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Abstract

The goal of this project is to reduce the risk of concussion for ice hockey players by
incorporating neck support into the current helmet design. This will provide an additional
restoring moment during impact that will reduce the acceleration of the head. Computational
analysis and mathematical modelling were used to distinguish which preliminary design features
should be used in the prototype. The neck support will utilize smart fluids that exhibit shear
thickening in response to force that will provide the restoring moment to reduce the acceleration
of the head upon impact; while also allowing the player full range of motion when not
experiencing an impact. The prototype and an unmodified helmet will be tested on a head-form
equipped with accelerometers in an air cylinder impact test. Comparing the test results of the
prototype to those of the unmodified helmet will determine if the neck support improves the
helmet’s ability to reduce the acceleration of the head upon impact. Additionally, head injury
assessment functions were researched and the Head Impact Power (HIP) equation was chosen as

a means of determining whether the prototype reduces risk of concussion.
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1. Introduction

An estimated 1.6 to 3.8 million sports-related concussions occur in the United States each
year [1]. According to a medical journal review by Thurman and Guerrero, the most severe
concussions have caused more than 50,000 deaths and another 70,000-90,000 permanent
disabilities in a year [2] . Concussions can be debilitating and present physical, cognitive,
emotional, and sleep related symptoms that can last months after the concussion occurred [1].
Permanent cognitive and memory deficits are among the devastating consequences of incurring
repeated concussions [3]. All athletes involved in a contact sport are at risk for concussion [4].
The detrimental effects of concussions along with the high incidence of sport-related concussions
have become public knowledge and a top concern of anyone involved with a contact sport. For

this reason concussions are referred to as "a silent epidemic” [5].

According to a study published by the National Athletic Trainers Association, ice hockey
has the highest incidence of concussions for males involved in contact sports [4]. This is due to
the aggressive nature of the sport as well as the high speeds, up to 30 mph, ice hockey players
are able to reach [6]. The force experienced by the player during an impact is directly related to
the sudden change in the player’s velocity and acceleration. When ice hockey players get shoved
into the boards or into other players, they experience higher forces than most other athletes
simply due to their higher initial speeds [6]. As concussions have become one of the top
concerns of many people involved with contact sports, rules and regulations regarding hockey

protective equipment have become stricter.

Most sports have specific safety equipment that athletes are required to wear to protect
them from injury. Many contact sports require that all players wear a helmet that meets

regulations set specifically for the intended sport. Unfortunately, the required helmets are mainly
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designed to prevent skull fracture and do not do much to prevent concussions. Many
organizations have provided resources for discovering better ways to protect athletes [1]. The
research conducted by these organizations has provided knowledge on ways to improve the
identification and treatment of sport-related concussions. Resources were also contributed to
developing better protective gear that would hopefully reduce the chance of concussion. Despite
these efforts, the incidence of sport-related concussions is still alarmingly high and even growing
in some demographics [1]. Understanding the biomechanics of a concussion helps explain why

wearing a helmet has minimal effect on preventing concussions.

Although diagnosis of a concussion can be difficult, the definition of a concussion was
established with consensus during the 4™ International Conference on Concussion in Sport [1].
In short, the definition that was established stated that a concussion is a brain injury and is
defined as a complex pathophysiological process affecting the brain, induced by biomechanical
forces. Along with this definition, common heuristics of the nature of a concussive head injury
were also agreed upon as useful guidelines for diagnosis. One of these guidelines explains that a
concussion can be caused by a direct impact to the head, or an impact elsewhere on the body that
has an impulsive force transmitted to the head [1]. Generally helmets are designed to prevent
skull fracture and reduce direct focal external transfers of force, while having minimal, if any,
effect on rotational accelerations [7]. Since rotational accelerations are the primary underlying
mechanism of concussions, this explains why external padding secured on the head, like a
helmet, has minimal effect on preventing concussions [7]. This raises the question, “Is there a

better way to protect athletes from concussion than traditional safety gear?”

Recently a study was conducted to discover whether there is a correlation between neck

strength and risk of concussion. During this study, athletic trainers working at high schools that
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participated in the National High School Sports-Related Injury Surveillance Study measured the
neck strength of all students in school-sponsored soccer, basketball, or lacrosse using both a
hand-held dynamometer and a hand-held tension scale. These athletes, distributed throughout
25 states, were monitored for concussion by tracking the athletic trainers’ weekly submissions of
exposure and injury data to the National High School Sports-Related Injury Surveillance Study
online data collection tool. After two academic years, it was concluded that for every one pound
increase in neck strength, odds of sustaining a concussion decreased by five percent [7]. This
makes sense since the moment provided by a strong neck can minimize the effects of an impact
by reducing the change in acceleration. A helmet incorporating neck support that simulates and
enhances the restoring moment provided by a strong neck would be able to reduce the change in
acceleration of the head during an impact. In theory, this type of helmet would decrease the

potential for concussion.

2. Background

Before attempting to create a device that will reduce the chance of concussions, one must
fully understand what constitutes a concussion as well as the criteria for diagnosing the severity
of a concussion. Discovering the mechanisms in which concussions generally occur in hockey
will provide essential information for developing protective head gear. In order to develop
protective gear that can feasibly be worn by hockey players, it is important to identify the
standards and regulations hockey equipment must meet. Exploring the hockey equipment
currently available will provide baselines from which improvements can be made. Additionally,
materials that could potentially be utilized in the design as well as testing mechanisms that could

be used to evaluate the current and modified designs were also researched. This chapter provides
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the findings of the concussion, hockey, materials, and testing mechanisms research that was

conducted.

2.1 Defining Concussions

Some medical experts define a concussion as an immediate loss of consciousness with a
period of amnesia after a hit to the head [8, 9]. Other experts define a concussion as brain trauma
which may result in cognitive, somatic, emotional and sleep disturbances, which can occur
regardless of whether there was loss of consciousness [9]. Experts agree that all concussions can
be described as temporary disruptions of brain function due to a direct or indirect impact (i.e.
“whiplash”) that results in an abrupt change in the acceleration of the head. Because symptoms

of concussions can often be misinterpreted, some concussions go undiagnosed [10].

Even though neurologists and physicians cannot agree upon every post-concussion
symptom, there are scales for determining the severity of a concussion. One of the scales
commonly used is the post-traumatic amnesia (PTA) scale, which bases the severity of the
traumatic brain injury (TBI) on the duration of the post-traumatic amnesia. The loss of
consciousness (LOC) scale bases the severity of the concussion on the duration of the loss of
consciousness. Although the predictive validity of these scales is well-established, each may be
influenced by factors unrelated or indirectly related to the TBI [11]. Since the vast majority of
concussions are not severe and occur without loss of consciousness or post-traumatic amnesia,
TBI may be present even if the indicators previously used for the scales are not present. Since
there is no brain scan or blood test to definitively diagnose a concussion, symptom-based scales
are relied upon. Relying on a single indicator scale could lead to mild concussions going
undiagnosed. Because of the shortcomings of single indicator scales, the Mayo clinic developed
a classification system that distinguishes the clinical characteristics of the least and the most
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severe TBIs. The Mayo classification system uses multiple indicators to classify TBIs as: a

moderate-severe TBI in which a TBI definitely occurred; a mild TBI in which a TBI probably

occurred; or a Symptomatic TBI in which it is possible that a TBI occurred. The details of the

Mayo TBI Severity Classification system are shown in Figure 2-1.

TagLE 1. Mavo TRBI SEvEriTy CLASSIFICATION SYSTEM

A. Classify as Moderate-Severe (Definite) TRI if one or
more of the following criteria apply:

(PR =

. Death due to this TBI
. Loss of consciousness of 30 minutes or more
. Post-traumatic anterograde amnesia of 24 hours or

more

. Worst Glasgow Coma Scale full score in first 24 hours

<213 {unless invalidataed upon review, e.g., attributable
to intoxication, sedation, systemic shock)

. One or more of the following present:

* Intracerebral hematoma

» Subdural hematoma

» Epidural hematoma

* Cerebral contusion

+ Hemorrhagic contusion

+ Penetrating TBEI (dura penetrated)
+ Subarachnoid hemorrhage

* Brain Stem Injury

B.If none of Criteria A apply, classify as Mild (Probable)
TBI if one or more of the following criteria apply:

L.

2.

3.

Loss of consciousness of momentary to less than 30
minutes

Post-traumatic anterograde amnesia of momentary to
less than 24 hours

Depressed, basilar or linear skull fracture (dura intact)

C.If none of Criteria A or B apply, classify as Symptomatic
{Possible) TBI if one or more of the following symptoms
are present:

Blurred vision

Confusion {mental state changes)
Dazed

Dizziness

Focal neurologic symptoms
Headache

Nausea

Figure 2-1: Mayo TBI Severity Classification [11]
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In order to determine the severity or grade of a concussion, neuropsychological testing

needs to be done [12]. Recent modifications have been made in the evaluation of concussion

severity to better assess the full range of concussion severities. Doctors manage each case

individually and determine the presence and severity of a concussion based on multiple tests and

scientific evidence [13-15]. The Academy of Sports Medicine and the American Academy of

Neurology developed guidelines in order to diagnose and manage Sport-Related Concussions

specifically, as shown in Table 2-1 [16, 17].

Table 2-1: Guidelines of Management in Sports-Related Concussion [13, 16]

MARK

FIRST TIME CONCUSSION

SECOND TIME
CONCUSSION

Ranking 1: no loss of
consciousness, brief period
of confusion, mental
symptoms for <15 min

Remove player from sport
Examine the player for 5 min

If in 15 minutes symptoms are not
present, player may return to play

Allow player to play in 1
week timeframe if
symptoms have subsided

Ranking 2: no loss of
consciousness, brief period
of confusion, sporadic
mental symptoms for > 15
min

Remove player from sport for rest
of day

Examine symptoms of player and
look for intracranial lesions
Allow player to play withina 1
week timeframe

Allow player to play after 2
weeks if symptoms have
subsided

Ranking 3: any sort of
consciousness lost (place,
date, etc.)

Neurological examination in
hospital until post-concussive
symptoms stabilize

Allow player to play in a week if
unconsciousness lasted seconds
Allow player to play in 2 weeks if
unconsciousness lasted 1-6
minutes

Do not allow player to play
until all symptoms have
been cleared and absent for
1 month

The American Academy of Pediatrics has developed measuring tools that determine

sports-related concussions’ severity and have concluded that a single test cannot suffice for the

accurate determination of a concussion’s severity. In the event of potentially severe head
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trauma, there are seven main assessment tools for diagnosing a concussion. Among the seven
concussion assessment tools, four of them are especially relevant to hockey concussion injuries.

The pros and cons of these four assessments are shown in Table 2-2.
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Table 2-2: Pros and Cons of Concussion Assessment Tools

TOOL DESCRIPTION CONS PROS
GSC (Glasgow  |Used onsite at time of concussion; |[Might create confusion |Fast (1-2 min); Can
Coma Scale): ranks three levels of response: between concussed and |determine severity of a
(Eye opening) Score: 1-5 non-concussed subjects |severe brain injury
(Verbal Response) Score: 1-5 (history of patient)
(Motor Response) Score: 1-6
Severity of injury classified as:
Severe: GCS 3-8 (no lower than 3)
Moderate: GCS 9-12
Mild: GCS 13-15[18]
HITS The first system to measure impact [ONLY used in sports Live monitoring of
(Head Impact of players in real time. Used by live |with helmets; impact; Detects and
Telemetry sensors which send information to a|Correlation of data with |record all of the
System) computer registering it ina 3-D symptoms can be impacts that might
graph of the head. Receptor misleading cause concussion
computer can be located within 150 Good scale measuring
yards from player. The sensors are system
able to detect duration, magnitude,
direction and location of up to 100
hits. Mainly designed for when a
player experiences a hit of 10G’s or
higher. [19]
SAC SAC is an onsite test that measures |Correlation of data with |Measures orientation,

(Standardized
Assessment of
Concussion)

functions such as:

Orientation: day, date, month, year,
time

Immediate memory: recall of five
words in three separate trials
Neurologic: Loss of consciousness
(occurrence, duration), Strength,
Amnesia (either retrograde or
anterograde), Sensation,
Coordination, Delayed Recall,
Maneuvering and Concentration
Each is attributed a value as found
in Error! Reference source not
found., this is given a score out of
30, the higher the score, the more
severe concussion [20, 21]

symptoms can be
misleading; Useless if
conducted more than 48
hours after time of injury
Cannot assess cerebral
function

memory, focus;
Intuitive operating
system; Short (5-7 min)

SCAT2
(Sport Concussion
Assessment Tool)

Mainly focuses on testing cognitive
skills affected by concussion. Does
not determine concussion degree or
athlete’s recovery or return to play

status. [22]

Long (15-20 min);
Requires a professional
to conduct; No score or
scale; Not very reliable
due to weight of
symptoms

Testing of cognitive
skills affected by
concussion
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With the improved categorization of concussions, doctors are better able to prescribe

appropriate rehabilitation regimens. Follow-up assessments during the athlete’s rehabilitation

must be conducted to accurately determine when a player can safely participate in his or her

sport again after sustaining a concussion. There are eight main follow-up assessments given at

different intervals to track the patient’s recovery [19]. Four of the follow-up assessments also

stand out as particularly relevant to hockey concussion injuries. The pros and cons of these

assessments are shown in Table 2-3.

Table 2-3: Pros and Cons of Follow-Up Concussion Assessment [13]

TOOL DESCRIPTION CONS PROS
ImMPACT Conducted using software Long (20 min); Able to diagnose
(Immediate Post- | when an athlete no longer has | Positive and negative | multiple areas of
Concussion symptoms (24-72 hours post- | rate can be false; No | neurocognitive
Assessment injury) scale to determine function; Correlated

Cognitive Test)

Measures: player symptoms,
verbal and visual memory,
processing speed, and reaction
time

Gives a summary of
measurements; can determine
if player should return to play
[23]

recovery

MRI tests; No
professional needed

DTl or
Diffusion MRI

(Diffusion
tension imaging)

Provides mapping on how
molecules have spread out in
biological tissue after a
concussion. This mainly sees
water molecule diffusion in
the brain segment and it is an
in-vivo, non-invasive testing
mechanism. It can show
molecular interaction with
other macromolecules, with
fibrous tissue, with
membranes among others [24]

Cost; Long time to
complete; No
complete diagnosis

Can determine if
white brain matter is
affected; Great
image; No invasion
of any kind

9|Page



http://link.springer.com.ezproxy.wpi.edu/search?dc.title=ImPACT&facet-content-type=ReferenceWorkEntry&sortOrder=relevance
http://link.springer.com.ezproxy.wpi.edu/search?dc.title=Concussion&facet-content-type=ReferenceWorkEntry&sortOrder=relevance

fMRI Uses MRI technology to Cost; Long time to Can detect constant

measure brain action by complete; Can affect | abnormalities in
(Functional indicating changes in blood blood vessel brain function; Often
magnetic flow patterns; relies on activation used as clinical
resonance neuronal activation coupling. validation tool to
imaging) It mainly detects and uses assess brain

blood-oxygen-level dependent functionality; No

(BOLD) to compare results. It invasion of any kind

specializes in detecting brain

activity and interaction with

spinal cord due to change in

blood flow. It provides high

resolution images where

notable change on circulation

can be shown if area is

affected [25]
MRS Technique to measure Cost; Long time to Ability to measure

metabolic variations of brain | complete; Limitation | brain metabolism;
(Magnetic strokes, tumors, disorders, in diagnosis Delivers information
resonance Alzheimer's, depressions and on brain function
spectroscopy) concussions affecting the recovery time; No

brain functionality. It is used
to measure intramyocellular
lipid content (IMCL). It uses
MRI technology which is able
to send signals based on H+
(hydrogen protons) in order to
get dimensions of the brain in
X, Y, z coordinates and
determine the concentrations
of molecules in certain
areas[26]

invasion of any kind

2.2 Injuries in hockey

Athletes playing contact sports, such as hockey, are at risk for sustaining a concussion.

Multiple organizations have done studies to understand the frequency and cause of concussions.

Wilcox et al. performed a study on occurrences of concussions in contact sports. The study

evaluated eight sports and compiled data on typical injuries. They looked at all concussions,

excluding concussions due to whiplash injury, spinal cord injury, facial bone fractures, or soft

tissue injuries. This study found that hockey had the greatest incidence of concussions for males,
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and tae kwon do has the greatest incidence rate of concussions for females [6]. According to the
2008-2010 NCAA Men’s and Women’s Ice Hockey Rules and Interpretations, body checking is
allowed in men’s ice hockey, but is not allowed in women’s ice hockey. Lack of checking may

contribute to tae kwon do having the greatest incidence rate of concussions in female sports.

Hockey is different than other contact sports because players move at higher rates of
speed on a playing area of solid ice [27]. Hockey players can skate at speeds of up to 30 mph and
can slide at maximum rates of 15 mph. Contacting physical obstacles at such high speeds results
in abrupt deceleration causing the player to experience higher impact forces. A study by Denny-
Brown and Russell, regarding the acceleration and deceleration of the players’ body and
specifically their head, determined that in order for a concussion to occur, acceleration and

deceleration must be present [28].

A study was performed on men’s and women’s National Collegiate Athletic Association
Division I ice hockey teams to analyze the magnitude and frequency of head impacts during
games. This study determined the distribution of the mechanisms of impact and concluded that
for both men’s and women'’s collegiate ice hockey, the most frequent impact mechanism was
contact with another player. The impact mechanism that generated the greatest-magnitude head
accelerations was contact with the ice though the frequency of this type of impact was low [6].

The distribution of impact mechanisms is shown in Table 2-4.
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Table 2-4: Impact Mechanisms in Collegiate Ice Hockey [6]

Head Impact % of total impacts, AIPEERITZEGE = eaEEY
(Number of Impacts of that Type) s (e By_ Igete]
Mechanism
Impact Mechanism Men (n=270) Women (n=242) Men Women
Contact with another player | 50.4 % (136) 50 % (121) 0.464 0.208
Contact with ice 7% (19) 11.2 % (27) 0.104 0.106
Contact with boards/glass 31.1% (84) 17.3 % (42) 0.349 0.095
Contact with stick 1.9% (5) 29% (7) Not Provided, because
Contact with goal 0.4% (1) 0% (0) incidence rate was
Contact with puck 0.4% (1) 0.8% (2) insignificant
Indirect Contact 4.4 % (12) 15.3 % (37) 0.087 0.1
Celebrating 4.4% (12) 2.5% (6) 0.08 0.073

The peak linear and rotational accelerations generated by the impact mechanisms are

shown in Table 2-5.

Table 2-5: Resultant Peak Linear and Rotational Acceleration of Head Impacts Greater
than 20g Sustained by Collegiate Ice Hockey Players for Each Injury Mechanism (95%
Confidence Interval)

Mechanism Linear motational Acceleration
Acceleration (g) (rad/[s.sup.2])
Men
Contact with ancther 28.0 (26.3, 23.7) 2301.8 (2514.5, 3348.7)
player
Contact with ice 40.1 {321.8, 50.5) 3454.3 (25%0.2, 4608.4%)
Contact with boards 32.1 (29.7, 34.7) 3350.4 (293%5.9, 3746.8)
Indirect contact 31.5 (26.4, 37.8) 28731.8 (1949.8, 4235.T7)
Celebrating 25.3 (23.8, 28.4) 2058.3 (1707.%, 2475.7)
Women
Contact with another 27.9 (26.3, 29.6) 2323.0 (2031.6, 2656.9)
player
Ccontact with ice 35.2 (30.%, 40.0) 2318.9 (le4£.2, 3270.4)
Contact with boards 26.8 (25.8, 27.9) 1859.5 (1587.0, 2178.8)
Indirect contact 29.5 (25.6, 34.0) 1861.3 (1387.1, 2497.6&)
Celebrating 23.3 (20.1, 27.0y 923.3 (675.2, 1262.5)

Source: Head Impact Mechanisms In Collegiate Ice Hockey[29]

A seven-year study was performed by the Canadian Medical Association Journal (CMAJ)

to research and provide statistics regarding concussions in the National Hockey League (NHL).
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The CMAJ worked with the NHL to determine two major variables in hockey: concussion and
time loss. The goals of this study were to determine the rates and trends of concussions as well
as the post-concussion signs, symptoms, physical examination findings and time between the
injury and return to play. This evaluation was performed between the 1997-1998 season and the
2003-2004 season. Results showed 559 physician-diagnosed concussions throughout the seven
seasons with an average of 80 per year. The game rate recorded 5.8 concussions per 100 players
per season and overall, an average of 1.8 concussions per 1000 game player-hours. Of these 559
concussions, physician regulated recovery time averaged about six days per concussion. Of the
instances, 69% missed ten or less days of unrestricted play and 31% missed more than ten days
[30-33]. Statistics regarding positions of players experiencing concussions were highlighted and

are displayed in Table 2-6.

Table 2-6: Percent of Concussions for Each Position

PLAYERS ON THE % OF RECORDED

POSITION ICE AT ONCE CONCUSSIONS
CENTERMEN 1 30.5%
DEFENSEMEN 2 31.4%

WINGERS 2 33.6%

GOALIES 1 4.5%

From the data shown in Table 2-6, centermen, defensemen and wingers recorded
approximately the same percent of concussions. By factoring in the amount of players on the ice
at one time, researchers found that centermen experienced concussions twice as much as

defensemen and wingers.

Detailed data was presented indicating common post-concussion symptoms. The percent

occurrence of headaches, dizziness, nausea, neck pain, low energy or fatigue, blurred vision,
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amnesia, and loss of consciousness were all post-concussion symptoms. The distribution of these

statistics is shown in Table 2-7.

Table 2-7: Occurrence of Post-Concussion Symptoms

SYMPTOM % OCCURRENCE
Headache 71 %
Dizziness 34 %

Nausea 24 %

Neck Pain 23 %

Low energy or fatigue 22 %
Blurred vision 22 %
Amnesia 21 %

Loss of consciousness 18 %

Of the 559 concussions occurring during the seven-year period, 13 % of post-concussion

neurologic examinations were abnormal [33].

Many athletes in contact sports experience multiple concussions throughout their
participation, which raises additional concerns. Research showed that football players who had
endured multiple concussions were at an increased risk and earlier onset of memory impairment,
including mild cognitive impairment, and Alzheimer’s dementia. There was also a news release
in 2009 about a case of chronic traumatic encephalopathy in a former NHL player. The news
release encouraged researchers to study concussions further in order to better protect athletes in

potentially harmful situations [33-35].

Le Bihan et al. recently performed a study that evaluated the incidence rates of
concussion in junior hockey in comparison to the previously mentioned study of the NHL [35].
Neurosurgical Focus evaluated two teams of junior ice hockey players during one regular season.
Junior ice hockey players range in age from approximately 16-21 years old. Overall, this study

was not able to observe all 36 regular season games, but the procedure for collecting data used
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six licensed physicians, and 16 non-physician observers, such as kinesiologists, certified ice
hockey coaches, physical therapists, massage therapists, chiropractors and former junior ice
hockey players. The overall results of this study were 21 concussions observed in 52 games. This
rate can be quantified as 21.52 concussions per 1000 athlete exposures [35]. This study shows
that not only are concussions a problem in the NHL, but they are a problem early on with

teenagers in junior ice hockey.

Hutchison et al. held a study from 1998-2000 with players of ages 15 to 20 in Canadian
Amateur Hockey leagues to find the rate of concussions occurring in hockey. This study used
272 participants in its first year of study and 283 in the second year of study; of these
participants, 115 participated in both year one and year two. Results of this study showed that
over this two-year period, 379 concussions were reported. Of the 379 reported, 90% of them
occurred during a game, 7.9% occurred during practice, and 2.1% occurred at other times [32].

High rate of concussion is clearly a concern in all levels of ice hockey.

Many experts agree that ice hockey is a dangerous sport and that players are susceptible
to concussions during play. Concussions in hockey affect not only the player injured but also the
entire team who must play without key players. Since concussions commonly cause detrimental
lasting effects, sustaining multiple concussions could cut a player’s career short. Preventing
concussions will enhance the sport by allowing good players to participate for longer, making

team dynamics less erratic.

Monitoring athletes during play has been a topic for discussion in concussion detection.
Multiple products are available and patented that will sense if conditions have occurred that
could potentially cause a concussion. For instance, a sensor pad was created for use in football

helmets. This sensor analyzes impacts that players have encountered and quantifies the data for
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observers. This specific sensor pad lines helmets with a five-point sensor pad made by polymer
film. It uses a CC2530 series system-on-chip transceiver and microcontroller made by Texas
Instruments. The sensor uses a wireless RF communicator. Data is stored in an onboard memory
unit capable of recording 40 alerts. After the data is quantified, if a predefined threshold is
exceeded, a wireless receiver is triggered and indicates that a potentially harmful impact has
occurred [36]. This sensor is currently being used by 19 college football teams and is working its

way into youth and high school leagues.

Multiple patents have also been filed on the topic of helmets that incorporate concussion
indicators and force detection devices. In 1995, a patent was filed called “Sports helmet capable
of sensing linear and rotational forces.” This design was specifically created to detect not only
impact on the body, but also to observe both linear and rotational impacts. Accelerometers are
present in this design and sense three orthogonally oriented linear forces. When the device senses
an impact exceeding the limits previously specified, an electrical signal is sent to a lamp or LED

on the sidelines indicating that a potentially harmful impact has occurred [37].

A patent titled “Concussion Indicator” was filed in 2013 to monitor the acceleration in a
helmet. The sensor can be applied to either the inner or outer portion of the helmet depending on
the athlete’s preference. When the sensor is mounted to the outside of the helmet, indicators can
be shown to observers. If the sensor is mounted on the inside of the helmet, the player must
remove the helmet before visualizing the indicator. One of the unique qualities of this design is
that different indicators signify different degrees of concussions that could have occurred. By

visualizing the indicator, observers can identify the intensity of a potential concussion [38].

Research shows that sensors currently used are designed to monitor accelerations and

calculate the force experienced by athletes. The sensors indicate whether maximum thresholds
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have been reached and if there was a chance that a concussion occurred. The main objective of
sensors currently on the market is to sense whether or not a concussion has occurred. No

research was found on how sensors can be used to prevent concussions from occurring.

2.3 Head Injury Criterion

There are many ways to analyze risk of injuries to the head. One common and versatile
method is the Head Injury Criterion (HIC). The HIC is an equation based on the head’s
acceleration and time over which the acceleration occurs. The result from the equation is an
integer that can help determine the likelihood or severity of a head injury. The equation for the

HIC is as follows:

25
s [Pat) «dt) s+ (- t)

ty—tq 5]

Equation 1: HIC = (

Equation2: a=a/g
Where a is the unit-less, normalized acceleration of the head with respect to gravity, g
(9.8 m/s®), and t is time measured in seconds. HIC therefore has units of seconds [39]. Many
studies have been completed trying to find at what HIC head injuries will occur. The head
injuries of concern are usually surface contusions and concussions [40]. Shear stress
concentration and motion of the brain within the skull are known causes of these injuries and
directly related to head acceleration with respect to a period of time. This is why the HIC is such

a useful tool in quantifying the chance of a head injury and its severity.

An HIC of 200 seconds is commonly considered the threshold at which a concussion may
occur [41]. When testing protective equipment (i.e. helmets, seat belts, etc.), HIC values below
200 seconds must be achieved consistently before the design is considered safe to be on the

market. However, since each situation and person is different, the HIC does not provide
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definitive proof of concussion, but rather it provides an indication of the probability that a
concussion occurred. There are incidences in which the HIC is under 200 seconds but a head
injury did occur, as well as incidences in which the HIC is over 200 seconds without a head
injury occurring [41, 42]. An HIC of around 240 seconds indicates a 50 % probability of
concussion and an HIC around 485 seconds corresponds to 95 % probability [43]. The HIC is
frequently used as a standard when testing equipment, since it has been shown to fairly

accurately predict how well safety equipment will reduce the risk of concussion.

2.4 Head Impact Power

Another method to analyze the risk of injury to the head is with the Head Impact Power
(HIP) equation. While the HIC takes into account only the resultant linear acceleration of the
head at the center of gravity, the HIP uses both the linear and angular accelerations of the head at
the center of gravity [43]. This yields a more accurate prediction than the HIC at the cost of
using a more complicated equation. The equation can be seen below:

Equation 3: HIP = mya,(t) [ a,()dt + mya,(t) [ a,(O)dt + mya, (t) [ a,(t)dt +
La,(t) [ a,(®dt + Ia,(t) [ a,(O)dt + La,(t) [ a,(O)dt

Where my, is the mass of the head and I; are the moments of inertia of the human head
about the corresponding axis. The ax(t), ay(t), and a,(t), are the linear acceleration components
and ox(t), ay(t), and o(t) are the angular acceleration components all as functions of time. Since
the HIP is a time-dependent function, the maximum value obtained is used as the HIP value
[42].When Newman et. al. developed the HIP; its ability to predict concussion risk was
compared to other head injury assessment functions, including Maximum linear acceleration,
Maximum linear acceleration with dwell times, the Severity Index (SI), the Head Injury Criterion

(HIC), and Angular and Linear acceleration GAMBIT equation. The S, is the current NOCSAE
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(National Operating Committee on Standards for Athletic Equipment) standard and incorporates
average acceleration with time duration, with a limiting value of 1200. The GAMBIT

(Generalized Acceleration Model for Brain Injury) uses angular and linear acceleration in the

equation Gmax(r) = \/ (‘”;Ts((f))z + (%Sé?)z where a,..s(t) and «,..; (t) are the instantaneous
translational and rotational acceleration respectively. Utilizing game video and the associated
medical records of twelve NFL head to head impacts, Newman et al. was able to create full-scale
laboratory reconstruction of the incidences with helmeted Hybrid 111 dummies. Each dummy
was equipped with nine linear accelerometers placed strategically around the head. For each
reconstructed incidence, all six head injury assessment functions were calculated for each player

involved in the impact. The results of the calculations as well as whether a MTBI was reported

for each case is shown in Table 2-8.

19|Page



Table 2-8: Head Injury Assessment Function Results for Each Player Involved in the

Impact [43]

Case No. | Reported A ET 5l HIC GAMEIT HIP
1=tackler [ MTBI (m's’) (rad’s") EW)
Y=tackled | O=mo

1=yes
02 0 508 6265 121 93 033 6.7
382 1 1162 0678 743 554 0.60 233
302 1 1263 5729 663 521 035 198
482 0 362 5855 137 130 0.32 0.7
512 1 758 5786 155 207 038 121
502 0 807 5035 307 138 038 8.0
602 1 505 1168 181 130 013 00
712 1 111 5434 &5 510 032 240
77-2 1 788 5128 M 185 037 132
82 1 804 0NH 317 255 049 176
[ 1 1054 8877 706 508 048 16
082 1 803 7548 366 301 046 183
071 0 180 1832 63 51 023 14
381 0 588 5205 158 127 032 6.6
301 0 431 1184 61 43 0.18 33
4T1 0 310 2817 L5 37 017 16
ST1 0 317 3037 51 37 0.20 40
501 0 314 1950 R 1] 014 18
601 0 3 1503 i3 50 0.17 3.6
711 1 1005 5555 510 i3 043 103
771 0 342 2563 68 53 017 44
811 0 L) 3036 0% 77 022 16
921 0 586 6070 218 164 033 83
081 0 827 4487 245 187 0.38 10.4

Source: A New Biomechanical Assessment of Mild Traumatic Brain Injury Part 2 — Results
and Conclusions [45]

Based on the 24 cases in Table 2-8, univariate logistic regressions were performed for
each head injury assessment function. The concussion probability curves that were generated
permitted the determination of the specific values of each head injury assessment function that
corresponded to significant concussion probabilities. From the probability curve for the HIP, a
value of 12.79 kW corresponded to a 50% chance of concussion and an HIP of 20.88 kW
corresponded with a 95% chance that a concussion occurred [43]. These values are only

preliminary and require additional testing.

Logistic regression analysis revealed which of the head injury assessment functions were

most reliable. In regression analysis, the significance (p-value) is often used to determine if an
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independent variable should be included in the model. According to Newmanetal. p < .25 s
used as the threshold for the inclusion of an independent variable; the lower the p-value the
higher the significance of an independent variable. Similarly, the -2 Log Likelihood Ratio (-
2LLR) indicates whether adding the independent variable to the constant has improved the
model. A zero value of the -2LLR indicates an exact fit of the regression model to the data, ergo
a smaller -2LLR value indicates a higher significance. Newman et al. compared the p-value and
-2LLR values of each head injury assessment function, shown in Table 2-9, to distinguish the

best concussion predictor.

Table 2-9: Results from Logistic Regression Analysis [43]

-'I!!‘mu [+ - SI HIC 1% G’MH HT_P

Significance 001t 0.020 0024 0020 0013 (008
P-value
J1IE 12039 20676 15193 10347 18.031 14836

Source: A New Biomechanical Assessment of Mild Traumatic Brain Injury Part 2 — Results
and Conclusions [45]

The HIP equation proved to be the most significant variable, signifying it is the most
reliable predictor of concussion out of the head injury assessment functions utilized in this study.
A more recent study by Marjoux et. al. concluded that an HIP of 24 kW and of 30 kW

corresponded to 50% and 95% risk of concussion, respectively.

2.5 Helmet Standards

With hockey being a high contact sport, protective equipment and contact rules are a
necessity to reduce the number of injuries. The importance of regulated hockey equipment
ensures that each issued item of protective equipment offers a baseline of protection. Hockey
equipment is regulated by the Hockey Equipment Certification Council (HECC), a non-profit

organization. All of USA Hockey, NCAA, and the National Federation of State High School
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Association (NFHS) must wear gear that is HECC approved [44]. The HECC uses the
assessment standards set forth by the American Society for Testing and Materials International
(ASTM), which is the standard in America.

The ASTM F1045 standard states proper testing methods as well as the minimum
requirements. The standard also defines the proper specifications for head, which are also found
in the ASTM F2220 standard. Figure 2-2 shows the minimum helmet coverage requirements for
proper fitting based on the circumference of the head and helmet. It is very important that the

helmet fits and is tested properly, which is described in the standard.

ap B anea bl Ewtended area
Headbarm oode Size: Inside Distance
Tetter circumierence of helmsl fm
mm 1 u v
A 500 4 123 13z
E 540 25 125 144
Jf 8ro 27 130 15
L] B0l i ] 131 L)
Nome |—A-Reference plane, B-Corenal plane

FIG. 5 Type 1-Area of Coverage

Figure 2-2: F2220 Specifications for Head forms, Area of Coverage [16]
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The Testing Methods include impact and drop testing and a shock absorption test. The
impact requirement states that the helmet must remain intact, meaning that it must have no
visible cracks in the helmet while withstanding impact accelerations up to 300 g’s [44]. The
chinstrap also needs to up hold standards. It has to have a separation force from the helmet from
between 50 and 500 N. Also, while exerting 109 N the chinstrap must not exceed one inch of
displacement [45]. Each of these tests must be executed using ambient, hot, and cold
temperatures to ensure that the helmet can withstand all forces during game play. After proper
certification that the helmet meets all requirements by the ASTM F1045 standard, the HECC will
then place their label of approval on the helmet. This label is not to be altered or taken off , or
the equipment certification becomes void [44].

A study by Robert Edward Wall, attempted to answer the question of what standard to
use in the National Hockey League (NHL) due to it being an international league. The three
standards that were compared were the ASTM, Canadian Standards Association (CSA) and
International Organization Standards (1SO). This study showed that not one single standard
would shine over the others. In fact, each standard had an area where it performed better than
another, making it a difficult comparison. Most importantly, it was concluded that the helmets
tested performed relatively the same when based on peak acceleration measurements, but there
were differences during multiple impacts. Wall suggests the possibility of combining the

standards to create one single standard that can be accepted worldwide [46].

2.6 In Play Regulations

Regulations during play are also set in place to aid in reducing the number of severe
injuries. There are many different sets of rules based on age and location. The lower the age, the

more regulations developed for play and more equipment requirements. The NHL offers the
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least amount of regulated protection for its players due to it being played by the most advanced
athletes. In the NHL, hitting or checking from behind or contacting a player’s head during a hit
or check results in penalties or possible ejection from the game. At the NHL level of play, a
helmet is the only headgear required [47]. Since the NHL is essentially an international league, it
has not adopted one set of standards for its protective headgear; generally ASTM or CSA
certified equipment is used.

The collegiate level is regulated by the National Collegiate Athletic Association (NCAA).
Players must wear HECC approved helmet and face mask that is securely fastened. The NCAA
also requires the use of a mouth guard. Penalties can arise if a player is checked from behind,
charged, boarded, or undergoes contact to the head as mentioned in the NCAA 2014 rulebook.
These regulations were put in place to help reduce injury and frequency of concussions.

Despite the implementation of rules and regulations, the occurrence of concussion is still
higher than one would hope. Only further implementing rules, regulations and more advanced
protective equipment can promote a reduction in the rate and severity of concussions that may

arise from playing hockey.

2.7 Current Protective Equipment in Ice Hockey

Modern hockey helmets can be classified by level of protection. There are helmets
specifically designed for beginners, for professional players, and for many levels in between
[48]. The equipment guide on PureHockey.com, shown in Figure 2-3, classifies the Reebok 11k
helmet, the Bauer Re-Akt Helmet, and the Bauer IMS 9.0 Helmet as offering “Elite Level
Protection”, which is the highest level of protection. Reebok achieved the elite level protection
of the 11k helmet by designing it with “a better fit equals more safety” in mind [49]. While most

modern hockey helmets offer length-wise adjustment, and some advanced helmets offer length-
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and width-wise adjustment, the 11k helmet provides the only 360 degree adjustment available
[49]. The 11k helmet accomplishes the 360 degree fit by utilizing Reebok’s Microdial 11
Anchoring system, which wraps the Expanded Polypropylene (EPP) foam, foam commonly used
for impact absorption in helmets, around the unique shapes of the player’s head and locks the
helmet into place [49]. This system eliminates gaps and pressure points to provide a more
protective and comfortable fit. The composite subshell of this helmet makes it Reebok’s lightest

fully adjustable helmet.

| Cost wiocage | $170-8200 | $145-8200 | ~8140 | $60-$140 | ~$120 | ~8150 | ~8100 | $90-$100 | $70-8130 |

il ool

Re-Akt 4 1K 4 Mms9.0 ‘KIMMO IMS70 E700 7500 x 4500

ELITE LEVEL
PROTECTION

EXCELLENT
PROTECTION x x x

MODERATE
PROTECTION x x

BASIC
PROTECTION 2¢

x > x

ANTI-MICROBIAL x

COMPOSITE SHELL

TOOLFREE
ADJUSTMENT

COLORS
AVAILABLE

CUSTOMIZABLE
COLORS AVAILABLE

*The best heimet for you s the ono with the most protection, and which fits you the bost. Thero is no helmet that will provent 8 CONCUSSION.

Figure 2-3: Helmet Comparison

Source: Adapted from Pure Hockey Webpage[50]

The Bauer helmets have many features that contribute to their classification as “Elite
protection.” Both Bauer models utilize Vertex foam and Poron XRD liners for impact
management, as well as dual-density ear covers with clear protective film to eliminate abrasion
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[51]. The Vertex foam has the same density as EPP foam but is lighter and provides improved,
high- and low- energy impact protection [51]. The Poron XRD foam is made up of urethane
molecules that are flexible until placed under high pressure at which time the molecules
momentarily stiffen [52]. It has been shown to absorb 90% of the energy of a high-force impact.
Poron XRD is also very lightweight and breathable. The Vertex foam is used on areas of the
helmet proven to experience less impact, while Poron XRD is placed in the areas where the
majority of impacts occur [51]. The Bauer helmets also feature memory foam temple pads that
provide maximum comfort and a snug fit. Bauer products also employ MICROBAN, which
offers antimicrobial protection to resist odors and mildew.

The Bauer Re-Akt helmet is marketed as the first hockey helmet to offer protection
against all types of hits [53]. Whereas all certified hockey helmets are required to protect against
high-energy linear impacts, the Bauer Re-Akt also protects against low-energy linear impacts,
and rotational impacts. Rotational impacts have been shown to cause serious head injuries [54].
The Bauer Re-Akt helmet achieves this optimal protection by utilizing Bauer’s SUSPEND-
TECH liner system. Upon impact the SUSPEND-TECH liner remains with the head, ensuring
the placement of pads is maintained, while the shell with its interior liner rotate to absorb and
deflect the forces of the impact [53]. This system is advertised as being able to minimize the
movement of the head during impacts, which would greatly reduce the likelihood of a
concussion [54].

The current padding inside most hockey helmets is an expanded polypropylene and vinyl
nitrile. These two paddings have shown to have very similar effects on the risk of injury as
concluded in a study on the effects of impact management materials in ice hockey helmets on
head injury criteria [4]. All three of the models mentioned above offer tool-free adjustment to

make fitting the helmets to the player’s head quick and easy [50]. Many experts agree that the
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proper fitting of the helmet and cage is as important for protection as the helmet’s design [50].
Regardless of the impact absorbance technology or stability features incorporated in a helmet, if
the helmet does not fit properly, it will not protect a player’s head sufficiently [50].

Despite all the features and protective measures, hockey helmets still seem
underwhelming compared to the top rated football helmets. When comparing the interior of a
hockey helmet to the interior of a football helmet, as seen in Figure 2-4, it is apparent how much
more cushioning is available in the football helmet [55]. Considering hockey is right after
football as the sport responsible for the most concussions, the lack of padding in hockey helmets
compared to football helmets is puzzling. Perhaps the huge difference in helmet interiors is due
to hockey having different conditions and mechanisms in which concussions occur than those in
football.

Another possibility could be that football manufacturers have been improving their
designs in response to Virginia Techs five-point STAR (Summation of Tests for the Analysis of
Risk) rating system that was first implemented in 2011. Virginia Tech tests football helmets and
awards the helmet one to five stars depending on its ability to reduce the risk of head injury and
concussion. The head of the biomedical engineering department at Virginia Tech, Dr. Duma, led
meetings with scientists and football helmet manufacturers to discuss improving head protection
and providing the science behind the methodology of the STAR rating system. The STAR rating
system makes consumers aware of which football helmets reduce the risk of concussion the
most, motivating the manufacturers to strive for the five-star mark, the highest rating awarded by
the Virginia Tech helmet ratings. Each year more of the newly released football helmets are
achieving the five-star rating. In the past two years, Virginia Tech has begun lab and rink testing
and analysis to develop an analogous STAR rating system for hockey helmets. The hope is that

this rating system will have a similar impact on hockey helmets by motivating and informing
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hockey helmet manufacturers on improving the protective ability of their hockey helmets [55-

57].

Hockey vs. Foothall: Inside a current hockey helmet (left), alongside a top-rated
football helmet. (Jake Smith of Virginia Tech)

Figure 2-4: Comparison of Hockey Vs Football Helmet

Source: NCHL [58]

In addition to helmets, face protection is an important factor in preventing serious injuries
considering pucks can travel up to 100 miles per hour. Rules requiring face protection vary from
league to league. All face protectors connect to the player’s helmet and fall into one of three
categories. The most common facial protection for amateur players is the full cage, which
consists of metal bars running vertically and horizontally across the player’s face [59]. The full
cage offers full protective coverage, great ventilation, and the most durability [59]. The cage is
very affordable and requires little to no maintenance [59]. However, some players feel that the
wire cage is distracting while playing [59].

The second option for facial protection is the full shield, which consists of an impact-

resistant plastic covering the eyes and mouth with breathable holes at the bottom of the mask
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[59]. The full shield offers the same amount of protection as the cage without the distraction of
wires running through the player’s line of sight. The downside of full shields is that more
maintenance is required than with the cage [59]. Usually, anti-fog solution must be applied to the
surface of the shield before each game to limit the amount of fog that occurs during play [59].
Most shields come with an anti-scratch coating that must also be applied to the mask to improve
its durability [59]. Even with proper maintenance, typically the full shield still will not last as
long as a cage would [59].

The last option is called a visor or a half shield and is for hockey players over the age of
18 years old that are in a league that does not require full facial protection [59]. Half shields are
made of high impact-resistant, transparent plastic that covers the top half of the face stopping at
the bottom of the nose [60]. The half shield provides the least inhibited vision, with its
transparent plastic offering excellent straight ahead and peripheral vision [60]. The half shield
does not tend to fog up as much as the full shield but, still experiences some fog issues [59]. The
half shield is more flexible than the full shield, making it slightly less durable [59]. This option
provides the least protection because it leaves the mouth, jaw, chin, and the bottom of the nose
vulnerable to injury [59].

Innovative fog-free technology has been developed and implemented in hockey face
shields. Avision Ahead Bould Hockey Shield Company claims their newest Elite Masks are fog-
free and scratch resistant on both sides of the shield; they even offer a money back guarantee.
Avision Ahead worked with hockey players from the University of Denver to create their new
elite masks [61]. The elite masks passed impact testing with results 115% greater than what is
required for certification [61]. The features of the elite mask were accomplished by making the
replaceable, injection-molded convex lens with 100% fog-free inside and hard coated outside

[61]. The full shield has a straight pro-style lower edge so that vision is not distorted. If the
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Avision Ahead elite masks are as anti-fog and scratch resistant as their website claims, this could
make the maintenance requirements of the full shield closer to that of the cage.

As of now, wearing the helmet face cage or visor is optional for NHL players [62]. The
IIHF, Hockey Canada, and USA Hockey require players whom are women or under the age of
18 to wear full face masks [62]. IIHF and Hockey Canada also require at least a visor be worn by
players not mandated to use full facial protection, which covers the remaining players that don’t
fall into the above categories [62]. Many hockey players complain that the face cage/visor
impacts their field of vision, which explains why many NHL players choose not to wear them.

Hockey Canada requires and USA Hockey recommends that neck laceration protectors
are used for all positional players. This is because, although neck laceration injuries are rare,
when a neck laceration does occur it can be very serious and even deadly. There are three main
types of neck protectors available for non-goalie players [63]. The most common is the strap
style neck protector, which provides the least amount of coverage [63]. The next style is the
“Strap Yoke” which offers a bit more protection than the strap. Both of these types of neck
protection are usually made of ballistic nylon or a similar material. The least common neck
protector is the Turtleneck; it offers the most coverage and is usually made of 100% Kevlar or
Armortex with abrasion resistant properties [63]. Figure 2-5 shows each of the neck laceration
protector styles along with the percentage of players who wear each [63]. However, since
laboratory testing of neck laceration protectors may not represent actual on-ice mechanisms of
injury, their effectiveness is undetermined. A study done by the Mayo Clinic showed that
players have experienced lacerations while wearing each type of neck protector available.
According to this study, 27% of the neck laceration incidences reported occurred while the
player was wearing a neck protector. All the neck protectors currently available are intended for

laceration prevention, meaning their purpose is to prevent cuts and scrapes to the area covered.
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So, the neck protectors do not protect against the impact of a puck or stick to the neck, and do

not provide any support against whiplash.

Turtleneck Strap-Yoke Strap

5 5

12% 84%

Figure 2-5: Types of Neck Laceration Protectors and Percentage of Players who Wear
Each [63]

2.8 Testing Methods

There are numerous ways to test how a helmet protects against impact forces. Three very
common impact tests are the drop weight impact test, pendulum impact test and air cylinder
impact test. Similar forces can be exerted on the helmet as a result of each testing method but,

depending on the desired impact, one test may be better suited than another.

2.8.1 Drop Weight Impact Test

A drop weight impact test involves dropping a weight on the device in order to simulate a
desired impact force. Gravity, height of the drop, and the mass of the object being dropped are
the factors that change the force of the impact. The impact force from this test is linear and
unidirectional. The drop is guided by rails during the free fall stage to assure a straight down
impact [64]. The assumption has to be made that the rails are frictionless in order to calculate the
impact velocity through conservation of energy. The initial potential energy can be calculated

before the drop and that energy will equal the final kinetic energy at the moment of impact.
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Figure 2-6: Drop Weight Impact Test

Source: Drop Test [65]

2.8.2 Pendulum Impact Test

A pendulum impact test is similar to a drop weight impact test in that it also uses
conservation of energy to determine the impact velocity. Instead of dropping a weight vertically
onto the device to be tested, the weight is swung from a set height on a stiff arm as a pendulum.
This allows for a horizontal impact on the device to be tested. A horizontal impact may be
preferred over a vertical impact due to the rotational accelerations that could result in addition to
linear accelerations. Generally, a pendulum impact test is used to break a specimen. Having
broken the specimen, the pendulum swings back to a height lower than the starting point. The
energy it took to break the specimen can then be calculated [66]. This test can be modified,

however, by the use of a catch mechanism in order to just apply an impact force to a device.
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Figure 2-7: Pendulum Impact Test

Source: Pendulum Impact [66]

2.8.3 Air Cylinder Impact Test

An air cylinder uses compressed air to deliver a controlled linear force [67]. Most air
cylinders have specific forces that can be exerted for different amounts of air pressure. The force
that the cylinder can exert also depends on the size of the bore or any attachments to the end of
it. Air cylinders are useful for impact testing since, for the same air pressure, the force will
always be the same. Since the capabilities of an air cylinder are known at the time of purchase,
very few calculations are needed to assure the correct force will be applied to the device being
tested. These devices can be used to apply both linear and rotational forces to the device being
tested like the pendulum impact device. The main drawback is that this device cannot run on

gravity, like the two previously mentioned, and needs to be powered by compressed air.
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Figure 2-8: Air Cylinders

Source: McMaster Carr [67]

2.9 Smart Materials

Smart fluids are versatile materials with many possible applications in engineering that
have properties that respond to different stimuli, such as forces, electrical fields, and magnetic
fields. Non-Newtonian fluids have viscosities that change in response to shear rate. As a
comparison, “normal,” Newtonian fluids flow continuously under shear. A common example of
a non-Newtonian fluid is Oobleck. Oobleck is a suspension of cornstarch in water that has a
shear rate dependent viscosity that increases with increasing shear rate. Oobleck can become so
viscous in response to a time-dependent force that it transforms into an elastic solid. Once the
shear force is removed Oobleck returns to its original, low-viscosity state.

Extensive research was done on different smart fluids in a Major Qualifying Project from
2014 [68]. Specifically, that project group focused on fluids that demonstrated shear thickening,
or increasing viscosity when a shear stress is applied. The goal of their project was to use shear-
thickening fluids in a device to slow down a football player’s head during an impact. Their

research led them to focus on Polyethylene Glycol (PEG) and Oobleck as possibilities to use
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inside of the device they designed. These two smart fluids both demonstrate shear thickening
and other similar physical properties. Because these fluids’ viscosities increase depending on
shear rate, they were used in the football helmet device to reduce the acceleration of a player’s
head during a hit. Two other fluids that were mentioned in this MQP report for possible
application in the device were electro rheological and magneto rheological fluids.

The properties of Oobleck can be modified by adding glucose or cooking it until it
becomes a gel. Adding glucose to the suspension increases the viscosity that can be reached
when a force is applied [69]. Cooking the cornstarch and water suspension increases the
viscosity of the fluid both before and after a shear stress is applied. The longer it is cooked the
greater its viscosity due to evaporation of the water and additional swelling of the cornstarch
molecules. There are countless combinations of modifications that can be made to a cornstarch
and water suspension allowing for specific, desired traits to be achieved.

Polyethylene Glycol (PEG) is a polymer that has dilatant properties which means its
viscosity increases when shearing is present. PEG has the same molecular structure as
Polyethylene Oxide (PEO) and Polyoxyethelyne. Yet each of these polymers has different
physical properties mainly due to their differing molecular masses. This polymer is labeled as
PEG when the molecular mass is less than 20,000 g/mol and PEO when the molecular mass is
greater than 20,000 g/mol. POE, however, can refer to the polymer of any molecular mass [2].

Smart fluids are not limited to reacting to shear stresses. Electro rheological (ER) and
magneto rheological (MR) fluids are two sophisticated smart fluids that react to electric and
magnetic fields respectively. The responses can occur within a few milliseconds but do differ
depending on the fluid. ER fluids have a much weaker response than MR fluids and are

generally unusable unless enhanced [3]. MR fluids can be used without any additional
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enhancements due to their stronger effects. MR fluids are also not as easily affected by

contamination as ER fluids making them much more useful in many applications [4].

Table 2-10: Viscosity and Price of VVarious Smart Fluids

. N 0 Price per gram
Material Viscosity (1) at 25° C without water
PEG - 400 70 cP $0.028
PEO 12-50 cP $7.74
Cornstarch Suspension 400-53,000cP* $0.0026
Glucose as an additive N/A $0.0011
Polyanaline Dependent on applied voltage $12.36

*The viscosity of the cornstarch and water suspension is a range due to the effects cooking and
glucose can have on it. Any value within this range can be obtained.
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3. Methodology

With the knowledge acquired from the background research, the project goal and
objectives were more fully defined. A plan for achieving the project goals and objectives was
devised and followed throughout the design process. This plan involved identifying design
variables, generating the variations available for each variable and developing a method for
evaluating how well each variation would contribute to achieving the project goals and
objectives. The variations were assessed against critical design criteria. Assessing the variations
against the design criteria involved research, engineering intuition, dynamic calculations,
computational analysis and preliminary performance testing. This section describes the process

of defining project objectives, and design development.

3.1 Project Goal and Objectives

With the nearly four million estimated sports-related concussions a year, athletes risk
suffering the devastating effects of sustaining a concussion, each time they play the game they
love. Ice hockey players are especially at risk due to the higher speeds obtained and the hard ice
playing environment. Numerous studies have concluded that there is a high risk of concussion
for ice hockey players at all levels of play. The concerns and effects of concussions have lead

league officials to seek equipment that better protects players from concussions.

The goal of this project is to reduce the risk of concussion for ice hockey players by
incorporating neck support into the current helmet design to provide an additional restoring
moment during impact that will reduce the acceleration of the head. The addition of a neck
support that simulates and enhances the restoring moment provided by a strong neck should

reduce the risk of concussion. This is based on the finding that for every one pound increase in
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neck strength, as measured by a hand-held dynamometer and tension scale, the odds of
sustaining a concussion decrease by five percent [7]. The ambition of the neck support
incorporated helmet is to generate HIP values less than 24 kW when subject to a force typically
experienced during a hockey game. Achieving HIP values below 24 kW will result in a less than
50% chance of sustaining a concussion. In order to achieve our goal, we established the variables
involved with incorporating the neck support and developed options for each variable. The
variables we established along with options for each variable are shown in Table 3-1. To

determine which option would be used we devised a list of determining criteria.
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Table 3-1: Options for Each Design Variable

Options

Oobleck

-Different concentrations
-Cooked vs uncooked...
Borax and PVA

MR fluids

One solid
Vertical strips
Horizontal strips

Covering back of head entirely

Up to lower back of head

Barely overlapping with helmet

In line with shoulders

To mid-shoulder blade

To bottom of shoulder blade

Just on back of neck

To beneath the ears

All the way around

Velcro around neck

Make it adhesive to skin
Memory forming materials
Ear-muff mechanism

Flat spring

In addition to achieving the main goal, the hope is that the modified helmet could be
feasibly worn during an ice hockey game without imposing any significant limitations that a
typical helmet would not impose. Although it is not the main focus of the project, in order to

make implementing the design feasible, we developed the following objectives.
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Feasibility Objectives:
1. The players’ range of motion while wearing the modified helmet should not be
decreased by more than 4% of their range of motion with the current helmet.
2. The player is able to remove the modified helmet in no more than an extra 5
seconds compared to the removal time of a current hockey helmet.
3. The design shall not incorporate any extrusions that will negatively affect player

comfort or safety.

3.2 Designing the Neck-Support-Integrated-Helmet

A process for determining the best option for each of the previously identified variables
was created. With these feasibility objectives in mind the first three determining criteria for
evaluating the options for each variable were created as shown in the Table 3-2. In addition the
main goal and feasibility objectives, cost, availability, and ease of implementation were also
determining factors. Table 3-2 shows the complete list of determining criteria that was
established, along with how each option’s ability to meet the criteria will be assessed. The
questions in the Table 3-2 will be assessed for each option and compared to determine the best

option for each variable.
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Table 3-2: Determining Criteria

Determining Criteria Questions to Assess Each Option

Affordable? How much will it cost to implement?
Available? Do we have access to the required materials?
How easy will it be obtain all the required materials?
How much time will it take to obtain all the required materials?

Easy to implement? Is there a plan for implementing this option?
If so, how many steps will it take to get the option implemented?
Reduces HIP? Does computational analysis predict this option will help reduce the HIP?

Do calculations predict this option will help reduce HIP?
Does engineering intuition predict this option will help reduce HIP?

Allows Full Range of Does this option provide the flexibility necessary to allow full range of
Motion? motion?

How many degrees of freedom are potential affected by this option?
Easy to Use? Will this option require additional steps to equip the helmet?

It so, how many additional steps does this option require?
Is it comfortable and Will this option cause parts to be protruding off of helmet? If so, how many?
Safe? Will this option utilize hard materials that can injure someone upon impact
more so than a typical helmet?
Will this option lead to sharps corners or parts on the helmet?

Before deciding on the specifics of the helmet modification, a baseline hockey helmet
was chosen. It was important that the baseline helmet be commonly used so that the results of
testing could be extended to typical hockey situations. In order to ensure that the helmet
purchased was a popular one, the choice of helmet was limited to those presented in the
equipment guide on PureHockey.com (see in Figure 2-3). In addition, it was required that the
helmet offer good protection before any modifications; thus, any observed improvements can be
attributed to the modification and not an unsafe baseline helmet. Ideally, either the Bauer IMS
9.0 or the Reebok 11k would be used since these helmets are classified as elite protection. The
Bauer Re-Akt helmet was quickly eliminated from consideration since the SUSPEND-TECH

liner could make it infeasible to modify the helmet.

Two helmets were required so that one could remain unmodified to test as a control and
the other to modify for comparison to the controlled results. Reusing the control helmet by

modifying it after it has been tested could produce inaccurate results, since the integrity of the
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helmet might diminish from enduring multiple impacts. Based on the need for two helmets and
budgetary restraints, two Bauer IMS 7.0 helmets were purchased; this was the helmet that
offered the best protection out of the affordable options. Utilizing a cage was determined to be
necessary for testing so that the dummy head would not be impacted directly. One of the
helmets was purchased with a cage that could be transferred to whichever helmet is being tested

at the time.

Once the helmets were purchased, options for each variable were evaluated against the
determining criteria. Each variable needs to be determined before building a prototype, since

time and budget constraints will only allow for the fabrication of a single prototype.

3.2.1 Evaluating the Options for the Smart Fluids

The first variable that was evaluated was the smart material that would be used for the
neck support. The material choice is a critical variable that will have a huge influence on
whether the prototype meets the main goal of lowering the HIP. Although, the other neck
support variables will contribute, an appropriate choice for the material is crucial for creating a
device that will successfully reduce the HIP. There are two main requirements the material of the
neck support must meet:

1) The material must be able to provide a restoring moment against the force of an

impact to reduce the acceleration of the head.
2) The material must provide the player with uninhibited use of his or her full range of

motion.

At first glance, these requirements seem somewhat contradictory, but a smart fluid that
exhibits shear thickening in response to stimuli should be capable of performing both

requirements. The materials identified as potential candidates for the neck support were ER
42|Page



fluids, MR fluids, cross-linked polymers, and Oobleck. First, the availability, affordability, and
ease of implementation of each option were considered, enabling the elimination of ER and MR
fluids from consideration, based on their cost and complicated implementation. Then cross-

linked polymers were eliminated since they break when exposed to high shear force. Therefore,

the material of the neck support was determined to be Oobleck.

The fact that Oobleck has a low resting-state viscosity and exhibits shear thickening in
response to a large shear force rate, makes it a very suitable material for fulfilling both the
material requirements. However, the standard two part cornstarch to one part water Oobleck
concentration may make it prone to settling at the bottom of the capsules used to enclose it due to
its low resting viscosity. This could impede its ability to meet the first requirement, since the
material must remain distributed throughout the vertical length of the neck support in order to

provide sufficient restoring moment, as illustrated in the Figure 3-1.

If cobleck settles, the moment If cobleck remains distributed,
created during impact will not be | the momentcreated during
sufficient. impact should be sufficient.

Figure 3-1: Illustration of the Effect of Oobleck Settling at the Bottom of the Neck Support
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As discussed in the background section, there are several modifications of the Oobleck
creation process that result in variations of Oobleck that display different properties.
Experimentations with these modifications were conducted to determine which would produce
Oobleck with properties that best achieve the material requirements. The properties of interest

include resting viscosity, and the relationship between viscosity and shear rate.

In order to determine the viscosity properties of the Oobleck produced from each variation
experiment, balls of different mass will be dropped through a volume of Oobleck. The time it
takes for the balls to move through the Oobleck will be utilized to obtain the viscosity properties
of each. The complete procedure for determining the viscosity of Oobleck is shown in

Appendix: D-2.
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I.  Oobleck Creation Variation Experiments

The Oobleck creation variation experiments include varying concentration, microwaving,
boiling, and stove-top cooking of the Oobleck. The first experiment was to compare uncooked
Oobleck to Oobleck cooked using a 1000 Watt microwave for differing amounts of time. The
microwave seemed to be too aggressive of an option since a difference of ten seconds resulted in
a completed gelled over solid. The second experiment involved cooking the Oobleck in plastic
bags in hot water. The procedure used for this experiment is shown in Appendix: D-2. Only
subtle changes in initial viscosity were observed from this experiment. This method is much
more difficult than using a microwave to cook the Oobleck. It is necessary to mix up the Oobleck
in the bags periodically while cooking to assure the texture stays consistent. Additionally, the
bags need to be kept away from the sides of the pot and up off the bottom by use of a steaming
rack to keep the plastic from melting. Increasing the concentration of cornstarch to water was
attempted but the shear thickening properties of the Oobleck made mixing difficult. The next
experiment involved cooking the Oobleck directly in a pan on the stove top to evaporate the

water out of the suspension.

One cup of water was mixed with one cup of cornstarch in a small pan. Once the
suspension was uniform, it was cooked over heat three (low-medium) on a gas stove. The
mixture was stirred constantly during the cooking process until it started to form a paste and
become very thick. Once the mixture no longer had flowing fluid left, it was removed from the
heat and then taken out of the pan to help stop the cooking process. Once cooled, the Oobleck
had the texture and viscosity of Play Doh but had lost the desirable shear thickening properties it

had when it was a liquid.
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This experiment was repeated using one cup of water mixed with one cup of cornstarch
and one tablespoon of white sugar, glucose. Glucose has been shown to increase the viscosity of
liquid Oobleck. However, once it was cooked and then cooled, this modified Oobleck had no

discernable difference between the stove-top cooked Oobleck without glucose.

It is believed that the desired paste-like substance with shear-thickening properties was
not achieved due to the amount of heat retained in the cooked Oobleck. It took over 30 minutes
for the mixture to cool and during that time more of the water had evaporated. This turned the
paste, observed at the end of the cooking period, into crumbly dough. This dough was easily
manipulated but did not have any of the shear thickening properties necessary to reduce the
accelerations of the head during impact. Adding water back to the dough was attempted in order
to make a paste however, the shear-thickening properties were not recovered. Table 3-3 shows

the results from experimenting with various modifications to the Oobleck creation process.
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Table 3-3: Results from Modifications in the Creation of Oobleck

Cornstarch to e Shear
Water Mocllzg:%fpame:hod Initial Viscosity Thickening Comments
Concentration Exhibited*
2:1 Unmodified
2:1 Microwave 20 sec Slightly gelled
2:1 30 sec Like solid No Entirely gelled over
1 min Unnoticeable difference Yes
from uncooked
Plastic bags| 5 min Unnoticeable difference Yes
2:1 in boiling from uncooked
water 10 min Unnoticeable difference Yes
from uncooked
15 min Slightly higher than Somewhat
uncooked
11 Stove Top Like Play-Doh No Like Play Doh
111 Stove Top with 1 Like Play-Doh No Like Play Doh
tablespoon of glucose

*Viscosity vs shear force graph in Appendix E

The desired resting viscosity is one that permits full range of motion but also ensures the
Oobleck remains distributed throughout the vertical length of neck. A resting viscosity similar to
the viscosity of Play Doh would make the Oobleck capable of staying distributed throughout the
vertical length of the neck. The challenge is to create an Oobleck with a resting viscosity similar

to that of Play Doh that retains its shear thickening properties.

Il.  Calculations for Determining Necessary Dampening Coefficient
The shear thickening to force relationship, formally called a constitutive model, of each
variation of Oobleck helps distinguish which variation of Oobleck should be used. First, the
dampening coefficient necessary for providing a sufficient restoring moment upon impact was
calculated. In order to perform the necessary viscosity calculations, a full understanding of how

concussions typically occur in hockey had to be obtained and modelled mathematically. Since
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player-to-player collisions are the most common impact mechanism during ice hockey games, a
player skating at top speeds into a stationary player was modelled [6]. The average weight of a
professional ice hockey player is 210 pounds force plus 30 pounds force of equipment [70]. This
means the average mass of a professional hockey player with equipment is 109 kg. Donaldson et
al. studied the accelerations of elite skaters instructed to skate as fast they could, starting from a
stand-still [10]. Data were collected after a specified duration, and the average of the elite
skaters’ accelerations was 4.375 m/s?[8]. Considering a worst-case scenario, in which the
player hitting into the stationary player transfers the entire force to the impacted player, the
obtained values were used in the following equation to determine a typical force experienced by

an ice hockey player.

Equation 4: Fimpact = mplayer * aplayer
Where, Fimpace 1 the force experienced by the player being impacted, my,;4y, is the
average mass of an equipped professional hockey player, and a,;qy is the average acceleration

of an elite skater. This provided a force of 476 N, which would be used to test the helmets.

Using Figure 3-2 below as a free body diagram and rearranging the sum of moments

equations provided the following differential equation:
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F Impact Force (i.e. Pressure *Area) through Center of
Gravity

M Moment from Impact
Occipital Condyle; Point of Rotation

Mg Gravitational Force (i.e. mass times gravitational
constant)

CG Center of Gravity of the head
M. RestoringMomentfromneck

8 Angle of Rotation

Distance from Center of Gravity to OC along z-axis

Distance from Center of Gravity to OC along x-axis

Figure 3-2: Free Body Diagram of Head During Impact

Equation 5:

|Pressure-Areap  -degy + Mpaq 8 dOGz:' Si.t'.l|.!!1_--t::l — |Pressure Areap . -drg;, + Mpegg 8 dCGh:' n:nsl_l_!!l_--t_':-}

Where, I, = 233 kg * cm?, and is the moment of inertia about the center of gravity of
the human head [28]

Knecks = 50 %, and is the spring constant that has been used to model the
response of the human neck during impact [72]

kagmp =5 % and is the dampening coefficient that has been used to model

the response of the human neck during impact [72]

dcez; = 55 mm and d;, = 13 mm, and are the distance from the head’s center
of gravity to the point about which the head rotates (the Occipital Condyle
(OC)) along the z- and x- axis respectively [72].
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Solving the above differential equation provided the equations for the angular
displacement, velocity, and acceleration of the center of gravity of the player’s head, shown with

corresponding graphs below (complete calculation can be seen in Appendix: C-1.)

Angular Dizsplacement of Head Over Time

W
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=

Figure 3-3: Graph of Angular Displacement of the Head versus Time, F =476 N

Equation 6: 0(t) = ¢y xe™*t + ¢, x e + A x sin(Qp * t) + B * cos(Qp * t),
Where, 8(t) is the angular displacement of the center of gravity of the head as a function
of time,
t is time in seconds,
Qr is the forcing frequency and was estimated using graphs, and

C;,C,, A, B, 11, &1, are all constants that were solved for using initial value

conditions (the calculations of these constants can be seen in Appendix C.)

Through differentiation the equations for angular velocity and acceleration were

determined:
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Angular Velocity:

Angular Velocity of Head Over Time
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Figure 3-4: Graph of Angular Velocity of Head versus Time, F =476 N

Equation 7: w(t) = ¢y *ry x e + ¢, x 1y €2 + A x Qp x cos(Qp xt) — B * Qf =
sin(Qp x t)

Angular Acceleration:
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Figure 3-5: Graph of Acceleration of Head versus Time, F =476 N

Equation 8: a(t) = ¢y *13 x €™t + ¢y 15 %™t — A+ Q%+ sin(Qp xt) — B * Q2 «
cos(Qp xt)

Unfortunately, when this information was entered into the HIP equation, it only produced
a value of 1.077 kW, way below the 50% concussion likelihood HIP value of around 24 kW.

Therefore, initial assumptions were reexamined. It was concluded that the low HIP value was
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probably because the force used in the calculations was determined from a standing start, static

view point. A more accurate force was then acquired using the change in momentum equation.

Again, considering a worst-case scenario of two players skating their fastest at 30 mph
and hitting head on (causing one to come to a complete stop), provides the initial momentum and
the final velocity of one of the players. Rearranging the impulse equals change in momentum
formula and plugging in the known variables allowed the impact force to be calculated as seen in

the equations below (complete calculations can be seen in Appendix: C-2).

Equation 9: Impulse = Amomentum

Equation 10: Impulse = F * t Equation 11: Amomentum = my,, x (v; — vy)
Equation 12: F = M =1.217 « 105N
Where, F is the impact force
t is the estimated time duration of impact
My IS the average mass of an equipped hockey player
vi & v; are initial and final velocity, respectfully

This force generated an extremely large acceleration and HIP value, indicating that the

worst-case scenario that was modelled may have been too extreme.

In an attempt to obtain a more realistic value for the force capable of producing a
concussion in a hockey player, background research was consulted for head accelerations that
have been obtained from sensors located in helmets of athletes. Provided in the study Newman
et al., conducted for developing the HIP were the maximum linear accelerations sensed in the
heads of NFL players who had collided head to head with another player along with whether

either player sustained a concussion. Averaging the accelerations of the players who had
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sustained a concussion generated an acceleration of 953.3 m/s®. Using this acceleration and the
typical mass of a human head in the force equals mass times acceleration equation provided a

force of 4.195 * 10° N (Complete calculations can be seen in Appendix: C-3).

Utilizing this force to solve for new constants in the angular displacement, velocity and

acceleration equations generated the following graphs:

Angular Displacement of Head Over Time
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Figure 3-6: Graph of Angular Displacement of Head versus Time F = 4.195*10°N
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Figure 3-7: Graph of Angular Velocity of Head versus Time, F = 4.195*10° N
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Figure 3-8: Graph of Acceleration of Head versus Time F = 4.195*10° N

This acceleration generated an HIP of 60 kW which is twice the 30 kW HIP value that
corresponds to 95% concussion risk, but is still an obtainable value in certain situations.
However, a force that would generate an HIP value that is more typical of an ice hockey player
was still desired. Also provided in the study conducted by Newman et al. was the peak
acceleration corresponding to a 50% chance of concussion. So this acceleration of 761.5 m/s
was multiplied by the mass of the human head to obtain a force of 3.35 *10° N. Using this force
to solve for new constants in the angular displacement, velocity, and acceleration equations

generated the following graphs (complete calculations can be seen in Appendix: C-4).
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Figure 3-9: Graph of Angular Displacement of Head versus Time, F=3.35*10° N
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Figure 3-10: Graph of Angular Velocity of Head versus Time, F = 3.35*10° N
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Figure 3-11: Graph of Acceleration of Head versus Time F = 3.35*10° N

Using the acceleration equation generated by a force of 3.35*10° N produces a reasonable
HIP value of about 38 kW, as seen in Figure 3-12, below. This HIP indicates that there is over a

95% concussion risk.
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Figure 3-12: HIP Value Corresponding to a Force of 3.35*10° N

This force generates a realistic HIP value indicating very high risk of concussion.
However, this force cannot be achieved using the air cylinder already purchased for the test rig.
The exploration of alternative test methods is discussed in Section 3.3Test Set-Up and
Procedure. The solution found from the exploration of alternative test methods was to scale-
down the mass of the head and the tension in the neck proportionately to the ratio between the
realistic force of 3.35*10° N and the small, maximum force the air cylinder is able to deliver .
The largest force that could be achieved using the air cylinder was calculated by multiplying the
area of the air cylinder bore by 100 psi (the maximum pressure available). The maximum force
that can be generated using the air cylinder is 786 N. Dividing the realistic force of 3.35*10° N
by the maximum force achievable provided a scaling factor of 4.26. To determine the validity of
the scaling down test rig solution a mathematical model in which the average mass of a human
head, the spring and dampening coefficients used for modelling the human neck and the moment
of inertia were divided by the scaling factor. Once equations utilizing the scaled-down values
were created a variable representing the dampening coefficient of the neck support was added

(see below).
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Equation 13 Scaled-Down Differential Equation Including a Dampening Coefficient of the
Neck Support

-

£, o _ AL .
L= 2% = (idamp * koobleck) Ik * Enecks B =

|P-Areag - dogy + Mpead & dDGz-:"sml_i"F't} ~ |P-Areagore-dogz + Mhead & d{}Gx.:"msl_uF't}

I,

Where P = 100 psi, and is the maximum available pressure,
Areagoe = 11cm?, and is the cross-section area of the air cylinder bore

Mhead, ly, Kdamp, @nd Knecks are the values listed previously divided by the scaling

factor

2*
Solving the differential equations with kpecx = 0 2l

. generated the following

angular displacement, velocity, and acceleration graphs.

Angular Displacement of Head Over Time

10
0
Bt 10
deg —20
-30

- 405 25 30 75 100

g

ms

Figure 3-13: Graph for Angular Displacement from Scaled-Down Values and
Dampening Coefficient = 0 m**kg/s
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Figure 3-14: Graph for Angular Velocity from Scaled-Down Values and Dampening
Coefficient = 0 m**kg/s
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Figure 3-15: Graph for Angular Acceleration from Scaled-Down Values and Dampening
Coefficient = 0 m**kg/s
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Figure 3-16: Graph and Equation for the HIP Generated from the Scaled-Down Values
and Dampening Coefficient = 0 m**kg/s

As shown in Figure 3-16, the scaled-down version of the impact generated an HIP value
of 8 kW. Multiplying this scaled-down HIP by the scaling factor produces an HIP value of 34
kW very similar to the HIP generated from the mathematical model utilizing the realistic force.

This HIP value just slightly exceeds the 30 kW value that corresponds to 95% risk of concussion.

The calculations were done in MathCad so the dampening coefficient could be changed

and the equations and HIP value would automatically update (complete calculations can be seen
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m?xkg

in Appendix: C-5 and Appendix: C-6.) First koopieck = Kaamp = 1.173. , the scaled-down

S

dampening coefficient of the neck was tried. Multiplying the HIP produced, by the scaling
factor, generated an HIP value of 16.305 kW which is below the 24 kW threshold corresponding
to 50 % risk of concussion. In order to determine the smallest dampening coefficient still
capable of producing HIP values below 24 kW, the dampening coefficient was set equal to
varying amounts until a dampening coefficient that generated an HIP value just below 24 kW
was found. The dampening coefficient necessary for generating an HIP less than 30 kW,
corresponding to 95 % concussion risk, was also determined. How much the different dampening
coefficients were able to reduce the HIP was quantified by calculating the HIP reduction

percentage using the following equation:

HIPno neck support — HIPneck support

%HIPreguction = *100%

HIPno neck support

Where, HIPp, neck suppore = 34.242 kW, and is the HIP generated when dampening

24
coefficient of neck support equals 0 %

HIPyeck support 1S the HIP generated by the dampening coefficient

Table 3-4 lists the values guessed for the dampening coefficients along with the

corresponding HIP values that were generated, and the HIP reduction percentage.
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Table 3-4: Determining the Smallest Dampening Coefficient Capable of Reducing Risk of
Concussion to below 50%

k (mz*kg) HIP (kW) % HIP
oobleck % s Reduction from
HIP from no
neck support
0 (No neck support) 34.242 N/A
Kagmp = 1.173 16.305 52.4 %
1 17.667 47.4 %
75 20.095 40.2 %
5 23.302 30.7 %
45 24.071 28.4 %
A7 23.757 29.3 %
46 23.913 28.8 %
.25 27.733 17.5%
2 28.829 14.2 %
.18 29.293 12.8 %
15 30.016 10.7 %
16 29.771 11.4 %

As shown in Table 3-4, in order to reduce the chance of concussion to less than 95% (i.e.

m2xkg

less than a 30 kW HIP value), a dampening coefficient of .16 IS necessary. In order to

N

generate an HIP below 24 kW, indicating a concussion risk less than 50 %, a 28.8 % HIP

reduction is necessary. The dampening coefficient capable of this percentage reduction was

m?xkg

found to be .46

, as indicated by the green shading above. This means in order to achieve

N

2*
the project goal, the neck support must induce a dampening coefficient of at least .46 %.

3.2.2 Evaluating Material Options for Oobleck Capsules

The material and method for encapsulating the Oobleck also had to be determined. The
Oobleck has to be enclosed in liquid-tight capsules that will be sewn into a fabric-like material
that fits around the neck. The capsule material has to endure impacts without rupturing and be
flexible enough so that it does not interfere with the properties of the Oobleck. The material for

enclosing the Oobleck was chosen based on durability, resistance to leakage, impact
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characteristics, availability and price. The first affordable option tested was thick, powder-free
nitrile gloves. These gloves are flexible, abrasion resistant, and meant to be a barrier between
skin and the chemicals or biohazards being handled [73]. The gloves provide a leak-proof barrier
between the Oobleck and the neck support fabric. To utilize the gloves as Oobleck capsules, the
fingers were cut off and filled with Oobleck. The fingers should be short and thin enough so that
the Oobleck will not all settle at the bottom but rather remain distributed throughout the length of
the finger. These fingers would then be sewn into the fabric of the neck support. A few options

for sealing the capsules were tested.

First, a finger from the nitrile glove was filled to capacity using a funnel while still
allowing room to be able to tie a knot to seal it. The Oobleck used was roughly 2.25:1
cornstarch concentration. First, the capsule was dropped on the ground. When no signs of
cracks or leaks were present, we submitted it to the next test involving a 50" percentile male
jumping on it. The capsule appeared to retain its integrity. For the final test, a collegiate softball
player threw the Oobleck capsule as hard as possible at a wall. The capsule was thoroughly

examined and no leaks or tears were present.

Although a simple knot seemed to secure the Oobleck sufficiently, other sealing options
were tested to determine if there was an option that did not create a protrusion (knot) on the
capsule. Oobleck was funneled into another finger, filling it almost entirely while leaving just
enough of an opening to cover it in super glue. The opening was pushed and held closed until the

super glue dried. Then the finger was dropped and Oobleck started leaking out.

So another glove was made the same way but had an additional step of folding the glued
seam over and gluing it to itself to reinforce the seal. This finger withstood being dropped on the

floor but ruptured when thrown by the collegiate softball player at the wall. It is believed that
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the integrity of the glove was compromised by the hardening of the glue. The glue seam created
a stiff edge that inhibited the nitrile’s flexibility forcing it to rupture when hit hard enough.

Therefore, it was decided to just use a knot to seal the capsules.

3.2.3 Neck Support Enclosure Material

After researching potential materials, neoprene was chosen to fabricate the neck support
that will hold the capsules of Oobleck within it. Neoprene is a synthetic rubber used in many
applications due to its flexibility, durability, and resistance to breaking down in water [74]. Some
of its uses are wet suits, waders, mouse pads, elbow and knee pads, insulated can holders, and
orthopedic braces. Neoprene can be purchased as is, with fabric laminated on one side, or with

fabric laminated on both sides.

Due to its flexibility, durability, and water resistance, neoprene was chosen for the fabric
of the neck support. This material can be sewn using a sewing machine and can be put under
tension to help keep the shape of the neck support. Additionally, its water resistance is helpful in
case any leakage occurs with fluid holders in the neck support. It will not add a noticeable
amount of protection to the player but will be soft, light, and form fitting for comfort and

mobility.

3.2.4 Evaluating the Options for the Neck Support Pattern

Choosing the right pattern in which the Oobleck is arranged in the neck support is also a
very important decision since different patterns may help or hinder the material’s ability to
achieve the project’s goals and objectives. Designing the neck support pattern involves
determining the orientation of the Oobleck capsules, how many capsule-filled pockets should be
in the neoprene, and how many capsules should be in each pocket. First, the orientation of the

Oobleck capsule was considered. Free body diagrams (see Figure 3-17) were created for vertical
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and horizontal orientation of the capsules. From the free body diagrams, it became apparent that
a vertical orientation would be necessary to ensure that the material provides a sufficient

restoring moment in response to a force.

S
F F
M
M
Oobleck Capsules Oobleck Capsules
Arranged Vertically Arranged Horizontally

Figure 3-17: Free Body Diagrams for Horizontally and Vertically Aligned Oobleck
Capsules

In order to determine how many pockets to use, the decision on how far around the neck
the neck support should wrap needed to be made. Wrapping all the way around the neck was
eliminated from consideration due to a high potential of reducing the player’s range of motion
and comfort. Wrapping it around to right beneath each ear was the option chosen since it would
provide a restoring moment from more angles than a neck support just covering the back of the
neck. Once this decision was made, the corresponding length around the dummy’s neck was
measured as roughly six inches. After measuring the diameter of the Oobleck capsules, simple
division was used to determine that the maximum amount of pockets that could fit was six.
Based on the measurements it was decided that two pockets would run along the back of the
neck and then two pockets would be on each side of the neck support shown in Figure 3-18. The

pockets of the neck support will fasten close using Velcro so that after the initial testing, capsules
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can be examined for leakage. This will also permit varying the amount of capsules in the pockets

so that additional tests can be performed to discover how many capsules per pocket would be

optimal.
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Figure 3-18: Dimensioned Sketch of Neck Support Pattern

3.2.5 Evaluating the Options for Implementation Methods

Determining how to ensure that the neck support form-fits to the neck is a challenge.
Ideas were brainstormed and narrowed down to the most feasible ideas. One design idea is to
incorporate the mechanism found within flexible ear muffs. This ear muff mechanism would be
sewn into the top and bottom of the neck support fabric and then be pushed around the neck.
This idea may be accompanied by the use of two torsion springs to ensure the top of the back of

the neck support is against the back of the neck beneath the helmet. This method, along with

other feasible implementation methods, are evaluated in Table 3-5.
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Table 3-5: Determining Method of Implementation to best meet Determining Criteria

Varlable:- . Adhesion to Mem(?ry Ear muff Torsion
Implementation Options skin Forming mechanism Sprin
Method Materials pring
Do we have access to
the required materials Yes Potentially Yes Yes
for this option?
How easy will it be to | Fairly easy once
obtain all the required | appropriate
. q . PP p . Not sure Veryeasy | Veryeasy
. materials for this material is
Available? . .
option? determined
How much time will it| Depending on 2-10 2-10
. . . business business
take to obtain all the |finding the right
. . . Not sure days days
required materials for | material and . .
this option? shipping depending | depending
' on shipping | on shipping
How much will it cost Probably a
Affordable? to implement this Not sure lot y $14 at most | $12 at most
option?
Is there a plan for
implementing this Yes No Yes Somewhat
Easy to option?
Implementation?| If so, how many steps
will it take to get the At least 2 At least 3 At least 3 At least 4
option implemented?
Will this option
require additional Yes No Yes No
steps to equip?
Easy to Use? b quip
How many extra steps
will need to be 1 1
followed to equip?
Will this option
Comfortable | necessitate the use of NGO Potentially No Potentially

and Safe?

dangerous materials or
protruding parts?

*Additional Considerations: Will skin adhesive be reusable? Is there a memory forming material that
remains somewhat flexible?
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3.2.6 Evaluating the Options for How Much Overlap there is Between the Helmet and the Neck
Support and How Far Down the Back the Neck Support Should extend.

The evaluation of how much the helmet should overlap with the neck support is shown in
Table 3-6. This decision came down to which option would best be able to reduce the HIP value
during impact, according to computational analysis. As shown in Table 3-6 , when assessing how
far down the back the neck support should extend, the option of “extend to bottom of shoulder
blades,” was eliminated based on the fact that it would probably interfere with other padding
worn by hockey players. The HIP value produced from the computational analysis of each
option will be the determining factor between the remaining options.

Table 3-6: Determining How Much Overlap between the Helmet and Neck Support There
Should be to Best Meet the Determining Criteria

Variable: How Much . Covering back Barely'
Overlap with Helmet Options of head entirely 0\{erlapp|ng In between
with helmet
Is there a plan for
implementing this option? yes yes yes
Easy to
Implementation?  |If so, how many steps will
it take to get the option At least 4 At least 4 At least 4
implemented?
What HIP Value was
Reduces HIP? obtained in Computational TBD TBD TBD

Analysis?
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Table 3-7: Determining How Far Down the Back the Neck Support Should Extend to Best

Meet the Determining Criteria

Variable: How Far . In line with | Down to mid- Down to
Options bottom of
Down Back shoulders | shoulder blade
shoulder blade
Is there a plan for
implementing this option? yes no no
Easy to
Implementation?  |If so, how many steps will
it take to get the option At least 2 At least 3 At least 3
implemented?
What HIP Value was
Reduces HIP? obtained in Computational TBD TBD TBD
Analysis?
Will it interfere with other
Easy to Use? padding worn by hockey Not Possibly Probably

players?

3.2.7 Preliminary Computational Analysis

Certain variables required computational analysis to determine whether the option would

reduce the HIP. In order to perform computational analysis, geometric models were created in

SolidWorks. Figure 3-19 shows a SolidWorks model of a potential design with the neck support

wrapping almost entirely around the neck and extending down the back to below the shoulder

blades. To create the hockey helmet in SolidWorks, pictures of the front, side, and bottom view

of the Bauer IMS 7.0 helmet were inserted on their corresponding planes and scaled

appropriately. The spline tool was used to trace the pictures and the surfacing tools transformed

the traces into three-dimensional surfaces. The surfaces were then trimmed, extruded and knitted

to create a model of the hockey helmet. Then the helmet was brought into an assembly and new

parts were created in the assembly to create the neck support part.
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Figure 3-19: SolidWorks Model of a Potential Design

Figure 3-20: One o;‘ the SolidWorks Models with a Horizontal-Pattern Neck Support

The computational analysis is still in progress and will be completed by the rest of the

team. ANSYS workbench was utilized for its static and dynamic loading tools to simulate the
force experienced during a head-to-head impact in hockey. The results of the computational

analysis will be used for determining the following two variables:

1. How much overlap there should be between the helmet and the neck
support.

2. How far down the back the neck support should extend.
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Models that are identical except for differing amounts of overlap between the helmet and
neck support will undergo static and dynamic load analysis. The results will be analyzed and
used to calculate the HIP value for each model. The model that generates the smallest HIP value
will be used as the base model for assessing the second variable. This base model will be
adapted to incorporate varying lengths of neck support extension. Static and dynamic load
analysis, using the same loading conditions as the ones used for analyzing the first variable, will
be performed on each of these models. Again, the results will be analyzed and used to calculate
the HIP. The acceleration of the center of gravity of the head as a function of time will have to
be obtained in order to calculate the HIP value. The model that produces the smallest HIP value

will be used to develop the prototype.

At this point, only preliminary analysis has been done to get a basic idea of the stresses
and accelerations experienced. The computational analyses done so far has mainly served as a
learning experience to explore the various analytical features ANSY'S offers for impact analysis
and to trouble shoot any problems that arise. First static loading then dynamic loading conditions

were applied to the simplest form of the model, as shown in Figure 3-21.
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Figure 3-21: Simplified SolidWorks Model for ANSYS Analysis
Through preliminary trials a procedure for the static structural analysis in ANSY'S was

developed and is shown in Appendix: D-3.

In each ANSYS scenario, all parts were assigned the same material for simplicity.
Polyethylene material was chosen because it accurately depicted the material of the hockey
helmet shell and was one of the only quasi-appropriate materials that had all the information for
the necessary properties saved in the ANSYS material database. Since this inaccurately depicts
the head, neck support, and padding as the same material as the helmet’s hard shell, the results
must not be taken as representative of reality but rather used exclusively as means of comparison
between the models. As long as this inaccuracy is reflected in all models tested, and the variable
of interest is the only difference between the models results will still provide insight into which
option for each variable being tested should be used. As ANSYS WorkBench analysis skills are
further developed the possibility of reflecting the various materials of each component during
analysis may arise. However, at this point it is not considered essential so whether the varying
materials end up reflected in analysis will depend on the complexity of doing so, and the time

available.
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The simplified models were first subject to a static structural test, one in which a force of
416.738 N was applied to a point located on the same horizontal axis as the center of gravity.
This simulated static structural test was repeated applying an acceleration of 1938 m/s? instead of
the force. Each of these values was determined based off the initial mathematical model of the
impact test. The stress was computed in these models to identify points of weakness and key
areas where support needed to be added. The value of the results of the applied acceleration
analysis were called into questions, since applying an acceleration may force an acceleration on a
point rather than provide what acceleration would naturally occur in response to an applied force.
Therefore, analysis via applied acceleration was considered not suitable for this application,

since the result necessary for calculating the HIP is the acceleration.

The first model analyzed in ANSY'S was representative of the current hockey helmet on
the market. This includes a head, back padding and outer shell. The helmet and shell stop at
where the head connects to the neck. A point on the bottom of the neck was fixed and the force
was applied to a point on the model that lies on the same horizontal axis as the center of gravity.

This model is shown in Figure 3-22.
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Figure 3-22: Computational Static Analysis of Unmodified Helmet
The second model that has been analyzed portrayed a helmet that incorporates a neck
support. In this scenario, the outer shell remains at the same length as the first model, while the
inner helmet support is extended further down the neck. The force was applied to the same

location as the first analysis, and the same points on the model were fixed. Model two is shown

in Figure 3-23.
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Figure 3-23: Computational Static Analysis of Head with Neck Support Incorporated
Helmet

The third model is just of a head. The head model was tested in order to compare the
differences between having no helmet, the current helmet, and additions to the helmet. Model

three is shown in Figure 3-24.
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Figure 3-24: Computational Static Analysis of Head without Helmet

The three models used for static analysis were then subjected to dynamic analysis in
ANSYS. In each model, a point on the neck was fixed and a constant force was applied to the
impact point on the front of the head (the point that is on the same horizontal axis as the center of
gravity). Through this preliminary analysis a procedure for running a dynamic analysis was
developed and is shown in Appendix: D-4 .

A better understanding of the capabilities of ANSYS was obtained from this preliminary
computational analysis. The best practices for efficient and valuable analysis were also
discovered as a result of running the preliminary analysis. The ability to identify values for
maximum stress, acceleration, and total deformation of a model were obtained. The method of
probing specific points on the model to determine acceleration or stress at the point was
discovered and utilized to obtain average values for areas of interest. For instance, in each
acceleration model, a series of points were probed vertically along the back of the neck and head
and averaged to provide an average acceleration experienced along the back of the neck. The
values of each model were then compared to determine the extent to which a longer neck support
influences the acceleration. It was also realized that in order to obtain an equation for the

acceleration as a function of time, (which is necessary for the HIP calculation,) the acceleration
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data needs to be exported from ANSYS to excel or similar software that can then generate a best-

fit equation for the acceleration versus time.

ANSYS recorded maximum values for deformation and stresses. The locations of the
stresses and deformations varied depending on each model. Because the stresses were measured
at different locations, and not at the same point of the neck, the values do not necessarily make
an equivalent comparison. Based on this it was determined that for additional computational
analysis it would be necessary to identify the same point on each model to obtain the results of.
The values recorded in ANSYS as maximum and minimum stress and maximum deformation in

static structural analysis are shown in Table 3-8.

Table 3-8: ANSYS Stress and Deformation Values

F=416.738 N a= 1938 m/s"2
Max Min Max
Deformation RBCEILIESS Stress Deformation BRI
4.2262e007 Pa 1.3274e008 Pa
Model 1 | 1.5549e-002 m | occurson back | 1292.9 Pa | 6.6096e-002 m | occurs on back
of helmet of helmet
7.7372e007 Pa 2.4594¢e008 Pa
Model 2 | 1.1076e-002 m on back of 368.5Pa | 3.4922e-002 m on back of
padding padding
4.245e007 Pa on 1.1551e008 Pa
Model 3 | 2.0533e-002 m head 832.2 Pa | 5.5849e-002 m on head

The yield strength of polyethylene is 2.6 * 10" Pa, as shown in Table 3-8 all the
maximum stresses experienced according to the analysis exceed this yield strength [75]. After
solving all three models dynamically the maximum values were recorded for stress, acceleration,

and total deformation (see Table 3-9).
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Table 3-9: ANSYS Analysis Maximum Stress, Maximum Acceleration, and Total

Deformation Resulting from F = 416 N

F=416.738 N
Model Max Stress Max Acceleration Total Deformation
Model 1 1.0024e007 Pa 3.7996e005 m/s’ 1.3077e-003 m
Model 2 1.0024e007 Pa 3.7994e005 m/s° 1.3077e-003 m
Model 3 9.2417e006 Pa 3.0343e005 m/s’ 6.0139e-003 m

Screenshots from the preliminary structural and dynamic analysis can be seen in

Appendix: A.

4. Test Set-Up and Procedure

Testing is necessary in order to determine if the project goals and objectives are met.
Since the main goal of this project was to reduce the HIP during an impact, an impact test must
be conducted. During the impact test the acceleration of the head as a function of time must be
obtained in order to calculate the HIP value. Additionally, the testing procedure used on our
prototype must also be conducted on an unmodified helmet so that comparisons can be made.
Then, even if our goal of reducing the HIP to below 24 kW is not achieved, whether our
prototype is an improvement compared to current hockey head gear can still be determined. In
addition to evaluating how well the prototype meets the project goal, assessments must be
conducted for determining how well it meets the feasibility objectives. This chapter describes

the set-up and procedure for the impact tests as well as the feasibility objectives assessments.

4.1 Assessing Feasibility Objectives

If our helmet accomplishes our main goal of lowering the HIP value, then we will check

to see if it achieves the feasibility design objectives. The feasibility design objectives were:
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1. The players’ range of motion should not be decreased by more than 4% of their range of
motion with the modified helmet.

2. The player is able to remove the modified helmet in no more than an extra 5 seconds
compared to the removal time of a current hockey helmet.

3. The design shall not incorporate any extrusions that will negatively affect player comfort

or safety.

4.1.1 Range of Motion Assessment

A range of motion test is essential to ensure the helmet will not inhibit a player’s ability
to play the game. This test will be similar to one that a physical therapist would perform. The use
of a goniometer will allow us to measure various angles that will determine the subject’s range of
motion. Flexion and extension, side-bending and rotation of the head will all be tested, and a
measurement, usually in the form of degrees, will be taken while wearing the standard helmet
and then the modified helmet. Flexion is defined as the chin to chest motion and extension is
defined as the motion of looking up to the ceiling. When measuring flexion/extension, the ear is
used as the axis, the nose is the point to which to measure, while one arm stays perpendicular to
the floor. When the subject moves their head in the given direction, it will give a maximum
degree of movement. Side bending uses the largest spinal bump as the axis, the middle of the
head for one arm and the other arm stays perpendicular to the floor. Lastly, the rotational
measurement can be taken by looking down on the head and aligning one arm with the nose,
while having the second arm perpendicular to the arm initially in line with the nose. Each
measurement will be in the form of degrees. Table 4-1 will be used to record the range of
motion of each participant. Values from each participant will be averaged and the results of the

current helmet and the modified helmet will be compared.
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Table 4-1: Chart to Compare Results of Range of Motion Test

No Current | No Helmet | Modified | No helmet | Current vs.
Helmet | Helmet |vs. Current| Helmet |vs. Modified| Modified

Flexion

Extension

Side Bend
(right)

Side Bend (left)

Rotation (left)

Rotation (right)

There should be calculations that display the differences between each test, which are

indicated by the grayed columns. This will display the percentage of the loss of range of motion.

4.1.2 Ease of Use Assessment

Protective equipment must be easy to use so that players will want to use it. Also, how to
properly use and equip the gear must be intuitive, so that players will not equip it incorrectly and
put themselves at risk of injury. Hockey players are frequently seen taking off their helmets
while they are on the bench to cool off. So, hockey players will be more likely to consider using

our modified helmet if they are able to equip and remove it easily and quickly.

In order to assess the ease of use of our prototype, we will time how long it takes each
member of our group to put on the unmodified helmet. Each member will be timed putting on the
helmet three times. The average of each member’s first attempt will provide a score indicating
how easy it is to equip. The average of all the trials of every member will provide a score
indicating how quickly one is able to equip the helmet. Including the additional trials will
account for the decrease in equipping time that may occur as players become more accustom to

equipping it. This process will be repeated for removing the unmodified helmet (as opposed to
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equipping). The average of all the scores will provide an overall ease of use score for the

unmodified helmet.

This procedure will be repeated for the modified helmet. Scores for equipping the
unmodified helmet will be compared to the scores for equipping the modified helmet. Likewise,
the scores for removing each of the helmets will be compared as well as the overall ease of use
score of each helmet. If the scores for the modified helmet are no more than five additional
seconds than the scores achieved by the unmodified helmet, then it can be concluded that our
prototype accomplished the ease of use feasibility objective. Table 4-2 will be utilized while

completing the ease of use assessment.

Table 4-2: Ease of Use Assessment Form

=
-l o~ o < [)
£ £ £ £ 3 P 2 o
= |8 |2 |& |3 [f |58
S S S S © 9 = o Ca
s | E £ £ = 25 S 5 g o
= - a e e S 8 g 8 (i)
Equipping 1
Unmodified )
Helmet
3
Removing 1
Unmodified >
Helmet
3
Equipping 1
Modified >
Helmet
3
Removing 1
Modified >
Helmet
3
Comparison of Scores (How many additional seconds for
modified helmet?)
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4.1.3 Comfort Assessment

Comfort testing is an important concept when it comes to sports-related equipment; if it is
not comfortable, then players will not want to use it. A preliminary test with the unaltered
hockey helmet will be performed and then repeated with modified helmet. To test comfort, the
hockey helmet will be worn while moving and while being stationary and a comfort score will be
assigned. The motion testing will determine the thermal effects, which means the amount of heat
the device encapsulates. The test subjects will provide a score of one to five, with five being best,
on the thermal and overall comfort, as well as the ease of use. They will also comment on

whether they would consider wearing the device while playing a sport.

Table 4-3: Comfort Assessment Form

1 2 3 4 5

Does it get too warm when worn
during activity?

Is it easy to use?

Is it comfortable to wear?

4.2 Developing the Test Rig

Considering the force of 476 N that was determined from the average mass and
acceleration of hockey players used in force equals mass times acceleration, it was determined
that an air cylinder impact test would be the best choice for testing the helmets. This test is the
most controlled method and requires the least amount of space. A single-acting, spring-return
cylinder with a bore diameter of 1.5 inches from McMaster Carr was purchased for the test set-
up. The diameter of the bore was used to determine the necessary pressure using the following
equation. The pressure had to be less than 100 psi since that is the maximum amount of pressure

available in the labs.
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Equation 14: Force = Pressure * Area

. F
Equation 15: Pressure = z orzce

2 Pbore

Where DZ,,. is the squared diameter of the bore of the air cylinder in meters-squared.

With the chosen air cylinder the equation yielded a necessary pressure of around 60 psi
which is well below the 100 psi available. Using additional properties of the air cylinder found
on the product information section of its website, calculations were done to determine the
necessary stroke length based on the duration of time for which the air cylinder should remain in
contact with the helmet during the impact test. Based on the calculations, which can be seen in
Appendix C, we purchased the four-inch stroke length option for the air cylinder since it would

provide additional length than the necessary length to leave room for error.

4.2.1 Developing the Structure of the Test Rig

Once the appropriate air cylinder was chosen, a test rig for conducting the helmet impact
test was devised. The design of the test rig is essential for accurate testing of the prototype and
unmodified helmet. It was important to be able to administer a regulated impact force. The head-
form that would wear the helmet was salvaged from a previous MQP and the rest of the rig was
designed and created around the head-form and air cylinder. To ensure accuracy and
repeatability of the tests, the test mechanism had to keep every component secured to each other
in some way. There were a few specifications that were defined that were important for

designing the test rig.

o Needs to be rigid; headpiece and impact device must be connected
o Have the ability to rotate the head piece

o Have ability to adjust the height of the impact device

o Must be small and light enough to transport
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Figure 4-1: Initial Sketch of Test Set-Up

A pneumatic air cylinder was attached to a rigid metal structure and supplies the amount
of force needed to impact the head form. The initial test set-up, shown below, exhibits most of
the specifications listed above. The use of a perforated metal allows for the air cylinder to be
height adjusted for various impacts. The metal will also allow for a bolt together feature that will
offer easy disassembly if need be. The initial design also allowed the metal structure to be bolted

to the head form.
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After performing some research on available parts, it was found that a perforated steel
angle frame would be suitable for this application since it offers support from two directions. A

reiteration of the design was then modeled in SolidWorks as shown in Figure 4-2.

Figure 4-2: SolidWorks Reiteration of Test Rig

The base of this test set-up was a ¥ inch thick piece of plywood that provides stability
and ensures the base is more rigid than the head-form so that the base remains still while the
head-form rotates upon impact. Calculations were executed to ensure that a ¥ inch thick piece
of plywood would be strong enough to hold and transport the rest of the test set-up without
bending too much (see Appendix: C-7.) The metal is held together by nuts and bolts as well as
corner braces to ensure that it stays square and rigid. It also is bolted down to the plywood
through the use of the perforated angle iron. The air cylinder is bolted to two cross bars that

allow for height adjustment for different impacts. Ensuring that the air cylinder is level is
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essential for administering a straight-on impact. The use of extra washers to prop up the front

side of the bracket was needed to level the cylinder.

The dimensions of the metal structure are 12”x 24” x 6”. The head stands about 19
inches off the board so the height of 24 inches on the metal structure will cover an impact at the
top of the head. The small cross bars on the structure are 6 inches, which makes the structure
slightly wider than the cylinder itself. The length of 12 inches was slightly long but the
placement allows the vertical (24”) pieces to be adjusted to the proper length of the air cylinder.
The metal was cut precisely so that the holes align properly. The air cylinder has foot brackets
that are 9.5 inches apart, which means the bars holding the cylinder to the structure are that far

apart and set into the rectangular structure.

Figure 4-3: Finished Test Set-up
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After constructing the metal test structure, the head-form was altered so that it could
mount to the piece of plywood. Unnecessary metal on the bottom of the head-form was cut off
and leveled so that holes could be drilled to allow the head-form to be bolted to the perforated
angle frame at the required height. This allows for an easy on and off application of the head-
form. All the components were placed on the plywood in their appropriate places and the holes

were traced and then drilled. Then all the components were bolted together securely.

The head of the dummy device also needed to be altered. The helmets that were bought
were slightly big so an inner shell was created to offset the difference in the helmet to head size.
This was created using Dow GREAT STUFF expanding insulation foam. A plastic bag was used
to cover the head to ensure that the foam would not stick to the head itself. Then the head was
covered in about an inch of the foam. Once the foam set and dried, it was then shaved down to
ensure a snug fit when using the helmet. Since the shaved foam was susceptible to deterioration

when rubbing it, a couple coats of spray clear coat were used to inhibit this issue.

4.2.2 Pneumatic Circuit Connecting Air Supply to Air Cylinder

The pneumatic circuit consists of the air supply, the air tank, the air cylinder, hose, and a
solenoid switch. The air supply allows for a maximum of 100 psi output. A hose with quick
connect fittings connects the air supply to the tank. Attached to the air tank is a pressure gauge
that indicates the air pressure being delivered to the cylinder. The air tank also has an output that
is controlled by a valve. A quarter inch tube, with male quick connect fittings of /4” and a 1/8”’
NPT, connect the output valve of the air tank to input port on the solenoid switch (each equipped
with the corresponding female NPT fittings). Another strip of the quarter inch tubing connects
the 1/8” NPT female fitting of the output port on the solenoid switch to the 1/8” NPT female
fitting on the input port of the air cylinder. A LabView program was created to monitor the air
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pressure entering the switch. Once a pressure of 60 psi is detected, the switch will be triggered
manually to release the air into the air cylinder. The complete LabView program is shown in
Appendix: B 1 and Appendix: B 2. Utilizing the switch ensures the release of pressure is

instantaneous which reduces the presence of a pressure gradient.

4.2.3 Impact Testing Methods
For completeness, both helmets will be impacted on four locations:
1. On the cage through the head’s observed center of gravity
2. On the back of the helmet through the head’s observed center of gravity
3. On the side of the helmet just above the ear slot
4. On the front of the helmet above the cage
Each of these locations will be impacted three times at the predetermined pressure of 60
psi. Accelerometers in the head will provide the accelerations to a program that will output
acceleration as a function of time. The acceleration as a function of time will be used to calculate
the HIP value. The complete acceleration acquisition program can be seen in Appendix: B-1and
Appendix: B-2. The averages of HIP values at each location of the unmodified helmet will be
compared to the averages of the corresponding HIP values of the modified helmet. The
comparison of HIP values of our modified helmet to the unmodified helmet will help conclude
whether our design is an improvement to the hockey helmets’ ability to reduce the risk of

concussion.

4.2.4 Rethinking the Test Set-Up
The 476 N force that the test set-up was designed to generate results in an HIP value that
is way too low. This means that the force would not likely result in concussion and may not be

enough to trigger the shear thickening response of the Oobleck. However, this was not
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discovered until after the test rig was built and ready to use. The pressure necessary to produce

the more realistic force of 3.35 * 10* N was calculated using Equation 15: Pressure = mee-.

2 Pbore

This indicated that a pressure of 426 psi was required, which is exceeds the available 100 psi.
Thus, buying a new air cylinder with a larger bore size was considered. McMaster Carr had a
few compact extruded-aluminum, switch-ready air cylinders with four-inch bore diameters that
would be capable of providing the necessary force using less than 100 psi (see Figure 4-4).
However, they range in price from $140-$240, which would use the majority of the remaining
budget. Another drawback is that the test rig would have to be redesigned to withstand the

greater force delivered by the four-inch bore cylinder.

For additional information and specifications view More About Compact Extruded-Aluminum Switch-Ready Air Cylinders.
Tk 11M16"-2" 2116"-3" Replacement
Stroke Lengths Stroke Length Stroke Lengths Seal Kits
Bore
Size Retracted Lg. (A) Each Each Each Each
4" 205"+ Stroke Length  62245K621 $186.24 §2245K622 $206.34 62245K623 $231.11 G2245K918 $20.09
100V AC/EV, 12V, 24V DC Reed Switch 62245K091 Each $17.98
100v ACH2V, 24V DC Reed Switch with LED  62245K92 Each 2294
24% DC, 3 Wire Solid State NPN Switch 62245K04 Each 4822
24% DC, 3 Wire Solid State PNP Switch G2245K95 Each 4822
Monrotating Cylinders
Standard Cylinder () Nonrotating Cylinder
Bore| Force @ (Port Size, Rod, Standard | Nonrotating | Mounting Plate Holes, Mounting
Size | 100 psi, Ibs.[ Female | Thread=Dp. (B) | Cylinder [ Cylinder Thread = Dp. (D) (E) |Holes (F)
14" 13 MSe B-32x0.213 0.98" 0.98" 6-32x0.24" 0.877| 8-32
£ 26.5 MSEe 10-32=0.276 1.42" 1.427 8-32x0.27" 1427 8-224
Overall Extended
~— Lg. " 1 58.5 MEe Wa-28=0.394 1.57" 1.57" 8-32=0.33" 1.577| Wa-20
" ,q—-{-sﬁ.rg!te 14" 93.5 W NPT | 34s"-24x0.524 177" 1.75" 10-24=0.33" 1.347| W-20
2" 256 " NPT 47-20x 0,693 2.52" 2517 e -18x= 0.48" 1.877| %e"-18
[GIS] s 3Wa” 70 3" NPT | %47-18x0.857 3.88" 385 Vh -13x0.55" 3.037| w13
- 4" 1,108 T NPT | %-16=1.063 461" 4.54" e -13=0.55" 3.707 A3
S, D *10-32 for nonrotating cylinders. & v&™-20 for nenrotating cylinders.
With 1 1/4"to 4" Bore
— Shown with Switch

Figure 4-4: Compact Extruded-Aluminum, Switch-Ready Air Cylinder Options to Provide
Necessary Force

In order to explore potentially cheaper options, the feasibility of using a hammer impact
test was considered. Assuming the initial speed of the hockey player was 30 mph, the required

energy of the hammer was calculated:

89|Page



Equation 16: Energy = % * Mpeqq * Vi = 395.7 ]

The hammer in the impact test would have to generate this energy in order to simulate the
impact of a hockey player. The distance from the pivot point to the center of mass of the hammer
was chosen to be 1.2 meters (denoted as Ly, ;mmer) SO that it would be a manageable length that
would not require a space with high ceilings. Using the free body diagram below, the necessary

mass of the hammer (my,gmmer) Was determined.

1 2
2 ¥ Mhead * Vhp = Mhammer * § * Lyammer

Figure 4-5: Free Body Diagram of Potential Hammer Impact Test

Equation 17: Potential Energy of Hammer = 395.7 ] = Mygmmer * 9 * Lhammer

Potential Energy of Hammer
9y of = 33.6 kg

m =
hammer Lhammer * g
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This indicates that a hammer weighing 59.3 pounds force would be required. If this test
device was used it would require much strength to set up and transport. If a location providing
more space becomes available to use for testing then the length of the hammer could be
increased which would decrease the weight of the hammer. However, in order to make the
hammer a more manageable weight of around 35 pounds force the length of the hammer would
need to be 2.5 m. This makes finding a location large enough to accommodate this kind of test

set up very difficult.

Ideally, the air cylinder and test rig that are already set-up would be used. Currently, we
are attempting to scale down the mass of the head form, the tension in the neck, and the viscosity
of the Oobleck to be proportional to the small, maximum force the air cylinder is capable of.
Then the acceleration generated by the scaled down set-up would be entered into the HIP

equation, and the HIP value would be multiplied by the scaling factor for proof of concept.

Calculations were performed to model the scaled-down impact test. The maximum force
(i.e. force generated at 100 psi,) that the air cylinder can produce is 786 N. A scaling factor of
4.26 was determined by dividing the realistic force of around 3.35 * 10® N by the 786 N force
possible. The mass, spring constant, dampening coefficient, and moment of inertia of the head
were all divided by the scaling factor. The angular displacement, velocity, and acceleration
equations and graphs generated can be seen in Figure 3-13, Figure 3-14, and Figure 3-15,
respectively. The scaled-down model generated an HIP value just above the 30 kW threshold

corresponding to 95% risk of concussion, as shown in Figure 3-16.

Based on the results of scaling down the mathematical model, scaling down the head-

form mass and the neck tension proportionately should provide suitable, proof of concept results.
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Based on this and the fact that the test rig for the smaller force is already constructed, the scaled-

down test solution was chosen.

In order to actualize the scaled down testing solution the head-form has to be modified to
reflect the scaled-down values calculated for in the mathematical model. The current head-form
will be un-bolted from the base plate on the neck form and a lighter head form will be fabricated
to be bolted in its place. The tension in the current neck will be adjusted until the desired

reduction in tension is achieved.

5. Conclusions and Recommendations

This chapter starts with the accomplishments made for this project to date. It then
summarizes the progress that has been made on this project. This chapter concludes with a
summary of the steps completed and the steps that need to be taken in order to complete this

project.

5.1 Accomplishments Contributed to Project

Since | needed to complete this MQP in two terms and my team will continue it in a third
term, | tried to contribute as much as possible to the team’s success in order to compensate for
not being able to complete the project with them. The greatest accomplishment that | contributed
to this project was performing all the calculations that have been completed thus far. This
includes the mathematical models of the impact, determining the necessary stroke length of the
air cylinder, determining the necessary thickness of plywood for use as the base of the test rig,
and calculating the dampening coefficient the neck support must induce in order to achieve the
project goal. These calculations informed the group’s decision to utilize an air cylinder impact

test and on which air cylinder should be purchased. Additionally, the calculations for
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determining the necessary dampening coefficient will help the team determine what viscosity of

Oobleck should be used in the neck support.

Modeling the hockey helmet and most of the neck support variations in SolidWorks were
some of the other accomplishments | contributed to this project. This includes creating the
various simplified versions of the neck-support-incorporated helmet that were imported into
ANSYS for analysis. Some of the other accomplishments include collaborating with the team on
constructing the test rig, testing the nitrile gloves as Oobleck capsules, and developing the neck

support pattern.

5.2 Summary of Project Progress

In summary, research on concussions, hockey injuries, hockey equipment standards,
testing methods and materials was conducted. Design criteria were established and options for
the design variables were identified and evaluated against design criteria. The availability,
affordability, and contribution to achieving the project goals of each option were determining
factors in distinguishing which option to use for each variable. How well the option would
contribute to achieving the project goals and objectives was predicted through calculations and

computational analysis.

Experiments with modifications in the Oobleck creation process were conducted and
allowed for the elimination of certain modifications from consideration. Calculations were
performed to determine what dampening coefficient would be desirable. Mathematical models
were created to identify the force that needed to be applied to simulate a hockey impact, which
helped identify an appropriate testing mechanism. Plans for the test rig were fabricated and the
best features of each were combined in the final design. Materials for constructing the test rig

were purchased and modified as necessary during construction. The dummy head-form was
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salvaged from a previous MQP and modified to fit our test rig. LabView programs to run the test

and obtain the acceleration of the head were written.

5.3 Steps to Complete Project

The test rig needs to be scaled down to match the small force it was designed around, in
order to be ready for testing. A scaling factor was determined by dividing the realistic impact
force by the largest force the air cylinder can produce. The average mass of the human head is
4.4 kg, dividing this by the scaling factor generates 1.032 kg, the mass the dummy head should
be [72]. A new head-form with this desired mass will be fabricated. Dividing the spring and
dampening constants, that are used in modeling the response of a human neck, by the scaling
factor produces constants of 11.7 N*m/rad and 1.17 m®*kg/sec, respectively. The tension in the
dummy neck must also be adjusted accordingly. Once the test rig is entirely scaled down, then
the unmodified helmet can be tested. The unmodified helmet will also be subject to the

assessments for the feasibility objectives.

The modifications of the Oobleck creation process will be repeated to produce large
samples of Oobleck. Each of the Oobleck samples generated will be subject to the sphere-
dropping procedure to obtain each sample’s viscosity to shear rate equation. This will help
determine at what shear rate the Oobleck acts more like a solid than a liquid. Comparing the
results of this procedure to the desired dampening coefficient of the neck support will establish

which Oobleck creation modification should be used.

The plans for the prototype are complete but the actual fabrication needs to be completed.
After the prototype is complete, it will be tested using the same procedure used for the
unmodified helmet. The head accelerations generated during the test will be entered into the HIP

equation. The HIP value obtained from each helmet will be compared and conclusions will be
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drawn. The HIP value produced by the prototype will be compared to the 24 kW or less project
goal that was set. Alterations to the prototype may be done before retesting.

Once impact testing is complete, the tests designed for the feasibility objectives must be
done on the prototype. Each member of the group must complete the range of motion, comfort,
and ease of use feasibility tests for the prototype. Once this testing is done, analysis of the

results will be performed.
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Appendices

Appendix A: Screenshots from ANSYS analysis of SolidWorks Models

A-1: Screenshots from ANSYS Static Structural Analysis
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Figure 6-1: Model 1 Stress from Force
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Figure 6-2: Model 1 Stress from Acceleration
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Figure 6-3: Model 2 stress from force
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Figure 6-4: Model 2 stress from acceleration
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Figure 6-5: Model 3 stress from force
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Figure 6-6: Model 3 stress from acceleration
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A-2: Screenshots from ANSYS Dynamic Impact Analysis

Figure 6-7: Model 1 Probed Acceleration Values
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Figure 6-8: Model 2 Probed Acceleration Values
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Figure 6-9: Model 3 Probed Acceleration Values
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Appendix B: Programs
B-1 Screen-Shot LabView Program Back-End
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B-2 Screen-Shot of LabView Program User Interface

Appendix C: Calculations

C-1: Original Calculations

Original Calculations

Average Weight of = 210Ibf = 93412TN W o quipment = S01bf
Professional Hockey = 3
Player whp = WP + weqmpmmt =1068 x 100N
m whp
Speed of fast skater Vg = 30mph = 13411 — Mass  my, = — = 108.862kg
5 g
Awverage acceleration of an elite hockey A 435
player trying to speed up as fast as possible hps 3
s
Force from player to stationary player F= mhp'Ahps = 476272-N

impact

Determining Necessary Pressure and Stroke Length
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FI= Pressure- Area

Volume of rod of Air cylinder w/ 1.5 in bore, 4 in stroke length

Stroke Length Diameters Cross-sect. Area
L ) . } ] Diod S
Ligqg =4mn D, q = #m Area, 4 = f - = 0.152-in
- Sy i . ™ Ir‘ :‘H TET .4 1
Dpore = L3in Areap .. = I"NLDBDIE )= 1.767-in
3 i
Volume, 4 = Area, 4L 4 =0608mn Pressure = = 60.58%-ps1
Areap ..

Stainless Steel rods Type 304 8= _IJIDSEIGE =803« 103 ke
3 3

cm m
Mass of Rod mq = 6. Volume . = 008kg
. _ .. 1lin-&__ = 2338k
Approximate mass of air cylinder Mae = Areapgr 1in-ds = 2.338kg
F,
Acceleration of Rod aod = ! 5951 = 103 Ej
Myag .~

m
76L.5— M pgag = 3.351x 10°N
S

Moments of Inertia from Chalmers, Applied Mechanics, Master's Thesis 2010

T a T
L =20411Tkg-cm™ [, =232888kg-cm” L, = 150.832kg-cm™

Distance from Occipital Cnndyle_ (OC, point about which head rotates) to frankfort line (x-axis in
reference frame) frankfort line is imaginary line connecting the upper margin of the aditory meatus
(AM. external ear canal) to the lower orbital margin (cavity containing eyeball) Chalmers et al.

d.%.:\i}{ = Bmm d_—"...\iz = 35mm
Distance fram OC to center of gravity (CG) fram Chalmer et al.
drpy = 13mm drgy = 33mm

deg = Jdcae + dog, = 56515-mm

my o4 = 44kg  jfrom Chalmers et al.

Impulse equals Change in mementum equation Pressure-Areag -1 = |mhp + mmd‘:"'f

Head Player
Change in A Pressure-.‘-"ﬁ.reaBmE-tI ]_T'|_‘|,m A Pressu.re-_%_reaBmE-tl oo m
Welocit =¥Th = —— = L2 —= AV, = - =0032-—
¥ {Mhead * mrnd_:' . F |_mhp * mrcd_:' 5
Pressure-Area
Initial Acceleration &, . = —Bo.re = 1[|u5.31£1 _ Fi 13 m
my + 2 = =432 —
|_ head mmd_:' s rp (m 4+ mhp:' s:
Fhi 3l
Initial Angular “hi dog = 193310 =
Acceleration i 5
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set-upfinitial distance between head and air 4, = 3.75in

cylinder
) . 2.4 ‘\'j
Time before impact [ 2d;] .
tgr = | | =3.638ms
| %rod J
rodBI = =33670
Velocity of rod right before impact “rodBI = #rod 'BI = 270/ <
Impulse equals change in momentum P = {Myoq-VrodBI! ~ (Mrod * Mhead ) ¥ine
Pressure- Areag = ko8 )47 = (myy 4 Vyoqm1) = (Myod + Mhead) Vihe
\Velocity of rod and head combined (meod VrodrI/ m
Vi = —————— = 0.601—
(myod + Mpeaq) s
v
Angular velocity of head after initial impact Wi = i = —10.936--E
s
74
Eocks = jDN—': ¥rom httpc/iwww.cs.ucla.edu/~dt/papers/siggraph06/siggraph06. pdf
ra
_ Nm —‘
I"da.mp =15k e = JS-E J
Damping Force Spring Force -
fa.)

Fdamp(®) = kdamp';‘aej‘ Fopring(?) = kpecgs ¥

Peak moment of neck from Chalmers et al. M, = 478N-m

By, = Ddeg,ldeg.. 93deg t = 000sec, 00lsec..tf
" A .
XF,; = Pressure-Areag  -cos(t) + mhead-g-cosit 3 Hj: -Fy= |_mr0d + mhead_}'arhx

.

"_‘F - FIE::LIIE':LIEﬂ ':].11.16\ — I - ':illl E - G + F - ITII \I"

E= FURER qre SUUT) ‘head &7 7 )J ax = 1™head! #rhz
2

. . fx | ) (x
- o [ d
EMoc = Pressure-Areap oy, sin(0) |- dogy — (Pressure-Areappe-c0s(0) |- dog; ~ Mheaq 2 deay s T — O] Mneaq 890G <05 7~ € = Kdamp ™ O ~ Fnecks 0= Ly

ol
da- ) d ) _ ) | . | |, . |
I},-?Hk + I"da.mp'aek t epecks B = |:|_11re551']'“':"‘{&;1]301'&'d’{}{}xII T Mpead & d‘[}(}z:|'5]'ﬂ|_alv:.II ~ |Pressure-Areag,, . -deg, + mhead'g'd(.'/(’.'mil'wsl_alvc.II
iy

&y . damp 4 + Knecks _ |Pressure-Areag o dogy + Mpead & Aoyl sinl 25t) — (Pressure Areagy-dog; + Mpeaq 8-dogy) cosl |95 )
— —by b=
dt* I‘ dt L, L
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Matural Angular Frequency Kpecks i
(= |—— = 46333~
L :

Finding Forcing angular frequency O.F

Qp = 30% Kept trying different Q_F until the graph of T.F and Tf looked the same

gy = [|:_Ee ssure-Areap g, d{}{}x:' T Mhead & dCGz] sin| "!F_' t:' -
+ [I__—Pressu:e-.‘—"ueaB ore 90Gz) + Mhead & dOGx] cos{ {2p-t)

Tf[_ﬁkj = [I;Plressure-AIeaBme-dOGx} +\mhead'g' d’OGz]'Sin[_ak,:f
+ [|__—Pressu.re-.%1'e Bore d0Gz) + Mhead & d’CG-x:l cos{ b |

Te(-n Te(t )22
i ) = -

—24 24
13 5 75 -2
023 . . 10 0 0075 015 0235 03
t
ms —_
rad

when T=-21J, 8.k = 1449 rad, t=4 83ms Tp(4.83ms) = —24.1287 Tp(1440rad) = —24.1207

when T=-20.001J, 8 k=_2295rad, t=7 65ms -
Te(7.65ms) = 230141 T(2295rad) = ~23.014]

Complimentary Salution (Left side of equation)
a

Cy L d _
fy 2" * Fdamp 3 "k * Fnecks Vi

a4 1"dzu'np d L‘necl;.s _
_j,ek — fy. B.=10
dt dt L

. - 1
= = == = =-10315-

Iyt I5-t
Bt)=ecpe +oge”

Particular Solution (right side of equation)

[[.P\ressme""!’“chre'd{}Gx::' * Mhead & d{}Gz]'sm[_Hk} — (Pressure- Areap - dog, + Mpeaq 2 m}-cos[lik}
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Guess . .
A-sin| 2p-t) + B-cos| Qp-t)

wi(f) = A-Op-cos(0p-t) - B-Op-sinft2p-t)

2 . 2 .
o (0) = —A-p -sinf 2pt] - B-Op -cos{fp-t)

2 k k, : "

d Epeck: 2 \ 2 . Eg . L Eneck . .
i‘ek :“p d B + Ii : By = —A-Og " -sin| Qp-t) - B-g -cos| (pt) + mP-|.-—\-1zF-cos|1zF-t} - B-A2 sin Qpt)) + < s-|.—\-sin|1zF-t}+E-cos||_zF-tH
P & . F Y s U ) s F )
Rearrange ) o .
) . ) [Pressure-Areap - dogy - 3 sinf 8 | — (Pressure-Areag, . -deg, nl cos| By |
( 1 kg bnecks | | ! Enecks | * ™head & i ) | Mhead 8 dcas /
| A0 - ﬂ-B-z:F+ L-A_-sinl_!!r-t} +|-Ba+ e Al + s B |-cos| f1p- t}— i z z = i ‘
L L) L N ) L

A0 2 Edamp B kpecks Am [Pressure-Areapyp-ogy) + Mpegq d'CGz:|
Ay - 2 pops A=
L =

2 Edamp Knecks —Pressure-Areap, o deG; ~ Mhead & 906k
-B-Op + Aflp+ —— B= .
[ Enecks o 2\\. B+ 1’cdamp A= ~Pressure-Areap . deg; — Mpead 2 d00x

—op | OpA=

oy Ty Y
[I_Pressu.re-_*\xeaBme-dmx‘} Mg E d'CGz]
R.

e N .
'\kne:.ks - I}'”F )'A - 1’ccla.rrlp'"!1-"'3 = |:|_Pfe551']'“"'_\'{&anre'd‘(}(}xII + Mpead & dCGz]

|:| Pressure-Areag,, . dCG-xI' T Mhead & d{}Gz] 1’:r1E|:A1-.qus L ! “F J.' +
n 1"r.ia.rrq:u F:'

. N |:| Pressure-Areag,,.- dCGxI' * Miead & d'CGz] kﬂEC.kS Lt “F JJ
'\‘I"necks I‘,-' L3 ’a

T g FI' + kgamp Hp A = —Pressure-Areag,,, . dog; ~ Mpead 8 406y
Edamp *'F,

-

Pl 2 | 3

'\‘knechs I\, F A IPressu.re "\IeaBore dCGx T Mpead 8 d'CGz, '\knecks - _-'“F J A- |,kdmp'“F,I' A= _l,kdamp'!!F,I"|,_Pressme"%1eaBore'dCGz ~ Mpead & dCGx.I'
1

I .2 . . .
_'.‘knec.ks ]", “F j A= |_1’cda.1'rlp'“1:'_II A= |_kdamp'!!1:_}'|.Pressme"%‘reaBore'd'CGz T Mpead & dCGxI' - '\_knec.ks I‘, “F I_PIESSUIE-_'-\_reaBme-dCGx T Mpead € d‘CGz.I'

.
[ 0 42 | Vo
'|Ac'|:_'.‘knecks —Lip ) - |_kdamp'1!F_I' :|= |_kda.mp'EEF_}'l.Pfesswe'AﬂaBme'd'CGz + Mpeag g degy) ~ | Enecks ~ Iyt F J |P“55”Ie Ateag e Aoy + Mhead S d‘CGzI'

|1"damp F:' | Pressure-Ateag oy dog, + Mpeaq & dCGx:' 1’:ﬂec.lus I‘.-' “F |_HESSWE'AIE3Bore'dCGx F Mpead & dCGZ.:'

A= . = -0.161
‘|: bpecks ~ Lyl-" )T |1"dzi.rrlp F:':|
| { A
B - |:|.Pre551'1“"'_\“"1B0re'd’(}GxII + mhead'g'dCGz] - '\hknecks - _-'!!F J."Ac 0.088
c ™ =

n 1"da.rrlp FI'
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Salving for c.1 and c.2 using initial values

Using angular displacement at time 0 equals 0 deg
and angular velocity at time 0 equals initial angular velocity solved for above (w.hi)

!’ Ts-t h-l\_ . .
Bpt) = ey FepE - t [Ag-sin f2p-t) + B -cosQp-t))

8(0ms) = (c; + c5) + (Bocos(0)) = 0deg ¢y =—{B_cos(0)) - c;
1

Wy = —~10.936 —
g

{ Tyt £

wi)=cprye . +oype’ [+ (Ay(tp-cos|Qp-t) - B-0p-sin[ 05t}
wi{dms) = g1y + Cl'rl} + |_.&c-1!F-cos[D}}= Whi

[—I_BC-GOSED}_‘? = ep)ry + ey + A Qpcos(0) = wy

—|ch-rl-cos[D}} —ey1y + eyt + AL Dpcos(l) = wy

eylr - rl} = wyy — Ay pcos(0) + Bory-cos(0)

[wpi = Aty + Bu:'rl_‘:I
£y, =

=

= 0.027

- rl‘:n e = —|ch-cos[D}.:- — £y, = 0.062

For better results used initial acceleration instead of velocity

Using initial angular acceleration and initial angular displacement as initial conditions

2 0t 2 Tt 2 \ 2 \

oty =cprye +opry el — AOpsinffipt) - BOp cos|pt)
2 2 2

o (lms)=cy1y + 1y — Boflp =oyy

§ el 2 7
[—lch-cos(D}l:- - c.z:l-rl‘ + ¢yt — B Op -cos(0) = ogy

a

2 V2 2
-1 Bgees(0)) — 7oy + eg T = oy + B Op

l 7 "
C\thi+ E '!!Fd- + Ild-'lB :'
_ < e _ ooad
f 2 7N
|‘~I;J’ - fl J

Cq !

¢ = —Bc —oy= 0044

Necessary Stroke Length:
Complete Solution

Iy

| Il- t I [H" N .
Br(t) = Lcl-e +oye” _,-' + [Agsin{Qpt) + B cos{(pt))

By 0ms) = 0
0 1
bgp = Oyfty) = —3.351-deg
7
By(t) Distance cylinder is in contact with head
dzg___1 2 2 | ..
dgr = Jldm = 2-dpg -cos| Bgg) = 0215-n
-\\\\.
) 5 10 13
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+

Tyt Tt ) )
wilf) = ep1y-e ! +eyrye” + Ac-i_'l;--cos{!!F-t} - B siﬂ['“'f"t,l'
1
- wi{ms) = —143534 —
4 = wi{ ms) -
— 6
3 d
wy(® -8 wer = wifty) = —4.783. 22
——10 “E Lol{ L sec
3 —12/ 1
- = —10936 —
-14 “hi -
-16
o hl 10 15
t
ms
-t -t ) )
oq(t) = cl-rlz-e ! + ca-rzz-e - A-:"'"Fl' 51'11[1_'1;--1:'} - BC-_!Fz-cns[!_'l:--tJl
=10
. A rad
1.5%10° o = eylty) = 289303 —
ﬂ 3 \ 5
2 1x10° 31
2 oy 0ms) = 1.933 = 100 —
: 5 2
500 . <
0
3 5 1
° ’ ] L
t 2
— s
ms

After Impulse

(i.e. after air cylinder is not in contact with head/helmet

After impulse ie after cylinder stops

Angle traveled through during impulse

Velocity WET
t, = tr.(tp+ 001s).. 30s

New Forcing Frequency

Bpy=-3.351-deg
1 m
=—4783— va = wprdeg = —027—

BA_I = BEI’ BEI + 25rad . 2rad

Tl"'a{ta.|I =My 2 dogy 51"“{“1-"&'1:&'I * {mhead'g' d‘(}(}x}'c’os{1!1-"21'7:&II

Tfa{aAI} = _{mhead'g' d‘OGz. -si.rl{BAI} + {mhead'g' dCG)L‘ll'CUS{HAI}

Tp,(t) = 07887

Tgy{ ) = 0.7887

4 4
Trilta) | - Tolbal) |~
| — ——
N-m N-m h"""""--...___
= 4 = 4
-4 -4
10 20 30 40 30 -1 723 215 3575 50
k3 fal
ms deg
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2 Edamp Kpecks (-mpeaq-&dogy |

Uy )

.
ALl — kgamp Ballp + Kpecks A0 = Mipeaq g deg:

A
necks — Br¥tE ) A9 ~ Kdgamp HE B = Mpeaq-8-doG,

Byl i+ Kdamp A2 9 + Kpacks B2 = Mpeaq 2 dogy

Enecks — Lyt o ) Bz + Kgamp UF A= Mpea g8 dogy
“Mpead & dogy — kda.mp' Upady

'\‘knec.ks I‘, “l"a;J.l

By=

(~mpead-edogs — I"da.mp Qp8)
'\‘kneclxs I‘, “Fa J "\_7, - 1’:cla.mp ey = peaq & dog,

'\_ Kpecks ~ I‘, “Fa J.'

4

f )
'\‘kneclxs I‘, gy J Ayt 1’cdau'rlp'!!l""a'ﬂ'lheau:l'g'd'(}C‘nc+ |_kda.rnp'!!Fa A= I"nec.ks I‘, Fa J |mhead & d'CGZ.

- -‘ -

i 2 .' .
|:'\‘knec.ks I‘, “Fa J.' + |_1’cda.1'rlp'“F'AII :I'Al * kdmp'!!f'a'mhead'g'd{}(‘rx: '\\kneclxs I‘. S ,"l_mhead'g' d'CGZ.I'
Sum of Moments After Impulse

N N d |

Moga = |_mhead'g'dCGz.}'sm[e} - |_mhead'g'd{}(}x}'°°5[e} ~Fnecks ¥ - l’cda.rrlp'a:a =L —f

Complimentary Solution

d2 0 1’cda.rrlp d o+ Fpecks o0 = (Mpead s d‘(}GZI"Sj'nl_ul-"a'taII ~ | Mpeaq s d{}(}xi"C'osl_“l:'a'tilII
S —— .

dt* Lo oa® L 2 L

o
11-{ty)

. f:-|.la.:'
Ball_ta}=C3-e S tcge

Particular Solution
Guess

Ag-sinf{g,- t} +By- cosl_!!}-a-t}

ok
"= (Asin0g

a't} +B- cosl_!!Fa-t}}

|.mhe ad & dCGxI' cosl_ﬁk}

Welt) = Ay O -cos(Sp, 1) — Byfip,sinf Qg 1)
o (t) = —Ay 1:Fa‘-sm|_1:}~a-t} - By -1:Fa‘-cos|_1:}~a-t}

2k K

d Eneck 2 \ d \ W

LI %%e : by = —A-Op, sin{ 0, 1) - B-Op, cos( 2, t) + — (A0 cos{ 12, 1) - B-Opysin( g, 1)) +

. & “Fat . HEat {Eat])
Rearrange
( 1 Ky Fnecks | 1 Ky Knecks +_ (mpeaq-e degy)-sin(vy) -
A0, - PR 0p + TR Lsinf0p ) + | By Op, 4 —— R Ay Op Bj cos(Lp, ) = — 0 .

crE L Y \ I LY

A 2 kda.mp a I"nec.ks A ( mhead'g'dCGz‘\.
—Aytly, - Byllp, + Ay=

y .
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p
i n
Venecks — Ly 9F A2 ~ Kgamp 95 By = Mpeaq-8-dcG;
By L 0p + kg A c 1 By=
Byl Qp + Rgmp A9 + Kpecks B = Mheaq-8-d00x
{ \
Enecks ~ Lr8p By + Kyapy D Ag = Mpep g 2-dogy

5 “Mpeaq & degy ~ kdamp'“Fa'-'“\z
2 -

—
'\knecks I‘ “Fa JJ

( (10248 40 Gx ~ Kdamp P2 A2 |

'\kﬂECkS Iﬁ, “Fa J.' Ay - 1"da.ﬂ'lp flgy ) = Mpead & dog:
'\ 1’:neclyts - I'5,-"“1-"&1 J

2
r '\ ) 2 Iy
necks = Lrra | A2 + Rdamp PFaMhead oty * (Fdamp el A2 = necks — Iy g, ) *mhead gdegs)

g \2 . . Is N .
|:'\knech5 I\, gy JJI + 'l-_kd.amp'!"f'avl' :| Mg+ 1"dzi.ﬂ'lp gy Mheaq 8oy = '\knecks - I‘_v'“Fa ,}"l-_mhead'g' dCGZJ

P
'kkneclxs Iﬁ, iy J'{_mhead'g'd'(}(}z, B 1’:dai.mp'ul-"a'mhearl'g'd‘(}(}x

A= = 0.035
2 |—r .2
|_ Kpecks ~ I& "Fa)l + “"da.mp Fa,I'J n
—m g -k e -A
B, - head & d0Gx d,amp2 Pty oo
pecks ~ I}-"“Fa

Solving for ©.3 and c.4 using initial conditions

L -ty oty
eaﬁ.,ta+= cye + g8 + Ay m|: F{t |Z|+B2c05|: F{t |Z|

L r1-{f1_|' fg-{lﬂ'
Hm__rﬂ: cye + oy + Ay m[' I 1t1|] + By cos[ I {tﬂ] = g

. -ty ry-(t,)
waﬂ.,ta}=c3'rle S togrpe +—‘12"1_—c05|:“1;-lt|] By m[“l_—itﬂ

. (1) -ty . .
“’a.ﬂ.tl,l' =cyrp-e LA + cyrye 2 + _'—‘12-!_'1;--c05|:1!1,—-{t1'|2| - By flp sin[!_'l_—-{tLU = wgg +
o " ()
BEI - .'31.2’ Sl.ﬂl:!_'Fa+tI£| - Bz'CUE[‘.!Fa'{.tﬂ] —cye
Coa= —
; ryl byl
e
. ry-{tg)
wgr — Ay Qpycos] g, (4] + By pa s Qg (4] - cyrp-e
Co=
3 I1-{[1_|'
Il -

. ry (1]
wgp — Ay gy cos g, ()] + By gy s Qg (4] - cyrye

n

ry-(ty)

= eEI - -'"“2' sinI:!_'Fa-{tL‘El - Bz-cos[llFa-l:tﬂZI —cye

L f;-{lﬂ' . fg-{ll]'
wep = Ay ttpyoof Cpy (]| + By g sin[pg (t]] - cympe T = rp-bgr — oy Agesin] Q)] - 1y By cos[ gy (1] - crye

Ig-'ll‘[]]' fg-'ll‘ll]' ] . . . ] .
—Cy Ty +cyry-e = rl'HEI - rl-_-iz-sm[!!l_—a-{_tlﬂ - rl-Bz-cos[i!Fa-{_tLﬂ - [uJEI - ""‘2.'!-'Fa'°°5|:ul’a'{_tl£| + BE'“Fa'sm[“Fa'{_tIﬂ]
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ry-{tg) 2 ot
+ -

. 7 2 . L 7 L 7 1. . b L
ol tg) = 1™ gg — 1y Ay sin Qpy (4] - 1y Bycos Qg {1 -1y ey ) = Ag gy sin] Oy (]| - By fip, cos Ry (]| = oy

1 ol 2 2l

2. [ 2 [ 2 2 . [ 2 oy
-1 cye +oyn = opp + Ay ilp, -sm[llra-i__tlﬂ + Byt -cosI:!!Fa-{_tIJZI - gt -Az-sm[!!Fa-i__tLﬂ +n -Bz-cos[llfa-{_tlﬂ

2 . (o 2 (o 2 2 . (o 2 (o
o+ Axilp, 'smliul-“a'{,tlﬂ + By fip, 'CJSI:“Fa'{,tI,EI — 1 Bpp+ 1 Ay smI:!EFa'{.tLEI +1 -Bz-cos[llFa-{ltﬂ:I

L _ = 0.086
2 ol 2 wly
rz -2 - fl -2

Ty -

R . ry(tg)
_ HEI - Az- sml:!!l;-a-{_tlﬂ - BZ-Cos[!!Fa-{_tLU - oyl

o - = 0183
SR
[

Determining at what time head returns to zero

-t 1|

Ual':::ta ?I - iya e, cget < + -"a;l,"i"-ﬂ[”Fa'i::tazl + BJ'WSEEFa'E::taH

0.05 L Bpa] = g ) = —5.551-daz gy = —5.551-deg
RN i
adal A
rad / | { cpmal
A o7t 7022 = —1.480-dag
-00s fﬁ‘-\‘-‘x._.-r" . B
fgllms) = —3.633-deg

0 200 406 sz moo

1'1":tu:' T]": te)

|: T Al-iml:!EFa-E:tgl + B;—ms[!i!Fa-i::tgl - Gdeg}

-t fy-it, )

waty) mezepe T sgmel T Ay-Qpy-cof fp,-{t]] - By-Qtpy-sin] fpy-(5]]
+
15
[y
1 o
wiaph s \ wgr = —4. E:;
:| =
: L 1
=, \ ;/’r \\\ ura = gt - 0.018 —-rad
W
-0 —
10 2075 405 6025 800
Iz
.
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- 1 nelt 1 el 1.~ e 1 — e
oglify = C3rp 27 +ogrpe T - AJ-SEFa'-E_mLSEFa-I._ta_” - Bxflp, _'mf'l_”Fa"._ta_u

30Dy )
R Cp] = 139.3':'3—1
agly) ?
=2 100 . 1
2 aglty) = 280.303 —
Li] : _5]
“100 200 400 s00 800
2 ‘5 1
; opqstant - “'aI'-_tI-' - OE] = (i) _J
E
Before and After Impulse:
g = 05, . 001s.. 3=
[ -k 3ty ¢ " [ |
oitg) ;= |27 " +epe” + Apsinlpy)+ Booodpt) f0Sg Sy
il nly .. _.
ge  +ogel o+ Al-sm[ﬂpa-ll_t,:_ﬂ + B;—m-;l:ﬂpa-l,_tﬂ if ey 5s

T /

wl/N

-

r ! : .
)= [leme’ Tepne’ T A 0pcod0py) - Bopsi gy | Fosgyly

-

. . .
fﬁ-;l-el ceprmet e Apfipgcos Nt - By fipgsinl Ryt | geg € S

ol .-1 1
o uhty) = —4.783 —
wity : P
rzd -5
3
-1 . —
0 135 350 375 50D
bt
m
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. i et -t . . ™
ul_ttjl - r\_cl-rll-e I, -::1-1'11-& Tt Afiipl-a*i.fﬂ_iip-tﬂ - Bc-iipl-cmﬁ_iip-ttu fOmsSt <1
:‘-[jt] :‘-[jt] . . -|
I:cs-rl:l'-el e Az-st,l-ai:ﬁzF,-q_ttﬂ - Bg-st,l-mEaF,-q_ttm s 5

it =aly)ece af0ms) = 1.033 x 16° ii-m

k]
150
{oms) - 1002302
L oy 00 _ o R T 1
w0 R s
=4 o U= = wenl
v S P Thypg © Ppasy 2
. m
ST e s 10 QJMIE 31
3 i3 - 1681 = m’—1
ki s
ms
Calculating HIP
HIP
sy maltbdoe: 2t = oly)dees
EL
alt) 5 l Seoma o= 3y 0ms) = 105312
- . \ 2
= E :
£ 1f
A Sy = 3 0ms) = 251282
= s
o -10

] 25 50 75 100
L
ms

HIF ) = mhe-cr'x‘:_tﬂ'_[ ) ot + mhe-d-'ﬁ_tﬂ'_[ wty o+ I:.-'ﬂ’{trfl'f alt) e
Oms O O

1
osh
HIP(t,) . "'\
W
= -5
-1 - — —
[+] 15 50 75 100
Iy
-
HID Oms) = 07745
HIP Too Low
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C-2: Calculations; Using Impulse Equals Change in Momentum to Find Force

Using Impulse equals change in momentum to calculate force
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Average Weight of W = 210Ibf = 934127 W, = 30bf
. equipiment
Professional Hockey HE .
T — T T _ d
Player W hp = T\p + W equipment = 1068« 100 N
m 1;'Vhp
Speed of fast skater Vip = 30mph = 13_411; Miass My, = . = 108 862 kg
Awverage acceleration of an elite hockey A 43750
player trying to speed up as fast as possible Shps T 720
5
Typical Duration of Impact ty = 012s  JArticle stated hockey collision were all under 13ms
Impulse Impulse = Fy-t; Impulse equals change in momentum mhp-iu-= Fri
Change in Momentum |myyvy+ mli"'zi.:' = myp-Vip + MypVop
My = Myp = M= Map = Ty
. : 1 2. 3
mhphli + 1'2l:l = mhph-lf + 1'2,f:' Energ‘f EI = Eth‘hP =070« 107 T

Worst Case scenario both players speeding at top speeds directly into eachother, one comes to
complete stop:

m
V= =V =V vip = 0—
li 2i~ “hp If <

gy Vi — Vig) 5
Fp=—b P 1217x 10N
f +

Complimentary Solution (Left side of equation)
il

d” . d )
]‘,-"_jek + 1"da.nt:u'_r:‘];: + Fpacks f
- odt dt

d” L‘damp d Kpecks
S+ —2 L B =0
dt dt L

; 1
- = 20418 -
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Particular Solution (right side of equation)

I:l.PIESSUIE'-ﬁ‘IEEBan'dOGJ;:' +my o aeg dOGZ:I'sml.Hk} — (Pressure-Areag  -deg, + my g2 d‘[}Gx‘:"'ms'_'jk}
Guess ) ‘
A si.tll_ill;--t_:l + B CDSI_‘.!F-t_:l

Wi (t) = A-Qp-cos(Qpt) — B-Opsin((Qp-t) +
a

. 2 .
oy (t) = —A-Op -sin| Op-t) — B-{lg -cos|{lp-t)

2 k L k -
d Keck 2 . 3 . kg . o Eneck . "
Lo+ L o T = A0 sin(0pt) - B0 -cos(p-t) + — 2 (A-fdp-cos(0p-t) ~ B-Oysin{ 0p-1)) + ———(A-sin{0pt) + B-cos{2p-))
dt Loa L L L
Rearrange ) o X
) ) (Frdcex - Ysinf8y ) - (Frdeg, - reos(6y)
(2 k Enecks ) (g Ky Fnecks _) \_ \*Mneagedcg; ) \* Mhead E dogs
| -A-p - ﬂ-B-::}—+ :-;—\._-sml_!!}—-t} +| B+ amP-.-—\-s.'F+ LN |-eos( 2ptj= = = z / . ed z
L o) L Y ) B
K Cock (Frdegy) + Mpead &

N damp_B_!!F+ knec.ks.A= Frdcas) + Mhead 2dcc:

L L L

k F . _F. —m, -z

Bl da.mp____\_!!F_F L‘nec.ks.B= 1906z ~ Mhead 2 dc0x

: = y
[ Enecks 2) . Fdamp Frdogz ~ Mhead 590Gx

-0 B+ QA=

vy T 5
[ Enecks o 2\. ) Egamp PR [I_FI'dCGxI' * Mhead & d'CGz]
. - Qp A- ApB=
L 3

A \
'\knecks - Ij,-'"!l-" J A 1’cr:la.rrlp'!!F'B = |:|_FI' dCGx:' + Mlpead & d'CGz]

. IS Al
|:|.FI' degy) + Mhead & d'CGz] ~ \necks ~ iF A

_l.kdamp' !!F_I'

c

| { by
2 | [Frices) + Mpead = deaz] = | Knecks = L 928 A
Fnecks — Lty - < oo - + Egamp Yp A= Frdeg, 7 Mpeaq 2 dogs
I.l"damp !'F_I'

R
i ) v AN .2 . .
\necks ~ 2% -Frdces * Mhead 2806z) — | Mnecks ~ 5 UF ) A~ (Kdamp F) A = X damp U8 {-F1 406z — Mhead 2 deay)

"

i N 22 . v _'3\ .
“\Knecks ~ LylF ) A~ |_kda.mp'1!F_I' A= |_kdmp'1"F_:"|_FI' d0Gz + Mhead & doay) — Enecks ~ L2\ Frdce * Mhead 5 doas)

{ n .2 . N 7 .
Ac'|:_'\_knecks - I},-'“F Ve |_kdmp'!"F_:' :| = |_kda.mp'!!F_:"l_Pressme""\HaBore'd'CGz F Mipead & dCGx:' - '.‘knecks - I},-"“F j'l_Pressme";\‘reaBore'dCGx F Mipead & d'CGz.:'
4+
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(% damp 25 (Fr dcgs + Mpead & dcy) — kﬂechs L I'{FI'dOGx + Mpeaq 8 4oy

A= 2
L‘necks I‘,-"F_,JI +{Ld,amp FI':|

_ I:{.FI' dCGx} + mhead'g' dOGz:I knecks Ii, "l-" J

= —13.504

Solving for ¢.1 and c.2 using initial values
[ o nt] PR P
Br(t) = ey tope ,-!= + [Ag-sin| Qp-t) + B -cos|{1p-t) )

By(0ms) = {cl + ‘32} + {Bc.cns(i}}} = Odeg o= —{Bc-cns{'ﬂ}} )

-1 I~-1
o (t) = cl-rll-e ! + cz-rzz-e o _-'-'Lc-!!l;-2 sin __!! t|| !!Fz-cns { Ftl'

2 2 2
og(lms) =cyrp + ey — Boilp =

&

I:—{Bc-cos{'l}}} - ':E:I'rlz + cz-rzz - B 1!F2-cn s(0) = oy

2. . 2 7 3
-1y [Bocos(0)) — 1y ey + ey ny = oy + Botip

2 2.y

C\‘.‘lu+B 1! +Il *B J

- - 11426
2

Sy

C-z:

oy = _Bc -y = 7078
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Complete Solution

_f -t 1yt ) . .
Br(t) = lere Fepe ] + {z—‘s.c- sm{ill;--t} + Bc-cns{ill;--t“
, 8y{0ms) = 0
B = By{t) = —1.406 x 10°-deg
bt ~0 Distance cylinder is in contact with head
- pad? dpp = Jz-dwz— 2-dcg -cos{gg) = 1285in
1 ™~
B 5 0 15

ry-t ry-1 . \
wi(t) = cqy1pe ! +eyrye 2 + AC-!!F-cus{ill_--t} - Bc-ill;--sin{i_"l;--t}

31
— 1=10¥ wi(0ms) = —3.638 = 10 ;
? | 3 rad
wi(t) —2x10 wer = wilfr) = —1.223 % 107 —
‘ VE Ml{ IJI sec
= .
Lo Wy = 1747922
s
— 4x10°
0 5 10 15
t
ms=
ry-f -1 ) ‘
C\rl{t} = cl-rlz.e + 1:2.:22_,2 — ‘-_'ILC_L,,FZ_ 51'.1:1{1."1:"1:} _ B-:,'--'FZ'CUE{‘.!F'IJ
5107
4=10° _ \_ 7 4 rad
o) I agp = oft) = 7038 x 10 —
S g0 <
=0 Oms) = 4.938 x 0wl
2 . og(Oms) = 4. :
L3 ) —— 5
0
) 3 51
’ i 0 D =198 10 =
t 2
- s
msz

After Cylinder leaves contact with head/helmet
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Sum of Moments After Impulse

Vo \ d
Moca= |Mhead & dogz) Sit) ~ (Mhead & dogx)cos(8) ~ knecks® - 1’cda.rrlp'a:a =L
Complimentary Solution

d2 0 1’cda.rrlp d o+ Eecks 0= |_mhead'g'd‘(}GZ.I"Si'nl_ul-"a'taII B |_mhead'g'd{}(}xi"C'osl_"zl-"a'tilII

. J1'a o a a

dt” L{ dt I,r L{
. r1-|.la.:' f:-|.la.:'

Ball_ta}= cye  +ogel

Particular Solution
Guess

Ay-sin(f2g -t} + By-cos 025, 1)
Wy (8 = Ay Op -cos( g -t) - By O, -sinf0p 1)

\ 2 \
oy (t) = —Ay-Op, "sinf g -t) - By, -cos| Qg t)

2 k Ll k

d Epeck 2 \ 2 L kg
Lo+ 2Ly + T4 = -a0p, sin0p, 1) - B-Op, cos( 0p, 1) + —F
dt I}.- dt ]-‘r 5
Rearrange
s 1 Egam, Eneck ( 2 kg Kneck
| 2 p ecks | .. vl 2 amp ecks
| —Aq-0Qp," - By Op, + -_-Xl_-sm_!:Fa-t_} +| By + Ay Op, +
Iy v Iy :

(A-0g, cosI.!.!Fa-t} - B{p, si.nlllll;-a-t}} +

Kpecks

(Arsin0p,t) + B-cos[ g, 1))

(Mhead s degy) sin(By ) — (mpeaq e dogy)-cos(by)

By :-c;os_llFa-t}=

I.'" :‘-"I "
_ \Fnecks ~ Lrilra ) (Mpead dege) — kdamp 'Fa Mhead & d0Gx

A, - -
2 ’ j"l: .
'xhl‘:necks - Ij,-"uFa i |_kdamp'ul:'a:'
S P vt s S ~
B, — head & 9CGx ~ Kdamp “'Fahy _ 827 0=

5
Kpecks — I}, s
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-A,-1] - By-flp, + A=
2*°Fa 2*°Fa 2
. P U
+
2 1*"u:ia.fnp Knecks [ Mpead S df/GxW'I
—Bj 1!Fa + A 1!Fa+ 'B-:,=
L I"-,. = I,'r_ - | I.-'r- _.n'l

.
~Ar LU — Kgamp By + Kpecks A2 = Mpeaq 8-deg:

\Enecks ~ Ly thF A2 ~ Bgamp 1By = Mpeaq-2deg,
By Lt i+ Edamp 2 HF + Fnecks B2 = Mpeaq 8 does

Vnecks — Iyt --F ) Bz + Egamp A= a2 dogy

5. ™head &9CGx ~ Fdamp 'Fa A2
= |"-' :H'I
'kknecks - ]j, Uy J

, \

( 2 [ —Mpeaq-2-dogy 1‘:mmp fpaAg

necks — Lrllra A2 — kgamp UEa = Mpeaq 240G;
'u Kpecks — Ij,-"“l-"a J

/ Fa

f X .2 { X .
'kknecks - Ij,-"“l-"a J A+ 1’:1:121.1?11::'“l:'a'mhvaau:i'g"df/Gx + |.kda.1'np'“l-"a:' A= 'kknecks - Ij,-"“l-"a _,-"l.mhead'g' dOGZ:'

\2
2 2
|:'x‘_kﬂEl3L5 ]1, g ST |_kda.1'np'“l-"a:' :| Ayt Lda.mp Upy Mpead 200 = | kIlEELS ]1, Fa J | Mpead & dOGz
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o T -{l ] T -{l ]
Ha_ﬂ.,tavl'= cye 1 a.l' +oype 2 a.l'

ry-{ty)

+ _-312 Slﬂl:‘_!l:'{’ta}] + BzCDS[‘_!F{’t&}]
Ha]{ftﬂ =cye + ey E:fz“IJI + Ay si.ﬂl:‘.!F-{tIH + Bz-cos[llp{tﬂ] = bgp

o ri-{ty) r-{ty) . , L
wa.ﬂ.,tavl' =cyry-e +eyrye + AZ!"F'COS["!F'{F&EI - By Sml:"!l"{,taﬂ

o ry-{tg) r-{ty) . o
waﬁ.,tL+=63'Il'E U tgyrye +_-'312-!_'1:--c05|:1!1:-{lt1£|—Bz-llF-sm[le-{ltﬂ = wgp

_ . n ry-{tg)
HEI - ."‘i.zEl.ﬂ[!.'Fa{tI'U - Bz'CUE[!_'Fa'{.tI}] —cye
= —
’ rr-{t)
=
. s rx(t)
WEL — ."31.2'1!1:'&'C05|:!_'Fa'1..t1}:| + Bz !_'Fa'sl.ﬂ[!_'Fa'{.tI'U —Cyre
= —
’ ity
Il g

. s rx(t) .
WEL — ."31.2'1!1:'&'C05|:!_'Fa'1..t1}:| + Bz !_'Fa'sl.ﬂ[!_'Fa'{.tI'U —Cyre 12-1‘[1}

n

= bgp - .'r‘;z-sin[!_'l:-a-{tlﬂ - BE'COE[“Fa'{tIH —cye
g o o ly) SR . ()
WET — -'"“2,"-!Fa'c°5|:!-'Fa'{._tI,E| + BZ!"Fa's'ﬂl:!"Fa'{_tIﬂ —cyry-e =1y - rl-.'r‘;z-sm[!_'l:-a-{_tlﬂ —11-By-ces "!Fa'{.tlﬂ - cyrpe

ry{ty) ry-{tg) , . . . _ .
—Cyrpe + cyrye = IIHEI -1 _-312 Sl.ﬂl:‘_fl:'a+tﬂ:| -1 'Bz'CUE[!_'Fa'{.tIJ] - [L\JEI - ."31.2'1!1:'&'C05|:!_'Fa'{.t1}:| + Bz !_'Fa'sl.ﬂ[!_'Fa'{.tI[I]

ry-(tg) 1'2'{'I]i|
.

c4_-|:rl-e =1y - rl-.'r‘;z-si.n[!_'l:-a-{tlﬂ —11-By-ces "!Fa'{tI:EI - |:uJEI — Ay flp -cos "!Fa'{tI:EI + By, sinl:‘_!l:a-{tlﬂ]

_ rl'BEI - rl'AZ' sk{llFa-{:tl:ﬂ - rl-BZ-cos 1!}-&-{t1:|2| - |:|.0EI - Az-!!}-a-cos llra-{:tlﬂ + BZ'“F&' Sjﬂ[u}'a'{tl:m

Cy — —
¢ [ o) ’2'{‘1}}
fl = - rz' e

o3-{1g)

= 38.663

WE Az-!!}-a-cos 1!}-&-1:1:1]] + BZ-!!Fa- Siﬂ[uFa'{tIH - cyTy-e

= = 36527
-t
rly

n

kﬂ::ks (Assin{0p,1) + Bcos(2p,1))

1"d.a.mp

Sy + L Loy + 3 = -Anp sin( pt) - B-!!Faz-cos{!!ra-t]l + A A-fip,-cos(tp,t) - B-Op,sin( g 1)) +
Complete Solution

rl'{[a} rl'{la]'
+cye

aa.l{ta} =cye + Ay sin[ll}-a-{:taﬂ +By-cos llFa-{:ta}]

v
C 3 3
. / 1 = aa.l“._tl,l' = —1.406 x 107 -deg bpy = —1.406 x 107-deg
— U
o)/
4
G

—1x10°
/ 0,7(-5025) = ~10.673-deg

8,7(17ms) = 1582 x 10”-deg

10 1575 305 4325 600
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11-(ta) 1y ta) :
"*Jal{ta} =cyrq-e ! +cyrye 2 + Al'ﬂl-"a'cns[ﬂl’a'{ta}] - Bl'ﬂl-"a'sm[ﬂl’a'{ta}]

500

— 3 rad

. 0 =-1223 % 107 —

Wﬁﬂta' “El sec
2 — 500 1

— i Wy = wyplty) = —1223 x 10° = rad
- 1x10° 5
— 1.5x10°
Y10 1575 305 4325 600

ta

e o ol |
&a.l{ta} = cs-rlz-e ! + c4-r22-e 2 - A:-ill_-al-sm[ﬂl_-a-{ta}] - Bﬂ'ﬂl-"al'ms[ﬂl-"a'{ta}]

410° i1
Y- oy = 7038 x 10" —
]
Catlfa) 08
2 5 1
2 1x10° |'. ogrlty) = 3.154 x 10° 5
ﬁ ]
- 1x1050 150 300 450 600
t 51
; Cconstant = D’a.l{tl} —opp=243x 10 _2

=

t = Os, 001s.. 3=

o) = e e e s Agsin(p-t) + Bocos(pt) £ 0s<t <y
j

c3-e11.1"i-t" + -:4-&12.1‘Lt' + Al'sml:ﬂl’a'{tl}:l + B’E'cnsl:ﬂl:'a'{tl}:l if tr<t; = 3=

Angular Displacement
G\ /
—jm .
At .
ﬂ —1x10° /
w )/
T 15=107H
_M‘fu 125 250 375 500
Mt
ms
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. Ir -t -1 . .
u.)[ttj = lcl-rl-e t +cyrye a + Ac-ill:--cns{ill_--td - B, f Eiﬂ{ifl:--ttj if OsSt=1
Ir -t ot

eyt +oprye . Ay-Dp,cos(fp, 1) — BZ'uFa'sm{uFa'tt}J if tp<t < 3s

Angular Velocity
R 31
=== wity) =-1223 % 10 -
w(ty) — 110’
=g
k3
— 3wl07
31
— — w(0s) = —3.638 x 107 =
0 125 250 375 300 ]
f
ms
" r’ t t
) | 2 Th 2 Th 2 . ) 2 sl
cx{tL} = [lern e +eyrp e - A Qp 'Em{“F'ttJ - B, OQF -cns{ilr-tL}J if Oms =<t <t
2 ety 2 ol 2 : 2 al .
|:C3'Il g + 64-r2 -8 - .a'!!.z'!!Fa 'Eml:!!Fa'{tLEI - Bz'l_'l:'a 'CDEI:!!Fa'{td if tI = tt = 38
a{t) = olt)-deg 51
o Ims) = 4938 = 10 —z-rac'.
]
Acceleration 2, (Oms) = 2791 x e
3x10° 2
=
E Al 3 E PIEEEUIE'Meannfa A len
5 . . B <2716 107 2
T aly D07 () = Mead + Mhead s
ﬂ:u rad m S
= 5 = o
2 2=l 2
g & w10t 5y
— i
= =
= .

130|Page



ay(ty)
= 2100
"2
E-]
aZ{ttJ 4
1x10
=
2
k]
0
50 75 100
&
ms
25ms=

E—|

Zimax

a,(t) dt; + mhead'az{‘t}'rjm

(ms
HIP
810
ax10?
HIP(t,) ‘
i :lx11]4
KW \
- a0t \l\
0 L
0 25 50 75
b
ms

HIP WAY too Large!!
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100

= a(0ms) = 2716 x 10" 52

5

= a(0ms) = 6419 x 10° 52

5

(m=

HIP(0ms) = 7.05 x 107 &W

s+ ol |

Om

23ms

ofty) dt;



C-3: Force Calculated from Average Maximum Head-Acceleration of Concussed NFL
Players in Newman et al. Study

Awverage Max Acceleration of Concussed MFL players in Newman et al. study

PRET VD Qe 1. Sl 1 VRN Gl 1 Sl 1
T Bl " T Bl 7

11@31 + 12&3-31 + 758

s s s s s s s s s s .
= 933'3_1

critical -~ 10 2

A
- . CA105 .« 100
AEI'-'_ mhead'_"‘imﬂcal =4195 = 100N

Fryq= mhp'[_"_hp - Yf-f:l

o -t 13-t ; . . :
Be) = [epe Tropes '+ Apsin{fpt) + Bocos(Rpt) i 0s <t <y

() £y (ty) . .
oy il +oye <Vt + _-'-"Ll-sm[!_ll_—a-[_ttﬂ + Bl'ms[!"}'a'l._ttﬂ <t =3s

/\

ms
PR [T £t o )
W) = |lepre +eyrye  + A flpces|Qpt) - Bl sinI_i!l_--tL:le szt
© 3

i‘hcg-rl-e ‘& cyfye  + _&j-!!Fa-ccs[ilra-tt} - BE'“Fa'sm[_“Fa'tt::'j if tp<ty < 3s

Lo 1
W) = 34712
) .

w(ty) —1x10°

=2y
— 3l
O---125---250---375--- 566 3
- : wi0s) = —125.541 =
t g
t
ms

132|Page



aft) =olt)doe,  alt) = olt)does

1x10°
m
. = a (0ms) = 93627 —
at) By = & 0ms) 52
m
2
E ]
~ 500 m
= a_(0ms) = 2213 —
a'zi, tt,' may = 30ms) 52
m
2 ]
E] -|.
0 \"' ----- P e s I
0 23 50 75 100
Mt
ms
83ms 83ms 83ms
) et | 0 man() | s el | ol
(Oms Oms Oms
100
HIP() 50 HIP(0ms) = 108.445-KW
- \
0 s SN
0 25 30 75 100
Mt
ms
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3

p
e | 2 Tk 2 Tk 2 N 2 .
ofty) = \S11 e +eyry e — A Op -sin| Qp-t) - B Op ":':'5{_“1-"'111;"} if Oms=t <t
3 1t 1 ot 2 . 2 ol ]
|:C3'f-l -2 + Cq_'fz -8 - _'!!.EifFa Elﬂ[ifFa+tLE| - Bz!!l:'a CDEI:!.'Fa{tt} if tI = tt = 3=

salt) = ol 4 1
o lms) = 1.702 = lﬂi—z-rad

s
Acceleration

_ 3x1'|:|'3 1=107 o
S . = 2. (0ms) = 962.068 =
& 4><1'I]':'I \ a00 é .
3 ol sach \ so0 ol E
par'} b

=d 1 m =)
i: = 20 400 - = Pressure-Areag m
= — PN : 5 — 03627
& 3| e = + 1
E” 1107 H‘\\ 200 E‘ Mynd ¥ Mpangd s
=T, d. .. _— —

0 S

HIP Value too high to realistically reflect Hockey collision
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C-4: Calculating Force from Maximum Head Acceleration Corresponding to 95%
Concussion Risk According to Newman et al.

Finding Force from average mass of head and the maximum head acceleration found to
correspond to 95% concussion risk according to Newman et al.

critical = 161.3 % }Amax corresponding to 95% chance of concussion from Newman et al.

¢~ Development of HIP

A

Fp = My 0 g Agitica] = 3351 % 100N

Friy= mhp"."-hp - ﬁ'f-_:'

to= Os, 0M01s.. 10s

) Ty-L 51 . )
Bt) = |ope T+eye” '+ Asin(0pt)+ Bocos(pt) £ 0s< <y

1p-( ) £y-( t,} . .
cy-e Ll +oye <t + ""Llsml:ul:'a'l_ttﬂ + BE":’“I:“Fa'l_ttEI if f < ttif s

Angular Displacement of Head Over Time

100
30
Bt
Nt 0
deg
— 30
— 100
0 23 30 13 100
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. i rl.tt rl'tt . .
u)[ttj = lcl-rl-e +cyrye + Ac-ill:--cns{ill:--td - B, f si.tl{!!l:--ttj fls2tst
{ -t oyt

leympe |+ oprye ¥, Ay-Qp,-cos(Dp ) - Bg-!!l:-a-sin{ill:-a-ttﬂ if <t < 3s

Angular Velocity of Head Over Time

\ 1
wty) = 2850 -
_;—"'_'_'_'_'_'_‘_'_'_ 5
wity)
=
g
— 100
1
w(0s) = —100.306 —
0 23 30 13 100 g
t
ms
\ [ 2y 2 2k 2. \ 2 vl
o{ttj = |lerm e +eyry e - A Op -sm{llF-tL} - B¢ -cns{!!l_--ttj if ms<=t <t
S RLY 2 o) 2 : 2 al
|:C-3 I-l g + Cd_'fz -8 - Az!!l_"a sm[llFa{tLﬂ - Bz!!Fa 'CDE[!!Fa'{tt} if tI < tt = 3=
a lt) = cdtlodon c«q}m_51=13ﬁv|_n4l.gad
T i Tl SHE 3
5

Acceleration of Head Over Time

800
g m
: = T68.504 =

= 1.5x10% 5 an(ims) = 768504 =
o . 500 = .
3 — 1=107Th — 3 Pressure-Areag . m
< = . W0 s 2 = 747396 —
E 2 s Y 2 = Myod T Mhead 52
= =10 200 5
=] . -2
=< LT VP III I R —

0

0 23 30 13 l&i
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) =ofthdoe: 2t = oltd doo

300
wt) | Bygmay = 2,(0ms) = 747.896
o w.-\ s.i.
2
S.t 400
) \ fama = 2(0ms) = 176775
E Z{Iﬁl k £
0 A 2o |
0 25 0 73 100
f
ms
Slms Slms Hms
HIP(t;) = mhe.ad'ax{tl}"[ a,(t) dt + mhe.ad'az{tl}"[ a{t]) dee+ Iyo‘{"t}.[ olt) dy
Oms Oms (ms
m\
HR(Y)
W \ HIP(0ms) = 69 487-kW
.
0 _-_-'-_"=-_

Calculating necessary pressure
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FI= Pressure- Area FI= T332431bf

Wolume of rod of Air cylinder w/ 1.5 in bore, 4 in stroke length

Lmd = 4din Dmd = 4din Dmd 3
_—‘Lreamd = 1 = 0.132-1n
= 1.5in w | N2
PBore Areap . = I"*,DBUTE J= L.767-in
, - _ _ -3 F
Volumey, g = Areargg ]jf_':‘d = 0.608-in Pressure = _r . 426.249-psi } Larger than
SRR Lre maximum
available
Stainless Steel rods Type 304 b = _I}DSME = 803« 1D3E
3

3
cin m

Mass of Rod m 4 = 6 -Volume 4= 008kg
Acceleration of Rod

approximate mass of air cylinder
F,

— 1186 107 2 M, = Areap, . -1lin-d . = 2558kg
Myag 2

H

Brod =
Pressure-Areag -t/ = |.mhp + mr.:.d?:'"f‘

Considering larger air cylinder
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FI= Pressure- Area FI= T33.2451bf

Volume of rod of Air cylinder w/ 3.5 in bore, 4 in stroke length

Liog = 4in Dpog = 44in Drod !
Area, 4= n = 0152-in
= 3.3in w A _ 2
PBore Areag g, = I"kDBDIE ) = 962Llin
.3 F,
v - . = :
olume 4 = Area 4L 4= 0608in Pressure = — 78.201-psi
SRR are
Stainless Steel rods Type 304 8. = 00803 ke =803« 193 ke
Mass of Rod m 4 =8 _Volume =008k
Acceleration of Rod approximate mass of air cylinder
F o
I ; — Alin-d_ = 13076k
ag = 4186 10—1% my. = Areag .-1lin-d__ = 13.926kg
od .

Pressure-Areap  .-tj= |_mhp + ﬂlr,;;.dj:'"f

Considering Hammer Test

139|Page



Considering a hammer impact test

Lha.mmer = 1.3m th = 05lm

L hammer = +¥2It Lypandle = lhammer — Lip = 1445 m

E
My mmer =269kz
Lhammer 2
My g€ = 39.303-1bf

Considering a hammer impact test

Lhammer = 25m th = 051lm

L hammer = #2028t Lyandle = Lhammer — Lp = 2445 m

E
Mpommer = ——— = 16.14kg
Lhammer 8
My omar 8 = 33.382-1bf
C-5: Calculations for Scaled-Down Test Set Up
Average Weight of W, = 210Ibf = 934.127N W = 30Ibf
Professional Hockey Eqmpn;mt
Player Wip = Wy + Weguipment = 1068 x 10°N
m 1Whp
Speed of fast skater Vhp = 30mph = 13.411 — Mass Mpp = —— = 108.862kg
5 g
Average acceleration of an elite hockey A =435
player trying to speed up as fast as possible Shps T 20T
g
Force from player to stationary player F= mhp-_ahps = 476272-N

impact
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FI= Pressure- Area

Stroke Length Diameters
Lyog = 4in D,y 4 = Adin
Dpope = 13in

Stainless Steel rods Type 304

Mass of Rod
Approximate mass of air cylinder

Acceleration of Rod

141 |Page

T - fi . 3
v olu.memd = _—‘ueamd-]_md = 0.608-1n

Volume of rod of Air cylinder w/ 1.5 in bore, 4 in stroke length

Cross-sect. Area

,
D .2
d 2
Area 4 = rj = 0.15%in
. . ™ |r‘ :‘1 p— 2
Areap .. = I"-LLDBDIE )= 1.767-in
1
Pressure = = 60.58%-psi
Areap ..
k k
5. = 00303 -5 = 303 x 10° =2
3 3
cm m

My q = 8- Volume, . = 0.08kg

my. = Areag..-1lin-§_ = 2358kg

8r0d = Meog -
° : Scaling Factor



set-upfinitial distance between head and air d; = 3.73in
cylinder

' . I
Time bef t [ 2d; |

ime before impac g =  lime
| Zrod )

. — _ 1' '91 m

Welocity of rod right before impact “rodBI = #rod 'BI = 17 .

Impulse equals change in momentum Frtp= (Mpoq VeodBI) ~ (Mrod * Mhead) Vihe

I_PTESSUIE"J"IHBDIE - k'e_\:"tl= |_mmd"‘-mdBI::' - |_mmd * mhead_\:'"-rhc

Welocity of rod and head combined |MeodVrodBI/

Veps = _-12192
|Myoq + Mpead| =
_1|' -
Angular velocity of head after initial impact Wy = i _ —H.le-E
deg: =

Maximum Force Achievable by this Air Cylinder  Pressure = 100psi

Fppanac = Ateag,, .- 100psi = 786.066N

Acceleration of Rod approximate mass of air cylinder
F -— - - _ . )
aa_fgd = ! = 3951 = 103 E mag — -J‘IEE-BDIE' Ilin- hSS = -_-:','_'I'_'ISLg
A
Mynd 2
Pressure- Ateaggre 1y = (Mipp * Myoq |V 3.663-10°N
Larod 3 m ScalingFactor = o —ipH
Bod = T———— = 1277T= 100 — F o anac
SecalingFactor 5]
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‘Moments of Inertia from Chalmers, Applied Mechanics, Master's Thesis 2010
7

;i ;i
Lp =204 117kg-em™ Ig, = 232.888kg-cm™ L = 150.832kg-cm™

Ty

T 2
[ =————=4097Tkzg-em
. ScalingFactor

Distance from Occipital Condyle (OC, point about which head rotates) to frankfort line (x-axis in
reference frame) frankfort line is imaginary line connecting the upper margin of the aditory meatus
(AM, external ear canal) to the lower orbital margin (cavity containing eyeball) Chalmers et al.

d_J!L."pI.'{ = 8mm d_—‘i_.‘-.iz = 33mm

Distance from OC to center of gravity (CG) from Chalmer et al.

drgy = 13mm drg, = 33mm
2 2
dOG = dOGX + dOGI = 36.3153-mm
Mpooq = 44kg  Jfrom Chalmers et al.
Mahead
Mpag = —————— = 0044ke
ScalingFactor
Pressure-Area - Pressure-Area -
B 1 E 1
Avy, = -0 = Avp, = - 00872
|Mpead + Myod) s My + Mo s
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) _ MN-m  lfrom wang =t al.
L‘fﬂecks =10 http://ac.els-cdn.com.ezproxy. wpi.edu/'S002 1925012008898/ 1-52.0-5300212250 120088 98-main. pgf?_tid=08b%ac
do-88ad-11e4-9845-00000aab0f8b&acdnat=1418904287_8b82bd72fb8dd855802ac5 7804087 dd:

N-
kfdamp = 15K = 15-?’:l } From chalmers et al.

. 3
Kfnecks 1l m kg
Kpackhe = ————— = 2l46- ——
ScalingFactor s s
: 2
L‘fvdzu':fq:u . m -kg
Ejamn = ————— = 0213
P ScalingFactor s "
critical damping _N-ms
kg = 2m (Myead Fnecks = 2.847
rad
Damping Force Spring Force
(d,)
Fdamplze} = kda.mp'; E‘.H_,.' Fspﬁng[e} = Kpecks®

Peak moment of neck from Chalmers et al. M = 478N-m

Z
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Finding Forcing angular frequency (0.F
Qp = EGE Kept trying different 00.F until the graph of T.F and T.f looked the same
5

TE(t) = I:i Pressure-Areag .- d'DGxI' + My g B dOGz:I 51111 ‘ 'l-" t||
+|:1 —Pressure-Areag - dOGzJ' + My g B dOGx:I cas{ - t|I

Tg( ) = [(Pressure- Areap o o dogy) + Mieaq & dogy]sinl ) -
+|:1 —Pressure-Areag - dCGzJ + My g E dOGx:I -:,051 E'LI'

-0 -20
_30 o
Rakl Tel 8y)
= w0 R N
_,_l—l——l—'—"'-'-——-_ _m__,_,_r_,_.--l—"'-'_"'-—
30 .
; 5 73 —50
o3I . - 10 0 0073 015 0223 03
: g
— K
ms —_
rad

when T=-21J, 8.k = 1449 rad, t=4.83ms  Tp(483ms) = 411127 £ 144%md) = —LI2T

when T=-20_001J, 8.k=_2295rad, t=7.65ms To(2295rad) = 39,5427

TE(7.63ms) = —39.5427
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Complimentary Solution (Left side of equation)

.

d- i d )
I‘,-"_jek * 1"nda.fnl:u'_al;: + Epecks i
T odt dt

T k -
b dam Kpeck
dg_+_13.iak+ BCES

de” k 1‘r dt I‘,

- 2
1’:u:iau'm:u . | 1’51:1;3.1711:15‘". 4 Khecks

y N ) T

...

—

I

(2]

—
a
o
n
[t}

|

- 2
1’:u:iau'm:u | 1’51:1;3.1711:15‘". 4 Khecks

L L) L 1

Iy =

T9-1 -1
B(t)=ecpe” +eoye’

Particular Solution (right side of equation)

I:I_Pfessu.fe-_'—‘ﬁ_reaBmE- d‘DGx:' + My g B dOGz:I sinl_i:\k} — |Pressure-Areag -deg, + Mpaaq 8 dmx‘:l-cnsl_lik}

Guess . .
Acsin| Qp-t) + Bcos(f)pt)

W () = A-fip-cos(p-t) — B-fip-sin(0p-1)

2 . 2 .
oy (t) = —A-Qp sin{f2p-t) - B-Alg -cos| Qpt)

2 k neck: 2 .\ 7 .k .\ . neck: | .
f}ak + % %[ak + kﬂ::ks by = —_—\-1:F‘-sin| 1:F-t: - B-u}-‘-cosu:F-t} + d:np -|A-1:F-cus|1:}~-t} — B2, -sin| 1:}—-tH + kﬂ::ks -| A-sin 1:F-t: + B-cos| EEF-tH
It r r . .
Rearrange ) o .
[Pressure-Areap,,.-deog, - .\\_-si.nl Bk:' — [Pressure-Areap ,.-drg, ...\\_-cosl Qk}
s .k e | o 5k tnepks | o +my g ) | +m = )
|-Aof - m-B-!zr+ kmd‘s-_-\ |sin02p-t) + | B0, " + ﬂ-.&-u}w 1kﬂe':]"s-B |-cos{0pt) = = head & docz E \* Phead & docx 2
\ 5 o) "\ b Y o) 5
_and Edamp Bap+ Kpecks A= [Pressure-Areap oyl + mhead'g'df,Gz:|
2 kdaﬂ‘lp Kpecks ~Pressure-Areag, . dog; ~ Mpead 2 d00x
-B-Qp + Afp + T-B: R
[ Knecks J\\. 1’cd'a.mp ~Pressure-Areag,, o dog, — Mpead & dogs
| —— -ap |B+ A=
S L
[ Epecks J‘\. Edamp [l_Pressu.re Areagre degy) + Mhead 8 d'CGz]
| —— -0 [A- ——-0pB=
Uy Ty »

r N .
'\knecks - I}-‘”F j"'_\ - 1’:t:la.mp'ul-"'B = D_Pm551']'“"'_\‘{“301&'d'CC‘n(II F Mpeag 8 dCGz]
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| f 2
B = |:|_Pres51““"""“aBore'd{}GxII * Mhead & d'CGz] B '\‘knecks - I},-'”F J."""1
o=

_l.kdamp' 131’"}

::‘knecks - I}, 1!F‘J."

\ [ 7)
oAl |:|_F“551“"'5"""1?‘1B:3re'd{}{}xII * Mpead & d'CGz] ~ \Knecks — Ly J."""L
|: - * 1’cda.rrlp'“1-""51: ~Pressure- Areag, . degz ~ Mpead & does

_l.kdamp' )
-
i A NS 20 2 . .
'\‘knecks - I},-"“F }'l_ﬁessme""\leaBore'd{}Gx * Mpead & d'CGZ.I' - '\‘knecks - I},-'“F J A |_1’ccla.1'rlp'1!1"'_II = _l_kda.mp'1"}"_}'I._Pressme"'_\ﬂaBore'dCGz - ""lhead'g'd{}{}xII
s 1\2 2 i A
_'\‘knecks - I},-'“F‘JJ A |_kdmp'!!1:'_:'"'3‘= |_1’Cdzi.1'rlp'!!1"'_:"|_Pﬁ55”'re""\‘re 3Bore 400z * Mhead & dCGx:' - '\_knecks - I}-"!!F‘j'I_Pressme""\'reaBore'dOGx F Mipead & d‘CGz.:'

-

{ b .2 N NS Al N
Ac'|:_'\‘knecks - I},-'”F J 7 |_kdmp'1!F_I' :|= |_kda.mp' 1!FJ"|.Pre551']'re"'_‘“eaBore'd‘(}Gz * "”hemi'g'd{}('n(II B '\‘knecks - I},-"“F j'l_Pressme'ARaBore'dCGx T Miead & d'CGZ.I'

. . n .
A |.kdamp'!"F_:"|_PTESSUIEAIE&BOIE"1CGZ * Mpead & dCGx:' - '\Lknecks - I}-"“F j'l_Pﬁssu‘rE"""IeaBore'dOGx * Mpead & d'CGzJ'

A = -6478

H'IJ

‘[::‘knecks - I}-'!"F:_,'

42

| { 7
5 - [l,ﬁessme"ﬂ‘“aBore'd{}Gx:' T Olpeag & d'{}Gz] - 'L_knecks - I}-‘“F ,'"ch 3

. 0.7

_l.kdmp' )
Solving for ¢.1 and ¢_2 using initial values

|"f Il-[ f'\-tﬁ"_

bty = i‘hcl-e +cye” )+ (Ao sinI.!!F-t?:l + B, u:nsllill:--t}}

0y(0ms) = (¢ + ¢y} + (B-cos(0)) = 0dez ¢y = —{B_-cos()) - ¢,
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ry-f 141 .\ )
o (t) = cl-rlz-e ! + cg-rzz-e T Ac-llf-z-sin{!!l_--t} - Bc-ile-cns{llF-t}

2 2 2
og(lms) = cy-ry + oy — Boilp = oy,

’ 2 2 2
I:—{Bc-cns(ll}}} - ':Q:l'fl +eyry — B Qg -cos(0) = oy

2 ; 2 2 2
- -{Bc-cns{i}}} — 1 0yt eyty =oy+ Bl
% + BC 1!F2 =+ I-I.1 {BC
= — = 30.508
2 72
2 n
cp=-B,-¢c;=-31200

Complete Solution

{ -t -t . .
Bp(t) = | cl-erl + ey erz J + {A‘:- sin{!!l_--tj + B.-cos( ¢t}

. B(Oms) = ~1554 % 107
—100) = B = Hl{tl,l' = —309.178-deg
Bl 200 Distance cylinder is in contact with head
s T T
—300 g1 = |2 dog - 2dog -cos{Ogg) = 19Ln
- 400
0 3 10 13

148 |Page



Il- t Iz- t .
wt) =ecyrp-e . +oprpe 4 Ac-ﬂf--cns{ﬂl;--t} - EC-EIF-sm{ﬂF-t}

1
— 350 wi(Oms) = —5215.989;
— 400
wi(t) = wilty) = 377, 89 —
— 430
B 1
— 300 Wy = —22.159 -
5
- 550
) 5 10 15
t
ms
2 ot 2 ot 2. 2
oqf(t) =cyrp e +oprpy e — Al -sm{ﬂl_--t} - Bt -cns{ill_--t}
4
1 =10

4 rad
) = oqfty) = 1118 x 104-”—1
og(f)  1.3x10 N .

= 41
2

L310” oy(0ms) = 1.393 = 10 S
s
4 ™~
1.1x10
o 5 10 15 41
apg = 1305 % 10" —
t 2
- s
me
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After impulse ie after cylinder stops

Angle traveled through during impulse fpp = —309.178-deg
. 1 m
Velocity wgp = —377.89 - vy = wgrdpg = —21.357—
5 5
t, = tr.(t+ 001s)  1s By = bgp.bpp+ 25rad . 2rad
&
EI 1
{tp, = — = —449.682 —
tI 5
19.161

5
TFa{ta} = _mhead'g'd{}(}z'sm{ﬂFa'ta) + {mhead'g'dOGx}"ms{ﬂFa'taJ

Tfa{HAI} = _{mhead'g'dOGz}'sm{HAl} + {mhead'g'dﬁGx}'cns{HAI}

Tg,(ty) = 03197

T, Og) = 03197

4 4
TFa { ty ' T N Tfa i H::'LI,'
o= S N = 0
N-m N-m
-2 -2
-4 -4
10 20 30 40 30 10 20 30
ty B
ms deg
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Sum of Moments After Impulse

" ™
I T
_ . ) ) d, Fds

Mpca = |Mpead 8 4oy sin() — |Mpeaq 8 dogy) cos(l) — kyaeps ® - 1"u:ia.f:ﬂq:n'a:'l;l| = I}-"; E]E'JJ
Complimentary Solution

d: kdamp d Knecks |,mhead'g' dCGz:"sml,“Fa'ta, - |,mhe ad & dOGx:"'msl,“Fa'ta
—E!';"a+—-— at =

dt I}_- dt I}.- I}-‘

) ity ) r3-(t, )

Bt l=cee” 7 +eogpe”

all *a, 3 4 +
Particular Solution
Cuess
Ay-sinfp 1) + By-cos|Qp,1)
wi(t) = Ay g -cos((p, ) — By (g, sin O 1)

g B " .
o (t) = —Ay-fip, -sin| (g -t) — By f0p, -cos| Qp,-t)
{jek + %-i By + kﬂ:;ks b= —_'-\-lll;-al-sinl_!!l;-a-t} - B-!!Fal-cosl_lll;-a-t} + kd?p (Ar1p,-cos(tip,t) - B-Op,-sin{0p 1)) + kﬂeiks (Asin{ 0p, 1) + B-cos{0p,t))
Rearrange
( 3 %dam necks ) O 1 Fdam necis _ | . (mpeaq-e-dogy)sin{by) - (mpeaq-e-dogy)-cos(y)
Ay 0p, - d[}__p'Bz'“F“ knl;l" ._'—\_zj.sinl.lll_-a.t.}+ ;“_Bg'”l-'a"" dI}.- P Ay 0p, + kﬂ[:‘ .sz-c;os[!!l_-a-t_}: head & dcGz) S R tead € do6x) <0<\
) . Cime o emeden )

—‘\a'ifral ~ I"damp_B)_' - knecks___b: : head 2 9¢Gz :

ooy T

151 |Page



2 Ndamp knecks _ [ Mnead &dcgs |
3 S U

.
Ay Ly - kdamp'Bz'“F + Kpecks 42 = Mpead 2 d0G:

+

I-.\_kﬂ.ECLE ]1, --1-" J -"‘"-g - kdamp'“l-'"Bg= My .o q 8 dCGz
2
Byl p + Kdamp A2 UF + Knecks B2 = Mhead oGy

i )
necks — LrHE By + Kgamp Up A0 = —Mpeaq-2rdogs
“Mhead 890G ~ ¥damp HiFa A2
i p)
'kknecks - ]j,-"“l-"a J
2 [ Mpead 2 d0ex ~ Kdamp Fa A2 |

'kknecks - Ij,-"“l-"a J Ag - Lda.mp Upa = Mypeaq 2dcg;

'u Kpecks ~ Ij, 1!1:'; _,.'

Bz=

| H'IH p W2 I-' H‘|
'kkneclxs ]1, ey J Agt 1’Cuzia.fnl:u'“Fa'mhvaau:i'g'di}Gx + |._kda.1'np'“l-"av:' A= 'kkneclxs ]1, 'ra A |mhead g dOGz,:'

|:'~Lkneclxs ]1, “l-"ag_,,.' + [_kdamp'“l-"av:' :| A+ L‘damp Ly Mpead & dogx= | L‘ruau:?ms ]1, Fa _,,."[_mhead'g' dOGz,:'

\Knecks ~ Iy ©F '[mh 4'2406z) ~ Kdamp PFa Mhead & dogy .
Ay = S ~ Iy *Fa ) Mhea L ML — a9 x 10t
PAR V2
'kknecks - 1j,-"ul-"a J * lkda:np'“l-"av:'
“Mhead 2 90Gx ~ Fdamp 'Fa 2 —
By= —— P2 L e 107
Knecks — Ij,-"“l-"ag
o ry-(ty) ry-(ty) . o o
Hﬂl__ta}= cye  +coge +_&l-sm[ilr-l__t&ﬂ+Bl-|:ns|:1_'l:--|__ta£|
fll tI.:' I"| |t

. J 1!
E'E.Iltﬂ = cgpee ' + Cy-e _'!!L'_j sm[ill_- |t1£| + Bj EDS[ ‘F Itl:] = E'EI

. . ‘Y ry ()
E'EI - _'!!Ll sm[i !l:'a' Itl:] - Bl EDE[i!Fa' |t1£| —CyE '
Co = —
: r1-{ty)
=
2 iy 2 2l 2
O‘alltl,:" ey e tegr e - Ay Qp TsinOp |t1£| By “Fa cos| Qg ItI,EI Or[ltﬂ'

152 |Page



A . . (b fz“ﬂ 2
|:uJEI - ';\‘2'131:'&":05["!}"&'{_1:1,] + BZ-'_!Fa- sml:!ll:-a-{_tLD —cyrye N ] )+ oy rz - AZ!-'F - m.l:' L 1t1£| BZ “Fa cosl: XL {tID crﬂtﬂ
n ry-{1) 2 oty 2. 2 T T
wgpr) = AyrQpgcos] Oy (4] + Byry Qi) Opp{yf] - eprprye T Fegne T - Ay Op, sl 0p, (1] - By Qp, cod 2y {4]] = oflt)

ot fz* 1} \
CJ;[Q e oy oqlt) + Ay, sin Oy (1] + By Qs C“[-—ra“lﬂ wErt + Ag1y Qg os Oy (4] - By Cry sin] Oy (4]

. 2. 2 . o . o
C"ﬂ._tﬂ' + Ay 0p '5“1[!!1-"3 1tL|Z| + By 0p) cos[__l;-a 1tL|Z| — Wgrty + Ayrp Qg cos “Fa'{,tlﬂ - BZ’I'“Fa'sm[ul-"a'{,tIJ]

ey = — = 23342
2 iy it
2 -2 —frpe
ol m{‘ y E| 5 [‘ y E| (1)
3 21 2 LE 1 ZCOS LE 1 - Ci'E
oy = 2 1 2 1 = 26925
r{y)
e
&, Fdamp g, Fnecks vt e 2 oo Fdamp Snecks | &)
?Dk + Tgtc‘k + I‘ 'Dk - —_"!.'llFa 'hlIl‘_.llFa'L'r - D'lZFa '1;U::|_.llFa'L'r + ‘ '1. Fa LU::‘ Fa Lr - D Fa ::111‘ __Fa er + ‘ '1. ::111‘ Fa Lr =+ D LU::‘ Fa r
i 7 :
Complete Solution
. ry(ty) (1) e .
aaﬁ._ta+ =cye Tl +oye 21 + Ay Si‘l[!!Fa"._taﬂ + By-cos uFa"._taﬂ
v
- / Opar = Oyr{ty) = —309.178-deg By = —309.178-deg
vl ||
ALl
deg / 8,7(.5025) = 0.542-deg
— W
) B,(17ms) = ~334331-deg
-3

10 3075 603 9023 12x10°

(Guess tg = 330ms
Given

-ty (1) L L
|:c,3-e e +oye 21 + Az- Si‘{!!Fa"._tgﬂ + Bz-cos uFa"._tgﬂ = Odeg

Fi.ndi:tg: = 0.687s
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r1ta) iyt :
"*Ja.l{ta} = cyry-e ! + cyrye 2 + Al'ﬂf'a'cc'sl:ﬂf'a'{ta}:l - BE'ﬂFa'sml:ﬂFa'{ta}:l

Jﬁ{\
.0 — rad
=—377.80-—
“"aﬂta' “EI sec
= —J0 1
= Wt = w_rtr] = -103.721 —-rad
» ar = walt) = 105721
— 130 i
10 3075 605 9025 1.2=10°
ty

2 1yt 1 ot 2. b
D’a]{ta} =cyry e +eyry -8 - Al'ﬂl-"a -sml:ﬂf-a-{ta}:l - Bﬁ'ﬂl-"a -ccsl:ﬂl_-a-{ta}:l

le'ﬂ; i1
el 1\ opp= 1118 % 10 =
- 5
aﬁﬂta' AP 3
r2d 3 ™, 31
— 2x10° = =
2 ~ ol tr) = 6.833 % 10 S
ﬁ 5
—2x10°
0 30 6 9 120
ta
ms

L= 0s_001s.. 3s

o) = e e cye L Asin{Qpt)) + Bcos(Qp-t) i 0s< g < ¢
u:;erl.tttj + q-erl.ttt'l + AE'Eml:ﬂFa'{tt}:l + BQ'CE'EI:ﬂFa'{tt}] if <= 3s
1
Angular Displacement of Head Over Time fpg = —H49.682—
/

|
S

"4‘

=/
\/

0 125 250 375 500

ms

154|Page



X { rl.tt rl'tt 3 )
L\{tt} = :'.\_‘:I'II'E +cyrye + g‘-‘s.c-ill:--cns{ill_--ttv} - B, Op sﬁl{!!F-tL} ifs=221
{ -t Tyt

eyt oprye Ty Ay-Qp,-cos(fp, ) - Bz-izl_-a-si.ﬂ{ill_-a-ttﬂ i tp<t < 3s

Angular Velocity of Head Over Time

0 g
wlt,] /
(%) _200
=
S 400
— 600
0 125 230 373 300
t
ms
L C 2 2 Ik 2 : 2 :
o{ttj = [lern e +eoyrp e - A Qp 'E:i.tl{!!:l:--td' - B O -cos{i!l:--ttv} if Oms=t =t
ry-(ty) ry-(ty) : ‘
|:C3'112'E I + 1:4_-:22-& R - A‘I“Faz' Em[ifra'{ttﬂ - Bz'i.'Faz'C-Ds[ifFa'{tt} if tI = tt = 3s
3t = oftdeg
Angular Acceleration of the Head Over Time
1.5x10°* 800
E !'\_‘. E
T oely Bl =
< =t R
5 & 0 ™ 200 A
0 23 30 73 100
£
ms
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ax{tl} = D{"l}d{jﬁz az{"l} = D{"l}dﬁf_‘rx

300
3t \ = a (0ms) = 76745 2
—600 Bymay = & 0ms) = 76745 —
m 52
)
E-]
{ .'mﬁ
azxtt \ m
- \ Tamay = 2(0ms) = 181397 =
= 200 \ <
: :
G e P
0 25 50 75 100
i
ms
+

30ms=

ofty) dty

e S

Oms
3'ﬁw
HIP(t;}20 HIP(0ms) = 33.603-kW
KW
— 10
0 .
0 25 50 75 100
3
ms

156 |Page



C-6: Calculations for Finding Necessary Damping Coefficient of Neck Support

2 2
m -kg _ m -kg

P = 100psi Kpgbleck = 13115

5

(P-Areag oo oGy *+ Mhead & d06,) 50 U t) - (P-Areagore deg, + Mpead 2 dogy) oos( 251

L

d” 3 3 1 d 3 _
Lo— 8 + {Kdamp + oobleck) = ¥ * Fnecks ¥ =
- odt dt
Complimentary Solution (Left side of equation)
4o+ k Lo+ @
I},-? e * (Edamp + Koobleck ) i * Knects ¥
t

2 (K gamp + & ) -
di bleck ck
d ak"' . damp ooble '-19k+ ecks

dt” L dt L

5
_—‘n'eaBme = 11401 em

Bk=D

\ , 2
|.kda.mp * koobleck_:' . | 1’Ct'.iamp * koobleck\. 4 Eecks

ry = e -~ b / Y usst
F 5

" |
|.kda.mp * koobleck_:' |:|_kda.mp * kcobleck_:':| 4 ecks

L I

t = : : Y 6675- s

B

rﬂ_]-t

T, 1-[
0 (=c. g e +coye
nIlf) = eni n2
Particular Solution (right side of equation)
{P-Ateaggre dpgy + Mpead & dCGL}'iinlL'F t.} - (PrAreag, o dpg, + mhead'g'dm);} cos{{p t.}

Guess
Assin|{1p-t) + B-cos|(1p-t)
wi(t) = A-Lp-cos(Qp-t) - B-Op-sin{ Qpt)
oy () = —A-sz}~2-5i11|_1zF-t} -B 11F2-cus\_1!}--t_}

d: o+ ‘kda.mp + kgobleck) ge . Kpecks |kdamp + kogbleck! Kpeck

2 2
b= A 1!}: sm\_!!F t_:l -B !_'}: cos\_!!F t_:l +

. ‘s . .
— by " [A-p-cos{Qp-t) — B2y sin Qpt)) + | Assin| ©2p-t) + B-cos|Qp-t) )|
at I'_\,-' dt I'_\,-' I‘r \ \ 7 n \ 7! i \ \ \ i
Rearrange

(B-Areap oo degy - ‘\,'sml_ek} - [P-Areagydeg; - "\,'wsl_ek}

[, 2 (Stamp*%oomteck) . Fneaks | . o [ 2 (Rdemp*boobteck) | | Sneews | . \*Mhead'¥dcoz ) | MheadTdoe: )

—AOpt - T e+ Al Qpt] + | Bily e A+ ——— B cos{ g} =

I Iy v I Iy y o] Iy

[P-Areap o -dogy =)

5 E +k i acl | +m, -g- |
{‘A'!fr‘ _ Pdamp ™ *oobleck, B kIlECLS.A =N head & 4062 J
—(P-Areag drg, )

|k +k c Cneck |+ my g .

{_E_ g2 ¢ \Edamp aobteck) Angps Knecks _B} _ UMheag®dcax )

L ) N

157 |Page



; 7 . P
'\‘knecks - I} 3 _,J'B + l_kdamp = Egopleck ) HF A= [ F-Areeg, o dog, =)

| *MpeaqSdogy )

; 7 . .
'\‘knecks - I} 3 _,n'"'_\ * l_kda.mp + Egopteck ) {F B = [F-Arap . -dog, =)

\FMhead S00x )

PAreag, dogy + Mhead 2 906x ~ (damp * kgobleck ) ©'F By

[ 2)
‘\‘knecks - I}-"L'F J

_ —{P-Areagyre-dogs + Mpead o) — (Edamp + Loobleck) FAn

( hal
'.‘knecks - ]'_\,-"QF J

n

P-Areag o degy + Mhead 8 et — (Fdamp + & )-0pB
\ \ Bore iz head™= T damp oobleck/ ""F"n
| P-Areagyredogs + Mhead 2 oGy — |_kdzmp + Egobteck ) F I3 B
‘\‘knecks T I}"”F J

n Y
'\knecks - I}-‘ 2 A

11

. 5 =7
U Egamp + koobteck) P-AraB0re doa; _ Qp kdamp + Koobleck) Mhead & 9CGx . [“F {Edamp + koobleckﬂ 5

1) \
By '\knecks - I}"”F )= _l_P'A‘reaBore dogs + Mipead & d'CCerI + 7 5 B3
knecks - ]'_\,-"1!1:' ‘\‘knecks - I}-"L'F J

kt’le chs © I} "!FJ

I |_kda.mp *+ Koobteck) P-Areap,r dog, _ i |_kdamp + Koabteck) Mhead & d0ax

Specte = 9 Kpecte = 925

By :\knecks - I_v'“l-"‘) |

2
7 [F{damp * Foobleck! | \
- |: 3 = i :| = —{P-Areapy degz + Mhead B d0a) *
5 ef“-‘s_Ij,-"uF‘j‘

L e =l
| v Al .
A [l.kdamp * koobleck_:"!!F]'|_Pressme"heaBore'dCGz * mhead'g'dCGx:' B L_knecks - ]j,-"!"F J_,-l_Pressu.re-.*\:eaBme-dOGx * Mpead & dOGz:' _ 3078

3
f - . 2
‘['\_knecks - I}-‘“F T [I_kda.mp + 1’c:m‘rzblel:.ls:_:"‘“'F:l :|

. 4 A
B - I:l.Pﬂssme"ﬂ‘IeaBore'dCGx:' F Mpead & dOGz:I - '\knecks - I}-‘“F JJ'An - 0135
n = T amp + 0] ST
Cdamp T “oobleck/°F
T B wt) B -cosl 0t
LD = \Cn1® +Coy8 ) + I__-‘:.n- 5111|_--1:"t.:' + By cnsl_..l_--t_:l_:l

n2

B,0(0ms) = (e1 + ¢pn) + (Bycos(0) ) = Odeg en1 = —{Bpees(0) | — ey

2 ™1t 2 ot 2 ) 2 \
oyl = Cpty e + Cprtny 8 — A g sin| Qpt) - B Op -cos| (pt)

,
Og(0ms) = Cui ) T ety ~ ByllF Ton

" 2 2 2
[—I_Bﬂ-u:rc:us([l'}_:I - ':nl]'fl + Gty — By Op cos(l) = o

p W pl gl 2
= -|_Bﬂ-cos[l}}_} =Ll St Spd Ty = O+ Bilp

2 a2 "
C‘ehi'l-B "_!F‘+I ltlB :' =+
ey = r,ﬂ =313 ¢y = 30.598
KA A
~o2 ol oy = —31209
Cn1 = By — o2 = 3009
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Complete Solution

.'r Ini-t Inz-[\' f . N . e
B0 = lenre + e j} + | Aysin| Qpt) + B cos| Qp-t))
0
8,7(0ms) = 0
- 50 .
e Bupr = Ot} = —163.997-deg
100
Distance cylinder is in contact with head
— 130 7 3
o dpr = Jz-dm - 2-deg cos(Bypy) = 4.417-4n
o 3 10 15
t
ms

Tyt . . o
Wplt) = cpprtpg e + Cpyipee + Ay fipcos(fipt) - By Qp-sin| 2p-t)

— 150 wp{0ms) = —309.203 !
5
— 200
wr(®) wqEr = warlty) = ~186.363. 2%
g =250 : sec
B 1
—300 Wy = —22.159 =
5
—39% 3 10 15
L
ms
foq-f T4t . \ ¢ \
op(t) = ':nl'fnlz'e ol + cnz-rnzz-e 2 _%-!!Fz- sin| Qp-t) - Bn-!_'l;-z--:os{_!!f--t}
P ~ 3 rad
= trf =752x 107 —
ag(y 1x10° OyEL = Ot fy) < 10—
J——— [~ s
=d . ) 41
7§kl Oypi0ms) = 1385 = 107 —
k]
s
E 3 3 1
0 3 10 15 o = 1395 x 104—
t 2
R g
ms
+
Sum of Moments After Impulse
i A
. . . . . W d 1 dl
Mocan= {_mhead'g' d‘DGz,I"Em(B] - {,mhead'g' %}-005(9] ~ Knecks ¥ — {,koobleck + 1’:-:i;.u']up,l"a:a = Ij, ?B [
Ldt

Complimentary Solution

2 {,koobleck + kdaﬂ'lp} d 0o+ knecks b = {_mhead'g' dOGz,I"5m+.,!-'Fa'ta,|' - {,mhead'g' dOGx,I"CUS{_"!Fa'taVI'

d
B, +

@ 5 @t L Yy
B i) )

0a{td) = coze " © +cqpe s o
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Particular Solution
Guess

Apg-sin{ Q) + Byycos(0p,t)
() = Ay Qp-cos(Dpyt) - Byy- Opsinf 0p 1)

T, . S .
o4ty = —Ayo-Op, “sinf Opt) — By Op, "cos| Qp,t)

2 (& + Kamo) Enecks [k + Egamn) Kook
d | *oobleck damp/ q ecks nobleck dam . N L . ecks . N .
L= TR Ly by = —Ay 0p,sinl Op, ) - By g, cos{Qp,t) + oot BBy e cos{f2pg ) - Brg-fipysin Rp, )| + (Aqysin 25,1) + Byy-cos(2p, 1))
at L ar Ty 5 2
Rearrange
2 (Foobleck + Kdamp) Knecks . 2 %oobleck + Kdamp) Knecks | mneaqedog,)sin{ By ) — (mpeag-2-dogy)-cos( By )
—Anp, - f By {ipg + L -Ag |-sin{ Qpt) + | By Op," + 71‘— Ay Qp, + T-Erﬂ -cos|fipt) = L
o o2 eoobleck * kgamp)  Enecks [ Mhead & dog: |
Ayt - - By gy + L Ap= )
¥ ¥ \ vy )
o 2, Foobleck * ¥damp) | Tnecks _' (mpeaqSdoa |
Byl + - Any g L Bpp= 5, |

o] . N
“Ap Lty - |._k00bleck * Edamp) B2 UF + ¥necks A2 = Mhead 24062

"‘knec];s I‘, F _,J A~ |1"00bleck + I"da.mp:' QpBy = Myeqq-2dog;
Bl "F + (Koobleck * Kdamp) 202" 2F * ¥necks Ba2 = “Mhead 2 docs

|'J J:\' f |
knecks ~ 5 UF ) By + (Koobteck * Fdamp) F 402 = Mpead 2 dogy

+
5 o "head ®90Gx ~ (Koobleck * ¥damp) *Fa *n2
n2= s )
'Lhknecks - ]j,-"!"Fa J
8 n Y r_mhezd gdra. - ,kr_\r_\_lecl-: + k"_‘:_f!'_p::"!"l:'z""!‘*_ﬂ_j—l
\ knecks - L\.-"!"Fa 'A‘ﬂ_’. - |.,k00b1eck * 1’Idam L Alpy S = Mhead & d‘CGz
. 3 J p
Kpecks I} rq

.
2 ) s Y )
kﬂECLS Lotlgy | Ap t (Koobteck + 1"vd;.u'rlp:' Qg Mpead 2doge + [ll"ooblecl;. + 1"vd;.u'rlp:' “Fa:| A= | necks ~ Ly tra ) (Mpead deg:)

-
4 P . 2 ] . r
|:"_kﬂEC]x5 L\, Upa J [l._koobleck * 1’cdaa'np,:"1!1:'a:| i|-'1‘n_3, * Kaobleck * 1’:da.mp,:"!"l:'a']Tlhszar:l'g'd‘CC‘rx= ._knecks L\, “Fa / |mhead =) d‘OGz,

Enects — L g, |mhead 2 d0Gs) — (Roobteck * Fdamp) 2FaMhead £ 400 _4 .
A= / - P = 4T3x 10 Ay=—4891x 10
|'r J:\ 2 =
|:'kkr1ecks - If,-'"'!Fa J I:l Koobleck * 1"-:1;11'111:1:' !"F:I :|
_4
e ) . B, = 1662 % 10
~Mpead 8 deax ~ (Koobleck + ¥damp! FaAn2 .4 -
B, = = 1.863 % 10

Kpecks ~ I‘, “Fau
o rnl'l._[a::' n2 |._[a::' .
Hnall.,tav:'= Cp3 e +epae + Anl-sm[ LI It E|+ B cos[ e |t :]

tor-lt7) |f]. L
ﬂEIl tIJ' Cns = I"l : + Cn, -8 + A“ﬂl Slﬂ[ FltIJ' +B CUS[ e |tI.E| = HnEI
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. (4] {4 . .
en.al“._tl,l' =cy3 ernl : ) + Cpa ernz : ) + Ay 5iﬂ|:‘_!1:--|__tL|Z| + an-cos[!!r--{_t]ﬂ = b
s o 1 o-{t)
ogEr + Ap O sin[! !F-{__tlﬂ + an-!!}--cos[! 1F-|__tl£| - e rnzz-e a2y
2
Eal

()
-2

T Sy

+ AnZ' 5ix1|:1!1;--1:t1:[| + an-co 5[1!1;-- 1rtl£| = an.EI

C 2. L 2 o ' . £
| Ctlt) + A s s 2pa (4] + By 2pa cos[ L (1] - nErtat + And Tt 2ra 08 Cra (1] - Batar Crasin] Qra ()] |

2 ) (b
fn-z -e - fnl'fnz'e

e n (1)
 Bpr— Ayysin] O (t]] - Brycos Opa ()] - epece

Snd = — =-4312
-t
e

Complete Solution

L it rlty) . .
Hml{_taj =cpye alla) + Cpye a2la) + Ay sm[!.'l;-a-{_tav}:l + an-coslilz}-a-{_t&ﬂ

0 = Borar = Bparlty) = —163.997-deg B, = —165.997-deg
anl{ta]' /
g =3 8,,,7(.3025) = ~10.916-deg
10 B par{17ms) = —185.2-deg
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C-7: Calculation for Determining Necessary Thickness of Plywood for the Test Rig Base

How thick of plywood to get?
young's modulus of phywood
Length of wood board Ly = 24in

Xb = D].ﬂ_ lin.. Lb

Volume of wood board

E“_ = 12.4GPa
width

Ay =wd; Thy = 1935x 10 m’

Hrom http:/fwww tecotested comdtechtips/pdfftt_phrwooddesigncapacities

wdp = 12in Thp = 23n

Thickness

B

3

Assume weight of air cylinder support structure (& air cylinder) are distributed uniformly

Length from end to start of air cylinder structure L

. kg

=347 —=

j 3
m

Density of plywood

mass per length of wood base

Weight per length of wood base
Weight of wood base
Perforated framing 304 steel
Cross section aread

Length of frame base

total mass 1ft frame

total mass of 2ft column frame

total mass 1ft frame

total mass of support structure (approx.}

total mass of support structure with air
cylinder

weight of support structure with air
cylinder
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— 1
q = 13

Jfrom http:/iwww tecotested com/techtips/pdfftt_plywooddesigncapacities

! - -3
My, = .—‘*LC“.- ‘bp = 6.716 x 10

B |

. N
Wy =M 8= D.U'ISIS-;
W = WLy,

.
A_p = [074in(15in + 1426in)] = 0217-in"

Lp=Ly-L,=1lin

Amount
myp = A b 12in = 0.342kg 4
myp = A g8 24in = 0.684kg 4
My per = Ap-8eg-bin = 0.017kg 6

my =mp+m,, =6763kg

Wy = my g = 14.9111bf



weight of load per inch W)=—=135%6—
Ly in
= ! L 3 00314 :
Moment of Inertia of wood board Ly= 5 lyThy =005lm
Forces from hands while carrving set-up at ends
Ly [ L)
W— + WL+ —
2 \ 2/
Ny = = 11.493-1bf
Ly

Ny = Wgly+ WL - Ny =3422-1bf
Bfx.a) =if(xzal0)

Shear ﬂxb] = }Jl-S{xb,'I}m} - "?F\-'W-S{xb,ﬂj.n}-{xb} - wl-s{xb,La}-{xb - I_a} + Nz-s{xb,l_b}

Shear
5
, ™
w\xb_ll i ;
-2
I \J
-10
— 1 3
"0 10 20 30
%,
in
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P . o 'Ww, _tg'wl, . W2 . -, K
Mypendl %) = Ni-8{x,.0in)xy, - - -8{xp.0in) -5, — T'S*._Xbiaj'i"b —Ly)" + Ny-8{xy.Ly){xp — Ly}

Moment
40
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Ibf.in \
— 0
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. 1 1. ) w o, .3 1 . . .3 b . 2
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N - W, N.
£ 1 1 . R W oy 4 1 I v4 2 Ny W3
Dixy,| = -|:—-S{xb,0m|-xb - —— 8, Oinfm, "~ _-S{X}J’LEJ-{X}J - LaJ' + — 85 L5, — L) + Cpmgy + C2:|
oy E‘w]'w & \ J 24 \ J 24 \ \ 6 ) LA 4
-~ A W,
1. 2 w_ 3 1. 23 .2

N W W,
1.3 W 4 W, @ 3.3
Coa= Lo + 5o + 3 (Lo~ La) — Cioilp = 9361 x 107bfin

4
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P 1 1 o 2 W o 3 1 Wy W3 2 W W2
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Appendix D: Procedures
D-1: Procedure for Determining Oobleck's Viscosity to Force Relationship

Etped;mnml procedure to find equation relation of viscosity to force for Oobleck:

Materials:
o 2000mL graduated cylinder v Micrometer v Ruler o Qobleck sample
+ Digital scale s Stopwaich v Jspheres of different misses

Procedure:

1) Megsure the diometer of the graduated cylinder using the ruler and record the resulf

2 Find the mass of the empty graduated cylinder using the seale and record the resulf

3) Measure the diameter of ong of the spheres using the micrometer and record the result ina table.

4] Find the mass of the same sphere using the scale and record the rasult in atable.

3) Find the density of the sphere using the formula: p = % where i is the mass found in step 4 and d s the diameter found in step 3. Record the result in a table
16

6) Repeat steps 3-3 for the remaining spheres.
7) Take an Qobleck semple and pour it into the graduated cylinder wntil the 1600mL mark.
8 Measure the height the Qobleck fils the graduated cylinder fo and record the result. (This only needs fo be done once)

9 Calculate the volume of the Qobleck using the formula V = ind:h where d is the diameter found in step 1 and h is the height found in step 8 and record the resulf

10) Find the mass of the graduated cylinder with the Qobleck in it using the scale.
11) Find the mass of the Qobleck by subtracting the mass of the empiy graduated cylinder found in stgp 2 from the mass found in step 10 and record the rasult
12) Find the density of the Qobleck by using the following formula: p = ,idz whre i is the mass found i step 11 and d is the diameter found in step 1. Record your resulfs.
=
16
13) Use the stopwatch to time how long it takes for the sphere to reach the bottom of the graduated cylinder and record the results in a table.
14) Find the viscosity of the Oobleck for each sphere usivg the following formuls: F; = bmpVd,F; = mg - Fy, and Fy = Em’ * Bftuiad, Where Fais the drag force, p is the viscosity

of the Qobleck, Vs the velocity of the sphere, d s the diometer of the sphere, mi s the mass of the sphere, g is the acceleration of gravity, Fais the huoyancy force, 1 is the radius
of the sphere, and prys5 s the densily of the Oobleck found in step 12, Record your rasult in a table.

15) Repeat steps 13-15 for each sphere i the same sample of Qoblack

16) Repeat steps 7-13 for each sample of Qobleck

17) Once all the viscosities have been found for each sphere ineach sample of Qobleck, plot the viscosities vi. weight of the sphere (mg).

18) Fit an equation to the curve to find the shear thickening relationship the Qobleck has with force.

167|Page



D-2 : Hot Water Oobleck Cooking Procedure

Oobleck cooking procedure using hot water

i
3

Mok

S

9

Mix one baich 2:1 commstarch fo water in order fo have the same concentration
Divide mixture info zip lock bags

. Fill a lavge pot with enough water {af the same femperature of that used fo make the

suspension) to cover the suspension. Use a metal steamer fo sef the bags on in the pot fo
make sure none of the plastic touches the side of the pot

Fill a bowl with cold waier and ice

Turn gas siove on medium (3) and heat water until bubbles are seen sticking o the sides
then "stir” the bags

Reduce heat to low {3) and leave the bags in for 3 minutes

“stir” and remove 1 bag and place if inthe ice water for 2 minutes

After two minutes "stir” the bags and remove one and place it in the ice water for two
mirutes

Repeat steps 7 and 8 for the remaining bags

10, Dry off and label bags accordingly after the ice water bath

*if cooking for longer, "stir” every two minutes

*The last bag was cooked for 15 minutes to get a more siviking difference between the cooked
and uncooked oobleck

10.

11.

12.

D-3: ANSYS Static Analysis Procedure

Open Ansys

In the analysis systems drop down on the left hand side of the screen, double click static
structural

Right click the Geometry cell, select import file, then browse. Import the parasolid file of
the model.

Change the materials by selecting Engineering Data Sources, and adding polyethylene
and polypropylene.

Under View, select reset workplace layout.

Under the Geometry tab in the model window, select each part of the model and in the
details window, change each part to the desired material (All to polyethylene).

Right click on the Model cell, select mesh in the menu, then update. A mesh is created on
the part.

In the sizing section of mesh, change the sizing relevance to fine. The update the mesh.
Right click static structural, insert, fixed, select the bottom cylinder of the neck, select
apply.

Under static structural, right click, insert, acceleration. Select the impact point on the
model and enter an acceleration of 1.938*10"3 m/s"2 as used in prior MathCad
calculations.

Right click solution, insert total deformation, repeat and select equivalent stress (von
mises).

Right click static structural and select solve.
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13. Repeat steps 6-12 with a force of 416.738 N.
D-4: ANSYS Dynamic Analysis Procedure

1. Open Ansys

2. Inthe analysis systems drop down on the left hand side of the screen, double click explicit
dynamics.

3. Right click the Geometry cell, select import file, then browse. Import the parasolid file of
the model.

4. Change the materials by selecting Engineering Data Sources, and adding polyethylene.

5. Under View, select reset workplace layout.

6. Under the Geometry tab in the model window, select each part of the model and in the
details window, change each part to the desired material (All to polyethylene).

7. Right click on the Model cell, select mesh in the menu, then update. A mesh is created on

the part.

In the sizing section of mesh, change the sizing relevance to fine. The update the mesh.

9. Right click explicit dynamics, insert, fixed, select the bottom cylinder of the neck, and
select apply.

10. Under explicit dynamics, right click, insert, acceleration. Select the impact point on the
model and enter a force of 416.738 N as used in prior MathCad calculations.

11. Under explicit dynamics and analysis settings, add a time of 0.012 seconds (12 ms as
used in previous calculations).

12. Right click solution, insert total deformation, repeat and select equivalent stress (von
mises) and total acceleration.

13. Right click explicit dynamics and select solve.

o

Appendix E:Completed Assessment Forms

Appendix F: Miscellaneous
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Standardized Assessment of Concussion (SAC) l

ORIENTATION Score: __I5 CONCENTRATION: Digits Backwards Score: ;s‘
What is the date? 0 1 4.0.3 B-2.0 0 1
What day of the week is it? 0 1 314 3.2.7.0 ol 11 |
What year is it? 0 i §-2.0.7.1 1-5.2.85 ol 11 |
Whiat time of dﬂ}' is it? [W}{I’i 1 hﬂuf:l 0 1 TelaRedafa? 5e3ebaladaf 0 | 1 |

5-2-6 4-15 o 1]

IMMEDIATE MEMORY Score: ___ /15 J 17-05 4.96-8 o[ |1

4-B-5-2-7 B=1-8-4-3 o 1]
FormA  FormB Form € Form D 8-3-1-9-6-4 7-2-4-8-6-5 0 1
Bow  Caoe Gy ke [ome
Appla Paper Monkey Penny 1-4.2 B-5- 0 i
Carpet Sugar Perfume Blankeat 18-31 YdeBed ol 111
Saddle Sandwich Sunset Lemon £.0.1.5.3 B-B-2.5.1 ol 1111
Bubble Wagaon Iran Insect 376510 0.76-5-14 ol 111
Word 1 Dec_Mov_Oct_Sept_Aug_ Jul_Jun_May Apr Mar_Feb_Jan
Word 2 C T l—_—l 1 l:l
Word 3
Word 4 .
o s DELAYED RECALL Score: ;sJ
Word 1 0 1
Word 2 0 1
NEUROLOGIC SCREENING Word 3 0 y
Word 4 0 1
Loss of Consciousness: (occurrance, duration) Word 5 ] 1
Retrograde Amnesia SCORE TOTALS I
Antegrade Amnesia

Strength Orientation =_ I Overall Score

Sensafion Immediate Memory = ___ /15

Coordination Concentration = |5

Delayed Recall =__ |5
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