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ABSTRACT

Impact mass and inbound velocity are important parareters defined in helmet
standards, which represent the total energy transferred during & hit to the head. The purpose
of this study was to determine the influence that impact mass and inbound velocity had on
energy attenuation characteristics of polymeric materials used in helmet desig.i. Materials
consisted of three densities of expanded polystyrene, expanded polypropylene, and vinyl
nitrile foam. Each sample was impacted once at 25 different levels of energy using a
monorail drop test. Significant main effects v ere observed for impact mass, inbound
velocity. and miaterial density on peak lincar acceleration and impulse (p<0.05). Using peak
linear accelerations as the dewerminant for risk of injury, head mass and intound velocity

played a significant role in helimet material performance.
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CHAPTER 1. INTRODUCTION

1.1 PROBLEM STATEMENT

Safety standards which govern helmet design have changed marginally throughout
the last two decades despite the significant adyancements in scientific research regarding
brain injury mechanisms (Hoshizaki & Brien. 200). Helmet standards make a quantifiable
judgment regarding the protection capabilities of a helmet and may be jeopardizing the safety
of young children by ignoring critical physiological and biomechanical distinctions between
children and adults. This study investigated the biomechanical differences between children
and adults that influence the risk of head injury. For example, children’s helmets are
presently tested using an adult-weighted headform of around five Kilograms and are impacted
using velocities representative of adult anatomy (Becker, 1998). Thus, the overall momentum
(mass times velocity) reproduced in standard testing is exaggerated while testing children’s
helmets, which may diminish their protective abilities and place chiidren at an increased risk
of injury. Research involving the effects of impact mass and inbound velocity on the energy

attenuation of helmet materials is nceded to improy e the impact protection capabilities of

children helmets.

1.2  OVERVIEW

Sports related head and neck injuries are responsible for some of the most
catastrophic athletic injuries seen. In 2003-2004, sports and 1ecreational activities were the
third leading cause of traumatic head injury admissions in Canadian hospitals. In particular,
twenty-eight percent of all children admitted in the emergency ward for traumatic head
injuries were due to such activities (Canadian Institute for Health Information. 2006). The

outcome of these head injuries can be devastating, often leading to significant lifelong



physical. social, emotional, and economical consequences. Avoidance, education, and
protective head gear are the best intervention strategies for preventing or minimizing these
sport-related head injuries (Mclntosh, McCrory. & Finch, 2006).

An impact to the head is characterized by a sudden onset of high forces over a short
duration (Barth, reeman, Broshek, et al., 2001). High forces acting upon the head result in
head injuries, where the severity of injury is directly related to the magnitude of the
impacting force (Newman, 2005). The intracranial response to a head impact varies
according to the overall size (mass and geometry) of the human head. It has been
demonstrated that maximal effective stress, maximal shear stress, and frontal and occipital

pressures in the brain increase significantly with increasing head size, given the same

8]

acceleration pulse (Kleiven & Holst. 2002). The relationship between force, acceleration, and

mass is best explained using Newton's Second Law of Motion, where resultant force is the
product of mass and acceleration (EF = m x a). Given the same impacting force a smaller
head mass would result in greater accelerations being transmitted to the brain, thus a greater
chance of serious injury (Newman, 2006).

Nearly all helmet standards implement a quantifiable pass/fail criteria based on peak
linear acceleration (g), where acceleration is measured from a simulated helmeted head
impact and is used to define injury thresholds (Goldsmith & Plunkett. 2004). Acceleration is
expressed in gravitational units (g), where one g is equal to the acceleration of gravity, 9.81
meters per second squared (m/s”) (CAN/CSA-D113.2-M89). The goal of the helmet is to
distribute and dissipate the impact forces below the injury threshold, thereby minimizing the
Kinetic energy or acccleration transmitted through to the head (Avalle, Belingardi. &
Montanini, 2001). Unfortunately. these tolerance levels are gencrally set between 250 and
300 g's for all individuals, regardless of age. weight, or sex (Goldsmith & Plunkett. 2004).

Childrens brains have a lower degree of calcification and greater water content; therefore,



Kinetic energy is more easily transferred from an impact to the brain placing children at an

increased risk of injury (Avalle et al.. 2001: Stevenson, 1998). Subsequently. injury threshold

limits as low as 150 g’s or lower have been suggested to be more appropriate for children
(Becker, 2000).

In addition to unreasonably high threshold limits, many helmet standards test a
child’s helmet by strapping it to a five kilogram (kg) headform mass and dropping it from a
predefined inbound velocity, where the parameters have been defined based on the average
mass and falling momentum (mass x velocity) of an adult head during impacts (Becker,
1998). The head mass of children under the age of five years; however, ranges from
approximately 2.8 t0 3.9 kg (Heh & Stadnik, 1997). Newton's first law, the Law of Inertia
states that a body s momentum is the product of its mass and linear velocity (p = mv), which
indicates that a lower body mass and inbound velocity would significantly decrease the
body’s resistance to change momentum (Gordon. Dooley. & Wood, 2006).

Foams incorporated in helmets function within a prescribed energy range, where an
inbound momentum that is too low or too high can cause the material to fail. For example, if
the liner density is too low for a given impact energy the material compresses too quickly and
fails. whereas if the density i> too high, the material fails to compress and absorb energy
causing the forces to exceed the critical head injury threshold (Avalle et al., 2001). If helmet
standards used a headform weight that better represent a young child’s head and reduced the
allowable peak g's. helmets may need to be designed with a lower density liner to lessen the
impact forces transmitted to the head (Heh & Stadnik, 1997; Stevenson, 1998). The effect of
impact momentum on energy transfer evidently plays a significant role in the risk of injury
(Newman, Beusenberg, Shewchenko, ct al., 2004) and protective materials need to be

designed with this in mind (Martin. Liptai, Yerby. et al.. 1994).



Overall, it is the helmet properties, the mass of the human head, and the impact
momentum which determines the level of energy transmitted to the brain during impact
(Becker, 1998). Enhancing ones understanding of these factors will help improve the design

of helmets and level of head protection offered to children.

1.3  OBJECTIVES
1. To determine the effects of impact mass on the energ) attenuation mechanics
(peak linear acceleration and impulse) across materiai densities for expanded
polystyrene. expanded poiypropylene, and vinyl nitrile.
2. To determine the effects of inbound velocity on the energy attenuation mechanics

(peak linear acceleration and impulse) of expanded polystyrene, expanded

polypropylene, and vinyl nitrile.
3. To determine the effects of material density on the energy attenuation mechanics
(peak linear acceleration and impulse) of expanded polystyrene, expanded

polypropylene, and vinyl nitrile.

14  EXPERIMENTAL HYPOTHESES
1. Changes in impact mass will have a significant effect on peak linear acceleration.
2. Changes in impact mass will have a significant effect on impulse.
3. Changes in inbound velocity will have a significant effect on peak linear
acceleration.

4. Changes in inbound vclocity will have a significant cffect on impulse.

0

Changes in material density will have a significant effect on peak linear

acceleration.

6. Changes in material density will have a significant effect on impulse.



1.5 INDEPENDENT VARIABLES
1. Impact mass (kg): 3.59 kg, 4.09 kg, 4.59 kg, 5.09 kg, and 5.59 kg
2. Inbound velocity (m/s): 1.0 m/s, 1.5 m/s, 2.0 m/s, 2.5 m/s, and 3.0 m/s for vinyl
nitrile; 1.0 m/s. 2.0 m/s. 3.0 m/s, 4.0 m/s, and 5.0 m/s for expanded polystyrene
and expanded poly propylene.
3. Material density (kg/m®): Expanded polystyrene (EPS) 62.95, 83.46, and
100.12 kg/m?;
Expanded polypropylene (EPP) 44.53, 83.94, 117.09
kg/m’;
Vinyl nitrile (VN) 602, €00, and 740; equivalent to

. 97.32, 111.62, and 127.17 kg/m’, respectively.

1.6 DEPENDENT VAKIABLES
1. Peak linear acceleration (measured in g’s)

2. Impulse (measured in Newton seconds (N*s))

1.7  SIGNIFICANCE

Considering helmet liners as the primary shock absorbing component of the helmet
(Mills & Gilchrist, 1991), understanding the energy absorption capabilities of these open and
closed cell foams will allow better understanding of the performance of helmets for different
head masses and impact energies. Since foam materials function within a prescribed energy
range, it is presumed that child helimet liners could be improved significantly if appropriate
testing parameters were considered in their design. If the above hypotheses are proven
significant, than conclusions may be made that helmet standards need to modify their testing

procedures to use more fitting parameters to function within the range of impact energies for



the intended age group. Helmets can thus be designed more suitably for the unique
requirements of children and adults, which will ultimately decrease the risk of brain injuries

during impacts to e head and reduce the amount of sport-related concussions and brain

injuries world-wide.

1.8  LIMITATIONS
All foam samples were not moulded into their test sizes due to product availability
limitations. When the foam samples were drilled from the manufactured sheets, it may

interferc with the foam cell properties at their outer edges/walls and influence their impact

performance.

1.9  DELIMITATIONS

The headform composition was kept constant throughout all dynamic impact tests. In
reality, the composition of ones brain changes significantly from birth until adulthood;
however, the headforms used for this study are in accordance to the BS EN 960:1995
standard for testing headforms, which has been adopted by many international helmet testing
standards (ISO TC 83/SC 5N, 2006). The headforms were not biofidelic and thus,
conclusions regarding the internal forces within biological tissues were not possible.

The dimensions of the sample significantly affect the cnergy absorption mechanics of
the material. The thickness of 2.54 cm was kept constant throughcut the study, as well as the
diameter of 5 cm. This diameter was chosen because larger diameters were not compressing
before excecding the force thresholds of the equipment. Thus, conclusions made from this

study were in reference to these dimensions only.



In addition, all impacts were in the crown position. Different impact positions have

different geometrical shapes, which varies the impact footprints and subsequently the results.

Thus, all results were in reference to the crown position only.

1.10

to

ASSUMPTIONS

Polymeric foam plasticity initiated at the beginning of the stress plateau (Zhang,
Kikuchi, Yees, & Nusholtz, 1998).

The 0.2% offset was the most appropriate value for approximating compressive yield.
The impact drop mass and force plate acted as a completely rigid body.

The «nwernal properties of each foam sample (ie. air cells, cell walls) were evenly

distributed throughout each material.



CHAPTER 2. REVIEW OF LITERATURE

2.1 HELMETS AND HEAD PROTECTION

The overall goal of a helmet is to manage the severity of an impact and limit the
shock transmitted through the helmet to the head (Becker, 1998). Helmets reduce the
deceleration of the skull during collisions to help minimize the movement of the brain. This
is primarily done through the management of the impact by crushing the soft material (foam
liner) incorporated inside the helmet (Becker, 1998; Mills & Gilchrist, 2003). For helmets to
function effectively, the head must slow to a complete stop before the material/liner inside
the helmet has been crushed to its minimum thickness. Generally, low density polymeric
foams arc used as they have “excellent impact energy absorbing capabilities” (Zhang et al.,
1998, ». 370). Helmets function by spreading the impact forces over a larger area and
preventing direct contact between the skull and the impacting object, which protects against
abrasions (Camacho, Nightingale, & Myers, 2001; Hui & Yu, 2002; Ivarsson, Viano,
Lovsund et al., 2003; Towner, Dowswell, Burkes et al., 2006). As well, helmets aid in

increasing the impact duration time, thereby decreasing the peak force transmitted to the head

(Hch & Stadnik, 1997).

Ilelmets generally consist of an outer shell, inner liner, comfort padding/foam, and a
chin strap (Liu, Chang, Chin-Ming et al., 2003). Hockey helmets, shown in figure 1(a),
consist of a tough plastic outer shell that can withstand severe impacts at low temperatures.
They are built with a polypropylene or viny! nitrile foam liner for absorbing and distributing
shock and a nylon chin strap that holds the helmet securely to the head. Footbali helmets,
shown in figure 1(b), are built much the same way as hockey helmets; with a tough
thermoplastic shell and polymer (vinyl nitrile) foam lining. For hockey and football helmets,

a faccguard is attached to the shell and a chinstrap which holds the helmet to the head



(Newman ct al., 2004). Bicycle helmets, shown in figure 1(c) are designed with an
approximately 0.3 mm thick microshell, which plays minimal roles in attenuating energy
upon impacts and also consist of a polymer lining (expanded polystyrene foam), comfort

padding, and a chip strap (Hui & Yu, 2002).

(a)

<— Polycarbonate Shell

/

Chin strap
- (Bauer HH4000 Helmet)

Polycarbonate

(b)

£
Foam pads

(DICK's Sporting Goods, 2007)

\4—- Shell

Air ventilation holes
~ Expanded polystyrene foam liner
<— Chin strap

(Rensselaer Polytechnic Institute, 2005)
Figure 1 Main features of an ice hockey helmet (a), football helmet (b), and bicycle helmet
(¢).
2.2 SINGLE VERSES MULTIPLE IMPACT HELMETS

Ielmet liners arc generally made of either expanded polystyrene (EPS), expanded

polycthylenc (EPE), expanded polypropylenc (EPP), vinyl nitrile (VN), or cross-linked
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polyethylene foams (I1oshizaki & Brien, 2004). EPS is an example of nonrecoverable foam,
popularly used in single impact/crash helmets. EPS is the choice for most bike helmets
because it performs well in hard impacts and is light, cheap, reliable to manufacture, and easy
to ventilate (Hoshizaki & Brien, 2004; Landro, Sala, & Olivieri, 2002). To make EPS liners,
polystyrene beads are formed in a mould, which is subsequently injected with steam to glue
the beads into the desired shape. All foams have a microstructure which can be represented as
a “stacking of randomly distributed cclls of vaiious shapes and sizes,” (Shulmeister, Van der
Burge, Van der Giessen, et al., 1998, p.125). Nonrecoverable foams absorb energy by
crushing the walls of the foam cell during impact and therefore are only functional for one
hard impact (Hoshizaki & Brien, 2004).

On the other hand, recoverable foams, such as EPP, EPE, VN, and cross-linked
foams used in helmets designed for multiple impacts, dissipate encrgy by pushing air out of
their cells and do not require damaging the structure of a cell wall to do so. These liners are
moulded using the same process as EPS and recover after head impacts; however, they are
generally less efficient energy absorbers than nonrecoverable foams (Ivarsson et al., 2003).

EPP and VN foams are commonly used in hockey helmets and VN foams in football helmets.

2.3 MECHANISM OF HEAD INJURY

Fortunately, through advances in medical rescarch the understanding of head injury
mechanisms has improved significantly in recent years. Knowing how head impacts affect
the brain improves our know ledge regarding how helmets should function and subsequently

allows for advancements in helmet design.
Traumatic brain injuries (TBI's) include mild to severe concussions, which can be

defined as “a complex pathophysiological process affecting the brain, induced by traumatic
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biomechanical forces™ (Patel, Shivdasani, & Baker, 2005). Head trauma begins with positive
pressure, which occurs at the site of the impact (coup site) and ends in negative pressure from
.he brain st. "\ing the skull at the opposite side of the impact (contrecoup site) (King, Ruan,
Zhou et al., 1995). Shear strain within the brain results from this movement inside the skull
after it has been significantly impacted. The greater the angular accelerations applied to the
head the greater the axons are stretched inside the brain, which results in rupturing of the
bridging vcins. Harder impacts wculd cause greater damage to the bridging veins, which
results in decreased blood drainage from the brain to the dural sinus (King et al., 1995).
Rupture of these veins can result in subdural hematomas, causing significant injury to the
individual. In addition, significant impacts can cause stretching of the neurons, which are
responsible for processing and sending signals for thinking and moving (Ommaya,
Goldsmith, & Thibault, 2002).

There arc two main mechanisms for TBI’s in children and adults (Goldsmith &
Plunkett, 2004). The first is described as impulsive loading and the second as impact loading.
Impulsive loading occurs when a body is struck by some external object that causes the head
to move. This is similar to “whiplash™, where an unsupported head rotates around the cervical
spine causing shear strain and subsequent damage to the bridging veins between the brain and
skull as they rotate at different rates (Goldsmith & Plunkett, 2004; King et al., 1995). The
second mechanism, impact loading results when two solid objects collide at a velocity
sufficient enough to cause significant effects. This second mechanism is of more interest for
the current study as this relates to the current testing techniques for heimets. The impact of a
head against a solid surface or object always results in accelerations to the brain. These
accelerations are used to define injury thresholds, which are used by current federally

mandated standards for testing helmets (Goldsmith & Plunkett, 2004).



Nearly all head impacts result in both translational and rotational acceleration.
Translational accelerations generate pressure gradients in the direction of the motion and are
proportional to the magnitude of acceleration; however, rotational acceleration causes
differential displacements between the layers of the brain resulting in shearing of the tissues
and subsequent damage to blood vessels. Deceleration/accelerations are the key issues when
discussing the forces applied to the brain. Deceleration is simply the negative of acceleration,
which occurs when the velocity of the impact is slowing down (Barth et al., 2001). A brief
explanation of acceleration is the change in velocity over time. Basically, the quicker the
change in the head’s velocity the greater the force applied to the structures of the brain,
causing increased damage. Using the players mass and the accelerations during impact allows
for an estimate of the level of force involved. To obtain precise calculations of force would
actually involve the consideration of all vectors (direction and magnitude of force) involved
in the impact, which is the goal of future research (Barth et al., 2001). In summary, the
magnitude of the impact force, the location of the impact, and the resultant head and brain
accelerations account for brain injury (Mclntosh & McCrory, 2000).

In the literature, there have been notable differences regarding the mechanism for
head injuries in different age groups, especially young children, which suggest that unique
standards and subsequent helmet designs are needed for distinct age groups (Heh & Stadnik,

1997).

2.3.1 HEAD INJURY THRESHOLDS

The aim of a shock absorber (or helmet) is to minimize the peak force of the impact
below a set limit/threshold. All head injuries are the result of some force acting upon it,
where force and acceleration are interlinked. This is demonstrated through Newton’s Second

Law of Motion: LI'orce = mass * acceleration, which aids in the calculation of the stresses on



neural fibres under various impact conditions (Barth et al., 2001; Newman, 2006).
Acceleration is a vector quantity representing the rate of change of linear velocity with time.
Many current international helmet standards use peak linear accelerations as determinants for
injury, with set tolerance levzls between 250 and 300g for both adults and children, which
have been argued to be too high for children (Stevenson, 1998).

Acceleration can be measured using a piczoelectric acceleration transducer located at
the center of mass of a testing headform (NOCSAE 001-06m06, 2006). Peak acceleration
alone however, is generally not the best indicator for injury as it neglects the role that impact
duration plays (Gadd, 1966). Consequently, some standards use the Gadd Severity Index
(GSI) or Head Injury Criterion (HIC) as pre-determined injury thresholds (Becker. 1998;

Camacho et al., 2001, Ivarsson et al., 2003., Myers & Nightingale, 1997).

2.3.2 GADD SEVERITY INDEX

The GSI and HIC are based on the Wayne State Tolerance Curve (WSTC) (Gadd,
1966). The WSTC was developed at Wayne State University, which conducted the first study
to examine the relationship between acceleration level and impact duration by relating them
to the risk of a serious head iijury. Unfortunately, factors such as age, weight, sex, or size
were not accounted for in this curve even though it has been applied to all individuals,
including small children (Goldsmith & Plunkett, 2004). Nevertheless, the WSTC revealed
that as impact duration increased, the tolerable intensity decreased, whir % concluded that
acceleration or force alone was not the most appropriate criterion for determining injury
threshoids (Gadd, 1966).

In 1966 Charles W. Gadd had proposed plotting the WSTC on a log-log scale to

present the tolerance curve as a straight line (McHenry, 2004). The inverse of the slope



corresponded mathematically to a power weighing factor, from which a numerical value
could be used to define an injury threshold, now known as the GSI (Gadd, 1966). Gadd had
established a GSI value of 1000 as the threshold for a serious internal head injury. It was
recognized however, that this value would change as knowledge regarding injury
mechanisms advanced, which helps explain why diiferent standards have varying GSI values.
The GSI is calculated by raising the acceleration vector (a(t)) in gravitational units (g°s) fo a

power of 2.5 and integrating it with respect to the impact time in seconds:

0 -
GSI= f ra(t) 27dt

(CAN/CSA-D113.2-M89, 1996)

Where:
a = acceleration (g’s) at the head’s centre of gravity
n = weighting factor greater than |
t = time (seconds)

The exponential weighting factor of 2.5 is based on the slope of the WSTC. Thic
value was originally designed to predict frontal head injuries; however, it continues to be

used today for several impact locatiuns. The figure below displays the log-log plot of the

WSTC with the criginal curve.
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Figure 2 The log-log plot of WSTC showing Gadd's straight line approximation of the slope

over the time duration of an automotive interior head impact (Gadd, 1966, p.169).

The straight line in the figure above is the GSI line. The slope or steepness of this line
is shown by the ratio of 1 unit (rise) to 2.5 units (run). The acceleration threshold displayed in
the vertical axis decreases at a slower rate than the impact duration increases, indicating that
the acceleration magnitude was more important than time duration by the weighting
exponent, 2.5. As pointed out by Richard G. Snyder, the GSI line is only applicable within
reason. For example, if you were to extend the GSI line infinitely it would appear that a
constant force of 1 g for 16 seconds would cause permanent injures. Given that humans are
exposed to | g all of our lives, it is quickly evident that this line is only appropriate for short
impact durations (Snyder, 1976).

The HIC is a refinement of the GSI, which is based on the resultant translational

(linear) accelerations and is represented by the formula:

HIC= [(1/o-t) uf? adt]*> (-ty).

(lvarsson et al.. 2003; Myers, 1997;
CAN/CSA-D113.2-M89. 1996)
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In this formula, "a(t)” and ‘t" are the same as in the GSI; *t; anc t;” are also measured
in seconds and represent two points during the impact which maximize HIC. The G3I and
HIC criterions are generally more complex to measure; however, with advancing computer

technology they have been receiving more attention (Becker, 2000).

2.3.3 IMPULSE

The term impulse can be used to further explain the relationship between force and
time, where the area under the curve of a force time graph can be used to show impulse
(Gordon et al., 2006). The following formula can be used to calculate impulse:

I = [Fat(Gordon et al., 2006)

Where,
F = Force
t = Impact duration

The duration of an impact can been used to determine the risk of injury, where a very
short impact duration would result in more serious injury for a given impulse (Townsend,

2002). This relationship can be demonstrated in the figure below.

(a) (b)

Force
Foice

| N

Time {sec) Time (sec)
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Figure 3 Force time graphs used to represent impulse (area under the curve) for two

scenarios: (a) short time duration and (b) long time duration (Townsend, 2002).

For a given force, figure 3 (a) displays the results of an impact in which the force was
transmitted in only a few milliseconds. Figure 3 (b) displays the results of the same impact
when a padded surface is used to attenuate the impact energy. The resulting damage from
figure 3 (b) would be less since the force is spread over greater time duration as noted by the
significantly lower peak force. Thus, regardless of having similar impact energy the risk of
injury is significantly greater in figure 3 (a) than figure 3 (b).

The GSI is similar to impulse, but uses accelerations opposed to force and a

weighting factor to emphasize the contributions that time and acceleration have on the risk of

obtaining a head injury.

2.3.1 LIMITATIONS TO HEAD INJURY THRESHOLDS

As mentioned, knowing the exact forces which occur in the head during impacts is
rather difficult to calculate since head injury mechanisms involve impact and non-impact
(impulsive loading) injuries. as well as linear and angular accelerations (Barth et al., 2001).
The GSI and HIC neglect the contribution of the angular acceleration of the head, which
many argue diminishes the value of these models for predicting the risk of injury (Curnow,
2003; Newman, 2006; Zhang, Yang, & King, 2004). It is known that translational and
rotational accelerations occur simultaneously in most head impacts; however, they are much
harder to test (Goldsmith & Plunkett, 2004).

As well. these formulas do not account for the complex motion of the brain within a
deformable skull. Current injury thresholds are based on tests conducted on flat surfaces with

linear impacts using animal concussion tests and cadaver skulls (Zhang et al., 2004). Thus, it

is argued that the current injury threshold levels are not representative of real life collisions
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(Curnow, 2003: Goldsmith & Plunkett, 2004; Zhang et al., 2004). However, GSI continues to
be used as an acceptable reference for predicting head injury risk in both automotive and
athletic related head impacts.

If head injury thresholds were lowered, helmets would have to be redesigned to pass
such limits. There have been considerable debates regarding injury thresholds in adults,

which lead into the next discussion regarding injury thresholds in children.

2.3.2 HEAD INJURY THRESHOLDS IN CHILDREN

The biomechanical response of a child’s brain to head injury was traditionally
thought to be that of a miniature adult. However, recent studies have noted many distinctions
between a child and an adult head and have suggested that different threshold levels should
be employed for children. For example, children have smaller head sizes and more resilient
brain tissue than adults (Depreitere, Van, Maene et al., 2004; Gefen, Gefen, Zhu et al., 2003;
Goldsmith & Plunkett. 2004). Head size grows rapidly between ages zero and four and it
isn't until the age of 20 that the bone plates of the skull fully close (Arbogast, Margulies,
Patlak et al., 2003). A child's brain has higher water, which increases swelling pressure and
osmotic intracellular pressure; subsequently, making their brains stiffer than an adult. This
increase in pressure increases the intracranial strain during head impacts and therefore the
risk of head injury. The mean and long-term shear moduli decrease with age as a result of this
decrease in water content of the brain as axons become increasingly myelinated with growth
(Gefen et al., 2003).

As well, child neck muscles are considerably weaker than adults and ligaments tend
to be stretched more during impacts to the head. Their blood vessels are less likely to tear
under twisting or squeezing stress, but require less force to deform or stretch thereby

resulting in greater risk for long lasting damage (Arbogast. Margulies, Patlak. ct al., 2003;
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Depreitere et al., 2004; Johnson & Young, 2005). Lower head injury threshold levels have
therefore been postulated for ) oung children. For example, one study concluded that a peak
acceleration of 110 g’s or HIC value of 600 corresponded best to a 25% irreversible injury
for individuals under 6 years old. This study modeled pedestrian-automobile impacts using 6-
year-old child dummies (Goldsmith & Plunkett, 2004).

Linear and angular velocity, which are directly related to the falling height of the
individual, are often used as an indirect method to gauge the degree of potential trauma or
stresses generated by an impact (Ommaya et al., 2002). A child’s falling distance is much
fower than an adult and therefore generates lower impact forces; however, the consequences
can be quite serious for both groups. A toddler falling from 0.91 m would result in an impact
velocity of 4.24 m/s; whereas, an adult falling from 1.82 m would have a contact speed of 6
m/s. Both situations produce forces which exceed skull fracture tolerances in children and
adults (Ommaya et al., 2002). Figure four shows the level of stress necessary to fracture the
skull of an adult, a young child, and an infant, 'n addition to the corresponding skull

thickness for each group.
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Figure 4 Skull failure stress (N/m?) in an adult, young child, and neconate (Ommaya et al.,

2002, p. 224).

As skull thickness increases with age, the moduli of the bones increase, which can
subscquently withstand greater forces before fracturing. Figure five compares the risk of head
injury for an adult, young child, and neonate by observing the magnitude of rotational
accelerations required to causc concussion and diffuse axonal injuries (DAI). It is noticed that
as head mass decreases from and adult to a neonate, the threshold values for concussion and
DAI increase respectiveiy when using rotation accelerations as the determinant for injury.
Ommaya ct al. (2002), state that a rotational acceleration of 10000 rads/s> would be required
to produce a concussion for a neonate; whereas, an adult would only require a rotational
acceleration of 4500 rads/s” to cause concussion. These accelerations produce a velocity
gradient within the brain and result in shear stresses that can rupture neurons and bridging

veins.
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Figure 5 Brain injury tolerance scaling in the adult, young child and neonate (Ommaya et

al., 2002, pg. 228).

HIC values have been shown to decrease with increasing head size for a given
accelcration pulse, which shows that head mass can vary the intracranial response during an
impact (Arbogast et al., 2003; Johnson & Young, 2005; Kleiven & Holst 2002; Newman et
al., 2004). The figure below shows that there was a significant non-linear relationship
between head mass and maximal shear stress, maximal frontal pressure, maximal occipital

pressurc, and HIC (Kleiven et al., 2002).
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Figure 6 The dependence of the intracranial stress (A), pressure (B), and HIC (C) on head
mass using the same acceleration impulse during a frontal impact (Kleiven et al.,

2002, p. 157).

Overall, the HIC value decreased with increasing head size, whereas the maximal
intracranial stresses increased. These data show that head mass had a significant effect on the
risk of obtaining a brain injury during an impact to the head.

Johnson & Young (2005) and Newman ct al. (2004) have concluded that the duration
of an impact (total length of the acceleration pulse) increased with increasing impact mass
size, where increase in both impact duration and mass were linked to increases in peak force

or impulsc. This is contrary (o an impact of a given impulse being mitigated over a longer

duration as such a situation would result in decreased peak forces, which is the goal of a

fedtlsnsidig N0
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helmet. These studies are showing that when the overall impulse increased (not mitigated),
the risk of injury increased.

Increases in inbound velocity were also shown to be linearly correlated with increases
in peak force, but inbound velocity was not correlated to the duration of the acceleration
pulse (Johnson & Young, 2005; Newman et al., 2004). When time duration and acceleration
are graphed, the shape is able to predict the velocity change (Av), where Av is the product of
the average accelerations and the time duration. A higher velocity change or longer impact
duration means higher injury probability. Since higher head mass is linked to longer duration,
individuals with larger heads are at risk for a greater peak force during impact (Newman,
20006).

The aforementioned research supports the need for helmets to function distinctively
for smaller and farger head masses and for varying impact velocities. It can be implied that
testing headforms, which are currently designed with the same materials, should be designed
using the unique physiological parameters of younger age groups in addition to mass
specifications. Although the present study will ot be investigating injury thresholds or the
mechanism of injury, there is an evident need to understand the effect of head size (impact

mass) and inbound velocity on the performance of helmet liners.

24  STANDARDS

Impact protection is the primary consideration of almost cvery helmet standard.
Standards consist of prescribed helmet testing techniques, which attempt to reproduce head
impacts to measure the outcomes of these impacts on the brain. Each test is basically a one
dimensional measure of the exchange of momentum between a helmeted headform and an
impactor (Becker, 2000). The mass of the headform and the inbound velocity are important

parameters, which are defined based on the specific standard. The headforms certified by the
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International Standards Organization are primarily made of a magnesium or aluminum alloy
and are not biofidelic. Thus, they do not recreate the dynamic impact characteristics of a
human head when contacting a surface. The unique physiological and biomechanical
protection requirements for children, adults, and elderly are therefore ignored (Hoshizaki &
Brien, 2004). Nevertheless, impacting helmets using these headforms has been accepted
internationally in dozens of standards.

Each helmet standard specifies the headform’s size, material property, and
configuration; as well as, the impact locations on the helmets, drop height, impactor surfaces,
and impact severity levels (Becker, 2000). Impact surfaces, also known as the anvil, can be
flat, spherical, or sharp (CAN/CSA-D113.2-M89, 1996). Almost every standard includes a
flat impact surface as part of their testing protocol. The other shapes cause more focused
shock to the helmet surface and the test required using these shapes is generally from lower
drop height to meet the maximum acceleration/criterion threshold (Becker 1998). Drop
height can also be determined by the velocity measured just before the impact, which would
increase as the drop height increased. These parameters account for the impact severity,
which presently vary across standards. There are limited objective measures for prescribing
impact severities for helmet tests and further research is needed to define injury threshold
levels (Becker, 1998).

The performance of a helmet is evaluated based on acceleration outputs measured by
an accelerometer placed at the center of mass of the headform. Most helmet standards
implement a pass-fail criterion based on peak linear acceleration. Other measures include the
duration of the impact and the time to peak linear acceleration (Becker, 1998). Some

standards use the Gadd Severity Index (GSI) or Ilead Injury Criterion, (I1{1C) as defined



25

earlier. Even if the same criterion types are used, standards differ on the criterion limit (injury
threshold).

Most helmet criteria are based on the needs of adult males. Younger people
(mentioned previously) and older people; however, have different needs and thus require
unique helmet designs (Mills & Gilchrist, 2003). In the article, Paediatric Bicycle Injuries,
published by Cass and Gray in 1989, it was stated that separate standards may need to be
implemented for helmets for children under the age of six (Cass & Gray, 1989). This
argument remains pertinent today, 18 years later, as many international helmet standards are
still neglecting the significant physiological and biomechanical differences for this

demographic group.

2.4.1 CANADIAN STANDARDS ASSOCIATION

The Canadian Standards Association (CSA) has recognized that injury tolerance
levels for children and adults are different and are one of the only standards in North America
to incorporate variable impact mass and velocity in their testing protocols (Bicycle Helmet
Safety In.Litute, 2006). Their new helmet standards for children, five years and younger,
significantly lowered the peak g limits from 300g’s to 200g’s on a standard helmet drop test
using a (lat anvil. In addition, they have sct the drop height from 2 metres to 1.5 metres onto
a flat anvil, as well as a 1.0 metre drop height on a cylindrical anvil with a threshold reading
of less than 150g’s (CAN/CSA-D113.2-M89, 1996).

In addition to lowering the drop height and threshoid levels, the standard has also
decreased the test hcadform masses for children less than 5 years of age. The CSA requires
that the mass of the headform and support assembly for headforms A and E must be 3.1 kg

+/- 3% and 4.1 kg 1/-3% (CAN/CSA-D113.2-M89, 1996), opposed to the Consumer Product
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Safety Commission and Snell Memcrial Foundation requirements of 5.0 kg (Stevenson,
1998). This reduction in head mass and drop height decreases the overall energy in the drop
test. Thus, the landing needs to be softer for the head, which is done by decreasing the

density of the foam. American approved helmets would most likely not pass the CSA

standards (Becker, 1998).

2.4.2 SNELL FOUNDATION

Criticisms by both the Snell Memorial Foundation and Consumer Product Safety
Commission (CPSC) have been made regarding this change and have refused to change their
standards using more child-like parameters. The Snell Foundation basically stated that the
new parameters set forth are too drastic and that there is not enough research justifying the
need for this change (Becker, 1998).

Edward Becker, the executive director of the Snell Memorial Foundation, agreed that
the height at which the cyclist falls is an important element in the design of any bicycle
helmet. He explained that the shock transmitted to the head is related to acceleration, which
is the transition from the falling velocity just before impact to the rebound velocity just after
the impact (Becker, 1998). As mentioned, the velocity at which a head impact occurs is
referred to as the inbound velocity, which is shown to be an important element when
designing sport and age specific head gear. Thus, an argument could be made that children
helmets need to be tested from child-like drop heights, not the standard adult drop heights
that are currently being used. However, Becker argued that bicycle helmets are already
proving to be effective in preventing head injurie; and therefore should not be tampered with
(Becker, 1998). This was supported by epidemiology studies that compared the percentages

of head injurics occurring from helmeted and non-helmeted bicycle users and showed that
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85% of all cycling fatalities caused by head injuries could be prevented by using a helmet

(Noakes, 1995).

Currently, the Snell Foundation helmet standards for bicycling, horseback riding,
motorcycling, and other sports use five headform’s with geometries described in the
International Standards Organization (1SO) Draft Standard 1SO DIS 6220-1983. The mass
however, is kept constant at 5 kg for all of the ISO headform shapes. As the geometry
decreases, the impact footprint decreases creating a more localized and severe impact. In
addition, helmets are tested from a drop height of 1.5 metres using a guided free fall drop
apparatus and must pass a maximum peak acceleration threshold of 300 g’s (Snell Memorial
Foundation, 2000). There are no specifications regarding lower drop heights or lower

threshold levels for children.

2.43 CONSUMER PRODUCT SAFETY COMMISSION

The United States Consumer Product Safety Commission’s (CPSC) is a standard that
is very similar to the Snell-90 and the American Standards for Testing Material (ASTM)
standards for helmets. All helmets sold in the US have to meet this requirement (Towner et
al., 2006). The CPSC standard for bicycle helmets establishes performance requirements for
two categories of helmets, the first applies to young children, 1-5 years, and the other applies
to older children and adults, 5 years and older (Stevenson, 1998). The only requirement set
forth by the CPSC standard that differentiates these two categories is head coverage. Helmets
intended for young children are subject to impact testing over greater surface area to ensure
thesc users are pruiected from impacts falling lower on the brow, sides, and back of the head
(Stevenson, 1998).

Similar to Snell standards, the CPSC standard continues to use 300 g’s as the

acceptable peak g's for impact testing for helmets for young children and adults. In addition,
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tL.is standard uses adult-weight headforms 10 test child he'mets instead of more representative
head weights. In 1995, it was propesed that the standard should adjust the headform drop
mass to 3.9 kg and peak acceleration value to 250g’s for children; however, this propesal was
refused. Basically, they said more research is needed to be put forth regarding the benefits of
these changes before the standards would be adjusted (Stevenson, 1996).
2.44 NATIONAL OPERATING COMMITTEE ON STANDARDS FOR ATHLETIC

EQUIPMENT

NOCSAE, the National Operating Committee on Standards ror Athletic Equipment,
is an internationally recognized standard that has regul.ted procedures and performance
requirements for testing protective headgear. In particle, NOCSAE sets standards specific for
football, softball, baseball, hockey, lacrosse, and polo helmets. These testing standards define
the impact velocities, testing methods, peak accelerations, and maximum Severity Indexes.
Angular accelerations are ignored in the NOCSAE drop test method and cnly linear
accelerations are considered for impact thresholds (NOCSAE 001-06m07, 2007).

There are three headform sizes used for testing helmets: small, medium, and large.
These sizes are defined based on the headform weight (including the mounting surface) and
14 anthropometric measurements of the head, such as the head breadth, maximum brow
width, and ear hole to ear hole measurements (NOCSAE 001-06m07,2007). As noted in the
figure below, the mass of the small, medium, and large headforms are 4.12 kg, 4.85 kg, and

5.83 kg respectively, which includes the mass of the support assembly.
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Figure 7 The physical properties of the NOCSAE . ~dforms, sizes 6 5/8,7 1/4, and 7 5/8

(NOCSAE 001-06m07).

If a helmet happens to be smaller than the smallest NOCSAE headform then testing
of that size is not required so long as at least two headform sizes and two other helmet
models were tested and passed. Thus, helmets are not being tested for children with head
masses lower than the 4.01 kg headforms (NOCSAE 007-06:107, 2007). There were no
specifications regarding children’s helmets found in any NOCSAE documents.

The Standard Performance Specification for Newly Manufactureu Football Helmets
and Hockey helmets state that the peak severity index, or GSI, of any impact is to be no
greater than 1200 SI (NOCSAE 001-06m07,2007; NOCSAE 002-98m03, 2006). Again, no

unique specifications were mentioned for individuals of younger age groups.



2.44 INTERNATIONAL STANDARDS ORGANIZATION

The International Standards Organization (ISO) produces industrial and commercial
standards worid-wide. In 1960, ISO formed a technical subcommittee to work solely on
protective headgear (Becker, 1998). ISO technical subcommittees collaborate with various
international organizations, both governmental and non-governmental. while preparing
standards.

The ISO/EN 10256, Head and Face Protection for Use in Ice Hockey standard, was
created to help decrease the frequency and severity of head injuries caused during play (1ISO
TC 83/SC <N, 2006). The headforms used in this standard and for the present research study
are required to conform to geometrical specifications from the BS EN 960:1995 standard
titled, Headforms for Use in the Testing of Protective Helmets. Contrary to the Snell
Memorial Foundation and the CPSC, this standard requires that the headform and support
assembly have a combined mass of 3.1 kg, 4.1 kg, 4.7 kg, and 5.6 kg for headform sizes A, E,
J, and, M respectively. The helmet however, is impacted at a velocity of 4.5 +/- 2 m/s for all
tests regardless of headform size or impact location (ISO TC 83/SC 5N, 2006). Both mass
and velocity requirements are similar to the ASTM Standard Performance Specifications for
Ice Hockey Helmets standard (ASTM International, F 1045-06, 2006).

The 1SO hockey helmet standard identifies the impact locations to be used during

impact testing.
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Figure 8 An [SO headform indicating the frontal, side, crown, and rear impact locations, as

well as the frontal plane, median plane, and reference line (ISO TC 83/SC 5N, 2006).

The impact locations are perpendicular to the surface of the headform for all impact
sites. As noted in figure 8, the reference plane is parallel to the basic plane of the human
head, which is located at the upper borders of the ear canal and the inferior margins of the
orbits of the eyes, and is a function of the size of the headform. The median plane, which
divides the headform into right and left halves, passes through the middle of the headform
from front to back. Perpendicular to the median and reference planes is the frontal plane,
which passes through the top of the headform (ISO TC 83/SC 5N, 2006).

From these different planes, the frontal, side, rear, and crown impact locations can be
identified. The crown, which will be used in the preseut study, is found at the top of the
headform where the central vertical axis meets. The frontal position is located 50 mm above
the anterior intersection of the reference plane and falls on the median plane. The side impact
location is found along the median plane, 25 mm upwards from the reference plane and the
rear impact site is located at the posterior intersection of the median and reference planes
(ISO TC 83/8C 5N, 2000).

25  MATERIAL “HARACTERISTICS



2.5.1 DENSITY AND THICKNESS

The main structural features of foam arc in relation to relative density and proportion
of open and closed air cells (Landro et al., 2002; Shulmeister et al., 1998). In closed-cell
foams, most cells share a thin membrane wall, which is bounded by struts. Viny! nitrile used
in football helmets are an example of closed cell foams designed for multiple impacts.
Removal of these cell walls, using chemicals or reticulation, produces open-cell foams {for

example EPS) that are classified according to their relative density (Shulmeister et al., 1998).

Figure 9 Image of low-density open-cell foam. (Shulmeister et al., 1998)

In low density foams, as demonstrated in figure 9, the soiid material is distributed
rather evenly along thinly spaced struts. Conversely, high density foams show more than
10% in the solid phases concentrated at the vertices (Shulmeister et al., 1998).

The goal when choosing a foam liner is to optimize the density and thickness to
protect against the widest range of impact conditions possible for a specific sport. As well, it
is to dissipate the kinetic encrgy of the impacting mass while keeping the maximum force (or
acceleration) below injury threshold levels (Availe et al., 2001). Foam density is a
measurement of mass per unit volume, which is measured in pounds per cubic foot (pcf), or
in metric terms, kilograms per cubic metre (kg/m®). Lower density foam usually results in a

softer liner, which may help improve the protection for lower-severity impacts. On the other
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hand, denser foams resist harder impacts better before compressing to their limits and
transferring impact energy to the head (Landro et al., 2002).

There is a linear relationsl.ip between density and tensile strength for EPS, where a
high-density EPS is able to absorb larger amounts of energy compared to low-density EPS,
but transfers higher accelerations and forces localized at the impact point. A quasi-static
relationship exists between foam stiffness and density when strut bending is the dominant
deformation mechanism (Shulmeister et al., 1998). In addition to density, increasing the
thickness of the liner increases the ability of the material to attenuate energy. However, liners
can only be so thick before imposing further detrimental risks, such as increased angular
accelerations imparted to the brain during impacts. Also, as thickness increases the
aerodynamic performance of the helmet decreases, as well as it becoming aesthetically
unacceptable (Landro et al., 2002). Once the acceptable thickness and maximum crushing are
prescribed, the optimal EPS density can be defined for a given amount of energy to be

absorbed (Landro et al., 2002).

2.5.2 MECHANISMS FOR ENERGY ABSORPTION

Stress-strain curves, commonly used in material enginecring, provide an important
graphical measure of a material’s mechanical properties (Roylance, 2001). Below is an
example of a stress-strain curve displaying three general phases foam experiences during

quasi-static compression (Avalle et al., 2001; Ivarsson et al., 2003; Viot et al., 2005).
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Figure 10 Typical foam stress-strain curve from a quasi-static compression (Avalle et al.,

2001).

This curve is a graph derived [rom incasuring the load (stress) versus the extension or
compression (strain) of a sample of material. The first phase of the curve is the lincar elastic
phase, which is controlled by the bending of the cell edges, compression of gas trapped into
the cells, and the stretching of the cell walls (Avalle et al., 2001; Landro et al., 2002). This
initiai slope of the stress-strain curve is equal to the Young's modulus of the foam. The
second phase is the plateau or functiunal phase, which is when the cells collapse and absorb
the bulk of the impact encrgy. A flatter force curve indicates higher energy absorption
efficiency (Yu-1lallada, Kuczynski. & Weierstall, 1998). Once the cclls have almost
completely collapsed the opposing cell walls come in contact and the foam bottoms out,
which is the final phase of a stress-strain curve (Avalle et al., 2001; LLandro et al., 2002; Viot
ct al., 2005). Densification causes the stress to increase steeply. This final phase depends on

the foam density and the strain rate, where an increase in cither will increase the platcau

stress (Viot et al., 2005).



35

Ivarsson, Viano, Lovsund, and Parnaik demonstrated the dynamic stress-strain
characteristics for seven foams commonly used in upper vehicle components; such as the

front and rear headers, the side rails, the roof, etc (Ivarsson et al., 2003).
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Figure 11 Dynamic stres.-strain characteristics for seven foams commonly used in upper

vehicle components (Ivarsson ct al., 2003).

In this figure, there are three stages of the stress-strain curve for seven foams
subjected Lo drop weight testing: EPP 20.8 kg/m®, PP 48.0 kg/m®, EPP 67.2 kg/m’, EPS
25.6 kg/m3, EPS 48.0 kg/m®, EPS 64.0 kg/m®, GECET™ 64.0 kg/m3. The samples were 102
mm by 21 mm in size and were compressed using a cylindrical drop mass of 6.8 kg with a
diameter of 178 mm. The weight was dropped from a height o 2274 mm or 6.7 m/s and an
accelerometer attached 1o the drop mass was able to record accelerations. As shown in figure

I'1, the lower density EPS of 25.6 kg/m* succumbed to significantly greater compressive
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strain compared to the higher density EPS of 64 kg/m®, but bottomed out at lower stress
values (Ivarsson et al., 2003). Rescarchers have found that an increase in density correlates to
a higher plateau stress, which indicates that higher density foam is more resilient (Ivarsson et
al., 2003; Viot et al., 2005). For helmet liner application, when the foam is too dense, as
shown in the EPS 64 kg/m’ curve, the force would exceed the threshold/critical fevel before
enough encrgy wouid teen absorbed to collapse the foam cells and dissipate energy (Song,
Chen, Dou et al., 2005).

The above study on upper vehicle components utilized a Hybrid 111 head-neck model,
weighing 6.8 kg, and measured sagittal plane linear and angular head accelerations (Ivarsson
et al., 2003). Although their study was able to show how various density foams react under
such impacts at three impact specds (5, 7, and 10m/s), further analysis is needed before
generalizing these results to individuals with significantly different head-neck masses.

Comparisons between strain-rate behaviour using quasi-static compression and
dynamic loading demonstrated that the clastic responses were completely different between
the two testing techniques (Viot et al., 2005). It has been suggested that air-bubbles inside
foam cells are released during quasi-static compression; whereas, they are trapped during
dynamic loading. This enables the foam to spring back more forcefully and thus does not

compress as flat as the quasi-static (Viot et al., 2005). This effect is noted in figure 12 below.

Figure 12 Lffect of the strain rate on polypropylenc foam sample (24»24x%24 mm?) after
compression: picture of sample before test (a), after quasi-static compression (b), and
after dynamic loading (¢) (Viot et al., 2005).



37

Mclintosh, McCrory, and Finch recently examined the energy attenuation
performance of polycthylene foam that could be incorporated into headgear by investigating
the effects of foam thickness, density, and drop height (Mcintosh et al., 2006). They tested 10
mm, 12 mm, 14 mm, and 16 mm thick samples of 50 kg/m"* and 67 kg/m’ densities from drop
heights 0of 0.2 m-0.8 m (in 0.1 m increments). They found the thickest foam resulted in
improved impact cnergy attenuation for all drop heights. No significant differences were
found between the two densities of foam; however. if more densities were used it was
speculated that differences in performance would naturally occur. This study did not take into
account the effects of mass and therefore is only applicable to individuals with a 5 kg head
mass (Mc!ntosh et al., 2006). As well, it failed to show a difference between material
densities, which is contrary to the predicted outcomes of the present study.

Subhash, Liu, and Gao (2006) investigated the effects of bulk density for polymeric
structural foams under uniaxial quasi-static and high strain rate loading conditions. Their
primary interest was to understand impact and cnergy absorption characteristics of polymers
uscd for automotive impact protection. Contrary to Mcintosh ct al. (2006), significant
differences were found between the Young's Modulus, yield strength, ultimate strength, and
the strain to failure for epoxy based polymeric foams of 0.83, 0.90, 1.21, and 1.46 g/em®. The

graph below displays these differences.
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Figure 13 Stress strain curves for three types of epoxy based polymeric foams of various
densities subjected to quasi-static uniaxial loading at a strain rate of 1.5 x 10°/s
(Subhash, Liu, & Gao, 2006).

The above figure displays the quasi-static stress strain response of three foam samples
at four different densities. A servohydraulic compressive testing machine was used at a strain
rate of 1.5 x 10 mm/s and the average of cach foam sample was indicated by a black solid
linc (Subhash et al., 2006). It was concluded that the higher the initial density of foam, the
higher the Young's modulus, yicld stress, ultimate strength, and strain to failure were.
Actually, these properties increased nearly linearly with increasing density. The authors
attribute this difference primarily to the porosity of the foams, where porosity and bulk
density are inversely related. Porosity, expressed as a percentage, is a measure of the empty
spaces within a material. More empty space increases the size of the material without
increasing the mass, thus creating a lower density material (Subhash et al., 2006). The

percentage of porosity was calculated as follows:

% Porosity = (l-po/ps) x 100
(Subhash ct al., 2000)
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Where,

po= bulk density

ps = solid material density

Bulk density differs from solid material density in that it refers to the density of the
samples when injected with steam. Thus, the relative mass is the same as the solid material
but the volume it occupies is much larger as it includes the air cells or spaces within the
sample (Subhash et al., 2006). It was stated that high-density (low porosity) foams have
smaller sized pores, but thicker walls and exhibit large inelastic strain compared to low
density foams. The lower density foams with larger pores and thinner walls have been shown
to crack macroscopically at much lower stress rates and more quickly compared to high
density foams, thereby explaining the major differences seen between the low and high
density foams during quasi-static compressions. In high density foams, the deformation of the
sample occurs more gradually and failure results more from hardening of the material and
shear strain (Subhash et al., 2006).

During dynamic testing of the same materials above, Subhash, Liu, and Gao (2006)
found that with increasing foam density, the ultimate strength was significantly greater than
during quasi-static loading. The low-density foam failed at much lower strain rates, which
was again attributed to the large and thin cell walls. This shows that foams are strain rate
dependent; having greater strength at higher dynamic strain rates compared to the quasi-static
loading rates (Subhash et al., 20006).

Martin, Liptai, Yerby, and Williams (1994) conducted a study to predict the effects of
mass on impact acceleration by dropping 2.69 and 7.40 kg weights from 31.8 cm onto three
deformable surlaces. They chose these masses to approximate the masses of a large head and
a child’s head. Impact force was measured with a force plate and was divided by the drop

mass to obtain accelerations (a=F/m). The calculated accelerations were than used to measure
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impact severity. The equation below was used to represent the ratio between two masses, m;

and my, and the average acceleration, a; and a; produced for a given drop height and impact

surface.

ay/ay = (m/my)+1/(p+1)
(Martin et al., 1994)

It was stated that for a given acceleration-time curve, the mean and peak accelerations
are proportional to one another. The variable ‘p’ in the above equation was used as a constant
(not given) to represent a load deformation characteristic of the impact surfaces. It was found
that the small mass produced significantly greater peak accelerations than the larger mass.
However, peak forces produced by the larger mass were consistently greater than those
produced by the smaller mass, regardless of the surface (Martin et al., 1994). The
accelerations resulting from the impact forces were stated to be responsible for shear stresses

and strains produced in the brain that cause concussion and diffuse axonal injury.

2.5.2 EFFECTS OF MATERIAL SIZE

The dimensions of the polymer sample are an important consideration in dynamic
impact testing as this variable will significantly affect the results. The relationship between
the forces applied to the sample and the subsequent indentation of the material is dependent
upon the materials stiffness (Todd, Smith, & Vongpaseuth, 1998). It has becn shown that the
compressive propert’es of open cell foams .ary as the cross-sectional area changes in size
relative to the indenter. Material samples with cross sectional areas smaller than the indenter
exhibit lower stiffness characteristics compared to samples larger than the indenter. When the

sample is larger than the indenter it is suggested that the shear forces created during
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compression between the material and the sides of the indenter is included in the total stress
calculations (Todd et al., 1998). The figure below demonstrates this phecnomenon.

Squars Foam Force Campysasive Force

Figure 14 Compressive response of two foam samples subjected to compressive forces,
where the sample on the left has a cross sectional area larger than the indenter and the
sample on the right has a cross sectional area smaller than the indenter (Todd et al.,

1998, p.223).

It has therefore been recommended that researchers choose the size of their testing
material similar to the intended application. For example, if research is being conducted on
seat cushions, than the indenter should be smaller than the sample as most buttocks would sit
within the cushion, thereby generating shear forces between the two. An indenter with curved
sides should also be taken into consideration if the application involves rounded edges, such

as a buttock, or in the interest of the present study, a human head (Todd et al., 1998).

26 SUMMARY

Current helmet designs arc limited in their protective capabilitics by ignoring
research defining differences between injury mechanisms and thresholds in children and
adults. Two primary differences exist between helmet standards: impact energy (determined
by impact velocity and headform weight) and pass/fail criteria (injury thresholds) (Thom,
2007). Arguments have been made regarding these differences in children and adults. The
purposc of the current study was not to discover these differences, rather to identify the
effects of two variables, impact mass and inbound velocity, that have largely been ignored in

previous helmet testing.



As mentioned, American helmet standards, such as the CPSC and SNELL
foundation, are testing helmets with headforms of variable sizes, but with a constant mass
(Becker, 2000). Since human beings, especially those of much younger ages, have a
considerable range of head masses it was of interest to understand what effect this plays on
the energy attenuation abilities of helmets. Some standards, such as the Canadian Standards
Association have recognized this concern and in fact recently adjusted their helmet standards
for children and use lighter headforms for testing (Becker, 2000; CAN/CSA-D113.2-M89,
19. o). Further research is needed to understand the effect that mass has on energy transfer
and the risk of head injury (Becker, 2000; Newman, 2006).

It is argued that since a padded surface absorbs energy from impacts through
crushing, the mechanical properties of the pad needs to be adjusted to match the mass as well
as the velocity of the impacting object (Martin et al., 1994). A heavier object would deform a
pad more severely than a lighter object, as well as it would take a tonger peic? o ume to
completely stop the object. Hence, if a pad (or helmet liner) is too stiff or the impact mass is
too light, the deformation of the material upon impact would be too small to be effective
(Martin et al., 1994).

Many experimental studies have been conducted to characterize the impact properties
of polymeric foams; however, it is argued that the results of these studies are “scattered and
not sufficiently general™ (Avalle et al., 2001, p.457). An accurate understanding of the energy
absorption capacity of polymeric foams under dynamic testing is necessary for effective
helmet design. Quasi-static testing is necessary to quantify each matevial, such as foam
strain-rate sensitivity, and understand the influence of certain design parameters (Avalle et
al., 2001). Overall, since foam material functions within a prescribed energy range, it is
presumed that current helmet liners could be improved significantly if smaller parameters

were considered in their design.
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CHAPTER 3. METHODOLOGY

3.1 MATERIALS

The three material types, expanded polystyrene, expanded polypropylene, and vinyl
nitrile, used in this study represent materials used in bicycle, hockey, and football helmet
designs. Their structures are unique and consequently they are used for different purposes. As
mentioned previously, EPS is used in single impact helmets and EPP and VN is used for
multiple impact helmets. The three materials subsequently can not be compared to one
another; however, it is of interest to see whether the trends observed from the study were
similar across material types. Since many helmets combine more than one material type, it is
useful to know if they react similarly throughout various impact encrgies.

Three densities were chosen to represent an average range of thie most common
helmet liner density for bicycling, hockey, and football. According to the product manager at
Easton Bell Sports, bicycle helmets are generally moulded at 70.5 kilograms per cubic metre
(kg/m®). The product engineer at Polymos inc. suggesied and supplied an appropriate range
of densities for expanded polystyrene and expanded polypropylene based on his knowledge
regarding bicycle and hockey helmet design. Manufacturers are reluctant to provide exact

specifications regarding material structure; however, a range about the approximated average

demonstrated the objective of the present study.
Three types of foam materials were used for this study:
I. Expanded polystyrene (EPS), in three nominal densities (62.95, 83.46, 100.12 kg/m’)
2. Expanded polypropylene (EPP), in three nominal densities (44.53, 83.94, 117.09
kg/m>);
3. Vinyl nitrile (VN 602, VN 600, VN 740), equivalent to 97.32, 11 1.62, and 127.17

kg/m?, respectively.
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3.1.2 MATERIAL PREPARATION

The dimensions of foam samples were measured using a digital micrometer and
recorded to minimize any variations in the foam samples. The thicknesses of 20 randomly
selected samples of each material density were recorded as an average of three measurements
taken at three different contact points. The average thickness and standard deviation for each
material was 2.572 cm and 0.0458 cm respectively. Results for each density are presented in
table B3 in appendix B.

For the dynamic drop tests, a hole saw with a diameter of 5.0 cm was used to cut all
material samples. Material thickness was kept constant at 2.54 cm, which compares to the
thickness of the dynamic air chambers. As well, all samples were tested under ambient
conditions. The average temperature and humidity in the lab during testing was 23.7 (+/-

1.11°) degrees and 45.57% (+/-3.82%).

The diameter of the samples used during the quasi-static compressive testing was 5.0
cm and the thickness was kept constant at 2.54 cm, which is similar to the dynamic samples.
These dimensions fit in accordance with the International Standard (ISO) 3388/1, which
states that the dimensions of a compression specimen must have a minimum thickness of 10

mm and a minimum diameter/thickness ratio of 2:1 (ISO 3388/1, 1986).

3.1.3 MATERIAL VALIDATION

The density of EPS and EPP is demonstrated using the specification sheets provided
by Polymos Inc, which are presented in appendix B. For VN 602, 600, and 740, the density
was quantified using density = mass/volume (d =m/V) (Gillette, Neidig, & Spencer, 1999)

and weighed using a Denver Instruments S1603 scale. The volume of the materials was
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determined by measuring the diameter and depth of the cylindrical samples. For each
measurement, three trials were averaged. The average mass was converted into kilograms and

the average weight was converted into cubic metres to determine density.

3.2 COMPRESSION TESTING
3.2.1 GENERAL DESCRIPTION: INSTRON

Material compression testing was conducted using a universal electromechanical
material testing machine called the Instron 5560 Series Dual Column System. The Instron
5560 Series is a universal testing machine used for evaluating mechanical characteristics of
material specimens subjected to tension and compression stress (Instron, 1997).

In the present study, the compression test determined the load-deformation
characteristics of each foam sample used in the present study at very low strain rate;. Each
sample was compr »sed and the deformation at various loads was stored and measured using
the computer software program provided by Instron. The force was measured from a load cell
and displayed on a computer, where the compressive stress and strain were calculated and
plotted as a stress-strain curve. The elastic modulus, yield load, yield stress, and yield strain
strength were determined from this curve. All three yield values were reported to account for
readers who may relate to one value more than the other.

Testing procedures were programmed and controlled by a computer to ensure high
accuracy and repeatability of results. The 5560 Series has a maximum load of 50 kN, a 500

[1z data acquisition rate, and a load accuracy of 0.4% of the indicated load (Instron, 1997).

3.2.2 PROCEDURE
The foam samples were positioned flat between a support surface and a compression

plate. The foam was positioned such that the compression plate overlapped the sample in all
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directions as specified by the ISO 3386/1 standard. The load was then applied perpendicular
to the tangential face of the foam specimen. The compression plate was set to compress the
sample at a uniform relative rate of 100 mm/min until a compression of 80% of the initial
sample thickness was achieved (1SO 3386/1, 1986). The machine recorded the amount of
force used during compression to an accuracy of +/- 0.1%, as well as the thickness of the
sample to a precision of +/- 0.2 mm. This procedure was repeated three more times and

results were averaged. All testing was conducted at ambient conditions.

3.3 DYNAMIC IMPACT TESTING
3.3.1 GENERAL DESCRIPTION: MONORAIL

To test the dynamic cnergy absorption characteristics of the materials a monorail
helmet impactor was used. The monorail is designed to simulate a free falling human head

and is often used in helmet testing standards. Below is an image of the monorail and its

various components.
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Tri-axial hcadform catch

Drop carriage

Anvil quick rclease support clamp
Half magnesium headform KI1A
Time gatc

6. Lincar impactor track

o 10—

7. ‘The depth of the base: 63.5 cm
8. The width of the base: 31.8 cm

Figure 15 The lower half of a monorail helmet impactor and its various components (Cadex,
2006b).
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The monorail consists of a carriage assembly upon which various types of headforms
can be attached by way of a universal ball. For the purpose of this study, a half EN 960
magnesium K1A headform used for uni-axial impacts was used. On the magnesium
headform is a socket-like opening that the universal ball can be secured (see figure 16). Four
studs on the impactor were used to position the ball on the headform’s center of gravity,

where additional weights were mounted when needed.

» A E J M O

Figure 16 The half magnesium headforms KA displaying the socket-like ¢pening (a) used
for uni-axial impact tests and the five most commonly used headform sizes: A, E, J,
M, and O (b) (Cadex, 2006a).

The above half headforms were designed to meet the ISO/DIS 6220 Standards and
are composed of 100% pure magnesium with an additive of 0.3% to 0.7% zirconium (Cadex,
2006a). The detailed diagram of these headforms can be found in appendix A.

An anvil, composed of 6061716 aluminum red anodice 2.54 cm thick by 19.1 cm in
diameter, is mounted with a quick release device to the base of the system (sce 3 from figure
15) (Cadex, 2006b). The quick release device is used 1o securely hold the impact anvil to the
base of the monorail and can be put on and taken off’ without any mechanical tools. A metal
plate was fixed to the anvil upon which a PCB model 203B force ring rested. On top of the
force ring was a 1.1 cm by 16 em diameter steel cylindrical anvil that the testing samples

rested on. This set-up is shown below displaying various components of the system.
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Half Magnesium Headform, Size E

VN 740 Foam Sample

Steel Cylindrical Anvil

PCB Model 203B Force Ring
Metal Plate

Anvil

Quick Releasc Device

Figure 17 Iali magnesium headform impacting VN 740, 2.54 cm thick with 6 cm diameter.

The base of the machine is 67.3 cm high, 30.5 cm wide, and 38.1 cm deep and is

fixed to the floor using 6 concrete bolts. The 6 metre vertical track is also bolted to the wall

and to the ceiling to prevent any movement of the system and eliminate background noises

and vibrations. A computer software program, Photron Motion Tools, was uscd for acquiring

and recording test data.

3.3.2 HEADFORM WEIGHTS

HEADFORM A B
Scrial number # 4811 4824
Headform Weight 1806 24064
Split Ring Clamp 421 421
4 Bolts for Clamp 83 83
Total Flying Arm 677 677
Accelerometer Kits i I
Aluminum Ball Arm 589 589
TOTAL mass 3587¢g 4245 g

J M 0
4801 4770 4781
3109 3201 3356

421 421 421
83 83 82
677 677 677
i i 11
589 589 589

4890g 4982g S5137¢

Figure 18 Hcadform and support assembly weights in grams ().
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The smallest headform model A was used and calibrated 0.500 kg weights were
added to the headform to represent a range in head masses, while heeping the geometrical
configuration constant. The 0.500 kg weights were positioned over the center of gravity of
the headform and attached using four metal bolts. The radius of the headforms decrease with
dccreasing head mass, similar to what would occur in a real human head. It is however,
important to manipulate one variable at a time, thus the circumference of the headform and
impact foot print were kept constant.

In addition, all impacts were conducted in the crown position. The geometrical shape
of the headforms vary with differing head positions, thus onc location had to be chosen. The
crown position represents an impact on the top of the head and is casy to accurately position
on the ball and arm support assembly. As well. this position allows for a {lat opening for the
0.5 kg weights to be added over the headforms center of gravity. Figure 19 displays the

weights added to the headform.

Figurc 19 A half 1ISO Magnesium headform, size A, with four 0.5 kg weights attached over
the headforms center of gravity.

3.3.3 FORCE SENSOR
The PCB 2038 force sensor collected at 20000 hertz and was impacted directly above

the vertical axis. This produced a signal on impact which was conditioned by a model 48413
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series PCB signal conditioner and passed on by BNC to an A/D board to a computer through
a National Instruments PCI 60232 NiDaq card (Post, 2006). The force signal was collected
by a computer using Photron Motion Tools Suite and analyzed using both Photron Motion
Tools Suite and BioProc2. From this computer soltware program, force signals were graphed

over time and impulse was calculated.

3.3.4 HIGH SPEED CAMERA

A Fastcam 517 2CI high speed camera was used to video all impacts at 2000 frames
per second. The camera was set up orthogonal in front of the impact site and was connected
directly to the computer. Photron Motion Tools Suite recorded the force data synchronized
with video for cach dynamic impact trial. Two spot lights were direcied at the impact location
to enhance the video image clarity and 2 TTL (transistor-to-transistor logic) trigger was used
to synchronize the digital imaging with the data acquired from the force sensor. This was

done by pressing a button immediately preceding the impact.

3.32 PROCEDURE

The monorail and all supporting equipment were warmed-up prior to testing. The
signal conditioner, in particular, was warmed up 10-15 minutes prior to data collection to
thermally stabilize the systems components, which was indicated by the metre on the signal
conditioner by reading “green™. A twin-wire cable attached the signal condition to the force
sensor.

A new foam sample was uscd for cach dynamic impact condition on the monorail
and the LPP, VN, and LIPS samples were impacted once per impact condition. Thus, a total of

25 conditions (5 inbound velocitics = 5 drop masses) were tested for cach material and 5 sets
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were conducted for reliability and validity purposes. Inbound velocity was calculated by

manual video digitization, where the video data was filmed at 2000 frames per second.

3.4 MONORAIL CALIBRATION
3.4.1 FORCE SENSOR

The force ring was preconditioned by preioading it to a fixed output as specified in
the ICP Force Sensor Operation Manual (Model 203B ICP. Dynamic Force Sensor
Installation and Operating Manual). On November 16™, 2006 a traceable calibration graph
from the National Institute of Standards and Technology (NIST) was provided with the force
sensor. During this calibration, the sensor was preloaded to 4000 pounds (Ibs) using a
081A13 beryllium copper mounting stud. At 4000 Ibs, the output read was 0.952 volts (V)

(Coleman, 2006). The test data produced were as follows:

Table 1 Test data indicating the input (Jbs) and output (V) from the calibration certificate for
the ICP 203B Force Sensor conducted in 2006 provided by PCB Piezotronics

(Coleman, 20006).

INPUT (LBS) OUTPUT (V)
4000 0.952
8000 1.911
12,000 2.869

16,000 3.831
20,000 4.809

To prepare the foree sensor [or data collection, a copper beryllium stud was used to

preload the sensor which was centered within a plate located on top of the sensor. The plate
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allowed for the bolt to pass through and not “*shunt” any force (Model 203B ICP). A digital
voltmeter (DVM) was connected to the PCB signal conditioner and zeroed. The DVM was
then used to monitor the sensor output voltage to ensure the desired preload value was
achicved. The PCB signal conditioner was on DC coupling to have slower signal decay,
which allowed for a more precise preloading value to be achieved. The force plate was
tightened until a pre-load value of 0.952 volts and an input of 4000 pounds was indicated
(Model 203B ICP).

After preloading, the force sensor was further validated by placing a known mass on
top of the plate. By comparing the force value exported to the computer to the vertical force
of the known weight, the accuracy of the force sensor was determined. The force registered

force was the same as the known applied force, so the system was considered calibrated.



3.5 DESIGN

An observational, fully crossed design (see tables 2, 3, 4) was used for all data
collection. There was no effect on order of treatments; therefore, it was not necessary to

randcir.ize trials since each impact condition was completely independent from the other.

Table 2 Cross-sectional research design for expanded polystyrene.

Al A2 A3
B1 AlIBICI A2BICI A3BICI Cl
AIBIC2 A2BIC2 A3BI1C2
AIBIC3 A2BIC3 A3BIC3
AIBIC4 A2BI1C4 A3BIC4
AIBICS A2BICS A3BICS
B2 AlIB2CI A2B2ClI A3B2Ci 2
AlIB2C2 A2B2C2 A3B2C2
A1B2C3 A2B2C3 A3B2C3
A1B2C4 A2B2C4 A3B2C4
AIB2CS A2B2CS A3B2CS
B3 AIB3ClI A2B3CI A3B3CI C3
AIB3C2 A2B3C2 A3B3C2
A1B3C3 A2B3C3 A3B3C3
AlIB3C4 A2B3C4 A3B3C4
A1B3CS A2B3C5 A3B3CS
B4 A1B4CI A2B4CI A3B4CI C4
AlIB4C2 A2B4C2 A3B4C2
A1B4C3 A2B4C3 A3B4C3
A1B4C4 A2B4C4 A3B4C4
A1B4CS A2B4C5 A3B4CS
BS A1BS5CI A2BSCH A3B4Cl C5
A1B5C2 A2B5C2 A3B4C2
AIBSC3 A2B5C3 A3B4C3
AIBSC4 A2B5C4 A3B4C4
AIB5CS A2B5C5 A3B4CS
LEGEND
Material: Impact mass: Inbound velocity:
Al =EPS 62.95 kg/m® Bl = 3.59kg Cl=1.0m/s
A2 =PS 83.46 kg/m® B2 = 4.09 kg C2=2.0m/s
A3 = [PS 100.12 kg/m? B3 =459 kg C3=3.0m/s
B4 =5.09 kg C4=40m/s

B5=5.59 kg C5=5.0m/s



Table 3 Cross-sectional research design for expanded polypropylene.

B1

B2

B3

B4

B5

Al

AIBICI
AIBIC2
AIBIC3
AlIBI1C4
AIBICS

A1B2CI1
AlIB2C2
AlB2C3
A1B2C4
AIB2CS

A1B3C1
A1B3C2
A1B3C3
A1B3C4
AIB3CS

A1B4CI
Al1B4C2
A1B4C3
A1B4C4
A1B4CS

AIBS5CI
AIBSC2
A1B5C3
~1B5C4
AIBSCS

LEGEND

Material:
Al =EPP 44.53 kg/m’ B1 =3.59 kg
A2 = EPP 83.94 kg/m’ B2 =4.09 kg
A3 =EPP 117.09 kg/m’

A2

A2BICI
A2BIC2
A2BIC3
A2BIC4
A2BICS

A2B2C1
A2B2C2
A2B2C3
A2B2C4
A2B2CS

A2B3ClI
A2B3C2
A2B3C3
A2B3C4
A2B3C5

A2B4CI
A2B4C2
A2B4C3
A234C4
A2B4C3S

A2B5C1
A2B5C2
A2B5C3
A2B5C4
A2B5CS

A3

A3BICI
A3BIC2
A3BIC3
A3B1C4
A3BICS

A3B2CI
A3B2C2
A3B2C3
A3B2C4
A3B2C5

A3B3Cl1
A3B3C2
A3B3C3
A3B3C4
A3B3C5

A3B4Cl
A3B4C2
A3B4C3
A3B4C4
A3B4CS

A3B4ClI
A3B4C2
A3B4C3
A3B4C4
A3B4CS5

Impact mass:

B3 =4.59 kg
B4 =5.09 kg
B5=5.59kg

C1
C2
C3
C4
C5
Inbound velocity:
Ci=1.0m/s
C2=2.0m/s
C3=3.0m/s
C4=4.0 m/s
C5=5.0m/s
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Table 4 Cross-sectional research design for vinyl nitrile.

Al A2 A3
B1 AlBICI A2BIC] A3BICI C1
AlIBIC2 A2BI1C2 A3BIC2
AiBIC3 A2BI1C3 A3B1C3
A1BIC4 A2BI1C4 A3BIC4
AIBICS A2BICS A3BICS
B2 A1B2CI A2B2CI A3B2CI (6]
A1B2C2 A2B2C2 A3B2C2
A1B2C3 A2B2C3 A3B2C3
A1B2C4 A2B2C4 A3B2C4
AIB2CS A2B2CS5 A3B2C5
B3 A1B3CI A2B3CI A3B3ClI C3
A1B3C2 A2B3C2 A3B3C2
A1B3C3 A2B3C3 A3B3C3
A1B3C4 A2B3C4 A3B3C4
AIB3CS A2B3C5 A3B3Cs
B4 A1B4CI A2B4CI A3B4Cl] C4
A1B4C2 A2B4C2 A3B4C2
A1B4C3 A2B4C3 A3B4C3
AlB4C4 A2B4C4 A3B4C4
A1B4CS A2B4C5 A3B4C5
BS AlIB5CI A2B5CI A3B4ClI Cs
AIB5C2 A2B5C2 A3B4C2
AI1B5C3 A2B5C3 A3B4C3
AlIB5C4 A2B5C4 A3B4C4
AIBSCS A2B5CS5 A3B4C5
LEGEND
Material: Impact mass: Inbound velocity:
Al=VN 602 Bl =3.5%9kg Cl=1.0m/s
A2 = VN 600 B2 =4.09 kg C2=15m/s
A3=VN 740 B3=4.59kg C3=2.0m/s
B4 =5.09 kg C4=2.5m/s
B5=5.59kg C5=3.0m/s
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3.6 ANALYSIS
3.6.1 STRESS STRAIN CURVES

From the stress-strain curve the elastic modulus and the compressive yield point were
determined. The stress (c.) at a particular point was calculated using the load (P) and the
samples original cross-sectional area (Ao):

c. = P/Ag
(Roylance, 2001)
The strain () was calculated using displacement (d) and the samples original length (L,):
g.=d/Lg
(Roylance, 2001)

Compressive yield is described as the ability of the material to resist crushing from
vertical pushing forces (ASTM International: D 1621-04a, 2004). This value was determined
just prior the start of the plateau/functional phase of the stress-strain curve using an off-set
technique. The yield is the stress required to initiate plastic deformation of the material
samples. it is at this point, which permanent deformaticn occurs and is often referred to as the
upper load limit. The elastic modulus was calculated as the slope between two manually
selected points on the linear section of the curve prior the plateau phase. For the particular
samples investigated an obvious yield point was not noted, therefore, a parallei line to the
modulus line was drawn at a chosen offsct of 0.2%, a common offset value for plastics
(Hibberler, 1991). The point at which the offset line and test curve intersected was defined as

the yield point (Instron, 2007).

3.6.2 IMPACT VELOCITY
impact velocity was calculated using the Fastcam 512 PCI high speed camera by

manually calculating distancc over time. The high speed camera recorded at 2000 frames per
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second. Using the video images in Photron Motion Tool Suite Analysis, the impact velocity
was calculated by manually tracking 5 frames immediately preceding the impact of each trial.
A small reflective marker on the impactor is used to track the video images frame by frame.

Using 5 frames, the time interval was calculated using the following technique:

I second/2000 frames x 5 frames = 0.0025 seconds

When the tracking was complete, the time data recorded in Photron Motions Tool
Suite during the tracking was exported to Excel. Using the calculated thickness of the
material samples 2 distance was found between the 5 frames. This is done by tracking a point

on the impact mass from the start to the finish of the selected frames. For example:
0.010 metres / 0.0025 seconds = 4.0 m/s

Therefore, the inbound velocity found immediately preceding the impact was 4.0 m/s

for the example given.

3.6.3 LINEAR ACCELERATION

The impact data was collected and viewed using the computer softwarc programs
Photron Motion Analysis Suite and BioProc2. BicProc2 is designed for data processing,
analyzing, and displaying (Robertson, 2007). The sampling rate was 20 000 Hertz and a low
pass Butterworth filter of 1000 Hertz was used to filter all data, which is the standard cut-off
frequency used on the monorail drop system. Low-pass Butterworth filters arc commonly
used in biomechanics-related research (Manal & Rose, 2003). Force data was then converted
into accelerations (g) using the formula, I' = ma. Force time graphs were gencrated using tab
files created in BioProc2 exported to Microsoft Excel and the maximum force observed

during the impact was recorded as peak force.
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3.6.4 IMPULSE

Impulse (1) is the integral of force (F) with respect to impact time (t) (Gordon et al.,

2006).

= [Fat
(Gordon et al., 2006)

BioProc2 was also used to caiculate impulse for all trials. Impulse was recorded
during the analysis for peak force, which was filtered at 1000 Hertz. An impulse threshold of
25 Newtons was used to register the start of the impact and the end of signal registered when
zero Newtons was reached. This threshold value was slightly greater than the magnitude of
noise and variance recorded by the system prior the impact and therefore helped isolate the

digital impact data during analysis.



CHAPTER 4. RESULTS

4.1 QUASISTATIC RESULTS

6l

Table 5 Mean and standard deviation test results for VN, EPS, and EPP subjected to
quasistatic compression testing.

Material Elastic Modulus 0.2% offset load (N)  0.2% offset stress
(N/mm?) [Compressive load at (N/mm?)
yield point]} [Compress stress at

yield point]
VN 602 1.51 (0.15) 90.38 (4.69) 0.0336 (0.002)
VN 600 2.55(0.74) 135.53 (26.12) 0.049 (0.0092)
VN 740 9.82 (0.27) 390.49 (9.64) 0.133 (0.0064)
EPS 62.95 kg/m’ 16.56 (3.61) 782.60 (56.04) 0.41 (0.034)
EPS 83.46 kg/m’ 23.68 (5.10) 1255.15 (6.47) 0.63 (0.0058)
EPS 100.12 kg/m®>  25.37 (3.77) 1505.35 (10.33) 0.79 (0.015)
EPP 44.53 kg/m’ 2.49 (0.23) 234.40 (16.81) 0.095 (0.0091)
EPP 83.94 kg/m’ 8.14 (1.55) 835.61 (19.67) 0.41 (0.01)
EPP 117.09 kg/m®>  15.19 (3.39) 1252.72 (74.83) 0.58 (0.027)

Table 5 displays the mean results with standard deviations for cach material subjected

to quasistatic testing at a strain rate of 100 mm/min. The clastic modulus increased for each

material with increasing material density, as well as the compressive load and stress at the

yicld point increased with increasing material density. LPS was able to withstand the greatest

force values during dynamic testing and had the highest elastic modulus and yicld values

compared to EPP and VN. The stress versus strain graphs can be found in appendix C.

4.2 DYNAMIC IMPACT RESULTS
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For cach material type a three-way Analysis of Variance was conducted to determine
the effccts that material density, inbound velocity, and head mass had on the energy
attenuation properties of foams by observing the peak lincar acceleration and impulse
transmitted through the material upon impact. The dependent variables peak lincar
acceleration and impulse were analyzed using separate tests because the variables were not
completely independent from one another. A bivariate Pearson’s Correlation revealed a
strong positive relationship between acceleration and impulse for EPS (r = 0.868, p < 0.001),
EPP (r = 0.852, p <0.001), and VN (0.766, p <0.001).

There were three densities of each material, five inbound velocities, and five drop
masses, which gave a total of 75 possible impact conditions for cach material. It was
hypothesized that significant differences in peak lincar acceleration and impulse would be
observed throughout the different impact conditions and an alpha level of 0.05 was used as
the significance level.

If significant main effects were found in the previous analysis the partial correlation
test was used to determine if lincar associations existed between the dependent variables and
independent variables. A partial correlation test was chosen to mask the influence of the
independent variables not being analyzed so the effects of one independent variable on the
dependent variables could be determined. Bivariate correlations were then conducted for

iinpact mass and density at cach impact condition to look for trends in the data.



4.3 EXPANDED POLYSTYRENE
4.3.1 ANALYSIS OF VARIANCE

The mean linear acceleration with standard deviation measurements are shown in the

table below for cach condition EPS samples were impacted.

Table 6 Mcan peak linear acceleration (g) and standard deviation (SD) measurcments for
EPS 62.95, 83.46. and 100.12 l(g,/m3 across five impact masses (3.59, 4.09, 4.59,
5.09, and 5.59 kg) and five inbound velocities (1.0, 2.0, 3.0, 4.0, and 5.0 m/s), where
n=5and N = 360.

Peak Linea: Acceleration (2)
Mass  Velocity EPS 62.95 kg/m® EPS 83.46 kg/m®  EPS 100.12 kg/m’

(kg) (m/s) Mean SD Mean SD Mean SD
3.59 1.0 23.54 1.49 34.90 2.83 36.22 1.08
2.0 31.12 0.90 43.51 0.56 49.08 2.03
3.0 43.54 0.93 53.48 0.80 61.11 0.92
4.0 74.71 1.67 73.17 2.53 80.41 1.51
5.0 175.38 13.25 119.00 623 117.17 3.38
4.09 1.0 21.73 0.67 31.41 1.54 32.78 1.63
2.0 27.25 2.09 40.43 1.38 44.59 0.78
3.0 43.27 0.53 5162 2.15 57.98 2.11
4.0 89.01 5.51 75.16 0.73 80.69 1.38
5.0 189.81 14.02 134.82 3.80  I31.15 3.89
4.59 1.0 19.63 0.94 26.94 1.57 28.78 1.03
2.0 26.19 1.53 37.10 1.27 41.25 1.35
3.0 41.72 0.73 46.48 0.90 52.75 1.16
4.0 140.75 20.50 86.14 2.57 89.71 1.56
5.0 234.63 0.25 186.14 1140  156.22 4.27
5.09 1.0 17.63 0.64 26.56 1.04 28.56 1.08
2.0 25.40 1.01 34.05 0.92 38.07 0.97
3.0 42.65 1.66 47.44 2.23 51.73 0.97
4.0 212.59 21.74 111.22 3.85  102.86 2.87
5.0 219.85 7.65 187.69 10.58
5.59 1.0 16.87 0.61 23.75 0.91 26.06 1.07
2.0 23.09 0.87 32.21 1.27 35.54 0.75
3.0 43.16 1.29 43.98 0.97 49.56 0.89
4.0 22642 13.43 115.90 8.87 103.07 3.35
5.0 177.49 8.14

Note: Blank spaces indicate testing was not conducted.
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As well, the mean impulse and standard deviations are provided for cach impact
condition for ESP in table 7.
Table 7 Mean impulse and standard deviation (SD) for EPS 62.95, 83.46, and 100.12 kg/m3

across five impact masses (3.59, 4.09, 4.59, 5.09, and 5.59 kg) and five inbound
velocities (1.0, 2.0, 3.0, 4.0, and 5.0 m/s), where n =5 and N = 360.

Impulse (N-s)
Mass Velocity  EPS 62.95 kg/m’ EPS 83.46 kg/m’ EPS 100.12 kg/m®
(kg) (m/s) Mean Sb Mean SD Mean SD
359 1.0 5.83 0.24 5.63 0.41 5.38 0.28
2.0 9.26 0.32 9.19 0.27 9.26 0.31
3.0 13.20 0.50 12.79 .04 12.90 0.35
4.0 17.42 0.53 17.04 0.47 16.83 0.17
5.0 21.84 0.28 21.78 0.66 20.97 0.03
409 1.0 6.22 0.22 6.37 0.42 6.19 0.09
2.0 10.01 0.30 11.09 0.39 10.35 0.27
3.0 15.56 0.38 15.17 0.43 14.93 0.12
4.0 20.32 0.24 19.94 0.12 19.81 0.16
5.0 26.27 0.77 24.88 0.38 24.47 0.06
459 1.0 6.83 0.23 6.91 0.33 6.73 0.44
2.0 11.80 0.44 11.62 0.21 11.61 0.22
3.0 16.88 0.14 16.49 0.04 16.55 0.19
4.0 24.63 0.72 23.78 0.18 23.62 0.25
5.0 32.01 0.67 29.08 0.23 28.74 0.43
509 1.0 7.60 0.52 7.67 0.24 7.61 0.29
2.0 12.76 0.25 12.67 0.09 12.65 0.29
3.0 18.81 0.21 18.51 0.16 18.74 0.26
4.0 28.60 0.29 27.81 0.26 27.39 0.39
5.0 7.68 0.18 32.52 0.30 32.07 0.20
559 1.0 13.85 0.59 8.38 0.42 8.50 0.10
2.0 21.37 0.59 13.91 0.22 14.02 0.43
3.0 30.88 0.61 20.41 0.24 20.30 0.21
4.0 30.01 0.21 29.33 0.08
5.0 33.82 0.08

Note: Blank spaces indicate testing was not conducted.

The hypotheses that significant differences in peak lincar acceleration and impulse
would be observed throughout the different impact conditions were supported for expanded
polystyrene. There were significant main effects for material density on peak lincar

acceleration (F(2. 288) = 367.24, p <0. 05) and impulse (F(2. 288) — 98.89. p <0. 05). As
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well, significant main Ei:l‘cu:. were found for head mass on peak lincar acceleration (F(4, 288)
= 302.76, p<0. 05) and impulse (I'(4. 288) = 5795.876, p<0. 05) and finally, significant main
cffects were found for inbound velocity on peak linear acceleration (F(2, 288) = 8285.97, p
<0. 05) and impulsc (F(2, 288) = 41285.35. p <0.05).

Significant two-way interactions between head mass and inbound velocity were
found for peak linear interactions (F(16, 288) = 212.76, p<0. 05) and impulse ((F(16, 288) =
30.49, p<0.05). Significant two-way interactions were found between impact mass and
density on peak linear acceleration (F(8. 288) = 54.62. p<0. 05) and impulse (¥(8, 288) =
4.22, p<0. 05), and between inbound velocity and density for peak linear acceleration (F (8,
288) = 378.87, p<0. 05) and impulse (F (b. 288) = 30.49, p<0.05). Significant threc-way
interaction for peak linear acceleration (F (29, 288) = 32.28. p<0. 05) and impulse (F (29,
288) = 4.77, p<0. 05) were found between all of the independent variables; impact mass,
inbound velocity, and density.

For EPS, the mean and standard deviation f.  peak linear acceleration and impulse
was 74.25 g /- 58.62 and 16.89 N-s +/- 8.10. respectively. The estimated marginal mean and
standard deviation for peak lincar acceleration was 74.25 g +/- 0.291 respectively and the
95% confidence interval was 73.68 g to 74.82. The estimated marginal mean and standard
deviation for impulse was 16.89 N-s /- 0.291 respectively and the 95% confidence interval
was 16.86 N-s to 16.93 N-s. The threec-way ANOVA revealed the observed pe wver for all
main effects and interactions for peak lincar aceeleration computed were 1.0, meaning there
was a 100% chance of finding significant differences between cach group in any particular
sample with the same sample size. The observed powers for impuis s were also all 1.0, except
for the two-way interaction between impact mass and density which was (0.994.

Due to mechanical limitations. testing was discontinued when a material reached

foree values above 15000 N. Theretore, there were missing values for ESP 62.95 kg/m™ when
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tested at 5.0 m/s using a 5.09 kg and 5.59 kg impact mass. As well, there were missing data
for EPS 83.46 kg/nf’ when fested at 5. m/s using a 5.59 kg impact mass. This means a total
of 15 impact conditions could not be tested for EPS. These missing values were not replaced
for statistical analysis.

An assumption associated with the analysis of variance statistical test is that the error
variances of the dependent variables were equal across the groups investigated. The Levene’s
test of equality of variances; however, revealed that the mean peak linear acceleration and
mean impulse were not homogenous across groups (F(71, 288) = 9.84. p<0.05) and (F(71,
288) = 2.91, p<0.05). Further analysis of the data revealed a positive kurtosis for peak linear
acceleration and a negative kurtosis for impulse, 0.692 and -0.948, respectively. As well,
peak linear acceleration and impulse werce positively skewed, 1.325 and 0.400, respectively.
The kurtosis values are within +/- 1 and the skewness values fell between +/- 2, both of
which display normality in the distribution of data (George & Mallery, 2007). Thus, all the
data were accepted as normally distributed and despite Levenc’s test showing heterogeneity
across groups, the ANOVA test was uscd.

The cffect size indicates how much of the total variance is explained by each main
effect and interaction. In regard to the main effects on peak linear acceleration. inbound
veloeity was the greatest for EPS, with 99.1% of the total dispersion being explained by its
effect in a sample size of 360. Neat, impact mass had a moderately high effect size of 80.8%
and material density had moderate effect size of 71.8%. The two-way interactions between
velocity and impact mass (92.2%) and velocity and density (91.3%) revealed very high
significance and the interaction between density and impact mass showed a small 60.3%
effect size. Finally, the three-way interactions revealed a 76.5% chance of finding an

interaction cffect on peak lincar acceleration in a sample of 360.
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In regards (0 main effects on impulse, inbound velocity was again the greatest with a
99.8% effect size. Impact mass was next at 98.8% and density had a very low effect size of
40.7%. In regards to the two-way interactions on predicting impulse, impact mass and
velocity was the greatest at 96.3%, followed by density and velocity (45.9%) and density and
impact mass (10.5%). Finally, the threc-way interactions revealed a 32.5% chance of finding
an interaction cffcct on impulse in a sample of 360.

Post hoc testing for impact mass was conducted separately for each combination of
material density and velocity using the Bonferroni Test, which assumes homogeneity of
variance across means. The Levene’s test of equality of variances revealed that the mean
lincar acceleration and mean impulse were homogenous across groups at cach combination of
density and velocity (p > 0.05). Figure 20 displays the peak linear acceleration results for

impact mass at cach density for each inbound velocity.
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Figure 20 Pcak linear acceleration results for EPS 62.95, 83.46, and 100.12 kg/m” at
velocity 1.0, 2.0, 3.0. 4.0. and 5.0 m/s for each impact mass.

Impact mass was shown to have a significant main cffect on peak linear accelerations.
The majority of the results were significantly different between impact masses; however,
there were some conditions which were not significantly different, such as EPS 62.95 kg/m’
between 3.59 kg and 4.09 kg at 1.0, 3.0, 4.0, and 5.0 m/s. This can be noted by their close
proximity in the first column of the above figure. It should aiso be pointed out that at 3.0 m/s
for EPS 62.95 kg/m® each of the impact masses performed insignificantly different (p >
0.05). The graphs were intersecting due to the interaction between inbound velocity and
impact mass. There were significant peak acceleration differences between 3.59 kg and 4.59
kg. 3.59 kg, and 5.09 kg, 3.59 kg and 5.59 kg. 4.09 kg and 5.09 kg, an+: 4.09 kg and 5.59 kg

at 3.0 m/s for EPS 83.46 ke/m® and EPS 100.12 ke/m®. All of the possible combinations of
2 g ]
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impact mass are present in table 8 and interactions are “boxed™ where significant differences

in peak linear acceleration occur.

Density (pef)
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Figure 21 Pcak impulse results for EPS 62.95, 83.46, and 100.12 kg/m? at velocity 1.0, 2.0,

3.0, 4.0, and 5.0 m/s for ecach impact mass.

Figure 21 displays that impact mass had a significant effect of impulse measurements
for nearly all conditions. Post hoc testing using the Bonferroni test revealed that significant
differcnces were observed for 130 of the 141 comparisons between impact masses. All
possible combinations of mass are within each box in table 8 below. Boxed squares represent
significant differences in mean peak lincar acceleration and an asterisk represents significant
differences in impulse between the corresponding masses, where:

M1 =3.59 kg

M2 = 4.09 kg
M3 = 4.59 kg



M4 = 5.09 kg
M5 = 5.59 kg
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Table 8 Significant differences in mean peak linear acceleration (squares @ - ) and
imp.uise (asterisk(¥)) between impact mass (M1 to MS5) for EPS 62.95, §3.46, and
100.12 kg/m® at velocity 1.0, 2.6, 3.0, 4.0, and 5.0 m/s, p<0.05.

Material 1.0 m/s 20m/s 3.0m/s 4.0 m/s 5.0 m/s
EPS 62.95 M1[- M2 M1|- M2 MI[-m2 = [MI-M2% M- M2 *
kg/m’ -}N_B* NVEE -M3 * -[M3| * - M3 *
- M4| * - M| * —m: -M4l x| M2 - M3} *
- M5} * - M| * - - M5 *
M2 - M3 M2]- M3 * MZ- M3 * | (g - i3]+
| M4l = -vidl = -M4’f< - Ividl =
VT AVEE M5~ -IM| *
V3| - M4 * _m‘* M3'M4* -M4*
AVER AvEE -M>” AVEE
W5 |pEonse | MAMST | wis
EPS 83.46 M1} -'™M2| M1}- M2 Mi[-m2* |[MI[-M2* | [Mi]-M2]*
keg/m’ - M3 * - M3| * -3 - 3] * - m3|
- M) * - M4 * - M4 * - Mé* - [m4] *
- M3| AVEE - [M3] * - M3 * - M3} *
M2 - M3 M2]- M3 M2 -M3[* | M2-M3F | M2)- M3
- [m4] - M4 * - M4} * - M4 * - M4} *
- M3} - M3 - M3} * - M3 * - M3 #
MI-Me  |M3-mdx o |M3-mMar |34 M3 - M4l *
_>:< - M5 ® M5 _[@‘*
Md-Ms  (MA-msx |M4-MS* |- Ms
EPS100.12 | M- x| MI-M2* [MI]-[M2)* | MI]-m2}* Mi| - M2 *
kg m® - M3} * - M3 * - M3 * -M3]* - M3 *
- M4 * - M4 * - [md4] * -4 = - M4 *
- M35} * - M3} - M3 * - M| * -[M3]
M2 - M3 M2 -v3lx | M- m3)* | M- M3l | M2)- M3
- M4 # - (M4} * - (M4} * - M4 - M4 *
- M3} * NVER - M3 * - M3} - [M3] *
M3-md* |MI-Mdx |MF-Max (M3-Max | M3 M4
RVEE _@* _* M3 * AVEE
Md-M3* |ME-M5x | Mg-Ms | [M4-M5* M4) - M5 *

Note: Blank spaces indicate testing was not conducted.
Post hoc testing using the Bonferroni test was also conducted to determine whether

significant differences between velocities existed at each impact mass and material density.

Peak linear acceleration measurements were significantly different between 131 out of 141
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comparisons and impulse measurc...cnts were all significantly different between all inbound
velocities. Significant differences were not found for peak linear accelerations between 1.0
and 2.0 m/s for EPS 83.46 kg/m’ at al! five inbound masses. Significant differences were not
observed between 1.0 and 2.0 m/s and 2.0 and 3.0 m/s for EPS 83.46 kg/m’ at 4.59 kg, as
well as between 1.0 and 2.0 m/s for EPS 83.46 kg/m” at 5.09 kg and 5.59 kg and EPS 110.12
kg/m’ at 5.09 kg.

Post hoc testing was also conducted to determine which conditions of material
density differed significantly. Significant differences in peak linear acceleration were noted
between EPS 6€2.95 and EPS 100.12 kg/m” at all impact conditions (mass cross velocity).
EPS 83.46 and 100.12 kg/m? did not differ significantly at the following conditions:

3.59 kg at 1.0 and 4.0 m/s,
4.09 kg at 1.0, 4.0, and 5.0 m/s,
4,59 kg at 1.0 and 4.0 m/s,
5.09 kg at 4.0 m/s,

5.59 kg at 5.0 m/s.

In ac ition, peak linear acceleration between EPS 62.95 and EPS 83.46 kg/m’ did not
differ ..gnificantly when impacted using 3.59 kg at 4.0 m/s and 5.59 kg at 3.0 m/s. Finally,
post hoc testing for material density revealed that impulse differed significantly for 33 out of
75 combinations. The following graph displays the outcomes for each density across inbound

veiocity for each impact mass.
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Figure 22 Mean impulse results for EPS 62.95, 83.84, 100.12 kg/m3 at veloc'ty 1.0, 2.0, 3.0,
4.0, and 5.0 m/s for each impact mass.

Figure 22 displays that the impulse results for each density were very simiiar for the
majority of conditions, indicating that density was a poor predictor for impulse. The change

in density did not have an effect on impulse. As a reminder, the effect size for density was

orly 40.7%.

4,22 CORRELATIONS

A partial correlation test revealed that inbound velocity was positively correlated to

both acceleration (+ = 0.841, p<0.05) and impulsc (r = 0.893, p<0.05), when controlling for



material density and impact mass. This indicates that inbound velocity had a strong linear
relationship to both dependent variables. Impact mass produced a small positive relationship
between acceleration (r = 0.201, p<0.05) and large positive relationship with impulse (r =
0.846, p<0.05), when controlling for inbound velocity and material density. Finally, material
density produced a non-linear negative relationship between acceleration (r -0.129, p<0.05)
and impulse (r =-0.095, p<0.05). The results are presented in the table below.

Table 9 EPS partial correlation results for each independent variable on the dependent
variable, with significance level (N = 360).

Acceleration (g) Impuise (N-s)
Correlation Significance ~ Correlation  Significance
Inbound Velocity (m/s) 0.841 0.000 0.974 0.000
Impact Mass (kg) 0.201 0.000 0.846 0.000
Material Density (kg/m®) -0.129 0.015 -0.095 0.073

The figure below was created to display the trend impact mass had on peak linear

accelerations at each inbound velocity and material density.



77

Inbound Velocity (m/fs)
1 2 3 4 5
250 00} . o
e o .
3 [
— o A'l'
200.00 . b §
4 i\ o )
> . o f‘;,\; Material
o 10
= E f = (O EPS6295kgm3
'g 150.00 ,»¥ & EPS 83.46 kgim3
g Hf % EPS10012 kg3
b —— EPS 62.95 kgim3
O ‘, . e EPS 83.46 kg/m3
a ¥ — — EPS 100.12 kg/in3
Ry
~ 100.00
]
@
£
|
50,00 3 a2
b
a "‘*%ﬂh:‘i
0.004]
1 ¥ v 1T ¥ T T ¥ 1% | I F 81 T ¥ 1T 1 ¥ 1 1 | B ]
359 - 559 3.59 - 559 359 .- 559 359 - 559 3.59 -- 5.59
Head Mass (kg)

Figure 23 Peak linear acceleration results with interpolation line for EPS 62.95, 83.46, and
100.12 kg/m? for increasing impact mass (1-5) at each inbound velocity.
Further investigations using bivariate correlation tests were conducted to determine
he relationship between impact mass, acceleration, and impulse for cach ma zrial density and
inbound velocity. The results for acceleration (g) and impulse (N-s) are presented in tabular

format below and all results were found to be significant, p<0.035.

Table 10 Bivariate correlation results for impact mass, acceleration (g), and impulse (N-s) at
cach material density and inbound velocity.
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Material 1.0 m/s 2.0 m/s 3.0m/s 4.0 m/s 5.0 m/s
(kg/m?) g N-s g N-s g N-s g N-s g N-s
EPS62.95 -0.939 0917 -0.872 0971 -0.165 0987 0952 0.991 0.886 0.989
EPS 83.46 -0.906 0.943 -0.967 0975 -0.878 0.994 0933 0.995 0.968 0.9%4
EPS100.12 -0.927 0.972 -0.968 0985 -0.940 0.995 0930 0.994 0915 0.990

Overall, a strong ncgative linear correlation between impact mass and acceleration
were found for each density at velocities 1.0, 2.0, and 3.0 m/s, except for EPS 62.95 kg/m? at
3.0 m/s. Conversely, at 4.0 m/s and 5.0 m/s a strong positive correlation was found for impact
mass. Impulse was strongly and positively correlated to impact mass at all conditions.

Bivariate correlations were not conducted for inbound velocity as there was a strong
positive and linear relationship to both acceleration and impulse in the partial correlation.
Density however, was analyzed at each impact condition (mass and velocity) and the results
are presented below. Not all results were found significant.

Table 11 Bivariate correlation results for material density on acceleration (g) and impulse
(N-s) at each impact mass and inbound velocity for EPS.

Mass 1.9 m/s 2.0 m/s 3.0 m/s 4.9 u/s 5.0 m/s

8 Ns g Ns g Ns g N's g MNs
3.59kg  0.870 -0.541 0.965 0.000 0.991 -0.32 0.65f -0.532 -0.845 -0.654
409kg 0.891 -0.052 0.942 0255 0.964 -0.643 -0.532 -0.758 -0.857 -0.826
459kg 0922 -0.129 0.950 -0.263 0.980 -0.586 0.878 -0.768 -0.912 -0.968
509kg  0.925 -0.045 0.966 -0.223 0.925 -0.042 -0.875 -0.842 -0.89 -0.695
559kg 0942 -0.769 0.952 0.173 0.871 -0.733 -0.899 -0.879

Note: Blank spaces indicate testing was not conducted.

From table 11, it is noted that inbound velocity was positively and linearly corrclated
to acceleration at 1.0 m/s. 2.0 m/s, and 3.0 m/s. At 4.0 m/s and 5.0 m/s, however inbound
velocity revealed strong negative relationships between peak linear »cceleration. Impulse
showed weak correlations to density throughout most of conditions suggesting that density

was not a good predictor for impulse. Explanations regarding these trends are in chapter 6.
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4.4 EXPANDED POLYPROPYLENE

4.4.1 ANALYSIS OF VARIANCE

The mean linear acceleration with standard deviation measurements are shown in the

table below for cach condition EPP samples were impacted.
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Table 12 Mean peak linear acceleration (g) and standard deviation measurements for EPP
44.53,83.94, and 117.09 kg/m3 across five impact masses (3.59, 4.09, 4.59, 5.09, and
5.59 kg) and five inbound velocities (1.0, 2.0, 3.0, 4.0, and 5.0 m/s), where n=5 and

N =315.
Peak Linear Acceleration (g)
Mass Velocity  EPP 44.53 kg/m’ EPP 83.94 kg/m® EPP 117.09 kg/m’
(kg} (m/s) Mean SD Mean Sh Mean Sh
3.59 1.0 11.87 0.51 24.53 0.87 32.47 0.72
2.0 19.59 0.28 34.12 1.24 48.82 1.72
3.0 55.05 2.93 42.38 0.87 56.02 1.96
4.0 64.26 4.49 69.84 1.58
5.0 150.22 425 119.51 1.67
4.09 1.0 11.12 0.38 23.24 1.34 31.26 1.19
2.0 20.33 0.76 31.33 0.73 44.94 1.04
3.0 68.55 7.79 40.78 0.92 53.46 1.48
4.0 77.52 5.31 72.76 1.61
5.0 182.16 12.25 116.91 3.80
4.59 1.0 9.63 0.29 21.77 1.16 26.48 1.08
2.0 20.25 0.60 27.70 0.63 41.25 0.98
3.0 82.05 4.85 38.28 0.68 47.36 1.46
4.0 104 .41 7.23 82.13 4.41
5.0 159.02 1.67
5.09 1.0 8.92 0.17 19.20 0.56 26.37 0.88
2.0 20.90 0.54 26.23 0.40 35.89 1.18
3.0 108.14 12.06 37.56 0.89 46.34 1.01
4.0 148.12 18.17 105.73 7.48
5.0 202.16 14.34
5.59 1.0 8.11 0.31 18.03 0.87 24.11 i.37
2.0 21.33 0.45 24.30 0.59 34.41 0.62
3.0 128.17 10.10 37.71 1.21 44.79 1.52
4.0 168.18 20.54 109.53 12.56
5.0 212.87 13.63

Note: Blank spaces indicate testing was not conducted.
As well, the mean impulse and standard deviations are provided for each impact

condition for EPP in table 13.
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Table 13 Mean impulse (N s) and standard deviation measurements for LIPS 44.53. 83.94.

and 117.09 kg/mx across {ive impact masses (3.59, 4.09, 4.59, 5.09, and 5.59 kg) and
five inbound velocitics (1.0, 2.0, 3.0, 4.0, and 5.0 m/s), where n =35 and N = 315.

Impulse (N's)
Mass Velocity  EPP 44.53 kg/m’® EPP 83.94 kg/m® EPP 117.09 kg/m’
(kg) (m/s) Mean SD Mean SD Mean SD
3.59 1.0 6.47 0.43 5.85 0.13 5.99 0.12
2.0 10.47 0.34 10.04 0.10 10.09 0.10
3.0 15.56 0.26 14.27 0.11 14.47 0.11
4.0 20.44 0.27 18.69 0.30 18.79 0.32
5.0 23.96 0.09 23.92 0.27
4.09 1.0 7.22 0.46 6.77 0.08 6.86 0.25
2.0 12.48 0.20 11.57 0.13 11.77 0.17
3.0 18.43 0.15 10.58 0.09 16.61 €35
4.0 22.25 0.14 22.10 0.14
5.0 2748 0.15 27.08 0.15
4.59 1.0 7.73 0.25 7.31 0.08 7.28 0.22
2.0 13.82 0.18 12.79 0.11 12.87 0.17
3.0 20.46 0.10 18.38 0.06 18.44 0.08
4.9 25.83 2.11 26.06 0.17
5.0 31.39 0.45
5.09 1.0 8.67 0.09 8.20 0.14 8.32 0.13
2.0 15.52 0.07 14.11 0.07 14.24 0.02
3.0 23.47 0.51 20.66 0.20 20.68 0.40
4.0 31.01 0.07 30.51 0.07
5.0 35.81 0.30
5.59 1.0 9.50 0.12 8.81 0.13 8.92 0.10
2.0 17.10 0.17 15.50 0.16 15.64 0.11
3.0 25.33 0.10 22.66 0.08 22.51 0.07
4.0 33.43 0.12 33.03 0.32
3.0 37.86 0.31
Note: Blank spaces indicate testing was not conducted.
The hypotheses that significant differences in peak lincar acceleration and impulse

would be obseryed throughout the different impact conditions were supported for EPP. There

were significant main cffects for material density on peak lincar acceleration (F(2. 252) =
401.54, p<0.05) and impulse (F(2.252) 348.84, p <0. 05). Significant main cffects were

found for head mass on peak lincar aceeleration (F(4. 252)

284.71, p<0. 05) and impulsc

(F(4, 252) - 5901.62. p<0. 05) and finally, significant main cffects were found for inbound
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velocity on peak linear acceleration (F(2, 252) = 4613.92, p <0. 05) and impulse (F(2, 252) =
34187.12, p <0.05).

Significant two-way interactions between head mass and velocity were found for
peak lincar interactions (F(16, 252) = 119.59, p<0. 05) and impulse ((F(16. 252) = 389.15,
p<0. 05). Significant two-way interactions were found between impact mass and density for
neak lincar acceleration (F(8, 252) = 33.12. p<0. 05) and impulse (F(8. 252) = 6.51. p<0. 05),
and between velocity and density for peak lincar acceleration (F (8. 252) = 401.13. p<0. 05)
and impulse (F (8. 252) = 33.19. p<0. 05). As well, a significant three-way interaction for
peak lincar acccleration (F (29, 252) = 16.61. p<0. 05) and impulse (FF (29. 252) = 1.72. p<0.
05) were found between all of the independent variables: impact mass, inbound velocity, and
material.

For PP, the mean and standard deviation for peak lincar acceleration and impulse
was 63.03 g t/- 53.36 and 17.30 N-s +/- 8.28 respectively. The cstimated marginal mean and
standard deviation for peak lincar acceleration was 63.03 g 1/- 0.348 g and the 95%
confidence interval was 62.34 to 63.72. The estimated marginal mean and standard deviation
for impulse was 17.30 N-s +/- 0.019; therefore. the 95% confidence interval was 17.27 to
17.34. The three-way ANOVA revealed the observed power for all main effects and
interactions fo - peak lincar acceleration computed were 1.0 and the observed powers for
impulse were all 1.0, except for the three-way interaction between impact mass. density. and
velocity which was 0.967.

Dugc to mechanical limitations, testing was discontinued when a material reached
force values above 15 000 N. Therefore, there were missing data for EPP 44.53 kg/m’ when
tested at 5 m/s using all impact masses. There was also missing data for I'PP 44.53 kg/m’ at 4

m/s using impact masses of 4.09, 4.59, 5.09, and 5.49 kg. For PP 83.94 kg/m’ there were
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missing values at 5 m/s using 4.59. 5.09. and 5.59 kg impact masses and finally. EPP 117.09
kg/m® had no missing data.

The Levenc's test of equality of variances however, revealed that the peak linear
accele.ation and impulse were not homogenous across groups (F(71, 252) = 6.00, p<0.05)
and (F(71, 252) = 4.87, p<<0.05). Further analysis of the data revealed a positive kurtosis for
peak linear acceleration and a negative kurtosis for impulse. 0.822 and -0.504 respectively.
As well. peak lincar acceleration and impulse were positively skewed. 1.326 and 0.566
respectively. The kurtosis values are within +/- | and the skewness values fall between +/- 2,
both of which display normality in the distribution of data (George & Mallery, 2007). Thus,
all the data was treated as normally distributed and despite Levene’s test showing
heterogencity across groups, the ANOVA test was used.

In regards to main effects on peak linear acceleration for EPP. inbound velocity was
the greatest. with a 98.7% chance of finding this effect to be significant in a sample of 360.
Next, impact mass nad a high effect size of 81.9% and material density had a 76.1% chance
of finding the effect to be significant. The two-way interactions between velocity and impact
mass (88.4%) and velocity and density (91.8%) revealed very high effect sizes ¢ ~d the
interaction between density and impact mass showed a small 15.3% effect size. Finally, the
three-way interactions revealed a low 58.1%6 chance of finding an intcraction effect on peak
lincar accelzration in a sample of 315.

In regards to main effects on impulse. inbound velocity was agai. the greatest viith a
99.8% chance of finding significance for LPP. Impact mass was next at 98.9% and density
had a lower effect size of 73.5%. In regards to the two-way interaction, on predicting
impulsc. impact mass and velocity was the greatest at 96.1%6 and density and impact mass

(17.1%) and density and velocity (48.0%) were much fower. Finally, the threc-way
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interactions revealed a low 12.5% chance of finding an interaction effect on impulse in a
sample of 315.

Again, post hoc testing for impact mass was conducted separately for each
combination of material density and velocity using the Bonferroni Test, which assumes
homogeneity of variance across means. The Levene’s test of equality of variances revealed
taat the mean lincar acceleration and mean impulse were homogenous across groups at each
combination of density and velocity (p > 0.05). F'igure 24 displays the peak linear

acceleration results for impact mass at each density and inbound velocity.

Density (pcf)
EPP 4453 EPP 83.94 EPP 117.08
kgfm3 kgfm3 kgfm3
250 00
200007 Head Mass (kg)
= —— 359 ky
- —— 4.09kg
$ 15000+ —— 459 kg
= —509kg
a,.. ——5.438kg
@ 10000
o
(4]
& / )
50,00 /
0001
1 T 11 T 17T T T 1 L L L]
1 2 345 1.2 3 45 12 3 4 5
Inbound VYelocity (mfs}

Figure 24 Peak lincar acceleration results for cach impact mass for EPP 44.53, 83.94, and
117.09 kg/m” at velocity 1.0, 2.0. 3.0, 4.0, and 5.0 m/s.
Impact mass was shown to have a significant main cffect on peak lincar acceleraiions
and impulse for EPP at the three material densitics. In particular, all impact masses produced

significantly different results for EPP 83.94 kg/m* at 1.0 m/s and PP 117.09 kg/m® at 2.0
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m/s. This can be observed in figure 25 above. Significant differences in peak linear
acceleration were always observed between 3.59 and 5.09 kg and 3.59 and 5.59 kg.
Generally, where the curves do not overlap in the figure is where significant differences were
found. It is noted that the curves in column one are shorter because the testing resulted in

force values greater than 15000 N and was therefore stopped.

Density (pcf)
EPP 44.53 EPP 83.94 EPP 117.09
kg/m3 kgfm3 kgfm3
40,000
/
30,000 Head Mass (kg)
3.59 kg
) . —409kg
> ~— 4 53 kg
“;’ ——509kg
i 20000~ // ——549kg
3 /
& ;
E // /
10000+ |
0.000-
| B | L} i \ L] i i I i 1 i 1
123 4 5 12 3 45 1 2 3 45
Inhound Velocity (mis)

Figure 25 Peak impulsc results for each impact mass using EPP 44.53, 83.94, and 117.09
kg/m® and velocity 1.0. 2.0, 3.0, 4.0, and 5.0 m/s.

Figure 25 displays that impact mass had a significant cffect on impulse measurements
for EPP. Post hoe testing using the Bonferroni test revealed that significant differences in

impulse were obscrved for 119 of the 121 comparisons between impact masses at each

material density and inbound velocity. The two non-significant findings for impulse were
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between 4.09 and 4.59 kg and between 5.09 and 5.59 kg for EPP 44.53 at | m/s. Table 14
highlights where significant differences in peak lincar acceleration and impulse occurred
between each impact mass at each velocity and density. The material density is defined for
each row and the inbound velocity for each column. All possible combinations of mass with
velocity and density are within each box. Boaed squares represent significant differences in
mean peak lincar acceleration and an asterisk represents significant differences in impulse
between the corresponding masscs. where:

M1 =3.59 kg
M2 = 4.09 kg
M3 =4.59 kg
M4 =5.09 kg
M5 =5.59 kg
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Table 14 Significant differences for EPP for mean peak linear acceleration (squares (M |-

M_h and impulse (¥*) between variable impact mass and inbound v elocity., where
p<0.05.

Material 1.0 m/s 2.0 m/s 3.0 m/s 4.0 m/s 5.0 m/s
EPP  62.95 | MI|-M2| * M1]- M2* M1} - M2 *
kg/m” - M3} * -M3* - M3} *
- M4} - M4| = - M4 %
- M3} * - M3| * - M3} *
M2 - M3 M2]- M3 * M2 - M3 *
- M4l % - M4 % - M4 *
- M3| - M5 * -M3|*
YERYE M3]- M4 * M3] - M4] *
-[M3) * - M3 * -IM3| *
Vi) - M5 M4-M5* | Md- M3
EPP  83.46 | jml|- M2* v | - M2] * Mij-M2* [ Mif-M2% | M- m2)*
kg/m’ -[M3] - [M3| * -M3|* - M3}
- M4 * - M4 * - M4} ¥ - M4 *
-M3| * - M3 * - M| * - M| *
M2| - M3* M2 - M3 M2| - M3| * IM2; - M3 *
- M4} % - V4] % - M4 * -[M4| *
SVEK -[M3| % -[M3| * -[M3) =
M3 - M4 M3l - pm4] = M3| - M4 * M3] - m4] =
_m* _MS* _Msx __NE*
M4] - M5% IM4] - [M3] * M4l - V3| = Md4| - M5 *
EPP  100.12 | M1}~ M2 * M1|- M2 * M1|- M2 * MI|-M2* | MI1|- M2 *
kg/m’ -M3|* -(M3| - M3 * -M3# - M3}
- M4} * - [M4| * -M4] * - M4} * - V4] *
- M3l * NVEE -M3t = - M35} * - M5} *
M2] - M3} M2 - [m3| * IM2] - M3| * M2-M3* | [M2]- [m3| *
- [M4] * - V4] * - M4 * - M4| * - IM4] *
-[M3| * - M3] * - M3} - [M3| * - [M3| *
IM3] - M4] * M3] - M2 * M3]- M4 * M3]- M4 * | M3 - M4} *
- M3 * - M3 -M5 * - M3} * - M5} ¥
YERYEE 4] - M3] * M4] - M5 * Md]- M5 * | M4]- M5 *

*Blank spaces indicate testing was not conducted.

Post hoc testing using the Bonferroni test was also conducted to determine where

significant differences between velocities existed at each impact mass and material density.

Peak linear acceleration measurements were significantly different for nearly all inbound




velocities, except between 1.0 and 2.0 m/s for EPP 44.53 kg/m’ at 3.59 kg. Significant
differences were not observed between 1.0 and 2.0 m/s and 2.0 and 3.0 m/s for EPP 83.94
kg/m> at 4.59, 5.09, and 5.59 kg and EPP 117.09 kg/m® at 3.59. 5.09, and 5.59 kg. Impulse
was found to be significantly different between all inbound velocities at each impact
condition.

Post hoc testing using the Bonferonni test revealed significant differences for peak
linear acceleration between each material density at all combinations of inbound velocities
and impact masses, except for four conditions. Non-significant differences were noted
between EPP 44.53 kg/m® and EPP 117.09 kg/m’ at 3.0 m/s using 3.59 kg. In addition, no
significant differences were found between EPP 83.94 kg/m’ and EPP 117.09 kg/m® at 3.0
m/s using 4.59 and 5.09 kg, as well as at 4.0 m/s using 3.59 kg. Using impulse as the
dependent variable, significant differences were generally not observed across EPP 83.94
keg/m’ and EPP 117.09 kg/m’ at each inbound velocity and impact mass. EPP 44.53 ke/m’
was generally significantly different than EPP 83.94 kg/m® and EPP 117.09 kg/m’ for each

condition. The figure below displays the outcemes for each density across inbound velocity

and impact mass.

38
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Head Mass (kg)
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Figure 26 Peak impulse results for EPP 44.53. 83.94. and 117.09 keg/m’ at velocity 1.0. 2.0.
3.0, 4.0. and 5.0 m/s for cach impact mass.

When two curves overlapped, significant differences were not observed. EPP 44.53
was always significantly different than the other two densities for each impact mass at 3.0

m/s. This is pointed out by the circles in the figure.

4.4.2 CORRELATIONS

A partial correlation test revealed that inbound velocity was positively correlated to
both acceleration (r = 0.843, p<0.05) and impulse (r = 0.973. p<0.05), when controlling for
material density and impact mass. This indicates that inbound velocity had a strong linear

relationship to both dependent variables. Impact mass produced a small positive relationship
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between acceleration (r = 0.191. p<0.05) and large positive relationship with impulse (r =

0.862, p<0.05), when controlling for inbound velocity and material density. Finally, material

density produced a non-linear negative relationship between acceleration (r -0.075, p<0.05)

and impulse (r = -0.148, p<0.05). The results are presented in the table below.

Table 15 EPP partial correlation results for each independent variable on the dependent
variable, with significance level (N =315).

Acceleration (g) Impulse (N+s)
Correlation Significance  Cerrelation Significance
Inbound Velocity (m/s) 0.843 0.000 0.973 <0.0005
Impact Mass (kg) 0.191 0.000 0.862 <0.0005
Material Density (kg/m’) -0.075 0.094 -0.148 0.004
Inbound Velocity (mfs)
1 3 4 5
250.00-]
(=] * .
S
200.00- . ¥
B 2
o ° oA Material
et O g & .' ‘
c Al () EPP 44.53 kgin3
2 15000~ P f £ EPP 83.94 kg3
4 ° N | % EPP 117.09 kg/m3
S o i { ——— EPP 44.53 kgin3
P ° N B EPP 83.94 kg/n3
3 I — — EPP 117.09 kgAn3
<X e
s 100.00- a o B
o of © 2
£ 8 &4
o t,vi’
5000~ ﬁé"w..,,
' e g
e TN
+—4
0.00~
1T T & 1T 1 L D A L L . D L L L O L D O L
3.59 - 559 559 359 ~ 559 3.59 - 559 3.59 -- 5.59

Head Mass (kg)
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Figure 27 Peak linear acceleration results with interpolation lines for EPP 44.53, 83.94, and
117.09 kg/m’ across impact mass (1=3.39 kg and 5=5.59 kg) at each inbound

velocity.
Further investigations using bivariate correlation tests were conducted to determine
the relationship between impact mass, acceleration, and impulse for each material density and

inbound velocity. The results for acceleration (g) and impulse (N's) are presented in tabular

format below and all results were found to be significant. p<0.03.

Table 16 Partial correlation results for impact mass. acceleration (g), and impulse (N-s) at
each material density and inbound velocity.

Maten‘ial 1.0 m/s 2.0 m/s 3.0 m/s 4.0 m/s 3.0 m/s
(kg/m”}

G Nes g N-s g Nes g N g N
EPP -0.969 0.963 0.740 0.995 0.955 0.995
44.53
EPP 20931 0992 -0.969 0.998 -0.853 0.999 0.946 0.983 0.890 0.998
83.94
EPP 20920 0983 -0972 0997 -0.917 0997 0.898 0.996 0.940 0.993
117.09

Note: Biank spaces indicate testing was not conducted.

Overall, a strong negative correlation between impact mass and acceleration were
found for each density of EPP at 1.0 m/s and strong positive correlaticns were found for
impact mass at 4.0 and 5.0 m/s for each density of EPP. Impulse was strongly and positively
correlated to impact mass at all conditions.

Similar to EPS, bivariate correlations were not conducted for inbound velocity as it
was shown there was a strong positive and linear relationship to both acceleration and

impulse in the partial corrclation. Density however. was analyzed at cach impact condition
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(mass and velocity) and the results are presented below. All results were found to be

significant, p<0.05, except for three cases, which are indicated with an asterisk.

Table 17 Partial correlation results for material density, acceleration (g), and impulse (N's)
at each impact mass and inbound velocity for EPP.

Mass 1.0 m/s 2.0 m/s 3.0 m/s 4.0 m/s 5.0 m/s
(ke)
g N-s g N-s g Ns g N-s g N-s

o b=

3.50 0989 -0.542 0.996 -0.585 0.061* -0.75$ -0.833 -0.798 -0.98* -0.12*
4.09 0987 -0472 0995 -0.693 -0.510 -0.836 -0.562 -0.515 -0.970 -0.830
459 0962 -0.679 0983 -0.797 -0.744 -0.851 -0.501 0.860*
509 0992 -0.625 0980 -0.819 -0.788 -0.835 -0.863 -0.971
559 0982 -0.741 0.950 -0.809 -0.822 -0.888 -0.888 -0.68l

* Not significant at the 0.05 level.
Note: Blank spaces indicate testing was not conducted.

From table 17, it is noted that inbonnd velocity was positively and linearly correlated
to acceleration at 1.0 and 2.0 m/s; however, it was negatively correlated to acceleration at 3.0,
4.0, and 5.0 m/s, excluding the three non-significant values. Impulse showed mostly strong

linezr correlations to material density throughout the conditions.

4.5  VINYL NITRILE RESULTS

4.5.1 ANALYSIS OF VARIANCE

The mean linear acceleration with standard deviation measurements are shown in the
table below for each condition VN samples were impacted.
Table 18 Mean peak linear accelcration (g) and standard deviation measurements for vinyl

nitrile 602. 600, and 740 across five impact masses (3.59, 4.09, 4.59, 5.09, and 5.59
kg) and five inbound velocities (1.0, 1.5.2.0.2.5. and 3.0 m/s), wheren=5and N =

375.
Peak Linear Acceleration (g)
Mass Velocity VN 602 VN 600 VN 740
(kg) (m/s) Mean SD Mean SD Mean SD
359 1.0 10.17 0.59 11.99 0.92 19.84 1.32
2.0 11.75 0.58 13.91 0.62 25.11 1.36

3.0 16.24 0.20 17.09 0.49 28.17 3.11
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4.0 29.93 0.69 30.01 3.57 3115 3.42
5.0 54.12 2.89 42.80 4.27 31.96 1.18
409 1.0 9.39 0.46 10.98 1.41 20.17 1.67
2.0 11.13 0.48 12.97 0.46 24.95 1.87
3.0 16.48 0.63 17.20 0.55 28.92 0.95
4.0 33.35 0.66 26.72 0.61 32.67 111
5.0 62.13 1.85 51.48 8.32 33.2i 2.01
459 1.0 7.99 0.63 9.42 1.00 16.93 1.75
2.0 9.97 0.28 11.63 0.52 21.63 0.93
3.0 16.66 0.80 16.60 1.24 24.03 2.19
4.0 38.26 1.66 31.79 3.40 25.66 1.27
5.0 81.96 1.67 54.10 292 29.55 1.25
509 1.0 7.06 0.48 8.26 0.57 15.46 1.24
2.0 9.64 0.29 10.70 0.39 19.67 1.71
3.0 18.54 0.80 16.97 1.42 21.83 1.75
4.0 40.80 2.19 32.28 1.67 24.96 2.44
5.0 83.34 3.11 61.17 2.99 29.95 0.28
559 1.0 6.96 0.17 8.82 0.54 15.42 1.36
2.0 10.95 0.25 11.42 0.13 18.95 1.94
3.0 19.51 0.72 17.04 0.94 20.93 1.05
4.0 39.67 245 30.51 0.73 26.84 0.77
5.0 93.80 3.28 63.02 3.67 30.25 1.21

As well, the mean impulse and standard deviations are provided for each impact

condition for VN in table 19.

Table 19 Mean impuise (N's) and standard deviation measurements for vinyl nitrile 602,
600, and 740 across five impact masses (3.59, 4.09, 4.59, 5.09, and 5.59 kg) and five
inbound velocities (1.0, 1.5, 2.0, 2.5, and 3.0 m/s), where n= 35 and N = 375,

Impulse (N's)

Mass Velocity VN 602 VN 600 VN 740

(kg) (m/s) Mean SD Mean SD Mean SD

359 1.0 5.64 0.66 5.29 0.52 5.05 0.26
2.0 7.88 0.40 7.94 0.51 7.02 0.16
3.0 9.94 0.68 9.38 0.23 8.78 0.41
4.0 12.32 0.32 12.25 0.34 10.64 0.14
5.0 14.95 0.08 14.61 0.34 12.70 0.05

409 1.0 6.15 0.27 6.15 0.75 597 0.34
2.0 8.75 0.94 8.51 0.69 7.92 0.30
3.0 11.67 0.56 11.26 0.50 10.0} 0.36
4.0 14.70 0.11 13.84 0.26 12.89 0.42
5.0 17.41 0.06 17.00 0.30 14.73 0.15

459 1.0 7.21 0.68 0.59 0.39 100.12 0.05
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3.0 10.18 0.73 9.33 0.35 8.39 0.10
3.0 12.78 0.40 i2.83 0.81 11.00 0.02
4.0 16.53 0.06 15.71 0.30 13.96 0.10
5.0 19.37 0.13 18.67 0.10 16.69 021
509 1.0 7.53 0.43 7.70 0.35 7.21 0.35
2.0 10.89 0.24 10.27 0.45 9.55 0.44
3.0 14.62 0.1 13.79 0.41 12.47 0.49
4.0 18.77 0.12 17.85 0.16 16.05 0.17
5.0 21.82 0.07 21.09 0.05 18.66 0.36
559 1.0 8.36 0.04 8.36 0.61 7.42 0.14
2.0 12.74 0.29 12.56 0.69 11.03 0.06
3.0 16.09 0.19 15.38 0.43 13.49 0.07
4.0 20.27 0.15 19.95 0.57 17.50 0.23
50 23.66 0.12 22.90 0.58 20.51 0.21

The hypotheses that significant differences in peak linear acceleration and impulse
would be observed throughout the different impact conditions were supported for vinyl
nitrile. There were significant main effects for material density on peak linear acceleration
(F(2, 300) = 259.19, p<0.05) and impulse (F(2, 300) = 700.79, p<0. 05). Significant main
effects were found for head mass on peak linear acceleration (F(4, 300) = 18.46, p<0. 05) and
impulse (F(4, 300) = 2477.85, p<0. 05) and finally, significant main effects were found for
inbound velocity on peak linear acceleration (F(2, 300) 5690.55, p<0. 05) and impulse (F(2,
300) = 10610.68, p<0. 05).

Significant two-way interactions between hiead mass and velocity were found for
peak linear interactions (F(16, 300) =229.97, p<0. 05) and impulsc ((F(16, 300) = 10610.6,
p<0. 05). As well, signiticant two-way interactions were found between impact mass and
density for pe ik linear acceleraticn (F(8, 300) =73.16, p<0. 05) and impulse (F(8, 300) =
6.64, p<0. 05), a *d between velocity and density for peak lincar acceleration (F (8, 300) =
904.41, p<0. 05) and impulse (F (8, 300) = 33.85 p<0. 05). As well, a significant three-way

interaction for peak lincar acceleration (F (29, 300) = 63.41. p<0. 05) and impulse (¥ (29,
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300) = 1.50, p<0. 05) were found between all of the independent variables; impact mass,
inbound velocity, and density.

For VN, the mean and standard deviation for peak linear acceleration and impulse
was 26.36 g +/- 18.26 g and 12.46 N-s +/- 4.73 respectively. The estimated marginal mean
and standard deviation for peak linear acceleration was 26.36 g +/- 0.10 g and the 95%
confidence interval was 26.16 to 26.56. The estimated marginal mean and standard deviation
for impulse was 12.46 N-s +/- 0.92; therefore, the 95% confidence interval was 12.42 to
12.49. The three-way ANOVA revealed the observed power for all main effects and
interactions for peak linear acceleration computed were 1.0 and the observed powers for
impulse were all 1.0, except for the three-way interaction between impact mass, density, and
velocity which was 0.986. There were no missing data for VN 600, 602, or 740.

The Levene’s test of equality of variances however, revealed that the mean peak
linear acceleration and mean impulse were not homogenous across groups (F(74, 300) = 4.97,
p<0.05) and (F(74, 252) = 4.13, p<0.05). Further analysis of the data revealed a positive
kurtosis for peak linear acceleration and a negative kurtosis for impulse, 3.08 and -0.716
respectively. As well, peak linear acceleration and impulse were positively skewed, 1.733
and 0.413 respectively. The kurtosis values are not within +/- 2; however the skewness falls
between +/- 2, displaying normality in the distribution of data (George & Mallery, 2007). The
ANOVA test was decided to be used due to its robustness.

In regards to main effects on peak linear acceleration for EPP, inbound veiocity was
the greatest, with a 98.7% chance of finding this effect to be significant in a sample of 375.
Next, materia! ‘ensity had a high cffect sizc of 63.3% and impact mass had only a 19.8%
chance of finding the effect to be significant. The two-way interactions between velocity and
density (96.0%) revealed high significance and the interactions between density and impact

mass (66.1%) and velocity and impact mass (76.4%) showed a lower chance. Finally, the
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three-way interactions revealed a low 64.1% chance of finding an interaction effect on peak

linear acceleration in a sample of 375.

In regards to main effects on impulse, inbound velocity was again the greatest with a
99.3% chance of finding significance. Impact mass was next at 97.1% and density had a
lower effect size of 82.4%. In regards to the two-way interactions on predicting impulse,
impact mass and velocity was the greatest at 812% and density and impact mass (15.1%) and
density and velocity (47.4%) were much lower. Finally, the three-way interactions revealed a
low 13.8% chance of finding an interaction cffect on impulse in a sample of 375.

Again, post hoc testing for impact mass was conducted separately for each
combination of material density and velocity using the Bonferroni Test, which assumes
homogeneity of variance across means. The Levene’s test of equality of variances revealed
that the mean linear acceleration and mean impulse were homogenous across groups at each
combination of density and velocity (p > 0.05). Figure 28 displays the peak linear

acceleration results for impact mass at each density for each inbound velocity.
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Figure 28 Mean peak linear acceleration results for each impact mass using VN 602, VN

600, and VN 740 at velocity 1.0, 2.0, 3.0, 4.0, and 5.0 m/s.

Impact mass was shown to have a significant main effect on peak linear accelerations
and impulse for VN at the three material densities. Significant differences for peak linear
acceleration however, were only found for 85/150 possible interactions of impact mass.
Where these differences occur is highlighted in table 5.16. Observing the figure above
displays the results for impact mass at each velocity. For example, VN 740 revealed
significant differences between 4.09 and 5.09 kg and 4.09 and 5.59 kg for cach inbound
velocity. Also, 3.59 kg differed significantly from 5.09 and 5.59 kg at each inbound velocity

for VN 602.
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Figure 29 Mean impulse results for each impact mass using VN 502, VN 600, and VN 740

and velocity 1.0, 2.0, 3.0, 4.0, and 5.0 m/s.

Figure 29 displays that impact mass had a significant effect on impulse
measurements. Post hoc testing using the Bonferroni test revealed that significant differences
in impulse were observed for 134 of the 150 comparisons between impact masses at each
material density and inbound velocity. The non-significant findings for impulse were
between impact masses that were closest in mass; for example, between 3.59 kg and 4.09 kg
at 1 and 1.5 m/s for VN 602 and VN 660. Table 4.16 highlights where significant differences
in peak linear acceleration and impulsc occurred between each impact mass at each velocity
and density. Boxed squares represent significant differences in mean peak linear acceleration

and an asterisk represents significant differences in impulse between the corresponding

masses, where:



M1 =3.59 kg
M2 = 4.09 kg
M3 =459 kg
M4 = 5.09 kg
M5 =5.59 kg

99
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Table 20 Significant differences for VN for mean peak lincar acceleration (squares —
) and impulse (¥) between variable impact mass and inbound velocity, where

p<0.05.
Material I m/s 1.5 m/s 2 m/s 2.5 m/s 3m/s
VN 602 M| - M2 M- M2 MiJ-M2* [MI]-M2* | M- M2 *
- M3 -[m3) - M3 * - M3 * - [m3| #
- M4 - M4 - [M4| * - M4y * - M) *
-[m3] = AVEE - M3} * - M| * - [m5| =
M2 -3 [ M2]-IM3lx | M2-M3 ¢ | M2)- M3l | (M2 - M3
- M4 = - M4l = -E* -Ivid] - M| *
- M3} = - M5 * - M3 AVEE - M| *
M3] - M4 M3] - M4 M3-M4]* | M3-Ma* | IM3]-M4 *
- M3 -[m3]* - [M3] * - M5 * NYEE
M4 - M5 M4 -[M3]* | M4-M5* | M4-MS* | [Md-|M3]*
VN 600 M- M2 M1]- M2 MIJ-M2J* [ MI-M2* | MIj- M2 *
-[m3| - [m3] - M3 - M3 * - [m3]
- M4| * - M4} - M4} * - M4 * - M4] *
- M| * - M3 * SML - M5 * - M3 *
M2 - M3 M2 - M3 M2 -3 e | M2-IM3F | M) M
- [mi4] - [vid) * - M| * - [M4] * - M4 *
E* NVEE AVEE - M5 * - M3 *
M3-M4* | [M3-[M4 M3 - M4 M3-M4* | m3 - M4
M5 * - M5 * M5 * - M5 - M5 *
M4-MS | Ma-Ms* | M4-Ms* | ME-MST O hvgowms
VN 740 MIl-m2= |MI-m2* fMI-M2 % [ MI[-M2* | MI-M2*
- M3 * -3 -[m3] * - 3] - M3 #
- M4 * - [M4] * - M4 * - [m4] * - M4 *
YER - i3] * - M3 * - M3 * - M5 *
M2]- M3 M2] - M3 M2-M3* | [M2]-M3]* M2 - [m3] *
- M4} -[m4| -[vid] - [M4| # - M4} *
-M5| * RYCE RVYEE RVGE - M5| *
M3-M&* |M3-M4* |M3-M4* |M3-Mdx |M3-Md#
- M5 * - M5 * - M5 * M5 # - M5 *
M4 - M5 M4-MS* |M4-M5* |[M4-Ms* |M4-M5*

Post hoc testing using the Bonferroni test was also conducted to determine whether

significant differences between velocities existed at cachk impact mass and material density.

Pcak linear acceleration measurements were significantly different for nearly all inbound

velocities, except between velocities close in value. Inbound velocities 1.0 and 1.5 m/s were
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not significantly different for VN 602 at 3.59, 4.09, 4.59. and 5.09 kg. as well as for VN 600
at all five impact masses. As well, peak linear acceleration was not significantly different
between 1.5 and 2.0 m/s for VN 600 at 3.39, 4.09, and 4.59 kg, as well as VN 740 at 3.59,
4.59. 5.09, and 5.59 kg. Finally, significant differences were not found between 2.0 m/s and
2.5 m/s for VN 740 at 3.59, 4.59, and 5.09 kg and between 2.5 and 3.0 m/s for VN 740 at
3.59 and 4.09 kg. Impulse was found to be significantly different between all inbound
velocities at each impact condition.

Post hoc testing using the Bonferonni test revealed significant differences for peak
linear acceleration across material density for 60 out of 75 impact conditions. VN 602 and
VN 600 were not significantly different at velocities 2.5 and 3.0 m/s at 3.59 kg, 1.0 and 2.0
m/s for 4.09 and 5.09 kg, 1.0 m/s and 2.0 my/s for 4.59 kg, and finally for 1.5 m/s at 5.59 kg.
VN 602 and VN 740 were not significantly different at 2.5 m/s for 3.59 and 4.09 kg, as well
as at 2.0 m/s for 5.59 kg. Finally, VN 600 and VN 740 were found significantly different at
all conditions except for 3.59 kg at 1.0 m/s. Using impulse as the dependent variable,
significant differences were not observed between VN 602 and VN 600 at 3.59 kg for each
inbound velocity; as well, at 4.09 kg for 1.C, 1.5, and 2 m/s. Except for three conditions,
impulse results for VN 740 was significantly different than VN 602 at all impact masses and
inbound velocities. Differerices were not observed for impulse at 3.59 kg for 1.0 and 1.5 m/s,
4.09 kg for 1.5 m/s, and 5.09 kg for 1.0 m/s between the aforementioned two materials.
Finally, analysis between VN 600 and VN 740 showed that significant differences for
impulse were found for nearly all conditions except for 3.59 kg at 1.0 and 2 m/s, 4.09 kg at
1.5 m/s, 4.59 kg at 1.0 m/s, and 5.09 kg at 1.0 and 1.5 m/s. The figure bzlow displays the

impulse results for each material density across inbound velocity for each impact mass.
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Figure 30 Peak impulse results for VN 602, VN 600. and VN 740 at velocity 1.0. 1.5, 2.0,
2.5, and 3.0 m/s for each impact mass.
Figure 31 below is a close-up for the effects of 3.59 kg on impulse at each of the

inbound velocities tested. A strong linear relationship between inbound velocity and impulse

is evident in both figures.
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Figure 31 Peak impulse results for VN 602. VN 600, and VN 740 at velocity 1.0, 1.5, 2.0,
2.5, and 3.0 m/s for 3.59 kg.

4.5.2 CORRELATIONS

A partial correlation test revealed that inbound velocity was positively correlated to
both acceleration (r = 0.780, p<0.05) and impulse (r = 0.976, p<0.05), when controlling for
material density and impact mass. Impact mass produced a small positive relationship
between acceleration (r = 0.073, p<0.05) and large positive relationship with impulse (r =
0.908, p<0.05), when controlling for inbound velocity and material density. Finally. material
density produced a non-linear negative relationship between acceleration (r = -0.173. p<0.05)

and negative relationship between impulse (¢ = -0.619. p<0.05). The results are presented in

the table below.
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Table 21 VN partial correlation results for each independent variable on the dependent
variable, with significance level (N = 375).

Acceleration (g)

Correlation Significance

Impulse (N-s)

Correlation

Significance

Inbound Velocity (m/s)
Impact Mass (kg)
Material Density (kg/ms)

<0.0005
<0.0005
<0.0005

0.780
0.073
-0.173

0.976
0.908
-0.619

<0.0005
<0.0005
<0.0005

100.00-
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Figure 32 Acceleration results with interpolation lines for VN 602, 600, and 740 for
increasing impact mass (1-5) at each inbound velocity.
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Further investigations using bivariate correlation tests were conducted to determine
the relationship between impact mass, acceleration, and impulse for each material density and

inbound velocity. The results for acceleration (g) and impulse (N's) are presented in tabular

format below and ali results were found to be significant. p<0.05.

Table 22 Partial correlation results for impact mass, acceleration (g), and impulse (N-s) at
each material density and inbound velocity.

Material 1.0 m/s 1.5 m/s 2.0 m/s 2.5 m/s 3.0 m/s
g N-s g N-s o N-s g N-s g N-s

2

VN 602 -0.794 0.905 -0.369 0.946 0.850 0962 0.868 0.996 0.958 0.999
VN 600 -0.789 0.908 -0.836 0.918 -0.053 0.971 90322 0.989 0.838 0.993
VN740 -0918 0905 -0.512 0.946 -0.850 0.982 0.868 0.996 0.958 0.999

Overall, negative correlations between impact mass and acceleration were found for
each density of VN at | m/s and strong positive correlations were found for impact mass at 5
m/s for each density of VN. Impulse was strongly and positively correlated to impact mass at
all conditions.

Similar to EPS and EPP. bivariate correlations for inbound velocity were not
conducted as it was shown there was a strong positive and linear relationship to both
acceleration and impulse in the partial correlation. Density however, was analyzed at each

impact condition (mass and velocity) and the results are presented below. All results were

found to be significant, p<0.05).

Table 23 Partial correlation results for material density, acceleration (g), and impulse (N's)
at each impact mass and inbound velocity for VN.
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n

Mass 1.0 m/s 2.5 m/s 2.0 m/s 2.5 m/s 3.0 m/s
(kg) g N-s g Ne-s g N-s g N-s g Nes
3.59 0921 -0469 0922 -0.645 0.859 -0.742 0.188 -0.840 -0.957 -0.912
4.09 0.900 -0.164 0.908 -0472 0.885 -0.821 -0.090 -0.943 -0.996 -0.957
459 0.897 -0.692 0919 -0.866 0.803 -0.749 -0.928 -0.968

5.09 0906 -0.326 0.892 -0.843 -0.566 -0.927 -0.959 -0.976

5.59 0931 -0.701 0.859  -0.813 -0.322 -0.944 -0.940 -0.95%

From table 23, it is noted that inbound velocity was positively linearly correlated to
acceleration at 1.0 and 1.5 m/s; however, it was negatively correlated to acceleration at 3.0

m/s. Impulse showed strong negative correlations to material density at 2.0, 2.5, and 3.0 m/s.

CHAPTER 5. DISCUSSION

Severe and mild head injuries have shown links to poor cognitive, psychosocial, and
neurological outcomes, demonstrating a need for protection for both high and low impact
energies (Barth et al., 2002). As mentioned previously, all helmet testing protocols and
standards require helmets to be impacted from a pre-defined height/inbound velocity using a
specific impact mass, both of which significantly affect the total energy involved during an
impact. This study has demonstrated that this difference in energy induced by both a variety
of headform masses and inbound velocity significantly affected the performance of the
materials tested.

Similar trenids were found between EPS, EPP, and VN throughout the analysis for
peak linear acceleration and impulse. Inbound velocity had the strongest relationship with the
dependent variables, followed by impact mass for EPS and EPP and material density for VN.
The fact that velocity had a greater influence on material performance compared to impact
mass was not surprising considering the inbound velocity range was relatively much larger
compared to the range of impact masses. In real lifc head mass changes by only a few

kilograms: whercas. inbound velocity can change dramatically from one hit to the next.
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Nevertheless, both variables influenced the performance of the single- and multi-impact
materials tested and therefore need to be considered in helmet testing standards.

Taking into consideration the effect strength of inbound velocity it becomes easy to
recognize the limitations of the ASTM International standard for ice hockey helmets. This
particular standard requires helmets to be tested from just one impact velocity of 4.5 £ 0.09
m/s using either a 3.1, 4.1, 4.7, or 5.6 kg headform mass (ASTM International, F1045-06). It
has been stated that helmet standards which involve high-energy impacts of 40-60 J to
prevent cranial fractures and severe concussions are not designed to ensure the same degree
of protection at low- and medium-energy impacts (Hoshizaki, 1995). For reference, a five
kilogram headform mass impacted at 4.5 m/s would result in an impact energy of 50.6 Joules
(J). Since materials incorporated in helmets function within a limited energy range it is
evident that helmets designad to pass one inbound velocity are jeopardizing player’s safety
during impacts which fall outside of the testing parameters.

Correlation analysis revealed that the interaction between impact mass, inbound
velocity, and material density were consistent at 1.0, 2.0 and 3.0 m/s; however, at 4.0 and 5.0
m/s the interactions inversed for EPS and EPP. VN did not show this trend. Looking at EPS
and EPP, an impact mass of 3.59 kg at 1.0 m/s produced significantly higher peak linear
accelerations compared to 5.59 kg; however, at 5.0 m/s the lower impact mass produced
significantly lower peak lincar accelerations than the higher impact mass. For EPS and LPP
the point at which the relationship between the three predictor variables inversed was the
performance threshold of the material. After the threshold point, the material failed or
bottomed out upon impact. EPS 62.95 kg/m” for example, the threshold is evident at 3.0m/s

where the different impact masses did not produce significantly different results in peak
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linear acceleration. This suggests that this density performed optimally for the greatest range
of impact masses at 3.0 m/s.

In regards to vinyl nitrile, this switch in trend was not observed for VN 740. as
mechanical failure was not achieved for all of the inbound ve'ocities. Vinyl nitrile is a multi-
impact material and therefore does not require mechanical destruction to attenuate cnergy.
Unlike EPS, VN attenuates energy by pushing air out of the foam cells and does not require
damaging the structure of cell walls to do so. The quasi-static and dynamic testing revealed
that VN had lower yield values compared the EPP and EPS, which were stiffer materials that
could withstand higher impact forces. The low yield point for VN made it a better material at
attenuating energ, ibrough the range of impact masses chosen and resulted in significantly
lower peak accelerations compared to EPP and EPS throughout the lower inbound velocities.

Significant two- and three-way interactions were found between all of the
independent variables, which were primarily the resuit of the unpredictable energy
attenuation results at the higher inbound velocities. Two-way interactions occurred when the
cffect of one variable were not consistent across the levels of the second variable and the
threc-way interaction occurred when the interaction between two variables were not
consistent across the third variable (George & Mallery, 2006). Inbound velocity had the
greatest influence on the interaction effects. When the foam samples were impacted outside
of their performance range, bottoming-out occurred resulting in unpredictable energy
attenuation results, causing an interaction effect. For example, the mass by density interaction
at 1.0 m/s for EPS was not the same as the mass by density interaction at 4.0 m/s. For

following figure displays this interaction cffect.
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Figure 33 EPS plot graphs displaying the three-way interaction effect of head mass by
density across two inbound velocities, 1.0 m/s and 4.0 m/s.

In figure 33, it can be seen that at 1.0 m/s the mean peak linear accelerations had

increased for each head mass as material density increased. At 4.0 m/s however, the samples

began to bottom-out and the higher material density resulted in lower mean peak linear

accelerations displaying a three-way interaction effect.

The {igures below highlight the robustness of VN 740 at attenuating energy through

the lowest and highest impact masses tested.
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Figure 34 Lincar acceleration time curves of VN 740 at all inbound velocities for 3.59 kg

and 5.59 kg.
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VN 740 was able to attenuate the impact energy efficiently across the lowest and
highest impact mass and throughout each inbound velocity tested. If testing was continued at
higher velocities, failure would inevitably be seen and the effect of impact mass would most
likely be teased out. Although it is difficult to see in these figures, post-hoc testing had
revealed significant differences in peak linear acceleration between 3.59 kg and 5.59 kg at all
of the inbound velocities shown, except 3.0 m/s.

Regardless of the peak acceleration output, head mass caused the performance of
cach material to differ significantly, which was illustrated comparing impulses. In figure 34
for example, it can be seen that the peak lincar acceleration for impact mass was not
statistically different for EPS 62.95 kg/m’ whgp tested at 3.0 m/s; however, impulse was.
Comparisons to EPS 100.12 kg/m®; however, displays an example where both peak linear
acceleration and impulse changed significantly. The partial correlation analysis found the
impulse difference across impact mass was lir:gar for both densities, where a greater head
mass produced a larger impulse, suggesting an increascd risk of head injury. The relationship
between inbound velocity and impulse was also positive and linear. Overall, regardless of the
peak acceleration output, each head mass caused the performance of the material to differ
significantly.

The following graphs illustrate the outcome of the two EPS densities at 3.0 m/s and

show that even when peak linear accelerations did not change, impulses did.
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Figure 35 Linear acceleration time trace with standard deviations for EPS 62.95 kg/m® and

EPS 100.12 kg/m® for each impact mass at 3.0 m/s.

The front end of the curves in figure 34 represents the linear elastic phase of the
material. At approximately 0.001 seconds the slope of the curves decreased indicating the
material’s yield point or breaking point during the dynamic impacts. This was controlled by
air trapped within the cell walls of the foam (Landro et al., 2001). The larger impact energy
caused the material to compress more forcefully resulting in a lower yield point; whereas, the
lower impact mass was able to succumb to significantly greater accelerations before
compressing, but bottomed out earlier than the heavier impact masses. In terms of impulse,
inbound velocity and impact mass had a very large effect size for EPP, EPS, and VN,
indicating a very strong relationship between these two predictor variables on impulse.

Overall, inbound velocity had the strongest effect on peak linear acceleration: 98.7%
for EPP. The fo'lowing graph is shown to represent the effect that inbound velocity had on

material performance.
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Figure 36 Linecr acceleration time curves for impacts conducted on EPP 117.09 kg/m® at all
inbound velocities using a 3.59 kg and 5.59 kg impact mass.

Acceleration and impulse incrcased significantly with increasing inbound velocity. At
lower inbound velocities, the impact energy was too low to cause mechanical compression of
the material, which minimized the energy attenuated from the impact and therefore the
efficiency of the material. This was evident by the lack of yield point and short plateau phase.
At 4.0 m/s however, EPP 117.09 kg/m*® performed optimally, which was indicated by a long
plateau in the acceleration-time curve immediately following the yield point. At 5.0 m/s, the
sharp spike in the both curves represents complete densification and failure of the material.
Overall, all results have indicated that the performance of the polymeric materials tested were
significantly affected by the impact energy, where inbound velocity had the largest influence
on this change.

In addition to mass and velocity, the density of the materials resulted in variable
attenuation characteristics during both dynamic and quasistatic testing. The quasistatic
compression results were consistent with the findings of Ivarsson et al. (2003) and Subhash et
al.(2006), who revealed that as foam density increased, the Young's modulus and yield
stresses and strains increased as well. Cssentially, the denser the material the greater the
forces it could withstand. The hypothesis that material density would significantly affect the
performance of the material during an impact was supported for the present study.

The effects of hecad mass are consistent with findings of Queen, Weinhold,
Kirkendall, and Yu (2003), who found that a decrease in head mass resulted in an increase in
linear and angular head accelerations during a head impact in soccer heading. This study

investigated lincar and angular head accelerations during soccer heading in children using
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two neck stiffness conditions and three head masses designed to represent a range of child

head masses. The results for each head mass on linear accelerations as a function of velocity

are shown below.
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Figure 37 The effect head mass on linear head accelerations (Queen et al, 2003).

This study demonstrated that changes in head mass had substantially increased the
impact variables that are linked to an increase risk of head injury. The lower head mass
produced higher linear head accelerations than the higher head masses for each inbound
velocity shown. Their focus was on the effect of ball properties during soccer heading and
they used relative ball-to-head contact velocities to show the influence of head mass.

Another supporting study conducted by Kleiven and Holst (2002) investigated the
consequence of head size following trauma to the head using finite elements modeling. Their
study revealed that variation in head size altered the outcome of an impact and offered insight
into future investigations. Kleiven and Holst (2002) compared intracranial stresses, such as
maximal shear strain and the HIC for different head sizes. They found that HIC increased
with decreasing head size; however, the intracranial stresses decreased with decreasing head

size for a given acceleration pulse. It was therefore concluded that the HIC, which
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incorporates acceleration, was not an appropriate predictor for the risk of injury based on the
assumption that intracranial responses of the brain tissue were a better indicator of head
injury. The headforms used in the present study were not biofidelic, which was a delimitation
stated in the introduction of this paper. Kleiven and Holst (2002) support the findings
associated with the present study, but suggest that further investigation regarding the
physiological responses for variable head mass should be considered.

As mentioned in the literature review, it was nroposed in 1995 thai the SNELL
Memorial Foundation standard for bicycle helmets should incorporate a headform drop mass
of 3.9 kg in their testing standards for children’s helmets. Currently, the SNELL standards
use a 5 kg drop mass for testing children and adult helmets, providing assurance that the
helmets which pass the impact requirements on the largest appropriate headform would also
meet those requirements when tested on the smaller headforms. In October 2007 however,
the Snell Memorial Foundation released a draft standard ior protective headgear for use in
children’s motor sport helmets, which is to be implemented in 2010. The major changes in
this standard include using variable head mass as outlined by the International Standards
Organization. For example, they’'ve added a 3.1, 3.6, 4.1, and a 4.7 kg headform to their
testing protocols (Snell Memorial Foundation M2010, 2007). Helmets which met the
performance requirements on a particular headform may now fail when tested on a lighter,
smaller headform, since it may result in increased peak accelerations and exceed the peak
criterion. Although this change is for motorcycle helmets and not for bicycle helmets, this
indicates a change in the right direction.

The results of this study regarding the effects of mass and velocity are not limited to
football, hockey, and bicycling. In motor sports; as mentioned, there are currently no helmets
or helmet standards specifically designed to protect children. Thus, children under the age of

6 ycars use adult helmets which do not account for children’s unique anatomy (Arbogast ct
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al., 2003). It is important to increase our understanding regarding what needs to be

considered when developing a helmet standard for children who wish to pursue such sports.
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CHAPTER 6. CONCLUSIONS. CONTRIBUTIONS, and FUTURE WORK

6.1 CONCLUSION

Overall, the hypotheses of this study were supported. Head mass, inbound velocity,
and material density had a significant effect on the performance of single- and multi-impact

polymeric materials incorporated in sporting helmets.

6.2 CONTRIBUTIONS

This study was the first to relate the effect of impact mass on the energy attenuation
performance of sporting helmets. It has successfully shown that the effects of impact mass
and inbound velocity were significant for several densities of both single- and multi-impact
polymeric materials. It demonstrated the profound differences that low and high head mass
can have on the risk of injury and suggests that helmets must be designed using parameters
specific for the intended impact range of the user. These data also underscores the importance

of all helmet standards to adopt variable impact mass and velocity into their testing protocols

to help better protect our children.

6.3  FUTURE WORK

Impact mass in this study was designed to represent head mass and excluded the
influence of the rest of the human body during impact. Studies conducted on animals have
suggested that children’s necks require less force to be injured during a head impact,
subsequently putting children at an increased risk of a brain injury (Arbogast et al., 2003).
Future studies on the influence of neck stiffness in young children for determining the risk of
head injury would provide insight into how material performance is influenced by this

variable and if neck compliance should be incorporated in testing standards.
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For the purpose of this study ...\ materials were tested separate from the helmet. A
future study should apply a similar methodology using a full helmet to check for
generalizeability of the results 10 helmet application. As well, the variables peak linear
acceleration and impulse were chosen to represent the risk of head injury. As suggested by

Kleiven and Holst (2902), investigation into the effects of variable head mass on the
intracranial response during impacts could lead to stronger conclusions relating to the risk of
head trauma.

Finally, using the 1esults of this research, it can be inferred that new helmet
technology should be engineered to function effectively for variable impact energies in order
to increase the safety range that new helmets could optimally function. Thus, data taken from

this study can help scientists design a safer and more specialized helmet for its intended user.
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APPENDIX

APPENDIX A: EQUIPMENT

Figure 38 Instron 5560 Series material testing machine used to test compressive
characteristics of foam samples (Instron, 1997).
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Assembly diagram
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Figure 39 The Half Magnesium K1Aa showing the accelerometer location, ball arm, clamp,
and attachment bolts (Cadex, 2006a).
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APPENDIX B: MATERIAL SPECIFICATIONS

Table 24 The final density report provided by Polymos for each sheet of EPS molded.

EPS
PPX number  Thickness (in") Material Material Grade Final density 2" diam. Discs.
(pcf)

74 1 EPS S$7354 3.92 No

75 1 EPS S7354 3.93 No

76 1 EPS S7354 3.98 Yes
77 1 EPS S7354 3.99 Yes
78 1 EPS S7354 4.00 Yes
79 1 EPS S7354 4.02 Yes
80 1 EPS 57354 4.02 Yes
81 1 EPS S7354 3.81 Yes
82 1 EPS S7354 3.86 Yes
33 1 EPS S7354 3.87 Yes
84 1 EPS S7354 3.88 Yes
86 1 EPS S7354 5.14 No

87 1 EPS S§7354 5.12 No

88 1 EPS S7354 5.09 Yes
89 1 EPS S7354 5.18 Yes
90 1 EPS S7354 5.26 Yes
91 1 EPS S7354 5.21 Yes
92 1 EPS S7354 5.23 Yes
93 1 EPS S7354 5.25 Yes
94 1 EPS S7354 5.32 Yes
95 1 EPS S§7354 5.22 Yes
96 1 EPS 87354 5.27 Yes
98 1 EPS S7354 6.06 No

99 1 EPS S§7354 6.20 No

100 1 EPS S7354 6.19 Yes
101 1 EPS S7354 6.18 Yes
102 1 EPS S7354 6.23 Yes
103 1 EPS S§7354 6.21 Yes
104 1 EPS S7354 6.23 Yes
106 1 EPS 57354 6.26 Yes
106 1 EPS S7354 6.25 Yes
107 1 EPS 57354 6.32 Yes
108 1 EPS S§7354 6.35 Yes

Table 25 'The final density report provided by Polymos for each sheet of EPP molded.
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2" diam. Discs.

No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No

No
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Table 26 Avcrage thickness and standard deviation (cm) of 20 samples of each material

density.



Average thickness (cm)

Standard Deviation (cm)

EPS 62.95 kg/m®
EPS 83.46 kg/m’
EPS 100.12 kg/m®
VN 602

VN 600

VN 740

EPP 44.53 kg/m®
EPP 83.94 kg/m®
EPP 117.09 kg/m’

2.562
2.541
2.587
2.591
2.588
2.589
2.551
2.593
2.542

0.0543
0.0495
0.0518
0.0129
0.0246
0.0284
0.0656
0.0669
0.0579
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APPFNDIX C: MATERIAL SPECIFICATIONS
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Figure 41 Quasistatic stress (compressive load kN) versus strain (%) results for expanded
polystyrene 62.95, 83.46, 100.12 kg/m>.
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EPP (kg/m’)
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Figure 42 Quasistatic stress (compressive load kN) versus strain (%) results for expanded

polypropy .zne 44.53, 83.94, 117.09 kg/m’.



