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Abstract

Conventional wisdom and the language in international helmet testing and certifi-

cation standards suggest that appropriate helmet fit and retention during an impact

are important factors in protecting the helmet wearer from impact-induced injury.

This thesis aims to investigate impact-induced injury mechanisms in different hel-

met fit scenarios through analysis of simulated helmeted impacts with an anthropo-

metric test device (ATD), an array of headform acceleration transducers and neck

force/moment transducers, a dual high speed camera system, and helmet-fit force

sensors developed in our research group based on Bragg gratings in optical fibre. To

quantify fit and track dynamic helmet movement, novel methods were developed us-

ing fit force sensors and high speed cameras respectively. The development of these

methods are described in this thesis. The application of these tools and existing

practices are implemented in simulated helmet impacts.

To simulate impacts, an instrumented headform and flexible neck fall along a lin-

ear guide rail onto an anvil. An instrumented Hybrid III headform and neck is fit

with a crash helmet and several fit scenarios can be simulated by making context spe-

cific adjustments to the helmet position index and/or helmet size. Specifically, 4 fit

scenarios were studied: a normal, oversized, forward, and backward fit. Impact condi-

tion simulate a variety of scenarios, including a low (4 m/s) and high (6 m/s) impact

velocity, a flat and angled anvil, as well as head and torso-first impacts. To quantify

helmet retention, the movement of the helmet on the head is quantified using post-hoc

image analysis. To quantify head and neck injury potential, biomechanical measures

based on headform acceleration and neck force/moment are measured. These biome-

chanical measures, through comparison with established human tolerance curves, can

estimate risk of severe life threatening and/or mild diffuse brain injury and oste-

oligamentous neck injury. Poor helmet fit did not significantly increase risk of skull
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fracture based on measured linear head acceleration. A backward fit was shown to

increase the likelihood of brain injuries in certain torso-first impacts. Neck injury was

found to be consistent between fit conditions in all tested impact scenarios. Helmet

movement was found to be greatest in the backward fit scenario, with the greatest

helmet displacements observed in torso first impacts indicating that in torso impacts

more of the head could be exposed for subsequent impacts following a first impact.

In summary, helmets remained effective in mitigating risk of head and neck injury

indicating that as long as the helmet is retained on the head during the first impact,

it is an effective protection device. Poor fit did affect helmet retention, suggesting

that poor fit in some cases could lead to head exposure and increased likelihood of

injury in a second subsequent impact. The results in this thesis document trends

in biomechanical measures from a laboratory study with several limitations. These

results should not be construed to indicate deficiency in the design of the helmets

used.
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Chapter 1

Introduction

This chapter details the problem of poor helmet fit, why its effects on head and neck

injury should be investigated, and how it was investigated.

1.1 Motivation

Traumatic Brain Injury (TBI) is a major worldwide health problem with physical,

cognitive, behavioral, or even emotional consequences. It is an injury to the brain

caused by principal mechanisms such as falls, assaults, motor-vehicle crashes, or

sports-related impacts and has potential outcomes including permanent disability

and even death. TBI can cause disruptions to the normal function of the brain, hin-

dering an indivual’s ability to live a full and productive life. It is estimated that every

year, at least 10 million TBIs are serious enough to result in death or hospitalization

[1]. In 2013, the United States Centers for Disease Control and Prevention found that

approximately 2.8 million TBI related emergency department visits, hospitalizations,

and deaths occurred [2]. About 30% of all injury-related deaths were attributed to

TBIs [2]. However, these numbers do not account for cases where a patient is treated

for TBI in other settings. These numbers may be further unrepresentative in sports-

related TBIs where injuries go unrecognized and thus uncounted. Even mild TBI

such as concussion can cause disruptions in an individual’s behavior and ability to
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perform daily activities. TBIs have also been associated with increased risk of post-

injury brain disorders such as depression, epilepsy, and Alzheimer’s [1]. To minimize

the consequences of TBI of all severity, prevention is crucial. Improving protection

against these injuries can be realized through understanding the associated etiology

including the mechanical factors leading to impact induced mild brain injury.

Epidemiological evidence suggests that bicycle helmets are effective in protecting

against head injuries for cyclists, [3] with a consistent theme presented in biomechan-

ical research [4]. Relative to an unprotected head, a helmeted head sustains relatively

less severe head and brain injuries in an impact. However, epidemiological evidence

also suggests that relative to a properly fit helmet, poor helmet fit may be associated

with increased likelihood of head injury [5, 6, 7]. Depending on the criteria used

for proper helmet fit, proper helmet use was found to range between 46% and 100%

[7]. Although epidemiology suggests that neck injury in cycling may be uncommon,

neck injuries tend to be associated with more severe head impacts and hospitalization

[8, 9]. Evidence on whether or not helmet use affects neck injury is mixed [8] and

cited epidemiological studies also do not quantify aspects of helmet fit. Despite po-

tentially high rates of improper helmet use and epidemiological evidence suggesting

the association between helmet fit and injury likelihood, few biomechanical studies

have been performed to assess whether or not correct helmet fit has a significant effect

on measures of injury risk. Biomechanists can study the mechanics during an impact

to assess probability and severity of head and neck injury.

Part of the issue with poor helmet fit prevalence is associated with the subjective

and nonspecific definition of a well fit helmet. A good helmet fit is briefly described

in various standards and can generally be characterized by position and stability

[10, 11]. A properly fit helmet should sufficiently cover the head, without excessively

exposing an individual’s forehead or covering an individual’s eyes. However, measures

of quantifying helmet fit are not regularly used to distinguish different levels of helmet
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fit. Methods and metrics for objectively comparing helmet fit do exist in academic

literature, and compare factors such as forces between a head and helmet, and head

and helmet geometry [12, 13]. Helmet standards do evaluate a helmet’s stability and

retention, but are incomplete in evaluating helmet stability during impact. Even

in academia, no method exists to characterize dynamic helmet stability in impact.

Because the importance of stability is synonymous with the helmet’s ability to stay on

the head and protect from injury, the ability to dynamically gauge helmet stability

on the head is invaluable. This understanding could be determined by evaluating

helmet movement during impact.

Better understanding of the mechanics of helmet retention and its effects on biome-

chanical parameters assessing likelihood of injury could lead to unambiguous conclu-

sions concerning the importance of helmet fit. Furthermore, methods for quantifying

fit and evaluating helmet stability could provide new tools for assessing helmet per-

formance.

1.2 Problem Statement

The objective of this research is to understand how injury likelihood is affected by

different helmet fit scenarios through simulated impacts. With an instrumented an-

thropometric test device and high-speed videography, impact-induced injury mechan-

ics are investigated. Specifically, the study will investigate helmet fit with varying

helmet sizing and positioning scenarios arranged prior to impact. These different fit

scenarios will then be subjected to various impact scenarios to completely investi-

gate potential effects of helmet fit. In order to evaluate injury likelihood, kinematic

head metrics, kinetic neck loads, and helmet movement will be analyzed to assess the

likelihood of head and neck injury compared to a regular fit scenario.
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1.3 Thesis Organization

The primary focus of this thesis is to investigate the effect of helmet fit in injury like-

lihood. In order to fully investigate the effects of helmet fit in injury likelihood, new

tools were developed to quantify helmet fit and track helmet movement. This thesis

begins with the development and evaluation of these new methods. A new technique

of measuring fit forces with fibre bragg grating (FBG) optical sensors is discussed and

demonstrated between different fit scenarios. In addition, a new technique of tracking

motion of a helmet relative to a head with two high speed cameras is also discussed.

Subsequently, these tools were employed in a study evaluating the role of helmet

fit in simulated impacts. In addition to the newly developed tools, established biome-

chanical measures are used to assess likelihood of head injury and neck injury. In

this study, the injury likelihood in various helmet fit scenarios will be compared in

different impact scenarios with various biomechanical measures. A verdict concerning

the importance of helmet fit may then be reached.

Aspects of this thesis describing development of experimental methods are pre-

sented in peer reviewed journal publication:

Henry Y. Yu, Brooklynn M. Knowles, and Christopher R. Dennison. A test bed to

examine helmet fit and retention and biomechanical measures of head and neck injury

in simulated impact. Journal of Visualized Experiments, 2017. (in-press at the time

of writing this thesis)

This publicaton focuses on development of an impact test bed, associated instru-

mentation, motion tracking system, and data analysis methods to quantify effects of

helmet fit on head and neck injury (nominally Chapters 2 - 4 in this thesis). The re-

maining chapters deal with the application of these methods in a study investigating

the effects of helmet fit on injury likelihood.
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Chapter 2

Background

An overview of the fundamental topics in head and neck injury biomechanics are given

in this chapter, as well as the current state of helmet protective assessment. A short

summary of similar work investigating helmet fit on injury likelihood is also presented.

2.1 Head Injury

The portion of the human head that is protected by a helmet includes frontal, tem-

poral, parietal and posterior aspects from the head vertex and then inferiorly to a

horizontal plane passing through the auditory canals. Essentially, this comprises the

upper head and its associated scalp (Figure 2.1). The scalp includes hair, skin, con-

nective tissue, and muscle. Underneath the scalp is the skull, a structure of fused

bones which serves to protect the brain. In between the skull and the brain there

are several membranes and subarachnoid space. This subarachnoid space contains

cerebrospinal fluid that surrounds and supports the brain. In head injuries, damage

to the skull, brain, and other soft tissues are of concern.

Head injuries can be categorized as focal or diffuse injuries, but their occurence

is not mutually exclusive. Brain injuries, which are associated with neurologic dys-

function, can occur with our without skull fracture. In fact, a skull fracture injury

itself does not necessarily constitute neurological death or disability. Focal injuries
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Figure 2.1: Layers Covering the Brain.
Blausen.com staff (2014). “Medical gallery of Blausen Medical 2014”. WikiJournal of Medicine 1 (2).

DOI:10.15347/wjm/2014.010. ISSN 2002-4436. This image is licensed under the Creative Commons Attribution 3.0
Unported license.

are usually associated with injuries in which the head is struck by an object and

occur in a specific confined location with localized damage. Focal injuries include

cortical contusion and hematoma, and account for two thirds of head injury deaths

[14]. In contrast, diffuse injuries occur in a more widespread area, and are associated

with acceleration or deceleration of the head. Physical contact with the head is not

even necessary for diffuse injuries to occur. Diffuse injuries include mild TBI, such as

concussions and although diffuse injuries account for only one quarter of head injury

deaths, they are the most serious cause for neurologic disability [14]. The severity of

injuries can also be classified with the use of the Abbreviated Injury Scale (AIS) [15].

Depending on the severity of an injury, a different AIS value can be assigned.

Whether an individual sustains a skull fracture, focal injury, or diffuse injury, is

dependent on the biomechanical mechanism of injury [16]. In sports-related injury,

this injury mechanism is commonly characterized as a rapidly applied mechanical

impact to the head and can cause two types of phenomena. The first is a local de-

formation of the skull through to the brain causing focal injury. Severe focal injuries
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tend to be associated with this linearly directed impact force, which can cause skull

deformation, as well as contusion and bleeding in the underlying tissue. The sever-

ity of the impact is dependent on the magnitude, direction, area of impacting force,

as well as the impact location. Accordingly, the most damage would result from a

high magnitude force applied directly onto a thin section of skull over a small area

and could cause skull fracture and cerebral contusion. Protective head gear aims to

mitigate injury by reducing the loading magnitude and distributing load across the

head. The second phenomena from an impact is caused by inertial effects of the head

under acceleration or deceleration. This acceleration causes shear, tensile, and com-

pressive strain within brain tissue to cause injury. Studies have shown that rotational

loading, as opposed to translational loading, has a considerable role in these diffuse

injuries [17, 18]. Diffuse injuries tend to be associated with this inertial loading and

cause milder and diffuse brain injuries. These diffuse injuries, such as contusions and

subdural hematoma, can be found outside the impact area [14]. Modern protective

headgear (helmets) is sometime criticized in the lay-press and academic literature for

not protecting the brain from diffuse injury [19, 20].

Much of biomechanical research for the head injury arises from automotive and

sport research. Consequently, measures of impact severity were sought out in order to

evalaute risk of injury. Important parameters for evaluating mechanical injury to the

head include linear kinematics, angular kinematics, and localized pressure or force at

the impact site [21].

One of the earliest and most common approaches in assessing head impact severity

is measuring peak linear head acceleration, often represented in units of g (acceleration

due to gravity, 1 g = 9.8 m/s2). Consequently and intuitively, a head experiencing

high linear accelerations would be expected to experience a more severe injury. In

the 1960s, researchers from Wayne State University performed a series of animal and

human cadaver experiments, investigating a human head’s probability tolerance to
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linear acceleration causing skull fracture [22]. Their results suggested a relationship

between survivable injury with the linear acceleration experienced by the head and the

time duration of acceleration experienced, shown in Figure 2.2. The line represents

the demarcation between a fatal and survivable impact. Any combination of effective

head acceleration and time duration of acceleration above the line would result in

potentially fatal injury, and any combination below the line would result in a likely

survivable impact. However, mild injuries would still be possible in the survivable

range.

Figure 2.2: Wayne State Head Injury Tolerance Curve
Tolerance curve developed to assess head injury based on acceleration duration. Accelerations experienced above the

line represent potentially fatal injuries while accelerations below the line represent likely survivable injuries [22].
Figure reproduced with permission from Gurdjian, Elisha S., V. L. Roberts, and L. Murray Thomas. “Tolerance
curves of acceleration and intracranial pressure and protective index in experimental head injury.” Journal of

Trauma and Acute Care Surgery 6.5 (1966): 600-604.
(http://journals.lww.com/jtrauma/Citation/1966/09000/Tolerance_Curves_of_Acceleration_and_

Intracranial.5.aspx)

Research proceeded to attempt to develop functions that describe the line shown in

Figure 2.2. Several approximations to the line were proposed. Today, one of the most

popular and widely referenced functions attempting to capture the tolerance presented

by the Wayne State data is the head injury criterion (HIC). HIC (Equation 2.1) was

proposed by the National Highway Trafic Safety Administration (NHTSA), and is

commonly used in the automotive industry [23]. The function integrates acceleration
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data in order to represent the duration that accelerations are experienced. The time

window for calculating HIC is often chosen as 15 or 36 ms.

HIC =

{[ 1

t2 − t1

∫ t2

t1

a(t)dt
]2.5

(t2 − t1)

}
maximum

(2.1)

where

t1 = Arbitrary pulse start time [s]

t2 = Arbitrary pulse end time [s]

a(t) = Acceleration over time [g]

In helmeted impacts, the time duration is typically less than 15 ms [24]. Because

the accelerations experienced by the head in most helmeted impacts are of similar

duration, helmet certification simplifies a helmet assessment metric to ignore time

duration and only measure peak linear acceleration, refered to as “peak g”. In addi-

tion to HIC and linear acceleration, head injury assessment functions have continually

been created and include factors such as angular acceleration, angular velocity, and

even head mass. Some of these other functions include the Brain Rotational Injury

Criterion (BRIC) [25], the Generalized Acceleration Model for Brain Injury Tolerance

(GAMBIT) [26], and the Head Impact Power (HIP) [27].

Brain finite element models have also been developed to compute brain tissue

strain in place of cadaver work. One brain model, known as the Simulated Injury

Monitor (SIMon), can take kinematic inputs and find measures such as cumulative

strain damage measure (CSDM) and maximum principal strain (MPS) [28]. These

values in particular, were able to demonstrate the strong correlation between angular

kinematics and brain tissue strains [29]. Because strain in brain tissue has been
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correlated to anatomic injury and through these correlation efforts, severe brain injury

in automotive impacts has been correlated to both CSDM and MPS. The connection

between metrics like CSDM and MPS and brain injury has led these to be used in

helmet assessment, as well.

Although there may be ongoing debate on the best head injury function, biome-

chanical research consistently suggests that both linear and angular kinematics play

an important role. In order to best assess the likelihood of focal and diffuse injuries,

both linear and angular kinematic measurements are necessary to fully portray the

likelihood and type of head injury.

2.2 Neck Injury

The human neck is the most superior portion of the vertebral column, between the

head and thorax. It serves to protect the spinal cord, and support the head and

its movements. It is comprised of vertebral bones and soft tissue such as nerves,

muscles, ligaments, and tendons. A column of 7 cervical vertebrae make up the neck

(C1-C7), separated by intervertrebral disks, and houses the spinal cord. A complex

network of joints, ligaments, and musculature grant flexibility and stability to the

spine. Because of the complex structure of the neck, the underlying mechanisms

of injury are not fully understood [16, 30, 31]. Neck injuries have a wide range of

severity. Generally, injuries to the upper cervical spine are deemed more serious and

are sometimes fatal. However, neck injuries include neck sprains, herniated disks,

vertebral fractures, cervical dislocation, and spinal cord injuries.

Because the neck resembles a slender column, neck loading can be character-

ized with axial and bending loads. Injuries can often be categorized based on ten-

sion/compression and extension/flexion specifically. In impacts to the head, both

compressive and bending loads may be present in the neck. The compressive load
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is transmitted to vertebral bodies, pushing fragments of the vertebral body out and

potentially causing spinal cord injury [32].

Figure 2.3: Neck Flexion and Extension
In understanding neck loading, neck bending in the form of neck flexion and extension is often considered alongside

axial loading. This figure was modified under Creative Commons Attribution-Share Alike 3.0 Uported License.
OpenStax College. Anatomy & Physiology, Connexions Web site. http://cnx.org/content/col11496/1.6/

Although neck forces and bending moments can be assessed individually, the com-

bined loading and effects can also be assessed together. One such assessment method

combining axial loading and bending effects is the Neck Injury Criterion (Nij) [33].

This criteria specifically examines the neck in tension or compression axial force com-

bined with flexion or extension bending moment. By setting proposed critical limits

for the neck, the normalized sum of forces and moments can be defined in Nij (Equa-

tion 2.2). These critical limits are based on volunteer, cadaver, and dummy tests

[33] scaled for different neck sizes. Similiar to head injury metrics, Nij can also be

associated with different AIS injury levels.

Nij =
Fz

Fint

+
My

Mint

(2.2)
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where

Fz = Axial Load [N]

Fint = Critical Axial Load [N]

My = Flexion/Extension Bending Moment [N.m]

Mint = Critical Flexion/Extension Bending Moment [N.m]

These critical limits are different for different loading conditions. For axial loading,

compression and tension have different limits and for bending, flexion and extension

have different critical limits. Typically, Nij is determined using force and moment

measurements from standardized anthropomorphic dummy models of the human.

These models will be presented in a subsequent section (Section 2.4). In a Hybrid

III, an upper neck load cell is often used for measurement of force and moment. The

critical limts can be scaled for use with an anthropomorphic dummy such as 50th

percentile male Hybrid III [23].

2.3 Methods in Helmet Assessment

Helmets are designed to protect against head injury by reducing the severity of an

impact experienced by the head and with the increased use of helmets, fatal brain

injuries have been dramatically reduced. However, the prevalence of mild traumatic

brain injury (mTBI) still remains high [1]. In cycling, a helmet is usually comprised

of three main components: an outer shell, an impact liner, and retention system

(Figure 2.4). The outer shell serves to protect against penetration of sharp objects

and distribute load across the impact liner. The impact liner serves to absorb as

much of the impact energy as possible. Many helmets feature a crushable foam that
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absorbs impact energy through deformation. By absorbing energy, the acceleration

experienced by the head is effectively attenuated relative to an equivalent impact to

a head that is not protected with a helmet. In cycling helmets, this deformation

is plastic and renders the helmet effective for only a single impact. The retention

system serves to retain the helmet on the head, to ensure protection throughout an

impact. Ultimately, a helmet aims to limit impact force magnitude, and increase

time-duration of impact, thereby resulting in lesser head acceleration than would be

the case in a head impact to an unprotected head.

Figure 2.4: Cycling Helmet Components
The common components of a cycling helmet include a shell, liner, and retention system.

Certification of a helmet’s protective ability is governed by various standards, such

as ASTM (American Society for Testing and Materials), NOCSAE (National Oper-

ating Committee on Standards for Athletic Equipment), CPSC (Consumer Product

Safety Commission), and CSA (Canadian Standards Association) [34, 11, 10, 35].

These standards specify the testing protocols for certifying a helmet and are based on

peak linear acceleration measurement. As part of the specifying test protocols, details

such as drop heights, impact velocities, anvil surfaces, and instrumentation require-

ments are specified. In each of these standards, a helmet is placed on a surrogate test

headform which is then subject to free fall to impact an anvil. An accelerometer in the
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headform measures the linear acceleration experienced by the headform during this

impact (Figure 2.5). Depending on the standard, there exists different thresholds of

allowable peak linear acceleration. For bicycle helmets, if the linear drop experiment

results in head acceleration less than 300g, then the helmet protecting the surrogate

head is considered to meet the minimum standard for impact attenuation (i.e. it

passes the attenuation requirement) [10]. It should also be noted that none of these

standards account for rotational acceleration.

Figure 2.5: CSPC Helmet Drop Tower
In helmet assessment, an instrumented headform is accelerated in free fall into a hard anvil. A monorail design is

depicted. Figure from CPSC Safety Standard for Bicycle Helmets. [10]

2.4 Methods in Injury Risk Assessment

Injury assessment in head injury often utilizes similar equipment to helmet assess-

ment. Specifically, it is common to use a machine subjecting a headform free fall to

impact an anvil while measuring acceleration. However, practices for injury assess-

ment typically differ in the instrumentation and headform used. In addition to linear

acceleration, angular acceleration can be measured through a gyroscope or calculated
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from a linear accelerometer array. Head models that approximate the human head

shape and mass distribution are also often used. These head models can also be

coupled with neck models that attempt to recreate the motion that the human neck

affords to the head. If angular acceleration is to be measured, it is important that a

non-rigid neck be used. One such model used for head injury biomechanical research

is the Hybrid III head and neck. In contrast to a magnesium headform that might be

used in helmet assessment, a Hybrid III has features more similar to a human head.

Specifically, a Hybrid III head has more realistic geometry, a vinyl skin, and non-

rigid neck. This non-rigid neck allows angular kinematics to occur. Load cells can

also be incorporated into the neck to measure neck kinetics at the OC/C1 or C7/T1

vertebrae. However, the Hybrid III is not without criticism. Compared to a human

head, the Hybrid III still has geometric differences [36, 37]. The vinyl skin of the

Hybrid III is also generally accepted to have a higher coefficient of friction compared

to human skin, with some attempts at recreating an artificial human scalp [38]. The

neck, although flexible, is still considerably stiffer than a human neck [39]. Despite

these limitations, it is considered a repeatable and appropriate model to study effects

on head mechanics of protective gear [40].

Figure 2.6: Hybrid III Headform and Neck
A Hybrid III Head and Neck can be equipped with a linear accelerometer array and upper neck load cell to

determine head kinematics and neck kinetics.
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Other headforms exist, such as the headform specified in the NOCSAE helmet

standards. In contrast to the Hybrid III, the NOCSAE headform geometry is based on

shape specifications based on cadaver heads. However, the Hybrid III head and neck

are widely used in injury research, and although its limitations are well documented,

there is a large body of research published using methods based on the Hybrid III.

With the associated instrumentation, metrics used to assess focal/diffuse injuries can

be determined to characterize injury severity and type.

2.5 Helmet Fit and Stability Evaluation

The protective efficacy of a helmet is dependent on helmet stability and retention.

Helmet retention is important to adequately protect the head throughout the duration

of an impact to ensure that the impact only contacts the helmet. Ideally, a helmet

should protect the head for the initial impact and immediate subsequent impacts that

may also occur in an accident. Helmet stability is often associated with helmet fit

prior to impact. A well fit helmet should be appropriately positioned on the head

and be resistant to movement. Assuming a helmet is adequately retained on the

head, helmet fit could still have effects on helmet protective ability. Depending on

the geometric interface between a head and helmet, the efficacy of a helmet liner in

protecting a head could vary.

Standards also recognize the importance of helmet fit with a loose characterization

of fit and stability tests [10]. Specifically, HPI (Helmet Positioning Index) and a

stability test are often discussed. HPI is defined as the distance between the bottom

brim of a helmet and the reference plane on a headform, and is generally established

by the helmet manufacturer (Figure 2.7). However, this index serves more to indicate

the proper wearing of the helmet, rather than quantifying fit. The stability test,

sometimes called a roll off test, is a test procedure requirement for helmets to remain
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on a head during impact. The protocol consists of applying a dynamic impact load

on the edge of a helmet. If a helmet rotates excessively or comes off, the helmet fails

the test (Figure 2.8). Whether or not this test is representative of a real impact is

arguable. No other methods for quantifying helmet stability during impact exist in

certification or research literature.

Figure 2.7: Test Headform for Helmet Certification
HPI is defined as the distance between the brow of a helmet and the basic plane on a headform. Figure from CPSC

Safety Standard for Bicycle Helmets. [41]

Figure 2.8: CPSC Stability Test
A test device for assessing helmet stability. A weight is dropped, acting as a dynamic load on the edge of a helmet.
Excessive rotation results in the helmet failing the test. Figure from CPSC Safety Standard for Bicycle Helmets. [10]
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2.6 Previous Research Examining Helmet Fit and Retention

Few studies have been performed in investigating the fitment of bicycle helmets in

impacts. Helmet sizing has been investigated in a finite element analysis of motorcycle

helmets [42], as well as simulated impacts for football helmets [12]. Both these studies

suggest that appropriate helmet sizing has a role in injury risk. A slack or tight chin

strap has also been investigated in simulated impacts with bicycle helmets [43, 44],

with inconsistent conclusions on the importance of a tight retention strap. Finally,

a backward fit case with a helmet improperly positioned on the head was simulated

for bicycle helmets on preadolescents [44]. Interestingly, it was found that a poorly

positioned helmet performed better in impacts to an angled surface.

These studies lack a full comprehension of the effect of bicycle helmet fit in regards

to injury likelihood. Specifically, only studies concerning helmet retention systems

and helmet positioning in one impact condition have been performed with the focus

of bicycle helmets. Studies do not exist in studying helmet fit while considering

helmet sizing and helmet positioning in a variety of impact scenarios. Further study

investigating the effect of helmet fit on injury likelihood would be able to expand

and validate existing studies. In this thesis, both helmet sizing and helmet position

will be considered in different impact scenarios. Existing methods for determining

biomechanical measures of injury risk will be carried out, while implementing new

methods in quantifying fit and tracking dynamic helmet movement.
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Chapter 3

Fit Force Transducer for Objective Fit

Measurement

A new method of quantifying helmet fit based on optical sensors is discussed in this

chapter. A brief overview of in-Fibre Bragg Grating (FBG) theory and the design of a

transducer to measure helmet fit forces are presented. The application and evaluation

of this fit measurement method are also presented.

3.1 Helmet Fit Assessment

Although, poor helmet fit is often associated with increased risks of injury in crash

[5, 6, 7], a good fit is often subjective and inconsistently defined. Hypothetically,

a good helmet fit would translate into good helmet stability and retention during

impact. However, measures of objectively quantifying helmet fit are limited. In

academia, some methods exist to characterize helmet fit and consider parameters

such as geometry or force to characterize helmet fit [12, 13]. Ellena et al proposes

the Helmet Fit Index (HFI) that quantifies the similarity in geometry between head

shapes and helmet liners, defining similarity in geometry as a good fit [13]. With 3D

scanning, the gap between a head and inside of a helmet was analyzed and a HFI

was computed. Similarly a local HFI was also computed at the front, top, right, left,
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and back areas of the head. Establishing similarity of geometry between head and

helmet infers that the helmet is fit well. In Jadischke’s work, a “fit cap” was created

with an array of Tekscan pressure indicating film sensors [12]. By placing this fit

cap between a head and football helmet, the pressure distribution of the fit could be

examined. The helmet fit force sensors in this thesis were made with a similar goal as

Jadishke’s work, in quantifying helmet tightness in the form of fit forces. Presumably,

a relationship exists between tightness and helmet retention and head protection.

3.2 Fit Force Sensor Design

In order to quantify helmet fit, fit force sensors were designed to characterize the

tightness of a helmet. The rationale behind measuring force is that a relationship

exists between helmet tightness and helmet retention. By quantifying the tightness

as a force, a representation of helmet retention and head protection may be deter-

mined. This insight would allow helmet retention ability to be estimated, as well as

quantitatively comparing different fit scenarios. The sensors were designed to be un-

obtrusive, repeatable, and sensitive to static forces in the range of 0 - 50 N. Designing

an obtrusive sensor was important so that the contact between the head and helmet

characterizing fit would be unaffected by the presence of fit sensors. The concept of

these sensors is similar to Jadischke’s sensors [12], in that force is measured at differ-

ent points on the head. The design of the sensor for fit force measurement is based

on a sensor used to study impact force in head impacts by Butz et al [45, 46, 47],

due to their good response, repeatability, and unobtrusiveness. Modifications to the

original design were made in order for the sensor to better suit fit force measurement.

Specifically, the sensitivity was increased for lower forces and thickness was decreased

to further minimize interference with fit.
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3.2.1 In-Fibre Bragg Grating Theory

Optical fibers are thin flexible fibers, made from glass or plastic, used to transmit light

between two fiber ends. FBGs are structures that can be produced in an optical fiber,

consisting of periodic variations of refractive index within the core of the fiber. These

gratings act like a series of partially reflective mirrors that reflect only a selective

wavelength of light. The specific wavelength of light reflected back up the fiber is

dependent on the periodic spacing of gratings. This reflected wavelength is called

the Bragg wavelength, λB. The remaining light propagated down the optical fiber

continues through the FBG (Figure 3.1).

Figure 3.1: in-Fibre Bragg Grating Schematic
Modified from Wikipedia.org under GFDL License

The Bragg wavelength is dependent on the grating period and grating index of

refraction (Equation 3.1). Different indices of refraction in the fiber are denoted by

n0, n1, ... n3.

λB = 2Λn0 (3.1)
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where

Λ = Grating Period [nm]

n0 = Grating Index of Refraction[−−]

In communications, this transmission of light can be used to send data encoded

into the propagated light. FBG structures can then be used to extract certain wave-

lengths of light. However, FBGs can also be used as a sensing device for strain and

temperature measurement capabilities. They have been becoming more popular in

biomechanical research, due to their size, biocompatability, chemical inertness, invul-

nerability to electrical interference, and multiplexing ability [46, 48].

When the fiber is subject to a strain, the grating period and refractive index

are varied, resulting in a change in Bragg wavelength. The change in wavelength can

then be used to predict change in axial strains (Equation 3.2), with a strain sensitivity

coefficient, Sε.

ΔλB = Sεε (3.2)

where

ΔλB = Bragg wavelength shift [nm]

Sε = strain sensitivity [nm/microstrain]

ε = axial strain [mm/mm]

Ultimately, a FBG can be used as a strain sensor. By employing a transducer,
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a force can then be related to the strain or wavelength shift. Several characteristics

make FBGs suitable for this application, including their small size and multiplexing

capability. In the context of helmet fit, their small size allows for easy integration

into materials with minimal interference on helmet fit. The multiplexing ability comes

from the ability to write FBGs with different grating periods along the same optical

waveguide. The different FBGs will then selectively reflect a different wavelength

of light corresponding to the number of different grating periods. This multiplexing

ability is beneficial because it allows for more sensors to be included within a small

space. Multiple FBGs can be written on one optical fibre, allowing a single fibre to

both supply light and sense strain. In contrast, electrical strain gauges require 4 wires

per gauge. This multiplexing allows a simpler design, as well as less clutter to further

minimize interference on helmet fit.

3.2.2 Transducer Design

The transducer of the final design is comprised of 3D printed and aluminum parts

with an FBG sensor (Figure 3.2).

Figure 3.2: Fit Force Transducer
(The fit force transducer consists of two 3D printed plastic components, and one aluminum component. Strain on

the aluminum component is measured with a FBG. The plastic filament used is a blend of PLA (polylactic acid) and
PHA (polyhydroxylalkanoate).

This transducer functions on the principles of a simple beam with supported ends.

By applying a load on the top surface of the transducer (Figure 3.3a), a force on the
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aluminum beam causes a strain on the underside of the beam (Figure 3.3b). This

strain is then measured by an FBG fixed to the bottom of the beam (Figure 3.3c).

Depending on the geometry and material properties of the beam, the same force can

create different amounts of strain. Effectively, the sensitivity of force measurement

can be tuned by changing the geometry of the transducer. An in-depth study of the

sensor design analysis, including a linearity and frequency analysis is performed in

Butz’s thesis [47].

(a) Transducer Loading

(b) Aluminum Disk Loading

(c) Beam Loading Simplification

Figure 3.3: Transducer Loading Conditions

With a transducer applying strain on an FBG, a force can then be correlated

from Bragg wavelength shifts (Equation 3.3) with a transducer sensitivity, K. The
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transducer sensitivity can be adapted to function at different force ranges for different

applications by changing the aluminum beam geometry.

F = KΔλB (3.3)

where

F = Applied Force [N]

K = Transducer Sensitivity [N/nm]

In order to produce a suitable sensor, transducer designs were iterated and evalu-

ated. With 3D printed plastic and waterjet-cut aluminum parts, the transducer could

be rapidly prototyped. The assessment of the sensor was performed with calibration.

3.2.3 Sensor Fabrication

The sensors were designed with ease of fabrication in mind. The sensing component

consists of two plastic components, one aluminum disk, and a FBG. The main trans-

ducer component was an aluminum disk, waterjet-cut out of 6061 sheet stock. This

allowed satisfactory dimensional tolerancing and material consistency. The plastic

components were rapid prototyped with a 3D printer using a filament blend of PLA

(polylactic acid) and PHA (polyhydroxylalkanoate). These plastic components served

to direct load to the center of the aluminum disk and provide support. Because the

material properties of these components were not critical, problems with anisotropy

of the 3D printed part were avoided. All parts were adhered with cyanoacryalte. An

FBG was then fixed to the bottom of the aluminum disk, with the grating centered at

the center of the aluminum disk. The final sensor design has a thickness and diameter
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of 2.6 mm and 14 mm respectively.

Figure 3.4: Fit Force Transducer
The top (left) and bottom (right) of a fit sensor are shown. A FBG is also shown fixed to the bottom of the

transducer. Each sensor has a thickness and diameter of 2.6 mm and 14 mm respectively.

Five sensors were then multiplexed with optical couplers to combine multiple

sensors on the same channel. This allowed sensing at 5 locations on the head.

3.2.4 Transducer Static Calibration

To calibrate a sensor, known masses were loaded onto the sensor and the Bragg

wavelengths were measured. A SmartSoft interrogator (Smart Fibres Ltd, United

Kingdom), sampling at 2.5 kHz was used for data acquisition of Bragg wavelength.

The average wavelength over 3 seconds was recorded. A relationship between mass

and wavelength shift could then be determined. Equivalently, the relationship be-

tween force and wavelength shift could be calculated (Figure 3.5). To calibrate each

sensor, calibration masses were incrementally added on the sensor with the Bragg

wavelength recorded, and then similarly removed. This procedure was repeated three

times for each sensor. A linear regression analysis was then performed to determine

the sensitivity and consistency of each sensor. In total, 5 sensors were fabricated and

calibrated (Table 3.1).
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Figure 3.5: Fit Force Calibration
Each sensor was calibrated by incrementally increasing calibration masses placed on the sensor then decreasing the

calibration masses. This procedure was repeated three times, then regression was used to determine the
corresponding slope. The calibration of Sensor 1 is shown.

Table 3.1: Fit Force Sensor Calibration

Sensor Sensitivity R2

(N/nm)
1 26.73 1.00
2 20.39 0.99
3 15.05 1.00
4 17.03 1.00
5 19.02 0.99

3.3 Fit Forces Between Different Fit Scenarios

These fit sensors were then used in evaluating the different fit forces in 4 fit scenarios

(Table 3.2) on a Hybrid III 50th percentile male headform with a head circumfer-

ence of 575 mm. These fit scenarios were based on definitions of correct helmet use

from epidemiological studies [7], which commonly included helmet size and position

as parameters for good fit. Specifically, correct helmet positioning was defined as not

covering the eyebrows or exposing the forehead. A Normal fit uses a correctly sized

helmet and the helmet positioned with approximately two finger widths of space be-
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tween the helmet brim and headform forehead. An Oversized fit uses an Extra Large

helmet to represent the variation in helmet sizing. The Forward fit uses a correctly

sized helmet, but positioned forward with the helmet brim just above the eyes. The

Backward fit also uses a correctly sized helmet, but positioned backward to expose

the forehead. The forward and backward fit scenarios were chosen as the maximum

variations in helmet positioning that were still felt to represent plausible use with

regular individuals. For instance, it was deemed unlikely that an individual would

position a helmet to cover his/her eyes. A CPSC certified helmet (Bell Traverse),

available in two sizes, was used for all fit scenarios. According to the helmet manu-

facturer’s provided fit guide, the head circumference of a Hybrid III 50th percentile

headform would most appropriately fit a Universal helmet. However, the circumfer-

ence range of a Hybrid III also fell within the appropriate range for an Extra Large

helmet. Other fit parameters were kept consistent: the chinstrap was tightened to

leave approximately one finger width of space under the chin, and the adjustable

retention strap was hand tightened to keep a secure fit.

Table 3.2: Helmet Fit Force in Different Fit Scenarios

Fit Scenario Helmet Size Helmet Angle
Normal Universal Normal
Oversized Extra Large Universal
Forward Universal Forward
Backward Universal Backward

3.3.1 Fit Force Measurement Experimental Protocol

The same optical interrogator previously used in calibration was used for fit force

evaluation. Five fit sensors were arranged on the Hybrid III Head, on the front, back,

left, right and top (Figure 3.6). These sensors remained in the same location for all fit

scenarios. Because the wavelength shift was being measured, a reference measurement

with the transducers on the un-helmeted headform was taken. This was performed
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prior to every measurement. The helmet fit scenario was then arranged on the head-

form and the measurement was taken. For all Bragg wavelength measurements, the

interrogator was set to a sample rate of 2.5 kHz. The average Bragg wavelength over

3 s was then taken. For each helmet fit scenario, the same measurement procedure

was repeated 6 times by removing and replacing the helmet. The fit sensors were not

removed. With previous calibration data, the fit force could then be determined from

wavelength shift.

Fit forces were measured on an inverted Hybrid III headform. Measurements

could also have been performed with the headform upright, which could result in

higher measured forces at the head vertex. However, the quantification of change in

forces between fit scenarios was the focus. Whether the head is upright or inverted

would have no difference on relative change in fit force.

Figure 3.6: Sensor Locations
Fit sensors were placed on the Hybrid III head top, left, right, front, and back sides. Copyright Journal of Visualized

Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet fit and retention and
biomechanical measures of head and neck injury in simulated impact.
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3.3.2 Results

The helmet fit forces were determined for each fit scenario at each individual location

(Figure 3.7). A t-test, assuming unequal variances, was also performed to determine

significant differences in measured force (p <0.05). Higher force measurements imply

a tighter fitting helmet. An oversized helmet was shown to only have significantly

lower fit forces on the top of the head. The forward fit helmet was shown to exhibit

significantly higher fit forces on the front of the head. On the left and right sides

of the head, statistically significant differences were observed for the forward and

backward fit scenarios. For all scenarios, the sensor on the back of the head did not

experience significantly different fit forces.

Figure 3.7: Fit Forces Between Different Fit Scenarios
Standard deviations of measurements are represented with error bars. Significance is also shown for p <0.05 (*).

Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet
fit and retention and biomechanical measures of head and neck injury in simulated impact.

The fit forces between the different scenarios could also be expressed as a global

fit force and global fit force deviation to characterize the overall tightness of a helmet
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(Table 3.3). Calculation of these metrics is outlined in Appendix A. The global

fit force represents the average force exerted on the head while the global fit force

deviation represents the variation of this force across different sensor locations. A

tighter helmet would be represented by a higher global fit force. A helmet exerting

consistent fit force across the head would then exhibit a very low deviation. A t-test

was also performed to show only an oversized helmet exhibited significantly smaller

global fit forces.

Table 3.3: Helmet Fit Force in Different Fit Scenarios.

Fit Scenario Global Fit Force Global Fit Force Variation
(N) (N)

Normal Fit 0.35 ± 0.09 0.49 ± 0.10
Oversized Fit 0.15* ± 0.05 0.18* ± 0.06
Forward Fit 0.32 ± 0.21 0.49 ± 0.21
Backward Fit 0.44 ± 0.23 0.61 ± 0.23

The global fit force can be represented as an average of fit forces across all sensors, with the global fit force variation
representing the variation in fit force. A t-test was also performed to determine scenarios with a significantly

different global fit force, p <0.05 (*).

The helmet fit sensors were capable of distinguishing significantly different fit

forces between different helmet fit scenarios, with forces on the range of 0 - 2 N.

Occasionally, force measurements of zero were recorded due to no contact between

the sensor and the helmet. This was caused by either a gap of separation between the

head and helmet due to dissimilar geometry or the sensor being positioned underneath

a helmet vent.

3.3.3 Discussion

Using global fit force to describe the overall tightness shows that only an oversized

helmet exhibited lower tightness, as expected. However, these difference in tightness

were primarily due to the small fit force recorded on the top of the head. The

retention system was able to produce similar fit forces as the other fit scenarios at

the other locations on the head. The lower overall tightness may suggest poor helmet
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retention for the oversized helmet, but because the lower global fit force is primarily

due to the force measurement at a single location, retention may not be significantly

affected. Compared to a normal fit, both the forward and backward fit showed similar

tightness. Because the helmet is the same size for these scenarios, this is anticipated.

With similar tightness, both the forward and backward fit scenarios may be expected

to show similar levels of helmet retention.

The fit force sensors were capable of distinguishing significantly different fit forces

between different fit scenarios at different locations. However, using different locations

to analyze fit forces may require precise attention to sensor locations. As expected,

a forward fit exhibited more force to the front of the head relative to a normal fit

scenario. In contrast, the fit force at the back did not show significant changes be-

tween any fit scenarios. This suggests that different locations on the head may have

different sensitivities to fit scenario. The results for this particular helmet suggests

that front of the head may experience significantly different fit forces while the back

may not. These differences are likely due to the geometry of the head and helmet.

However, the difference in sensitivities would show that a single sensor is insufficient

in determining trends in tightness between different fit scenarios. Between different

headforms and helmets, these results would likely differ. Significant differences in

fit force were also noted in the left and right sensors for the forward and backward

fit scenarios. It would be expected that the left and right sensor exhibit the same

results due to symmetry. However, the left and right sensors were positioned visu-

ally, so their exact positions may not have been perfectly symmetric. As a result,

the different locations of the sensors could cause different interference between the

head and helmet. The differences between the left and right sensor show that visual

alignment of sensors may be insufficient and cause variations in fit force measure-

ments. Despite appearing symmetric, the small differences in position were capable

of producing different results.
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The limited spatial resolution of the fit force sensor array may be a limitation.

A 5-sensor array may not fully represent the distribution of force across the head.

Because the design of bicycle helmets often includes open vents, a sensor may be

placed underneath a vent and not make contact with the helmet. As such, the sensor

measures zero force and potentially further misrepresent helmet tightness. In order

to mitigate the event of a zero force reading, the sensors could have been placed

on the helmet instead of the head. However, the sensors were placed on the head

to maintain consistency and repeatability of the experiment. Placing sensors on the

helmet would require a new protocol for different helmets. Another potential solution

to better represent the distribution of force across the head is to expand the number

of sensors. With the small size of the sensors and multiplexing ability of FBG sensors,

a greater number of sensors could be feasibly distributed around the head. Increasing

the number could give a better representation of average tightness, as well as discern

locations of high and low fit force fluctuations to provide further insight on helmet

stability. With the ability to detect regions of contact between the head and helmet,

increasing spatial resolution also allows the contact area between the helmet and head

to be considered. In addition to the magnitude of force exhibited on the head by a

helmet, the amount of contact area may also be valuable in characterizing fit.

The fit sensors in this study were capable of determining differences in fit forces

between different fit scenarios, which could also be communicated as the tightness of

a helmet. However, the measured fit forces were relatively low, on the scale of several

newtons, which suggests the tightness between the head and helmet liner may not

be the most valuable measure for quantifying helmet fit in bicycle helmets. Other

factors may play a more important role in quantifying helmet fit, such as the amount

of contact area between the head and helmet, the tightness of the retention strap

only, or the similarity in geometry between the head and helmet.
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Chapter 4

Tracking Head-Helmet Displacement

A new method of quantifying helmet stability is discussed in this chapter. The ap-

plication and capabilities of the method are investigated. In Chapter 5, Head-helmet

displacements in simulated impact will be presented and discussed.

4.1 Cinematography in Biomechanics

Using cinematographic equipment to analyze kinematic parameters of a body is a

common tool in biomechanics laboratories. From each still frame of a video, a 2-

dimensional pixel coordinate system can be used to describe the position of a point.

With calibration and a scaling factor, the coordinates of this point can then be con-

verted into physical dimensions. In combination with camera frame rate, kinematics

like velocity and acceleration may be determined. With multiple cameras, the kine-

matic analysis can be expanded from planar to spatial motion. High speed cameras

in particular can also be incorporated to capture events occurring at high speeds.

Cameras can even be synchronized with other equipment, such as load cells, to more

fully understand the dynamics of an event. For studying head injury and impact, the

use of multiple high speed cameras can be quite valuable. Moreover, the capabilities

of multiple high speed cameras in studying head impacts has been previously proven

[31].
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4.2 Head-Helmet Displacement

The ability to track helmet movement could prove to be a valuable tool in evaluat-

ing the retention ability of a helmet. A helmet that covers and protects the head

throughout an impact can be deemed more effective than one that does not, and

can be revealed by analyzing a helmet’s relative motion. One potential method of

quantifying helmet position is taking the distance between the helmet brim and fore-

head, similar to HPI (Figure 4.1). In order to track head-helmet displacement, a new

method utilizing high speed cinematography was developed to track this distance.

This method uses two high speed cameras to track points on a head and helmet. The

conversion of these points into 3D space is achieved with the Direct Linear Transform

(DLT) method [49]. Because the points on the helmet brim and forehead are not

easily visible throughout an impact, these points are determined indirectly. The cal-

culations performed to determine these points utilize a Singular Value Decomposition

(SVD) method [50].

Figure 4.1: Head Helmet Displacement Vector
The vector used to describe head helmet displacement is the line between a point on the helmet brim and head

forehead, similar to HPI. The absolute value of this distance is head-helmet displacement.
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4.3 Determining Point Locations in 3D Space

By performing motion tracking on video footage, the 2-dimensional pixel coordi-

nates of a point may be determined. With a scaling factor, these coordinates can

be transformed from pixel co-ordinates to phyysical co-ordinates in a cartesian refer-

ence frame. However, this scaling only works when motion occurs in a plane parallel

with the camera sensor. In order to determine 3-dimensional coordinates of spatial

movement with depth, another view of the object must be achieved. Prisms and

mirrors can be used to obtain a second view, but the simplest setup adds a second

camera. The use of a second camera is presented. One method of determining the

3-dimensional coordinates of a point from two 2-dimensional sets of data is called the

DLT method [49].

4.3.1 Direct Linear Transform Method

The DLT method requires two steps.

1. Calibrating the space to find a transformation matrix for each camera

2. Applying the transformation matrices to 2-D pixel coordinates (u, v), in order

to find 3-D spatial coordinates (x, y, z)

Two coordinate systems must be defined for this method: a 2-dimensional im-

age plane coordinate system and a 3-dimensional spatial coordinate system. The

2-dimensional coordinate system refers to the coordinates from an image captured by

a camera. The vertical and horizontal component of this coordinate system is often

denoted as u and v respectively, often measured in pixels. The 3-dimensional system

refers to the real 3-dimensional space and is denoted as x, y, and z. These spatial

coordinates are measured in units of real lengths, such as meters. The DLT method

ultimately converts between the two coordinate systems, [u, v] from each camera and
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[x, y, z] in real space.

With the DLT method, the projection of points in 3-D spatial space onto a 2-D

image plane can be expressed in Equations 4.1 and 4.2.

u =
L1x+ L2y + L3z + L4

L9x+ L10y + L11z + 1
(4.1)

v =
L5x+ L6y + L7z + L8

L9x+ L10y + L11z + 1
(4.2)

where

u, v = Horizontal and vertical coordinates in image plane (px)

x, y, z = 3-D coordinates in real space (m)

L1, L2, ..., L11 = Transformation coefficients, determined through calibration

Equations 4.1 and 4.2 represent the relationship between coordinate systems for

an individual view or camera. As such, 2-D coordinates for a two camera setup can be

further specified as uL and uR to reference a camera on the left and right. In addition,

each camera also has a unique set of transformation variables. For a two camera setup,

the same variables, L, could be used to denote the transformation (L1, L2, ..., L11) for

one camera and R can be used to denote the transformation variables for another

camera (R1, R2, ..., R11). In order to find these transformation coefficients, L and R,

calibration must be performed. The calibration process requires that for a set of

points, the 3-D spatial coordinates must already be known. Taking the 2-D pixel

coordinates of these points recorded by each camera and the known 3-D coordinates,

the transformation matrices for a camera can be determined (Equation 4.3). Since

each point generations 2 equations, at least 6 calibration points must be defined to
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determine the 11 unknown coefficients.

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

x1 y1 z1 1 0 0 0 0 −uL1x1 −uL1y1 −uL1z1

0 0 0 0 x1 y1 z1 1 −vL1x1 −vL1y1 −vL1z2

x2 y2 z2 1 0 0 0 0 −uL2x2 −uL2y2 −uL2z2

0 0 0 0 x2 y2 z2 1 −vL2x2 −vL2y2 −vL2z2
...

...
...

...
...

...
...

...
...

...
...

xN yN zN 1 0 0 0 0 −uLNxN −uLNyN −uLNzN

0 0 0 0 xN yN zN 1 −vLNxN −vLNyN −vLNzN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

L1

L2

...

L11

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

uL1

vL1

uL2

vL2
...

uLN

vLN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

(4.3)

or

[M ][L] = [U ] (4.4)

where

N = Number of Points used for Calibration

Equation 4.3 can also be represented in matrix form (Equation 4.4). [L], the calibra-

tion coefficients, may then be solved with the method of least squares. Although a

minimum of 6 points are required, more may be included to increase redundancy and

improve accuracy. These points should be spread throughout the control volume of

interest.

From the calibration procedure, the transformation matrices for each view, [L]

and [R], may be determined. In combination with new 2-D coordinates, these trans-

formation matrices can be applied to find the corresponding 3-D spatial coordinates

(Equation 4.5).
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⎡
⎢⎢⎢⎢⎢⎢⎢⎣

L1 − L9uL L2 − L10uL L3 − L11uL

L5 − L9vL L6 − L10vL L7 − L11vL

R1 −R9uR R2 −R10uR R3 −R11uR

R5 −R9vR R6 −R10vR R7 −R11vR

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎣
x

y

z

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

uL − L4

vL − L8

uR −R4

vR −R8

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(4.5)

or

[P ][g] = [Q] (4.6)

Again, Equation 4.5 can also be represented in matrix form (Equation 4.6). With

the least squares method, [g] may then be solved to determine spatial coordinates,

[x, y, z].

By maintaining the same camera setup, the DLT method can then be applied to

each frame of a video by utilizing the same transformation matrix to find spatial co-

ordinates. After using DLT to find the spatial coordinaets, the known change in time

between consecutive images can be used to estimate other kinematics such as velocity

and acceleration. In the DLT method discussed, 11 transformation coefficients are

determined. In order to account for optical distortions, additional parameters could

also be included in the transformation matrix [L]. However, more calibration points

would be required.

4.3.2 Accuracy of Direct Linear Transform Method

In order to evaluate the accuracy of motion tracking and the DLT method in tracking

helmet movement, a simple accuracy analysis is performed with a headform impact.

The DLT method is used to track two points on the headform, separated by a known

distance of 15 mm. The deviation from this distance is measured. Two Phantom v611

cameras (Vision Research, NJ) are arranged around a custom built helmet impacting

tower (Figure 4.2). Each camera is equipped with a 50 mm f/1.4 lens (Carl Zeiss,

Germany), with the aperture set at f/1.4. The cameras are also synchronized with
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the frame rates set to 1000 fps.

Figure 4.2: High Speed Camera Configuration
Two high speed cameras were configured around the drop tower. One was placed to the side and the other was

placed approximately 45◦. Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A
test bed to examine helmet fit and retention and biomechanical measures of head and neck injury in simulated

impact.

A calibration cage with 18 calibration markers was previously designed (Figure

4.3). The geometry of the calibration fixture was designed to reasonably fill the control

volume being recorded, with the calibration markers spread uniformly throughout.

Using a Coordinate Measuring Machine (Mitutoyo, Japan), the spatial coordinates

of these markers were determined. The locations of each point were determined with

an average variance of 0.099 mm. Prior to the experimental impacts, the space is

calibrated with this calibration fixture. Phantom Camera Control (PCC) Software

is used to obtain 2-D image space coordinates of these calibration points from each

camera. The DLT method can then be used to find transformation coefficients.

After the space is calibrated, two markers are placed on the head with known

separation distance of 15 mm. A drop can then be performed. Using PCC software,

the 2-D pixel coordinates of these markers throughout impact are obtained. The

difference between the known distance and calculated distance between these two

points is interpreted as a representation of the error. A drop was repeated 10 times
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Figure 4.3: Calibration Cage
A calibration cage with known point locations was used to calibrate the space for the DLT method. The calibration

frame fills a control volume measuring 12.0 x 10.0 x 5.0 ”.

(Figure 4.4) to show variability. Error was tracked for 250 msec, which is much longer

than the duration of an impact.

Figure 4.4: DLT Error
The error in the DLT method was determined for 10 helmeted drops. This error is defined as the difference between

the known distance between two points and the calculated. Each line represents the error for a single drop.

Throughout all the drops, the error consistently ranges from approximately -0.10



42

cm to +0.15 cm. Because helmet movement in the millimeter magnitude are negligible

in assessing helmet stability, these errors are deemed reasonable.

4.4 Indirect Point Tracking

To quantify relative movement between the head and helmet, we define a vector.

The vector of interest measures the distance between the helmet brim and forehead.

However, these two points are not consistently visible during an impact and cannot

be directly tracked. For this reason, the head and helmet are tracked as bodies

instead and the position of each the forehead and helmet brim are calculated. In

other words, the forehead location and helmet brim locations are tracked indirectly.

In order to track either the forehead or helmet brim, the same method is performed.

For the helmet, 3 points are tracked during impact. By taking a reference frame

prior to impact, the location of the helmet brim relative to the tracked markers can

be determined and applied during impact. The determination of this point utilizes

a technique called the Singular Value Decomposition (SVD) Method [50]. However,

other methods of finding transformations also exist.

4.4.1 Finding Rotation and Translation of a data set

With the SVD method, the optimal transformation between two sets of corresponding

data can be determined (Figure 4.5). In the context of motion tracking, the SVD

method can be used to determine the transformation between two different data sets

at two instances in time.

If A describes one data set and B describes the same data set at a different time,

then the transformation between the two can be expressed in terms of a rotation

matrix, [R], and translation vector, t (Equation 4.7). The goal of the SVD method is

to find this matrix and vector, [R] and t. These transformations can then be applied
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Figure 4.5: Dataset Transformation
Utilizing the SVD method, the rotation and translation between two data sets may be determined

to any other point in data set A to find their corresponding location in data set B.

Accordingly, the locations of a point can be found in any instant in time if the initial

locations of a data set are known. A and B are each matrices where each column is

a vector of coordinates.

A = [R]× B + t (4.7)

Finding the rotation and translation matrix with the SVD method can be broken

down into three steps:

1. Find the centroids of each data set

2. Find the rotation matrix, [R], between data sets

3. Find the translation vector, t, between data set centroids

In order to find the optimal rotation, the two data sets are overlaid at their

centroids to remove any translation. The centroids can be found using equation 4.8.
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centroid =
1

N

N∑
i=1

Pi (4.8)

where

N = Number of Points in Dataset

Pi = Points in a data set with x, y, and z components

A covariance matrix, H, can then be created to apply the SVD method (Equation

4.9, 4.10).

H =
N∑
i=1

(PA,i − centroidA)(PB,i − centroidB)
T (4.9)

[U, S, V ] = SV D(H) (4.10)

where

H = Covariance Matrix

U, S, V = SVD Decomposition Matrices of the Covariance Matrix

The SVD method decomposes a matrix, such that H = USV T . U and V are

square matrices used to determine rotation, while S is a diagonal matrix used to

determine scaling. For the application of head-helmet displacement, S is not used.

Polar decomposition can then be used to calculate the rotation matrix and translation

vectors using Equations 4.11 and 4.12 respectively.

[R] = [V ][U ]T (4.11)
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t = −[R]× centroidA + centroidB (4.12)

With the rotation and translation matrix, R and t, equation 4.7 can be applied

to any data point in data set A. The location of a point in data set A can then be

found at a different instance of time, corresponding with dataset B (Figure 4.6). In

the context of indirect motion tracking, an initial reference image was taken to be

data set A. This reference image contains at least 4 points; three of these points are

tracked directly and the last point is tracked indirectly. The rotation and translation

of the three points is found between this reference image and any frames of a video.

The rotation and translation can then be applied to the 4th indirectly tracked point

to determine the location of the 4th point in all frames of a video.

Figure 4.6: Application of Rotation and Translation Matrices
R and t represent the rotation and translation between two data sets

In finding the optimal rotation between data sets A and B, at least three points

must be included in the data set. Using a method of least squares, more points can

be included and accuracy can be improved.



46

4.4.2 Accuracy of Indirect Point Tracking

In order to evaluate the accuracy of indirect point tracking utilizing the SVD method,

a simple accuracy analysis is performed. Similar to the analysis performed to eval-

uate the DLT method (Section 4.3.2), the known distance between two points is

determined. The same experimental setup is also used. One of these point is directly

tracked on the headform while the second point is indirectly tracked. By tracking

three other points on the head, the second point can be indirectly tracked. Deviation

from the expected difference between the points can then interpreted as the error.

Three drops are performed for this analysis (Figure 4.7).

Figure 4.7: Indirect Tracking Error
The error in using the SVD method for indirect tracking was determined for 3 helmeted drops. Each line represents

a different drop.

The magnitude of these errors are similar to the DLT method and vary from

approximately -0.10 cm to +.05 cm. From the magnitude of these errors, it is accepted

that this method is able to achieve a satisfactory accuracy. An error on the scale of

millimeters would be sufficient in distinguishing head-helmet displacements on the

magnitude of several centimeters.
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4.5 Application of Head-Helmet Displacement Tracking

To evaluate head-helmet displacement, a point on the forehead and helmet brim must

be tracked during impact. These points are indirectly tracked by tracking 3 points on

each the headform and helmet respectively. With the DLT method, the coordinates

of these points in 3-D space are determined. A method of indirect tracking is used to

track the forehead and helmet brim points specifically. A method has been developed

to track head-helmet displacement using a dual high-speed camera setup (Phantom

v611) arranged around the drop tower (Figure 4.2). PCC software was again used to

determine the 2-D coordinates of markers.

The overall determination of head-helmet displacement may be broken down into

5 steps:

1. Calibrate Space with Calibration Frame

2. Take Head and Helmet References Images

3. Perform Drop

4. Post Process with DLT and Indirect Tracking

5. Calculate Head-Helmet Displacement

The same calibration cage is used (Figure 4.3) to calibrate the space for the DLT

method. In order to indirectly track the head and helmet, reference images must also

be taken prior to impact (Figures 4.8 and 4.9). These reference images must include

the point of interest, as well as 3 points that will be tracked during impact. The

point of interest must be visible in the reference only. The 3 tracked markers must

be visible in both the reference and in the video of the impact.

Accordingly, three points on each the headform and helmet are tracked during

impact (Figure 4.10). The DLT method is applied to find the 3-D coordinates of
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Figure 4.8: Head Reference Image Markers for Motion Tracking
For the head reference, three markers on the head are set as tracked markers and one marker is a reference marker.
Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet

fit and retention and biomechanical measures of head and neck injury in simulated impact.

Figure 4.9: Helmet Reference Image Markers for Motion Tracking
For the helmet reference, three markers on the helmet are set as tracked markers and one marker is a reference
marker. Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to
examine helmet fit and retention and biomechanical measures of head and neck injury in simulated impact.
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markers. The method of indirect tracking can then be applied to determine the

position of the forehead and helmet brim throughout impacts. Finally, the distance

between these two points is taken as the head-helmet displacement.

Figure 4.10: Markers Tracked during a Drop
During a drop three markers on each the head and helmet are tracked throughout impact. Copyright Journal of

Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet fit and retention and
biomechanical measures of head and neck injury in simulated impact.

An example of this method of measuring head-helmet displacement during an

impact is shown in figure 4.11. The absolute value of the distance between forehead

and helmet brim is measured, represented as “Absolute Displacement”. This measure

most directly compares with HPI. If a helmet is positioned far backwards on the head,

absolute head-helmet displacement is expressed as a larger number. At 0 ms, the non-

zero displacement represents the position of the helmet prior to impact. At 50 ms,

an increase in head-helmet displacement may be observed. This increase corresponds

to the helmet’s movement as a result of the impact. From this plot, two values are

reported: peak absolute displacement and maximum relative change in displacement.

Peak absolute displacement is the largest value while maximum relative change is

the difference between the largest and smallest values of absolute displacement. In

this impact, the peak absolute displacement and relative change in displacement are

19.93 cm and 12.18 cm respectively. Peak absolute displacement aims to describe



50

the maximum amount of head exposure while relative change aims to describe the

helmet’s movement during an impact. Higher peak absolute displacements would

convey larger head exposures while higher relative change in displacements convey

more helmet movement.

Figure 4.11: Head Helmet Displacement for a Backward Fit Helmet in Impact
Relative change in displacement is also indicated. The vector for absolute displacement is also shown on the right.

The absolute displacement begins at around 8 cm, representing the initial helmet position in the backward fit
scenario.

4.6 Method Discussion

This method of tracking helmet movement allows absolute and relative head-helmet

displacement to be determined. Absolute displacement conveys the amount of facial

and forehead exposure during impact while relative displacement conveys retention

ability and stability of the helmet. If a helmet excessively exposes the head, repre-

sented through a large peak absolute displacement, the helmet may be deemed to in-

sufficiently protect a head throughout impact. With peak absolute displacements, the

source of displacements may be a combination of initial helmet position and helmet

retention ability. In addition to facial exposure, it may also be valuable to be able to

independently assess the helmet’s retention ability. A relative change in displacement
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can express a helmet’s retention ability regardless of initial helmet position. In sce-

narios where high absolute displacements are observed, it may be beneficial to know if

the high displacements are a result of poor initial helmet positioning or poor retention

ability. Determining relative change in displacements demonstrate the role of helmet

retention. From the accuracy analyses, sub-centimeter accuracy of this method is

shown to be possible. This accuracy is acceptable because experimental repeatability

would create more variation in helmet displacements. Furthermore, deviations on the

scale of millimeters would be relatively negligible in describing head exposure. Both

of these measures can be valuable in capably assessing helmet performance .

In the proposed method, a simple vector between helmet brim and forehead was

defined as head-helmet displacement. However, the same experimental methods are

also able to measure displacement in three component directions (i.e. x, y, and z).

Added components could more thoroughly characterize helmet movement and reveal

the specific directions of helmet movement. Rotational components could be included

also to indicate the amount of rotation of the helmet. These additional components

could be particularly valuable, especially in the case of other impact conditions such

as a side impact. For simplicity, only a single component was used to express dis-

placement. This single component also provides the closest comparison to HPI for

simple interpretation.

Currently, no methods exist to quantitatively characterize helmet movement dur-

ing an impact. The proposed methods of tracking helmet movement are the first of

their kind, and can offer valuable insight on helmet stability and protective efficacy.

In the context of evaluating the effect of helmet fit, this method will be particularly

valuable in assessing helmet movement.

These methods for characterizing helmet movement could be extended in studies

beyond helmet fit. For instance, there has been recent developments of helmet tech-

nology aiming to decouple the head from the helmet during impact. This decoupling
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would theoretically reduce rotational forces imparted to the head and reduce brain

injury likelihood. With the ability to observe helmet movement during impact, better

understanding of the head-helmet interaction could be achieved and the effectiveness

of the technology could be verified. Tracking head-helmet displacement could provide

insight in any situation where helmet movement, stability, or retention is of interest.
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Chapter 5

Effects of Helmet Fit on Biomechanical

Parameters of Head and Neck Injury

The effect of helmet fit on injury indicated by biomechanical injury assessment pa-

rameters is investigated by simulating different fit scenarios in different impact con-

figurations. Alongside determining biomechanical measures of head and neck injury,

newly developed methods of fit force measurement described in Chapter 3 and helmet

movement tracking described in Chapter 4 are also implemented.

5.1 Background

Poor helmet fit is associated with lesser helmet protective performance in select epi-

demiological studies [5, 6, 7] and intuitively a helmet should perform most optimally

when used as designed. Better understanding of the mechanics associated with head

and neck injury risk associated with improper helmet use could lead to unambiguous

conclusions concerning the importance of helmet fit. Different fit scenarios are inves-

tigated under the simulation of different impact scenarios utilizing a test bed used

to study biomechanical measures of head and neck injury. The previously developed

methods of quantifying fit forces and measuring head-helmet displacement are also

implemented to further analysis [51]. In Chapter 3, the development and application
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of a fit sensor using FBGs was described. All the fit force measurement components

of this study were previously carried out and also described in Chapter 3, Section 3.3.

In Chapter 4, the development of a method of tracking helmet movement relative to

the head using a dual high speed camera setup is described. By comparing different

measures of injury risk in different fit scenarios, the importance of correct helmet fit

can be understood.

5.2 Materials and Methods

Details of the experimental methods are described in the peer reviewed journal pub-

lication:

Henry Y. Yu, Brooklynn M. Knowles, and Christopher R. Dennison. A test bed to

examine helmet fit and retention and biomechanical measures of head and neck injury

in simulated impact. Journal of Visualized Experiments, 2017. (In Press)

5.2.1 Experimental Equipment

For impact simulation, a custom designed linear impact tower is used to guide an

ATD during freefall onto a steel anvil. The impact tower consists of an adjustable

drop gimbal, a Hybrid III 50th Percentile head and neck, and variable impact sur-

face. 9 uni-axial accelerometers (Measurement Specialties Inc. Hampton VA, model

64C-2000-360) arranged in a 3-2-2-2 configuration within the head allow linear and

angular accelerations of the headform to be determined at the center of gravity. A

six-axis upper neck load cell is also included to measure forces and moments at a

location approximately corresponding to the human spine OC vertebrae. A purpose

built velocity gate is also arranged on the impact tower to measure impact velocity

immediately before impact. A National Instruments data acquisition system (PXI

6251 with LabVIEW v.8.5, Austin TX) was used to collect head acceleration and
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neck force/moment data. Prior to the data acquisition system, signals are filtered

with a hardware anti-aliasing filter with a corner frequency of 4 kHz. The signals are

then sampled at a frequency of 100 kHz for all channels. After data collection, data

is further processed with MATLAB through a low-pass filter. These sampling and

filtering meet industry recommended practices for use of Hybrid III anthropometric

test devices [52].

Two Phantom v611 cameras (Vision Research, Wayne NJ) were arranged around

the drop tower to capture stereoscopic movements between the headform and helmet.

A master camera was placed to the side of the drop tower while a slave camera was

placed at approximately 45◦ from the master. A 250 W light was also setup between

the cameras to allow for sufficient exposure. Each camera was equipped with either

a Carl Zeiss (Jena, Germany) 50 mm f/1.4 or Carl Zeiss 100 mm f/2.0 macro lens,

depending on the field of view required. The apertures on the lenses were set at f/8.0.

This aperture was chosen to allow for sufficiently sharp focus in the desired depth

of field. The required field of view ranged from 30 cm to 60 cm, depending on the

impact scenario. The cameras were both configured to record at 1280 x 800 pixels

at a frame rate of 1000 frames per second or faster. The exposure time per frame

was at most 600 μsec. The two-dimensional coordinates of each marker is found with

tracking software (Phantom Camera Control 2.6, Vision Research, Wayne NJ). The

overall experimental setup is shown in Figure 5.1.

A CPSC certified helmet (Traverse, Bell, Rantoul, IL), available in both Universal

and Extra Large sizes, was chosen for all four fit scenarios. This helmet was chosen

because of its typical construction and design for a commuter cycling helmet. The four

fit scenarios consist of an normal, oversized, forward, and backward fit. An oversized

helmet uses an extra large helmet, while all other fit scenarios use a universal size.

The forward and backward fit correspond to different helmet positioning, shown in

Figure 5.2. Fit scenario definition and choice is detailed in Section 3.3.
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Figure 5.1: Overall Experimental Setup
The overall experimental setup is shown, consisting of a drop tower with a Hybrid III head and neck surrounded by

two high speed cameras (a). Signals from the Hybrid III are sampled by a National Instruments DAQ (b) after
being amplified and going through a hardware anti-aliasing filter (c)

Figure 5.2: Helmet Positioning Fit Scenarios
A forward and backward helmet fit scenario are shown relative to a normal fit
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5.2.2 Experimental Procedure

Four fit scenarios were studied, varying the sizing and position of the helmet. Ac-

cording to manufacturer provided fit guide based on circumference, a universal size

most appropriately fits the Hybrid III headform circumference of 575 mm. These fit

scenarios are the same as described in Chapter 3: Normal, Oversized, Forward, and

Backward fit (Table 3.2).

Fit force measurement was previously performed, described in Chapter 3, Section

3.3.

All drops were performed to impact the forehead, a common impact location

in cycling, although other scenarios could also be simulated. Six different impact

scenarios were simulated by varying impact speed, impact surface, and either head-

first or torso-first impacts. Two impact velocities of 4 m/s and 6 m/s were chosen

based on previous literature and standards. The headform was dropped from an

appropriate height to achieve these velocities. One of either a flat or a 45◦ angled anvil

was arranged (Figure 5.3). The flat anvil simulates falls on a flat surface, while the

angled anvil simulates impacts with a tangential velocity component. Both the surface

of these anvils were covered in abrasive tape to simulate an asphalt surface. Relative

to a bare steel surface, the abrasive tape could produce more of a tangential force

component during impact. Adjustment of anvil position was occasionally necessary

between impacts to ensure the helmet to be impacted would contact the flat of the

anvil only. Both head-first and torso-first impacts were simulated, with torso impacts

similar to the combined loading impact configuration presented in Smith et al [53].

For torso first impacts, a wooden block was placed in the path of the drop gimbal

to simulate the torso hitting the ground before the head. The positioning of the the

block was arranged at a height such that neck flexion would begin with the head

approximately 25 mm above the anvil. This neck flexion would then allow the head
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to impact the anvil. A layer of foam was also included above the wooden block

to minimize vibrations from the drop tower at torso impact. It is recognized that

different configurations of the neck angle and positioning of the wooden block could

produce a variety of different impact parameters. The chosen configuration is one of

many configurations, and is not necessarily representative of all torso impacts which

may vary in amounts of neck flexion or timings between torso and head impacts.

Figure 5.3: a) Flat and b) Angled Anvil
Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet

fit and retention and biomechanical measures of head and neck injury in simulated impact.

Table 5.1: Simulated Impact Scenarios

Impact Speed Impact Surface Head/Torso First
Low (4 m/s) Flat Head
High (6 m/s) Flat Head

Low Angled Head
High Angled Head
Low Flat Torso
High Flat Torso

Each of the four fit scenarios were subject to each of the 6 impact scenarios. After

3 trials of each configuration a total of 72 drops were performed, each drop using a

new helmet.

Following data collection, code was processed through MATLAB to meet J211

recommended practice. Head accelerations and neck forces were filtered with a 4th

order Butterworth filter with a corner frequency of 1,650 Hz. A similar filter was
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utilized for neck moment signals, but with a corner frequency of 1,000 Hz. With the

measured linear accelerations, angular accelerations could also be determined [54].

For this study, the following metrics were calculated and reported:

• Peak Linear Acceleration, Peak g

• Peak Angular Acceleration, Peak α

• Peak Angular Velocity, Peak ω

• Change in Angular Velocity, Δω

• Cumulative Strange Damage Measure, CSDM

• Maximum Principle Strain, MPS

• Peak Neck Injury Criterion, Nij

• Peak Head-Helmet Displacement, dmax

• Relative Change in Displacement, Δd

Linear acceleration is the main method of quantifying the severity of head impacts

to characterize focal injury and it is used in virtually all helmet standards as a pass/fail

criterion [10, 55]. Accordingly, Peak g was measured for all impacts. As angular

kinematics have been shown to be a better predictor for diffuse brain injuries [25], α,

ω, and Δω were also measured.

Evaluating likelihood of brain injury also included the use of a brain finite element

model. One model was developed by Takhounts, called the Simulated injury Monitor

(SIMon) [25], which is available online through the National Highway Traffic Safety

Administration and is used in this thesis. By using head kinematics as input for the

model, strains in the brain may be determined. More strain in the brain would then

correlate with more damage in brain tissue, which presumably results in more brain

injury. This finite element model approximates the geometry, anatomy, and mechani-

cal properties of an average male head, including the skull, cerebrospinal fluid layers,
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bridging veins, and brain. The model is capable of finding cumulative strain damage

measure (CSDM), the volume fraction of the brain reaching a certain strain thresh-

old, and maximum principal strain (MPS). These strain measures were established to

correlate well with angular head kinematics, which biomechanical research suggests

capably predicts diffuse injury [25]. The human finite element head model was also

tuned and validated with cadaveric and animal brain injury experiments [28]. Al-

though SIMon was developed for automotive injury assessment, it was validated to

give realistic brain tissue deformation in impact of similar severity and time duration

to helmeted impacts and its injury assessment metrics were developed using both

automotive and sports injury data. The use of SIMon has also been extensively used

in the Biomedical Instrumentation Lab for investigating brain strains [56, 57, 46].

Neck forces and moments were also measured, which were then used to compute

neck injury criterion Nij. With Nij, axial and bending moments are combined and

normalized with critical limits of the neck.

The methods used for determining head-helmet displacement are developed in

Chapter 4, with the experimental equipment and procedure detailed in Section 4.5.

Peak Head-Helmet Displacement, dmax, is used to characterize the amount of head

exposure while relative change in displacement, Δd is used to character helmet move-

ment.

Calculation of the metrics are detailed in Appendix A.

A two-tailed t-test was then used to compare the means of each metric between

different fit scenarios. Each the oversized, forward, and backward fits were compared

to a normal fit scenario. A significance of p <0.005 was chosen.
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5.3 Results

Summary of the head kinematics and finite element model strains is reported in Table

5.2. A summary of neck kinetics and Nij is reported in Table 5.3. Finally, head-helmet

displacement results are summarized in Table 5.4. Again, fit force measurements

results are described in Chapter 3. For all kinematics, results were reported as peak

resultant values of each the x, y, and z components so that reported kinematics may

be compared with other work. Biomechanical measures for injury risk are often based

on resultant kinematics.

5.3.1 Head Kinematics

Typical transient linear acceleration plots for two different impact scenarios are shown

in Figure 5.4. In head-first impacts, the poor fit scenarios exhibited lower peak g’s

during impact. These lower peak linear acceleration values suggest that risk of focal

injury may be lower in the scenarios of poor helmet fit, when compared to a properly

fit helmet. The greatest significance was observed in the impact scenario at 6 m/s,

on a flat anvil, and head-first. A normally fit helmet experienced a peak g of 161.7

± 2.7 g, while a oversized, forward, and backward helmet experienced a peak g of

145.6 ± 1.1 g, 127.0 ± 2.3 g, and 125.7 ± 0.6 g, respectively (Table 5.2). Impacts on

an angled anvil at 6 m/s showed similar results, but of a lower magnitude. Of these

angled impacts, only a backward fit scenario at high impact speed was significantly

different than a properly fit helmet. Torso first impacts did not show a similar trend

and did not have any fit scenarios show significantly different peak g values compared

to a normally fit helmet.

Typical angular acceleration and angular velocity plots for two different impact

scenarios are shown in Figure 5.5 and 5.6, respectively. Based on angular acceleration,

angular velocity, CSDM, and MPS, the effect of poor helmet fit on brain injury
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likelihood in impact is not increased in all cases. In either head first or torso first

scenarios, no impacts showed significant differences in angular velocity. For head

first impacts, CSDM and MPS showed similarly unvaried results between different fit

scenarios, except in one impact scenario. In this low speed head-first impact onto an

angled anvil, an oversized helmet was shown to have statistically significantly higher

CSDM and MPS. However, the differences are small and not practically significant

due to small increase in injury risk.

In torso first impacts, the backward fit scenario showed potential increases in

each angular acceleration, angular velocity, CSDM, and MPS. For a 6 m/s torso

first impact, a normally fit helmet and backward fit helmet experienced a CSDM of

0.51 ± 0.01 and 0.78 ± 0.05, respectively. A t-test showed that this difference is

significant. Similarly for the normally fit and backward fit scenarios, there were peak

angular velocities of 26.13 ± 3.28 rad/s and 41.24 ± 6.47 rad/s, respectively, with

a p-value of 0.023. This p-value is near significance and the difference in means is

relatively large. This result in angular acceleration is consistent with CSDM, which

further reinforces that a backward fit scenario may be associated with an increased

likelihood of brain injury. At a lower speed (4 m/s) the oversized and forward fit

scenarios were shown to have significantly lower CSDM values. The lower CSDM

values suggests that the oversized and forward fit scenarios may result in a lower risk

of brain injury for this type of impact.

Overall, impacts to an angled anvil were able to show higher angular kinematics

and lower linear kinematics when compared to impacts to a flat anvil.
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Figure 5.4: Resultant Head COG (Center of Gravity) Linear Acceleration
Resultant head center of gravity (COG) linear acceleration for a torso first-impact onto a flat anvil at 6 m/s. A

regular fit and backward fit scenario are compared. Copyright Journal of Visualized Experiments. Yu, H., Knowles,
B., and Dennison, C.. A test bed to examine helmet fit and retention and biomechanical measures of head and neck

injury in simulated impact.

Figure 5.5: Resultant Head COG (Center of Gravity) Angular Acceleration
Resultant head center of gravity (COG) angular acceleration for a torso first-impact onto a flat anvil at 6 m/s. A
regular fit and backward fit scenario are compared. Copyright Journal of Visualized Experiments. Yu, H., Knowles,
B., and Dennison, C.. A test bed to examine helmet fit and retention and biomechanical measures of head and neck

injury in simulated impact.
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Figure 5.6: Resultant Head COG (Center of Gravity) Angular Velocity
Resultant head center of gravity (COG) angular velocity for a torso first-impact onto a flat anvil at 6 m/s. A regular
fit and backward fit scenario are compared. Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and
Dennison, C.. A test bed to examine helmet fit and retention and biomechanical measures of head and neck injury

in simulated impact.
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5.3.2 Neck Kinetics

Typical transient plots for resultant neck force and neck moment are shown in Figures

5.7 and 5.8 respectively. Nij was also computed, shown in Figure 5.9. The results

comparing Nij (Table 5.3) did not suggest any significant differences in likelihood for

neck injury between a poor and properly fit helmet scenario. Between all impact

scenarios, changes in neck injury criterion were not statistically significant. Even the

scenarios close to significance showed relatively small differences, suggesting minimal

practical significance. The largest values of Nij were noted in the high speed head-

first impact scenario, reaching values of 1.74. The highest values of Nij, which were

only found in the high speed head-first impacts, corresponds to approximately a 55%

chance of AIS 3 injury [23]. AIS 3 neck injuries are considered ”serious” and include

vertebrae fracture, spinal cord contusion/compression [58]. However, the trends in

neck injury likelihood, should again be the focus.

Figure 5.7: Resultant Neck Force
Resultant neck force for a torso first-impact onto a flat anvil at 6 m/s. A regular fit and backward fit scenario are
compared. Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to
examine helmet fit and retention and biomechanical measures of head and neck injury in simulated impact.
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Figure 5.8: Resultant Neck Moments
Resultant neck moment for a torso first-impact onto a flat anvil at 6 m/s. A regular fit and backward fit scenario are

compared. Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to
examine helmet fit and retention and biomechanical measures of head and neck injury in simulated impact.

Figure 5.9: Resultant Neck Injury Criterion
Nij for a torso first-impact onto a flat anvil at 6 m/s. A regular fit and backward fit scenario are compared.

Copyright Journal of Visualized Experiments. Yu, H., Knowles, B., and Dennison, C.. A test bed to examine helmet
fit and retention and biomechanical measures of head and neck injury in simulated impact.
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Table 5.3: Neck Kinetic Results

(a) Flat Anvil, Head First

Fit Scenario Nij p-value
Low Speed (4 m/s)

Normal 1.22 ± 0.12 -
Oversized 1.05 ± 0.03 0.073
Forward 1.12 ± 0.02 0.217
Backward 1.11 ± 0.11 0.318

High Speed (6 m/s)
Normal 1.74 ± 0.07 -

Oversized 1.66 ± 0.06 0.174
Forward 1.68 ± 0.05 0.223
Backward 1.72 ± 0.04 0.626

(b) Angled Anvil, Head First

Fit Scenario Nij p-value
Low Speed

Normal 0.77 ± 0.03 -
Oversized 0.78 ± 0.01 0.522
Forward 0.77 ± 0.00 0.947
Backward 0.70 ± 0.00 0.019

High Speed
Normal 1.04 ± 0.01 -

Oversized 1.06 ± 0.02 0.284
Forward 1.08 ± 0.01 0.008
Backward 1.07 ± 0.02 0.223

(c) Flat Anvil, Torso First

Fit Scenario Nij p-value
Low Speed

Normal 0.52 ± 0.02 -
Oversized 0.60 ± 0.11 0.277
Forward 0.56 ± 0.09 0.398
Backward 0.59 ± 0.02 0.012

High Speed
Normal 1.23 ± 0.03 -

Oversized 1.27 ± 0.06 0.366
Forward 1.26 ± 0.03 0.295
Backward 1.28 ± 0.03 0.099

Shaded cells indicate significance of p <0.005.

5.3.3 Helmet Displacement

Although significance is noted in some instances with head-first impacts, the actual

changes in head-helmet displacement were not always of practical significance; relative

differences in head-helmet displacement that differed on the scale of about 1-2 cm were

not considered noteworthy.

Typical transient head-helmet displacement is shown in Figure 5.10. In many

impacts, the normal fit scenarios and backwards fit scenarios exposed the forehead

the most, indicated by higher max displacement values (Table 5.4). For these fit
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Figure 5.10: Dynamic Head-Helmet Displacements
Head-Helmet Displacement in a torso-first impact onto a flat anvil at 6 m/s for a backward fit scenario. The

absolute displacement does not begin at 0 cm due to the initial helmet position. The starting value of approximately
8 cm represents the distance between the helmet brim and forehead, representing the initial helmet position in the

backward fit scenario.

scenarios, the most head exposure (maximum head helmet displacement, dmax) was

observed in torso-first impacts in particular. For a high speed torso first impact,

the normal and backward fit scenario reached a maximum displacement of 10.33 ±
0.80 cm and 17.81 ± 1.84 cm, respectively. In contrast, the oversized and forward fit

scenarios in the same impact condition reached displacements of 7.09 ± 0.11 cm and

5.72 ± 1.18 cm respectively (Table 5.4).

The relative changes in head-helmet displacement, Δd, suggested that helmet

movement was not significantly different between different fit scenarios in head-first

or torso-first impacts. Instances of statistical significance were observed in head-first

impacts, but with small differences that were not practically significant. One high-

speed torso-impact case showed higher relative displacements with near significance.

In this torso-first impacts, a backward fit helmet reached a Δd of 10.88 ± 1.13 cm

while a normal fit reached 6.98 ± 0.55 cm and a p-value of 0.006.

It should also be noted that head-helmet displacement leading up to impact re-
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mained relatively unchanged, as shown in Figure 5.10. The acceleration of the head

towards the anvil did not induce noteworthy head-helmet displacements.

Table 5.4: Helmet Displacement Results

(a) Flat Anvil, Head First

Fit Scenario dmax p-value Δd p-value
Low Speed (4 m/s)

Normal 2.57 ± 0.37 - 1.13 ± 0.09 -
Oversized 1.69 ± 0.11 0.016 1.28 ± 0.14 0.193
Forward 1.07 ± 0.15 0.003 0.60 ± 0.13 0.004
Backward 6.22 ± 0.66 0.001 1.64 ± 0.32 0.059

High Speed (6 m/s)
Normal 5.21 ± 0.58 - 3.03 ± 0.91 -

Oversized 2.80 ± 0.38 0.004 1.96 ± 0.31 0.127
Forward 1.96 ± 0.59 0.002 1.24 ± 0.56 0.044
Backward 8.74 ± 0.62 0.002 4.41 ± 1.04 0.159

(b) Angled Anvil, Head First

Fit Scenario dmax p-value Δd p-value
Low Speed

Normal 2.32 ± 0.02 - 0.75 ± 0.03 -
Oversized 1.34 ± 0.07 0.000 0.71 ± 0.06 0.318
Forward 2.84 ± 0.13 0.002 0.45 ± 0.06 0.001
Backward 4.42 ± 1.33 0.052 0.80 ± 0.10 0.483

High Speed
Normal 1.36 ± 0.09 - 0.28 ± 0.08 -

Oversized 2.30 ± 0.63 0.064 1.02 ± 0.15 0.002
Forward 2.63 ± 0.66 0.030 0.69 ± 0.03 0.001
Backward 4.21 ± 0.59 0.001 0.90 ± 0.32 0.032

(c) Flat Anvil, Torso First

Fit Scenario dmax p-value Δd p-value
Low Speed

Normal 11.17 ± 1.71 - 8.78 ± 1.64 -
Oversized 7.28 ± 0.92 0.025 5.53 ± 0.45 0.030
Forward 6.81 ± 1.41 0.027 5.04 ± 1.32 0.037
Backward 15.33 ± 0.52 0.016 9.36 ± 0.24 0.582

High Speed
Normal 10.33 ± 0.80 - 6.98 ± 0.55 -

Oversized 7.09 ± 0.11 0.002 5.19 ± 0.13 0.005
Forward 5.72 ± 1.18 0.005 4.23 ± 0.98 0.013
Backward 17.81 ± 1.84 0.003 10.88 ± 1.13 0.006

P-values of 0.00 only reflect a significance level lower than the shown levels of precision, not zero. Shaded cells indicate
significance of p <0.005.

5.4 Discussion

With the different biomechanical metrics, a value can be used to associate different

levels of injury. For instance, a peak linear acceleration of 300 g can be associated with

skull fracture [10, 55]. However, setting thresholds is controversial. These metrics may
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not encompass all the different variables and parameters that may define a scenario.

As a result, risk thresholds are not universally agreed upon. As such, any threshold

values referenced should then be used to document possible trends in injury risk.

5.4.1 Focal Injury

Considering focal injuries and the peak-g, which is the common kinematic used to

assess risk of them, a normal or proper fit was not associated with lesser risk. This

finding in our study seems to counter the conventional wisdom but consistent with

findings in previous work. In head first impacts, a properly fit helmet did not demon-

strate a better ability in preventing focal injury; linear kinematics suggests that risk

of focal injury was unchanged between a normally fit helmet and each a oversized,

forward, and backward fit scenario.

These linear kinematic results are consistent with related work in investigating

helmet fit. In Chang et al’s work, different combinations of headform and helmet

sizing were simulated in simple impacts onto a flat anvil with a motorcycle helmet.

In terms of linear acceleration, the normal fit scenario in their work also performed

more poorly than in the scenarios with a mismatch in size [42]. In Klug et al’s work,

a normal fit was compared to a backward fit in experimental impacts with a cycling

helmet. Similar to the findings in this thesis, linear kinematics (HIC) were also found

to be lower when compared to a normal fit scenario [44]. Because HIC is shown to

vary almost linearly with linear acceleration in different impacts, trends with HIC

can be compared to trends in linear acceleration for head impacts [59]. In Jadischke’s

work with football helmet impacts, peak linear acceleration was also shown to increase

with tighter fit [12].

The results of lesser peak g in poor fit scenarios could possibly be explained by two

effects dealing with: head-helmet mechanical interaction, and the role of the retention

system. Specific to head-helmet mechanical interaction, a potential explanation for
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the differences in peak acceleration may be attributed to the variation in contact

area between the head and helmet for different fit scenarios. The normal fit should

have the most contact between head and helmet, when compared to an oversized,

forward, or backward fit scenario. This would allow for the head to endure more

force within a shorter amount of time and effectively increase the resultant linear

acceleration. Although the load may be better distributed across the head with a

properly fit helmet, the global force experienced by the head may be greater. Another

potential mechanism is the transfer of energy to the retention system. In a poorly fit

helmet, the retention system could be taking more of the load during impact. Helmet

displacement results may also further support this claim, as the relative changes in

displacements (Δd) in cases of significance are low. Because the retention system is

not designed to take load during impact, relying on the load bearing capabilities of

the retention system may be a concern; the ability for a retention system to bear

load may not be as reliable in minimizing linear head accelerations. In select high-

speed video, the retention system could be observed separating from the helmet liner.

However, all simulated impacts remained under 300 g, the threshold associated with

skull fracture. Even the highest recorded linear accelerations in any impact scenario

were under 200 g. As long as the helmet is sufficiently covering the impact location,

skull fracture is not an increased concern with poor helmet fit.

5.4.2 Diffuse Injury

Considering diffuse injury and angular velocity, CSDM, and MPS, the likelihood of

brain injury was not increased as a result of poor helmet fit in head-first impacts.

However, the same trends were not observed in torso-first impacts. For torso first-

impacts, a oversized and forward fit may reduce the likelihood of brain injury while a

backward fit may increase the likelihood. It should be kept in mind that these results

are representative for presented impact scenarios which only consisted of forehead
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impacts in this work.

For head first impacts, the likelihood of brain injury was not significantly different

in different fit scenarios. Angular velocity, CSDM, and MPS, all showed small changes

between between different fit scenarios. In only a specific impact and backward fit

scenario, CSDM and MPS was statistically significant with the case of an oversized

helmet in an angled anvil impact, but this result was not practically significant due

to the small changes in injury risk.

For torso-first impacts, CSDM results showed potential changes in brain injury

likelihood for a poor helmet fit. Both an oversized and forward fit scenario showed

decreased brain injury risk at low impact velocities while a backward fit showed

increased brain injury risk at high impact velocities. Similar trends were observed

in angular kinematics and MPS, but only CSDM results were significant. Most of

the peak angular velocities in the experiments ranged from 15 - 30 rad/s, with a

backward fit scenario reaching up to 41.24 rad/s. In Margulies work, an angular

velocity threshold of 46.5 rad/s was associated with moderate to severe diffuse axonal

injury [60]. Because a backward fit scenario nearly reaches magnitudes associated

with brain injury, the potential increases in brain injury likelihood is noteworthy.

With the brain finite element modeling in this backward fit scenario, the maximum

MPS in this work could be found to correspond with a 9.4% risk of diffuse axonal

injury [29].

A potential explanation for the differences in angular kinematics between head-

first and torso-first may be due to the different contact mechanisms during impact.

In the torso-first impacts, neck flexion allowed the head and neck to pivot around the

torso. This neck movement allows the angle of the head to change during impact. As

a result, the contact point on the helmet was variable between fit scenarios. In the

backward fit scenarios, for instance, the impact was able to contact the helmet brim as

opposed to the main body of the helmet. This would allow the impact force of the head
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impact to act in a more tangential direction and introduce more angular movement.

In the oversized and forward fits, a greater portion of the forehead was protected by

the helmet. The sufficient coverage of the oversized and forward fit helmets could

then allow the impact to occur consistently on the body of the helmet as opposed to

the brim. The results obtained from tracking helmet movement could be interpreted

to show a consistent theme with variations in contact mechanics during impact. The

normal and backward fits, the scenarios most susceptible to impacts to the helmet

brim, both showed the greatest amount of helmet displacement. The backward fit, in

particular, was most susceptible and also showed the most head-helmet displacement.

5.4.3 Head Exposure

Considering max head-helmet displacements, dmax, a backward fit scenario showed

significant amounts of head exposure. The excessive exposure is indicated by the

greatest amounts of peak head-helmet displacements (dmax). By looking at relative

head-helmet displacements, Δd, helmet movement did not significantly change be-

tween different scenarios.

A backward fit scenario seemed to lead to the greatest amount of head exposure,

which is concerning because exposing the head could lead to inadequate head pro-

tection in subsequent impacts. The excess exposure of the head was largely due to

the increased forehead exposure prior to impact due to poor helmet fit. In contrast,

the oversized and forehead fit scenarios already have the helmet expose less of the

forehead even before an impact. As a result, forehead exposure is already reduced.

Helmet movement appeared to be consistent between different fit scenarios in

head first impacts, but not in one torso first impact scenario. The increased helmet

movement in torso-first impacts can be similarly attributed to the different contact

mechanics due to neck flexion, allowing more of the helmet brim to be contacted.

In the extreme cases, the excessive displacement in the normal and backward fit
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scenarios was enough to expose the forehead after the initial impact. Exposure of the

bare head should be of utmost concern because any subsequent impacts would then

be able to directly contact the head without protection.

5.4.4 Neck Injury

In terms of neck injury, the different fit scenarios showed similar levels of Nij. As such,

it is concluded that different fit scenarios do not increase the risk of neck injury. With

neck injuries uncommon in cycling [9], it is unlikely that helmet fit has a significant

effect on increasing neck injury likelihood.

5.4.5 Fit Forces for Quantifying Fit

Fit forces were intended to distinguish the fit scenarios to ideally predict trends in

a helmet’s performance. However, the biomechanical metrics associated with injury

risk show that different fit scenarios perform differently in different impact scenarios.

A particular fit scenario did not pose the same injury risk across all impact scenarios.

Conclusions could not be made that a loose fitting helmet with low fit forces would

be more susceptible to helmet movement. As such, the measurement of fit forces was

not particularly valuable for predicting helmet performance.

5.4.6 Overall Trends

From the presented results, it appears that helmet fit did not have an effect on focal

head injury; peak g was unchanged in many cases, and in cases where it was changed

the risk of focal injury was small. Considering diffuse injury, fit did not have a

consistent effect on injury risk. In the small subset of results that did indicate a

significant effect (based on p-value), the percentage change in injury risk was small.

Specific to neck injury, fit did not alter injury risk. The simple interpretation of these

findings is that, if the helmet is retained on the head, then it is effective at protecting
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the wearer. Fit did seem to effect the amount of the head that was exposed by the

end of the impact event. This result could be viewed as problematic because more

head exposure results in unprotected regions which could be injured in subsequent

impacts.

5.4.7 Equipment Limitations

As with all biomechanical work based on ATDs, there are limitations in the presented

methods. Unlike real world impacts, parameters such as impact speed, impact loca-

tion on the helmet, and impact surfaces are controlled. Therefore, the work presented

will not capture the variability of these parameters from cyclist to cyclist and from

incident to incident leading to head impact. The effort was made to capture a variety

of impact scenarios by varying impact speed, a tangential velocity component, and

whether the head or torso was impacted first. However, only forehead impacts were

performed. Other impact locations are also common and important to investigate.

The Hybrid III was developed for automotive crash testing, as opposed to hel-

met research. Unlike a National Operating Committee on Standards for Athletic

Equipment (NOCSAE) headform, it was not designed to wear a helmet [11]. In con-

trast, the NOCSAE headform was designed with size and shape specifications based

on cadaver heads for an average adult football player and some consider it to more

accurately approximate head anthropometry. Because helmet fit is dependent on

head geometry, the Hybrid III could be criticized for certain shortcomings when used

with a helmet. In particular, the headform has notable geometrical differences to the

NOCSAE head in the base of the skull, cheeks, jaw, and chin [37, 36]. In the pre-

sented experiments, however, the open face bicycle helmets have minimal interaction

between these anatomical features on the headform. Only the chinstrap comes into

contact with these features. If helmets of different style, such as football helmets

or full face bicycle helmets, were used, using the Hybrid III head may have more
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pronounced differences as a result of geometry dissimilarities.

Related to the headform head, the corresponding Hybrid III neck has been criti-

cized for its greater stiffness compared to a human neck. Some hypothesize that the

lack of realistic stiffness can contribute to head motions that differ from those of a real

human suffering head impact [39]. These effects would be considerably more signifi-

cant in the torso-first impacts because the trajectory and kinematics of the head are

dependent on the neck. For a torso-first impact, an overly stiff neck could attenuate

the head’s motion after the torso contact and unrealistically slow the head’s impact

velocity at head contact. A human head could experience greater angular acceler-

ations, corresponding to a higher likelihood of brain injury. With limited existing

literature investigating torso-first impacts, the biofidelity of the kinematic traces are

difficult to validate with real-world cyclists impacts. However, head angular accel-

eration from the torso traces are comparable to similar combined loading scenarios

performed by Smith et al [53]. Again, the trends in angular acceleration and neck

load in different fit scenarios should be emphasized, rather than reported absolute

magnitudes.

Another limitation of using the headform in studying helmet fit is the dissimilar-

ity of the headform vinyl skin with that of a human scalp. Many differences exist

between the Hybrid III headform and a human head, such as variations in hair, oil,

and moisture. Accurately accommodating all these variables would be difficult. Al-

though efforts in creating an artificial scalp for helmet research have been pursued

[38], validations of head helmet interaction between artificial and human scalps have

been minimal. In order to maintain repeatability for other researchers, no modifica-

tions to the scalp were made. Since it is generally accepted that the headform skin

exhibits a higher coefficient of friction than a human scalp, helmet movement could

be minimized. This lack of movement could misleadingly suggest sufficient helmet

retention. With varying dependence on head-helmet friction in different fit scenarios,



78

the effect of the headform vinyl skin could also be more or less pronounced. For

instance, a normal fit scenario may retain a helmet due to head shape while a for-

ward fit may retain a helmet due to the increased head-helmet friction of the vinyl

skin. However, the helmet displacements are dependent on the headform scalp in this

study. Accordingly, findings are based on changes and trends, rather than absolute

displacements.

Limitations in fit force sensor spatial resolution, discussed in Chapter 3, also

limited the ability to better capture fit forces. However, it was also discussed that

determining contact area may be of importance as well. With the interpretation that

different fit scenarios may perform differently due to different contact areas, knowing

the contact area could be particularly telling.

With the presented method in measuring head-helmet displacement, the metric

is able to characterize the amount of forehead exposure. However, this metric does

not characterize head exposure elsewhere from the forehead, and is most appropriate

for quantifying helmet movement forehead impacts. Because only forehead impacts

were performed, this was not a problem. However, simulation of other impact loca-

tions would result in different helmet movement. The metric should be modified for

different impact locations in order to capture rotation about different axes.
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Chapter 6

Conclusion

6.1 Contributions

In this thesis, the primary goal of the work was to investigate the effect of helmet

fit on injury likelihood with the intention of answering the question of whether or

not improper helmet use would change an individual’s risk of head and neck injury.

In investigating this research question, an ATD headform impact testing set-up was

used to simulate different fit conditions under different impact scenarios. Two new

tools were first created to more comprehensively perform the study.

With an existing ATD headform impact testing equipment, head and neck injury

likelihood could be quantified in terms of head kinematics and neck kinetics. To better

investigate helmet fit, new methods were developed to quantify helmet fit and track

head exposure during impact. In quantifying helmet fit, a fit force sensor was designed

using optical FBG sensors. A sensor array was then successfully implemented to

measure fit forces of different fit scenarios. The capabilities of this methodology

were investigated. To measure helmet movement, a novel method using dual high

speed cameras was developed. This method proved to produce repeatable results and

provided insight into helmet movement during impact. The newly developed method

presents the opportunity to understand helmet movement that is not investigated in
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other work, and can be applied in studies beyond helmet fit.

With these methods, new findings on the effect of helmet fit on injury likelihood

were investigated. Experiments were performed that include more fit and impact

scenarios than previous studies. In the context of studying helmet fit, this work is

the first to look at either angled anvil or torso-first impact scenarios. It is also the

first to look at neck kinetics and head-helmet displacements resulting from different

fit scenarios. Compared to similar work investigating helmet fit, drops with similar

fit and impact conditions as other studies proved to be consistent.

Overall, the results of the study suggest that poor helmet fit does not increase

most injury metrics:

• Risk of focal injury does not increase with poor helmet fit, as suggested by peak

linear acceleration.

• Risk of diffuse injury does not increase, except in the select case of a torso-

impact with a backward helmet fit. This was shown with angular kinematics

and brain strains.

• Risk of neck injury does not increase with poor helmet fit, as shown by un-

changed Nij values.

• Head exposure may increase with a backward fit helmet, exposing the head

to risk in subsequent impacts. This was shown by tracking helmet movement

during an impact and measuring ”head-helmet displacement”.

The results suggest that as long as a helmet sufficiently covers the head, risks

of injury does not increase. However, poor helmet fit may allow the helmet to be

displaced and expose the head in subsequent impacts. The ability for a helmet to

protect the head may then place increased emphasis on helmet retention systems. The

results in this thesis document trends in biomechanical measures from a laboratory
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study with several limitations. These results should not be construed to indicate

deficiency in the design of the helmets used.

6.2 Future Work and Recommendations

In understanding the effect of helmet fit on injury likelihood, the current work may be

continued. In particular, different helmet fit scenarios and impact scenarios could be

investigated. For helmet fit, only a forward/backward position and oversized helmet

scenarios were found. However, other variables can also be used to characterized

proper helmet use. For instance, other fit scenarios could include an undersized helmet

exhibiting a tighter fit. Different levels of tightness in retention system, both in the

chin strap and adjustable ratchet system, could be be investigated. Comparisons

between different helmet types could also be pursued, whether the difference is in

helmet type design or different activity. With all these different fit scenarios, the

same methodology presented could be used to fully investigate head exposure, head

injury, and neck injury. In terms of impact scenarios, all the impacts performed in

this work were limited to forehead impacts. Because other impacts to other locations

on the head are also common, varying impact location should be the one of the first

variables to study in further investigating helmet fit in different impact scenarios.

However, some modifications to the methods should be made, such as expanding on

the capabilities for head-helmet displacement.

Another valuable adjustment that could be included in the experimental set up is

a more realistic headform scalp. Helmet fit relies on coupling between the head and

helmet, which may be over-represented by the Hybrid III head’s increased coefficient

of friction. This increased friction could cause better coupling between the head and

helmet, and cause less helmet movement. As such, the helmet may better cover the

head during the impact or may even transfer more rotational movement to the head.
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Overall, the Hybrid III may have downplayed the possible sliding between a head and

helmet. Although an realistic scalp would be valuable, no such scalp currently exists.

Furthermore, the variations in human scalp from person to person would further add

complexity in creating a model that is representative.

To further expand on the understanding of helmet fit, the characterization of

different fit scenarios could also be explored. In particular, quantifying contact area

between head and helmets before and during impact could be particularly valuable.

Because different fit scenarios can result in different levels of injury risk, being able

to better differentiate different fit scenarios could help understand factors affecting

head injury risk.

To better reinforce any similar work regarding helmet fit, further work could val-

idate that the fit scenarios are representative of actual use. For instance, scenarios

could be recreated based on volunteer feedback. In this thesis, the ratchet retention

system was tightened to a consistent level of tightness, subjective to the researcher.

However, a tightness could be chosen based on loads experienced by an individual. In

Jadischke’s fitment study, football helmets were inflated corresponding to pressures

experienced by volunteers wearing helmets. A similar technique could be applied in

this work with bicycle helmets by using helmet sizes and levels of tightness corre-

sponding to volunteers. By measuring the fit forces of a ratchet on volunteers, a

helmet could be tightened and adjusted accordingly. This added step could support

decisions in fit scenarios, as well as show whether or not an individual’s perceived

proper fit corresponds to the best helmet performance.

The newly developed method for characterizing helmet movement could also be

extended in studies beyond helmet fit. In any scenario where helmet stability, re-

tention, or head exposure is of interest, these methods become valuable in providing

better understanding of head-helmet interaction.
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Appendix A

Metric Calculation

This Appendix outlines the rationale and use of helmet fit metrics and different metrics

used in this thesis. These metrics include quantification of fit, injury metrics, and

head-helmet displacement characterization.

A.1 Helmet Fit Forces

Global fit force aims to communicate the overall tightness exhibited by a helmet onto

a head. The global fit force is an average from all the force measurements from each

sensor. A high value represents a tight fit.

GlobalF itForce =
F1 + F2 + ...+ FN

N
(A.1)

where

Fi = Fit Force Measured from a Single Sensor [N]

N = Number of Sensors

Global fit force variation aims to communicate the variation in tightness exhibited
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by a helmet onto a head. The global fit force variation is equivalent to the standard

deviation calculated from the force measurements from each sensor. A higher value

represents uneven tightness.

GlobalF itForceV ariation =

√∑N
i=1(Fi −GlobalF itForce)2

n− 1
(A.2)

A.2 Head Kinematic Metrics

Linear acceleration (Figure A.1) can be used to indicate the severity of a head impact

related to focal injury and is often measured in g (1 g = 9.81m/s2). Resultant linear

acceleration is the norm of the x, y, and z components. Resultant Peak g is the

maximum value of the resultant at any point in the impact.

Figure A.1: Resultant Linear Acceleration

Angular kinematics can be used to indicate the severity of a head impact related

to diffuse injury, and can be characterized as angular acceleration (Figure A.2) or

angular velocity (Figure A.3). Angular velocity can be found through integration

of angular acceleration. Resultant peak angular acceleration, α, and peak angular

velocity, ω, can be found as the maximum value of their resultants at any point

in impact. Change in angular velocity, Δω can also be determined by taking the
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difference between the maximum and minimum angular velocity.

Figure A.2: Resultant Angular Acceleration

Figure A.3: Resultant Angular Velocity

A.3 Brain Finite Element Model Metrics (CSDM and MPS)

Evaluating likelihood of diffuse injury may also include the use of brain finite element

models. By using head kinematics as input for the model, strains in the brain may be

determined. More strain in the brain would then correlate with more damage in brain

tissue, which presumably results in more brain injury. For this thesis, the Simulated

Injury Monitor (SIMon) was used to determine cumulative strain damage measure
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(CSDM) and maximum principle strain (MPS). During an impact, each CSDM and

MPS reach a limit (Figures A.4 and A.5). The maximum that each of these measures

reaches is reported as the CSDM and MPS value. CSDM represents the volume

fraction of the brain reaching a certain strain threshold. In this thesis, CSDM 15, the

volume fraction of the brain reaching 15% strain, is reported.

Figure A.4: Cumulative Strain Damage Measure

Figure A.5: Maximum Principal Strain
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A.4 Neck Injury

The severity of neck injury can be characterized using the Neck Injury Criterion, Nij,

which combines axial and bending loading of the neck (Figure A.6). This criterion

also takes into consideration the critical axial and bending limits for different loading

conditions and geometries. For instance, different limits exist for flexion and exten-

sion. For use with a Hybrid III neck, there also exists a specific set of critical limits.

Nij can be calculated with the following equation.

Nij =
Fz

Fint

+
My

Mint

(A.3)

where

Fz = Axial Load [N]

Fint = Critical Axial Load [N]

My = Flexion/Extension Bending Moment [N.m]

Mint = Critical Flexion/Extension Bending Moment [N.m]

In this thesis, Nij is reported as the maximum Nij value reached during an impact.
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Figure A.6: Nij, Neck Injury Criterion

A.5 Head-Helmet Displacement

The methods used for determining head-helmet displacement are developed in Chap-

ter 4, with the experimental equipment and procedure detailed in Section 4.5. Two

metrics can be derived from absolute head-helmet displacement during an impact

(Figure A.7). Peak Head-Helmet Displacement, dmax, is used to characterize the

amount of head exposure while relative change in displacement, Δd, is used to char-

acter helmet movement. dmax can be found by simply taking the maximum displace-

ment during an impact, while Δd is found by taking difference between the starting

and maximum displacement.
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Figure A.7: Head Helmet Displacement
Relative change in displacement is also indicated. The vector for absolute displacement is also shown on the right.


