -4.00744 | 9.042011 | -2.04764 23.33
7 4541559 | -3.69033 | 9.270974 | -1.53025 23.00
8 4411886 | -2.93118 | 9.315043 | -2.22784 20.00
9 3.845753 | -3.45905 | 8.491117 | -1.28002 20.00
10 4.045677 | -3.55638 | 8.674513 | -1.50866 19.00
Average | 3.936223 | -3.416 | 8.632393 | -1.6976 21.22
Std Dev | 0.415781 | 0.334366 | 0.493567 | 0.326107 | 1.708477




Designing a Concussion-Reducing Football Helmet 98

Exterior Padding: 9 Ibs/ft"3

Acceleration: Z

Acceleration: X

y = 0.000000014969948x° - 0.000002082188495x" +
0.000124965353418x* - 0.004543087187742x% 4
0.089868065779219¢ - 0.432732607924031x +

0.895280883882392

L
..nooo"
-

y = 0,000000038749388x° - 0,000006793298592x" +
0.000451471378874x* - 0.013924886495836x" +
0.193507727106374x - 1.000811604850420x +

1.294184503983460

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.273175 | -2.5241 | 8.396577 | -1.90432 15.33

2 2.094312 | -2.78831 | 8.750641 | -1.86222 15.00

3 1.67356 | -2.56452 | 7.913322 | -1.76952 16.00

4 1.9369 | -2.43068 | 7.967366 | -1.68899 16.33

5 1.524494 | -1.76591 | 7.578273 | -1.76905 15.67

6 1.543322 | -1.74413 | 7.56749 | -1.64151 17.00

7 1.581337 | -2.42718 | 7.907957 | -2.05153 10.00

8 1.60518 | -2.37979 | 7.862248 | -2.29149 14.33

9 1.614103 | -2.20606 | 7.441563 | -2.25305 14.33

10 2.222735 | -3.17199 | 8.650115 | -2.28943 14.00

11 2.050848 | -3.07017 | 8.420915 | -2.38914 14.67

Average | 1.829088 | -2.46117 | 8.041497 | -1.99184 14.79
Std Dev | 0.289772 | 0.454876 | 0.448822 | 0.273124 | 1.839446




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 12 lbs/ft"3

Acceleration: X

Acceleration: Z

y = 0.000000020459838x"

0.000002638718112x° +
0.000140218100131x* - 0.004462710106378x" +
0.081657954139555x% - 0,354783548767444x +

y = 0,000000010728922x" - 0.000002470693342x" +
0.000203845824810x" - 0.007520303491799¢ +

; % 0.121178139504786x° - 0.690556825154457x +
7 s g '... = 0.916386872142400
'.“...o" ".. R AT
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 1441312 | -1.96681 | 7.37535 | -2.11324 15.67
2 1.616758 | -2.50948 | 7.827464 | -1.50809 17.00
3 1578672 | -1.3821 | 7.715808 | -1.87579 15.67
4 1.385423 | -1.65775 | 7.607756 | -2.2811 15.00
5 1.617639 | -1.87583 | 7.780944 | -1.63996 16.33
6 1.784283 | -2.10062 | 7.835343 | -2.26836 14.33
7 1.472993 | -2.1382 | 7.922142 | -2.46704 14.33
8 2.050426 | -1.62258 | 7.891953 | -2.09108 14.67
9 1.843116 | -1.78868 | 7.34176 | -2.23513 14.67
10 1.518405 | -1.98978 | 7.324114 | -2.4117 15.67
Average | 1.630903 | -1.90319 | 7.662263 | -2.08915 15.33
Std Dev | 0.205875 | 0.315828 | 0.234959 | 0.320177 | 0.889172




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 15 lbs/ft"3

Acceleration: X

y = 0.000000020722701x° - 0.000003138887259x° +
0.000201565371802x" - 0.007160256843069x" +
0.128827768398437x° - 0.597873467996304x +

y = 0.000000046477303x" - 0.000008226933375x° +
0.000550503659402x* - 0.017051112445205x° +
0.237115474383795x* - 1.187819058603020x +

Acceleration: Z

e 1.135679380262830
Hit # Z Max Z Min X Max X Min C_:ollision
(9) (9) (9) (9) Time (ms)

1 1.594334 | -2.11399 | 7.930853 | -2.21994 15.33

2 1.904847 | -2.07718 | 8.416026 | -1.85249 16.00

3 1.746056 | -3.73107 | 9.147993 | -1.98875 15.67

4 1.754918 | -2.92169 | 8.633298 | -2.3504 14.67

5 1.853341 | -3.23824 | 8.638943 | -2.41833 15.00

6 1.928593 | -3.28954 | 8.590094 | -2.49367 15.00

7 1.72637 | -2.44108 | 7.26535 | -1.19832 7.67

8 2.17741 | -2.37264 | 8.431629 | -2.55795 14.67

9 2.07397 | -2.3201 | 8.068262 | -2.4357 14.33

10 2.122519 | -2.4393 | 7.682932 | -2.4914 14.00

Average | 1.888236 | -2.69448 | 8.280538 | -2.20069 14.23
Std Dev | 0.190525 | 0.56441 | 0.547465 | 0.420882 | 2.382479




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 20 lbs/ft"3

Acceleration: X

101

Acceleration: Z

y = 0.000000038163380x" - 0.000005949382737x> +
0.000380858739358x* - 0.012719307002119x° +

0.208623247699148x - 0.985690006019756x +
1.448096187612230

y = 0.000000072217478x" - 0.000011683167534x" +
0.000718308163369x* - 0.020524613487609x° +

0.263859310792715¢*

1.262184751962810x +
1.755947812958090

Hit # Z Max Z Min X Max X Min C_:ollision
(9) (9) (9) (9) Time (ms)

1 2.097717 | -2.8526 | 8.482017 | -1.83948 18.33

2 2.213633 | -3.49306 | 9.235012 | -1.48381 15.67

3 2.0261 | -3.36862 | 9.429875 | -1.87462 15.33

4 1.756785 | -2.95808 | 8.799884 | -2.2103 15.33

5 1.70954 | -2.49911 | 8.929793 | -2.41885 14.67

6 1.773345 | -2.47062 | 8.694794 | -2.41251 14.33

7 2.370099 | -3.23358 | 8.217017 | -2.03973 14.33

8 1.838457 | -2.33193 | 8.617469 | -2.55164 14.00

9 1.929591 | -3.42687 | 8.885987 | -2.49209 14.33

10 1.656033 | -2.86164 | 8.289467 | -2.56179 14.33

Average | 1.93713 | -2.94961 | 8.758132 | -2.18848 15.07
Std Dev | 0.23513 | 0.423013 | 0.385674 | 0.366084 | 1.274443




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 9 and 12 Ibs/ft"3

Acceleration: X

Acceleration; Z

y = -0.000000048425403x° + 0.000006729089603x° -
0.000340867902572x* + 0.007620875639112x" -
0.083999762668654x? + 0.744961650562077x -

y = 0.000000085558542x° - 0,000014095643307x° +
0.000879636690074x* - 0.024918591282308x" +
0.287549187071177%% - 0.702388322629446x +

0.820733255447256

: 0.819567019561363
a2 10 20 0 40 0 .
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 5.019029 | -2.30932 | 4.830275 | -1.72698 19.67
2 5.924919 | -2.86616 | 4.434629 | -1.68704 19.33
3 6.906147 | -4.00692 | 5.653781 | -1.99242 14.00
4 7.004384 | -4.60325 | 5.616649 | -2.02955 14.67
6 7.206533 | -3.88312 | 5.704336 | -2.09196 14.00
7 6.962477 | -3.00585 | 5.501606 | -1.99744 13.67
8 7.292058 | -3.32375 | 5.915657 | -2.00425 14.00
9 7.407973 | -3.26964 | 5.906526 | -2.04576 14.00
10 7.690851 | -3.6784 | 5.906526 | -2.04576 14.00
Average | 6.823819 | -3.43849 | 5.496665 | -1.95791 15.26
Std Dev | 0.835359 | 0.686155 | 0.520307 | 0.145834 | 2.41938
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Designing a Concussion-Reducing Football Helmet

Appendix K — Impacts to Side of Helmet

Control

Acceleration: X

y =-0.000000138594319x° + 0.000020204219674x° -
0.001239418814298x* + 0.038348361494495x° -
0.538770057638354x% + 2.020922804743690x -

0" ¥y

b

y = 0.000000197025733x° - 0.000022986507849x" +
0.001017075679135x%* - 0.021506623704112x% +
0.229704690484936x* - 1.296530822713040x +

Acceleration: Z

3.403720227544690
2.511655697158590 3
..__.... ‘.__.,....- O tevetos ,’_,_1_‘5 IIIII T
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)
1 1.780485 | -2.0073 | 3.734274 | -12.7059 12.33
2 3.364296 | -1.86267 | 3.517272 | -12.7934 12.33
3 3.389892 | -1.98423 | 3.830336 | -12.8512 12.67
4 2.604543 | -1.95434 | 3.667001 | -13.2765 12.33
5 2.866883 | -2.32182 | 3.970089 | -13.2382 12.00
6 3.66962 | -1.69567 | 4.063988 | -13.0796 13.67
7 4,166845 | -1.5634 | 3.798586 | -13.2096 12.33
8 2.848801 | -1.69536 | 3.656627 | -13.0573 13.33
9 3.693847 | -1.91278 | 3.535667 | -12.7927 15.00
10 3.081258 | -1.53354 | 3.500464 | -13.3164 11.67
11 3.749902 | -1.59185 | 3.466992 | -12.9585 11.67
12 3.53331 | -1.61714 | 3.653568 | -13.3134 14.00
Average | 3.22914 | -1.81167 | 3.699572 | -13.0494 12.78
Std Dev | 0.638433 | 0.236186 | 0.189003 | 0.223984 | 1.018288
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Designing a Concussion-Reducing Football Helmet

Interior Padding: 9 lbs/ft"3

Acceleration: X

esssen
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0.000000843739492x5 + 0.000093256464576x°
0.004070536885190x* + 0.086262140551707x3 -
0.802670897463891x% + 1.272729501186610x -
0.751575096860470

y=

0.000000154317373x* + 0.000007906639412x°
0.000095685835447x* + 0.002022070046825x>
0.116296118528942x* + 1.601002963307960x
1.206807736879130

0 s 10
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9 Time (ms)
1 4.425193 | -2.51761 | 3.556219 | -16.2008 10.00
2 5.056635 | -2.83974 | 3.917831 | -16.2513 10.33
3 5.387628 | -3.00613
4 5.16935 | -3.05959 | 3.962937 | -16.4122 10.33
6 5.290179 | -3.01529 | 3.705814 | -16.0895 10.33
7 5.198918 | -2.98588 | 3.773729 | -16.1158 10.67
8 5.200272 | -2.95804 | 3.817816 | -16.2512 10.00
9 4.979304 | -2.89646 | 3.844517 | -15.9243 10.33
10 491825 | -2.91337 | 3.813429 | -15.9907 10.67
Average | 5.069525 | -2.91023 | 3.799037 | -16.1545 10.33
Std Dev | 0.28285 | 0.161968 | 0.126432 | 0.157114 | 0.251976315
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Designing a Concussion-Reducing Football Helmet

Interior Padding: 12 Ibs/ft"3

Acceleration: X

y=
0.004558235610247x* + 0.085959857623187x%
0.661509221056239x" - 0.159943707168065x +

0.965021553230524

0.000001143439366x" + 0.00011535790751%°

Acceleration: Z

105

y = 0.000000158092484x" - 0.000017943666701x" 4

0.000726222984139x*

0.012538540385766x" +

0.081212874764832x% - 0,096175531284903x +
0.034554188797043

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.833073 | -1.7935 | 4.201275 | -15.9678 10.33

2 3.112266 | -2.34721 | 4.568321 | -16.3101 10.67

3 2.707206 | -1.70746 | 4.959368 | -16.4547 10.33

4 2.49928 | -1.67994 | 4.806984 | -16.6777 10.33

5 2.549065 | -1.43369 | 2.128383 | -16.6719 10.00

6 2.559912 | -1.87536 | 5.034423 | -16.8682 10.33

7 2.744752 | -2.17025 | 4.731705 | -16.9089 10.33

8 2.404686 | -2.18363 | 4.790073 | -17.1625 10.00

9 3.088153 | -2.20651 | 4.554645 | -16.9124 10.00

Average | 2.722044 | -1.93306 | 4.419464 | -16.6593 10.26
Std Dev | 0.251476 | 0.30669 | 0.893853 | 0.364986 | 0.2222222




Designing a Concussion-Reducing Football Helmet

Interior Padding: 15 Ibs/ft"3

Acceleration: X

EsTIA P O ¢ 6
LS XX SN N1

i
-
L d

y = -0.000001256854523x" + 0.000125154817900x* -
0.004820597980609x* + 0.086849061034010x" -
0.605900532395470x7 - 0.722124851508606x +

0.957568151363392

15

y * 0.000001968154645x*
0.003442553994540x" - 0,0459 53029683x% +

Acceleration: Z

0.000126540068134x* +

0.233265396471326x* + 0,138841973008564
0.076953633633311

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.88445 | -2.38372 | 4.439364 | -17.94 9.33

2 3.016175 | -2.1225 | 4.342848 | -17.8511 9.67

3 2.80202 | -1.96582 | 4.466311 | -17.2038 9.67

4 2.630053 | -1.94943 | 4.32469 | -16.9275 10.00

5 2.944655 | -1.72901 | 4.183394 | -16.9481 10.00

6 2.665545 | -1.31649 | 4.31035 | -16.3738 10.33

7 3.022548 | -2.05432 | 4.070207 | -16.8965 10.00

8 3.036994 | -1.45125 | 3.973515 | -16.7489 9.67

9 3.319747 | -1.58054 | 4.126988 | -16.6248 9.67

10 2.905657 | -1.8151 | 4.167438 | -17.0494 10.00

Average | 2.922784 | -1.83682 | 4.240511 | -17.0564 9.83
Std Dev | 0.19944 | 0.325666 | 0.161501 | 0.498304 | 0.282418
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Designing a Concussion-Reducing Football Helmet 107

Interior Padding: 20 Ibs/ft"3

Acceleration: Z

Acceleration: X
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y =-0,000002319821751x" + 0.000239828304016x*
0.009778198831722x" + 0.194221 :

y = -0.000000004716164x% + 0.00000119737074%8
0.000115935505141x* + 0,005318277758663x

59 3
261 0.116033313279261x° + 0.998227302710461x
1.773004696830010x* + 4.5989425330062 30x £ ke SO ¢
0.423678006828780

3.539220907334050

L o’..

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.487488 | -1.97721 | 4.335694 | -17.8494 17.66

3 3.829961 | -3.31003 | 4.275802 | -17.9358 17.00

4 3.240829 | -3.09275 4.58 -18.0466 17.00

5 3.470735 | -3.2631 | 4.308271 | -18.1917 17.60

6 2.844656 | -2.24104 | 4.31196 | -17.4464 17.30

7 2.329766 | -2.35272 | 4.59256 | -17.4483 17.00

8 3.069528 | -2.74312 | 3.915251 | -17.5017 16.70

9 3.142872 | -3.1289 | 4.072195 | -17.7656 16.00

10 3.156353 | -3.13896 | 3.965017 | -17.037 16.60

Average | 3.063576 | -2.80531 | 4.261861 | -17.6914 16.98
Std Dev | 0.463378 | 0.496968 | 0.24112 | 0.362298 | 0.516409




Designing a Concussion-Reducing Football Helmet 108

Exterior Padding: 9 Ibs/ft"3

Acceleration: Z

Acceleration: X

!’l

y = -0.000000005331849x° - 0.000000828017223x° +
0.000063308157429* + 0.000113209386410x°
0.033786614245359x - 0,224716012126724x +

y = 0.000000148207925x5 - 0.000022881296421x° +
0.001328630452090x° - 0.035266319133475x* +
0.405437198821740x° - 1.470988070980100x +

0.079598092166887 s *% 1.671056657544350
. . Collision
Hit # Z Max Z Min X Max X Min Time
9) 9 9 (9) (ms)
1 3.451465 | -1.89911 | 3.741668 | -9.932 12.67
2 3.988906 | -2.30935 | 3.649635 | -10.2565 13.00
3 4.170962 | -2.36863 | 3.670619 | -10.2179 12.67
4 4.074241 | -2.54482 | 3.759267 | -10.1852 12.33
5 3.965352 | -2.42709 | 3.655753 | -10.0738 12.67
6 3.964661 | -2.56905 | 3.713114 | -10.0959 12.67
7 411269 | -2.30624 | 3.598931 | -10.1248 13.33
8 4.076348 | -2.51328 | 3.768368 | -10.1408 12.67
9 3.982954 | -2.56253 | 3.857482 | -10.1105 12.67
10 3.802221 | -2.4931 | 3.898159 | -10.2287 13.00
11 3.787053 | -2.51121 | 3.788211 | -10.0238 13.00
12 3.784493 | -2.64326 | 3.722193 | -10.0368 13.00
Average | 3.930112 | -2.42897 | 3.735283 | -10.1189 12.81
Std Dev | 0.197557 | 0.19738 | 0.086901 | 0.094896 | 0.263312




Designing a Concussion-Reducing Football Helmet

Exterior Padding: 12 lbs/ft"3

Acceleration: X

y = 0.000000021349390x% - 0.000004868384532x° +
0.000315666471013x* - 0.007232415574294) +
0.049606422056052x° - 0.384463330955779x +

0.511807541136790

Acceleration: Z

y = 0.000000167568850x" - 0.000022267435418x> +
0.001112193177019x* - 0.024963563440070x° +
0.224478238463598x* - 0.407125071304109x +

0.218821241268397

109

- v’_.‘.._: .7. ....'a'oo.

. . Collision

Hit # Z Max Z Min X Max X Min Time

(@) (9) (9) (@) (ms)

1 3.667459 | -1.85382 | 3.40124 | -9.72207 13.67

2 3.695918 | -2.36395 | 3.789585 | -10.4168 13.00

3 3.867696 | -2.41585 | 3.890628 | -10.3481 13.00

4 3.57599 | -2.28963 | 3.857268 | -9.87526 13.00

5 3.927407 | -2.46503 | 3.971234 | -10.5118 13.33

6 3.660356 | -2.32593 | 3.822046 | -9.91049 13.33

7 3.47835 | -2.43436 | 3.746696 | -9.97112 13.00

8 3.577695 | -2.38211 | 3.904551 | -10.1076 13.67

9 3.651638 | -2.42295 | 3.805735 | -10.177 14.00

10 3.541426 | -2.21825 | 3.7353 | -10.6271 13.33

11 3.510479 | -2.24036 | 3.697536 | -10.1645 13.67

Average | 3.650401 | -2.3102 | 3.783802 | -10.1665 13.36
Std Dev | 0.140816 | 0.17135 | 0.15034 | 0.285763 | 0.349121




Exterior Padding: 15 lbs/ft"3

Acceleration; X

y = 0.000000019549192x¢ - 0.000003315625290:" +
0.000140147507142x* - 0.000149730040773x°
0.056160091929333x% - 0.011575075996275x +

Designing a Concussion-Reducing Football Helmet

y = 0.000000098472589x% - 0.00001283401854 1) +
0.000617839115062x" - 0.012579886203428x +
0.078397068411189x° + 0.238646630276888x

Acceleration: Z

0.177652098642477 0.430205344650974
Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 2.996319 | -2.02757 | 3.706446 | -11.2063 13.00

2 3.109209 | -2.18545 | 3.724959 | -10.9847 13.33

3 3.10066 | -2.18811 | 3.793522 | -10.9161 12.67

4 2.807185 | -2.10193 | 3.720232 | -11.1542 12.67

5 2.789143 | -2.32599 | 3.694601 | -11.1063 13.00

6 3.164642 | -2.08587 | 3.62189 | -10.8611 13.33

7 3.202532 | -2.19808 | 3.625251 | -10.8166 13.67

10 2.780158 | -2.1319 | 3.716877 | -10.6337 13.00

Average | 2.993731 | -2.15561 | 3.700472 | -10.9599 13.08
Std Dev | 0.177222 | 0.090617 | 0.055833 | 0.192398 | 0.344007
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Designing a Concussion-Reducing Football Helmet 111

Exterior Padding: 20 lbs/ft"3

Acceleration: Z

Acceleration: X

y = -0.000000065878739x° + 0.000008845260396x°
0.000541248302046x* + 0.017477398801012x°
0.237569450675337x° + 0.250199228239685x +

0.133046403624740

y = 0.000000021085807x* - 0.000004954410537x° +
0,000367821781430x* - 0,011929794500715x%* +
0.184192194066012x" - 1.414529649856250x +

3,872570541384440

Hit # Z Max Z Min X Max X Min Qollision
(9) (9) (9) (9) Time (ms)

1 3.781665 | -1.97801 | 3.081654 | -12.4226 15.67

2 5.134354 | -2.45299 | 3.326225 | -12.4694 15.33

3 5.18231 | -2.14016 | 3.338466 | -12.3924 15.00

4 5.065656 | -2.83072 | 3.620099 | -12.9143 13.33

5 3.803595 | -2.72128 | 3.79271 | -12.7534 13.00

6 4.706822 | -3.01591 | 3.901189 | -12.9098 12.33

7 4.021859 | -2.60014 | 4.100643 | -13.0518 12.67

8 4.334666 | -3.27328 | 4.217912 | -13.0611 12.00

9 4,212152 | -3.27328 | 4.217912 | -12.8544 12.67

10 410218 | -2.45213 | 4.174371 | -13.3812 13.00

11 3.804891 | -2.3933 | 3.999855 | -13.4351 12.67

Average | 4.377286 | -2.64829 | 3.797367 | -12.8769 13.42
Std Dev | 0.551931 | 0.425018 | 0.401978 | 0.354373 | 1.282953




Designing a Concussion-Reducing Football Helmet 112

Appendix L- MATLAB Code Example:
% COMBINED side_exterior20 HIC

%acceleration in x direction for exterior 20 pad for side hit

sideexterior20axh = @(t)-0.000000065878739*(3000*t)."6 + 0.000008845260396*(3000*t)."5 -
0.000541248302046*(3000*t).”4 + 0.017477398801012*(3000*t)."3 - 0.237569450675337*(3000*t)."2
+0.250199228239685*(3000*t) + 0.133046403624740;

%acceleration in z direction for exterior 20 pad for side hit

sideexterior20azh = @(t) 0.000000021085807*(3000*t)."6 - 0.000004954410537*(3000*t)."5 +
0.000367821781430*(3000*t)."4 - 0.011929794500715*(3000*t)."3 + 0.184192194066012*(3000*t).”2
- 1.414529649856250*(3000*t) + 3.872570541384440

%accelerations x and z combined per HIC equation

sideexterior20axzh = @(t)sqrt((-0.000000065878739*(3000*t).46 + 0.000008845260396*(3000*t).A5 -
0.000541248302046*(3000*t).74 + 0.017477398801012*(3000%t).A3 - 0.237569450675337*(3000%t)."2
+0.250199228239685*(3000*t) + 0.133046403624740).A2+(0.000000021085807*(3000%t).A6 -
0.000004954410537*(3000*t).A5 + 0.000367821781430*(3000*t).74 - 0.011929794500715*(3000*t)."3
+0.184192194066012*(3000*t).A2 - 1.414529649856250*(3000*1) + 3.872570541384440)./2);

%equation for the integral needed to calculate HIC
sideexterior20hint=integral(sideexterior20axzh,0,0.0127)
% COMBINED side_exterior20 GSI

%accelerations x and z combined per GSI equation

sideexterior20axzs=@(t)(sqrt((-0.000000065878739*(3000*t).A6 + 0.000008845260396* (3000*t).A5 -
0.000541248302046*(3000*t).74 + 0.017477398801012*(3000%t).73 - 0.237569450675337*(3000%t)."2
+0.250199228239685*(3000*t) + 0.133046403624740).A2+(0.000000021085807*(3000*t).A6 -
0.000004954410537*(3000*t).A5 + 0.000367821781430*(3000%t).74 - 0.011929794500715*(3000%t)."3
+0.184192194066012*(3000%t)./2 - 1.414529649856250*(3000*t) + 3.872570541384440).2))./2.5;

%equation for GSI

sideexterior20sint=integral(sideexterior20axzs,0,0.0127)



