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ABSTRACT

Surrogate headforms are employed in injury biomechanics to reconstruct head impact scenarios
and evaluate protective equipment. The development of human calvarium surrogates to mimic
mechanical response at fracture would be an essential step forward in improving the biomechanical
biofidelity of surrogate headforms. In order to develop and validate potential surrogates, it is
important to gain knowledge of the physical properties and mechanical response of the calvarium.
Therefore, the purpose of this dissertation was to determine the morphometry, geometry, and
mechanical response of the human calvarium to guide the development of preliminary surrogate
models of the calvarium with the intent to mimic mechanical response at fracture. To gain an
appreciation for this body of work, it is important to accentuate the critical objectives concerning
the characterization of morphometry, geometry, and the mechanical response of the human
calvarium that were necessary to acquire before fabricating and evaluating the surrogate models.
Human calvarium specimens of beam geometry were extracted from male and female
donors in the frontal and parietal regions of the calvarium. The specimens were micro-computed
tomography (CT) scanned followed by computer-based imaging analyses to quantify
morphometric and geometrical properties. Statistically significant morphological distinctions at
the levels of sex, location, and layers of the calvarium were established. Geometrical properties
such as thickness, cortical and diploé€ layer thickness, and radius of curvature were also determined
to physically construct the surrogates. The specimens were then mechanically characterized under
4-point quasi-static and dynamic impact bending to quantify their mechanical response. In quasi-
static loading, it was found that the trabecular bone pattern factor of the diplo€ was a significant
predictor of force and bending moment at fracture. The inner cortical layer had the greatest number

of morphometric and geometric properties that were significant predictors of mechanical response
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including thickness, tissue mineral density, and porosity. In dynamic impact loading, it was found
that the mechanical response between male and female calvaria was not significantly different.
Overall, the average mechanical responses of the calvaria from both loading tests were required to
evaluate how well they compared to the surrogate models.

Three surrogate prototypes were constructed using readily available and cost-effective
materials, specifically epoxy and chalk. The average geometry of the prototypes including
thickness and radius of curvature was consistent with the beamed-shaped calvaria. The prototypes
were tested under 4-point quasi-static and dynamic impact bending. The prototypes exhibited the
most significant differences in mechanical response to calvaria under quasi-static loading
compared to dynamic impact lading. In dynamic impact loading, where the loading and strain rate
conditions are most relevant to real-world head impacts, it was determined that an epoxy-chalk
layered surrogate was the best prototype for further development because its force at fracture,
bending moment at fracture, tensile strain at fracture, tensile and compressive stress at fracture,
tensile effective bending modulus, and tensile strain rate was not significantly different to calvaria.

The morphometry, geometry, and mechanical response of the human calvarium were
characterized to guide the construction and evaluation of surrogate models of the calvarium using
readily available and cost-effective materials. This dissertation may be a first step towards the
development of a full-size surrogate model of the calvarium that may be employed to mimic

fracture response when reconstructing head impact events and testing countermeasure equipment.
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probability that the true or population regression line is within the confidence bands.

Figure 12. An image scheme reproduced from Hahn et al. to explain Tb.Pf. The highest
connectivity in (a) has a Tb.Pf that is more negative or further left on the number line (-1.35 mm"
1Y and the lowest connectivity in (c) has a Tb.Pf value that is less negative or further right on the
number line (-0.20 mm™).

Chapter 3:

Figure 1. a) A top-view model of the human calvarium displaying the outline which the frontal
and parietal specimens were extracted from. b) An example of a beam-shaped human calvarium
specimen.

Figure 2. a) A cross-sectional micro-CT scanned image from a calvarium specimen, where cl and
c2 represent the half-thickness of the specimen from the centroid to the outer cortical and inner
cortical surface, respectively. b) An STL model of a calvarium specimen in Geomagic software to
compute outer ROC and inner ROC.

Figure 3. a) A 2D schematic of the 4-point bending impact and where the FBGs were placed on
the surface of the calvaria. b) A frontal view of the custom-built 4-point impact apparatus. c) An
isometric view of the custom-built 4-point impact apparatus.

Figure 4. An example of a strain-time plot (top graph) and its corresponding stress-strain plot
(bottom graph) for a calvarium presenting where the slope was computed to obtain strain-rate and
effective bending modulus respectively. The indicated slope on the stress-strain plot (bottom
graph) to determine the effective bending modulus corresponds to the strain-rate (slope) in the
strain-time plot (top graph).

Figure 5. Bar charts comparing the mechanical response between male and female. * indicates a
Welch t-test was performed for violating homogeneity of variance.

Figure 6. Histograms for compressive modulus and tensile modulus with respect to sex.
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Chapter 4:

Figure 1. A schematic to illustrate the double-syringe self-mixing nozzle epoxy applicator.
Figure 2. The silicone mold with each prototype’s imprint.

Figure 3. a. An example of a frontal calvarium specimen. b. A z-y micro-CT image of the
calvarium. c. A z-x micro-CT image of the calvarium.

Figure 4. a. A schematic of the 4-point quasi-static bending test. b. A schematic of the 4-point
dynamic impact bending test.

Figure 5. a. An example of a calvarium specimen, b. prototype 1, c. prototype 2 and d. prototype
3 under 4-point quasi-static bending in an Instron E3000.

Figure 6. a. An example of a calvarium specimen, b. prototype 1, c. prototype 2 and d. prototype
3 under 4-point dynamic impact bending.

Figure 7. The bending stress of the calvaria (red), the surrogate prototypes (orange) and simulant
skull materials (blue) from the previous studies (Falland-Cheung et al., 2017; Ondruschka et al.,
2019; Roberts et al., 2013) that tested in 3-point quasi-static bending at 10 mm/min. US Foam #16
and BJB-TC were two-part expanding urethane foam (Roberts et al., 2013), PETG was modified
polyethylene terephthalate glycol (Falland-Cheung et al., 2017), the self-cure acrylic was denture
base resin (Falland-Cheung et al., 2017), and the PLA was polylactic acid used as a 3-D printing
filament (Falland-Cheung et al., 2017).

Figure 8. The bending modulus of the calvaria (red), the surrogate prototypes (orange) and
simulant skull materials (blue) from the previous studies (Falland-Cheung et al., 2017; Ondruschka
et al., 2019; Roberts et al., 2013) that tested in 3-point quasi-static bending at 10 mm/min.

PART IV:

Figure 1. A schematic of the future design modification for the 4-point dynamic impact bending
tests.
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INTRODUCTION

Background
A skull fracture, particularly at the calvarium or neurocranium level, occurs when a blunt-force
trauma at low or high velocity is delivered to the head exceeding the mechanical threshold of the
calvarium (Jankovic et al., 2021; Vorst et al., 2003). If such a blunt-force trauma is significant
enough, a skull fracture can be accompanied by traumatic brain injuries (TBI) such as brain
contusions, subdural hematoma, epidural hematoma, and diffuse axonal injury (Macpherson et al.,
1990). Consequently, when a skull fracture is diagnosed, it is unequivocally categorized as a life-
threatening injury. Reporting on the prevalence of adult skull fractures is scarce, especially within
North America. The United Kingdom reported skull fractures in 3% of accident and emergency
department visits, while 62% of fractures occurred in patients with severe head injuries (Marks,
2005). Pediatric patients are more vulnerable to head trauma and skull fracture compared to adults
given their head size is approximately 18% of their total body surface area and their relatively
thinner skull (McGrath & Taylor, 2022). The incidence of a skull fracture from a head injury
among children ranges from 2% to 20% in the U.S. (McGrath & Taylor, 2022). A cohort study
from 10 Canadian pediatric teaching institutions between July 2001 and November 2005 found
that of 3866 pediatric patients, 4.3% sustained a linear skull fracture (Osmond et al., 2010). Asia,
exclusively India and China, reported a combined incidence rate of approximately 10 per 100,000
of TBI related to skull fracturing which is a considerable burden to their respective public health
sectors’ given their immense population (Puvanachandra & Hyder, 2009).

Skull fractures can occur in many civilian activities and settings. Of these civilian activities,
motor vehicle accidents and falls are the most common scenarios where a skull fracture occurs

(Carson, 2009; Komisar et al., 2022; Kremer et al., 2008; Marks, 2005; McGrath & Taylor, 2022;



Puvanachandra & Hyder, 2009; Shields et al., 2011). Recreational sports, including ice hockey,
American football, and cycling remain susceptible activities in which a skull fracture may occur.
However, modern-day helmets and protective strategies are refined to a high degree that enables
them to reduce the risk of a skull fracture. The main focus for modern injury biomechanists is
improving helmets to reduce the risk of mild traumatic brain injuries (mTBIs) including
concussions (Adanty et al., 2020; Clark et al., 2020; Fahlstedt et al., 2021; Halldin & Aare, 2003;
Hoshizaki & Brien, 2004; Karton et al., 2020; Kleiven, 2013; Knowles & Dennison, 2017).
Sporting activities where skull fractures have been noticeably documented include skateboarding,
motor crossing, ocean surfing, and snow skiing as these are classified as extreme-level sports
(Sharma et al., 2015). Back face deformation (BFD) is a common occurrence in military helmets
and has the potential to inflict a skull fracture and other severe head injuries among servicemen
and women (Rafaels et al., 2015; Weisenbach et al., 2018). BFD occurs when a ballistic projectile
is caught and absorbed by the helmet and as a result the helmet locally deforms towards the
personnel’s head which can lead to localized skull fractures (Weisenbach et al., 2018). Physical
assault arising from violent criminal behaviour and workplace accidents are also common settings
where skull fractures were reported (Chattopadhyay & Tripathi, 2010; Daughton, 1990; Kremer et
al., 2008; Stables et al., 2005). In summary, a skull fracture has the potential to occur in various
injury-prone circumstances, many of which occur at high-velocity impacts including motor vehicle
accidents, falls, sports, military combat, the workplace, and physical assaults.

It is common for injury biomechanists to perform experimental studies encompassing the
impact parameters of injurious scenarios. The purpose of these studies is to quantify the potential
or the likelihood for which an injury can occur such as a skull fracture, and then develop

countermeasures to reduce the risk of injury. One of the most important considerations during



experimental testing for head injury is the choice of a surrogate head model to employ during a
blunt trauma impact (Crandall et al., 2011). Cadavers of the human head or skull are one of the
earliest and most favourable models for studying fracture tolerances along with animal tissue
(Félizet, 1873; Gurdjian et al., 1950; Gurdjian & Lissner, 1947). If accessible, these models are
the superior choice for a surrogate due to their anatomical and physiological resemblances to a live
human head (Crandall et al., 2011). In addition, cadaveric skulls have the advantage of replicating
fracture and fracture patterns close to a live human skull (Gurdjian et al., 1950). Previous studies
have utilized fresh, fresh-frozen, or fixed (embalmed) cadaveric head and skull models for impact
studies to develop injury risk curves, qualitatively describe fracture patterns, and test the
performance of protective devices (Delye et al., 2007; Gurdjian et al., 1950; Gurdjian & Lissner,
1947; Rafaels et al., 2015; Vorst et al., 2003; Weisenbach et al., 2018; Yoganandan et al., 1995).
A secondary option to consider as a surrogate model of the human head is the use of
headform dummies. Headforms are engineered synthetic devices that can be composed of metal,
hard urethane, isotropic polymers, and/or foam - some may be composed as a combination of these
materials (Hubbard & McLeod, 1974; Li et al., 2021). A classic example is the Hybrid III
headform which is typically used for helmet testing and performance evaluation. These headforms
are instrumented with accelerometers and additional sensor equipment within the internal space of
the headform to quantify head kinematics and internal brain pressure (Crandall et al., 2011; Li et
al., 2021). The purpose of their resilient composition is to endure numerous impacts, and therefore
achieve repeatable and reproducible head kinematics. At certain levels of head acceleration
measured within the headform, researchers may correspond those magnitudes with probability risk
functions of experiencing a concussion, skull fracture, or a TBI in a real-case scenario (Clark et

al., 2020; Cripton et al., 2014; Gurdjian et al., 1966; Hoshizaki et al., 2017; Pellman et al., 2003;



Versace, 1971; Viano et al., 2012; Vorst et al., 2003; Zhang et al., 2004). In addition to cadaveric
and headform surrogates, human volunteers — used in non-injurious experiments, animal head
models, and computational head models are alternative options to employ to study trauma-related
head impacts.

Problem Statement

Despite the available selections of surrogate models to study head injury, each surrogate,
particularly the cadaver and headform models, has its drawbacks when modelling a skull fracture
or other forms of head injury. To gain access to cadavers, one requires a legal donor source of
bodies such as an anatomical gift program or a regulated service that may provide unclaimed
bodies (Habicht et al., 2018). One will also require an ethical agreement to transport and store the
cadavers in a certified biosafety laboratory and then perform relevant research. Due to differences
in national laws and ethical requirements across the globe, many researchers and scientists do not
have access to cadaveric tissue in any event. Moreover, considerable time and financial resources
are required to purchase and maintain the cadaveric tissue in ideal conditions (Crandall et al., 2011;
Habicht et al., 2018). Lastly, cadaveric tissue is also susceptible to sizeable variations in its
biomechanical response due to the distinct morphology between donors. As for headforms, it is
not possible to model skull fractures due to their non-frangible material composition destined for
achieving repeatable and reproducible results. Consequently, during injury reconstruction and
testing of protective devices, researchers would need to be cautious in suggesting whether a
fracture occurred or not. A surrogate with frangible capabilities up to the level of a skull fracture
would allow for studying the coupling between the impacting object and the head, and between

the head and the brain during skull deformation. Like cadavers, headforms or full dummies are



also costly devices for both first-time purchases and repairs which lessen their availability for
experimental testing.

Injury biomechanists, materials scientists, and those in the forensic field have recently
commenced efforts toward potential synthetic bone simulants to model skull fracture (Brown et
al., 2019; Delille et al., 2007; Falland-Cheung et al., 2017; Ondruschka et al., 2019; Plaisted et al.,
2015; Roberts et al., 2013; Thali et al., 2002). Surrogate models of the calvarium with frangible
capabilities can relieve the drawbacks concerning cadaveric tissue and certain headforms. High-
strength epoxy resin (Falland-Cheung et al., 2017; Ondruschka et al., 2019), synthetic bone
materials sold through commercial enterprises (Brown et al., 2019), and additive manufacturing
(Plaisted et al., 2015) are some of the materials and methods presented in the literature to model
the skull. However, these materials or methods may not be easily accessible or cost-effective
approaches toward simply fabricating a calvarium model to mimic mechanical response at fracture.
There are also potential drawbacks in the circumstances in which these models have been
validated. Previous studies have compared their surrogate model’s mechanical properties against
the properties of calvaria reported in different studies (Brown et al., 2019; Falland-Cheung et al.,
2017; Roberts et al., 2013). However, this comparison may draw uncertainty mainly due to
contrasting testing methodologies. This includes the type of mechanical testing performed
(bending, compression, tension, quasi-static loading, and dynamic loading), the morphology of
specimens, and the theorems or instrumentation to quantify mechanical properties. Testing
surrogate models and calvaria within the same study or laboratory setting ensures there are
negligible methodological differences when comparing biomechanical properties or response
thereafter. Moreover, previous studies have mostly limited the testing of their surrogate skulls to

quasi-static loading conditions but had not considered dynamic impact conditions (Delille et al.,



2007; Falland-Cheung et al., 2017; Ondruschka et al., 2019; Plaisted et al., 2015). Impact testing
is the most applicable form of mechanical loading to real-world head impacts and must be
considered to appropriately validate a fracture model of the calvarium (Roberts et al., 2013).
Indeed, continued efforts towards a surrogate model of the calvarium would be an
important step to mimic the biomechanical response of the calvarium. However, it is vital to
initially characterize the morphometry, geometry, and mechanical response of real calvarium in
order to appropriately design and validate a surrogate. Apart from porosity, bone volume, and
density, few studies have investigated the morphometry that exists within each layer of the
calvarium (Alexander et al., 2019; Boruah et al., 2015; McElhaney et al., 1970; Peterson &
Dechow, 2002). These properties along with trabecular thickness, trabecular separation or
trabecular bone pattern factor may be of specific interest when developing detailed physical or
computational models of the calvarium. Various methods have been proposed to determine the
thickness of the skull, including the cortical tables (Alexander et al., 2019; Boruah et al., 2015;
Hubbard, 1971; Lillie et al., 2015; Thulung et al., 2019), but the radius of curvature of the
calvarium is also an important geometrical property that needs consideration to accurately emulate
the curvature on a surrogate. The mechanical response and properties of the calvarium under
flexural bending tests have been reported in the literature (Auperrin et al., 2014; Delille et al.,
2007; Hubbard, 1971; Lee et al., 2019; Motherway et al., 2009; Rahmoun et al., 2014; Zwirner et
al., 2021). However, many of those studies have not quantified the mechanical measurements of
the calvarium on both its inner and outer cortical surfaces, nor have they determined the surface
strain at which the calvarium fractures (Hubbard, 1971). In addition, most of the loading conditions
have been limited to quasi-static 3-point bending, while only a few have characterized the

calvarium in dynamic impact bending (Motherway et al., 2009; Zwirner et al., 2021). It is therefore



evident, that the characterization of the calvarium’s morphology, geometry and mechanical
response is further needed to aid the design and evaluation of a surrogate.

Given the current state of research surrounding the mechanics of skull fracture, there are
four directions research should turn towards to pragmatically develop a surrogate that can model
this injury. Firstly, determine the average morphometry, geometry and mechanical response of the
human calvarium. Secondly, employ readily available and cost-effective materials and approaches
to fabricate a surrogate. Thirdly, validate the surrogate’s mechanical response to calvarium within
the same study and testing conditions to draw meaningful comparisons and prevent the factoring
in of cross-study variations. Lastly, incorporate the testing of surrogates under dynamic impact
conditions that factor in strain rates most applicable to real-world head impact scenarios. All these
directions were considered in this dissertation to develop surrogate prototypes of beam geometry

to mimic the mechanical response of the calvarium at fracture.



DISSERTATION OBJECTIVES & SUB-OBJECTIVES

The Dissertation’s Objective

The objective of this dissertation was to characterize the morphometry, geometry, and mechanical
response of the human calvarium to guide the construction of preliminary surrogate prototypes of
the calvarium to model its mechanical response at fracture.

The Dissertation’s Sub - Objectives

It is not feasible to instantly produce a surrogate model of the calvarium without gaining foresight
into the morphometry, geometry, and mechanical response of real human calvaria. In this thesis,
morphometry is defined as the measurements that characterize the microarchitectural structure of
the calvarium such as the calvarium’s density, its trabecular thickness, trabecular separation, and
trabecular bone pattern factor. Geometry is defined as the gross dimension or size of the calvarium
that can simply be measured as the length of a calvarium specimen, thickness, or radius of
curvature. Morphometry and geometry of the calvarium are important to determine since they can
be referred to as guidance when physically fabricating a surrogate model of calvarium or designing
one in silico. Secondly, it is important to determine the range of the calvarium’s mechanical
response at fracture during experimental testing to ensure the surrogate’s response falls within that
range. A surrogate model that exhibits mechanical response comparable to calvaria will be an
important step forward in the model’s effort toward biofidelity. Collectively, all this information
on the calvarium is necessary to move forth in constructing prospective surrogate models with the
intent to mimic mechanical response at fracture. Therefore, this dissertation was categorized into
four sub-objectives to facilitate a step-by-step approach toward fabricating and achieving surrogate
prototypes. Each of the four sub-objectives was discussed within their own respective chapters,

collectively, they are all intertwined to ultimately achieve the dissertation’s objective.



The sub-objectives are as follows:

Sub-objective 1: Determine the morphometry and geometry of the human calvarium.

This objective determined the morphometry and geometry of the human calvarium and identified
if significant differences in morphometry were present between sex, location, and between layers
of the calvarium.

Specific null hypotheses tested:

1) no significant interaction effects between sex and location on the diploé morphometric
properties.

2) no significant interaction effects between the cortical layers, sex, and location on the cortical
morphometric properties.

3) no significant main effects or simple main effects, in other words, no significant differences in
diploé morphometric properties between male and female and between frontal and parietal
locations.

Sub-objective 2: Determine which morphometric and geometric properties have a significant

influence on the mechanical response of the human calvarium during 4-point quasi-static
bending.

This objective identified which morphometric and geometric properties determined in sub-
objective 1 were significant predictors of the mechanical response of the calvarium. A significant
predictor was defined as a morphometric or geometric property that was associated with a
statistically significant univariate linear regression model to predict mechanical response.
Specific null hypothesis tested:

1) The coefficient of the slope for each linear regression model was equal to 0.
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Sub-objective 3: Determine the mechanical response of the human calvarium in 4-point

dynamic impact bending.

This objective characterized the mechanical response of the human calvarium in 4-point dynamic
impact bending conditions and determined if there were significant differences between male and
female calvaria.

Specific null hypothesis tested:

1) No significant differences in mechanical response between male and female calvaria.

Sub-objective 4: Develop preliminary surrogate models of the human calvarium to mimic

the calvarium’s mechanical response at fracture.

This objective used the information gathered from sub-objectives 1 to 3 to develop preliminary
surrogate models of the human calvarium to mimic the calvarium’s mechanical response at
fracture.

Specific null hypothesis tested:

1) No significant differences between human calvaria and each surrogate prototype.
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DISSERTATION BREAKDOWN

This is an article-based dissertation, meaning the body of the dissertation mainly encompasses
articles that have either been published or accepted for publication, are currently under review or
have been submitted to a peer-reviewed journal. The body of this dissertation is composed of two
major sections: 1) the review of the literature (Part II) and 2) four articles divided into 4 chapters
that conducted the corresponding sub-objectives (Part III).

In Part II, the review of the literature composes of three sections. The first part of the
literature review contains information on the basic anatomy of the human calvarium to understand
its general composition and structure. The anatomy of the calvarium is then followed by the second
section which discusses the biomechanics of the skull. In this section, a series of previous studies
are conveyed to comprehend the mechanics of the skull. After the mechanics of the skull are
appreciated, the section goes on to define the mechanism associated with a skull fracture and
reviews the reported values on the mechanical properties of the calvarium under flexural bending
tests. The final section of the literature review describes the previous efforts that have been made
to develop a physical surrogate of the calvarium. In part III, the dissertation presents four articles.
Article one-chapter 1 determined the morphometry and geometry of the calvarium, article two-
chapter 2 determined which morphometric or geometric properties of the calvarium were
significant predictors of mechanical response under 4-point quasi-static bending, article three-
chapter 3 characterized the mechanical response of the calvarium under 4-point dynamic impact
bending, and article four-chapter 4 gathered the findings from chapters 1 to 3 to develop surrogate
models of the calvarium to mimic mechanical response at fracture.

The final part of the dissertation encompasses a global conclusion, a summary of the

dissertation’s contributions, and a summary of limitations and future recommendations (Part IV).
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PART 11



BACKGROUND: REVIEW OF LITERATURE

Basic Anatomy: Human Calvarium.

The human skull is the skeletal region of the head that conforms to the human’s facial features. It
is surrounded externally by layers of the scalp (skin) and encloses the soft tissue of the brain
(Figure 1a). The two sectors of the skull are the cranial vault and the facial bones (Hombach-
Klonisch et al., 2019). The cranial vault is referred to as the calvarium or neurocranium and it
consists of the frontal, parietal, temporal, sphenoid and occipital bones (Figure 1b). Like all bones,
the calvarium is a hard tissue composed of 40% inorganic matter — hydroxyapatite (e.g.
Caio(PO4)s(OH)2)), 25% water, and 35% organic components (e.g. 90% collagen and 10% non-
collagen proteins) (Feng, 2009). The bones of the calvarium are categorized as flat bones that
protect the brain against external forces that could otherwise inflict a brain injury (Hombach-

Klonisch et al., 2019).
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Figure 1. a) The subdivisions of the skull. b) The human calvarium. Image source: (Hombach-
Klonisch et al., 2019). Copyright permissions from Elsevier Books have been granted (license

number: 5477711430803), edited by the author. This article/chapter was published in Elsevier Books, vol
1, Sabine Hombach-Klonisch, Jason Peeler, Thomas Klonisch. Sobotta Clinical Atlas of Human Anatomy, 423-
479, Copyright Elsevier, (2019).

Sutures are fibrous bands of tissue that formulate between the edges of the bones of the
skull (Pritchard et al., 1956). The purpose of a suture is to permit skull growth as the head and

brain expand during growth and development. The parietal bone consists of the sagittal suture that
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connects the left and right parietal bone, it is visible on the superior aspect of the calvarium and
runs anterior-posterior (Figure 2). The frontal bone consists of the metopic suture that runs
superior-inferior and is most visible in a newborn infant (Gosling et al., 2017). The frontal and
parietal bones are connected by the coronal suture that runs parallel to the coronal plane (Figure
2). The parietal and temporal bones are connected by the squamosal suture and are located on the
lateral aspects of the calvarium (Figure 2). The occipital and parietal bone are joined by the
lambdoid suture, and it is located on the posterior aspect of the calvarium (Figure 2). Finally, the

sphenosquamosal suture vertically articulates between the sphenoid and temporal bone (Figure 2).

Sagittal Suture

Frontal Bone Coronal Suture

Parietal Bone

S 1 Sut
Sphenoid Bone quamosal Suture

Temporal Bone

Sphenosquamosal suture

Lambdoid Suture

Occipital Bone

Figure 2. A lateral view of the human skull displays the sutures of the calvarium. Image source:
(Gosling et al., 2017). Copyright permissions from Elsevier Books have been granted (license
number: 5477710519339), edited by the author. This article/chapter was published in Elsevier Books, 6™

edition, J.A. Gosling, P.F. Harris, J.R. Humpherson, I. Whitmore, P.L.T. Willan. Human Anatomy, Color Atlas
and Textbook, 321-392, Copyright Elsevier, (2017).

The human calvarium is a three-layer structure that comprises a lattice-like network of
bone (trabeculae) termed the diplo€, compacted between two cortical layers (compact bone), the
outer and inner cortical tables (Figure 3). The cortical tables are a high-density bone region
harvested with osteons (microscopic units of bone); each osteon contains a central canal consisting

of the cortical bone’s blood supply (Hombach-Klonisch et al., 2019). The diplo€, a low-density
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region, houses a network of randomly distributed trabecular struts. The pores separating the struts
contain a supply of red bone marrow which is required for blood cell formation within the diplog.
The overall blood supply for the skull originates from the external carotid artery that branches off
from the common carotid arteries. The unique structural design of the calvarium has been
previously cited as analogous to layered panels used in an aircraft (Hubbard, 1971). The panels
are sandwich structures that feature inner and outer high-stiffness faces divided by a low-stiffness
core, parallel to the layered structure of the calvarium (Hubbard, 1971; Ueng, 2003). The sandwich
structure is attributed to its low overall density, high-strength-to-weight ratio, and absorption

capabilities during impact (Ueng, 2003).

Outer cortical table
Diploé

Inner cortical table

Calvarium

Meninges: Dura Mater, Arachnoid mater and Pia mater

Figure 3. The three-layered structure of the calvarium. Image source: (Gosling et al., 2017).
Copyright permissions from Elsevier Books have been granted (license number:
5477710519339), edited by the author. This article/chapter was published in_Elsevier, 6" edition, J.A.

Gosling, P.F. Harris, J.R. Humpherson, 1. Whitmore, P.L.T. Willan. Human Anatomy, Color Atlas and
Textbook, 321-392, Copyright Elsevier, (2017).

Skull Biomechanics
The advancements in brain injury models are apparent in the biomechanical literature (Ji et al.,
2022). However, the skull remains the natural hard tissue that acts as the protective armour to the

brain and deserves progressive biomechanical research to understand its mechanics and protect it
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from injury. This can lead to a holistic refinement of head models that can predict the mechanical
response of all types of head injuries with improved accuracy.

The Biomechanics of the Human Skull

The earliest documented study that quantified the mechanical response of the human skull occurred
in 1880 by Messerer (Messerer, 1880). Quasi-static lateral compression tests were delivered to
male and female unembalmed (fresh) cadaver heads. Fracture forces ranged from 400 to 600 kg
(3924 to 5886 N) for males and 300 to 800 kg (2943 to 7848 N) for females. Male and female
skulls deformed by 4.3 mm and 5.7 mm on average respectively just before skull fracture. It was
also established that the human skull was more deformable in the lateral loading direction than in
the frontal-posterior direction. Although, it is not entirely clear how the heads were positioned in
the test bed when conducting these early experiments. Messerer’s work accounts for earlier studies
in the mid-1800s on mechanical tests (vise-grip compression, drop impacts, forceps compressions)
of intact human heads for adults and pediatrics. However, the intent of these studies was limited
to qualitative observations such as noting alterations in skull diameter and implications of elasticity
(Messerer, 1880).

Gurdjian and colleagues established the mechanism of a skull fracture in the 1940s
(Gurdjian et al., 1950; Gurdjian & Lissner, 1947a). Though, it was not until the 1950s to the 1960s
that research on quantifying skull mechanics began to gain significant traction. This is because the
interest concerning head injury shifted toward understanding the mechanism of brain injuries
including TBIs and concussions, therefore, it was assumed brain injuries were associated with
skull fractures. In a 1953 preliminary report, Gurdjian et al. documented linear, comminuted, and
depressed fractures of the skull when anesthetized mongrel dogs were diagnosed with minimal to

severe degrees of concussion as a result of ball peen hammer blows (Gurdjian et al., 1953). The
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average peak head acceleration (in gravitational units) in which a fractured occurred was 438 +
188g and ranging between 230 and 780g (Gurdjian et al., 1953). Human cadavers were subject to
frontal head impacts in which peak linear head acceleration and the durations of the head impacts
were documented (Gurdjian, 1975; Gurdjian et al., 1953, 1955). Accelerometers were mounted on
the inside (inner cortical surface) of the skull with metal fasteners. Cadaveric frontal head drops
onto steel slabs demonstrated that average accelerations of 112 to 200g for a duration of 4 ms were
associated with linear fractures. Whereas, no serious injuries were detected at 42g over a duration
of several milliseconds (Gurdjian et al., 1966). With the accumulation of experimental testing on
mongrel dogs and human cadavers (Gurdjian et al., 1953, 1955, 1964, 1966), Gurdjian and
colleagues devised a head acceleration-time tolerance curve as a guide for establishing a head
injury criterion, the curve soon revolutionized into what is commonly known as the Wayne State

Tolerance Curve (WSTC), see Figure 5 (Gurdjian et al., 1953, 1955, 1966).
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Figure 4. A head acceleration-time tolerance curve adopted by Gurdjian and colleagues. Image
source: (Gurdjian et al., 1966) Copyright permissions from Wolters Kluwer Health, Inc. have
been granted (license number: 5396600267734).
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Subsequent to work by Gurdjian and colleagues, the intent of many skull fracture studies
was to quantify the force at fracture and stiffness of the skull. Human calvaria (whole skull cap)
were rigidly mounted in circular molds made of Castone and were impacted by steel penetrators
of different diameters (0.43 to 0.61 inches) and impact velocities (0-20 mph) (Melvin et al., 1969).
These resulted in localized penetrations with average failure loads ranging from 1030 to 1710 lbs
of force (4581.65 to 7606.42 N) for the frontal region and 780 to 1290 Ibs (3469.60 to 5738.18 N)
for the parietal region. Nahum and colleagues conducted impacts on the frontal and parietal regions
of embalmed and unembalmed human skulls using a controlled circular impacting mass (25.4 mm
diameter) (Nahum et al., 1968). The frontal region experienced average forces at fracture between
4893 N with a range of 2600 to 8000 N (Nahum et al., 1968). The parietal region experienced
average forces at fracture between 3300 N with a range of 2000 to 6000 N (Nahum et al., 1968).
They also noted that embalming did not appear to affect their force results (Nahum et al., 1968).
Hodgson and Thomas applied drop impacts of embalmed cadaver heads onto rigid and 60-
durometer rubber and of various radii (Hodgson & Thomas, 1972). For rigid surface impacts,
fractures mostly occurred at drop heights of 10 in (38.10 cm) to 30 in (76.20 cm) and at forces
ranging from 3000 to 10,800 N for frontal impacts and from 5300 to 20,000 N for side impacts
(Hodgson & Thomas, 1972). Accelerometers mounted on the side of the heads documented head
acceleration between 150 to 410g for frontal impacts (Hodgson & Thomas, 1972). The cadavers
tolerated greater fracture forces ranging from 5300 to 15,000 N with the compliant rubber surface
and accelerations ranging from 115 to 360g (Hodgson & Thomas, 1972). Allsop and colleagues
determined frontal stiffnesses of 20 mm diameter bar impacts at 1000 N/mm, 1800 N/mm for the
temporoparietal (impact area of 6.45 cm?), and 4200 N/mm for the parietal (impact area of 50 cm?)

(Allsop et al., 1988, 1991). Yoganandan et al. conducted a series of quasi-static and dynamic
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loading of cadaveric unembalmed heads severed at the occipital-cervical 1 (Cl)-cervical 2 (C2)
junction of the body (Yoganandan et al., 1995). A hemispherical anvil (radius: 48 mm) was
dropped at a rate of 2.54 mm/s for quasi-static loading and 7.1 to 8.0 m/s for dynamic loading
(Yoganandan et al., 1995). Force-deflection curves exhibited a nonlinear behaviour, failure forces
for quasi-static loading and dynamic loading ranged from 4500 to 11,900 N and 8800 to 14,100 N
respectively (Yoganandan et al., 1995). Displacements of the anvil ranged from 7.8 mm to 16.6
mm for quasi-static loading and 3.4 to 9.8 mm for dynamic loading (Yoganandan et al., 1995).
Stiffnesses ranged from 467 N/mm to 1290 N/mm for quasistatic loading and from 2462 N/mm to
5867 N/mm for dynamic loading (Yoganandan et al., 1995). Linear, depressed, circular, and
multiple fractures were reported with wider fracture lines occurring away from the loading site - a
phenomenon consistent with observations by Gurdjian et al.’s mechanism of a skull fracture
(Gurdjian et al., 1947, 1950; Yoganandan et al., 1995).

Collectively, the described biomechanical studies on the human skull and head have
demonstrated a mutual consistency in the forces, displacement, and stiffness measurements under
mechanical loading. There remains a plethora of studies that have conducted comparable
experiments and yielded consistent results (Mclntosh et al., 1993; Ono et al., 1985; Schneider &
Nahum, 1972; Van Lierde et al., 2003; Yoganandan et al., 1994). The limitation concerning intact
human skull impacts is that it is challenging to relate the irregular geometry of the whole human
skull with constitutive equations to estimate stress or modulus of elasticity. Therefore, recent
studies have applied materials testing of calvarium specimens in compression, tension and bending
to determine mechanical properties of the skull aside from force and displacement properties.
Nevertheless, the described studies in this section are beneficial for those who wish to validate

computational or physical models of the whole human skull.
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The Mechanism of a Skull Fracture

Many of the historical studies on the mechanism of a skull fracture were qualitatively reported in
the mid-19th century (Bruns, n.d.; Félizet, 1873). The common notion implied by these early
studies was that skull fractures tend to occur due to an inward bending of the calvaria and that
fracture commenced at the point of impact. By 1950, the mechanism of a skull fracture received
further attention, largely in part due to work from Gurdjian, Webster, and Lissner (Gurdjian et al.,
1950; Gurdjian & Lissner, 1947a). Stresscoat (strain-sensitive lacquer) was applied on freshly dry
human skulls and dropped onto a solid steel slab. The stresscoat was only sensitive to detecting
tensile strains, therefore, compressive strains could not be envisioned. It was established that at
the point of impact, the surface of the calvarium’s inner table experiences inbending — the
calvarium bends toward the brain (Figure 4). In some cases, the calvaria may rebound (elastic
behaviour) immediately after impact to its original position if the impact force was not sufficient
to cause a fracture (Figure 4). As a result of the rebound, peripheral regions away from the point
of impact experience outbending — the calvarium bends away from the brain (Figure 4) causing
the outer cortical surface to experience what is known as a linear fracture (Figure 4). The linear
fracture propagates a short or long distance from the peripheral region toward the point of impact
because of the peak tensile stress concentration at the surface of the impact point after the rebound

(Figure 4).
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Outbending at peripheral region away from

Figure 5. An illustration of the inbending-outbending effect (left image) resulting in a linear
fracture that propagates towards the point of impact (black circle) (vight image). Image source:
(Gurdjian et al., 1950), edited by author. Non-exclusive copyright permissions from American
Association of Neurological Surgeons have been granted.

If the impact force on the skull is sufficient, such as a high-velocity impact, the inner
cortical surface reaches its maximum deformation from bending leading to what is known as a
depressed fracture (Gurdjian et al., 1950; Gurdjian & Lissner, 1947b). With a depressed fracture,
it is possible to observe brain contusions and lacerations (Gurdjian et al., 1955). In a subsequent
study, stresscoat was applied to both the inner cortical and the outer cortical surface of the skull
(Gurdjian et al., 1947). It was determined that the skull was weak in tension since crack patterns
originated from the inner cortical surface where tension occurred. In these simple drop tests
performed by Gurdjian and colleagues, it was identified that inbending of the calvarium caused by
a blunt impact is the main mechanism of a skull fracture (Gurdjian et al., 1947, 1950; Gurdjian &
Lissner, 1947a). In addition, it was documented that the outer surface of the calvarium can
experience outbending or tensile straining leading to linear fractures at peripheral regions from the
point of impact. Gurdjian et al. further remarked that deformation of the skull may cause
compression of the underlying brain matter and thus increase the intracranial pressure within the
brain (Gurdjian et al., 1955). In areas where a linear fracture develops, dura (the adhesive tissue
between the skull and brain) may separate from the skull due to outbending resulting in an epidural

hematoma (Gurdjian, 1975).
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The Flexural Biomechanics of Calvarium Specimens

Since the mechanism of a skull fracture involves inward bending of the calvarium at the point of
impact, it will be relevant to discuss those studies that have performed flexural bending tests on
calvarium specimens to determine mechanical bending properties. In flexural testing, a beam
experiences both compressive and tensile stresses at the outer fibres where the load is applied and
on the inner fibres where the fracture originates, respectively (Figure 6). It is important to
determine the measurements and properties of the human calvarium for a number of reasons,
including validating the biofidelity of computational and physical surrogate models of the
calvarium under similar loading conditions. Compression and tensile tests of calvarium specimens
are well-documented in the literature (Boruah et al., 2013; Evans & Lissner, 1957; McElhaney et

al., 1970; Robbins & Wood, 1969; Wood, 1971; Zhai et al., 2020).

Compression stress ————
Load 1 l Load 2

Tension stress + Neutral Axis
|~ ]

Figure 6. A beam under 4-point bending experiences its fibres under compression (shortening)
from the beam’s neutral axis to its outer surface where the load is applied, and fibres under tension
(lengthening) from the beam’s neutral axis to its inner surface.

The earliest study performed quasi-static three-point and four-point bending of eight
embalmed parietal calvaria to relate the material properties and structural geometry of the layered
calvaria to its flexural response (Hubbard, 1971). Each specimen in their study underwent three-
point bending from which a compliance parameter (quotient of mid-span deflection/applied load)

as a function of span length was plotted and fitted with a third-order polynomial (Hubbard, 1971).
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The bending stiffness was related to the third power of span length and shearing stiffness was
related to the first power of the span length (Kelsey et al., 1958). An experimental modulus of
elasticity, £, was determined by dividing the bending stiffness by the specimen’s cross-sectional
second moment of inertia. The average experimental E for the eight specimens was 9.69 GPa
(range from 7.79 to 15.31 GPa) (Hubbard, 1971). In this study, specimens were tested in a normal
orientation where the load was applied on the outer table surface and an inverted orientation where
the load was applied on the inner table (Hubbard, 1971). It was not cited why the unconventional
inverted orientation was investigated, however, the fact that a linear fracture occurs due to
outbending may be one reason for incorporating this orientation (Gurdjian et al., 1950). Six out of
the 8 specimens tested in three-point bending also underwent four-point bending until failure
(Hubbard, 1971). Strain gauges were mounted on the inner and outer table surfaces of the calvaria,
however, only the tensile strain from the inner table was reported. The average tensile strain at
failure was 0.51% (range from 0.33 to 0.76%) (Hubbard, 1971).

Delille et al. performed quasi-static three-point bending (10 mm/min) on over 300
unembalmed calvarium specimens (Delille et al., 2007). Their intent was to discover a resin with
similar bending properties to model the human skull in a physical head model (Delille et al., 2007).
They reported an average right parietal, left parietal, frontal, and temporal modulus of 5.00, 4.90,
3.80, and 11.30 GPa respectively (Delille et al., 2007). Their parietal modulus was less compared
to the 9.69 GPa reported by Hubbard (Hubbard, 1971) and this may be due to the preservation
method of the bone (embalmed vs unembalmed), morphology differences between specimens, and
rate of loading (Delille et al., 2007). Auperrin and colleagues performed a similar experimental
task as Delille et al. (Delille et al., 2007) on three-point bending (10 mm/min) of fresh calvarium

specimens (Auperrin et al., 2014). They reported an apparent elastic modulus of 3.81, 5.00, and
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9.70 GPa for the frontal, parietal, and temporal bones respectively which is consistent with Delille
et al.’s study (Auperrin et al., 2014; Delille et al., 2007). Rahmoun et al. also performed three-
point bending tests on calvarium specimens at a maximum displacement of 0.4 mm at a controlled
velocity of 10 mm/min (Rahmoun et al., 2014). The average elastic modulus was in line with work
by Delille et al. (Delille et al., 2007) and Auperrin et al. (Auperrin et al., 2014) which were 3.28,
4.53,3.74, 6.00, 5.22, and 2.04 GPa for the frontal, left parietal, right parietal, left temporal, right
temporal, and coronal suture respectively (Rahmoun et al., 2014). The average stiffness was 639,
463, 491, 277, 265, and 524 N/mm for the same order of calvarium locations (Rahmoun et al.,
2014). Lee and colleagues performed quasi-static three-point (10mm/min) bending of human
calvarium specimens with and without the periosteum attached for two embalmed cadaveric skulls
(Lee et al., 2019). The skull bone with no periosteum attached had an average bending modulus
and strength of 1.70 GPa and 42.00 MPa, respectively, and the other had averages of 2.74 GPa and
53.00 MPa, respectively (Lee et al., 2019). The skull bone with the periosteum attached had an
average bending modulus and strength of 2.28 GPa and 68.00 MPa respectively, while another
skull bone had 3.96 GPa and 99.00 MPa (Lee et al., 2019). They found that the periosteum had a
significant effect on the mechanical properties they sought except for the bending strength of the
skull with no periosteum. In addition, they disclosed their mechanical properties including bending
modulus were lower than that reported by Auperrin et al. and Rahmoun et al. (Auperrin et al.,
2014; Lee et al., 2019; Rahmoun et al., 2014).

Quasi-static loading is beneficial for obtaining a baseline characterization of the
mechanical properties of the calvarium. In addition, the inertial effects experienced by the
specimen are relatively low and can be ignored during this type of loading. Although, many real-

world head injuries arise from dynamic head impacts with strain rates occurring in the range of 1-
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10°s”! (Hosseini Farid et al., 2019; Zhai et al., 2020). To date, there are two reported studies that
have characterized the mechanical properties of calvarium specimens under dynamic impact
bending experiments (Motherway et al., 2009; Zwirner et al., 2021). Measurements and properties
derived from impact testing are relevant to validate surrogates that intend to model skull fractures
due to dynamic head impact scenarios. Motherway and colleagues performed three-point impact
bending on male and female adult fresh frozen calvarium specimens (Motherway et al., 2009).
Strain rates ranged from 21 to 26 s, 26 to 30 s™!, and 103 to 109 s™! for the dynamic speeds of 0.5,
1, and 2.5 m/s respectively. The average range of the maximum force, elastic modulus, rupture
stress, and energy absorbed until fracture for the 1 m/s impact speeds were 584 to 1035 N, 4.87 to
17.69 GPa, 78.15 to 102.60 MPa, and 76.06 to 193.19 kN m/m? respectively (Motherway et al.,
2009). The strengths of the calvaria reported by Motherway et al. (82.13 to 126.91 MPa) are
slightly greater than those derived from Lee et al.’s quasi-static derived strength values (42 to 99
MPa) which may be due to greater strain rates exhibited by Motherway et al.’s specimens (Lee et
al., 2019; Motherway et al., 2009). In addition, the range of elastic moduli from Motherway et al.’s
study (4.35 to 18.12 GPa) appears to fall in the range of moduli reported in the literature (1.30 GPa
to 11.30 GPa) (Auperrin et al., 2014; Delille et al., 2007; Motherway et al., 2009). Zwirner and
colleagues also performed dynamic three-point bending tests at impact velocities of 2.5, 3.0, and
3.5 m/s (Zwirner et al., 2021). At 2.5 m/s their embalmed calvarium specimens (frontal, parietal,
occipital, and temporal regions) resisted 716 N of force on average and 1264 N for the 3.5 m/s
group (Zwirner et al., 2021). Isolated temporal regions reported 638 N and 1136 N at 2.5 m/s and
3.5 m/s respectively (Zwirner et al., 2021). Across all regions, bending strengths of 98, 119, and
130 MPa were established for impact velocities at 2.5, 3.0, and 3.5 m/s respectively (Zwirner et

al., 2021). In addition, they conveyed negative correlations with age (3 weeks to 94 years old) and
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positive correlations with calvarium thickness (2 to 8 mm) when plotted against bending strength
and force (Zwirner et al., 2021). Moreover, at 2.5 m/s, Zwirner et al.’s average force (716 N)
collapsed across all regions and age groups was less than the force values presented in Motherway
et al.’s study at the same impact velocity (1161.9 to 1315.9 N) (Motherway et al., 2009; Zwirner
et al., 2021). This may be attributed to Zwirner et al.’s sample which mostly contained the temporal
region and the mean age (48 years old) of their cadavers was lower compared to Motherway et
al.’s study (81 years old) (Motherway et al., 2009; Zwirner et al., 2021).

The mechanical properties documented for calvarium specimens at quasi-static and
dynamic bending tests are summarized in Table 1. This table demonstrates how the mechanical
properties and measures compare across studies and accounts for the type of calvarium specimens
that were tested in each. There remains only one study on the adult calvarium that performed 4-
point bending and that study was limited to quasi-static bending (Hubbard, 1971). There also
remain only two studies to have performed dynamic impact tests (Motherway et al., 2009; Zwirner
et al., 2021), two studies to have documented force at fracture (Motherway et al., 2009; Zwirner
et al., 2021), and only one study to document bending moment and strain at fracture (Hubbard,
1971). Therefore, it is evident from this summary (Table 1) that additional bending tests on adult
calvarium specimens are required to obtain an appropriate range of mechanical properties and
measurements attributed to the calvarium. The calvarium is also a heterogeneous structure that can
be characterized by many morphometric properties such as density, porosity, and trabecular or
cortical morphometry (Adanty et al., 2021). In addition to obtaining the mechanical properties of
the calvarium, it is important to establish which morphometric properties have a significant effect
on the mechanical response of the calvarium. This can influence one’s approach to designing a

surrogate model of the calvarium by tailoring the construction of their model according to relevant
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morphometry and geometry associated with mechanical properties. Many studies have performed
mechanical testing on pediatric specimens (Coats & Margulies, 2006; Davis et al., 2012; Igo et al.,
2021; Kriewall, 1982; Kriewall et al., 1981; Margulies & Thibault, 2000; McPherson & Kriewall,
1980), however, this literature review will exclude the discussion on pediatric studies since the

purpose of this thesis was to ultimately construct surrogate prototypes of the adult calvarium.
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Table 1. The bending test results on adult calvaria reported in the literature prior to the presentation of this thesis.

Authors Q=quasi- E= M=male Age Loading Rate Regions Force (N) Bending Stress (MPa) Strain Modulus (GPa)
static embalmed or (LR) & Strain sampled Moment (%)
Or Or F=female Rate (SR) (N.m)
D=dynamic UE =
Impacts unembalmed
Hubbard Q, 3-point E - - SR: 0.01s™! P - 4-point: - 4- 3-point: 9.69
(1971) Q, 4-point 3.08 point:
0.51
Delille et Q, 3-point UE M, F 70.95 LR: 10 mm/min F,P,T - - - - RP: 5.00
al. (2007) LP: 4.90
F:3.80
T:11.30
Auperrin et Q, 3-point UE M 74.8 LR: 10 mm/min F,P, T - - - - P: 5.00
al. (2014) F:3.81
T:9.70
Rahmoun Q, 3-point N/A M 88 LR: 10 mm/min F, P, T coronal - - - - RP: 3.74
etal. suture LP:4.53
(2014) F:3.28
RT:5.22
LT: 6.00
Coronal Suture: 2.04
Lee et al. Q, 3-point E M M=61 LR: 10 mm/min F,P,T,O - - Bare bone skull 1 & 2:42 & 53 - Bare bone skull 1 & 2: 1.70
(2019) F=8 &2.74
Bone with periosteum attached
Skull 1 & 2: 68 & 99 Bone with periosteum
attached
Skull 1 & 2:2.28 & 3.95
Motherway D, 3-point UE M, F 81 LR:0.5,1,2.5 F,P 0.5 m/s at RP, LP and F: - 0.5 m/s at RP, LP and F: - 0.5 m/s at RP, LP and F:
etal. m/s 734.6,721.7,1062.3 84.50, 82.13, 90.80 10.33,5.70, 4.35
(2009)
SR at 0.5 m/s: 1 m/s at RP, LP and F: 1 m/s at RP, LP and F: 1 m/s at RP, LP and F:
19-22s! 793.6, 584.3, 1035.9 82.98, 78.15, 102.60 9.44,17.69, 4.87
SR at 1 m/s: 25- 0.5 m/s at RP, LP and F: 0.5 m/s at RP, LP and F: 0.5 m/s at RP, LP and F:
315! 1161.9, 1228.6, 1315.9 123.12, 133.61, 126.91 12.80, 18.12, 16.34
SR at 2.5 m/s:
102-110s™
Zwirner et D, 3-point E M,F 48 LR:2.5,3.0,3.5 F,P,T,0 2.5m/s: 716 - 2.5 m/s: 98 - -
al. (2021) m/s
3.5 m/s: 1264 3.0m/s: 119
2.5m/s at T: 638 3.5m/s: 130

3.5m/sat T: 1136

RP: right parietal, LP: left parietal, P: Parietal, RT: right temporal, LT: left temporal, T: temporal, F: frontal, O: occipital
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Proposed Physical Surrogate Models of the Calvarium

Cadaveric head models and headform dummies are employed to understand the mechanisms of
trauma-related head injuries (i.e., skull fractures) and for testing protective gear (i.e., helmets).
However, cadaveric tissue’s mechanical properties and geometry are greatly variable across
subjects, cadavers are also difficult to obtain, and the selection of cadaveric tissue is susceptible to
sampling bias, mainly among older subjects (Yoganandan et al., 1995). Headform dummies are
comprised of rigid material that may be necessary to perform a series of multiple impacts, but they
typically lack an important biofidelic characteristic which is the frangibility required to investigate
skull fractures. Therefore, to lessen the limitations concerning cadaveric head models and
headform dummies, physical models of the calvarium to mimic fracture and mechanical response
have been documented in the literature. Many of these surrogate models’ mechanical response
measures have been compared to previous studies that have delivered impacts to the human skull
and calvarium specimens subject to bending, compression, and tensile testing.

For the study of the mechanisms related to cranial injuries by gunshots, Thali et al.
developed a physical “skin-skull-brain model” (Thali et al., 2002). The purpose of this model was
to allow for the reconstruction of characteristics related to gunshot trauma. The artificial skull was
modelled as a sphere made of polyurethane material. The skull was also structurally layered with
an internal and external table that sandwiched a porous region, however, important details on how
this was layered were not provided. The model was also equipped with a periosteum made of latex
that enveloped the skull to prevent the scattering of the bone fragments. Their model demonstrated
realistic fracture lines and entrance and exit wounds during ballistic loading. Furthermore, a

depressed internal table during glancing gunshots also showed bone fragments to lacerate their
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surrogate brain tissue. Overall, their qualitative findings were consistent with previous
experimental studies on bullet wounds on real skull tissue.

To replace the Hybrid III headform (originally designed for vehicle crash testing) with a
more biofidelic headform, Delille and colleagues created a dummy head prototype consisting of a
resin-based skullcap (Figure 7) (Delille et al., 2007). The resin they chose was not mentioned,
however, they insisted that any chosen resin should have an identical average Young’s modulus
as they determined for human skull bone in quasi-static 3-point bending. Their skullcap was
impacted at 5.56 to 6.00 m/s which was consistent with Nahum et al.’s work on dynamic head
impacts delivered to post-mortem human subjects (PMHS) (Nahum et al., 1977). Their head
prototype with and without a skin showed a comparable amplitude in the force-time response curve
to the Hybrid III headform but the duration of impact was greater for the head prototype (Figure
7). When compared to Nahum et al.’s results in terms of duration (4.40 ms), the head prototype’s
duration with skin (3.96 ms) was comparable, however, the PMHS’s peak force response was

greater by about 2 kN (Figure 7).
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Figure 7. Delille et al.’s physical head model (left image) and force-time response compared to
the Hybrid Il headform and Nahum et al.’s PMHS study (right image). Image source: (Delille et
al., 2007) Copyright permissions from Taylor and Francis have been granted. Experimental study of the
bone behaviour of the human skull bone for the development of a physical head model, R Delille, D Lesueur, P
Potier, P Drazetic, E Markiewicz, International Journal of Crashworthiness, © copyright (2007), reprinted by
permission of Informa UK Limited, trading as Taylor & Taylor & Francis Group, http://www.tandfonline.com.

In 2013, Roberts et al. developed 3-layered cranial surrogate bones of flat geometry that
were tested under quasi-static 3-point bending (Figure 8) (Roberts et al., 2013). Additionally,
surrogate cranial tables were assessed in fracture toughness tests and tensile loading. Cranial tables
were fabricated from epoxy resins (EPON 815C/EPIKURE 3234 or EPON 862/EPIKURE 3274
provided by Miller-Stephenson Chemical Co.) in which some tables were also mixed with
randomly oriented glass fibres. The diploe was modelled as one of three two-part urethane foams
(U.S 16#, modified US 16#, and TC-812). The fracture toughness of the epoxy resin mixed with a
percent of glass fibres used to model the cortical tables (2.5 KIC MPaVm) was comparable with
the average cortical bone of the femur (3.07 = 1.75 KIC MPavm). For cortical tables of epoxy plus
35% and 40% milled glass fibre, tensile strengths were 53.8 MPa and 52.43 MPa respectively,
which were aligned with cortical bone of the human cranium tested in tensile loading (67.73 MPa)
(Wood, 1971). The flat surrogate samples consisted of 2 or 2.2 mm cortical tables and a diplée

thickness of 4 or 3.8 mm which resulted in a total thickness of 8 mm, this total thickness falls in
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the greater end of the range for calvarium (3-13 mm) depending on the region (Adanty et al., 2021).
Nevertheless, under 3-point loading (Figure 8), the bending strength of cranial surrogates with US
Foam 16# was 67.3 MPa and with TC-812 was 68.4 MPa. Roberts et al. concluded these values
were aligned with the cranial bending strength of human cranial bone (82 MPa) (Hubbard, 1971).
However, this comparison must be assessed with caution since bending strength was not reported
by Hubbard (Hubbard, 1971), rather Roberts and colleagues may have manually computed it using
geometrical properties reported by Hubbard. The average bending modulus of the surrogate cranial
samples (2.98 GPa) was less than human cranial samples (11.73 GPa) reported by Hubbard
(Hubbard, 1971). The cranial surrogates were then fabricated into flat panels made of epoxy plus
30% glass for the cranial tables plus either of the three types of urethane foams mentioned earlier
to model the diplde. Each of the flat panels was then subjected to drop tower impacts at an impact
velocity of 3-5 m/s. The average force to fracture of the flat panels was 1650 N which was notably
less than the range of force to fracture for impacts on intact human skulls reported in the section

“The Biomechanics of the Human Skull”.

«—— Crosshead

Figure 8. An image of a three-layered surrogate produced by Roberts et al. in a three-point

bending test. Image source: (Roberts et al., 2013) This image was sourced from an open-access article, therefore
distribution or reproduction provided the original author(s) or licensor are credited are permitted.

Plaisted et al. introduced a photocurable synthetic material of high-loading ceramic

particulate reinforcement as a potential material to mimic cranial bone (Plaisted et al., 2015). This
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material was produced through stereolithographic (SLA) additive manufacturing. Quasi-static
tensile testing was performed on the synthetic material which resulted in strain rates of 10s™! to
105!, At similar strain rates, the tensile strength of their synthetic materials (60.4 to 78.1 MPa)
was within one standard deviation of the tensile strength of cranial cortical tables (72.3 + 14.4
MPa) (Wood, 1971). Furthermore, strain to failure (0.72 % to 0.98 %) and tensile modulus (9.5
GPa to 10.5 GPa) was also within one standard deviation of cranial cortical tables (0.69 £ 0.11 %
and 12.8 = 1.6 GPa).

Ondruschka et al. and Falland-Chueng et al. developed skull simulants using MasterFlow
622 (Degussa, Hanau, Germany), which has been described as a high-strength epoxy resin (Figure
9) (Falland-Cheung et al., 2017; Ondruschka et al., 2019). Ondruschka et al. performed quasi-static
3-point bending (10 mm/min) and reported statistically comparable bending modulus, maximum
force, strain at peak force and deflection at peak force between their simulants and cranial tissue.
However, their simulant’s bending strength was significantly less at 43 MPa compared to their
cranial tissue tested under similar conditions (55 MPa without the periosteum attached and 75 MPa
with the periosteum attached). Falland-Chueng and colleagues performed 3-point bending at 5
mm/min on simulants made of the same high-strength epoxy resin (Masterflow 622) (Falland-
Cheung et al., 2017). Their average bending strengths were 59.84 MPa which is greater than
Ondruschka et al.’s simulant (43 MPa) and are closer to the bending stress values of cranial tissue
reported in the literature (Table 1) (Lee et al., 2019; Motherway et al., 2009; Zwirner et al., 2021).
Noteworthy was that the elastic modulus (6.65 GPa) in Falland-Cheung et al.’s findings was
greater than Ondruschka et al.’s modulus (2 - 4 GPa), however, both these values fall in the range
of moduli reported for calvaria since there is a considerable variance in the human data reported

in the literature (see Table 1). In addition to the high-strength epoxy resin (Masterflow 622),
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Falland-Cheung et al. used the following materials as potential surrogate models for the skull:
fibre-filled epoxy resin (FFER) (Sawbones, Vashon, Washington, USA), polyethylene
terephthalate glycol-modified (PETG), polylactic acid — 3D printing filament (PLA) and a self-
cure acrylic denture base resin (Falland-Cheung et al., 2017). FFER exhibited a bending strength
and modulus of 209.93 MPa and 17.96 GPa respectively, 41.24 MPa and 1.68 GPa for PETG,
92.76 MPa and 3.03 GPa for PLA and 79.60 MPa and 2.38 GPa for self-cure acrylic. Their study
concluded that the high-strength epoxy (Masterflow 622) and the FFER simulants were
comparable to the average modulus of the calvarium (8.51 GPa) and therefore, were suitable
candidates to simulate the elastic properties of the calvarium. However, for simulating blunt force
trauma at dynamic impact rates, the PLA’s flexural strength was most suitable since its bending
strength was closer to cranial bone tested in dynamic impacts (Motherway et al., 2009; Zwirner et

al., 2021).

Figure 9. A calvarium specimen (top image) and its high-strength epoxy resin (Masterflow 622)
model (bottom image). Image source: (Ondruschka et al., 2019) Copyright permissions from
Springer Nature has been granted (license number: 5397140998245). Benjamin Ondruschka, Jik
Hang Clifford Lee, Mario Scholze, Johann Zwirner, Darryl Tong, John Neil Waddell, Niels Hammer, A

biomechanical comparison between human calvarial bone and a skull simulant considering the role of attached
periosteum and dura mater, International Journal of Legal Medicine, 133, 1603-1610, 2019, Springer Nature.

In a recent article, Brown and colleagues studied three commercially available bone surrogates
(Synbone, Sawbone and BoneSim) under a quasi-static compression condition and a dynamic

compression condition using a Split-Hopkinson Pressure bar system (Brown et al., 2019). Synbone
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(Synbone AG, Pacific Research Labs, Inc) is made of a polyurethane-based foam material that
contains different levels of porosity through its thickness to emulate the cortical tables and diplo€.
Sawbone is composed of epoxy mixed with glass fibres to mimic the cortical tables and rigid
polyurethane foam to mimic the diplo€. BoneSim is composed of a mixture of dry bovine cortical
bone and cyanoacrylate adhesive (Figure 10). An extensive number of compressive properties
were reported in this study due to the different orientations of loading (transverse and longitudinal)
and the densities of surrogate material that were tested. But to summarize, Synbone and BoneSim
Y experienced comparable compressive modulus (1.5 GPa) when loaded transversely to values
reported in the literature for the human skull (Brown et al., 2019). In addition, BoneSim was
generally the favourable candidate material to mimic the compressive young’s modulus, yield

strength, and ultimate strength of the human skull (Brown et al., 2019).

Figure 10. Three commercially available bone surrogates. A, B, X, Y correspond to different
densities used by Brown et al. The red arrows correspond to the two different loading conditions
applied, transverse (top arrow) and longitudinal (bottom arrow). Image source: (Brown et al.,
2019) Copyright permissions from Elsevier has been granted (license number: 5395490184561)"

! Reprinted from Journal of the Mechanical Behaviour of Biomedical Materials, Volume 90, A.D. Brown, J.B.
Walters, Y.X. Zhang, M. Saadatfar, J.P. Escobedo-Diaz, P.J. Hazell, The mechanical response of commercially
available bone simulates for quasi-static and dynamic loading, 404-416, Copyright (2019), with permission from
Elsevier. (Formatted according to Elsevier General Terms Section 3).
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Presented in this section were potential surrogate models of the human skull using synthetic
material to mimic fracture. These models were designed to either represent the whole geometry of
the skull (Delille et al., 2007; Thali et al., 2002) or were fabricated as beams and tensile or
compressive samples to determine mechanical properties (Brown et al., 2019; Falland-Cheung et
al., 2017; Ondruschka et al., 2019; Plaisted et al., 2015; Roberts et al., 2013). Some of the proposed
models fell within the range of mechanical measurements and properties documented for the
calvarium, thus, they have the potential to be alternatives to cadaveric skulls or non-frangible skull
models within headforms. However, many of the methodologies and materials introduced to
fabricate the calvarium models may not be easily accessible or cost-effective approaches to
construct a simple calvarium model to mimic fracture. Roberts et al. used EPON (Miller-
Stephenson) and glass fibres with the addition of a zirconium coupling agent and an anti-foam
surfactant to create their cortical layer (Roberts et al., 2013). The heterogeneous mixture for this
thin layer may be relatively complex and time-consuming and most of these materials are not
readily available at local retail corporations. Ondruschka et al. and Falland-Cheung et al. employed
a high-strength epoxy to fabricate their samples (Falland-Cheung et al., 2017; Ondruschka et al.,
2019), but this material is also not readily available at local retail corporations and is typically used
in heavy-duty building applications. Additionally, Synbone and Sawbone are primarily employed
in applications for surgical training and bone anatomy demonstrations, but these products have no
biomechanical parallels to calvarium (Brown et al., 2019). Sawbone has a line of composite bones
which are said to mimic the properties of human bones, but their product list does not contain a
calvarium. BoneSim by BoneSim Laboratories showed comparable compressive properties to the
human skull (Brown et al., 2019), but it is also inaccessible for local retail purchase and has not

been tested under bending conditions — a mechanism most associated with a skull fracture
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(Gurdjian et al., 1950). Plaisted et al. utilized additive manufacturing technology to fabricate a
potential ceramic-based model (Plaisted et al., 2015), however, the availability of additive
manufacturing technology is limited and may be an expensive piece of equipment for those who
have budget constraints.

Prior to this dissertation, no study had employed cost-effective methods and materials that
were readily available from local retail corporations to develop a simple model of the calvarium
to mimic mechanical response at fracture. A model by these means can be implemented in present
headforms to test protective devices against a skull fracture and head injuries. Therefore, this
dissertation initiated a step-by-step program towards the fabrication of surrogate models of the

calvarium to mimic mechanical response at fracture using cost-effective materials and methods.
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PART 111



Chapter 1: The Morphometry and Geometry of The Human
Calvarium.

Chapter 1 characterized the morphometric and geometric properties of the human calvarium. The
results of this chapter, specifically the geometrical properties, were relevant because they were
used to guide the physical construction of the surrogate prototypes discussed in Chapter 4.
Developing a surrogate model of the calvarium based on first-hand knowledge of the morphometry
and geometry of real human calvarium is critical to replicating its response to loading. In this
chapter, the length, thickness, and width were the geometrical properties characterized for the
beam-shaped calvarium specimens. The morphometric properties, which are the
microarchitectural structures of the calvaria, were characterized in this chapter using micro-
computed tomography (CT) 3-D imaging analysis. This included density, trabecular thickness, and
trabecular separation to name a few. The results of this chapter are valuable to both physical and
computational modellers of the human skull who wish to construct a model of the human calvarium
for head injury research or other relevant fields. The results of Chapter 1 fulfill sub-objective 1:
Determine the morphometry and geometry of the human calvarium.

Chapter 1 is a peer-reviewed journal article that was published in Bone. The journal author
rights are as follows in accordance with Elsevier, “Please note that, as the author of this Elsevier
article, you retain the right to include it in a thesis or dissertation, provided it is not published
commercially. Permission is not required, but please ensure that you reference the journal as the
original source. For more information on this and on your other retained rights, please visit:
https://www.elsevier.com/about/our-business/policies/copyright#Author-rights”. Chapter 1’s text

and content match exactly with the article published in Bone with no modifications.
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Cortical and Trabecular Morphometric Properties of The Human Calvarium

ABSTRACT

There is currently a gap in the literature that quantitatively describes the complex bone
microarchitecture within the diploé (trabecular bone) and cortical layers of the human calvarium.
The purpose of this study was to determine the morphometric properties of the diplo€ and cortical
tables of the human calvarium in which key interacting factors of sex, location on the calvarium,
and layers of the sandwich structure were considered. Micro-computed tomography (micro-CT)
was utilized to capture images at 18 pm resolution of male (n=26) and female (n=24) embalmed
calvarium specimens in the frontal and parietal regions (N=50). All images were post-processed
and analyzed using vendor bundled CT-Analyzer software to determine the morphometric
properties of the diplo€ and cortical layers. A two-way mixed (repeated measures) analysis of
variance (ANOVA) was used to determine diplo€ morphometric properties accounting for factors
of sex and location. A three-way mixed ANOVA was performed to determine cortical
morphometric properties accounting for factors of cortical layer (inner and outer table), sex, and
location. The study revealed no two-way interaction effects between sex and location on the diploé
morphometry except for fractal dimension. Trabecular thickness and separation in the diplo€ were
significantly greater in the male specimens; however, females showed a greater number of
trabeculae and fractal dimension on average. Parietal specimens revealed a greater porosity,
trabecular separation, and deviation from an ideal plate structure, but a lesser number of trabeculae
and connectivity compared to the frontal location. Additionally, the study observed a lower density
and greater porosity in the inner cortical layer than the outer which may be due to clear distinctions
between each layer’s physiological environment. The study provides valuable insight into the
quantitative morphometry of the calvarium in which finite element modellers of the skull can refer

to when designing detailed heterogenous or subject-specific skull models to effectively predict
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injury. Furthermore, this study contributes towards the recent developments on physical surrogate
models of the skull which require approximate measures of calvarium bone architecture in order
to effectively fabricate a model and then accurately simulate a traumatic head impact event.

Keywords: human calvarium, bone morphometry, diploé, cortical table, micro-computed

tomography (micro-CT)

54



1. INTRODUCTION

The human calvarium, which is also referred to as the neurocranium, encases the brain to protect
it against external forces. The calvarium is comprised of a unique three-layer sandwich structure
that consists of a porous trabecular bone layer referred to as the diploé, compressed between two
cortical bone layers, the outer and inner cortical tables. Recent efforts have been made to quantify
the morphological and geometrical characteristics for each layer in the sandwich structure
(Alexander et al., 2019; Boruah et al., 2015; Lee et al., 2019; Lillie et al., 2015; McElhaney et al.,
1970; Motherway et al., 2009; Peterson and Dechow, 2002). However, the morphological
properties of the calvarium conveyed in the literature frequently include density and porosity
measurements only, which do not thoroughly entail the complex microarchitecture that defines the
diploé (e.g. trabecular thickness, fractal dimension, and trabecular bone pattern factor). Moreover,
limited studies have accounted for interacting characteristics such as sex and location on the
calvarium which may have a substantial influence on morphometric measurements or conceivably
the mechanical responses during a skull fracture (Lillie et al., 2015; Motherway et al., 2009;
Peterson and Dechow, 2002). A comprehensive study on the morphometry of the calvarium along
with interaction effects such as sex, location on calvarium, and each layer of the sandwich structure
would be paramount towards the geometrical design of finite element (FE) (Boruah et al., 2015;
De Kegel et al., 2019) and physical surrogate (fracture) models of the skull (Brown et al., 2019;
Falland-Cheung et al., 2017; Roberts et al., 2013). With available geometric and morphometric
properties of the skull, modelers would be able to model the architecture of the skull, and when
coupled with approximate mechanical properties, can confidently predict injury or non-traumatic
related events during simulation or experimental analysis (Adanty et al., 2020; Boruah et al., 2015;

De Kegel et al., 2019).
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Properties of the human calvarium such as density, layer thickness, and porosity profiles
through the calvarium thickness have been well quantified in the literature (Alexander et al., 2019;
Boruah et al., 2015; Lillie et al., 2015; McElhaney et al., 1970; Peterson and Dechow, 2002).
Morphology of the diplo€ has been of particular emphasis due to its heterogeneous composition
and degree of trabecular connectivity. Consequently, the consideration of morphometric properties
beyond the density and porosity of the diplo€ has been marginally reported (Adanty et al., 2020;
Lee et al., 2019). From micro-computed tomography (micro-CT) scans on male calvarium
samples, Boruah and colleagues computed diplo€ bone volume fraction, a direct counterpart
measure of porosity, and reported a median bone volume fraction of 0.47 (95% CI 0.18-0.90)
equating to a median porosity of 53% (Boruah et al., 2015). Likewise, Alexander et al. examined
the thickness porosity profiles of higher-resolution micro-CT scans at a range of 5.3um to 6.7um
(Alexander et al., 2019). Their study reported average (standard deviation) porosities of 7.2 (3.3)
%, 16.1 (5.0) %, and 58.0 (8.3) % for the outer table, inner table and diplo€, respectively.
Calvarium density has generally been calculated using the Archimedes principle or by various
forms of destructive methods resulting in a percentage ash density (Auperrin et al., 2014;
McElhaney et al., 1970; Peterson and Dechow, 2002). Few studies have utilized non-destructive
methods such as CT-imaging techniques to quantify calvarium bone mineral density (BMD) or
tissue mineral density (TMD) (Boruah et al., 2013). Aupperin et al reported a range of apparent
densities between 1.684 g/cm® to 1.782 g/cm® for the frontal, parietal, and temporal bones
(Auperrin et al., 2014). Peterson and Dechow established a significant difference between inner
(1.813 g/cm?) and outer (1.869 g/cm?) table apparent densities for male and female subjects
(Peterson and Dechow, 2002). Imperative morphometric parameters of diploé€ trabeculae such as

trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular number (Tb.N) have
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not been considered for the calvarium. Obtaining a sense of these parameters and how they can
potentially alter with sex, location, and layers may unravel novel characteristics on the composite
nature of the calvarium and thus provide a valuable dataset for skull modelling purposes and proxy
measures for bone strength in clinical diagnosis (Chen et al., 2018; Wu et al., 2015).

Three-dimensional (3D) imaging, such as micro-CT, can distinguish soft from hard tissue
and compute complex 3D morphological indices of bone (Bouxsein et al., 2010). Given the
innovative capabilities of 3D imaging, key morphometric parameters can be resolved to describe
the full structure of trabeculae. Tb.Th is defined as the average thickness of trabeculae; Tb.Sp is
defined as the average separated distance between trabeculae; and Tb.N is the average number of
trabecular bone per unit length (Bouxsein et al., 2010). These parameters fundamentally
characterize trabecular bone and have been well quantified in load-bearing parts of the human
body such as the vertebral spine, femur, and mandible (Chen et al., 2013; Gong et al., 2005;
Greenwood et al., 2015; Zebaze et al., 2010). Load-bearing parts may frequently endure
mechanical demands from physical activity, the shifting of body weight, and chewing; therefore,
their mechanical strength may have an association with their trabecular morphometry (Chen et al.,
2013; Gong et al., 2005; Greenwood et al., 2015; Zebaze et al., 2010). Indeed, the calvarium does
not bear load or experience mechanical demands to the same degree as the vertebral bones, femur,
and mandible. Though the biomechanical response of an injury such as a skull fracture may be
immensely dependent on structural properties of the diploé, therefore, Tb.Th, Tb.Sp, and Tb.N
must be quantified for the diploé (Adanty et al., 2020; De Kegel et al., 2019; McElhaney et al.,
1970; Motherway et al., 2009).

The purpose of this study was to determine the morphometric properties for the male and

female calvarium, as well as report on the potential interaction effects between sex, location
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(frontal and parietal), and the layers of the sandwich structure. These may be essential geometrical
factors to consider as generic FE models progress away from a simplified design of the skull
geometry based on Visible Human Database (U.S National Library of Medicine, 2000), and
surrogate skull models work towards structural and mechanical validity for experimental skull
fracture assessment (De Kegel et al., 2019). FE head injury models, particularly subject-specific
models, require knowledge on the morphometric properties of the calvarium at different levels of
sex, age, and location to accurately model, predict, and assess a skull fracture or a traumatic head
impact (De Kegel et al., 2019). In addition to density and porosity measurements, physical
surrogate fracture models of the human skull would also benefit from detailed morphometric
properties of the diploé such as Tb.Th, Tb.Sp, and Tb.N in order to fabricate a model that is
geometrically comparable to a real human calvarium (Brown et al., 2019; Falland-Cheung et al.,
2017; Roberts et al., 2013).

The null hypotheses for this study were: 1) no significant interaction effects between sex
and location on the diplo€ morphometric properties, 2) no significant interaction effects between
the cortical layers, sex, and location on the cortical morphometric properties, and 3) no significant
main effects or simple main effects, in other words, no significant differences in diploé
morphometric properties between male and female and between frontal and parietal locations.
Given there are known morphological differences between sexes for other anatomical regions such
as the spine, pelvis, and overall skull shape (Keen, 1950; Nieves et al., 2005), differences in
morphometry of the calvarium between sexes were anticipated. Lastly, this study hypothesized
significant differences in cortical morphometry between the outer and inner cortical tables since
previous findings observed differences in density and porosity between the two cortical layers

(Alexander et al., 2019; Peterson and Dechow, 2002).
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2. MATERIAL AND METHODS

All of the methods and protocols attributed to this work were approved by the University of Alberta
Research Ethics Board (ID: Pro00089218). All specimens came from individuals from the
University of Alberta Anatomical Gift Program.

2.1 Specimen Extraction

Frontal and parietal calvarium specimens were extracted from 13 male and 12 female embalmed
(formalin fixed) cadavers using a Mopec autopsy saw. This resulted in a total sample size of n=50
calvarium specimens (Figure 1). All cadavers are stored at the University of Alberta in unbuffered
aqueous formaldehyde 37% embalming fluid, which is composed of 4% phenol, 4% formulin
(37% concentration), 8% glycol, 8% ethyl alcohol (95% concentration), and 76% water. To extract
the frontal specimens, we located the center of the coronal suture on each calvarium and measured
a point approximately 1.5 cm inferior to the suture. At that point we used a rectangular template
model (55 mm in length and 8 mm in width) to outline a rectangular boundary that was used as a
guide to cut and extract the frontal specimen as displayed in Figure 1. Similarly, we located the
center of the squamosal suture and measured a point approximately 1.5 cm superior to that suture.
At that point we used the rectangular template model to outline the region that was used as a guide

to cut and extract the parietal specimens as displayed in Figure 1.
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Figure 1. Schematic representation of a calvarium showing the frontal and parietal locations
where specimens were extracted from each cadaver.

Furthermore, a selected number of specimens out of the 50 were additionally cut using a
Buehler Isomet 4000-equipped with a water-based coolant (Cool 3) to ensure all specimens had
approximately equal dimensions of length and width. Thickness varied across the specimens as
expected. Figure 2 presents example images of the frontal and parietal calvarium for one male and
one female subject. A summary of the subjects’ average age and specimen dimensions for each
sex are presented in Table 1. All subjects were examined for pre-existing bone pathology to ensure

no pathological factors had influenced the subsequent morphometry results.
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Figure 2. Example images of a male frontal (a.), male parietal (b.), female frontal (c.), and female
parietal (d) calvarium specimen. L, W (into the page) and T correspond to the location of where
length, width, and thickness dimensions were measured respectively at the center of each specimen
using digital calipers.

Table 1. The average age and dimensions of the calvarium specimens.

Averages Male subjects Female subjects All subjects (n=25)
(n=13) (n=12)

Age 83.6 + 8.9 years old 88.0 £ 9.0 years old 85.7 £ 9.0 years old
Frontal length 50.61 £ 2.63 mm 51.46 £ 1.83 mm 51.02 £2.28 mm
Parietal length 55.91 £2.31 mm 54.91 £ 2.47 mm 55.43 £ 2.39 mm
Frontal width 8.58 £0.43 mm 8.97 £1.57 mm 8.77+1.17 mm
Parietal width 8.55+0.40 mm 8.54 £ 0.57 mm 8.55+0.49 mm

Frontal thickness 6.97 £ 1.54 mm 7.58 £ 1.94 mm 7.26 £1.78 mm
Parietal thickness 6.00 = 1.49 mm 7.00 = 1.24 mm 6.49 £1.46 mm

2.2 Micro-CT Scanning of Specimens

2.2.1 Image Acquisition

Prior to micro-CT imaging, all specimens were stored in immersed aqueous embalming fluid at
room temperature. At the time of scanning, fully hydrated specimens were removed and positioned
on pre-cut foam supports within 50 ml centrifugal tubes to inhibit movement (Figure 3a), and the
local humid environment sealed with the air-tight screw cap to avoid specimen dehydration during

the scanning process.
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Figure 3. Example of a specimen stabilized in a centrifugal tube (a.) and the resulting
reconstructed and filtered micro- CT image of the specimen (b.).

The tubes were then loaded into the micro-CT scanner (Bruker-Skyscan 1176) with each
specimen scanned at a resolution (isotropic voxel size) of 18 um. All micro-CT images were
acquired at the following scanning parameters: 90 kV X-ray tube voltage (peak), 278 pA X-ray
current, Imm Al filter to remove low energy photons, 300 ms integration time, frame average of
n=3, and 0.7° angular rotation step. Each specimen length required 4 multi-part field of view scans,
through 180 degrees of rotation, that were subsequently joined using the post-alignment pre-
processing software feature NRecon (version 1.6.3.3).

Following the scanning of the calvarium specimens, two vendor-sourced cylindrical
calibration phantoms, each 4 mm in diameter and composed of known concentrations of calcium
hydroxyapatite (HA) in epoxy resin were scanned under identical scanning parameters and
resolution as the calvarium specimens (Phantom 1 BMD: 0.250 g HA/cm?® and Phantom 2 BMD:
0.750 g HA/cm?). A linear relationship for BMD as a function of micro-CT attenuation coefficients
(AC) for the phantoms voxels was established resulting in equation 1. A negative and positive
BMD corresponds to a non-bone voxel and a bone voxel, respectively.

BMD (g HA/em®) = 67.1939 (AC)-0.3493 (1)
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2.2.2 Post-scanning Image Processing
Two-dimensional shadow projections in TIFF file formats (8-bit) were the product from each
micro-CT scanned specimen. The shadow projections were then reconstructed into 3D voxel slices
(BMP file format) by way of a modified Feldkamp algorithm using NRecon software package
(Bruker-Skyscan). Prior to image segmentation, reconstructed scans for each specimen were
filtered using a Gaussian blur (Radius=1) to reduce image noise. This radius of the Gaussian blur
was chosen because it maintained image sharpness and reduced image noise without degrading the
original reconstructed scans (Bouxsein et al., 2010). The result for one reconstructed and filtered
micro-CT scanned specimen is presented in Figure 3b.

Segmentation of the filtered scans was performed on vendor bundled CT-Analyzer (version
1.10) software. The segmentation process initially involved delineating the diplo€ layer of the
calvarium from the inner and outer cortical tables (Figure 4a). The contouring used to delineate

the diploé layer was achieved manually on a slice-by-slice basis.

Outer cortical table

Diploé ROI

Inner cortical table

Figure 4. Diploé region of interest (ROI) shaded in red for a single cross-section of a calvarium
specimen (a.). Resultant diploé VOI to be used for image analysis (b.)
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As displayed in Figure 4, the region of interest (ROI), shaded red, is the diplo€ outlined
with an irregular anatomic contour adjacent to the inside surfaces of the inner and outer cortical
tables. This process was completed for each cross-section of the calvarium resulting in a digitally
extracted volume of interest (VOI) of the diploé (Figure 4b). An equivalent contouring was
employed to delineate the inner and outer cortical tables from the diploé, resulting in VOIs for
each cortical table (Figure 5a, 5b). Supplementary Material A provides proof that the manual
contouring to acquire the VOI for each specimen was a repeatable method in the current study. To
finalize the segmentation, a global threshold was applied to the diploé€ and cortical tables VOIs in
order to clearly distinguish non-bone voxels from bone voxels. A fixed value of 0.499 g HA/cm?
was the set threshold value for the diploé layer and a fixed value of 0.594 g HA/cm? was used for
the cortical tables. There is no agreed upon threshold value for bone in the literature (Bouxsein et
al., 2010), however, the threshold values formally stated was sufficient to distinguish non-bone

voxels and bone voxels for a majority of the cross-sections in a specimen for this study.

a. ROI to VOI for the inner cortical table b. ROI to VOI for the outer cortical table

Figure 5. The ROI for the inner (a.) and outer (b.) cortical table and their resulting VOIs to be
used for image analysis.
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2.2.3 Image Analysis

Morphometric properties were determined for the diplo€ and cortical tables for each scanned
specimen using the CT-Analyzer software. Table 2 outlines the morphometric properties of the
diploé and cortical tables that were computed, along with how each property was defined in this

study.
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Table 2. Definitions of the morphometric properties measured in this study along with their unit

of measure.

Diploé morphometry

Unit

Definition

BMD: bone mineral density

Porosity

Tb.Th: trabecular thickness

Tb.Sp: trabecular separation

Tb.N: trabecular number

Tb.Pf: trabecular bone pattern factor

uPi: un-plate index

FD: fractal dimension

¢ HA/cm?

%

1/mm

1/mm

Dimensionless

Dimensionless unit between 2 and 3

Average density of bone and non-bone
voxels

Ratio of closed and open pores volume
to total VOI volume

Average thickness of trabeculae

Average separation or distance between
trabeculae

Average number of trabeculae per mm

A representative measure of trabecular
connectivity or the ratio of convex to
concave surface curvature. A high
connectivity and structural integrity of
trabecular bone is indicated by greater
concave surfaces (lower or negative
values).

The ratio of a specimen’s Tb.Th
derived in 3D to the Tb.Th derived in
2D, an increasing uPi indicates
departure from an ideal plate
morphology.

A measure that describes trabecular
bone surface complexity, where a
number closer to 3 indicates a greater
surface complexity

Cortical morphometry

Unit

Definition
Average density of bone voxels
TMD: tissue mineral density g HA/cm3 exclusively
Porosity o, Ratio of closed and open pores volume

to total VOI volume
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The calibration process completed during the image acquisition allowed for mean BMD
and TMD measurements to be calculated based on the conversion of AC values to physical density
(g HA/cm?®) values for each bone voxel and non-bone voxel within the specimen VOI. BMD
pertains to the density values attributed to the bone mineral content (bone voxels) and the pores
(non-bone voxels) within the VOI. TMD pertains to the density of the bone mineral content in the
VOI, excluding the pores. 3D based algorithms (built-in the software) were used by CT-Analyser
to calculate Tb.Th, Tb.Sp and Tb.N. Tb.Th was determined using a sphere-fitting method. It
involved the use of spheres which were optimized to completely encase all the voxels of trabeculae
structure within the diplo€ VOI (Bouxsein et al., 2010; Hildebrand and Riiegsegger, 1997). The
maximum diameters for all the spheres that were fitted for each trabeculae structure were averaged
to approximate an average thickness of trabeculae (Figure 6). The same method was applied to

calculate Tb.Sp, where in this case the spheres were fitted in the spaces between trabeculae (Figure

6).

Trabecular thickness

(Tb.Th)

Trabecular separation
(Th.Sp)

Figure 6. An example of a binarized diploé cross-section illustrating the sphere (gold circles)
method to compute Tb.Th and Th.Sp.

Tb.N was calculated by way of a parallel plate method in 3D (Parfitt et al., 1987). This

method takes the ratio of bone volume (bone voxels in the VOI) to tissue volume (bone and non-
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bone voxels in the VOI) in the diploé and divides it by Tb.Th, resulting in an average Tb.N
(Bouxsein et al., 2010; Parfitt et al., 1987; Salmon, 2009). Tb.Pf has been considered a proxy
measure of trabecular connectivity and is thought to be linearly dependent on percent bone volume
(Kivell, 2016; Salmon, 2020). This parameter is calculated using equation 2, where BS and BV
refer to bone surface and bone volume respectively, and 1 and 2 refer to before and after an image
dilation procedure respectively (Hahn et al., 1992). An image dilation is a computer based
thickening of the trabecular bone through the addition of pixels to the boundaries of the trabecular
bone (Hahn et al., 1992). BS is the surface area of all the bone voxels within the VOI. It was
computed in 3D using a marching cube algorithm that creates triangulations of the bone surface to
determine surface area (Lorensen and Cline, 1987). BV is the volume of all the bone voxels within
the VOI, it was computed using volumetric marching cubes in CT-Analyzer (Lorensen and Cline,

1987).

Th.Pf = (BS;-BS>)/(BV1-BV>) 2)

uPi is computed using equation 3. uP1 is considered an alternative parameter to structural model
index (SMI) but avoids out of range values (negative values) which may indicate concave surfaces

occurring from porosity (Salmon, 2020).

uPi= (Tb.Th x BS) /(2 x BV) (3)

As the uPi value increases, trabecular bone increases its departure from an ideal plate morphology
(Salmon, 2020). A plate is considered an ideal morphology for trabecular bone because its
structure is mechanically stronger compared to rods (Salmon et al., 2015). This can be understood
by observing Figure 7, where plates can be described as wider regions of trabecular bone, whereas

rods can be illustrated as elongated, thin, and cylindrical (Salmon et al., 2015) (Figure 7).
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Rods

Figure 7. An example of a binarized diploé cross-section illustrating rods and plates within the
trabecular region.

The diploé is a complex network of irregular and disorganized trabecular struts and
therefore fractal dimension (FD) was another morphometric property considered in this study that
measured the surface complexity of the diplo€ (Chappard et al., 2001; Chen et al., 2018). It is also
an investigative property for bone strength indication and osteoporosis diagnosis (Chen et al.,
2018; Wu et al., 2015). A box-counting algorithm was used to compute FD in 3D by CT-Analyser.
2.3 Statistical Analysis
The study’s main objective was to determine morphometric properties of the diploé and cortical
tables with the consideration of key interacting factors (sex, location, and layers of the sandwich
structure), therefore, two and three-way mixed (repeated measures) analysis of variance (ANOVA)
tests were performed. The dependent variables in this study were the diplo€ and cortical
morphometric properties outlined in Table 2. The independent variables in this study were the: (1)
two levels of sex: male and female, (2) two levels of calvarium location: frontal and parietal, and
(3) two cortical layers of the calvarium: outer and inner cortical table.

2.3.1 Two-way mixed (repeated measures) ANOVA: Diploé
For each diplo€ morphometric property a two-way mixed ANOVA was conducted in which the
independent variables were (1) sex and (2) calvarium location. Sex was treated as a between-

specimen factor due to their independent levels (male and female) and calvarium location was
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treated as a within-specimen factor (repeated measure) since their levels (frontal and parietal
locations) originated from the same calvarium. The interaction term that was investigated for the

two-way mixed ANOVA was sex*calvarium location.

2.3.2 Three-way mixed (repeated measures) ANOVA: Cortical

For each cortical morphometric property a three-way mixed ANOVA was conducted in which all
three independent variables were included in the analysis. Sex was treated as a between-specimen
factor but calvarium location and cortical layer were considered within-specimen factors (repeated
measure) since their levels (frontal/parietal locations and inner/outer cortical layers, respectively)
originated from the same calvarium. The interaction terms that were investigated for the three-way
mixed ANOVA was sex*calvarium location*cortical layer, sex*cortical layer, and calvarium
location*cortical layer.

A power analysis was performed to ensure our probability of committing a type two error
was no more than 20% for the hypothesis testing of the main effects and simple main effects
(multiple comparison tests). The authors referred to morphometry means and standard deviations
(percent porosity and percent bone volume) from a previous study to determine the minimal
sample size required to observe 80% power (=0.20) (Motherway et al., 2009). This particular
study was preferred to perform the power analysis since their morphometry analysis originated
from 63 calvarium specimens from both sex and frontal and parietal locations, a parallel
description of the samples used in the current study. Using calculation methods described by Eng
(2003), a computed total sample size of 35 specimens were required to observe an 80% power
(Eng, 2003). Therefore, 50 calvarium samples was a sufficient sample size for this study. All
statistical tests yielded averages and 95% confidence intervals (CI) for each morphometric

property and accounted for possible interaction effects between independent variables or main
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effects. Statistical analysis was carried out using IBM SPSS version 25 (IBM Inc, Armonk, NY,
USA). Bonferroni post-hoc tests were carried out to perform multiple comparison analyses when
significant main effects were detected. The alpha level was set at 0.05 with a p-value less than 0.05

considered statistically significant.
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3. RESULTS

3.1 Diploé Morphometry

All diploé morphometric variables satisfied normality, p>0.05 (Shapiro-Wilk test) and
homogeneity of variance, p>0.05 (Levene’s test), excluding the male parietal group which violated
normality for Tb.Th (p=0.043). Two-way mixed ANOVA tests were carried out despite this single
violation, as the ANOVA is tolerant to deviations from normality. No statistically significant two-
way interactions were reported between sex and calvarium location for all diplo€ morphometric
properties except for FD (Table 3). Significant simple main effects established that FD was greater
in females compared to males for each calvarium location on average (Table 4). Significant main
effects established that Tb.Th and Tb.Sp were greater for male diplo€ compared to female, and
Tb.N was significantly greater for female diplo€ compared to male (Table 5). Significant main
effects established that Tb.N and Tb.Pf were greater for frontal specimens compared to parietal

specimens, and parietal specimens reported a greater porosity, Tb.Sp, and uPi (Table 5).
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Table 3. The statistical results for the interaction terms investigated for the diplo€ morphometry

and cortical morphometry. The degree of freedom for each statistic was 1.

Sex*Calvarium location

Diploé morphometry p-value F-statistic

BMD 0.353 0.900
Porosity 0.385 0.783

Tb.Th 0.454 0.580

Tb.Sp 0.078 3.406

Tb.N 0.923 0.010

Tb.Pf 0.951 0.004

uPi 0.208 1.681

FD* 0.046 4.441

Sex*Calvarium location*Cortical layer

Cortical

morphometry p-value F-statistic
TMD 0.159 2.320
Porosity 0.247 1.513

Sex*Cortical layer

p-value F-statistic
TMD 0.892 0.019
Porosity* 0.021 7.436

Calvarium location*Cortical layer

p-value F-statistic
TMD 0.603 0.288
Porosity 0.407 0.748

*Statistically significant (p<0.05).
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Table 4. Simple main effects: Averages [95% Cls] for FD with respect to sex, location, and all 50
specimens.

Calvarium location

Diploé . .
Morphometry Frontal Parietal All specimens
Male Female Male Female
FD 2.60 * 2.65 2.56* 2.67 2 59296220640]
[2.56,2.69] [2.62,2.69] [2.53, 2.60] [2.63,2.71] R

*Statistically significant difference between male and female (p<0.05).
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Table 5. Main effects: Averages [95% Cls] for diplo€ morphometry with respect to sex, location
and all 50 specimens.

Sex Calvarium location
o All
Diploé Male Female Frontal Parietal specimens
morphometry
n=50
BMD (g 0.46 0.44 0.46 0.44 0.45
HA/em?) [0.40,0.51] [0.39, 0.50] [0.42,0.51] [0.40, 0.48] [0.42, 0.48]
51.2% 55.4 533
Porosity (%) 52.6 54.0
[46.8, 55.6] [51.2,59.5] [50.3, 56.2]
[47.1,58.1] [48.3,59.7]
Tb.Th (mm) 0.29* 0.24 0.26 0.27 0.27
[0.26,0.32]  [0.21,0.27] [0.24, 0.28] [0.25, 0.29] [0.25, 0.28]
0.65* 0.52 0.55% 0.62 0.59
Tb.Sp (mm)
[0.58,0.72]  [0.45,0.59] [0.50, 0.60] [0.56, 0.68] [0.54, 0.63]
1.65% 1.93 1.89* 1.69 1.78
Tb.N (mm™)
[1.51,1.78]  [1.79,2.07] [1.78, 1.99] [1.58, 1.80] [1.70, 1.87]
o -10.92 -11.96 1308+ 960 -11.42
To.Pf (mm™) [-13.41, - [-14.55, - [-12.88, -
8.43] 9.37] [-15.47,-11.09] [-11.45,-7.76] 9.97]
Pi 1.60 1.59 1.59
u [1.53,1.66] [1.52,1.65] 1.56 * 1.62 [1.55, 1.63]
[1.52, 1.60] [1.56, 1.68]

*Statistically significant difference between male and female or between frontal and parietal
(p<0.05).
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3.2 Cortical Morphometry

Normality was satisfied for TMD (p>0.05), however it was violated for porosity in the male
(p<0.001) and female (p=0.025) outer cortical table groups. Three-way mixed ANOVA tests were
carried out despite these violations as ANOVA is tolerant from deviations of normality. No
statistically significant three-way interaction effects and two-way interaction effects (sex*cortical
layer and calvarium location*cortical layer) were reported for TMD (Table 3). Significant main
effects established that the outer cortical table TMD was significantly greater than the inner cortical
table (Table 6). No statistically significant three-way interaction effects were reported for porosity,
however, a two-way interaction effect was established between sex and calvarium layer (Table 6).
For each sex and location, the porosity of the inner cortical table was significantly greater than the
outer cortical table (Table 6). Additionally, female cortical porosity was significantly greater

compared to male at each cortical layer.
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Table 6. Averages [95% ClIs] for cortical morphometry with respect to sex, calvarium location,

and cortical layer.

Cortical layers

Cortical All
morpheme- Inner table Outer table cortical
try layers
1.01
TMD
0.98 [0.97, 0.99] 1.03 [1.01, 1.04] [1.00,
(g HA/cm?)
1.02]
Frontal location Parietal location
Male Female Male Female
Porosity (%) Inner table: Inner table: Inner table: Inner table:
6.5[4.5, 8.6] 9.8[7.9,11.7] 8.1[6.1,10.1] 13.7[10.6,16.7]
* % * * 7.1
Outer table: Outer table: Outer table: 4.6 Outer table: [6.3,8.0]
3.2[1.6,4.9] [3.0, 6.1]
5.3[4.0, 6.6] 7.1[5.6,8.5]

* Statistically significant difference (p<0.05).

The Supplementary Material B provides histograms for all diploé and cortical morphometric

properties.
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4. DISCUSSION

4.1 Diploé morphometry

In the present study, diplo€ morphometry was quantified across sex and calvarium location using
non-destructive micro-CT imaging-based methods. Apart from FD, there were no interaction
effects that occurred between sex and location to influence the resultant diplo€ morphometry.
Alternatively, significant differences of morphometry were mainly found between the levels of
sex and the levels of location. BMD between the sexes were statistically equivalent and as
expected, this result was also observed with porosity since a linear relationship was previously
established between porosity and density (McElhaney et al., 1970). However, porosity was notably
greater among the parietal specimens compared to the frontal specimens. This difference may be
associated with the significantly greater Tb.Sp and uPi that were also reported. For the diplo€ to
encompass greatly separated trabecular struts, along with deviations from a plate (wide) structure
toward a rod (thin) structure, it can be speculated that pore space and thus porosity should increase
accordingly. Therefore, it is plausible to infer that a relationship exists between morphometric
parameters such as porosity, Tb.Sp, and uPi that could motivate future work to investigate. To the
authors’ knowledge, BMD and porosity measurements exclusively for the diploé€ using micro-CT
imaging has not been adopted in the literature to date, and so the authors believe the current work
represents a valued contribution. Utilizing micro-CT imaging-based methods, Boruah and
colleagues presented a histogram of BMD measurements consisting of the whole calvarium
sandwich structure (Boruah et al., 2013). Furthermore, destructive methods were applied to
quantify apparent density for calvarium specimens by McElhaney et al (McElhaney et al., 1970).
Although BMD was defined for the overall calvarium structure in these studies, the diploé region

specifically was not investigated. The current study exclusively reported on average diplo¢ BMD
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and porosity, along with 95% CIs and distribution curves for future reference (see section on
Supplementary Material B).

To verify that the diplo€ morphometric properties reported in this study were aligned with
rational values of human trabeculae, the results were compared against trabecular morphometry
values of different human bones reported in past findings (Alexander et al., 2019; Boruah et al.,
2015; Kersh et al., 2013; Kim and Henkin, 2015; Reisinger et al., 2011). The ranges of BMD
reported in this study are within the ranges of trabecular BMD values for the human mandible
(0.382 £ 0.118 g HA/cm?) and maxilla (0.214 + 0.095 g HA/cm?) (Kim and Henkin, 2015) which
are bone regions that make up the skull and located inferior to the calvarium. Furthermore, diploé
porosities reported in the current study are consistent with previous findings despite distinctions
in scanning resolution and the physical sizes of tested specimens (Alexander et al., 2019; Boruah
et al., 2015). With the present study finding no clear differences in the density of the diploé
between sexes and calvarium regions, FE models or physical surrogates may conclude on a single
value of each parameter for a skull diplo€ model (Brown et al., 2019; De Kegel et al., 2019;
Falland-Cheung et al., 2017; Roberts et al., 2013). Conversely, slight location distinctions in
morphometric properties such as porosity, Tb.Sp and uPi would need to be accounted for within
subject-specific skull models in order to obtain accurate predictions on mechanical response at
fracture (De Kegel et al., 2019).

Tb.Th, Tb.Sp and Tb.N were estimated in this study using a sphere fitting method. It was
found that on average, Tb.Th and Tb.Sp were greater in male diplo€, however, Tb.N was greater
in female diplo€. In other words, the results indicate that male trabecular struts are thicker and
significantly separated from one another, yet the quantity of trabeculae is lower compared to that

observed in females. One may hypothesize that thicker trabecular struts or a significant number of
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trabeculae would enhance the mechanical strength of the diplo€. However, a thorough study on
the relationship between morphometry and mechanical strength that accounts for sex is required
to confirm this hypothesis. Future work investigating this relationship would allow for
computational mechanical modelers and researchers developing skull surrogates to determine
appropriate design considerations for morphometry properties most attributing to a fracture.

The present study is the first to document trabecular properties for the diplo€ with a unique
acknowledgement for sex and location interactions, therefore, it was challenging to refer to
previous studies for possible comparison. In addition to BMD, Kim and Henkin reported Tb.Th
(0.10 £ 0.02 mm), Tb.Sp (0.63 £ 0.18 mm), and Tb.N (2.07 + 0.80 per mm) for the human maxilla
and were comparable to the results reported in the current study (Kim and Henkin, 2015). Van
Dessel et al likewise reported an average Tb.Pf of -8.54 + 4.4 per mm for the human mandible
(Van Dessel et al., 2016). This equates to a range of -12.94 to -4.14 per mm for one standard
deviation and thus aligns with the Tb.Pf values reported in the current study (Van Dessel et al.,
2016). It is important to recognize the negative value of Tb.Pf in the current study as this signifies
a high connectivity and concave surface which is ideal for trabecular bone. Salmon (2020) first
introduced the uPi parameter and calculated a range of average uPi between 1.50 and 1.75 for the
tibia and femur of rats (Salmon, 2020). Salmon used Tb.Th, BS, and BV parameters from Tivesten
et al’s study to calculate the uPi (Tivesten et al., 2004). The average uPi reported in the present
study falls within this range (Salmon, 2020; Tivesten et al., 2004). Unfortunately, to our best
knowledge, there are no original articles that have documented the uPi parameter in human bone
to date. One potential reason for this is because the alternative measure, SMI, is the most

commonly used parameter that also identifies plate and rod structures (Salmon, 2020). Fortunately,

80



the uP1 avoids the additional procedure required to compute SMI which is identifying out-of-range
values corresponding to trabecular concave surfaces (Salmon, 2020).

The parietal location had a lower Tb.N and Tb.Pf compared to the frontal on average.
Previously, it was noted that parietal specimens reported greater porosity due to significantly
separated trabecular bone. As a result, undoubtedly, there should be less trabecular bone per unit
length along with connectivity in the parietal, thus justifying the considerably lower Tb.N and
Tb.Pf found in the parietal specimens. Furthermore, the parietal location deviated from an ideal
plate structure (uPi parameter) significantly compared to the frontal bone. This indicates the
parietal diplo€ consists of less plate like structures and more thin rod trabecular bone which could
jeopardize the mechanical strength of the parietal diplo€. At the present moment, there may not
be a clear phenomenon to further explain this locational difference, however, the authors speculate
it may provide reasoning for observed mechanical property differences between frontal and
parietal regions as reported in previous studies (McElhaney et al., 1970; Motherway et al., 2009).
The greater Tb.N and Tb.Pf, and the lower uPi in the frontal location may be the few diploé
morphometric properties associated with the greater fracture force and energy absorption
capabilities in frontal samples compared to the parietal as a recent study observed during 3-point
impact loading on cranial bone (Motherway et al., 2009). By way of multiple or binary regression
techniques, such an association would be worth investigating in the future in order to quantify the
relationship between morphometric/geometric properties of the calvarium and mechanical
responses (Adanty et al., 2020; De Kegel et al., 2019).

FD was also included in the analysis of diplo€ morphometry as it is widely regarded by
clinical researchers as a good indicator for mechanical strength of bone as well as a complementary

clinical diagnosis for osteoporosis (Chen et al., 2018; Feltrin et al., 2001; Wu et al., 2015). FD
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simply describes the self-similar complexity of bone, particularly for porous structures, and when
computed in 3D its dimension falls within 2 and 3 (Chen et al., 2018). A significantly greater FD
in female diplo€¢ was evident in the present study, suggesting a greater surface complexity or a
finer spatial resolution on self-similar imagery compared to male trabecular bone on average
(Gonzales-Barron and Butler, 2005). Currently, there is inadequate evidence to confirm the true
relationship between FD and other morphometric parameters such as porosity and BMD. From a
study on trabecular bone samples of the human femoral head, a correlation beyond 0.80 was
established between 2D computed FD and porosity (Pothuaud et al., 2000). Alternatively, FD was
negatively associated with BMD (Harrar and Hamami, 2008), however that should be expected
since the inverse relationship between BMD and porosity has been long-established (McElhaney
et al., 1970). Based on these statistical relationships, the marginally lower BMD (greater porosity)
revealed in the female specimens could be a contributing factor towards differences in FD among
sex. More recently, FD was found to be positively correlated with bone stiffness during the
compression of rodent bone using FE analysis (Wu et al., 2015). Although the relationship between
diploé morphometry and the mechanical response of bone during computational and experimental
loading is not fully established, it may provide critical inferences on which structural properties
contribute greatly towards accurately modelling an injury.

4.2 Cortical Morphometry

The present study quantified TMD and porosity distinctions between the inner and outer cortical
tables. Overall, the results entailed a clear morphometric difference between the two layers
whereby the inner cortical table observed a lower TMD and greater porosity compared to the outer
cortical table. These results were also evident in previous works (Alexander et al., 2019; Auperrin

et al., 2014; Peterson and Dechow, 2002). Peterson and Dechow used a destructive method to
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determine that the outer table was significantly denser than the inner table and suggested the inner
table experiences a lower bone remodelling rate and a greater average of mineralization based on
ash weight percentages to explain for the difference (Peterson and Dechow, 2002). This may hold
as a reasonable inference because the inner table’s surface is positioned in a unique biological
environment consisting of the cerebral spinal fluid and the brain. Additionally, porosity was
significantly greater in the inner table which may also help to explain for its significantly lower
TMD. Indeed, many works including the present study have reported morphometric differences
between the inner and outer cortical tables (Alexander et al., 2019; Auperrin et al., 2014; Peterson
and Dechow, 2002). Regardless of cortical table or location, the female specimens averaged a
greater porosity in comparison to the males. However, TMD was not sensitive to differences in
sex which is rational given TMD is a function of solely bone voxels and therefore its relationship
with porosity may not be necessarily consistent with the inverse relationship between BMD and
porosity. It is recommended that these cortical differences are reflected in the material properties
of the skull in existing FE head models to ensure validity of material properties and injury
prediction (Horgan and Gilchrist, 2003; Kleiven and Hardy, 2002; Sahoo et al., 2014; Takhounts
et al., 2008).

4.3 Future considerations and limitations

The study quantified the diploé and cortical morphometry of the human calvarium. From the set
of morphometric indices investigated in this study, an appropriate step moving forward would be
the determination of morphometric indices that can statistically predict mechanical properties
during a skull fracture injury using statistical regression techniques (Adanty et al., 2020; De Kegel
et al., 2019). An experimental design to consider for this step would consist of a bending

mechanism on calvarium bone under quasi-static and dynamic impact loading conditions to induce

83



a skull fracture injury (Adanty et al., 2020; Hubbard, 1971; Lee et al., 2019; Motherway et al.,
2009). This step would provide valuable information on which microarchitectural properties of the
calvarium are relevant towards the design and development of a computational or surrogate
fracture model. In return, the model would be able to confidently predict mechanical properties
attributed to a skull fracture injury or other non-injurious events. The current study also quantified
morphometry with respect to sex and location. Future work may investigate how mechanical
properties during a skull fracture are influenced by morphometric properties along with sex and
location. It was observed that most morphometric variables altered with both sex and location
which may be an important factor to consider when assigning material properties such as density
for subject-specific skull models.

First, all specimens from the cadaver subjects were sampled by convenience. In other
words, the number of samples analyzed in this study was the maximum number of samples
available to the authors during the time of extraction on the cadaver subjects. The morphometric
results in this study are exclusively attributed to these 50 specimens and are by no means a fair
generalization for the calvarium morphometry of the true human population. Despite the limitation
on the number of calvarium samples used in this study, a power analysis was performed before
testing to determine the minimum sample size required to observe an 80% power for the multiple
comparisons test. Second, the study’s specimens were sampled from the older age cohort within
the province of Alberta, Canada, which suggests the results are biased towards a specific
population. The authors were not given information on the ethnicity of the cadaver subjects. Future
studies are encouraged to investigate morphology properties for younger age cohorts or the 50™
percentile population. Third, the study used embalmed cadavers for specimen extraction because

it was the only form of tissue available to the authors at the time. The authors acknowledge the
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possibility of mechanical and material property differences between fresh, fresh-frozen and
embalmed tissue (Ohman et al., 2008; Topp et al., 2012). However, to the authors best knowledge
there is currently no agreed upon conclusion regarding morphometric differences between
different forms or type of tissue. The authors suggest possible limitations regarding the use of
micro-CT imaging for bone analysis. The study’s density calibration was limited to two calibration
phantoms with known densities of 0.250 g HA/cm® and 0.750 g HA/cm?®. As observed in previous
studies, TMD biologically exceeds a density value of 1.00 g HA/cm?® and so the necessary
extrapolation for density beyond this value is a probable source of error (Burghardt et al., 2008;
Deuerling et al., 2010; Hildebrand and Riiegsegger, 1997). Certainly, manufacturing calibration
phantoms exceeding 800 g HA/cm?® with epoxy resin is challenging, yet a few methods have been
proposed to manufacture phantoms consisting of 1,200-3000 g HA/cm? (Schweizer et al., 2007).
Lastly, the authors acknowledge that the specimens were fixated in unbuffered aqueous
formaldehyde 37% embalming fluid. Evidently, buffered formalin retards slight changes in pH
when penetrating the bone tissue to prevent acidity (Thavarajah et al., 2012). Therefore, the authors

recognize that this as a limitation of our fixation process.
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5. CONCLUSION

This study revealed findings on the morphometric properties of the calvarium, whereby the
consideration for interacting factors which included sex, location, and the 3-layers of the calvarium
were investigated. With the exception of FD, the study found no significant interaction effects
between sex and the calvarium location on diplo€ morphometry. On average, males had a greater
Tb.Th and Tb.Sp; conversely, females had a greater Tb.N and FD compared to males. It was also
found that the frontal location possessed a greater Tb.N and Tb.Pf, but the parietal location
revealed greater levels of porosity, Tb.Sp, and uPi. Moreover, the inner cortical table revealed a
significantly lower density and greater porosity which corroborates with previous findings
(Alexander et al., 2019; Auperrin et al., 2014; Peterson and Dechow, 2002). The results in this
study determined geometric measures on the diplo€’s complex structure and overall morphometry
which can contribute towards the detailed geometric reconstruction of FE subject-specific skull
models (De Kegel et al., 2019) as well as the fabrication of physical surrogate fracture models
consisting of a 3-layer sandwich structure (Brown et al., 2019; Falland-Cheung et al., 2017;
Roberts et al., 2013). The authors hope to embark on future experimental work geared towards
statistically predicting the mechanical properties during a skull fracture using morphometric

properties outlined in this study as potential predictors (Adanty et al., 2020).
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SUPPLEMENTARY MATERIAL A

The coefficient of variation for the manual acquisition of VOI

To determine if the method of manually acquiring the volume of interest (VOI) for each specimen
was repeatable, coefficient of variations (CV) was computed for each morphometric parameter
over two different VOIs completed by the same individual. The subset of specimens that were
investigated was: 2 male frontal specimens, 2 female frontal specimens, 2 male parietal specimens,
and 2 female parietal specimens, all of which were randomly selected. CV was expressed as a
percent ratio of standard deviation (SD) to mean. The average CV was less than 5% for the
presented specimens (Table 7 to 14) which is considered acceptable in clinical sciences (Campbell

etal., 2010).

88



Table 7. CV ( %) For A Male Frontal Specimen’s Morphometry

Male Frontal Specimen 1

uPi
Tbh.Pf (mm™)
BMD (g HA/cm?®)
TB.N (mm™)
Tb.Th (mm)
Tb.Sp (mm)
Porosity (%)

FD

TMD-outer table (g
HA/cm®)

Porosity-outer table
(%)

TMD-inner table

(g HA/cm®)

Porosity-inner table
(%)

VOI1

1.55

-8.82

0.52

1.76

0.29

0.61

48.72

2.57

1.04

2.44

0.98

6.56

VOI12

1.46

-8.52

0.52

1.55

0.33

0.64

49.09

2.56

1.04

2.46

0.98

6.57

Mean
1.51
-8.67
0.52
1.66
0.31
0.62

48.90

1.04

245

0.98

6.56

SD

0.06

0.21

0.00

0.15

0.03

0.02

0.26

0.01

0.00

0.01

0.00

0.01

Mean

Max

Min

CV (%)
4.00
243
0.00
9.00
8.54
3.14
0.53

0.41

0.01

0.58

0.00

0.14
2.40
9.00

0.00
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Table 8. CV ( %) For A Male Parietal Specimen’s Morphometry

Male Parietal Specimen 1

VOI 1 VoI 2 Mean SD CV (%)
uPi 1.54 1.47 1.51 0.05 3.16
Tb.Pf (mm™) -7.19 -7.20 -7.19 0.01 0.12
BMD (g HA/cm®) 0.44 0.44 0.44 0.00 0.48
TB.N (mm™) 1.73 1.55 1.64 0.13 7.89
Tb.Th (mm) 0.26 0.29 0.27 0.02 7.95
Tb.Sp (mm) 0.58 0.60 0.59 0.01 245
Porosity (%) 55.65 55.61 55.63 0.03 0.05
FD 2.59 2.57 2.58 0.01 0.31
TMD-outer table
(g HA/em®) 1.07 1.07 1.07 0.00 0.01
Porosity-outer table
(%) 3.14 3.51 3.32 0.26 7.80
TMD-inner table
(g HA/cm?®) 1.05 1.05 1.05 0.00 0.06
Porosity-inner
table (%) 6.81 6.91 6.86 0.07 1.06
Mean 2.61
Max 7.95

Min 0.01



Table 9. CV ( %) For A Male Frontal Specimen’s Morphometry

Male Frontal Specimen 2

VOI 1 VOI 2 Mean SD CV (%)
uPi 1.46 1.45 1.46 0.00 0.19
Th.Pf (mm™) -13.54 -14.15 -13.84 0.44 3.16
BMD (g HA/em®) 0.53 0.53 0.53 0.00 0.87
TB.N (mm™) 1.46 1.33 1.39 0.09 6.37
Tb.Th (mm) 0.38 0.37 0.37 0.01 295
Tb.Sp (mm) 0.68 0.71 0.70 0.02 291
Porosity (%) 44.30 43.93 44.12 0.26 0.59
FD 2.62 2.58 2.60 0.03 1.01
TMD-outer table
(g HA/em®) 1.01 1.01 1.01 0.00 0.26
Porosity-outer
table (%) 3.06 3.50 3.28 0.31 9.36
TMD-inner table
(g HA/em?) 1.00 1.00 1.00 0.00 0.32
Porosity-inner
table (%) 6.02 6.08 6.05 0.05 0.78
Mean 2.40
Max 9.36

Min 0.26



Table 10. CV ( %) For A Male Parietal Specimen’s Morphometry

Male Parietal Specimen 2

VOI 1 VOI 2 Mean
uPi 1.54 1.34 1.44
Tb.Pf (mm™) -11.19 -12.21 -11.70
BMD (g HA/cm?®) 0.46 0.46 0.46
TB.N (mm™) 1.34 1.23 1.28
Tb.Th (mm) 0.36 0.39 0.37
Tb.Sp (mm) 0.76 0.79 0.77
Porosity (%) 52.34 52.39 52.36
FD 2.61 2.58 2.59
TMD-outer table
(g HA/em®) 1.02 1.02 1.02
Porosity-outer
table (%) 2.90 3.18 3.04
TMD-inner table
(g HA/em®) 0.99 0.99 0.99
Porosity-inner
table (%) 8.20 8.32 8.26

SD

0.15

0.72

0.00

0.07

0.02

0.02

0.04

0.02

0.00

0.20

0.00

0.08

Mean

Max

Min

CV (%)
10.19
6.15
0.24
5.71
6.25
2.90
0.07

0.71

0.10

6.60

0.03

1.01
3.33
6.60

0.03
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Table 11. CV ( %) For A Female Frontal Specimen’s Morphometry

Female Frontal Specimen 1

VOI 1 VOI 2 Mean SD CV (%)
uPi 1.60 1.60 1.60 0.00 0.12
Tb.Pf (mm™) -9.60 -9.62 -9.61 0.02 0.18
BMD (g HA/em®) 0.41 0.43 0.42 0.02 3.92
TB.N (mm™) 1.93 1.93 1.93 0.00 0.23
Tb.Th (mm) 0.21 0.21 0.21 0.00 0.22
Tb.Sp (mm) 0.56 0.56 0.56 0.00 0.33
Porosity (%) 59.81 59.55 59.68 0.18 0.31
FD 2.65 2.65 2.65 0.00 0.04
TMD-outer table
(g HA/em®) 1.00 1.00 1.00 0.00 0.00
Porosity-outer
table (%) 5.11 5.11 5.11 0.00 0.00
TMD-inner table
(g HA/em?) 0.96 0.96 0.96 0.00 0.04
Porosity-inner
table (%) 9.82 9.95 9.88 0.10 0.96
Mean 0.53
Max 3.92

Min 0.00



Table 12. CV ( %) For A Female Parietal Specimen’s Morphometry

uPi
Tbh.Pf (mm™)
BMD (g HA/cm?®)
TB.N (mm™)
Tb.Th (mm)
Tb.Sp (mm)
Porosity (%)

FD

TMD-outer table

(g HA/em®)

Porosity-outer
table (%)

TMD-inner table

(g HA/cm®)

Porosity-inner
table (%)

VOI 1

1.63

-6.46

0.35

0.22

0.77

66.05

7.23

1.02

12.76

VOI 2

1.52

-6.84

0.33

0.24

0.79

66.24

2.59

1.08

1.02

12.81

Female Parietal Specimen 1

Mean

1.58

-6.65

0.34

1.46

0.23

0.78

66.14

2.60

1.08

7.23

1.02

12.78

SD

0.07

0.27

0.01

0.12

0.02

0.02

0.13

0.01

0.00

0.00

0.00

0.03

Mean

Max

Min

CV(%)
4.71
4.02
4.24
7.88
7.50
2.31
0.20

0.32

0.00

0.00

0.26
2.62
7.88

0.00
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Table 13. CV ( %) For A Female Frontal Specimen’s Morphometry

Female Frontal Specimen 2

VOI 1 VOI 2 Mean SD CV(%)
uPi 1.46 1.46 1.46 0.00 0.05
Th.Pf (mm™) -17.24 -16.12 -16.12 0.79 493
BMD (g HA/em®) 0.67 0.69 0.69 0.01 1.95
TB.N (mm™) 2.36 2.50 2.50 0.10 4.04
Tb.Th (mm) 0.30 0.32 0.32 0.01 3.09
Tb.Sp (mm) 0.30 0.32 0.32 0.02 5.98
Porosity (%) 28.44 28.27 28.27 0.12 0.43
FD 2.55 2.52 2.52 0.02 0.82
TMD-outer table
(g HA/em®) 1.02 1.02 1.02 0.00 0.00
Porosity-outer
table (%) 3.51 3.51 3.51 0.00 0.00
TMD-inner table
(g HA/em?) 0.95 0.95 0.95 0.00 0.00
Porosity-inner
table (%) 8.29 8.29 8.29 0.00 0.00
Mean 1.77
Max 5.98

Min 0.00



Table 14. CV ( %) For A Female Frontal Specimen’s Morphometry
File 40

uPi
Th.Pf (mm™)
BMD (g HA/cm®)
TB.N (mm™)
Tb.Th (mm)
Tb.Sp (mm)
Porosity (%)

FD

TMD-outer table

(g HA/em?)

Porosity-outer
table (%)

TMD-inner table

(g HA/cm?®)

Porosity-inner
table (%)

VOI 1

1.48

-17.26

0.58

1.85

0.33

0.41

39.33

2.67

1.01

5.14

0.98

12.93

VOI2

1.49

-16.51

0.61

1.74

0.32

0.41

35.95

2.67

1.01

5.08

0.98

12.91

Mean

1.49

-16.51

0.61

1.74

0.32

0.41

35.95

2.67

1.01

5.11

0.98

12.92

SD

0.01

0.53

0.02

0.08

0.01

0.00

2.40

0.00

0.00

0.04

0.00

0.01

Mean

Max

Min

CV(%)
0.70

3.23

4.77
232
0.42
6.66

0.07

0.07

0.87

0.01

0.07
1.92
6.66

0.01
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SUPPLEMENTARY MATERIAL B

Distribution plots for each morphometric parameter.
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Figure 8. Distribution and normality curves (red) for each diploé morphometric property.
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Chapter 2: The Effect of Morphometric and Geometric Indices of
The Human Calvarium On Mechanical Response.

In Chapter 2, the mechanical response of the human calvarium was quantified under 4-point quasi-
static bending conditions. Subsequently, Chapter 2 identified which morphometric and geometric
properties derived from Chapter 1 were significant predictors or influencers of the calvarium’s
mechanical response. Determining this established the structure-function relationship of the
calvarium and established the key predictors or influencers of mechanical response so that physical
and computational modellers of the calvarium could integrate the select predictors within their
model to achieve the desired response. In addition, the mechanical response of the 4-point bending
tests was used for comparison against the surrogate prototypes, and the cortical layers’ thicknesses,
diploé thickness and inner and outer radius of curvature were determined to assist with the
geometrical construction of the surrogate prototypes. The findings of this chapter fulfill sub-
objective 2: Determine which morphometric and geometric properties have a significant influence
on the mechanical response of human calvarium during 4-point quasi-static bending. Chapter 2 is

under review for publication in Clinical Biomechanics.
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The Effect of Morphometric and Geometric Indices of The Human Calvarium On
Mechanical Response

ABSTRACT

When developing a surrogate model of the human skull, there is a multitude of complex
morphometric and geometric properties that one may choose from to include within their model.
To simplify this approach, it is important to identify only the properties that have a significant
influence on the mechanical response of the skull. The objective of this study was to identify which
morphometric and geometric properties of the human calvarium were significant predictors of
mechanical response. A significant predictor was defined as a morphometric or geometric property
that was associated with a statistically significant univariate linear regression model to predict
mechanical response. Calvarium specimens (N=24) from male and female human cadavers were
micro-computed tomography (uLCT) scanned at a resolution of 18 pm to determine morphometric
and geometric properties. The specimens were assumed to be Euler-Bernoulli beams and were
subject to 4-point quasi-static bending (2 mm/min) to determine mechanical response. Linear
regressions were performed with Bonferroni adjustments, the morphometric and geometric
properties were independent or predictor variables and the mechanical response variables were
dependent or outcome variables. Nine significant linear regression models (p<0.05) were
established, they included output variables of either force and bending moment at the occurrence
of fracture, compressive modulus, and tensile strain rate. In the diploé&, the trabecular bone pattern
factor was the single significant predictor of mechanical response. The inner cortical table of the
calvarium had more significant predictors (inner cortical thickness, inner cortical tissue mineral
density, and inner cortical porosity) compared to the outer cortical table and diplo€. The

morphometric and geometric properties that have a key influence on mechanical response were
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established. These properties can aid the design of surrogate models of the skull that seek to mimic
its mechanical response during simulated head impacts.
Keywords: Human Calvaria; Morphometry; Mechanical Response, Predicative Capabilities,

Micro-CT
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1. INTRODUCTION

1.1 Problem statement

Head injury models are employed when studying the injury biomechanics of the human head
during the reconstruction of civilian activities such as falls and automobile collisions (Fahlstedt et
al. 2021; Hubbard and McLeod 1974; Li et al. 2021). Head models are of particular significance
in helmet testing to make inferences on their protective capabilities against head and brain injuries
(Adanty, Clark, et al. 2020; Rowson, Rowson, and Duma 2015; Azar et al. 2019). Head injury
models can be represented as either a simple or multifaceted physical surrogate and/or
computational head model (Ghajari, Hellyer, and Sharp 2017; Hubbard and McLeod 1974; Mao
et al. 2013). As we continue to structurally advance head models, we must consider whether the
morphometric variability of the human head influences the mechanical response of the head
leading to injury (Adanty et al. 2021). Identifying the relevant morphometric indices that
demonstrate robust relationships and predictive capabilities on mechanical response can guide our
approach to designing surrogate and computational models to effectively enhance biofidelity and
model injury. The human skull is the first line of defence when a human is met with a direct impact
to the head to protect the brain, therefore, as a first step, it is sensible to investigate the relationship
between the skull’s morphometry and mechanical properties before exploring the complex
intricacies of the brain.

The calvarium is a distinct structure of the human skull that is structurally composed of flat
bones to protect the brain against direct contact from a head impact (Anderson, Kortz, and Al
Kharazi 2021). What further defines the distinct composition of the calvarium is its three-layered
sandwich structure that consists of two thin cortical bone layers (outer table and inner table)

separated by a thick diplo€ layer. The diplo€ comprises a random assembly of trabecular bone that
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is separated with varying degrees of pore sizes. The cortical tables encompass a layer of dense
bone, however, it is proven that the cortical tables have an average porosity between 3.2 to 13.7
%, and on average, porosity is greater in the inner table compared to the outer table (Adanty et al.
2021). Indeed, there is a vast array of properties that characterizes the morphometry within each
distinct layer of the calvarium aside from porosity alone (Adanty et al. 2021). However, from a
mechanical standpoint, it is unknown whether a subset of morphometric properties are significant
predictors of mechanical response. Describing the effect calvarium morphometry has on
mechanical response may help to explain the observed variation of modulus, stress, and strain
values of crania reported between different studies (Hubbard 1971; Margulies and Thibault 2000;
Delille et al. 2007; Motherway et al. 2009; Davis et al. 2012; Auperrin et al. 2014; Lee et al. 2019;
Adanty et al. 2022; Zwirner et al. 2021). Furthermore, establishing the significant predictors of
morphometry and mechanical properties can inform physical and computational modellers of the
skull on which physical properties to prioritize when designing a skull model to simulate real-
world head injuries in civilian activities, sports, and military scenarios (De Kegel et al. 2019;
Adanty et al. 2021).

Studies that have investigated the correlation and regression between the morphometry of
calvarium and its mechanical properties have limited their morphometric indices of interest to
density and porosity. McElhaney et al. performed linear regression analyses of crania and reported
coefficients of determination (R?) between 0.60 and 0.65 between dry weight density and
compressive properties such as strength and modulus (McElhaney et al. 1970). Motherway et al.
established a modest correlation between percent bone volume and both elastic modulus and
maximum stress for crania in three-point bending (Motherway et al. 2009). However, a correlation

analysis is limited in its interpretation since the statistical test only establishes if a linear association
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exists between variables. It cannot describe the effect, or the variation one variable can explain for
another, and it cannot provide an equation or model to predict mechanical response. The calvarium
is a relatively complex structure and its morphometry can be quantified by more than just density
and porosity. Trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular bone
pattern factor (Tb.Pf) are a few out of many morphometric properties that describe the
microarchitecture of diplo€ (Adanty et al. 2021; Salmon 2020). Adanty et al. established regression
models of diplo€ morphometry (density, porosity, Tb.Th, Tb.Sp, and trabecular number (Tb.N))
and mechanical measurements (force and strain at fracture) (Adanty, Tronchin, et al. 2020). Their
regression models yielded non-significant R? values of 0.30 to 0.42. While a limited set of diploé
morphometry and mechanical properties were explored by Adanty et al., there remains an immense
list of diploé€ and cortical morphometry in which their effect on mechanical response has not been
established. Thus, the current study presents a deeper investigation by which univariate linear
regression models for additional morphometric and geometric properties and mechanical variables

were determined.

1.2 Purpose and relevance of this study

This work applied univariate linear regression analyses to determine which morphometric and
geometrical properties from the diploé and cortical layers of the calvarium were significant
predictors of mechanical response during quasi-static 4-point bending. Quantifying the predictive
capabilities of morphometry and geometry on mechanical response can influence one’s approach
to designing a surrogate or computational model of the skull. In other words, if one has knowledge
that porosity and Tb.Th of the diploé€ are key influencers or significant predictors of stress at skull

fracture, then one would tailor the construction of their model according to those morphometric
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properties that matter. The null hypothesis tested per linear regression test was that the coefficient

of the slope for the linear regression model was equal to 0.
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2. MATERIALS AND METHODS

All the methods and protocols that pertained to this study were approved by the University of
Alberta Research Ethics Board (ID: Pro00089218). All the human specimens collected for this
study originated from individuals (85.8 = 9.0 years old) registered in the University of Alberta
Anatomical Gift Program. Each individual was screened for pre-existing bone pathologies to
ensure there were no pathological factors that could affect the results.

A full comprehensive description of the method for the extraction of specimens (described
in section 2.1), the uCT scanning of human calvaria (described in section 2.2), and how each diploé
and cortical morphometric property was computed (described in section 2.3) can be read in a
previous report (Adanty et al. 2021).

2.1 The Specimens

The present study was allocated 24 embalmed human cadavers by the University of Alberta’s
Division of Anatomy. Of those 24 cadavers, 13 were male (83.6 + 9.0 years old) and 11 were
female (88.4 £ 9.0 years old) subjects. A Mopec autopsy saw was used to sever one beam-shaped
specimen from the frontal or parietal region of the cadavers’ calvarium (N=24) (Figure 1) (Adanty
etal. 2021). The frontal specimens were acquired by marking a point approximately 1.5 cm inferior
to the coronal suture and then tracing a rectangular beam model at that mark (55 mm in length and
8 mm in width) to cut and obtain the frontal specimen (Adanty et al. 2021) (Figure 1). The center
of the squamosal suture was located and a point was marked approximately 1.5 cm superior to that
suture to obtain the parietal specimens (Adanty et al. 2021). Some specimens were further cut
along the y-axis-direction and x-axis-direction to ensure the width and length of the specimens
were uniform across all specimens respectively (Adanty et al. 2021). The length (L), centre width

(W), and centre thickness (T) of each specimen were measured using digital callipers (Figure 1b)
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(Adanty et al. 2021). Table 1 summarizes the geometric properties of the specimens. Prior to
testing, the specimens were stored at room temperature in unbuffered aqueous formaldehyde 37%
embalming fluid, which is composed of 4% phenol, 4% formalin (37% concentration), 8% glycol,
8% ethyl alcohol (95% concentration), and 76% water to preserve hydration (Adanty et al. 2021).

Parietal Region

Sagittal Suture

Squamosal Suture
Temporal Region

Frontal Region
Sphenoid Region

a) b)

Figure 1. a) A simplified model of the human calvarium presenting the regions from which the
frontal and parietal specimens were obtained. b) A human calvarium specimen, where L=length
and T=thickness were measured at the center of the specimen. O.ROC=outer radius of curvature
and . ROC=inner radius of curvature was determined in Geomagic software (2014) by 3-
Dimensional (3D) Systems (Rock Hill, South Carolina).
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Table 1. The average geometrical properties of the specimens with 95% confidence intervals.
Geometric O.ROC LROC

4

Properties L (m7) L (mm) W (mm) T (mm) (mm) (mm)
Male 1.95E-10 55.69 93.54 83.46
Specimens (1.12E-10, (53.88, 8'5g %538’ 6'277 32')47’ (72.54, (59.85,
(n=13) 2.78E-10) 57.50) ' ' 114.54) 107.08)
62.52

Female 2.78E-10 55.38 72.08 (51.85,
Specimens  (2.35E-11, (53.48, 8'795 4(‘?')09’ 7'0§ g,)49, (63.07, 73.19)

(n=11) 5.32E-10) 57.29) ' ' 81.09)

Male & 83.70 73.86
Female 2.33E-10 55.55 8'65 52535’ 6'672 4(‘;5)')84’ (71.56, (60.38,
(N=24) (1.18E-10, (54.34, : ' 95.85) 87.35)

3.48E-10) 56.76)

N: total number of samples, n: number of samples per sex, I.: second moment of inertia, L: length,
W: width, T: thickness, O.ROC and I.ROC: outer cortical and inner cortical radius of curvature,
respectively.

2.2 Micro-Computed Tomography (nCT)

The specimens were separately loaded into a Bruker-Skyscan 1176 and pCT scanned at a
resolution of 18 um (Adanty et al. 2021). The resulting images from each scan were shadow
projections (TIFF files) which were then reconstructed and filtered (Gaussian blur, radius=1) using
NRecon (version 1.6.3.3, Bruker-Skyscan) to obtain 3D voxel slices in bitmap (BMP) file format
(Figure 2) (Adanty et al. 2021). The BMP files for each specimen were loaded into BoneJ (an
ImagelJ plugin for bone image analysis) software (Doube et al. 2010) and was used to compute the
second moment of inertia (/x) (Tablel) at a cross-section that was located approximately at the
center of each specimen. The /x computed in BoneJ was also verified using secondary software.
(Computed Tomography (CT)-Analyzer, version 1.10, Bruker-Skyscan). The BMP files for each

specimen were then converted into an STL file using Materialise MIMICS (Materialise NV 24.0).

113



These STL files were then uploaded into Geomagic software (2014) by 3-Dimensional (3D)
Systems (Rock Hill, South Carolina) to determine the outer and inner cortical radius of curvature
(O.ROC and I.LROC) (Figure 1b). The average second moment of inertia and ROC for the

specimens are presented in Table 1.

Figure 2. An example of a reconstructed uCT BMP image at two different cross-sections for a
calvarium specimen.

2.3 Morphometric and Geometrical Properties

The reconstructed images for each specimen were further processed in CT-Analyzer where
segmentation (Figure 3) was performed to delineate the diplo€ layer and cortical tables (Adanty et
al. 2021). The type of segmentation performed was manual contouring on a slice-by-slice base,
this contour method was chosen to capture the irregular nature and non-uniform layers between
each cross-section of the calvarium. To precisely delineate the diplo€ or the region of interest
(ROI), an irregular anatomic contour adjacent to the inner surfaces of the inner and outer cortical
tables was applied on the cross-section of a specimen (Bouxsein et al. 2010; Adanty et al. 2021).
CT-Analyzer then performed semi-automated contouring for the remaining cross-sections by
performing an extrapolation based on the first contour made. Each cross-section was reviewed by
the operator to ensure the semi-automated contour properly outlined all areas of the ROI, in this

case, the diplo€. Once all the contours were reviewed by the operator, CT-Analyzer accumulated
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all the ROIs to form a volume of interest (VOI) of the diplo€ (Figure 4). The irregular anatomic
contour method was then applied to the inner and outer cortical tables (Figure 4). A global
threshold was then applied to each VOI to differentiate non-bone voxels from bone voxels (Adanty
et al. 2021). Outer cortical thickness, inner cortical thickness, and diplo€ thickness were measured

in CT-Analyzer (Figure 4).

Figure 3. In this example of a reconstructed uCT BMP cross-section, the ROI of the diploé is
encapsulated with an irregular anatomic contour shown in red (left image). The irregular
anatomic contour (in red) is also applied to the ROI on the outer cortical table (middle image)
and inner cortical table (right image).

Figure 4. Reconstructed uCT BMP images of the segmented layers for this calvarium. Top image:
the VOI for a segmented outer cortical layer (note the possible vascular foramen perforating the
outer cortical layer in this section). Middle image: the VOI for a segmented diploé. Bottom image:
the VOI for a segmented inner cortical layer. At the approximate center of each layer, a. represents
the outer cortical thickness, b. represents the diploé thickness, and c. represents the inner cortical
thickness.
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After segmentation and thresholding, morphometric and geometric properties were
determined for the diploé, inner cortical, and outer cortical regions of each specimen in CT-
Analyzer (Adanty et al. 2021). Table 2 presents a list of diplo€ morphometric properties that were
used in this study for regression analyses along with a complete definition for each property.
Initially, up to 8 morphometric parameters were determined for the diplo€, however, an earlier
pilot study revealed strong correlations between porosity and bone mineral density (r=0.95), Tb.N
and Tb.Sp (r=0.83), fractal dimension and Tb.Sp (r=0.71) and fractal dimension and Tb.N
(r=0.70). The consideration of morphometric parameters with strong correlations amongst one
another would result in a repetition of statistical findings when performing regression analyses.
Therefore, we reduced our final list of diplo€ morphometric properties to analyze in this study to
those presented in Table 2 since these properties demonstrated correlations less than 0.70 which
can be considered at the most moderate associations (Mukaka 2012). Nevertheless, a full
description of the diplo€ morphometry that was excluded (fractal dimension, bone mineral density,
and Tb.N) from this study’s analysis can be found in a recent article (Adanty et al. 2021). Table 2
also presents a list of cortical morphometric and geometric properties that were determined in CT-
Analyzer, though we did not find strong associations between these properties. All the
morphometric and geometric properties were chosen in this study because they all quantify unique
structures within the calvarium and have been quantified for the human skull in previous studies

(Kim and Henkin 2015; Alexander et al. 2019; Boruah et al. 2015; Adanty et al. 2021).
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Table 2. Diploé€ and cortical morphometric and geometric properties computed in this work. The
properties here are defined in accordance with work by Adanty et al. (Adanty et al. 2021).
Diploé morphometric properties
Trabecular thickness (Tb.Th) (mm):
Defined as the mean thickness of trabeculae in the diploé.

Trabecular separation (Tb.Sp) (mm):
Defined as the average separating distance between trabeculae in the diploé.

Un-plate index (uPi):
A dimensionless parameter that typically falls between I and 2 (Adanty et al. 2021; Salmon 2020). Defined as the
ratio of Tb.Th quantified in 3D to the Tb.Th quantified in 2D where an increasing uPi (towards 2) indicates
trabeculae is departing from an ideal plate morphology to a rod morphology in the diploé.

Porosity (%):
Defined as the ratio of closed pores and open pores volume to the total volume of the diploé.

Trabecular bone pattern factor (Tb.Pf) (1/mm):
Defined as the trabecular connectivity or the ratio of convex to concave surface curvature of trabeculae in the
diploé. A high connectivity and structural integrity of trabecular bone is indicated by greater concave surfaces
(lower or negative values).

Diploé thickness (mm) (Fig 4):
Defined as the distance from the top of the diploé to the bottom of the diploé at the approximate center of the
calvaria.

Cortical morphometry and geometric properties
Inner cortical thickness (mm) (Fig 4):
Defined as the thickness of the inner cortical layer at the approximate center of the calvaria.

Outer cortical thickness (mm) (Fig 4):
Defined as the thickness of the outer cortical layer at the approximate center of the calvaria.

Inner cortical tissue mineral density (TMD) (g HA/cm?):
Average density of the bone voxels exclusively in the inner cortical layer.

Outer cortical tissue mineral density (TMD) (g HA/cm?):
Average density of the bone voxels exclusively in the outer cortical layer.

Inner cortical porosity (%):
Ratio of closed and open pores volume to total volume in the inner cortical layer.

Outer cortical porosity (%):
Ratio of closed and open pores volume to total volume in the outer cortical layer.
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2.4 The Preparation of Specimens for Mechanical Testing

Before mechanical testing, each specimen was attached with fiber Bragg gratings (FBGs) on the
inner and outer cortical surfaces of the specimen to measure surface strain (Figure 5). All the FBGs
in this study were manufactured by Technica Optical Components, LLC (Beijing, China). A single
FBG of 1 mm in length was built into the core of a glass optical fiber (Figure 5). Tensile or
compressive strain acting on the FBG can be quantified due to a relative change in the Bragg
wavelength (AAg) from the FBG (Dennison and Wild 2008; Dennison et al. 2010; Nelson et al.
1998). The light source that is supplied to an optical fiber with an FBG to record the AAg is called
an optical sensing interrogator and the one used in this study was a MicronOptics (MO)
Interrogator (SM130 Optical Sensing Interrogator, Micron Optics, Atlanta, USA). The acquisition
rate for the MO interrogator was set at its maximum of 2 kHz, this was an adequate sampling rate
to acquire the surface strain data in this study. The FBGs’ strain or gauge factor to convert Ais to
strain was 1.2 pm/ p€. FBGs have been employed in previous work to quantify surface strains of
calvaria (Adanty et al. 2022). Additionally, FBGs were used to quantify periodontal ligament
strains in ex vivo swine models (Houg et al. 2021) and to quantify force/stress and fluid pressure
in intact cadaveric human hips (Dennison et al. 2010).

For the FBGs to remain bonded to the specimens’ surfaces during testing, cyanoacrylate
(Loctite® Instant Adhesive 401™) was used as an adhesive between the FBG and the specimens’
surfaces. To accelerate the drying process of the cyanoacrylate, Scotch Tape (3M) was applied on
the surface after applying the cyanoacrylate followed by 10-15 seconds of low heat at 100°F using
a heat gun. To ensure the cyanoacrylate was fully cured for proper adhesion between the FBGs
and specimens’ surfaces, the cyanoacrylate was allowed to dry for no more than 10 hours at room

temperature. The scotch tape was then removed from the surface of the specimen for mechanical
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testing to immediately commence. Adhesives such as cyanoacrylate or epoxy have been shown to

not affect the sensitivity of FBGs when measuring strain (Tian et al. 2019).

A lmm FBG (red line)
incorporated into a yellow glass
optical fiber which is then fixed
onto the outer cortical surface of

this specimen.

Yellow glass optical fiber

A vise grip to hold
specimens still during
mounting of FBGs.

Figure 5. An example of a calvarium implemented with an FBG on its outer cortical surface. Note
the red line representing the FBG is enhanced for illustrative purposes.

2.5 Mechanical Testing: 4-Point Quasi-Static Bending Testing

The specimens fitted with the FBGs were then placed in an Instron E3000 (ElectroPuls E3000 Test
Instrument) to perform 4-point quasi-static bending until fracture (Figures 6 and 7). The 4-point
bending arrangement generates a pure bending mode at the mid-region of the specimens with
minimal shear stress, thus this bending arrangement was selected for this study. In addition, the
specimens were not horizontally constrained on the bottom supports of the Instron to reduce any
possibility of horizontal shearing effects within the specimen. The custom inner fixtures (Figure
6) were adjusted along the vertical direction to compensate for the naturally uneven surface of the
calvaria. This allowed both inner fixtures to rest equally on the specimen so that forces delivered
to the calvaria were evenly applied. All tests were displacement controlled at 2 mm/min until
fracture. The moment of specimen fracture was established at the peak force endured by the

specimen immediately before the instant halting of the Instron.
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Inner span length between custom inner fixtures (1/2 Lypun)

Custom inner fixtures (vertically adjustable)

Top and bottom FBGs to measure surface strain

Outer span length between bottom fixtures (Lgpan)

Beam overhang (~ 2 mm)

Figure 6. An example of a calvarium specimen in the Instron E3000 for quasi-static 4-point
bending. All specimens were positioned such that the inner cortical table was in contact with the
bottom fixtures.

Instron Applied Force
12 Lygan
- ~___ Outer cortical
e fiber Bragg
— T~ grating.
Inner cortical _b\%/v mi .
fiber Bragg <«
grating Lpan
Bottom Bottom
Support 1 Support 2

Figure 7. A 2D diagram of the known forces acting on the specimen during quasi-static 4-point
bending. The outer cortical FBG quantifies the outer cortical surface strain (compressive strain)
and the inner cortical FBG quantifies the inner cortical surface strain (tensile strain).

2.6 Mechanical Response Variables

The mechanical response variables determined in this study were 1) force at fracture (N)-defined

as the force at the instance of fracture, 2) bending moment at fracture (N.m)-defined as the bending

moment at the instance of fracture, and 3-4) tensile (inner cortical) and compressive (outer cortical)
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surface strain rate (s™!)- the FBGs sensed a fairly linear strain-time association through the duration
of the test, therefore the slope at the initial linear portion of the strain-time plot was used to
compute strain rate (Figure 8), 5-6) the inner cortical and outer cortical surface strain at fracture
(%)-defined as the surface strain at the instance of fracture, 7-8) tensile (inner cortical) and
compressive (outer cortical) bending stress at fracture (MPa)-defined as the bending stress at the
instance of fracture (Figure 9), and 9-10) tensile (inner cortical) and compressive (outer cortical)
effective bending modulus (GPa)-defined as the slope of the stress-strain plot (Figure 10) that
corresponds to the interval of strain used to compute strain-rate (Figure 8). In Figure 9, the centroid
was computed in BoneJ when determining /.. Effective implies that the modulus was a bulk
estimate assuming the composite structure of the calvarium to be uniform. Each specimen was
assumed to be a Euler-Bernoulli beam to apply the Euler-Bernoulli theorem. The Euler-Bernoulli
beam theorem was used to approximate the bending stress of the calvaria (equation 1) (Roark,
Young, and Budynas 2002).

The variables were chosen to characterize mechanical response at fracture and before
fracture (bending modulus and strain rate). For the 4-point bending of the calvarium in quasi-static
loading, most of the mechanical response variables mentioned have not been quantified for the
inner and outer surfaces of the calvarium in the literature (Adanty et al. 2022). All these
measurements can be relevant when taking a step-by-step approach to validate a physical or

computational surrogate model of the calvarium.
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Figure 8. Tensile and compressive strain rate was determined as the initial linear portion of the
strain-time plot.

C compression

Centroid

C tension

> X
Figure 9. A cross-section of a calvaria specimen annotated with parameters required to compute
bending stress (equations 1).

_ M(Ctension or compression) 1
Otensile or compressive — ( )

Iy

Where, ¢ = Stress (Pa)
M= Bending moment (N.m)
Iy;=Second moment of inertia (m*)
Ctension or compression— Distance from centroid to the inner cortical surface or outer cortical surface

(m)
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Figure 10. Tensile and compressive effective bending modulus was determined as the initial linear
slope of the stress-strain plot.

2.7 Statistical Analysis
A univariate linear regression analysis was considered to study the relationship and influence of
morphometric and geometric properties on mechanical response. A regression infers if an
independent variable has a significant effect on the dependent variable, it quantifies the effect or
the variation the dependent variable can be explained by the independent variable, and it provides
a linear model or equation that includes the independent variable to estimate or predict the
dependent variable (Laerd Statistics 2015).

The independent variables or predictor variables (6) were: Tb.Th, Tb.Sp, uP1i, porosity,
Tb.Pf, and diploé€ thickness for the diplo€ morphometry and geometry. Inner cortical thickness,
outer cortical thickness, inner cortical TMD, outer cortical TMD, inner cortical porosity, and outer
cortical porosity were the independent variables (6) for the cortical morphometry and geometry.
The dependent variables (10) were inner cortical surface strain and outer cortical surface strain at
fracture, force and bending moment at fracture, tensile and compressive stress at fracture, tensile
and compressive effective bending modulus, and tensile and compressive strain rate. A

multivariable regression analysis that would include region, sex, or multiple independent variables

123



was not considered since a sample size estimation (for a power of 0.8) of 43 was required which
was not possible to obtain in this study (Milton 1986). In a similar manner, a step-wise linear
regression that can sequentially add or remove predictor variables to yield a significant predictive
model was not considered since it too requires a sufficient sample size in order to accommodate
two or more predictor variables. Therefore, given the number of cranial tissue samples that were
available for this study, the linear regression analysis was the appropriate statistical method
chosen. Regardless of region and sex, the samples were pooled together to perform the linear
regression analysis. The statistical significance for each model was reported with the alpha level
set at 0.05. R? and adjusted R? were reported for each regression model, these coefficients represent
the proportion of variances in each dependent variable that can be explained by the independent
variable for the sample and population respectively. A significant predictor variable was defined
as a morphometric or geometric property that was associated with a statistically significant linear
regression model to predict mechanical response. To decrease the risk of making a Type 1 error
since we carried out a series of linear regression analyses for the independent variables in the
diploé (6), we performed a Bonferroni correction where we adjusted the resulting p-values for each
statistical model by multiplying it by 6 since there were 6 diploé€ independent variables. However,
for the cortical morphometry, we adjusted the resulting p-value by multiplying it by 3 since the
inner cortical and outer cortical layers’ morphometry were independent of each other. All

statistical analyses were carried out using IBM SPSS version 25 (IBM Inc., Armonk, NY, USA).
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3. RESULTS

Nine statistically significant linear regression models to predict mechanical response were
determined (Table 3). Five morphometric or geometric properties were significant predictors of
mechanical response (Table 3). Each significant model was graphically represented as a scatterplot
that included regression-fitted lines with their respective 95% confidence intervals or bands
(Figures 11a and 11b). In addition, we reported on the means for all morphometric and geometric
properties and mechanical response variables in Table 4. Tb.Pf was the single diplo€ morphometry
that was a significant predictor of force and bending moment at fracture. Out of all the
morphometric and geometrical properties presented in this study, the linear regression model for
Tb.Pf had the greatest adjusted R?, which was 0.53 for force and bending moment at fracture. The
inner cortical layer had 3 significant predictors (inner cortical thickness, inner cortical tissue
mineral density, and inner cortical porosity) of mechanical response with 4 significant linear
regression models. The diploé had 1 significant predictor (Tb.Pf) with 2 significant linear
regression models and the outer cortical layer had 1 significant predictor (outer cortical TMD) and

3 significant linear regression models.
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Table 3. Linear regression models for significant (p<<0.05) predictors of mechanical response.

2
. . 95% CI of the Bonferroni R values
Linear regression model . . and
. slope for the linear adjusted p-  F-values .
equation . adjusted
regression model values 2
R* values
Force at fracture = 0.55 and
17.04 - 31.70*(Tb.Pf) -19.02, -44.38 p<0.001 26.90 'O 53
Bending moment at
fracture = 0.55 and
0.30-0.18*(Th.Pf) -0.11, -0.25 p<0.001 26.85 0.53
Force at fracture =
1.04E2+1.72E2*(Inner _ 0.33 and
cortical thickness) 63.21, 280.60 p=0.009 10.76 030
Bending moment at
fracture = 0.87+0.89*(Inner _ 0.29 and
cortical thickness) 0.27,1.52 p=0.021 8.91 0.26
Compressive modulus =
-38.07+50.36*(Inner _ 0.39 and
cortical TMD) 22.52,78.20 p=0.003 14.08 036
Force at fracture =
3.73E3-3.27E3*(Outer _ 0.31 and
cortical TMD) -1091.63, -5438.63 p=0.015 9.71 098
Bending moment at
fracture = 0.30 and
20.59-17.83*(Outer cortical -5.67, -29.99 p=0.018 9.25 'O 2%
TMD) '
Compressive modulus =
-30.31+40.68*(Outer _ 0.27 and
cortical TMD) 11.18, 70.18 p=0.027 8.18 0.24
Tensile strain rate = 0.32 and
6.96E-5+1.59E-5*(Inner 6.00E-6, 2.60E-5 p=0.012 10.26 'O 29

cortical porosity)
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Figure 11 a). Scatterplots with linear regression fitted lines and 95% Cls (two curved lines) for
Tb.Pf. The 95% Cl indicates that there is a 95% probability that the true or population regression

line is within the confidence bands.
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Figure 11 b). Scatterplots with linear regression fitted lines and 95% Cls (two curved lines) for
cortical morphometry and geometric properties. The 95% CI indicates that there is a 95%
probability that the true or population regression line is within the confidence bands.
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Table 4. The means for all morphometric and geometric properties and mechanical response

variables.

Morphometric and geometrical properties

Mean and 95% ClIs

Tb.Th (mm)
Tb.Sp (mm)
uPi
Diploé Porosity (%)
Tb.Pf (1/mm)

Diploé Thickness (mm)
Inner cortical thickness (mm)
Outer cortical thickness (mm)

Inner cortical TMD (g HA/cm®)
Outer cortical TMD (g HA/cm?)
Inner cortical porosity (%)

Outer cortical porosity (%)

0.26 £ 0.05 and 0.24, 0.29
0.62 £ 0.05 and 0.55, 0.69
1.61+0.16 and 1.54, 1.67
55.79£10.93 and 51.17, 60.41
-10.47 £ 4.98 and -12.57, -8.36
3.82+1.72 and 3.09, 4.54
1.43+£0.71 and 1.13, 1.73
1.62+0.50 and 1.41, 1.84
0.99 + 0.03 and 0.98 to 1.00
1.03 £ 0.04 and 1.02 to 1.05
9.63 £4.76 and 7.62 to 11.64

5.19 +2.60 and 4.09 to 6.29

Mechanical response variables

Mean and 95% CIs

Inner cortical surface strain at fracture (%)
Outer cortical surface strain at fracture (%)
Force at fracture (N)

Bending moment at fracture (N.m)
Tensile stress at fracture (MPa)
Compressive stress at fracture (MPa)
Tensile effective bending modulus (GPa)
Compressive effective bending modulus (GPa)
Tensile strain rate (s™)

Compressive strain rate (s™)

0.38 £ 0.20 and 0.30, 0.46
0.32+0.11 and 0.27, 0.37
348.79 £212.77 and 258.94, 438.63
2.14+ 1.18 and 1.64, 2.64
38.53 +£12.52 and 33.24, 43.82
37.39 £ 13.00 and 32.01, 42.96
11.15+3.57 and 9.64, 12.66
11.78 £ 2.82 and 10.59, 12.93
2.20E-4 £+ 1.34E-4 and 1.7E-4, 2.8E-4

1.80E-4 + 5.4E-5 and 1.6E-4, 2.0E-4
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4. DISCUSSION

The present study identified which diploé and cortical morphometric properties were significant
predictors of the mechanical response of calvaria subjected to quasi-static 4-point bending. Tb.Pf
was the significant predictor of force and bending moment at fracture in the diplo€. Inner and outer
cortical morphometric and geometric properties were significant predictors of force and bending
moment at fracture, strain rate, and effective bending modulus.

The mechanical response reported in Table 4 is briefly compared to previous studies that
also performed bending on calvaria. The tensile (38.53 MPa) and compressive (37.39 MPa) stress
in the present study is close to Lee et al.’s average bending stress on calvaria (42 and 53 MPa)
(Lee et al. 2019). However, the present study’s stress response is noticeably less compared to
Motherway et al.’s (82.13 to 133.61 MPa) and Zwirner et al.’s (98 to 130 MPa) bending stress but
slightly greater compared to Adanty et al.’s findings (23.34 to 30.45 MPa) (Motherway et al. 2009;
Zwirner et al. 2021; Adanty et al. 2022). For effective bending modulus, the present study’s
findings (average tensile: 11.15 GPa and average compressive: 11.78 GPa) are comparable with
Hubbard’s bending modulus of 9.69 GPa, Motherway et al.’s reported bending modulus (4.35 to
18.12 GPa) and Adanty et al.’s bending modulus (7.25 to 20.75 GPa) (Hubbard 1971; Motherway
et al. 2009; Adanty et al. 2022). Delille et al., Auperrin et al., and Rahmoun et al. reported average
bending moduli between 2.04 to 5.22 GPa at frontal and parietal regions of the calvarium which
is lower than the present study’s bending modulus (Delille et al. 2007; Auperrin et al. 2014;
Rahmoun et al. 2014). In summary, the present study’s stress and effective bending modulus are
consistent with previous findings. Delille et al., Auperrin et al., Rahmoun et al. and Lee et al.
performed 3-point quasi-static bending at a greater displacement rate (10 mm/min) than the present

study which performed 4-point bending at 2 mm/min (Auperrin et al. 2014; Lee et al. 2019;
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Rahmoun et al. 2014; Delille et al. 2007). Motherway et al. and Zwirner et al. performed 3-point
dynamic impact bending at numerous dynamic rates while Adanty et al. performed 4-point
dynamic impact bending (Motherway et al. 2009; Zwirner et al. 2021; Adanty et al. 2022).
Hubbard performed both 3-point and 4-point quasi-static bending but did not report stress or
modulus for 4-point bending (Hubbard 1971). Rather Hubbard’s average bending moment (3.08
N.m) and strain at fracture (0.51 %) in 4-point bending are consistent with the present study’s
results. The various types of loading (3-point and 4-point bending), loading rates (quasi-static and
dynamic), the loading mass, specimen morphology, age, and specimen treatment (fresh, fresh-
frozen and embalmed) are all factors that can contribute to the slight differences in mechanical

response across the present study and previous findings.

4.1 Diploé morphometry and mechanical response

Tb.Pf is a morphometric property quantifying the connectivity of trabeculae in the diplo€ volume
(Hahn et al. 1992). Hahn and colleagues were the first group to develop this histomorphometric
parameter which was measured in the iliac crest of 192 human subjects (Hahn et al. 1992). A high
connectivity of trabeculae is characterized by a high number of concave surfaces of trabeculae
creating a well-connected porous lattice (Hahn et al. 1992). However, a high number of secluded
trabeculae results in a low and poor connectivity between trabeculae and convex surfaces of the
trabeculae (Hahn et al. 1992). Figure 12 supplements this explanation of Tb.Pf with an image

scheme from Hahn et al.’s study (Hahn et al. 1992).
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(a)

WITH NO PERFORATION
TBPF = - 1,35 (mm)
BV/TV = 29,2 (%)

PERFORATION

WITH 3 PERFORATIONS
TBPF = - 0,91 (mm)
BV/TV = 28,8 (%)

PERFORATION

WITH 12 PERFORATIONS
TBPF = - 0,20 (mm)
BVTV = 27,9 (%)

Figure 12. An image scheme reproduced from Hahn et al. to explain Th.Pf. The highest
connectivity in (a) has a Th.Pf that is more negative or further left on the number line (-1.35 mm’
!) and the lowest connectivity in (c) has a Th.Pf value that is less negative or further right on the
number line (-0.20 mm™)°.

From the linear regression analyses, it was found that approximately 53 % of the variation
for both force and bending moment at fracture was explained by Tb.Pf. Based on the description
of Tb.Pf, this implies a high number of concave surfaces and thus well-connected trabeculae may
considerably explain for greater force and bending moment at fracture (Hahn et al. 1992). Detailed
calvarium surrogate models that wish to include a diplo€ should then consider the connectivity of
trabeculae to assure forces and moments are aligned with that of the human calvaria. While the

relationship between bone connectivity and force makes mechanical sense, the remaining

morphometric variables of the diplo€ were not significant predictors of mechanical response. One

2 Reprinted from Bone, Volume 13, M Hahn, M Vogel, M Pompesius-Kempa, G Delling, Trabecular Bone Pattern
Factor-A New Parameter for Simple Quantification of Bone Microarchitecture, 372-330, Copyright (1992), with
permission from Elsevier.
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would presume a low porosity, thicker trabeculae-Tb.Th, and plate-like trabeculae-uPi for a porous
structure would significantly explain the variation of the mechanical response of that structure.
However, given the composite three-layered structure of calvarium, the diplo€ morphometry has
competing morphometry from the surrounding cortical layers in affecting mechanical response as
observed in this study. One can speculate that if the diploé were tested as an isolated structure,
Tb.Th, Tb.Sp, porosity, and uPi may play a greater role in explaining the variance of mechanical

response, however, additional studies are required to confirm this suggestion.

4.2 Cortical morphometry and mechanical response

According to Hubbard, since the inner cortical and outer cortical layers of the calvarium are stiffer
and denser compared to the diploé, forces in the cortical layers are much greater during bending
deformation compared to the diplo¢ (Hubbard 1971). Theoretically, this inference is accurate
because the stress in a beam is at its maximum on the outer surfaces of the beam during bending
(surfaces of the inner cortical and outer cortical layers) and its minimum near the beam’s neutral
axis (located in the diplo€) (Roark, Young, and Budynas 2002). With this understanding, the
cortical layer morphometry was expected to have a greater number of significant predictors of
mechanical response. Thirty percent and 26% of the variation for force and bending moment at
fracture were dictated by inner cortical thickness, respectively. Thus, an increase in inner table
thickness may estimate greater forces and bending moments at fracture. Hubbard performed quasi-
static 4-point bending on 5 calvarium specimens, a proportional relationship between peak bending
moments (2.03 to 3.42 N.m) and inner table thickness (1.27 to 1.73 mm) was observed (Hubbard
1971). TMD for the inner table and outer table explained 36 % and 24 % of the variation for the
compressive effective bending modulus, respectively. The relationship between cranial density

and modulus has been established in previous literature (McElhaney et al. 1970; Motherway et al.
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2009). McElhaney et al. performed compression on cubed-shaped calvaria and then subsequent
regression analyses between modulus of elasticity and dry weight density (McElhaney et al. 1970).
They established significant linear and non-linear regression equations between modulus and
density with moderate to strong R%s (0.62-0.86) (McElhaney et al. 1970). In addition, one study
found that percentage bone volume, a proxy measure of density and porosity, to be directly
proportional to elastic modulus (Motherway et al. 2009). Though, what distinguishes the previous
findings from the present study’s findings is that the latter identifies the cortical tables’ densities
to be the exclusive layers of the calvaria that are significant predictors of modulus as opposed to
the density of the whole calvarium (all layers considered) (McElhaney et al. 1970; Motherway et
al. 2009). Our finding may suggest that it is important for the cortical densities of layered calvarium
models to closely match those of the human calvarium to achieve a desired modulus.

The present study found inner cortical porosity to be a significant predictor of tensile strain
rate. Previous studies have demonstrated that an increase in porosity weakens the structural
integrity of cranial tissue resulting in lower strength and modulus values (McElhaney et al. 1970;
Motherway et al. 2009; Adanty, Tronchin, et al. 2020). Thus, the calvarium should deform at a
faster rate with greater porosity, especially at the inner cortical layer. The findings of the present
work demonstrate that the inner cortical table had the most significant predictors (thickness, TMD,
and porosity) of mechanical response in this work. Conversely, outer cortical TMD was the single
morphometry of the outer cortical layer to explain the variation of force at fracture (adjusted R*>=
0.28), bending moment at fracture (adjusted R*> = 0.26), and compressive effective modulus
(adjusted R?=0.24). Noteworthy here is that an increasing outer cortical TMD results in a decrease
in force and bending moment at fracture (Figure 11 b). Indeed, this finding is challenging to explain

given previous studies had noted an increase in cranial density to be significantly associated with
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an increase in properties such as strength and modulus (McElhaney et al. 1970). As previously
stated, the inner cortical table had the most predictors (thickness, TMD, and porosity) of
mechanical response while the outer cortical layer had just one, TMD. From a theoretical aspect,
beams that are typically loaded in bending experience fracture initiation and growth originating
from the tensile surface (Roark, Young, and Budynas 2002; Mott and Untener 2018), which for
the calvarium would be the surface of the inner cortical table. This notion may implicate why the
inner cortical table had the most morphometric and geometric properties as significant predictors
of mechanical response compared to the outer cortical table in this study. Yet, it is recommended
that modellers of the calvarium not overlook the outer cortical TMD, if overall, they wish to obtain
appropriate forces, moments, and compressive modulus during bending.

4.3 Limitations

The present work sampled the calvarium specimens by convenience, meaning the specimens
obtained were the greatest number of samples available to perform this research. The human
donors were restricted to an older age population who resided in one geographical province. Future
work should maximize sample size by including samples from multiple age groups, and sampling
across a greater geographical area to expand the generalization of the study’s findings. The
specimens were extracted from embalmed human donors; however, the effect embalming has on
the mechanical response of cranial tissue exclusively remains undetermined. Previous studies have
demonstrated no significant differences in mechanical properties amongst fresh-frozen and
embalmed human femora and calcanea (Topp et al. 2012; Mick et al. 2015; Zech et al. 2006).
Although one study showed that formalin fixation significantly affected the loss and dynamic
modulus during cyclic loading of murine femurs and vertebrae (Nazarian et al. 2009). In addition,

Ohman et al. showed that the long-term preservation of formalin-fixated human cortical bone of
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the femoral diaphysis significantly affected its Young’s modulus, yield strain and ultimate strain
(Ohman et al. 2008). Future work is encouraged to determine how material and mechanical
properties may be altered between fresh, fresh-frozen, and embalmed cranial tissue so that
limitations can be established when using each form of tissue. An irregular anatomic contour
method was the type of manual segmentation used in this study. Manual segmentation is regarded
as the gold standard for image segmentation, but its limitations are that it is a time-consuming
procedure since each cross-section is investigated, and it is sensitive to intra and interobserver
variability (Starmans et al. 2020; Bouxsein et al. 2010). The specimens were kept under room
conditions for no more than 10 hours to allow proper curing of the cyanoacrylate, however, the
potential for drying effects on mechanical response may be a limitation. The present work limited
statistical analyses to a series of linear regressions that are associated with a single independent or
predictor variable. Although, Bonferroni adjustments were applied to reduce the chances of
committing a Type I error. With an adequate sample size, the authors recommend future research
to perform a multivariable regression analysis to factor in all potential predictor variables, age,
sex, and location in one equation to determine if a linear or non-linear model can significantly
predict mechanical response. Furthermore, a step-wise linear regression can apply an automated
procedure to efficiently include within one model only the multiple predictor variables that have a
significant effect on the calvarium’s mechanical behaviour. The specimens were assumed to be
Euler-Bernoulli beams to apply the Euler-Bernoulli theorem. We acknowledge the limitations that
the calvarium is indeed a curved beam and it is a heterogenous structure due to its three-layer
composition and porous diploé region. Therefore, the specimens violate some of the assumptions
of the Euler-Bernoulli theorem (Roark, Young, and Budynas 2002). However, we proceeded with

applying the theorem since the mean .LROC (73.86 mm) and O.ROC (83.70 mm) were at least 10
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times the mean thickness (6.62 mm) of all specimens to assume a straight beam (Table 1) and the
strains experienced by the specimens were small (<0.5%). Lastly, the study limited its mechanical
testing to quasi-static loading resulting in quasi-static strain rates of 10™s"!. However, dynamic
impact loading conditions are most associated with applications observed in real-world head
impacts (Hosseini Farid et al. 2019; Zhai et al. 2020). Therefore, as a next step, it is prudent for
future studies to investigate the relationship between calvarium morphometry and mechanical

response variables derived from impact bending resulting in dynamic strain rates.
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5. CONCLUSION

More than one morphometric and geometrical property was a significant predictor of mechanical
response for calvaria under 4-point quasi-static bending. Tb.Pf was the single diplo€ morphometry
that was a significant predictor of force and bending moment at fracture. The inner cortical layer
had the most morphometric and geometric properties as significant predictors of mechanical
response particularly the inner cortical thickness, inner cortical TMD, and inner cortical porosity.
To the authors’ best knowledge, this is the first study to conduct a series of linear regressions
between the calvarium’s mechanical response and the calvarium’s morphometry and geometry in
all three of its structural layers. The findings from this work implicate which morphometric and
geometric properties surrogate or computational modellers should emphasize when fabricating a

three-layered skull model to accurately simulate injury.
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Chapter 3: The Mechanical Characterization and Comparison of
Male and Female Calvaria Under Four-Point Bending Impacts.

In Chapter 3, the calvarium specimens were characterized under 4-point dynamic impact bending
conditions to determine mechanical response at fracture which expands upon the quasi-static
results from Chapter 2. Most real-world head impact cases occur at dynamic loading and strain
rates. Therefore, employing a dynamic impact testing configuration is pertinent to characterize the
calvarium. The combined findings from Chapters 2 and 3 provided averages and 95% confidence
intervals for mechanical response variables of the calvarium. These measurements and properties
were necessary to assess how well the surrogate prototypes introduced in Chapter 4 compared with
human calvarium. The results of Chapter 3 complete sub-objective 3: Determine the mechanical
response of human calvarium in 4-point dynamic impact bending.

Chapter 3 is a peer-reviewed journal article that was published in the Journal of
Biomechanical Engineering — The American Society of Mechanical Engineers (ASME). Chapter
3’s text and content match exactly with the published article. Permission to reproduce the article
in this dissertation has been granted by ASME.
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The Mechanical Characterization and Comparison of Male and Female Calvaria Under
Four-Point Bending Impacts

ABSTRACT

The circumstances in which we mechanically test and critically assess human calvarium tissue
would find relevance under conditions encompassing real-world head impacts. These conditions
include, among other variables, impact velocities, and strain rates. Compared to quasi-static
loading on calvaria, there is less reporting on the impact loading of the calvaria and consequently,
there are relatively fewer mechanical properties on calvaria at relevant impact loading rates
available in the literature. The purpose of this work was to report on the mechanical response of
23 human calvarium specimens subjected to dynamic 4-point bending impacts. Impacts were
performed using a custom-built 4-point impact apparatus at impact velocities of 0.86 to 0.89 m/s
resulting in surface strain rates of 2-3/s — representative of strain rates observed in vehicle
collisions and blunt impacts. The study revealed comparable effective bending moduli (11-15 GPa)
to the limited work reported on the impact mechanics of calvaria in the literature, however, fracture
bending stress (10-47 MPa) was relatively less. As expected, surface strains at fracture (0.21-
0.25%) were less compared to studies that performed quasi-static bending. Moreover, the study
revealed no significant differences in mechanical response between male and female calvaria. The
findings presented in this work are relevant to many areas including validating surrogate skull
fracture models in silico or laboratory during impact and optimizing protective devices used by
civilians to reduce the risk of a serious head injury.

Keywords: Human Calvarium; Calvarium Biomechanics; Skull Fracture; Impact Loading; Sex

Differences
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1. INTRODUCTION
Establishing the mechanical response of the human calvarium is required to quantify the onset of
a traumatic head injury such as a skull fracture. Knowledge of such onsets allows helmet and
automobile industries to then make informed decisions on enhancing protection against skull
fractures in applications such as military and sports (Delaney, 2004; Weisenbach et al., 2018).
Furthermore, defining the mechanical onset of a skull fracture allows one to confidently validate
physical surrogate and computational models to accurately simulate a fracture. As we explore
novel testing methodologies on skull and brain tissue to determine mechanical properties (Melvin
& Yoganandan, 2015), we must ensure the manner of testing contains conditions most pertinent
to real-world head impacts. These conditions can include appropriate impact speeds and strain
rates. With this direction of testing, engineers and scientists can be assured that subsequent
mechanical properties used to verify surrogate models are derived from impact characteristics
associated with real-world head injuries. The testing on full surrogate or cadaveric head models in
large-scale impact testing equipment such as a linear drop tower, pendulum, pneumatic linear
impactor, and oblique testing apparatuses have been well documented in the literature to simulate
real-world head impacts (Aare & Halldin, 2003; Adanty, Clark, et al., 2020; Karton et al., 2020;
Knowles & Dennison, 2017; Li et al., 2021; Melvin & Yoganandan, 2015). This work performed
controlled and small-scale impacts on human calvarium tissue with resulting strain rates applicable
to rates observed in real-world head impacts (Hosseini Farid et al., 2019; Zhai et al., 2020).

The quasi-static bending of calvaria has been documented in the literature to investigate
skull fracture mechanics (Adanty, Tronchin, et al., 2020; Auperrin et al., 2014; Delille et al., 2007;
Hubbard, 1971). Work by Hubbard (1971) was one of the earliest studies to perform 3 and 4-point

bending on adult parietal specimens at quasi-static deformation rates with strain rates within 0.01/s
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(Hubbard, 1971). Similarly, Delille et al. and Auperrin et al. performed 3-point quasi-static
bending at displacement rates of 10 mm/min for fresh-frozen frontal and parietal specimens
(Auperrin et al., 2014; Delille et al., 2007). More recently, in a short communication, Adanty et al.
performed 4-point quasi-static bending on embalmed calvaria at displacement rates of 2 mm/min
resulting in strain rates of 10™#/s (Adanty, Tronchin, et al., 2020). While these findings have been
appropriate contributions to understanding skull fracture mechanics, quasi-static loading
conditions are not associated with the sudden head impact conditions observed in real-world
traumatic head impacts. Indeed, the typical strain rates observed from these studies were less than
1/s and though this rate may be appropriate to carefully note the fracture patterns of the skull and
quantify mechanical properties, these strain rates are significantly less than the rates observed in
real-world head impacts (Hosseini Farid et al., 2019; Zhai et al., 2020). Most real-world head
impacts during ballistics, falls, sports, and vehicle accidents endure intermediate to high strain
rates of 1-10%/s to the skull (Hosseini Farid et al., 2019; Zhai et al., 2020). It is at these high-loading
rates where we require further quantification of mechanical properties of skull tissue to accurately
validate surrogate or computational skull models and then optimize helmet and protective devices
accordingly.

The primary focus of this paper was to quantify the mechanical response of the calvarium
related to impact, however, the effect of sex on mechanical response comes into question. To our
knowledge, the comparison of mechanical response between sexes for the bending of calvaria has
not been reported in the literature to date. Most surrogate and computational human head models
utilized in injury biomechanics are typically validated from experimental data of the 50" percentile
male population. This limits the conclusions of the mechanical outputs for these models to the

male population as opposed to the general population consisting of males and females. Indeed, an

149



initial understanding of any potential differences in mechanical response between sex may inform
if sex-specific skull models are necessary for future design paradigms.

The purpose of this study was to report on the mechanical response of human calvaria in
dynamic 4-point bending impacts. A baseline understanding of skull mechanics during dynamic
bending impacts can provide a critical direction towards 1) advancing helmet protection to prevent
skull injuries and 2) an initial point of reference to validate physical surrogate or computational
skull models to simulate fracture. In addition, the following null hypothesis was tested in this

study: no significant differences in mechanical response between male and female calvaria.
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2. METHODS

The methods and protocols associated with this work were approved by the University of Alberta
Research Ethics Board (ID: Pro00089218). All specimens came from individuals in the University
of Alberta Anatomical Gift Program. All individuals were examined for pre-existing bone
pathology based on provided medical records to ensure no pathological factors had influenced the

subsequent results.

2.1 Specimens

Calvarium specimens of curved beam geometry were extracted from the frontal or parietal regions
of 23 male (n=11) and female (n=12) embalmed calvaria using an autopsy saw (Fig. 1). To obtain
the frontal specimens, a point was landmarked approximately 1.5 cm inferior to the coronal suture
and then a rectangular beam model (55 mm in length and 8§ mm in width) was used to outline and

extract one frontal specimen (Fig. 1) (Adanty et al., 2021).

Temporal
bone Width
Squamosal Thickness
tu
suture Length
Sphenoid
bone

Figure 1. a) A top-view model of the human calvarium displaying the outline which the frontal
and parietal specimens were extracted from. b) An example of a beam-shaped human calvarium
specimen.
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To obtain the parietal specimens, we located the center of the squamosal suture and
landmarked a point approximately 1.5 cm superior to the suture to extract one specimen (Adanty
etal., 2021). The orientation in which the specimens were extracted (Fig. 1) was preferred to avoid
the coronal and sagittal sutures on the skull, as well as to avoid the challenges of cutting the
specimens at regions with excessive curvature. Excessive curvature can be observed at bony
prominences of the skull such as the metopic ridge, parietal eminence, frontal eminence, and
particularly towards the supraorbital ridge and temporal ridge. Due to sample size constraints, one
specimen, as opposed to multiple specimens, was extracted per calvarium. In addition, one
specimen extracted per calvarium over multiple specimens avoids the challenge of cutting at
regions of excessive curvature as discussed and avoids the potential effect of intra-specimen
variation on the mechanical response. The specimens were then scanned using micro-computed
tomography (CT) at a resolution of 18 pum (Bruker-Skyscan 1176, Kontich, BE). Scanning
parameters included a 90 kV X-ray tube voltage, 278 pA X-ray current, 1 mm Al filter, 300 ms
integration time, frame average of n =3, and 0.7° angular rotation step (Adanty et al., 2021). Using
the micro-CT scanned images for each specimen, the second moment of inertia (/) and the half-
thickness (Fig. 2a) at the approximate center of the specimen was computed by way of third-party
software (BoneJ-an ImageJ plugin) (Doube et al., 2010) and verified using a secondary software
(Computed Tomography (CT)-Analyzer-version 1.10, Bruker-Skyscan). The surface radius of
curvature (ROC) was computed in Geomagic software by 3-Dimensional (3D) Systems (Rock
Hill, South Carolina) (Fig. 2b). Table 1 provides a geometric description of the specimens.
Specimen width, thickness, and 2" moment of inertia were determined to estimate bending stress.
Specimen ROC was computed to ensure ROC was 10 times the thickness of the specimens on

average to assume a straight beam when applying the Euler-Bernoulli beam theorem to compute
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bending stress (Roark et al., 2002). Before testing and for the maintenance of hydration, the
specimens were stored in unbuffered aqueous formaldehyde 37% embalming fluid, which is
composed of 4% phenol, 4% formalin (37% concentration), 8% glycol, 8% ethyl alcohol (95%
concentration), and 76% water. Additional details on the method of extraction and micro-CT

imaging and analysis of calvaria are published in a recent article by the present authors (Adanty et

al., 2021).

Centroid
a) b)

Figure 2. a) A cross-sectional micro-CT scanned image from a calvarium specimen, where c; and
c2 represent the half-thickness of the specimen from the centroid to the outer cortical and inner
cortical surface, respectively. b) An STL model of a calvarium specimen in Geomagic software to
compute outer ROC and inner ROC.

153



Table 1. The mean age and geometric properties of the calvaria (95% confidence interval).

Age and Male Female All specimens
Geometry (n=11) (n=12) (n=23)
Age 84.6 (78.2, 90.9) 88.0(82.3,93.7) 86.4 (82.4, 90.3)

Length (mm)  51.68(50.02,53.34)  52.12(50.83,53.38)  51.90 (50.95, 52.85)

Width (mm) 8.46 (8.16, 8.75) 8.76 (7.80, 9.71) 8.61 (8.13,9.09)

Thickness (mm) 6.79 (5.62, 7.96) 7.42 (6.81, 8.02) 7.12(6.52,7.72)

2" momentof  2.18E-10 (1.51E-10,  2.74E-10 (2.09E-10,  2.47E-10 (2.02E-10,
inertia (7) (m?) 2.85E-10) 3.38E-10) 2.91E-10)

Outer surface
ROC (mm) 69.04 (63.25, 74.83) 62.16 (56.77, 67.56) 65.45 (61.53, 69.37)

Inner surface 74.98 (26.13,
ROC (mm) 123.82)*
*one male specimen had an inner ROC of 291.39 mm which is a major outlier. With this outlier
removed, the average inner surface ROC for the males is 53.33 mm (95% CI 46.09, 60.57).

47.7 (3746 10 57.97)  60.75 (38.17, 83.33)

2.2 Specimen Preparation

Preceding the commencement of mechanical testing, fibre Bragg gratings (FBGs) were adhered to
the outer cortical and inner cortical surfaces of each specimen to quantify surface strains during
testing (Fig. 3a). The FBGs were glued to the cortical surfaces using cyanoacrylate to ensure the
FBGs remained intimately bonded to the surface. Scotch Tape (3M) was applied on the glued
surface followed by low heat from a heat gun (100°F for 15 seconds) to facilitate the drying of the
cyanoacrylate. After 10 h, the cyanoacrylate was fully dried, and the Scotch Tape (3M) was
removed to begin mechanical testing. The purpose of waiting at least 10 h was to ensure the
cyanoacrylate was fully cured so that the FBGs remained securely bonded to the specimens for
accurate measurements of strain during testing. Preliminary examinations on adhering FBGs to

swine scapula found that the cyanoacrylate did not fully cure when waiting 5 hours or less after
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investigating FBG bonding resilience. FBGs are Imm strain transducers in length (Fig. 3a)
implemented in optical fibres and perturbations on the FBG, such as surface strain, can be
quantified based on proportional changes in a Bragg wavelength (AAg) (Dennison & Wild, 2008).
The sensitivity of the FBG is 1.2 pm/ p€. The application of cyanoacrylate on FBGs has
demonstrated minimal effects on the FBGs’ ability to quantify strain (Tian et al., 2019). FBGs has
been used in biomedical applications for invasive biosensing in humans and animals (Al-Fakih et

al., 2012; Houg et al., 2021).
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b) c)

Figure 3. a) A 2D schematic of the 4-point bending impact and where the FBGs were placed on
the surface of the calvaria. b) A frontal view of the custom-built 4-point impact apparatus. c) An
isometric view of the custom-built 4-point impact apparatus.

2.3 Mechanical Testing: 4-Point Dynamic Bending Impacts

The specimens were placed in a guided custom-built 4-point testing apparatus to perform impacts

(Fig. 3b and 3c). The 4-point bending configuration was chosen because this configuration
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produces as close as possible a state of pure bending at the mid-region of the specimens. Therefore,
failure was mainly attributed to bending stress and less so with a complex stress-state
encompassing bending and shear that can arise in 3-point bending. The velocities of the top impact
fixture ranged between 0.86-0.89 m/s just prior to impact. These velocities were captured using a
high-speed camera at 5,000 frames per second (Phantom v61-1280 x 800 CMOS sensor) and
verified using Phantom Multicam Software. Given the mass of the top impact fixture attached to
the guide rail was 2.62 kg (Fig. 3b), the impact kinetic energy was 0.97-1.04 joules. The
instrumentation for the guided top impact fixture included two inertially compensated piezoelectric
force transducers (PCB model 208C05) for each impact fixture (Fig. 3¢). Each specimen was set
on the bottom fixtures and was free to move horizontally to avoid horizontal shear stresses within
the specimen as much as possible during bending deformation. The free horizontal movement of
the specimens holds no clinical relevance regarding injury, rather the intention was to carry out

testing conditions related to pure bending and ensure fracture was associated with bending stress.
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Table 2. Mechanical response variables determined for each test.
Mechanical Response Variables Description
Force at fracture (N) The force measured at time of fracture.

The calculated bending moment endured by the

Bending moment at fracture (N.m) specimen at time of fracture

The surface strain of the specimen at the time of
fracture, measured using FBGs. Tensile strain was
quantified on the inner cortical surface and
compressive strain was quantified on the outer cortical
surface (Fig. 3a).

Tensile surface strain at fracture (%)

Compressive surface strain at fracture (%)

Tensile bending stress at fracture (MPa) The calculated bending stress endured by the specimen

at the time of fracture, estimated using the Euler-

Compressive bending stress at fracture (MPa) Bernoulli Beam theorem by assuming specimens were

homogenous and of simple beam geometry (Roark et
al., 2002):

M(c;)

Otensile = I

M(c,)

Gcompression - I

Where, ¢ = stress (MPa)
M= fracture moment (N.m)
I=second moment of inertia (m*)
c= half-thickness- the distance from the centroid to the
surface of the specimen (See Fig. 2a)

Tensile effective bending modulus (GPa) The slope of the stress-strain plot (Fig. 4) associated
with initial linear region of the strain-time plot. The
Compressive effective bending modulus (GPa) term effective signifies that the calvaria are indeed

three-layer composite structures and that the modulus
is a bulk estimate assuming the specimen is
homogenous (Roark et al., 2002).

Tensile strain rate (1/s) The slope at the initial linear region for each strain-
Compressive strain rate (1/s) time plot (See Fig. 4).

The mechanical response variables determined for each bend test are outlined in Table 2.
All fracture properties of the specimens were documented at the observation of fracture initiation,
where initiation of fracture was determined visually from instant playback video recorded from

the high-speed camera. The authors applied the Euler-Bernoulli beam theory to make a simplified
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gross estimation of the stress-state of the calvaria (Roark et al., 2002). One major assumption when
applying the theorem is that the specimens are straight and if curved the specimen must have a
thickness of 10 times the ROC- the average specimens in our work satisfied this assumption for
both inner and outer ROC thus the specimens were assumed to be straight (Table 1) (Roark et al.,
2002). A second major assumption is that plane sections of the specimens remain perpendicular to
the neutral axis before deformation and remain perpendicular to the neutral axis during
deformation (Adeeb, 2011; Roark et al., 2002). A third major assumption is that the strains the
specimens experience are small (Adeeb, 2011; Roark et al., 2002). Both these assumptions were
met since the specimens fractured at small strains of less than 0.5% (Hayes et al., 2015) and we
did not observe any noticeable changes in geometry during deformation just as observed with other
brittle materials. Indeed, the calvarium is a heterogeneous structure, of nonuniform cross-sections,
and anisotropic, which provide some limitations to the use of the beam theory (Roark et al., 2002).
Though, previous studies have applied the beam theorem to make parallel assumptions to estimate
stress and thus draw comparisons between studies (Auperrin et al., 2014; Davis et al., 2012; Delille
et al., 2007; Igo et al., 2021; J. H. C. Lee et al., 2019; Margulies & Thibault, 2000). The FBGs
detected a linear relationship between surface strain and time following the application of the force
from the impact prongs on the outer cortical surface of the specimens (Fig. 4). At the initial stages
of the impact where the impact prongs first came into sudden contact with the specimen, surface
strain remained in an unstrained state and several milliseconds later strain increased linearly with
time. Therefore, strain rates and effective bending moduli-slope of the stress-strain plot (Fig. 4)

were reported for all the specimens at corresponding linear strain-time variations.
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Figure 4. An example of a strain-time plot (top graph) and its corresponding stress-strain plot
(bottom graph) for a calvarium presenting where the slope was computed to obtain strain-rate and
effective bending modulus respectively. The indicated slope on the stress-strain plot (bottom
graph) to determine the effective bending modulus corresponds to the strain-rate (slope) in the
strain-time plot (top graph).
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2.4 Statistical Analysis

Descriptive statistics on the mechanical response variables were reported. To test the following
null hypothesis: no significant differences in mechanical response between male and female
calvaria, an independent-samples t-test was performed using IBM SPSS version 25 (IBM Inc.,
Armonk, NY, USA). The independent variables were male and female and the dependent variables
were the mechanical response variables (Table 2). When a dependent variable was not normally
distributed (verified using a Shapiro-Wilk Test) for an independent variable a Mann-Whitney U
test was performed. Therefore, the null hypothesis tested for this non-parametric test was no
significant differences in distributions or medians in mechanical response between male and
female calvaria. Using preliminary data from a pilot project, a power analysis determined a total
minimum sample size of N=12 specimens to ensure the probability of committing a type 2 error
was 20% (Eng, 2003). The alpha level was set at 0.05 where a p-value less than 0.05 was
statistically significant.

Given the present study was limited to 23 specimens, the frontal (n=18) and parietal (n=5)
regions were grouped together as one region. Therefore, to justify omitting region as a second
independent variable, an additional statistical test was performed to test the following null
hypothesis: no significant differences in mechanical response between frontal and parietal
regions. Due to an uneven sample size between the two regions, parametric and non-parametric

tests were performed to test the null hypothesis.
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3. RESULTS

The descriptive statistics of the mechanical response with respect to sex are presented in Table 3.
In addition, descriptive statistics of the mechanical response averaged across both sexes are
presented in Table 4.

Table 3. Descriptive statistics of the mechanical response variables according to sex.

Male (M)
Mechanical Response Male (M) and 95% CI and
Variables Female (F) Mean 0 Female (F)
Median
Force at fracture (N) M:224.75 +83.82  M:168.43,281.06 M:200.76
orce at acture F:222.93+£79.71  F:17228,273.58  F:217.62
Bending moment at fracture M:1.70 £ 0.56 M:1.32,2.08 M:1.51
(N.m) F:1.70 £ 0.64 F:1.29,2.11 F:1.65
Tensile surface strain at M:0.24 £ 0.08 M:0.19, 0.30 M:0.26
fracture (%) F:0.25+0.09 F:0.19, 0.31 F:0.25
Compressive surface strain at M:0.22 £0.10 M:0.15, 0.28 M:0.25
fracture (%) F:0.20+0.11 F:0.13, 0.27 F:0.20
Tensile bending stress at M:29.89 +£9.10 M:23.77, 36.00 M:29.60
fracture (MPa) F:24.29 £7.01 F:19.84, 28.74 F:24.21
Compressive bending stress M:29.73 £9.78 M:23.16, 36.31 M:28.47
at fracture (MPa) F:23.54 +£7.72 F:18.63, 28.45 F:23.45
Tensile effective bending M:11.74 £11.07 M:4.30, 19.17 M:8.58
modulus (GPa) F:11.03 £8.39 F:5.71, 16.37 F:7.52
Compressive effective M:10.83 £6.09 M:6.74, 14.92 M:10.15
bending modulus (GPa) F:18.27 £ 18.09 F:6.78, 29.76 F:11.14
Tensile strain rate (1/s) M:3.27 £ 2.56 M:1.55, 4.99 M:3.50
F:2.93 £1.40 F:2.04, 3.82 F:3.10
Compressive strain rate (1/s) M:2.89 +2.14 M:1.46,4.33 M:2.75
P v F:1.87 £1.39 F:0.98, 2.75 F:1.43
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Table 4. Descriptive statistics of the mechanical response variables across both sexes.

Mechanical Response Variables Mean 95% CI Median
Force at fracture (N) 223.80 +79.82 189.28, 258.32 208.41
Bending moment at fracture (N.m) 1.70 £ 0.59 1.45, 1.96 1.60
Tensile surface strain at fracture (%) 0.25+0.08 0.21 to 0.28 0.25
Compressive surt;%/cs strain at fracture 091 +0.10 0.16 0 0.25 091
Tensile bending stress at fracture 26.97 + 8.39 23.34. 30.60 2484
(MPa)
Compressive bending stress at fracture 26.50 £ 9.13 2255, 30.45 2573
(MPa)
Tensile effective bending modulus (GPa) 11.37+£9.54 7.25,15.50 7.95
Compressive effective bending modulus 1471 + 13.96 8.68, 20.75 1021
(GPa)
Tensile strain rate (1/s) 3.09+£2.00 2.23,3.96 3.40
Compressive strain rate (1/s) 2.35+1.82 1.57,3.15 2.09

No significant differences were reported in mechanical response between sex. All tests
performed using a t-test are displayed as bar charts (Fig. 5). All tests performed using a Mann-
Whitney U Test are displayed as histograms to present the distribution of the mechanical variables
concerning sex (Fig. 6). By visual inspection, the distributional shapes between male and female
compressive effective bending modulus were not comparable (Fig. 6). Thus, mean ranks were
assessed between males (mean rank: 10.91) and females (mean rank: 13.00) for compressive
effective bending modulus (p=0.49). Distributional shapes between male and female tensile
effective bending modulus were comparable, therefore, medians were assessed between males
(8.58 GPa) and females (7.52 GPa). No significant differences between sex were reported for the

geometric properties (Table 5). Table 6 provides a comprehensive comparison between the present

162



study’s findings to the quasi-static and dynamic bending results of adult calvaria reported in the
literature. From independent-sample t-tests and Mann-Whitney U tests, the differences in
mechanical response between regions (frontal and parietal) were not significant (p > 0.05), thus,

including region as a second independent variable was not necessary for this study.
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Figure 5. Bar charts comparing the mechanical response between male and female. * indicates
a Welch t-test was performed for violating homogeneity of variance.
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Figure 6. Histograms for compressive modulus and tensile modulus with respect to sex.

Table 5. Statistical report for the geometry of the calvaria presented in Table 1 where no significant
differences in geometry were reported between sexes (p>0.05).

Geometry p-value F-statistic
Length (mm) 0.65 0.32
Width (mm) 0.83* -
Thickness (mm) 0.31%* -
2" moment of inertia (/) (m*) 0.20 <0.01
Outer surface ROC (mm) 0.07 0.12
Inner surface ROC (mm) 0.13* -

*Mann-Whitney U Test exact p-value.

**Welch T-Test for violating homogeneity of variance.
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Table 6. A comparison between the present study’s 4-point bending impact results to bending test results on adult calvaria reported in
the current literature. F, P, T, and O are frontal, parietal, temporal and occipital respectively. R and L refer to right and left respectively.

Authors Q=quasi- E= embalmed M=male Age Loading Rate (LR) & Strain Regions Force (N) Bending Stress (MPa) Strain (%) Modulus (GPa)
static Or or Rate (SR) sampled Moment
Or UE= F=female (N.m)
D=dynamic unembalmed
Impacts
Hubbard Q, 3-point E - N/A SR: 0.01s? P - 4-point: - 4-point: 0.51 3-point: 9.69
(1971) Q, 4-point 3.08
Delille et al. Q, 3-point UE M, F 70.95 LR: 10 mm/min F,PT - - - - . RP: 5.00
(2007) . LP: 4.90
. F:3.80
. T:11.30
Auperrin et Q, 3-point UE M 74.8 LR: 10 mm/min F,P, T - - - - . P:5.00
al. (2014) . F:3.81
. T:9.70
Rahmoun et Q, 3-point - M 88 LR: 10 mm/min F,P, T - - - - . RP:3.74
al. (2014) coronal . LP: 4.53
suture . F:3.28
. RT:5.22
. LT: 6.00
. Coronal
Suture: 2.04
Lee et al. Q, 3-point E M =61 LR: 10 mm/min F,P,T,0 - - Bare bone skull 1 & 2: - . Bare bone skull 1 &
(2019) F=86 42 & 53 2:1.70&2.74
Bone with periosteum . Bone with
attached periosteum attached
Skull 1 & 2: 68 & 99 skull 1 & 2:2.28 &
3.95
Motherway D, 3-point UE M, F 81 LR:0.5,1,2.5m/s F, P 0.5 m/s at RP, LP and - 0.5 m/s atRP, LP and F: - . 0.5 m/s atRP, LP and
etal. (2009) SR at 0.5 m/s: 19-22 51 F:734.6,721.7, 84.50, 82.13, 90.80 F: 10.33, 5.70, 4.35
SRat1m/s:25-31st 1062.3 1m/satRP,LPandF: . 1m/satRP,LPandF:
SR at 2.5 m/s: 102-110 1m/satRP,LPandF: 82.98, 78.15, 102.60 9.44, 17.69, 4.87
51 793.6, 584.3, 1035.9 0.5m/s atRP, LP and F: . 0.5 m/s atRP, LP and
0.5 m/s at RP, LP and 123.12,133.61, 126.91 F: 12.80, 18.12,
F: 1161.9, 1228.6, 16.34
1315.9
Zwirner et D, 3-point E M,F 48 LR:2.5, 3.0, 3.5 m/s F,P,T,0 2.5m/s: 716 - 2.5m/s: 98 - -
al. (2021) 3.5m/s: 1264 3.0 m/s: 119
2.5m/s atT: 638 3.5m/s: 130
3.5m/satT: 1136
Present D, 4-point E M, F 86.4, LR: 0.86-0.89 m/s F, P 223.80(189.28, 258.32) 1.70 Tensile: 26.97 (23.34, Tensile: 0.25 . Tensile: 11.37 (7.25,
Study (2022) (82.4, SR: Tensile = 3.09 s (1.45, 30.60) (0.21, 0.28) 15.50)
90.3) (2.23,3.96) 1.96) Compression: 26.50 Compression: . Compression: 14.71
SR: Compressive = 2.35 (22.55, 30.45) 0.21 (0.16, (8.68, 20.75)
s1(1.57, 3.15) 0.25)
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Verified through playback of high-speed video, fracture initiation originated at the tensile
(inner cortical) surface and then propagated through the diplo€ and finally through the compressive
(outer cortical) surface of the specimens as expected. Fracture did not always initiate at the location
of the FBGs (center of the specimen) but rather anywhere between the two points of loading which
was expected in 4-point bending since bending moment is constant and maximum between the two
points of loading. As a result of this, the strain response imposed on the FBGs when a fracture

occurred elsewhere was measured.
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4. DISCUSSION

To our knowledge, this is the first set of works to study the mechanics of calvaria in a 4-point
bending impact modality. The mechanical response of 23 calvaria at strain rates (2 to 3/s on
average) associated with real-world head impacts was reported (Hosseini Farid et al., 2019; Zhai
et al., 2020). No significant differences in mechanical response between sex were revealed.

An examination of the literature (see Table 6) disclosed two studies that conducted bending
impacts on cranial specimens in a 3-point configuration (Motherway et al., 2009; Zwirner et al.,
2021). Motherway et al. did not clarify their approach in computing strain rates but reported a
range between 20-100/s for impact velocities between 0.5 and 2.5 m/s (Motherway et al., 2009).
Zwirner et al. conducted impacts at 2.5, 3.0, and 3.5 m/s but failed to disclose strain rates (Zwirner
et al., 2021). Nonetheless, at 2.5 m/s, Motherway et al. recorded greater fracture forces of 1161 N
to 1315 N compared to Zwirner et al.’s findings which averaged 716 N (Motherway et al., 2009;
Zwirner et al., 2021). In addition, Motherway et al.’s fracture forces at 1.0 m/s (584 N to 1035 N)
(Motherway et al., 2009) were greater compared to the present study which documented an average
of 223 N at 0.86-0.89 m/s. There is no single factor to explain the variation of fracture forces
between the present work and the literature, however, there are a few characteristics from each
study that may contribute to differences in mechanical properties (Motherway et al., 2009; Zwirner
et al., 2021). The first characteristic is the difference in bending configuration between the present
and previous works (Motherway et al., 2009; Zwirner et al., 2021). In the 3-point configuration,
the peak stress is located directly below the single point of impact on the specimen, whereas the
peak stress is distributed over the distance between two points of impact in the 4-point
configuration. Additionally, in the 4-point configuration, the greater number of pores located in

the specimens' diplo€ distributed between the two points of impact may contribute to reducing
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overall bending strength compared to 3-point loading (McElhaney et al., 1970). This notion may
be a contributing factor for observing lower stresses between the present work’s findings at 27
MPa for 4-point loading and previous findings at 78 to 103 MPa in 3-point loading (Motherway et
al., 2009). Two studies that examined polymer and wood-based materials found that 3-point
bending yielded greater bending strength compared to 4-point bending (Chitchumnong et al., 1989;
Hein et al., 2018). An additional consideration worth noting is that the kinetic energy (0.5 e m
v?) and geometry of the impacting mass may be distinct across studies despite similar impact
velocities. This may also influence mechanical outcomes such as force and stress. A second
characteristic between studies is morphometry, donor age, and treatment of specimens (Adanty et
al., 2021). In the present study, specimens were extracted from the frontal and parietal regions in
which density, porosity, and diploé or cortical morphometry may be distinctive to temporal and
occipital specimens employed by Zwirner et al. (Adanty et al., 2021; Zwirner et al., 2021). Zwirner
et al. also sampled specimens from cadavers with an average age of 48 years old over a range of 3
weeks to 94 years old, however, the present work sampled from donors at an average age of 86
years old and Motherway et al. from 81 years old (Motherway et al., 2009). Age may influence
the biomechanical response of the calvarium and warrants further investigation (Motherway et al.,
2009; Zwirner et al., 2021). Concerning tissue treatment, the present study extracted embalmed
tissue, Zwimer et al. extracted samples at a median of 70-h post-mortem with a freeze-thaw
procedure prior to testing, and Motherway et al. obtained samples from fresh-frozen cadavers
(Motherway et al., 2009; Zwirner et al., 2021). According to previous studies, different tissue
treatments or preservation methods may or may not significantly affect the mechanical response
of bone (Burkhart et al., 2010; Carothers et al., 1949; Crandall, 1994; Evans, 1973; K. E. Lee &

Pelker, 1985; Mick et al., 2015; Nahum et al., 1968; Nazarian et al., 2009; Pelker et al., 1984; Topp
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et al., 2012; Wilke et al., 1996), nevertheless, future work should investigate if fresh, fresh-frozen,
and embalmed tissue influence the calvarium’s mechanical response.

Despite differing characteristics between the present work and previous findings, one
optimistic observation is that the bending moduli from Motherway et al.’s work (5-19 GPa) are in
the range of effective bending moduli reported in the present work (7.25-20.75 GPa), see Table 6.
Conversely, and as shown in Table 6, the average bending moduli derived from 3-point quasi-
static bending (1.70-11.30 GPa) (Auperrin et al., 2014; Hubbard, 1971; J. H. C. Lee et al., 2019;
Rahmoun et al., 2014) falls in the lower end of the spectrum for the range of bending moduli
presented in this study (7.25-20.75 GPa) and Motherway et al.’s findings (5-19 GPa) (Motherway
etal., 2009). This can simply be attributed to contrary loading and strain rates between the dynamic
and quasi-static testing which also verifies the viscoelastic nature of biological specimens - strain
rate dependent. In any case, one must cautiously compare information gathered from quasi-static
and impact testing. In quasi-static loading, the force applicator is pre-loaded on the specimen, the
load is applied in a way that inertial effects of the specimen can be ignored, and strain rates remain
relatively constant until fracture. Conversely, as observed in the present study, the force applicator
is not pre-loaded on the specimen resulting in a sudden impact. As shown in Figure 4, the strain-
time curve for one sample exhibits a non-linear behaviour until about 0.05 %, this could be the
region where the impact prongs are first adapting to full contact with the specimen. After about
0.05% the strain then begins a gradual linear response as well as its corresponding stress-strain
curve. It was in this linear region modulus was determined such that the strain-rate remained
constant (Figure 4). Since such a sudden impact is a defining characteristic of real-world head
impacts, future work should consider the effect of inertial response such as the specimen

acceleration during impact on mechanical properties. The present study is the first set of works to
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document strains on both the inner cortical and outer cortical surfaces of calvaria using FBGs. The
strains at fracture in the present study are marginally less (0.21-0.25%) than the tensile surface
strains reported in quasi-static bending by Hubbard (0.33-0.76%) and Adanty et al. (mean: 0.31
%) (Adanty, Tronchin, et al., 2020; Hubbard, 1971). This may suggest that greater strain rates
observed during impact bending can initiate a fracture at lower strains compared to specimens
subjected to quasi-static bending at lower strain rates (Ural et al., 2011). To support this suggestion,
a study on tensile loading of human cranial bone found a negative linear regression coefficient
deemed significant between breaking strain and strain rate (Wood, 1971). Therefore, from a logical
standpoint, the strain at fracture attributed to a strain rate of 2-3 s’ in the present study should be
less than the strain reported by Hubbard that yielded a strain rate of 0.01 s

There was no evidence to reject the null hypothesis: no significant differences in
mechanical response between male and female calvaria. Likewise, recent work by Zwirner et al.
produced sex-independent force and stress measurements (Zwirner et al., 2021). Compared to
work on load-bearing bones in humans, there is scarce literature differentiating the mechanical
properties of male and female crania (Nieves et al., 2005). One probable factor for observing no
differences was the comparable geometry in specimens between sex since specimen thickness and
second moment of inertia are associated with the computation of bending stress and modulus.
Similarly, surface strain is a measure proportional to the specimen geometry (Hubbard, 1971).
Since the calvarium is a three-layered composite structure, Hubbard demonstrated that surface
strain on the cortical layer is a function of calvarium thickness and bending stiffness, where
stiffness is related to second moment of inertia and elastic modulus (Hubbard, 1971). For surrogate
and computational modellers, the present work’s findings on sex-independent mechanical

response may infer that future calvarium models irrespective of sex are appropriate to model injury

170



for the general population. However, a greater sample size across different age groups and greater

impact speeds are required to support the present work’s findings.
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5. LIMITATIONS

5.1 Specimens

The findings from the present study are biased towards an older age population in the province of
Alberta, Canada, therefore, future work is encouraged to perform testing on a younger age cohort
or a specific population more vulnerable to head injury. Despite performing a power analysis, the
authors of this work acknowledge limitations on the sample size. The specimens in this work were
sampled by convenience, meaning it was the maximum number of specimens accessible to the
authors at the time of the study. The authors limited the extraction of the specimens on each
calvarium in a horizontal orientation (parallel to sutures) at the frontal (medial to lateral) and
parietal (anterior to posterior) regions as displayed in Figure 1. This is one orientation out of many
in which the specimens could have been extracted, however, bony prominence regions can vary in
size and geometry between individual calvaria. For example, extracting specimens in the vertical
orientation at the frontal region would require carefulness when cutting through the metopic ridge
and the frontal eminence as the curvature considerably changes when cutting superior to inferior
or vice versa. The result of this would then be calvarium beam specimens with a complex curvature
that would then be challenging to configure for impact in 4-point bending. Nonetheless, the authors
suggest future studies consider harvesting specimens at multiple orientations to account for the
anisotropic nature of bone during mechanical testing.

The current study employed embalmed calvarium specimens. In biomechanical research,
tissue is preserved with embalming fluid for the following reasons: 1) if fresh tissue is inaccessible
and sufficient sample size is required, 2) if additional time and care are necessary to apply
instrumentation and prepare for mechanical testing, and 3) to prevent the transmission of infectious

diseases such as AIDS (HIV), Hepatitis, and more recently SARS-CoV-2 virus (Crandall, 1994).
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To determine the mechanical effects embalming may have on fresh tissue, we investigated a
dissertation by Crandall (1994) that mechanically tested 150 bovine ribs (Crandall, 1994). Similar
to the geometry of calvaria employed in the present study, the ribs were curved and comprised
cortical and trabecular tissue. The ribs were also tested under bending conditions like the calvaria
in the present study, except under 3-point quasi-static loading. The calvaria used in this study were
subject to formaldehyde embalming fluid, similarly, two groups of ribs from Crandall’s work were
subject to formaldehyde solution by Michigan Anatomical Fluid and formaldehyde by University
of Virginia Fluid (Crandall, 1994). Both groups of ribs treated with formaldehyde were found to
have a less than 12% difference in elastic modulus, yield stress, ultimate stress, and ultimate strain
compared to the fresh ribs which were not statistically significant (Crandall, 1994). Rather, the
frozen group of ribs had up to a 25% and 28% difference compared to fresh and embalmed ribs
respectively which were both statistically significant (Crandall, 1994). Meanwhile, previous
studies cited by Crandall showed that the freezing process was an appropriate preservation
technique that did not affect material properties (K. E. Lee & Pelker, 1985; Pelker et al., 1984). In
addition to Crandall’s findings, Nazarian et al. found that formalin altered the viscoelasticity of
bone significantly, but bending stiffness, modulus of elasticity, yield displacement, yield load,
yield strain, and yield strength was not significantly different between frozen, formalin-fixed, and
fresh murine bone (Nazarian et al., 2009). Mick et al. and Topp et al. demonstrated that there were
no significant differences between embalmed and fresh-frozen tissue of the human femur (Mick
etal., 2015; Topp et al., 2012). Wilke et al. showed the range of motion for L1-L2 spinal segments
from 16-week-old calves was significantly reduced in the embalmed group compared to the fresh
group (Wilke et al., 1996). Earlier studies by Carothers et al. (1949) and Evans (1973) showed that

formalin can significantly increase the strength of human long bones under tensile and bending
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loading (Carothers et al., 1949; Evans, 1973). Burkhart et al. showed that the axial stiffness of
human femora significantly increased by 14% in the embalmed group compared to the fresh group
(Burkhart et al., 2010). In summary, embalming of tissue is indeed a limitation but its mechanical
effect on fresh tissue is inconsistent across the literature and we cannot be certain on how much it
influences calvarium exclusively. Therefore, when it comes to the human calvarium it is unknown
how much of a biomechanical effect embalming has on fresh calvaria. We encourage future studies
to explore different forms of tissue preservations and their mechanical effect on skull or calvarium
tissue to formulate if the use of embalmed skull tissue is truly a viable source or not for

biomechanical testing.

5.2 Mechanical Testing

As discussed earlier, most specimens experienced fracture initiation between the two points of
loading, however, few specimens experienced fracture initiation under one of the two points of
loading. One possible reason for this occurrence is because, at that point of loading, the specimen
contained a considerable number of pores in the diplo€ that weakened the specimen at that area
and thus initiated fracture at that point. This may not necessarily be a limitation with respect to the
specimen’s natural morphology, however, it may be a limitation to consider when using 4-point
bending for impact on a nonhomogeneous structure. The pattern or shape of the fracture was not
reported as this study was concerned with quantifying mechanical response at fracture. However,
future work may consider documenting qualitative observations on fracture shapes and patterns -
butterfly fracture, linear fracture, or oblique fracture as these are important characteristics to
consider when developing models to mimic skull fracture. The authors acknowledge the
limitations of modelling the specimens as a Euler-Bernoulli beam to estimate bending stress. The

authors attempted to model the bending stress using the curved beam theorem based on equations
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proposed by Roark and Young (2002) (Roark et al., 2002). The stress at fracture derived from the
curved beam theorem had an average percent difference of 1.66 % in tensile stress at fracture and
a difference of 2.13 % in compressive stress at fracture with respect to fracture stress derived from
the Euler-Bernoulli beam theorem. This percent difference is less than the 4-5% error advised by
Roark and Young (2002) when applying the Euler-Bernoulli beam theorem on a curved beam
(Roark et al., 2002). One possible explanation for this small difference between the two theorems
is that the calvarium specimens fractured at small strains of less than 0.5 % which satisfies the

assumption of small deformation when applying the Euler-Bernoulli beam theorem.
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6. CONCLUSION

To express the importance of testing human calvaria under conditions most applicable to real-
world head impacts (strain rates > 1s™), the mechanical response of calvaria subjected to 4-point
bending impacts was determined. The present study documented effective bending moduli that
were in line with previous studies that performed 3-point impact bending on calvaria, however,
fracture bending stress was less. Surface strains were relatively less compared to previous findings
that quantified surface strains during quasi-static bending. No significant differences in mechanical

response between male and female calvaria were established.
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Chapter 4: The Development of Preliminary Human Calvarium
Surrogate Models to Mimic Mechanical Response at Fracture.

Chapter 4 obtained the geometrical properties of the calvarium accumulated through Chapters 1 to
3 to guide the fabrication of three preliminary surrogate models. The surrogate models were then
statistically compared with the mechanical response variables of the calvarium specimens
presented in Chapters 2 (quasi-static loading) and 3 (dynamic impact loading). The development
of the surrogate models was not possible without characterizing the geometry, morphometry, and
mechanical response of the calvarium reported in the previous chapters. To develop the surrogates,
a simple approach using cost-effective and readily available materials was considered. The current
chapter evaluated which surrogate model would be a suitable candidate for further development
when mimicking the mechanical response of the calvarium at fracture. The findings from Chapter
4 fulfill sub-objective 4: Develop preliminary surrogate models of the human calvarium to mimic
the calvarium’s mechanical response at fracture. Chapter 4 has been submitted to Annals of

Biomedical Engineering.
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A Preliminary Step Towards A Physical Surrogate of The Human Calvarium To Model
Fracture

ABSTRACT

A surrogate model of the human calvarium can be used to assess skull-fracture-related head
injuries without continuously requiring post-mortem human skulls. Skull simulants developed in
the literature often require sophisticated manufacturing procedures and/or materials not always
practical when factoring in time or expense considerations. This study’s objective was to fabricate
three different exploratory surrogate models of the calvarium to mimic the calvarium’s mechanical
response at fracture using readily available and cost-effective materials, specifically epoxy and
chalk. The surrogates and calvaria were subject to quasi-static and dynamic impact 4-point bending
and their mechanical responses were compared statistically. Under quasi-static loading, all three
surrogates showed a considerable number of significant differences in mechanical response
variables to calvaria (p<0.05). Under dynamic impact loading, an epoxy-chalk three-layered
surrogate showed the most non-significant (p>0.05) differences in mechanical response variables
when compared to calvaria. This included force and bending moment at fracture, tensile strain at
fracture, tensile and compressive stress at fracture, tensile modulus, and tensile strain rate. Our
study illustrates that employing epoxy and chalk, which are readily available and cost-effective,
and structuring them in a three-layered concept, similar to the calvarium, has the potential to mimic

the mechanical response of calvaria in impact loading.

Key Terms: cost-effective, readily-available, pragmatic, biomechanical testing, epoxy, chalk
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1. INTRODUCTION

If blunt force trauma delivered to the head is great enough, a skull fracture can occur. This type of
head injury can be fatal and may result in a severe life-threatening brain injury (Macpherson et al.,
1990). Recent reports show that a skull fracture is most commonly reported in motor-vehicle
accidents and falls (Marks, 2005). A skull fracture may also arise from extreme sports, criminal
assaults, and back-face deformation arising from ballistic-loaded military helmets (Chattopadhyay
& Tripathi, 2010; Sharma et al., 2015; Weisenbach et al., 2018). Given the commonplace
circumstances in which a skull fracture can occur, it is important to study the biomechanics of a
skull fracture so that preventative measures can be proposed to reduce its likelihood of occurrence.
To study the biomechanics of a skull fracture, a physical surrogate of the calvarium that is frangible
and mimics the mechanical response at fracture of the calvarium is necessary for head impact
experimentation. The surrogate can then be integrated with existing headforms to simulate skull
fracture events and evaluate protective equipment.

Indeed, the ideal surrogate to conduct trauma-induced impacts to mimic fracture is the
human skull or intact human head harvested from post-mortem human subjects (PMHS). Though,
PMHSs are not easily obtainable due to factors such as financial costs, nationwide laws that may
restrict research on PMHS, and complex logistic and storage methods for PMH tissue. In addition,
variations in the biomechanical properties of PMH tissue are often large due to morphological
distinctions across subjects. When tissue from PMHS is unobtainable but physiological conditions
analogous to humans are required, live or sacrificed animal head models are used as alternative
surrogates to model a skull fracture or injury (Gurdjian & Lissner, 1947; Hodgson & Thomas,
1972; Liu et al., 2012). However, their distinct Haversian system of bone, less discernment of

cortical and trabecular separation compared to human calvaria, and the cost associated with

186



maintaining live animals introduce challenges in biomechanical research (Hillier & Bell, 2007).
Some anthropomorphic test devices (ATDs) of the head have been developed to quantify and
determine the potential for which a skull fracture may occur such as the ballistic load sensing
headform (BLSH) (Anctil et al., 2008) or the National Institute of Justice (NIJ) clay-based
headform (JAMES L. UNDERWOOD, n.d.). ATD headforms are necessary for acquiring
repeatable and reproducible global head kinematic response over repeated trials. However, their
stiff or over-compliant material composition prevents the true observation of skull deformation
resulting in a fracture (Anctil et al., 2008; Hubbard & McLeod, 1974; JAMES L. UNDERWOOD,
n.d.). Perhaps the introduction of a surrogate or test device that deforms and fractures in a similar
nature to a real skull would allow for a realistic coupling between the impacting object and the
head, and subsequently, a realistic coupling between the surrogate and the brain during skull
deformation. Lastly, computational models of the skull developed through finite element methods
(FEM) are also a convenient means to model fracture, particularly if physical models are
inaccessible. Nonetheless, simulation time, model verification, element selection, boundary
conditions, and assumptions regarding material behaviour all pose challenges when considering
computational models. It may then be appropriate to turn towards readily available materials and
cost-effective strategies to design a simple physical surrogate of the calvarium that can mimic its
biomechanical response at fracture. Such a simplified approach would enable biomechanical
researchers and forensic scientists to easily simulate fracture on a cost and time — effective bases.

Preliminary efforts have been made to develop a surrogate model of the skull (Thali et al.,
2002) or calvarium (Delille et al., 2007). Alternatively, many have tested synthetic bone models
to compare their surrogates’ mechanical properties to calvarium (Brown et al., 2019; Falland-

Cheung et al., 2017; Ondruschka et al., 2019; Plaisted et al., 2015; Roberts et al., 2013). Thali et
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al. introduced a synthetic “skin-skull-brain model” to simulate gunshot wounds to the head (Thali
et al., 2002). Their model consisted of a layered polyurethane skull that featured an internal and
external tabula and a porous diplo¢ sandwiched in between the tabula. The mechanical response
of their model was not determined but it exhibited realistic linear fracture profiles arising from the
entrance wounds of the ballistic projectiles (Thali et al., 2002). Delille et al. developed a new
physical head model in an attempt to replace the standard Hybrid III headform (Delille et al., 2007).
However, the type of resin chosen to construct their skull model was not specified. When
investigating the force-time response of their model with respect to cadaveric results by Nahum et
al. (Nahum et al., 1977), they suggested their overall model was more biofidelic in terms of impact
duration than the Hybrid III headform (composed of steel and rubber) (Delille et al., 2007). Roberts
et al. developed surrogates with commercial grade epoxy resin (EPON 815C or 862) mixed with
30% milled glass fibres to model the cortical tables of the calvarium, while the diploé was
modelled with urethane foams (US Foam #16 and BJB-TC). Their surrogates yielded peak bending
stresses within the range of calvarium, but their bending modulus was less compared to calvarium
when undergoing quasi-static three-point bending. Moreover, the force to fracture for their
surrogate plate models that underwent flat panel drop tests was less in comparison to impact testing
on intact human skulls (Roberts et al., 2013). In two studies, high-strength epoxy resin
(MasterFlow, Germany) used to model the calvarium was loaded in quasi-static three-point
bending (Falland-Cheung et al., 2017; Ondruschka et al., 2019). Both studies reported high-
strength epoxy resin to be within the range of calvarium for bending strength but, their modulus
values fell in the lower end of the range of calvarium. Plaisted et al. (2015) used stereolithographic
additive processing to produce composite structures consisting of a photocurable polymer and a

high-loading ceramic to mimic fracture (Plaisted et al., 2015). Under quasi-static tensile loading,
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their composite structures fell within the range of tensile strength and modulus of elasticity
reported for calvaria (Plaisted et al., 2015). Brown et al. (2019) conducted high-rate compression
testing on commercially available bone surrogates using a Split-Hopkinson Pressure bar system
(Brown et al., 2019). Their bone surrogates (BoneSim, Synbone, and Sawbone) did not display the
potential to mimic the brittle comportment of bone (Brown et al., 2019). In their study, Bonesim
appeared to be the only viable material to align with compressive modulus, yield and ultimate
strength of calvarium (Brown et al., 2019).

The purpose of this study was to present a simple and pragmatic approach toward the
development of three preliminary surrogate models of the human calvarium with the intent to
mimic the mechanical response of the calvarium at fracture. In addition, hypothesis testing was
performed to compare the mechanical response at fracture, bending modulus and strain rates
between the surrogates’ and calvarium specimens. The present study’s approach to modelling the
calvarium was particularly unique to previous studies due to 3 main elements. First, cost-effective
materials obtained from local retail corporations were readily available to fabricate the surrogates.
Second, the surrogates were mechanically tested in both 4-point quasi-static and dynamic impact
bending conditions. Thirdly, the surrogates’ mechanical response was statistically compared
against human calvaria which was tested in consistent laboratory settings and bending conditions

as the surrogates.
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2. MATERIALS AND METHODS

2.1 Surrogate Development — Prototype 1: Pure Epoxy

In this section, we discuss the fabrication of a pure epoxy prototype. Previous studies had
employed construction-based epoxy normally intended for large-scale industrial applications that
may not be accessible from local retail corporations for the simple development of a surrogate
calvarium (Falland-Cheung et al., 2017; Ondruschka et al., 2019; Roberts et al., 2013). Indeed,
epoxy has proven to be a prospective material to mimic the fracture response of the calvarium due
to its unique ability to withstand significant forces prior to failure when subject to bending
(Falland-Cheung et al., 2017; Ondruschka et al., 2019; Roberts et al., 2013). In addition, epoxy
can be subjected to a variety of curing agents to alter its properties and improve its performance in
future work. Therefore, to remain consistent with previous studies we selected LePage Speed Set
Epoxy (Henkel, Diisseldorf, Germany) to fabricate prototype 1. This epoxy was readily available

from local retail corporations and was cost-effective.

Pressured applied here.

A4

o)
Hardener <=

Resin

<+
<+

+/— Self-mixing nozzle.

M

Epoxy dispensed here.

Figure 1. A schematic to illustrate the double-syringe self-mixing nozzle epoxy applicator.
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The epoxy is composed of resin and hardener mixed in a 1:1 ratio through a self-mixing
nozzle applicator (Figure 1) (Henkel, 2016). The epoxy was dispensed from the nozzle applicator
into a pre-made silicone mold (Figure 2) that contained the imprints of curved beams. After 15
minutes of initial drying, the prototypes were removed from the mold and stored at ambient

conditions until the time of testing.

—

Outer layer imprint.

Prototype 3 = Middle layer imprint.

Inner layer imprint.

S

Prototype 1 and 2 imprint.

Figure 2. The silicone mold with each prototype’s imprint.

2.2 Surrogate Development — Prototype 2: Epoxy-Chalk Mix

For prototype 2, chalk was incorporated with the epoxy. Although chalk alone may be a soft
material that cannot withstand forces similar to the calvarium, it is considered a brittle material
like the calvarium and can be an important characteristic to mimic a brittle response when
combined with a high-strength material such as epoxy. Therefore, the purpose of chalk mixed with
the epoxy was to induce some form of brittleness through impurities within the structure of the
prototype, similar to the brittle behaviour of real bone when fractured. Like most bones in the
human body, the calvarium’s inorganic matter composes of a calcium phosphate material -

hydroxyapatite (Caio(PO4)s(OH)>. Chalk is a type of limestone that is composed of calcite—natural
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calcium carbonate (CaCO3), therefore, chalk’s calcium component makes it a potential candidate
to mimic the brittle and inorganic nature of bone. In addition, chalk is a readily available and cost-
effective material.

The chalk was crushed into a powered form (2.31 g) and transferred into a mini reclosable
clear plastic piping bag. 4.69 g of the epoxy was dispensed into the piping bag and mixed
thoroughly with the chalk for 2 minutes. The mixture of epoxy and chalk was then dispensed from
the piping bag into the silicone mold (Figure 2) and allowed to dry for 15 minutes. The prototype
was then removed from the mold and stored at ambient conditions until the time of testing.

2.3 Surrogate Development — Prototype 3: Epoxy-Chalk Sandwich Layered

The calvarium is a three-layered structure that comprises an outer and inner cortical table that
sandwiches a porous layer - diplo€. Hence, the present study considered a three-layered structure
for prototype 3. A previous study characterized the complex morphometric indices of the diploé
and cortical tables using micro-computed tomography (CT) analysis (Adanty et al., 2021). But for
simplicity, the diplo€ or middle layer for prototype 3 was modelled as a solid epoxy layer and the
inner and outer cortical tables were modelled as a mixture of epoxy and chalk. The epoxy layer
provided strength through the middle of the structure, while the epoxy-chalk cortical tables
induced brittleness to facilitate a brittle fracture response at the inner cortical surface like calvaria
(Adanty et al., 2022).

To construct the middle layer of prototype 3, the epoxy was dispensed into the silicone
mold that contained the imprint of a 3 mm thick curved beam (Figure 2). To construct each of the
inner and outer layers of prototype 3, 4.31 g of chalk and 5.00 g of epoxy were mixed in a piping
bag for 2 minutes. The mixture was dispensed into the silicone mold that contained an imprint of

a 2.00 mm thick outer and a 1.87 mm thick inner curved layer. All three layers were allowed to

192



dry for 15 minutes and were then adhered together using the epoxy to ensure a strong cohesion
between layers. Prototype 3 was stored at ambient conditions until the time of testing.

2.4 Surrogate Geometry

Table 1 displays the physical characteristics of all three prototypes. The second moment of inertia
(Ix) was computed for each prototype by assuming the cross-section of each prototype was a solid
rectangular section and applying equation (1). It was ensured that no pores were visibly present
for each prototype to assume a solid rectangular section. Any prototype with visible pores or
unintended imperfections on its external surface that could introduce stress concentrations was

discarded.

bh3
I :? (1)

Where, b = base or width and h = height or thickness.

The geometry of the prototypes was intended to be consistent with calvarium specimens
that they were compared to during mechanical testing. When analyzing micro-CT images, on
average, the calvarium has a slightly thicker outer cortical table than the inner cortical table (see
Tables 2 and 3) which was accounted for in prototype 3. It was important to ensure the geometry
of the inner and outer layers for prototype 3 were approximately matched with the calvarium since
our preliminary findings have demonstrated that the inner and outer cortical tables’ geometric

properties can significantly influence the mechanical response of the calvarium.
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Table 1. A schematic, composition, /. and weight for each prototype.

Prototype Schematic Composition [/ (m?) nght
Z
0.ROC: 69.00 mm W: 8.45 mm
I.ROC: 69.00 mm 2.33 3.51
Prototype 1 Yy = 7 N Pure epoxy _10E ()52()
L: 55.00 mm
X
zZ
0.ROC: 69.00 mm W:8.73 mm
I.ROC: 69.00 m‘T“‘ Epoxy (4.69 g) 241E 393+
Prototype 2 Y < T > + Chalk (2.31) ‘-10 0 21
L: 55.00 mm
X
Z 0.ROC: 69.00 mm _ Middle layer:
> pure epoxy
I.LROC: 69.00 mm
Inner or outer 2.26E 3.89 +
Prototype 3 Y layer: epoxy -10 0.35
1:55.00 mm (5.00 g) +

X Chalk (4.31 g)

0O.ROC = outer radius of curvature (ROC), .LROC = Inner ROC, T=thickness, W=width, L=length,
I=inner layer, O=outer layer.

2.5 Human Calvaria
All the methods pertaining to the human calvarium specimens were approved by the University of
Alberta Research Ethics Board (ID: Pro 00089218). All specimens originated from individual
embalmed cadavers supplied by the University of Alberta Anatomical Gift Program.

Human calvarium specimens were employed in this study to 1) ensure the surrogates’

geometrical dimensions were consistent with the average geometrical properties of the calvarium
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specimens and 2) for the statistical comparison of mechanical response against the surrogates
prototypes. The morphometry, geometry and mechanical response of the calvarium specimens are
reported in this study and in previous studies (Adanty et al., 2021, 2022). The calvarium specimens
were obtained from male and female subjects in the frontal and parietal regions. The calvarium
specimens were micro-CT scanned and analyzed using third-party imagining software to
determine morphometric and geometrical properties (Adanty et al., 2021) (Figure 3). The length,
width, and thickness were verified using digital calipers (Adanty et al., 2021) (Figure 3). The
calvarium specimens were then subject to 4-point quasi-static bending (Group 1) specimens) and
4-point dynamic impact bending (Group 2) specimens) (Adanty et al., 2022). The average age of
the donors and weight of the calvarium specimens for Group 1) were 85.8 £ 9.0 years old and 4.88
+0.15 g respectively, and for Group 2) was 86.4 £+ 9.3 years old and 5.35 + 1.23 g respectively.
Note the geometrical properties of the calvarium specimens in Tables 2 and 3. For mechanical
testing, the calvarium specimens were not grouped by region or sex but were rather pooled
together. No significant differences in mechanical response between sex and regions in 4-point

dynamic impact loading were established (Adanty et al., 2022).

Width

z 0.ROC Outer table thickness Diploé thickness

Thickness

Centroid 7

. ‘ - clnp half

~ Chottom half

Inner table thickness

I.ROC
a. b. c.

Figure 3. a. An example of a frontal calvarium specimen. b. A z-y micro-CT image of the
calvarium. c. A z-x micro-CT image of the calvarium.
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Table 2. Mean and 95% confidence intervals (CI) for geometrical properties of Group 1)
specimens.

Inner Outer Diploé
Geometry I (m?) Length Width Thickness O.ROC I1ROC table table thickness
(mm)  (mm) (mm) (mm) (mm)  thickness thickness (mm)
(mm) (mm)
Calaria  (11se. 5555 865 662 8370 7386 143 L6 3.82
(n=24) '10 (54.34, (8.35, (5.84, (71.56, (60.38, (1.13, a 41' 1.84) (3.09,
3.48’E- 56.76)  8.95) 7.40) 95.85)  87.35) 1.73) U 4.54)
10)
Table 3. Mean and 95% Cls for geometrical properties of Group 2) specimens.
Inner Outer Diploé
Geometry I (m?) Length Width Thickness O.ROC ILROC table table thickness
(mm)  (mm) (mm) (mm) (mm)  thickness thickness (mm)
(mm) (mm)
Calvaria 2(3?)].321310 51.90 8.61 7.12 65.45 60.75 1.66 1.87 3.74
(n=23) '10 (50.95, (8.13, (6.52, (61.53, (38.17, (1.44, (1.69, (3.006,
2.9133_ 52.85) 9.09) 7.72) 69.37)  83.33) 1.88) 2.05) 4.42)
10)

2.6 Mechanical Testing Of The Surrogate Prototypes
The equipment and test parameters for the mechanical testing of the surrogate prototypes were
consistent with the mechanical testing of calvarium specimens (Adanty et al., 2022). 4-point
bending was performed on the surrogate prototypes and calvarium specimens. Quasi-static
bending was chosen to characterize the mechanical response of the prototypes whereby the inertial
effects are negligible during testing. However, most real-world head impacts are sudden and occur
in dynamic circumstances that result in strain rates between 1s!' and 10°s™ (Hosseini Farid et al.,
2018). Therefore, dynamic impact bending was also performed on the prototypes.

Before testing, the prototypes were instrumented with fibre Bragg gratings (FBGs) at both
the inner and outer surfaces using cyanoacrylate to quantify surface strain (%) during mechanical
testing (Figure 4) (Adanty et al., 2022). All three prototypes were loaded in 4-point quasi-static

bending until fracture at a displacement control rate of 2 mm/min. Figure 4a shows a schematic of
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the 4-point quasi-static bending test and Figure 5 shows each prototype and a calvarium specimen

undergoing 4-point quasi-static bending.

131,

Instron Applied Force Impact Prong 1 Impact Prong 2

(Equipped with a 3 kN load cell) (Equipped with a 22. 24 (Equipped with a 22.24 kN
kN foree transducer) force transducer)
J 12 Lg,, v
D _Outer surface FBG A Outer surface FBG
m (1 mm) n *’”/ (1 mm)

]} T

Inner surface FBG —§ N + Inner surface FBG e . Y
1 mm 1 mm|
(1 mm) Ly ] (1 mm) I Ly l
Bottom Bottom Bottom Bottom

a. Support 1 Support 2 b. Support 1 Support 2

Figure 4. a. A schematic of the 4-point quasi-static bending test. b. A schematic of the 4-point
dynamic impact bending test.

Figure 5. a. An example of a calvarium specimen, b. prototype 1, c. prototype 2 and d. prototype
3 under 4-point quasi-static bending in an Instron E3000.
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All three prototypes were placed in a custom-built 4-point testing apparatus to perform
dynamic impact bending until fracture. The apparatus consisted of a top fixture with two impacting
prongs that were dropped from a consistent height and guided freely to impact the prototypes that
rested on bottom fixtures (Adanty et al., 2022). The impact velocities were 0.86 to 0.89 m/s and
was verified using a high-speed camera at a capturing rate of 5 kHz. Figure 4b shows a schematic
of the 4-point dynamic impact bending test and Figure 6 shows each prototype and a calvarium

specimen undergoing the 4-point dynamic impact bending test.

Al i JI-mul.hlnth]l‘TiT"lﬂHmmlﬂﬂmmmaﬂk
s ML! R

Figure 6. a. An example of a calvarium specimen, b. prototype 1, c. prototype 2 and d. prototype
3 under 4-point dynamic impact bending.
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The mechanical response variables quantified at fracture included force (N), bending
moment (Nm), the tensile (inner table) and compressive (outer table) surface strain (%), and tensile
and compressive bending stress (MPa). The tensile and compressive strain rate (1/s) was
considered a mechanical response variable since displacement rate (quasi-static) and impact
velocities (dynamic loading) were controlled or pre-selected before testing. An effective bending
modulus (GPa) was estimated at the initial linear slope of the stress-strain curve for the quasi-static
test. For the dynamic impact bending test, an effective bending modulus was estimated at the slope
of the stress-strain curve where a corresponding linear strain-time was established (Adanty et al.,
2022). Bending stress was estimated by applying the Euler-Bernoulli beam theorem equation. This
theorem was applied since the beam deformation was small (strain less than 5 %), and the ROC of
the prototypes were close to 10 times their thickness on average to assume a straight beam (Adanty
et al., 2022; Roark et al., 2002).

2.7 Statistics

For each dependent variable (mechanical response variable), a one-way analysis of variance
(ANOVA) was applied (IBM SPSS version 25). The single independent variable applied in the
analysis consisted of the beam models: calvarium specimens and each prototype. The null
hypothesis tested was, no significant differences between the calvarium specimens and each
prototype. A Tukey Honest Significant Difference (HSD) post-hoc-test was applied for pairwise
comparison between the calvarium specimens and each prototype. If homogeneity of variance was
violated, a Games-Howell nonparametric post-hoc-test was applied for the pairwise comparison.
If normality was violated, a Kruskal-Wallis H test was applied for the comparison between the

calvarium specimens and each prototype. The significance level was set at an alpha level of 0.05
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for all tests. A minimum of n=8 for each prototype in comparison to the Group 1) specimens (n=24)

and Group 2) specimens (n=23) resulted in an a priori power of 0.90.
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3. RESULTS

3.1 Group 1) Specimens and Surrogate Prototypes

Table 4 presents the mechanical response for the Group 1 specimens and prototypes. The single p-
values correspond to the Tukey HSD or Games-Howell test result. All p-values for the Kruskal-
Wallis H test were less than 0.003. From Tukey HSD post-hoc-tests, there were no significant
differences (p>0.05) in tensile strain rate between human calvaria and all prototypes and no
significant differences in compressive strain rate between calvaria and prototype 3. From Games-
Howell tests, there was no significant difference in force, bending moment, tensile stress, and
compressive stress at fracture between calvaria and prototype 2. There was no significant
difference in tensile strain and compressive strain at fracture between calvaria and prototype 3.
Prototypes 1, 2 and 3 experienced 9, 5, and 6 significant differences in mechanical response

variables compared to calvaria under quasi-static loading respectively.

3.2 Group 2) Specimens and Surrogate Prototypes

Table 5 presents the mechanical response for the Group 2 specimens (Adanty et al., 2022) and
prototypes. The single p-values correspond to the Tukey HSD or Games-Howell test result. From
Tukey HSD post-hoc tests, there were no significant differences (p>0.05) in bending moment,
tensile stress, and compressive stress between calvaria and all prototypes. From Games-Howell
tests, there was no significant difference in tensile modulus and tensile strain between calvaria and
prototype 3. Prototypes 1, 2 and 3 experienced 6, 6, and 3 significant differences in mechanical

response variables compared to calvaria under dynamic impact loading respectively.
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Table 4. Mean + standard deviation (SD), 95% Cls, and median for Group 1) calvaria and each
prototype in quasi-static loading.

Mechanical Response

Calvaria (n=24)

Prototype 1 (n=8)

Prototype 2 (n=8)

Prototype 3 (n=8)

Variables
#531.09 £ 79.27 312.30 +35.55 %180.49 £29.03
Foree at fracture (N) 32“582;7994* 4235182.6737 464.82, 597.36 282,58, 342.03 156.23, 204.74
315 31 550.03 317.31 183.51
) p<0.01 p=0.94 p<0.01
514+ 118 #3.63+0.52 2.15+0.24 #1.17+0.18
Bending moment at 1 64.2 '64 3.20, 4.07 1.94,2.35 1.02, 1.31
fracture (Nm) ’ 2’03' 3.78 2.18 1.11
) p<0.01 p=0.95 p<0.01
0.38+0.20 #2.91+1.00 70.98+0.15 0.47 +0.19
Tensile strain at 0.30, 0.46 2.07,3.75 2.07,3.75 0.32,0.63
fracture (%) 0.38 2.94 1.02 0.46
p<0.01 p<0.01 p=0.94
Compressive strain at 0.32+0.11 2.84 +0.87 0.82+0.10 0.38+0.12
fracture (%) 0.27,0.37 2.11,3.56 0.73,0.91 2.11,3.56
0.34 2.91 0.82 0.39
p<0.01 p<0.01 p=0.98
5411+7.72 32.26+5.25 17.72 £ 2.40
Tensile stress at 38.53+12.52 47.66, 60.56 27.87,36.65 15.71,19.73
fracture (MPa) 33.24,43.82 54.79 32.01 17.40
38.46 p=0.02 p=0.41 p<0.01
37.39 £ 13.00 54.11+£7.72 32.26+5.25 17.72 +£2.40
Compressive stress at 32.01, 42.96 47.66, 60.56 27.87, 36.65 15.71,19.73
fracture (MPa) 36.17 54.79 32.01 17.40
p=0.01 p=0.59 p<0.01
11154357 #2.09+0.82 73.84+£0.59 7452 +1.50
Tensile Modulus (GPa) ) ) 1.42,2.77 3.40,4.39 3.27,5.77
9.64, 12.66
10.08 1.75 3.76 4.66
p<0.01 p<0.01 p<0.01
. 1178 £2.82 2.12+0.77 4.09 +0.57 5.13+1.32
Compressive Modulus 10.59. 12.93 1.48,2.77 3.61,4.56 3.27,5.77
(GPa) ’ 10’ 94' 1.88 4.00 4.66
) p<0.01 p<0.01 p<0.01
2.2E-4 + 1.3E-4 3.3E-4+6.1E-4 2.6E-4 + 8.8E-5 2.6E-4 + 4.6E-4
Tensile Strain Rate 1.7E-4, 2.8E-4 2.8E-4, 3.8E-4 1.8E-4, 3.3E-4 2.2E-4,2.9E-4
(s 1.90E-4 3.1E-4 2.6E-4 2.7E-4
p=0.10 p=0.87 p=0.88
Compressive Strain *3 2E-4 + 5.7E-5 *2.6E-4 + 3.5E-5 2.2E-4 £ 4.1E-5
Rate (s) 1.8E-4 + 5.4E-5 2.7E-4,3.7E-4 2.3E-4,2.9E-4 1.9E-4, 2.5E-4
1.6E-4, 2.0E-4 3.0E-4 2.6E-4 2.2E-4
1.9E-4 p<0.01 p<0.01 p=0.22

* significantly different to calvaria, p<0.05 (Tukey HSD),

significantly different to calvaria,

p<0.05 (Games-Howell), ” significantly different to calvaria, p<0.05 (Kruskal-Wallis H test).
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Table 5. Mean + SD, 95% CI, and median for Group 2) calvaria and each prototype in dynamic

impact bending.
Mech?;zil;tﬁsssponse Calvaria (n=24) Prototype 1 (n=8)  Prototype 2 (n=8)  Prototype 3 (n=8)
204.84 +33.71 192.89 +29.04 169.30 + 32.03
Force at fracture (N) ?éggg é;gg; 173.66, 236.02 162.41, 223.72 139.67, 198.93
20é 41 215.44 188.33 169.37
) p=0.83 p=0.31 p=0.67
1.82 £0.31 1.70 £ 0.28 1.46 £0.29
Bending moment at li74:)5i10§569 1.53,2.10 1.41, 2.00 1.19, 1.72
fracture (Nm) ’ ) ’60. 1.90 1.68 1.44
) p=0.97 p=0.99 p=0.88
0.25+0.08 0.55+0.14 0.39+0.05 0.37+0.19
Tensile strain at 0.21,0.28 0.42,0.68 0.16,0.25 0.19, 0.55
fracture (%) 0.25 0.53 0.21 0.36
p<0.01 P<0.01 p=0.27
Compressive strain at 0.21+£0.10 *0.42+0.13 *0.36 +£0.15 *0.33+0.08
fracture (%) 0.16,0.25 0.30,0.53 0.21,0.52 0.26, 0.40
0.21 0.36 0.32 0.32
p<0.01 p=0.02 p=0.02
27.41+£5.18 25.76 £ 5.09 21.48 +£4.12
. 26.97+8.39 22.61,32.20 20.41,31.11 17.68,25.28
Tensile stress at 23.34,30.60
fracture (MPa) 2484 27.51 25.60 20.89
’ p=0.99 p=0.99 p=0.64
. 27.41+5.18 25.76 £ 5.09 21.48+4.12
C"‘?rl;zetzig(el\f[tlﬁzis b 22.61,32.20 20.41,31.11 17.68, 25.28
25’ 73 27.51 25.60 20.89
) p=0.99 p=0.99 p=0.74
4.62 +1.34 5.00+1.34 6.11 £3.58
11.37£9.54 3.38,5.87 3.59, 6.41 2.80,9.42
Tensile Modulus (GPa) 7.25,15.50 5.06 5.49 5.29
7.95 p=0.01 p=0.01 p=0.15
Compressive Modulus 14.71 £ 13.96 4,79 +1.49 5.00 £1.34 6.03 £2.17
(GPa) 8.68,20.75 3.41,6.17 3.59,6.41 4.02, 8.04
10.21 5.05 5.49 5.76
p=0.01 p=0.03 p=0.04
3.09+£2.00 6.89 +£1.78 6.07+0.76 5.57+2.29
2.23,3.96 5.24,8.54 5.27,6.87 3.45,7.70
Tensile Strain Rate 3.40 7.35 6.29 5.43
(s p<0.01 p<0.01 p=0.11
Compressive Strain 2.35+1.82 *7.24+1.93 *5.91+£2.29 *5.73£1.79
Rate (s™) 1.57,3.15 5.45,9.03 3.51,8.32 4.08,7.39
2.09 8.15 4.84 5.70
p<0.01 p=0.01 p=0.01

* significantly differently to calvaria, p<0.05 (Tukey HSD),

significantly differently to calvaria,

p<0.05 (Games-Howell), " significantly differently to calvaria, p<0.05 (Kruskal-Wallis H test).



The prototypes’ bending stress (Figure 7) and effective bending modulus (Figure 8)
derived from quasi-static loading are presented in a bar chart with three previous studies that
performed three-point quasi-static bending tests (10 mm/min) on simulant skull materials (Falland-
Cheung et al., 2017; Ondruschka et al., 2019; Roberts et al., 2013). The prototypes’ bending stress
and effective bending modulus derived from dynamic impact loading were not charted with
previous studies since to our knowledge, no study has performed dynamic impact bending on

simulant skull materials.
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Figure 7. The bending stress of the calvaria (red), the surrogate prototypes (orange) and simulant
skull materials (blue) from previous studies (Falland-Cheung et al., 2017, Ondruschka et al.,
2019, Roberts et al., 2013) that tested in 3-point quasi-static bending at 10 mm/min. US Foam #16
and BJB-TC were two-part expanding urethane foam (Roberts et al., 2013), PETG was modified
polyethylene terephthalate glycol (Falland-Cheung et al., 2017), the self-cure acrylic was denture
base resin (Falland-Cheung et al., 2017), and the PLA was polylactic acid used as a 3-D printing
filament (Falland-Cheung et al., 2017).
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Figure 8. The bending modulus of the calvaria (red), the surrogate prototypes (orange) and
simulant skull materials (blue) from the previous studies (Falland-Cheung et al., 2017,
Ondruschka et al., 2019; Roberts et al., 2013) that tested in 3-point quasi-static bending at 10
mm/min.
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4. DISCUSSION
For quasi-static and dynamic impact loading, the incorporation of chalk with the epoxy for
prototypes 2 and 3 appeared to influence their mechanical response with respect to prototype 1.
This is evident by the decrease in strain observed in prototype 3 which resulted in a comparable
strain response to calvarium. For prototype 2, the addition of chalk was most impactful during
dynamic impact loading where its mean strain was close to one standard deviation of the calvarium.
These observations in prototypes 2 and 3 indicate that chalk may be a contributing factor in
increasing the brittleness of the structure. As a result of the reduction in the strain at fracture with
the addition of chalk, the bending modulus or stiffness increased in prototypes 2 and 3 compared
to prototype 1 which can be visualized in Figure 8. Notably, the layered concept and the mixture
of chalk in prototype 3 contributed to a tensile bending modulus that was within the 95% CI of the
calvarium for dynamic impact loading. However, the calvarium’s bending modulus remained
greater than all prototypes. Despite the increase in bending modulus for prototypes 2 and 3, the
strength as represented by the force, moment, and stress at fracture decreased with the addition of
chalk, this can be visualized for stress by the orange bar plots in Figure 7. Overall, prototype 1
yielded greater stress at fracture during impact loading but a low bending modulus due to a high
strain or deformation response in comparison to calvarium. This may implicate that prototype 1
retains a high strength but low bending modulus and that employing epoxy alone may not be
feasible for mimicking the fracture response of the calvarium (Falland-Cheung et al., 2017;
Ondruschka et al., 2019).

In dynamic impact loading, prototypes 1 and 3 were comparable to calvarium for more
mechanical response variables than in quasi-static loading. Prototype 2 saw more significant

differences in mechanical response variables to calvarium in dynamic impact loading, but its strain
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response was closer to calvarium than pure epoxy, and its mechanical response at fracture
including force, bending moment, tensile and compressive stress was not significantly different
from calvaria (Table 5). These findings suggest that overall, the prototypes performed better in
dynamic impact loading than quasi-static loading when comparing mechanical response to
calvarium. This is an important observation since most real-world head injuries arise from dynamic
impact loading where strain rates are generally 1s™! or greater (Hosseini Farid et al., 2018).
Therefore, a surrogate geared towards biomechanically modelling injury should be validated in
dynamic impact loading conditions for improved biofidelity and not be limited solely to quasi-
static loading as observed in previous studies (Falland-Cheung et al., 2017; Ondruschka et al.,
2019; Roberts et al., 2013). Regarding strain rates, the prototypes experienced consistent strain
rates in quasi-static loading with calvaria. Despite the prototypes and calvarias’ similar geometry
and coherent impact velocities, the prototypes’ strain rates were generally greater than the calvaria
in dynamic impact loading. The distinction in material composition between the calvarium’s dense
bone surface and the prototype’s epoxy or epoxy-chalk mix surface can be a factor for strain-rate
differences. Perhaps epoxy filler and additives to enhance its stiffness could decrease the
prototypes’ rate of strain or deformation, thereby decreasing its strain at fracture and increasing
modulus.

In comparison to previous studies that have reported bending properties of simulant skull
materials (Figure 7), prototype 1’s bending stress at fracture (54.11 MPa) is comparable to Robert
et al.’s two surrogates (67.3 and 68.4 MPa), and Falland-Cheung et al.’s (59.84 MPa) and
Ondruschka et al.’s (42.9 MPa) epoxy resin (Masterflow) surrogates (Falland-Cheung et al., 2017;
Ondruschka et al., 2019; Roberts et al., 2013). The epoxy resin (EPON-Miller-Stephenson

Chemical Co.) employed by Robert et al. and the epoxy resin (Masterflow 622) employed by
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Falland-Cheung et al. and Ondruschka et al. may not be readily available from local retail
corporations compared to the type of epoxy used in this study (Falland-Cheung et al., 2017;
Ondruschka et al., 2019; Roberts et al., 2013), yet, Figure 7 demonstrates that all epoxies generated
consistent bending stress results. In terms of bending modulus (Figure 8), prototype 3’s (4.52 GPa
tensile and 5.13 GPa compressive) response was consistent with Falland-Cheung et al.’s epoxy
resin (6.65 GPa) (Falland-Cheung et al., 2017). Rather, prototype 1’s bending moduli (2.09 GPa
tensile and 2.212 GPa compressive) were comparable to Robert et al.’s surrogates (2.89 GPa and
3.08 GPa), Falland -Cheung et al.’s PETG (1.68 GPa) and self-cure acrylic (2.38 GPa), and
Ondruschka et al.’s epoxy resin (2.67 GPa) (Falland-Cheung et al., 2017; Ondruschka et al., 2019;
Roberts et al., 2013). Overall, in quasi-static loading, the bending modulus from the three
prototypes and the simulant skull materials in previous studies are less stiff compared to calvaria.
To our knowledge, no study has performed dynamic impact bending on simulant or surrogate
skulls to compare the dynamic behaviour of our prototypes. Dynamic impact loading is an essential
testing configuration for potential surrogates to be engaged under real-world head impact testing
circumstances.

To determine the best prototype for further development when simulating the mechanical
response of the calvarium, the performance of the prototypes’ mechanical response to calvarium
was primarily assessed. As established earlier, the prototypes exhibited more differences in
mechanical response variables to calvaria under quasi-static loading. Therefore, the surrogates may
require design adjustments to improve their mechanical response under quasi-static loading.
However, the dynamic impact conditions resulted in strain rates greater than 1s! which relates to
real-world head impact circumstances (Hosseini Farid et al., 2018), thus, the results from the

dynamic impacts are most relevant. Under dynamic impact conditions, prototype 3 only had three
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mechanical response variables that were significantly different from calvaria which was
compressive strain rate, modulus, and strain at fracture, whereas prototypes 1 and 2 yielded six
significant differences. Therefore, under dynamic loading, prototype 3 is the optimal surrogate for
further development when simulating the mechanical response of the calvarium at fracture. The
95% CI of tensile strain, modulus, and strain rate for prototype 3 was greater than prototypes 1 and
2 which may have contributed to prototype 3’s statistical comparison to calvaria. Since the
construction of prototype 3 required additional steps including the adhesion of three different
layers, challenges in obtaining consistently built samples may be a factor for the greater 95% CI.
Nonetheless, prototype 3’s three-layered structure imitates the sandwich structure of calvarium as
opposed to the single-layered fabricated for prototypes 1 and 2. The three-layered structure and
the mixture of epoxy and chalk may be imperative factors that influenced prototype 3’s comparable
response to calvaria. Since the intent of this work was to introduce surrogates with a comparable
mechanical response at fracture to calvarium, the most important variables would be all except for
the effective bending modulus and strain rate since these were obtained before fracture. Therefore,
prototypes 1 to 3 may be appropriate to assess response at fracture with the understanding that
strain is the common variable that differs from calvaria. For non-fracture impact events, modulus
and strain rate would be important variables to consider, thus prototype 3 would be the ideal option
based on its results.

Future directions for prototype 3 can be explored to improve its proximity in mechanical
response towards calvaria. To increase the brittleness or reduce the strain response of prototype 3
toward the calvarium’s average, one may investigate various ratios of chalk to epoxy for the inner
and outer layers. Alternatively, one may also investigate potential substitutes for chalk that retain

brittle-like characteristics such as glass, ceramic, or graphite, or fillers and additives, however,
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their cost and accessibility may not be comparable to chalk. One may also consider replacing the
pure epoxy middle layer of prototype 3 with a micro-structure containing trabecular struts such as
a honeycomb structure to better imitate the diplo€. But theoretically, in a typical sandwich structure
like the calvarium, where the middle layer or core is less stiff than the inner and outer layers or
faces (Hubbard, 1971), the forces developed in the core are less critical. Therefore, pure epoxy
may be appropriate to continue characterizing the middle layer of prototype 3 because it was
demonstrated in the present study that pure epoxy alone (prototype 1) had a lower bending modulus
or stiffness compared to the epoxy-chalk composites in prototypes 2 and 3.

The limitations of the methodology in this work are acknowledged by the authors. The
prototypes’ mechanical response was matched against calvarium specimens that were embalmed
and extracted from senior-aged donors (Adanty et al., 2022). Fresh or fresh-frozen specimens from
middle-aged donors should be a vital inclusion in future studies since the mechanical properties of
the bone can be altered by age and tissue preservation methods (Nazarian et al., 2009) which can
affect how we draw conclusions when comparing mechanical response to the prototypes. The
prototypes were not micro-CT scanned for imaging analysis, therefore, the density, porosity, and
more accurate measures of /. compared to calvaria are unknown. Furthermore, with the absence
of imaging analysis, there was no way to determine if imperfections or discontinuity existed within
the internal structure of the prototypes such as the formation of bubbles or miniature air pockets.
These factors may have influenced the mechanical response of the prototypes, thus micro-CT
scanning followed by imagining analysis needs to be considered in future investigations before
expanding the prototypes into a frontal or parietal region. Finally, despite the prototypes’ gross
geometry being in close alignment with calvaria, their weights were slightly less than calvaria.

This may indicate the density of the prototypes may be less than the calvaria which can affect the
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strength of the prototype. Different ratios of chalk to epoxy or if possible, cost-effective alternative

materials that can match the density of calvaria should be explored as potential solutions.
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PART 1V



CONCLUSIONS

The morphometry of male and female human calvarium specimens at the frontal and parietal
regions were quantified using micro-CT imaging analyses and was reported in Chapter 1. It was
determined that the layer, sex, and location of the calvarium influenced morphometry. Important
geometrical properties of the calvarium such as thickness and radius of curvature were reported
across Chapters 1 to 3. The mechanical response of 24 and 23 calvarium specimens was then
determined by loading the specimens in 4-point quasi-static (Chapter 2) and 4-point dynamic
impact bending (Chapter 3) until fracture respectively. For specimens subject to quasi-static
loading, it was established that the trabecular bone pattern factor of the diplo€ was a significant
predictor of force and bending moment at fracture. The inner cortical layer contained the greatest
number of morphometric and geometric properties as significant predictors of mechanical response
including thickness, tissue mineral density, and porosity. In dynamic impact loading, the
mechanical response between male and female calvarium was not significantly different.

In Chapter 4, three surrogate prototypes were developed using epoxy and chalk which were
readily available at local retail corporations and cost-effective materials. The geometry of the
prototypes was constructed based on the average geometrical properties reported on the calvarium
specimens including thickness and radius of curvature. The prototypes were loaded in 4-point
quasi-static and dynamic impact bending. Under quasi-static loading, the surrogate prototypes on
average experienced a greater number of significant differences in mechanical response variables
to the calvarium in comparison to dynamic impact loading. It was determined that the epoxy-chalk
layered surrogate was the best prototype for further development because, under dynamic impact
loading - the testing condition most applicable to real-world head impacts, their force and bending

moment at fracture, tensile strain at fracture, tensile and compressive stress at fracture, tensile
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effective bending modulus, and tensile strain rate had no statistically significant differences to
calvarium specimens.

The epoxy-chalk layered surrogate was comprised of a three-layered sandwich structure
similar to the calvarium. Its inner and outer layers comprised a mixture of epoxy and chalk while
its middle layer was composed of pure epoxy. The discoveries of this work can be an initial step
toward the development of a full-size surrogate model of the calvarium. In the future, the model
may be integrated with existing headforms to enable scientists, injury biomechanists or forensic
experts to simulate skull fracture events during head impact testing and the evaluation of protective

devices.

219



CONTRIBUTIONS

The contributions of this dissertation are evident in the four articles described in Chapters 1 to 4
but are summarized in this section. The broad contribution of this dissertation in the biomechanical
field was the characterization of the morphometry, geometry, and mechanical response of the
calvarium followed by the introduction of a simple approach to develop potential surrogate models
of the human calvarium to simulate fracture. Readily available and cost-effective materials
including epoxy and chalk were employed to fabricate the surrogate models. The specific
contributions of this dissertation are the following:

e This dissertation micro-CT scanned 50 human calvarium specimens and employed imaging
techniques to provide novel data on the morphometric and geometric properties of the
calvarium. Furthermore, the factors of sex and region were considered to determine how
morphometry was influenced by each factor. In addition, the radius of curvature of the
calvarium was determined for the frontal and parietal regions, and the inner and outer
cortical thicknesses and diploé thickness of the calvarium were determined.

e This dissertation identified which morphometric and geometric properties of the diploé
and cortical regions of the human calvarium were significant predictors of mechanical
response under 4-point quasi-static bending.

e Fiber Bragg gratings (FBQG) - optical strain-sensing instrumentation were employed to
quantify compressive and tensile strain on both the outer surface and inner surface of the
calvarium respectively during 4-point quasi-static and dynamic impact bending. The
strains measured were consistent with a similar study that used strain gauges to quantify

tensile strain on the inner surface of the calvarium (Hubbard, 1971).
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This dissertation quantified the calvarium under both 4-point dynamic impact bending and
4-point quasi-static bending conditions. The dynamic impact of calvarium specimens was
only performed in 3-point bending in previous studies (Motherway et al., 2009; Zwirner et
al., 2021). 4-point quasi-static bending of the calvarium was reported in one study but
limited to 5 calvarium specimens (Hubbard, 1971).

The mechanical response between male and female calvarium was statistically compared
under 4-point dynamic impact bending.

Readily available and cost-effective materials, particularly epoxy and chalk accessible at
local retail corporations, were used to fabricate preliminary surrogate models of the
calvarium.

The testing conditions between the surrogate models and human calvarium specimens were
consistent and occurred within the same study and laboratory settings. This allowed for a
reasonable statistical comparison of mechanical responses without inferring if different
experimental conditions influenced the results. Previous studies were required to compare
the mechanical properties of their surrogate models to calvarium specimens tested in
different studies by different researchers that may have not applied parallel testing
methodologies to their surrogates (Delille et al., 2007; Falland-Cheung et al., 2017;

Ondruschka et al., 2019; Plaisted et al., 2015; Roberts et al., 2013).
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LIMITATIONS AND FUTURE RECOMMENDATIONS

Each of the four articles in Chapters 1 to 4 discussed their own set of limitations with some

limitations overlapping with previous chapters. This section summarizes these limitations and is

followed up with potential future recommendations. Limitations or future recommendations that

were not mentioned in Chapters 1 to 4 are also outlined in this section.

The calvarium specimens were sampled by convenience from human donors restricted to
an older age group and to one geographic location. However, a greater sample size centred
at an average or median age group and sampled across a diverse geographic location would
allow the findings of this work to extend its representation across a wider population.
Nonetheless, each article in this dissertation demonstrated a minimum statistical power of
80% (p=0.20) for hypothesis testing.

The calvarium specimens were preserved or embalmed using unbuffered aqueous
formaldehyde conditions which may have influenced the morphometry and mechanical
response. Since formalin was unbuffered, the pH of the formalin solution may have
dropped towards acidic levels to chemically react with hemoglobin (the red blood cell
protein responsible for transporting oxygen) (Brenner, 2014; Thavarajah et al., 2012). The
result would be the formation of dark formalin and phenol precipitates that could have
possibly demineralized the tissue and influenced the morphometry of the calvaria (Brenner,
2014). Therefore, future preservation techniques of tissue should consider buffering
formaldehyde to prevent any possibility of tissue demineralization. Embalming retards the
decomposition of tissue by forming bonds between contiguous proteins that are not
generally linked in living tissue (Crandall, 1994). Indeed, the effect of embalming or

freezing on mechanical response has been investigated in major load-bearing bones of the
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human and animal models (Burkhart et al., 2010; Carothers et al., 1949; Crandall, 1994;
Evans, 1973; Lee & Pelker, 1985; Mick et al., 2015; Nazarian et al., 2009; Ohman et al.,
2008; Pelker et al., 1984; Topp et al., 2012). However, the effect embalming has on fresh
bone tissue remains inconclusive as many of these reported studies have yielded
inconsistent results. Therefore, examining the effect of embalming on the mechanical
response of fresh human calvarium warrants future investigation.

In Chapter 2, the study was limited to a series of linear regression analyses whereby each
morphometric and geometric property (12 predictors in total) was regressed with each
dependent variable (10 in total). In future investigations with a greater sample size of
calvarium tissue, it is recommended to perform a multivariable regression analysis that
may account for more than one predictor variable in the model in addition to morphometry
or geometry including sex, location, or age. The dependent variables derived from Chapter
2 were limited to quasi-static loading. Since the applications of real-world head impacts
occur under dynamic impact loading rates with strain rates between 1-10°s™!(Hosseini Farid
et al., 2018), it is recommended that future studies investigate the predictive capabilities of
calvarium morphometry and geometry on mechanical response derived from dynamic
impact loading.

To model the calvarium specimens and surrogate prototypes during loading, the Euler-
Bernoulli beam theorem was used to estimate bending stress. Combining the estimated
bending stress and strain measured from FBGs, an effective bending modulus was derived
from the slope of stress-strain curves. Indeed, the calvarium was assumed to be a Euler-
Bernoulli beam, however, the calvarium is a non-uniform three-layered structure

comprised of bone and pores. Each cross-section is distinctive, particularly the mixture of
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pores and trabeculae in the diplo€. In addition, the cortical and diplo€¢ geometry and
morphometry endure slight structural changes, particularly the thickness of the cortical
tables and orientation of trabeculae. Therefore, applying Euler-Bernoulli beam theorem on
bone tissue like the calvarium is a limitation since it does not agree with some of the
assumptions of the theorem (Roark et al., 2002). Although the calvarium specimens and
surrogate prototypes were curved, it was ensured that on average, the thickness of the
specimens was at least 10 times the ROC to assume a straight beam (Roark et al., 2002). It
was assumed that the cross-sections of the specimens and surrogates remained
perpendicular to the neutral axis and that the strain or deformation of the beams was small
(Adeeb, 2011). Both these assumptions were met since surface strains measured less than
0.5% for the calvarium and less than 3% for the surrogate prototypes. Efforts were also
made to apply the curved beam theorem to estimate bending stress, it was determined that
tensile and compressive stress differed by less than 5 % compared to the stress derived
from the Euler-Bernoulli Beam in 4-point bending impacts (Roark et al., 2002). Future
studies may derive or research comprehensive stress models of bone tissue to estimate
bending stress, one that accounts for curvature and the three-layered structure of the bone.
It can be hypothesized that differences between complex and simple beam models may be
negligible if strains until failure remain under 0.5%.

During the 4-point quasi-static and dynamic bending impacts, a few calvarium specimens
and surrogate prototypes experienced fracture initiation under one of the two top impact
fixtures as opposed to fracture initiation between the top impact fixtures. In Chapter 3, it
was suggested that the impact fixtures may have landed at a vulnerable location of the

calvarium where a fracture could initiate such as an area with a single pore of considerable

224



size or of many pores. This may not necessarily be classified as a limitation since this is
the natural structure of the calvarium. However, for the surrogates, fracture may have been
initiated under the impact fixtures at a location where unobservable pores or imperfections
were present within the internal structure. Therefore, not performing micro-CT scanning
on the surrogates to verify if pores or imperfections existed before mechanical testing is a
limitation and should be considered in future studies.

e [t was ensured that the top impact fixtures would equally impact the calvarium specimens
or surrogate prototypes at the same time during 4-point impact loading. However, there
may have been small unnoticeable differences in the time when each impact fixture
contacted the calvarium or surrogate as the top fixture travelled downward. A future design
modification that may prevent this issue and reduce the possibility of fracture initiating
under one of the impact fixtures is pre-resting the impact fixtures on the calvarium or
surrogates and then allowing an impactor to impact the top fixture (Figure 1). In addition,
to improve the operator’s physical ergonomics of reducing back strain and pressure on the
knees when setting up the calvaria or surrogates for 4-point impact tests, an additional
future design consideration is to elevate the 4-point impact bending fixtures from the floor

to a tabletop setup (Figure 1).

. Impactor to impact top fixture and maintain the
‘ dynamic nature of the test.

Impact fixture 1 Impact fixture 2 ‘ Top fixture with each impact fixture resting on
the test specimen.
Q 4~ Test specimen.

[
Tabletop setup for the 4-point impact
fixtures and for favourable ergonomic
conditions.

Figure. 1: A schematic of the future design modification for the 4-point dynamic impact bending tests.
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Fracture patterns of the calvarium and surrogate prototypes were not documented during
mechanical testing. Future studies may include a qualitative analysis of the fracture patterns
of the calvarium to ensure potential surrogates follow similar patterns.

The mixture of epoxy and chalk for prototypes 2 and 3 was limited to one ratio. Future
studies are encouraged to test various ratios of epoxy to chalk to mix to determine optimal
ratios that would draw the mechanical response of the surrogates closer to the calvarium.
Chalk and a single brand of epoxy were employed since they were readily available and
cost-effective materials to fabricate the surrogates. In future studies, it is recommended to
investigate potential substitutes for chalk with brittle-like characteristics such as glass,
ceramic, or graphite. Various cost-effective and readily available epoxies exist in the
market that may be considered such as Gorilla Glue Epoxy or Systemthree’s T-88. These
alternative materials may or may not positively affect the mechanical response of a
surrogate when compared to calvarium specimens but are worth exploring.

The next step in the development of the surrogate prototypes would be the expansion of
the surrogates towards a frontal or parietal region. Force versus deflection, force time
history curves and strain response may be initial mechanical parameters to be considered

when comparing frontal or parietal regions between calvaria and surrogates.
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