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Abstract

The brain is the most important central nervous system component, consisting

of a complex network of neurons and glial cells essential for information processing,

movement, and behavior control. It is encased within the skull and suspended in

cerebrospinal fluid (CSF), but its low rigidity makes it susceptible to damage from

mechanically induced trauma. It can be differentiated into gray and white matter,

respectively composed of neuron cell bodies and myelinated axon fibers. The various

regions of the brain contain differing proportions of these tissue types, adding to

the overall complexity of the brain’s structure. While computational models have

helped advance the development of diagnostic tools and the establishment of injury

thresholds, there still exist gaps in the understanding of the mechanical properties

of human brain tissue under different loading conditions. The brain’s heterogeneous

structure is believed to influence the variation in mechanical properties reported in

biomechanics literature. This complexity challenges the investigation and modeling

of brain tissue, which cannot be assumed homogeneous as previously thought. This

thesis sought to address gaps in the brain mechanics literature by examining the

mechanical behavior of human brain tissue under uniaxial compression loading. The

analysis focused on the regional, directional, and strain-rate dependent variations

in properties from a continuum mechanics experimental approach utilizing uniaxial

compression tests combined with Digital Image Correlation (DIC) to analyze the

stress response and the deformation of human brain tissue samples at perpendicular

planes of view. Tissues from two distinct brain regions were analyzed: the gray

cortical matter of the temporal lobe and white matter from the corpus callosum, each
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subjected to various strain rates and magnitudes. In the corpus callosum, loading was

applied parallel and perpendicular to the axon fiber orientation to study anisotropy

due to the fiber orientation.

Experimental results demonstrated that the stress response of brain tissue in-

creased with both strain rate and magnitude in all examined regions and loading

directions. However, comparisons between regions revealed no differences in stress-

stretch responses. Utilizing DIC to assess the transverse and axial strains of the

samples during mechanical testing revealed that the Poisson’s ratio (PR) of the tis-

sues changed with the stretch level, hence termed the Poisson Function (PF). The

temporal lobe exhibited isotropic behavior, closely aligning with the behavior of a

homogeneous incompressible material. In the corpus callosum, the differing PF be-

havior across planes of view and loading directions suggested a transversely isotropic

response. The volume ratio investigations showed slight deviations from incompress-

ible behavior with both strain rate and magnitude that can result in large stored

energy penalties due to the high bulk modulus of brain tissue.

This study addressed existing gaps in human brain tissue behavior at strain rates

representative of trauma events in comparison to quasistatic strain rates. A key

highlight of this work is the detailed investigation of the corpus callosum, exam-

ining its deformation characteristics in relation to its axon fiber orientation. This

thesis provided insights into the PF evolution as a function of stretch that helps in

understanding the anisotropy of brain tissue. Analyzing the volume ratio evolution

provided insight into the compressibility of the tissue that is not attainable by analyz-

ing the PR alone. Altogether, the observations from this thesis highlight the complex

mechanics of brain tissue and provide evidence for the anisotropic behavior of white

matter, and the importance of considering strain rate, and compressibility in future

biomechanical modeling efforts.
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Chapter 1

Introduction

This chapter introduces the importance of investigating the variation in mechanical

properties in brain tissue depending on region, direction, strain magnitude, and rate

of applied loading. This chapter will also present the thesis objectives, organization,

and contributions.

1.1 Thesis Motivation

Head injuries are a significant cause of mortality, prompting intensive research into

brain tissue mechanics [1]. These efforts aim to not only save lives by improving

clinical diagnoses but also to lessen the suffering that often follows such injuries by

reducing the rate of clinical failure [2]. More specifically, studying tissue mechan-

ics can help unravel injury mechanisms, quantify tissue responses, establish injury

thresholds, and assist in planning surgical procedures [3]. Traumatic Brain Injuries

(TBIs) represent one of the deadliest forms of trauma, primarily due to the brain’s re-

markable softness, intricate microstructure, complex behavior under external loading,

and the common irreversible damage caused by these injuries [3, 4].

Brain tissue is composed of up to 80% water, of which 20-40% is free-flowing

cerebrospinal fluid (CSF) that surrounds the brain and provides nourishment and

protection [5, 6]. Brain tissue can be categorized into gray and white matter. The

gray matter contains neuron cell bodies, while the white matter contains the neuron
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axon fibers [7]. This microstructural difference is thought to cause the variations

in mechanical properties observed in the literature [3], leading to efforts in charac-

terizing the spatial variations in the mechanical properties of tissue [7–9]. However,

differences in experimental protocols for investigating tissue properties have delayed

reaching a consensus on the effects of brain structural variation within the scientific

community [10].

Several experimental and computational studies based on continuum mechanics

approaches have provided important insights into the mechanisms of injury that are

otherwise not attainable using diagnostic tools such as Magnetic Resonance Imaging

(MRI) or Computed Tomography (CT) [11]. Despite these insights, there are still

several gaps in the understanding of the mechanical behavior of brain tissue that

must be addressed to more effectively model tissue behavior [12, 13].

Research on the corpus callosum, a dense, uniaxially oriented axon fiber region

connecting the brain’s hemispheres, has revealed its potential for exploring the influ-

ence of axon orientation on mechanical behavior [12–14]. Both animal and human

studies have shown evidence of mechanical anisotropy in the brain’s white matter un-

der shear [15], indentation [16], tension [17], and compression [18] conditions. When

summarizing the literature on white matter anisotropy, it is necessary to account for

the deformation rates and magnitudes applied in the experiments, as these factors

influence the observed anisotropic characteristics and their interpretation. For in-

stance, one study that conducted shear, compression, and tension mechanical testing

on cuboid human brain tissue samples [7], did not observe anisotropy effects in any

loading mode when applying a 10% strain and 0.00667s−1 strain rate. In contrast, an-

other study on human brain tissue performing tests under the same loading modes [9],

in this case to 50% strain and strain rates up to 30s−1 reported anisotropic effects

on shear tests only. However, a different study observed anisotropic effects in com-

pression tests conducted on porcine brain tissue [18]. These findings suggest that the

manifestation of anisotropy in white matter may be significantly influenced by both
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the magnitude and rate of deformation, as well as the specifics of the experimental

protocol such as sample dimensions, and species of the brain tissue tested.

Due to its high water content, brain tissue has often been assumed either incom-

pressible or nearly incompressible [13, 17, 19, 20]. Most time-independent constitutive

models define the elastic material properties of brain tissue as hyperelastic and in-

compressible [12]. The incompressibility approximation allows for the simplification

of the constitutive equations [21], but the effects of this assumption have not been

fully explored. Non-contact strain measurement techniques, such as Digital Image

Correlation (DIC), have enabled the measurement of displacements and strains on

the surfaces of delicate tissue samples during mechanical tests [22]. This technique is

useful in the assessment of brain tissue compressibility, particularly in the analysis of

Poisson’s Ratio (PR) and volume ratio [14, 23, 24].

In the literature, the experimental investigations of brain tissue compressibility are

scarce and have focused on measuring the PR of white matter from the corona radiata

and brain stem [14, 24], and of mixed gray-white matter tissue [14] at specific strain

magnitudes. Another study measured the volume ratio of mixed gray and white tissue

under the assumption of homogeneous and isotropic behavior [23]. Using animal

tissues, all studies concluded that brain tissue can be assumed as incompressible

at strains of up to 10% [14, 23, 24]. It is said in these studies that for tissue to be

incompressible, the PR of the tissue should be equal to or close to 0.5. Yet, regardless

of the degree of incompressibility of a material, at large deformations, the PR becomes

a function of axial strain [25]. Additionally, the mechanical response of anisotropic

materials can vary depending on the direction of the applied stress and the PR values

are not bound by −1 ≤ PR ≤ 0.5 as is the case for isotropic materials [26]. Thus, the

PR may not be suitable for assessing tissue compressibility in all scenarios, given the

ongoing debate about potential anisotropy within the white matter due to the axon

fiber orientation [3, 10, 12, 16].

Understanding the compressibility behavior of brain tissue under small strains is

3



important for cases such as minimizing unintended tissue damage during neurosurgi-

cal operations [27]. However, traumatic events often cause strains within the brain

exceeding 20% [28], highlighting the importance of investigating the large strain com-

pressibility behavior that is currently missing from the literature. Experimental chal-

lenges, such as the need for small sample sizes when testing isolated tissue types (e.g.,

gray cortical matter, white matter from the corpus callosum [7, 14]), the requirement

of sample surface preparation for optical strain measurement [14], and the scarcity of

human brain tissue for research, complicate the study of brain tissue compressibility

and its variation with regional, directional, and load rate and magnitude changes [14].

Consequently, there is a gap in the literature regarding the investigation of human

brain tissue compressibility, focusing on a range of deformation rates and magnitudes

reflective of those observed in TBI cases.

1.2 Thesis Objectives

The objective of this thesis was to advance the understanding of regional variation

in the stress-stretch behavior of human brain tissue and to provide experimental

evidence to assess the validity of the incompressibility assumption in the mathematical

modeling of brain tissue across regions, strain rates, strain magnitudes, and loading

directions. For this, an investigation of the isotropy and compressibility of the brain

tissue was conducted by measuring and analyzing the evolution of the PR and volume

ratio as a function of axial stretch. This involved adopting a continuum approach

to analyze brain tissue at the macroscopic scale using mechanical testing combined

with DIC analysis. Non-contact measurement of axial and lateral strains of brain

tissue samples in two different planes of view for deformations up to 0.7 stretch (or

30% strain). The goal of this thesis was achieved by conducting uniaxial compression

experiments on human gray and white matter tissues at 0.05/s and 5/s strain rates.

For the white matter tissue tests, the effect of varying loading direction relative to

the tissue’s fiber orientation was also investigated.
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This thesis specifically draws tissues from 2 regions in the brain:

1. Gray cortical matter from the temporal lobe, consists of neuron cell bodies [7],

and is largely considered isotropic. The temporal lobe is a relevant region to

study due to its common involvement in TBI events [29].

2. White matter from the corpus callosum, a region that provides communication

between the two brain hemispheres, and is largely composed of uniaxially ori-

ented axon fibers [7]. The anisotropy of this region and the effect of the fiber

direction is not well established in the literature [13]

1.3 Thesis Organization

This thesis is comprised of four chapters. Chapter 2 provides an overview of human

brain anatomy and physiology, discusses previously used testing protocols for studying

brain tissue’s mechanical properties, and summarizes prior research on brain tissue

compression that utilized the DIC analysis method to investigate its compressibility.

Chapter 3 details the experimental design and its execution for assessing the stress-

stretch relationship, and the evolution of PR and volume ratio in the temporal lobe

and corpus callosum tissues as a function of axial stretch and loading rate. Chapter 4

provides a comprehensive discussion of the contributions and conclusions drawn from

this thesis. It also explores the potential applications of the findings and methods

presented within this work and outlines the limitations associated with the research.

Appendix A contains supplemental content regarding DIC, including a summary of

the method, sample preparation procedure, and information on DIC parameters, as

well as noise and uncertainty estimation related to the results presented in Chapter

3. Appendix B provides the MATLAB code used to consolidate the experimental

data, match the data from the mechanical testing and DIC analysis, and calculate

the parameters of interest such as stress, Poisson Function, and volume ratio.
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1.4 Thesis Contributions

This thesis built upon prior research [7, 9, 14, 23, 24] to provide a quantitative

method for evaluating the regional variation in brain tissue’s anisotropy and com-

pressibility. This method utilized two cameras to simultaneously analyze brain tis-

sue samples from two perpendicular planes of view, allowing for the assessment of

the PR and volume ratio changes in two different directions in response to uniaxial

compressive strain at strains and magnitudes closer to TBI conditions. Given the

ongoing debate concerning the presence of anisotropy in white matter [13], this re-

search contributes valuable evidence regarding the variation in mechanical properties

in the corpus callosum due to orientation of axon fibers. This knowledge ultimately

increases confidence in the constitutive modeling of these tissues and their use in

computational simulations.
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Chapter 2

Background

This chapter provides an overview of relevant human brain anatomy and previous

methods used for mechanical testing of both human and animal brain tissue. This

chapter highlights the importance of understanding tissue compressibility and the role

of uniaxial compression testing and Digital Image Correlation in advancing brain

biomechanics research.

2.1 Neuroanatomy Overview

The brain is suspended in a protective cerebrospinal fluid (CSF) layer and fully

enclosed by the skull [6]. This environment isolates it from the majority of the external

loading experienced in daily life activities [6]. The complex and compliant cellular

composition of brain tissue can be attributed to its unique function that prioritizes

the processing and transmission of information over physical rigidity [30]. Thus,

the brain’s extracellular matrix (ECM) lacks load-bearing components like fibrillar

collagen and elastin, containing instead non-fibrillar collagen types (e.g. IV and VI)

that have limited contribution to structural support [31, 32].

The softness of brain tissue poses several challenges in its experimental investi-

gation. These challenges include its sensitivity to handling and preparation before

testing, the need for specialized equipment to assess its mechanical properties, and

concerns about tissue dehydration during longer-term experiments [33]. This, com-
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bined with the structural heterogeneity of brain tissue emphasizes the importance of

understanding its composition to select relevant regions for testing to ensure repro-

ducible results [14, 15, 34].

The brain can be broadly divided into three main components: the cerebrum,

cerebellum, and brainstem. This brief overview will focus on the cerebrum, as it plays

a critical role in higher cognitive functions and its prominence in brain biomechanics

research [3]. The cerebrum is divided into two cerebral hemispheres, each of which

is further segmented into four lobes: frontal, parietal, temporal, and occipital, as

illustrated in Figure 2.1. These lobes are named after their nearest cranial bone and

work together to perform the brain’s higher functions [4].

(a) Superior View (b) Lateral View

Figure 2.1: Anatomy of the human cerebrum.

At the macroscopic scale, brain tissue can be categorized as either gray or white

matter [4]. The distinct locations of gray and white matter within the cerebrum are

primarily due to the organization of neurons, the basic structural units of the brain [4].

Gray matter, responsible for processing and cognition, is situated in the brain cortex

and is composed of neuron cell bodies [35]. In contrast, white matter, consisting of

the axons that extend into the interior regions of the brain, enables communication

between different brain regions [35].
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Figure 2.2: Coronal section of gray and white matter tissue depicting the axon di-
rection in white matter. Corpus callosum has notably the most aligned fiber axon
orientation.

The corpus callosum, a dense band of axon fibers predominantly made of white

matter, serves as the physical link between the two cerebral hemispheres, facilitating

essential signal transmission [4]. This region, densely packed with uniaxially oriented

neuron axons, differs from the less organized white matter arrangement in other

cerebral regions [4], as illustrated in Figure 2.2.

2.2 Clinical Significance of Brain Tissue Mechan-

ics in Traumatic Injuries

Despite the protection provided by the skull and cerebrospinal fluid (CSF), the

brain’s soft composition allows for large deformations in response to external forces [8,

24]. Traumatic brain injuries (TBIs), for instance, result from rapid displacements

in the tissue caused by external forces, leading to physiological disruptions in brain

function [4, 36]. On the other hand, conditions such as hydrocephalus involve a slow

dilation of brain ventricles, compressing surrounding tissue, and increasing intracra-

nial pressure [3].

Traumatic brain injuries are a predominant cause of mortality and disability in
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young adults and children [37]. Classified into primary and secondary lesions, these

injuries have distinct characteristics [29, 38]. Primary lesions stem from rapid trau-

matic forces, such as contusions, while secondary lesions result from diffuse brain

swelling, edema, displacement, or other subsequent effects following the initial im-

pact [29]. This demonstrates the wide range of deformation rates experienced by the

brain.

While both open-head and closed-head trauma scenarios exist, the majority of hu-

man TBIs result from impact to an intact skull, making investigations into closed-head

injuries highly relevant [38]. Unlike open-head injuries where it is possible to observe

and assess the extent of damage, closed-head injuries rely on observed symptoms,

medical experience, and medical imaging such as CT and MRI [39, 40]. Unfortu-

nately, the currently approved medical imaging protocols do not always provide a

comprehensive view of the effects of an injury [40].

Figure 2.3: Cranial floor anatomy with distinct fossae highlighted for clarity. The
anterior fossa is denoted in yellow, the middle fossa in green, and the posterior fossa
in blue.

During closed-head trauma, primary lesions most commonly include Diffuse Ax-

onal Injury (DAI) and cortical contusions [29]. DAI arises from shearing forces that

tear nerve fibers in the brain’s white matter tracts, frequently affecting the corpus cal-

losum [29]. Contusions primarily affect the superficial cortex of the brain, leaving the
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underlying white matter relatively unharmed. The cranial fossae, illustrated in Fig-

ure 2.3, closely envelop the brain within the skull. Even though the CSF acts as a

shock absorber between the skull and brain, sudden changes in acceleration can cause

the brain to impact the ridges between the fossae [41]. The cortical temporal lobe

is commonly injured due to its proximity to the protruding sphenoid bone, located

in between the middle and anterior cranial fossae [41]. Clinical studies on cerebral

trauma have observed that the degree of post-traumatic atrophy appears to corre-

late with the severity of the trauma [41]. Therefore, gaining a deeper understanding

of the mechanical properties of brain tissue can help improve the mathematical and

computational models used in the development of diagnostic tools and injury thresh-

olds [42], and reduce the short- and long-term complications associated with brain

injuries [43].

2.3 Mechanical Testing of Brain Tissue

Previous studies have investigated the material properties of brain tissue, encom-

passing both in-vivo and ex-vivo research [44]. However, ethical considerations signif-

icantly constrain the feasibility of conducting in-vivo tests and the availability of fresh

human brain tissue samples [3]. Consequently, the field heavily relies on ex-vivo and

animal tissue experiments to advance the understanding of brain tissue mechanics [7].

Early work on brain mechanics was focused on understanding the mechanisms of

injury during traumatic events [45]. However, with a growing emphasis on monitoring

the progression of secondary traumatic brain injuries, and the advancements in robot-

assisted and other surgical techniques, there is a broader interest in studying tissue

behavior under slower-rate deformations to optimize treatment procedures [46].

Based on a continuum mechanics approach, studies often adopt a hyperelastic and

incompressible constitutive formulation to describe the stress-strain behavior of brain

tissue [47]. Hyperelastic modeling is particularly useful in analyzing short time scale

events where materials undergo large, rapid deformations, borrowing from the time-
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independent, non-linear constitutive formulation of rubber materials [21]. However,

it has been shown that if the applied deformation rate is sufficiently slow, the tissue’s

local volume can change relative to its initial state due to fluid movement within or

out of the tissue [13].

Brain tissue can experience complex loading conditions at a wide range of strain

rates as a consequence of traumatic events or illness [33]. For that reason, various

experimental methods have been used to investigate its mechanical behavior, includ-

ing uniaxial compression and tension, shear, indentation, and Magnetic Resonance

Elastography (MRE) [33]. Among these, uniaxial compression and tension tests are

the most prevalent in the literature [3]. Animal tissues from sources such as bovine,

porcine, and rodent brains are commonly used for these experiments [3].

The lack of consistency in experimental protocols, even within specific loading

modes, makes it challenging to establish a consensus regarding the mechanical prop-

erties of brain tissue [48]. An important part of a protocol is the decision to in-

clude preconditioning prior to testing or not. Tissue preconditioning is typically

employed for tissues that undergo cyclic loading in vivo, such as ligaments, tendons,

myocardium, etc [49]. Its original purpose is to replicate the loading condition that

simulates the in vivo environment during ex-vivo studies, and to achieve a stable

and reproducible response, thereby minimizing the statistical variability of the mea-

surements [49]. However, the brain tissue response of interest during TBI is after

a single perturbation. Since the suggestion is to perform the preconditioning at the

same strain magnitude as the maximum strain magnitude in the study [50], the risk of

causing unintended tissue damage outweighs the benefits since the tissue in its original

environment does not experience this type of large deformation cyclical loading.

In some studies, brain tissue is adhered to the test apparatus to prevent the sample

from deforming under its own weight [7]. However, this approach requires more

handling and tissue preparation, raising the risk of damaging the samples before

testing [10]. Adhering the test specimens also restricts the lateral deformation at the
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tissue boundaries, introducing stress concentrations, and causing a barreling effect

that invalidates the uniaxial conditions of the test [14]. Furthermore, testing for

regional variations in brain tissue requires small sample dimensions due to constraints

such as the cortical layer’s thickness of approximately 5 mm for gray matter, and the

varying height of the corpus callosum, ranging from 3.65 mm to 10.92 mm [7, 51].

These dimensions limit the surface area available for strain measurement and increase

the likelihood of capturing atypical deformations caused by stress concentrations at

the adhered boundaries of the samples during DIC analysis [14].

Figure 2.4: Diagram of a sagittal brain section highlighting the regions of the corpus
callosum

While studies indicate variations in tissue properties across different brain regions,

there is still a need for clarity as the reported trends are not always consistent [52],

and the observed differences in properties in these studies are subtle and do not reach

statistical significance [7, 9]. Nevertheless, there is a consensus among studies that

brain tissue demonstrates a non-linear relationship between stress and strain, and

this relationship is dependent on the loading rate [44].

2.3.1 Compressibility of Brain Tissue

Brain tissue, like many highly hydrated soft tissues, is often assumed as incom-

pressible or nearly incompressible due to its high water content [20]. Few studies
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have investigated the extent of the validity of this assumption. For example, Voyi-

adjis and Samadi-Dooki [13] fitted compressible and incompressible versions of the

Ogden hyperelastic model to analyse the experimental results from Budday et al. [7]

which tested human brain tissue at quasistatic strain rates in compression, tension

and shear. They concluded that the tissue can be considered incompressible in com-

pression since they found a volume change ratio of less than 1.2% at a compressive

stretch ratio of 0.9. In tension, they found the tissue to be slightly compressible with

a volume change of 5% for a 1.1 stretch ratio. Libertiaux et al. [23] measured the

volume change of tissue experimentally by applying 3D DIC analysis to evaluate the

evolution of the volume ratio of cylindrical brain samples of mixed white and gray

matter under quasistatic uniaxial compression up to 0.12 strain. They conclude that

under such conditions, the tissue can be considered incompressible as the volume ratio

remains constant at approximately 1 throughout the tests. Their analysis provides

valuable data, but their use of mixed gray and white porcine brain tissue cannot

provide insight into regional variation in compressibility.

The vast majority of experimental studies have evaluated brain tissue compress-

ibility by examining the Poisson’s ratio (PR) [8, 14, 23, 24]. PR is defined as the

negative ratio of the lateral strain to the axial strain during uniaxial tests [25]. The

PR of soft solids is often characterized by compression tests due to experimental chal-

lenges encountered when fixing the sample surfaces to the test equipment to facilitate

tension testing [53]. At infinitesimal strains, incompressible or nearly incompressible

materials are found to have a PR of close to 0.5, but studies have shown that under

finite strains, the PR becomes a nonlinear function of the axial strain [54].

At small strains, the PR values across various strain definitions are similar. How-

ever, at large strains, the PR given by the different strain definitions differ signifi-

cantly. These differences become particularly pronounced and can critically impact

the interpretation and application of the PR in scenarios involving large deformations.

For example, Figure 2.5 shows the different PR values of a homogeneous isotropic and
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incompressible material as a function of axial stretch, as defined by the Cauchy (En-

gineering), Green, and Hencky (True) strain definitions [54].
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Figure 2.5: Poisson’s ratio, ν, as a function of axial stretch, λ, for idealized incom-
pressible materials according to Cauchy, Green and Hencky strain definitions

Examining Figure 2.5 reveals that the PR only remains constant at 0.5 for the

Hencky or true strain scenario. Conversely, the PR is variable in the Cauchy or

Green strain case. However, the true strain definition uses a spatial frame of reference,

meaning that the reference changes with time, whereas the Green and Cauchy strain

definitions use a material frame of reference that describes the deformation with

respect to the original configuration [55]. Therefore, caution must be used when

defining the PR in a study.

Eskandari et al. [24] optically measured the surface strains on cubical samples

of bovine white matter brain tissue during uniaxial compression tests. They found

that when compressing the tissue up to 30% strain, the average obtained PR value

was 0.67 ± 0.05. The value exceeding ν = 0.5 was attributed to a volume increase

caused by damage or anisotropy in the tissue. However, even though unspecified in

their study, they may have used the engineering (Cauchy) strain definition, which

according to Figure 2.5, at a strain of 0.3 or compressive stretch of 0.7, the PR value

is 0.65, closely matching their experimentally obtained value.

Felfelian et. al [14] investigated the anisotropic behavior of sheep brain stem and
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corona radiata when compressed up to 15% strain at strain rates of 1/60 and 1/6 /s.

They used Digital Image Correlation (DIC) to non-obstructively measure the trans-

verse and axial strains during testing. They adhered the samples to the test setup

due to the samples’ pliable nature. Their results show average PR values of approx-

imately 0.5 for both regions at both strain rates, thus concluding that the tissue

could be considered incompressible. Additionally, they performed a Finite Element

(FE) analysis using their fixed boundary conditions and compared their results to the

obtained constants obtained by curve fitting their results to the Ogden hyperelastic

model. The Ogden model assumes uniaxial compression and therefore unconstrained

top and bottom faces [21]. Their comparison concluded that using the Ogden model

in its standard form for the determination of material parameters is unsuitable for

tests involving adhered surfaces.

These studies provide valuable data and demonstrate the potential of utilizing

uniaxial compression in combination with optical techniques like DIC for assessing

tissue compressibility. However, significant knowledge gaps persist in the literature.

There is still an insufficient amount of data regarding the impact of factors such

as the tested region, axon direction, and the effect of higher strain rates on tissue

compressibility. Furthermore, these investigations have primarily employed animal

tissues for PR and volume ratio studies, while providing only final or average values.

Considering the non-linear nature of brain tissue, it would be particularly beneficial

to explore the PR and compressibility evolution over the course of the deformation.

2.3.2 Relevance of Parameters Obtained from Uniaxial Com-
pression Testing and DIC Analysis

Hyperelastic constitutive laws are commonly used to describe the macroscopic and

time-independent deformation of brain tissue [7, 16, 47, 56]. Among the various hy-

perelastic energy functions, the Ogden model is often considered suitable for modeling

brain tissue [7, 21, 47]. The following equation represents the strain energy density
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function W for an Ogden model of hyperelastic material [2]:

WOgd = WOgd
iso +WOgd

vol

=
2µ

α2

[︂
λ̃
α

1 + λ̃
α

2 + λ̃
α

3 − 3
]︂
+

K

4

[︁
J2 − 1− 2 ln J

]︁
, (2.1)

where WOgd is typically decomposed into an isochoric part WOgd
iso and a volumetric

part WOgd
vol . The terms λ̃1, λ̃2, λ̃3 are the deviatoric stretches, which are modifications

of the principal stretches that account for changes in shape without a change in

volume. The parameter µ and α are material constants related to the deviatoric (or

distortional) response of the material, indicating its resistance to shearing and its non-

linear elastic behavior. The bulk modulus, K, is related to the volumetric response

and represents the material’s resistance to uniform compression. Lastly, J is the

determinant of the deformation gradient tensor, which quantifies the change in volume

of the material element; J = 1 indicates no volume change, J > 1 indicates a volume

expansion, and J < 1 indicates a volume compression. In many brain modeling

efforts, J is assumed to be equal to unity [13]. In other words, the tissue is considered

incompressible, leading to the omission of the second term of Equation (2.1).

Given the difficulty of directly measuring the bulk modulus experimentally, the

tissue compressibility is usually assessed by examining the Poisson’s ratio (PR) [53].

However, in the case of anisotropic deformations, the theoretical limit of PR ≤ 0.5

is not applicable [57]. Notably, no investigations have been conducted regarding the

influence of region, strain rate, strain magnitude, and axon direction on the compress-

ibility behaviour of brain tissue, nor the evolution of its Poisson’s ratio as a function

of strain to assess the limit of validity in the incompressibility approximation. Such

research would help better determine whether anisotropic effects are present, which

is essential when deciding whether to use isotropic or transverse isotropic models for

these biological tissues [13].
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Chapter 3

Optical Measurement of Human
Brain Tissue Mechanical
Properties Under Compression

3.1 Introduction

The brain is one of the softest tissues in the human body [34]. Due to its soft

nature, it is capable of experiencing large deformations when exposed to mechanical

loading, making it susceptible to injury from traumatic events or illness [58]. Trau-

matic brain injury (TBI) is a major concern as it is the leading cause of death in

children and young adults [59, 60]. In the literature, finite element (FE) models have

been utilized to study TBI and assess the extent of injury during a wide range of

loading scenarios such as falls [61], sports injuries [62], or blast [63]. Such models are

becoming more sophisticated as computational resources improve, but the identifica-

tion of appropriate material properties and failure behaviors of biological materials

is a primary focus in research efforts [3, 13, 64–66]. Comparing the output of models

that use appropriate tissue properties to relevant trauma cases would provide insights

into the load transfer and injury mechanisms within the tissue that can be used to

improve existing injury diagnostic tools [67] and treatment strategies [43].

Studying the in-vivo deformation characteristics of brain tissue presents a range

of ethical and logistical challenges [60]. Consequently, a variety of ex-vivo tests, such
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as uniaxial compression [68, 69], tension [17, 46, 70], shear [71, 72], indentation [73,

74], and a combination of these [7, 9, 75] have been conducted using brain tissue

samples sourced from bovine [73, 76], porcine [10, 37, 68, 69], rodent [37, 77], and, less

commonly, human donors [7–9, 15, 52, 78]. Loading rates tested in such experiments

range from quasi-static [7, 68] to dynamic [9, 69], and for strain magnitudes from

10% [7, 10] to 50% [9, 69]. Differences in sample preparation like the use of a variety of

fluids for tissue hydration (e.g.phosphate buffered saline [7] or artificial cerebrospinal

fluid [33]), different tissue geometries (cuboid [18] or cylindrical [68]), and differences

in boundary conditions (adhered [52], or not adhered [18] sample surfaces to loading

platen) complicate establishing a consensus on the mechanical properties of the tissue.

However, a majority of studies agree that brain tissue exhibits non-linear and rate-

dependent behavior [7, 9, 10, 68, 69].

One primary challenge in characterizing the mechanical behavior of the brain is

attributed to the complex anatomical organization of the tissue. Macroscopically,

brain tissue can be divided into gray and white matter [18]. Gray matter, predomi-

nantly found in the cerebral cortex, is composed of neuronal cell bodies, while white

matter is located in the brain’s interior where interconnected myelinated axon fibers

allow for rapid cellular communication throughout the brain [3]. Recent literature

highlights the importance of distinguishing between tissue types in the study of me-

chanical properties to enhance the understanding of brain tissue mechanics [7, 9,

14, 33]. Studies that distinguish between different brain tissue types predominantly

characterize gray matter as both structurally and mechanically isotropic [7, 16, 18].

Conversely, it is hypothesized that the structural variability of the axon fibers in the

white matter contributes to the variation in mechanical properties reported in the

literature [3, 79]. For instance, some studies regard white matter as stiffer than gray

matter [18, 73], others as softer [7], and others observe no difference [9, 15, 16].

Histology and diffusion tensor imaging (DTI) studies have established that the

white matter region bridging the left and right hemispheres, called the corpus cal-
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losum, consists of densely packed and uniaxially oriented axon fibers [7, 15, 16].

Therefore, this region presents a unique opportunity for investigating the role of axon

direction on the tissue’s mechanical behavior [14]. Studies using animal surrogate tis-

sue have suggested the presence of mechanical anisotropy in porcine corpus callosum

and brain stem when tested under shear [15, 16, 80], indentation [16], tension [17],

and compression [18]. In human brain tissue studies, anisotropy in the corpus callo-

sum was observed when tested in shear at a high deformation rate and magnitude [9],

but a subsequent study did not find any directional dependencies when testing in

compression, tension, and shear at low strain rate and comparatively small (10%)

strain magnitude [7]. Even though both animal and human studies provide valuable

contributions to the understanding of the material properties of brain tissue, the ex-

tent to which mechanical properties depend on the species is not well understood,

complicating the application of animal results for the development of diagnostic and

treatment tools for human brain lesions [37, 44].

Hydrated tissues, such as brain tissue, are often assumed incompressible or nearly

incompressible due to their high water content [7, 8, 13, 20]. However, experimental

data supporting the assumption of incompressibility for brain tissue are lacking. The

elastic, time-independent response of brain tissue is commonly modeled as a hypere-

lastic material [81]. The measure for compressibility in brain constitutive modeling is

given by the bulk modulus, but due to the challenges associated with the experimen-

tal measurement of volumetric deformation under hydrostatic stress, the Poisson’s

ratio (PR) has been investigated instead [53]. A PR of 0.5 is a common idealiza-

tion in brain tissue modeling as an incompressible material [23, 33, 37, 52]. The

PR is assumed to be a constant elastic property of a material, defined as the neg-

ative ratio of the strain in the transverse direction to the strain in the direction of

loading. Recently, non-contact measurement techniques such as digital image corre-

lation (DIC) have been used to investigate the PR in brain tissue during unconfined

compression studies [14, 23, 24]. Optical techniques were used to compute the PR
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of quasistatic compression tests up to 15% strain on bovine and sheep white matter

brain tissue [14, 24]. Their results indicated an average final PR value of approxi-

mately 0.5, meaning that the material can be considered as nearly incompressible in

these conditions. Conversely, a PR of 0.67 was obtained when testing in compression

up to 30 % strain [24], potentially pointing to anisotropy effects or the formation

of defects or voids leading to tissue damage as the strain is increased. The PR has

largely been regarded as a fixed, constant value in the aforementioned investigations,

so only final PR values at the maximum strain tested have been presented. Neverthe-

less, visualizing the PR evolution with strain would enable investigators to assess the

extent of the validity of incompressibility assumptions more comprehensively. 3D DIC

has been previously used to evaluate the evolution of the volume ratio of cylindrical

brain samples of mixed white and gray matter under quasistatic uniaxial compression

up to 0.12 strain [23]. Their findings indicate that under such conditions, the vol-

ume ratio remains constant at approximately 1 throughout the tests. However, their

methods assumed isotropic deformations that inherently remove the ability to assess

the presence of anisotropy in the tissue. Therefore, the knowledge gap that persists

regarding the influence of factors such as region, strain rate, strain magnitude, and

axon direction on the stress-stretch and compressibility behavior of brain tissue will

be addressed here. Such factors are important for further consideration since the

incompressibility assumption is used in FE models regardless of loading case [7, 69,

82], which can significantly influence the model predictions. To date, only animal

tissues have been used in PR and volume ratio experimental investigations [14, 23,

24]. Furthermore, DIC studies that investigate the compressibility of the corpus cal-

losum are missing from the literature. Such studies would be valuable for identifying

the presence of anisotropy, while also providing a more comprehensive analysis of the

applicability and limitations of the tissue incompressibility assumptions used in the

literature. This study addresses these gaps and issues.

Building on previous studies [14, 23, 24], the objective of this work is to system-
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atically investigate the stress-stretch behavior and compressibility of human brain

tissue, with a focus on differences between gray and white matter, the influence of

strain rate, and the effects of axon fiber direction up to strains of 30% (or a stretch

ratio of 0.7). Uniaxial compression testing was carried out on cortical gray matter

from the temporal lobe and white matter from the corpus callosum using a microme-

chanical testing apparatus at strain rates of 0.05 and 5 s−1. To monitor the surface

strains, two high-speed cameras were used in conjunction with DIC analysis to obtain

surface strain information in perpendicular planes. The axial and transverse strains

were used to compute and track the PR evolution in the two planes to assess the com-

pressibility of all tissues and possible anisotropy of the white matter. The volume

ratio was also calculated from these strains to assess the extent of the validity of com-

pressibility assumptions. This study hypothesizes that the unidirectional axon fibers

present in the corpus callosum contribute significantly to the anisotropic behavior of

neural tissue, as suggested by previous studies [13]. Previous investigations on the

tensile response of anisotropic tissues have established that the presence of anisotropy

results in the PR depended on the loading direction [83]. Accordingly, this research

proposes that examining the PR evolution of brain tissue at perpendicular planes

could yield a more comprehensive understanding of the tissue mechanics, necessary

for improving displacement predictions obtained from finite element simulations [2].

3.2 Materials and Methods

3.2.1 Specimen Extraction

Brain samples were extracted from 8 embalmed (formalin-fixed) cadavers from

the University of Alberta Anatomical Gift Program. The methods and protocols

described in this study were approved by the University of Alberta Research Ethics

Board (ID: Pro00135530). The embalming process utilized a solution consisting of 4%

phenol, 4% formalin (37% concentration), 8% glycol, 8% ethyl alcohol (95% concen-
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tration), and 76% water. The brains were immersed in this solution for approximately

1 year. Cylindrical samples measuring 6 mm in diameter and 4 mm in height were

excised using a biopsy punch (Electron Microscopy Sciences, Hatfield, PA). Tissue

specimens coming from gray matter in the temporal lobe (TL) cortex and white

matter samples in the corpus callosum (CC) were collected to determine regional

variations in mechanical properties. Brains were cut in half along the sagittal plane,

separating the two hemispheres. Samples from the CC to be tested along the fiber

direction (CCwF) were extracted in the lateral-medial direction while samples to be

tested perpendicular to the fiber direction (CCxF) were extracted in the superior-

inferior direction. TL samples were extracted in a direction normal to the cortical

surface. Figure 3.1 illustrates the sample configurations and fiber orientations during

the compressive loading tests. Table 3.1 summarizes the number of samples tested

from different brain regions at varying loading rates.

(a) TL (b) CCwF (c) CCxF

Figure 3.1: Schematic representation of tissue sample orientations for compression
testing showing: a) temporal lobe (TL); b) corpus callosum with axons oriented
parallel to the loading direction (CCwF); c) corpus callosum with axons oriented per-
pendicular to the loading direction (CCxF). Downward arrows indicate the direction
of the applied compressive load.

3.2.2 Experimental Setup

Uniaxial compression tests were conducted using a Mach-1™ Micromechanical Test-

ing System (BIOMOMENTUM, Quebec) equipped with a 17 N load cell which has a

force resolution of 0.85 mN. Phosphate buffered saline (PBS) solution was applied be-

tween the specimen and loading platen surfaces to minimize frictional effects. Exper-
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Table 3.1: Summary of samples per brain obtained for uniaxial compression experi-
ments.

Brain nos. Loading rate
Region tested

TL CCwF CCxF

I, II 0.05 s−1 4 4 4

III, IV 5 s−1 4 4 4

V, VI
0.05 s−1 4 4 0

5 s−1 4 4 0

VII, VIII
0.05 s−1 4 0 4

5 s−1 4 0 4

iments were performed at room temperature under displacement rates of 0.2 mms−1

and 20 mms−1, corresponding to strain rates of 0.05 s−1 and 5 s−1, respectively. The

acquisition rate of the Mach-1 was set at 1 kHz.

Two high-speed AOS PROMON U750 cameras directed at the sample were placed

at approximately 90° with respect to each other to observe the macroscopic defor-

mation of the specimen at orthogonal planes as shown in Figure 3.2a. To optimize

image quality and data storage efficiency, the cameras were set to acquire images

with a resolution of 1280 x 660 pixels at varying frame rates corresponding to the

test speeds. A frame rate of 309 frames per second was utilized for tests at the 5 s−1

loading rate to eliminate motion blur, while a reduced frame rate of 30 fps for tests

at 0.05 s−1 helped in preventing memory overloads and recording failures. Specimens

were positioned normal to the optical axis of the cameras to minimize out-of-plane

displacement errors. To eliminate specular reflections and provide uniform lighting,

cross-polarized high-intensity LED lights were used. The cross-polarization technique

consists of placing a linear polarizer between the light source and the test specimen,
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and a second polarizer of perpendicular polarity between the specimen and the cam-

era [84]. This method selectively attenuates the glare caused by specular reflections

on the hydrated sample surface. At the same time, it enhances image contrast and

spatial precision in the collected images without requiring extensive specimen surface

preparation.

Digital Image Correlation (DIC) was used to obtain the axial and transverse strain

fields in the specimen surface during compression testing. In summary, DIC is a non-

contact technique that divides a region of interest (ROI) into subsets that are tracked

as the specimen undergo deformation. This tracking relies on an optimization algo-

rithm that utilizes the gray levels at each image to match the corresponding subsets

in the deformed state to the reference image, and thus the displacement or strain field

can then be computed. During the analysis, the zero-normalized sum of squared dif-

ferences (ZNSSD) correlation method with optimized 8-tap splines interpolation was

utilized to provide accurate measures while minimizing errors caused by offsets or

scaling in lighting [85]. Incremental correlation was used for a more stable prediction

in the presence of large deformations [86]. Rigid body motion was removed during

post-processing to further eliminate the effect of minimal camera vibration during the

experiments.

The gray matter is mostly composed of neuronal cell bodies that lack a specific

spatial distribution or orientation [87]. Therefore, no alignment was specified during

the testing of TL samples. Given the uniform fiber direction in the CC [7], samples

were placed such that the axon fiber direction was parallel to one camera view and

perpendicular to the other when testing CCxF samples.

Since the tissues are hydrated, a water-insoluble ink was uniformly sprayed using a

fine-point airbrush, creating a highly contrasted speckle pattern. Once the specimen

preparation and lighting environment were ready, the PROMON U750 cameras were

used to capture the deformation processes of the specimens at the two prescribed

strain rates.
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The starting point of the tests was determined optically when the superior loading

platen made contact with the tissue. To maintain sample hydration, PBS solution

was periodically applied using a dropper. With each test duration being no longer

than 10 seconds, no application during testing was required to ensure consistent

sample hydration. Before testing, excess PBS solution was removed from obstructing

the camera views by using a delicate-task wipe to prevent decorrelation in the DIC

algorithm due to image distortion.

No preconditioning cycles were applied in this study as it could lead to non-

recoverable changes in the material properties at large deformations [1]. The Corre-

lated Solutions VIC2D 6 software [88] was used to produce the strain measurements.

The arrangement of cameras and polarizers is presented in Figure 3.2a.

The surface of each sample was aligned with the cameras’ focal plane. The ROI,

as shown in Figures 3.2b and 3.2c, was selected based on the area sharply in focus,

as determined by the camera software’s focus assist feature (AOS Technologies AG)

to minimize the sample curvature impact on the measurements [89]. Additionally,

the upper and lower boundaries of the samples, where fluid accumulation could cause

decorrelation, were also excluded from the ROI. For consistency, when testing CCxF

samples, the axon fiber direction is aligned with the front camera.

3.3 Data Processing

3.3.1 Stress-stretch

The Green strains were obtained through DIC analysis. Green strains were used

due to their suitability when dealing with finite strains [55]. The strains, εi, are

converted to stretches as

λi =
√︂

2εGi + 1 (3.1)

where i = 1, 2, 3 denote the principal directions as shown in Figure 3.2.
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(a)

(b) (c)

Figure 3.2: (a) Camera and polarizer arrangement for DIC implementation, (b) Com-
pression of CCxF sample viewed along fibers (front camera), and (c) across fibers (side
camera)

During the displacement-controlled experiments, the measured force, F , was con-

verted to stress by σ = F/A, where A is the cross-sectional area of the specimen in

the reference (unloaded) configuration. The stress-stretch response of the tissues is

summarized for each region and loading rate.

3.3.2 Poisson Function

At finite deformations, the PR varies with axial strain or stretch, leading to the

adoption of the term ‘Poisson function’ (PF) for a more appropriate description [13].

To investigate the anisotropy of brain tissue, values obtained in this study were com-

pared to the ideal isotropic incompressible case. In the case of uniaxial compression of

an isotropic incompressible material, for an arbitrary axial stretch ratio λ1, it can be
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assumed that λ2 = λ3. From the condition of incompressibility, λ1λ2λ3 = 1, it follows

that λ2 = λ3 = λ
−1/2
1 . Therefore, for an incompressible homogeneous material, the

PF is written as a function of the axial stretch [54] as

ν(λ1) =
1

λn
1 + λ

n/2
1

(3.2)

where n = 1, 2 gives the PF according to the Cauchy (or Engineering) and Green

strain definitions, respectively.

3.3.3 Volume Ratio

In modeling hyper-elasticity, the elastic response of materials under large defor-

mations is of particular interest. No material is perfectly incompressible, but this

approximation has been widely used in the study of brain tissue [7, 69, 82]. The

parameter for volume ratio, J , serves as an indicator of the compressibility of the ma-

terial, where it is expected to remain close to 1 in incompressible cases. The volume

ratio is calculated as

J = λ1λ2λ3 (3.3)

In such case, volume ratio vs axial stretch can be used to test the validity or the

limits to the incompressible tissue assumption.

3.4 Experimental Results and Discussion

3.4.1 Uniaxial Compression

As shown in Figure 3.3, strain rate dependence is observed in all regions and

loading cases, as demonstrated by the increased stress measured at increased strain

rates and strain magnitudes. Regardless of the region and axon orientation, all curves

exhibit a nonlinear stress-stretch response. From Figure 3.3, the stress-stretch curves

for CCwF, CCxF, and TL samples fell within similar standard deviations, suggesting
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Figure 3.3: Region-, orientation- and rate-dependent stress-stretch behavior for uni-
axial compression experiments summarized in Table 3.1. The y-axis denotes the stress
in kilopascals (kPa) and the x-axis represents the axial stretch. Different markers are
used for different brain specimens. Each curve indicates the mean experimental values
and associated standard deviations (error bars) obtained from four experiments.

a trend of consistent mechanical behavior across these tissues. In comparison with

existing literature, the findings align with those reported by Jin et al. [9], who observed

comparable mechanical properties in human white matter from the CC and corona

radiata, and gray matter from the TL and basal ganglia. Their study highlighted

that while white matter exhibited a slight increase in stiffness under compression, the
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differences were not statistically significant. Similarly, Budday et al. [7] explored the

mechanical properties of human brain tissue from the corpus callosum and corona

radiata under various strain conditions. Their findings also showed no significant

statistical difference in stiffness between gray and white matter. It is noted that

the inclusion of preconditioning cycles in the latter study, as discussed by de Rooij

and Kuhl [12], could potentially influence the initial fiber alignment in white matter

samples, thereby affecting the comparability of results. The present study, while

highlighting similar mechanical behavior trends across different tissue types, does not

provide a statistical comparison of these differences, but rather contributes to the

existing body of literature observing these trends.

(a) TL, CCwF, CCxF at 0.05 s−1 (b) TL, CCwF, CCxF at 5 s−1

Figure 3.4: Averaged stress-stretch results for uniaxial compression experiments.
Each curve corresponds to the experimental values obtained by averaging all TL,
CCwF, or CCxF experiments, respectively. Error bars represent the standard devia-
tion.

The greater stiffness in white matter relative to gray is thought to result from the

structural support provided by axon myelination [90]. Nevertheless, the primary role

of myelin is associated with neural communication, and its impact on the mechanical

properties of the brain remains under-investigated [90, 91]. Figures 3.3 and 3.4 do not

show any clear differences among groups to establish whether axon fiber orientation

influences mechanical behavior. To adequately assess the mechanical anisotropy of
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the CC, the analysis should extend beyond stress-stretch relationships. Therefore, the

next section presents the optical assessment of the evolution of the Poisson’s Function

(PF) to assess the trends in tissue isotropy and anisotropy.

3.4.2 Poisson Function (PF)
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Figure 3.5: Region-, orientation- and rate-dependent PF results for uniaxial com-
pression experiments at 0.05 and 5 s−1. Different markers correspond to different
brains tested. Curves indicate the mean experimental values and associated standard
deviations (error bars) obtained from four experiments.

In Figure 3.5, the PF curve for an ideal homogeneous, isotropic, and incompressible

material is presented alongside each plot for comparative purposes, as computed

using Equation (3.2). The ideal curve illustrates that the PF, as defined by Green
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strains, varies with axial stretch rather than remaining constant. This variation

suggests that representing a non-linear material undergoing large deformations with

a single Poisson’s ratio value may not adequately capture its mechanical behavior.

The transverse stretches of the TL and CCwF samples in the two perpendicular

planes of view (λ2 and λ3) showed similar responses. Thus, only the PF curves

obtained from the transverse stretch (λ2) and the axial stretch (λ1) recorded by the

front camera are displayed. As shown in Figures 3.5a to 3.5d, the PF curves for TL

and CCwF at the two strain rates tested follow the general shape of the ideal curve.

In Figure 3.5a, it can be observed that the curves for the TL samples tested at 0.05 s−1

exhibit a slight downward deviation from the ideal curve and this deviation becomes

more apparent as the compression progresses. This trend is less apparent in the

faster strain rate in Figure 3.5b, in which the average curve has a similar slope to the

ideal curve. In the literature, slight compressibility of the tissue has been attributed

to the displacement or reorganization of interstitial fluid within the hydrated tissue

during slow or quasistatic displacement tests [8, 13]. Conversely, under faster rates,

there is limited time for interstitial fluid reorganization. This results in minimal

changes in tissue hydration during deformation, which in turn leads to less apparent

compressibility.

Figures 3.5c and 3.5d show that the outcomes from both compression rates in the

CCwF samples diverge slightly upward from the ideal curve. In the case of CCxF

tissues in Figures 3.5e and 3.5f, the PF curves corresponding to the view aligned

with the axon fiber direction were consistently higher than the ideal curve, while the

opposite is true for the view perpendicular to the fiber direction. This consistent

deviation from the idealized case depending on the plane analysed points to the

presence of anisotropy in the corpus callosum.

Eskandari et al. [24] conducted quasistatic compression tests on bovine white mat-

ter tissue at strains of 5, 10, and 30%, obtaining PR estimates of 0.45, 0.47, and 0.67,

respectively. The PR of 0.67 at 30% strain, was suggested to indicate potential tissue
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damage or anisotropy. However, by computing the PR at 30% with Equation (3.2)

using the engineering strain definition (setting n = 1) results in a PF of 0.65, closely

aligning with their experimental 0.67, suggesting possible isotropic elastic behavior.

While the findings from Eskandari et al. [24] offer valuable data on the PR of bovine

white matter, it is important to note the limitation in focusing primarily on final

PR values at specific strain magnitudes. A more comprehensive understanding of

brain tissue mechanical behavior can be gained by investigating the evolution of PR

across a range of strains, potentially providing deeper insights into tissue anisotropy

or structural changes.

Figure 3.6: Speckled corpus callosum samples before (top row) and after (bottom row)
compression. The front and side view correspond to different views of the same sample
tested. Diagrams at the top depict the sample axon orientations during testing. In
CCwF samples, the axons are mostly aligned superior-inferiorly. For CCxF samples,
the front camera is aligned with the fiber direction of the sample, and the side camera
is perpendicular to the axon direction.

As depicted in the two left columns of Figure 3.6, the CCwF samples exhibit uni-

form deformation in both observed planes. In contrast, the deformation of the CCxF

samples differed depending on the observed plane of view, as presented in the two

right columns of Figure 3.6. The CCxF samples deform preferentially in the direction

perpendicular to the axon direction, and very little along the axon direction. The

large discrepancy in transverse deformation explains the consistently wide discrep-
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ancy in the PF curves for the CCxF tests, as observed in Figures 3.5e and 3.5f. This

suggests that the tissue structure of the CC does influence its mechanical behavior

by limiting deformation along the axon direction. The findings from the CCwF and

CCxF tests suggest the CC exhibits transverse isotropy, characterized by an axis of

symmetry that coincides with the axon fiber orientation [16]. The existence of this

anisotropy also implies that the compressibility of the corpus callosum cannot be

solely verified by examining the PF-stretch plots.

3.4.3 Volume Ratio

Despite the lack of conclusive evidence supporting the incompressibility of brain

tissue, this simplifying assumption is commonly adopted in both analytical and nu-

merical models [8, 82]. The compressibility of the CC could not be fully assessed using

the PF curve due to the presence of non-homogeneous deformations. The volume ra-

tio, J , is used to explore the elastic deformation and the potential limits of brain

tissue’s incompressibility assumption. Therefore, to fully characterize the anisotropic

compressibility of a material, it is necessary to track how J changes in the differ-

ent loading directions. The relationship between J and stretch for all tested regions

and orientations is presented in Figure 3.7, where the mean results across all brain

specimens for each loading condition are highlighted in black.

Similar trends can be observed for the TL when comparing the volume ratio in Fig-

ures 3.7a and 3.7b to the PF curves in Figures 3.5a and 3.5b. The TL tested at 0.05 s−1

shows a slight downward deviation from J = 1 as the compression proceeds. This

downtrend is less apparent in the tests conducted at 5 s−1. For the CCwF samples,

the plotted J values deviate upward from the incompressibility limit of J = 1. The

perceived increase in volume in the CC compressed along the axon fiber direction may

suggest the potential generation of voids or other microstructural defects within the

tissue as the tests proceed [68]. It is also apparent that this point of departure from

J = 1 starts earlier as the strain rate is increased. Therefore, in this case, the limit at
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Figure 3.7: Region-, orientation- and rate-dependent J vs stretch results for uniaxial
compression experiments. Different markers are used for different brain specimens.
Each curve indicates the mean experimental values obtained from 4 experiments, and
error bars represent the standard deviation.

which the incompressibility assumption would be valid is also strain rate dependent.

Looking at the CCxF results presented in Figures 3.7e and 3.7f, the volume ratio

curves are evenly distributed about J = 1, even though the corresponding PF curves

presented in Figures 3.5e and 3.5f differed from the ideal curve. This demonstrates

that the volume ratio parameter can be used to assess the compressibility of the tissue
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even for anisotropic materials. However, it is important to note that even though the

values scatter around J = 1, as shown by the average curve, there is non-negligible

variability in the data.

Table 3.2: Comparison of J values at different strain rates for temporal lobe and
corpus callosum regions

Region/Direction Rate Jλ0.77 Jλ0.70

TL
0.05 s−1 0.978± 0.046 0.962± 0.060

5 s−1 0.988± 0.035 0.980± 0.049

CCwF
0.05 s−1 1.013± 0.042 1.029± 0.055

5 s−1 1.024± 0.030 1.048± 0.046

CCxF
0.05 s−1 0.986± 0.032 -

5 s−1 0.994± 0.031 -

From Table 3.2, several trends previously mentioned can be more objectively ob-

served. The J values at a stretch of 0.77 are listed as this is the highest magnitude

at which all tests were captured. Looking at this table it is easy to see that the J

values increase with compression rate. The CCxF samples demonstrate a smaller

increase in the mean J values with increased strain rate as compared to the TL

and CCwF samples. Nevertheless, the difference between the TL and the CCxF are

within one standard deviation from each other, implying their similarity within the

measured strain rates. It is also evident that the J values at λ0.70 are still within

one standard deviation from J = 1, providing even more evidence that the significant

deviation from ν = 0.5 at an applied strain of 30% was most likely due to the inher-

ent behaviour of the PR when using the engineering strain definition, rather than an

increase in volume or damage in the tissue.

From this investigation, it is evident that the values of J do show variability from

a value of 1. For the TL tests, for example, a conservative measure for the variability

in the data can be the standard deviation which is ±0.06 for the tests conducted at
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0.05 s−1. The effect of a change from J = 1 to J = 1.06 can be observed by refer-

ring to the strain energy density function, W . For nearly incompressible materials,

the commonly used one-term Ogden strain energy density function, WOgd , can be

decoupled into its isochoric and volumetric parts [2] as

WOgd = WOgd
iso (λ̄) +WOgd

vol (J) (3.4)

where the WOgd
iso (λ̄), WOgd

vol (J) are the isochoric and volumetric parts of the function.

The isochoric part of the function is generally written as:

WOgd
iso (λ̄) =

2µ

α2

[︂
λ̃
α

1 + λ̃
α

2 + λ̃
α

3 − 3
]︂

(3.5)

where λ̄i are the isochoric principal stretches, and µ and α are material parame-

ters [92]. The volumetric part of WOgd would be affected by the volume change and

is often modeled as

WOgd
vol (J) =

K

4

[︁
J2 − 1− 2 ln J

]︁
(3.6)

where J is the volume ratio and K is the bulk modulus. From Equation (3.6),

when J = 1, WOgd
vol (J = 1) = 0, leaving only the isochoric strain energy term,

WOgd
iso (λ̄) shown in Equation (3.5). However, a change of ±0.06 in J results in

WOgd
vol (J = 1 ± 0.06) = 0.0018K. In other words, WOgd

vol represents the additional

energy stored in the material due to its slight compressibility [93]. This can be

significant in materials that are assumed to be perfectly incompressible, like many

biological tissues including brain tissue, due to their characteristically high bulk mod-

ulus, K [66]. In the literature, bulk moduli of brain tissue range from 5.5 MPa to 5.5

GPa [66]. Using the conservative value of K = 5.5MPa, a deviation of J = 1± 0.060

could lead to a change of WOgd
vol = 9.7kPa, resulting in a significant energy penalty,

even for small volume changes. Therefore, when estimating the error tolerance asso-
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ciated with the assumption of incompressibility in brain tissue models, it is important

to consider the strain magnitude, loading rate, and tissue type.

3.5 Limitations

This investigation of the mechanical properties of brain tissue focused on the gray

cortical matter of the temporal lobe. The temporal lobe region was chosen due to its

frequent involvement in TBI events [41], while other cortical regions were excluded

to minimize variations between samples. Examining and comparing multiple regions

within a tissue type could reveal valuable property trends, such as stiffness variations

in cortical gray matter from different regions that could show different properties due

to non-uniform capillary density [7]. This study also used embalmed human brain tis-

sue, affecting its mechanical response due to possible protein cross-linking, shrinkage,

and dehydration [94]. However, the tissue retained its characteristic non-linearity and

viscoelasticity, while stress values were approximately an order of magnitude higher

than in comparable studies [9]. Limited by a maximum strain rate of 5s−1 due to

equipment constraints, and the small size of the corpus callosum, future work could

explore higher strain rates relevant to ballistic or blast conditions that are found to

exceed 100s−1 [95]. Such studies are crucial for understanding TBI mechanisms and

improving protective measures.

3.6 Conclusion

This study aimed to uncover mechanical behavior trends in human brain tissue

under uniaxial compression and demonstrated a method to assess tissue compress-

ibility in the case of anisotropic and large deformations. This study investigated

the stress-stetch behavior, and evolution of the PR and volume ratio, J , in human

brain tissue under uniaxial compression. Comparisons between gray cortical matter

and white callosal matter were focused on the differences due to tissue type, strain
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rates, and axon fiber orientations. Stress-stretch plots revealed an increase in the

measured stress response with strain rate and magnitude, while similar results were

observed when comparing tissue types and loading directions. Deviations from the

ideal PF-stretch curves captured the anisotropic response in the corpus callosum,

more specifically transverse isotropy, whereas the temporal lobe exhibited homoge-

neous deformations and only deviated slightly from the ideal incompressible model,

showing that it can be considered a slightly compressible tissue.

Generally, J values indicated minimal compressibility, except in the CCwF samples

where values higher than J = 1 suggest a volume increase, possibly caused by void

formation within the tissue. These insights highlight the need for tailored models

to accurately represent brain tissue behavior, especially considering no material is

perfectly incompressible. This study contributes to a more accurate understanding

of brain tissue mechanics, showing the need for transversely isotropic models of the

corpus callosum to improve existing computational models dealing with large defor-

mations as is the case for brain injury simulation for treatment and prevention [1,

12].
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Chapter 4

Conclusions, Limitations, and
Future Work

4.1 Conclusions

The objective of this thesis was to advance the understanding of the stress-stretch

and compressibility behavior of brain tissue across different tissue types, strain rates,

magnitudes, and loading directions using an experimental mechanics approach. The

work in this thesis also focused on assessing the validity and the effect of assuming

incompressibility in human brain tissue. Building on previous works [14, 23, 24], an

experimental protocol that utilized Digital Image Correlation (DIC) was developed to

investigate the mechanical properties of brain tissue during displacement-controlled

uniaxial compression experiments.

This work systematically investigated the stress-stretch behavior and compressibil-

ity of human brain tissue by testing samples of gray matter from the temporal lobe

and white matter from the corpus callosum, emphasizing the effects of strain rate

and axon fiber direction on the uniaxial compression response at a stretch magni-

tude of approximately 0.7. Due to the small dimension required to obtain samples

containing a single tissue type and the hydrated nature of the samples, a technique

called cross-polarization was implemented for the first time in brain tissue DIC stud-

ies to minimize the time required to prepare sample surfaces for testing and analysis

while also increasing image contrast and allowing for better adherence of the speckles
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during testing. Surface deformations during testing were simultaneously measured in

two perpendicular planes to examine the possible anisotropic behavior of the tissues.

The results showed that the measured stress response in brain tissue increased

with strain rate and magnitude in all tested regions and directions. In the corpus

callosum, variations in the loading direction relative to the fiber orientation had

minimal impact on stress measurements, but PF curve analysis in two perpendicular

planes revealed trends pointing to transversely isotropic behavior. The temporal lobe

exhibited homogeneous deformation as demonstrated by the resulting PF curves that

closely aligned with the ideal incompressible case.

The J-stretch plots showed that the compressibility of brain tissue depends on

strain rate and magnitude. The temporal lobe and corpus callosum compressed along

the fiber direction showed consistent trends in both PF-stretch and J-stretch plots.

Conversely, the PF-stretch plots for the corpus callosum compressed across its fiber

direction exhibited clear anisotropic behavior as demonstrated by the markedly dis-

tinct PF behavior when comparing both views. This showed that the PF-stretch

plots alone are inadequate for assessing tissue compressibility. The variation in tis-

sue behavior across different planes of view in the corpus callosum suggests that the

diverse results regarding white matter behavior found in the literature could be due

to the difficulty in obtaining similarly structured samples from other white matter

cerebral regions with less organized axon fiber structures [14]. On average, the J

values for TL and CCwF samples generally remained at or below J = 1, indicat-

ing minimal compressibility. In contrast, CCwF samples deviated consistently above

J = 1 demonstrating a trend that suggested the formation of voids within the tissue.

Using an Ogden model with the incorporation of slight compressibility, it was shown

that the appropriateness of the ideal incompressibility assumption depends on the

tissue region, the direction of loading, and the expected maximum strain rates and

magnitudes.

These results highlight the importance of investigating variations in stiffness and
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compressibility in different regions and directions of loading. As no material is per-

fectly incompressible, they should only be approximated as incompressible only once

taken into account the errors that would result from said approximations. This study

demonstrates that assumptions of perfect incompressibility could yield results within

an acceptable error margin, depending on the specific tolerance levels. The methods

presented enhance understanding of brain tissue compression and highlight the neces-

sity for transversely isotropic models for CC samples, which is crucial for advancing

computational models that aid in the treatment and prevention of brain injuries and

disorders [1, 12, 72].

4.2 Limitations and Future Work

In this study, samples from the temporal lobe were utilized to assess the gray corti-

cal matter behavior. This was based on the common involvement of the temporal lobe

in TBI events [41], as well as the aim to minimize potential variations in properties

that could arise from including other brain regions in the comparisons. Nevertheless,

comparing the property variation among multiple regions from the cortical gray mat-

ter would provide valuable trends in mechanical properties. It has been hypothesized

that non-uniform capillary density due to regional metabolic demands in the different

cortical lobes could contribute to differences in the stress response when comparing

cortical gray matter regions [7]. Another important limitation is the utilization of

embalmed (or fixed) human brain tissue which inevitably influences its mechanical

response and limits the information obtainable from these experiments to qualitative

measurements. A previous study that measured the tissue stiffness changes during

intracranial expansion tests on live, dead, and formalin-embalmed animal brain tis-

sue found that, compared to in-vivo measurements, stiffness increases after fixation

but the shape of the force-displacement curves remained unaffected [96]. This study

showed embalming stiffens brain tissue, with stress responses one order of magnitude

higher than literature values under similar conditions [9, 69]. However, this study
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has shown that after fixation, brain tissue maintained a non-linear and viscoelastic

behavior as exhibited by the noticeable strain rate dependence in all regions tested in

this thesis work. Formaldehyde fixation causes cross-linking of proteins in the tissue,

which changes its microstructure [94]. Even though brain tissue has a much lower

collagen content relative to other tissues such as muscle and ligaments [47], the fixa-

tion process potentially impacts the degree of mechanical anisotropy as compared to

fresh brain tissue [94]. These structural alterations must be carefully considered when

extrapolating present findings to live or fresh tissue. Nevertheless, this thesis work

aimed to identify qualitative trends regarding brain tissue behavior under uniaxial

compression while showing a method to assess the validity of the incompressibility

assumption, especially in the case of anisotropic deformations.

The thesis study was also constrained by a maximum strain rate of 5 s−1, or dis-

placement rate of 20 mms−1, due to the limitations of the available testing equipment

and the small sample dimensions. Extending this methodology to testing at higher

strain rates might uncover further trends than those presented in this thesis. A

recommended direction for future research is the assessment of brain tissue behavior

under ballistic or blast conditions, which correspond to strain rates exceeding 100 s−1.

The study of such high-rate scenarios is critical for the development of appropriate

protective equipment and measures [95].

The knowledge obtained through this work could also be expanded by including

tension and shear experiments to better characterize the tissue behavior in multiple

loading modes, and better encapsulate the continuum mechanics approach with which

the mathematical models are formulated. As hypothesized by Voyiadjis et al. [13],

including the compressibility behavior to the constitutive formulation of these tis-

sues could help capture the tension-compression asymmetry observed in experimental

stress-stretch results [7].
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Appendix A: Digital Image
Correlation (DIC) Method
Summary

A summary of the Digital Image Correlation (DIC) analysis method, its parame-

ters, and the experimental uncertainties associated with the work conducted in this

thesis is presented.

A.1 Digital Image Correlation (DIC) Technique

Summary

Digital Image Correlation (DIC) is an optical method that measures the full-field

surface displacements and strains of a user-specified region of interest (ROI). The

non-contact aspect of the technique is particularly well-suited for fragile biological

tissues [22]. Its principle relies on tracking a speckle pattern on the tissue surface

through successive stages of deformation. This tracking relies on an optimization

algorithm that utilizes the gray levels at each image to match the corresponding

subsets in the deformed state to the reference image, and thus the displacement or

strain field can then be computed. VIC-2D 6 [88, 97] software, was used in this

study to compute the axial and transverse strains of the mechanical tests. DIC

quantifies displacements by comparing digital photographs of a specimen before and

after deformation. Strains are calculated from the displacement field by differentiating

displacement vectors within each subset [88].
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A.2 Sample Preparation for DIC

To prepare brain tissue for testing, cylindrical samples were extracted from whole

brains using a biopsy punch. These samples, measuring 6 mm in diameter, were then

cut into 4 mm high segments using a scalpel and a custom-made slicing jig.

A major challenge in the DIC analysis process was applying a well-defined speckle

pattern on the specimen’s surface that was thin enough to not obscure the movement

of the underlying surface, considering the specimen’s small size. To avoid aliasing,

the minimum speckle size according to literature should be 3-5 times larger than the

image pixel size [89]. The camera used in this study (AOS PROMON U750 high-

speed camera) has a full resolution of 1280 x 1024 pixels. Upon calibration, the image

scale was found to be 0.007 mm/pixel. Therefore, the optimal speckle size was chosen

to be between 21 µm to 35 µm. A random but uniform speckling is achieved by using

an ultra-fine point Harder and Steenbeck Infinity airbrush with a 0.15 mm diameter

needle and nozzle to apply an isopropanol-based pigment onto the samples.

A.3 Cross-Polarization Technique

In previous studies, multi-step surface treatments have been applied to limit the

specular reflections caused by the hydrated brain tissues reflecting incident light back

during testing such as: applying a first layer of white paint, a second layer of talcum

powder to decrease the shininess of the surface, and a third layer of black speckling

[14, 23]. However, that practice has many drawbacks such as adding thickness to the

sample, or prematurely causing the sample to dry out due to the absorptive properties

of talcum powder.

For the present study, a technique called cross-polarization was used, which consists

of placing a linear polarizer in between the light source and the tested sample and

another polarizer of perpendicular polarization in between the sample and the camera,

as depicted first in Figure 3.2a and repeated in Figure A.1a for convenience. This
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way, the specular reflections are selectively attenuated and only the diffuse non-glaring

light reaches the camera, producing high-contrast images as observed in Figure A.1b

and Figure A.1c and reducing the sample treatment steps required to perform DIC

analysis from three [14, 23] to the single speckling step.

(a)

(b) (c)

Figure A.1: (a) Camera and polarizer arrangement for cross-polarization implemen-
tation for DIC, (b) hydrated tissue with no cross-polarization, and (c) same hydrated
tissue captured with cross-polarization technique

A.4 Digital Image Correlation Settings

During the analysis, a Gaussian low pass filter was chosen to remove high-frequency

signals and pre-smooth both the reference image (the first frame depicting the spec-

imen’s undeformed state) and the deformed images (all subsequent frames). This
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pre-smoothing enhances measurement accuracy by filtering out bias signals, as noted

by Pan [98].

The deformation tracking relies on an optimization algorithm that utilizes the gray

levels at each image to match the corresponding subsets in the deformed state to the

reference image, and thus the displacement or strain field can then be computed. A

zero-normalized squared sum of difference (ZNSSD) correlation method was utilized

to minimize errors caused by lighting changes or scaled discoloration of tissue. In brief,

the Zero Normalized Cross-Correlation (ZNCC) criterion is a statistical measure used

to assess the similarity between two images and is particularly useful for comparing

subsets of an image before and after deformation [99]. The ZNCC value ranges

between -1 and 1, where 1 indicates perfect correlation, 0 means no correlation, and

-1 implies perfect inverse correlation [99]. This criterion is robust against both offset

and scale changes in lighting intensity making it reliable for tracking displacement

with minor changes in the image. It is computationally more expensive than other

correlation criteria, but due to the relatively low number of images taken per test, no

correlation process took longer than 3 minutes.

Incremental correlation was used for a more stable prediction in the presence of

large deformations. During post-processing, rigid body motion was removed to elim-

inate the effect of minimal camera vibration during the experiments.

A.5 Uncertainty Quantification

The errors that can occur in DIC measurements are the variance and the bias

errors. Variance errors otherwise known as noise are random errors centered about

the mean true value that is being measured [89]. The noise in the measurements was

minimized by using the cross-polarization technique as described in Appendix A.3,

and by removing rigid body motions. Bias errors can be caused by aggressive smooth-

ing of the data, lens distortions, and out-of-plane motions [89]. Variance errors are

quantified by analyzing static images acquired before a test is performed [89]. Bias
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errors, while not often possible to fully quantify, can be estimated by applying rigid

body, out-of-plane translation of images. In theory, for rigid body motion, the strain

measurement should be zero, meaning that any non-zero values are a combination of

variance and bias errors in measurement [89].

The expected sample movement during testing is estimated to be 2 mm. Therefore,

to estimate the error due to out-of-plane, the sample was moved 2 mm away and

toward the camera at 20 mm/s, which is the same displacement rate applied to the

samples in the study during the high-rate compression tests. The same capturing

parameters as in actual tests were used. The uncertainty due to variance and bias

for the tests performed in the present study are shown in Figure A.2. The deviation

from the true value of stretch = 1 due to variance (noise) can be observed by the

static images starting from Image index 0 to 30 and is shown to be less than 0.0005,

while the uncertainty due to out-of-plane motion seen in Image index 35 - 59 show

maximum values of 0.0032. These values are small compared to the strains of 0.7,

which provides reassurance in the measurements obtained.

Figure A.2: Estimation of measurement uncertainty

56



Appendix B: MATLAB Scripts

The data analysis in the presented work was primarily conducted using MATLAB.

This appendix contains the relevant scripts used for data importation, filtering, con-

version from strain to stretch, matching DIC to compression data, and calculation of

parameters such as stress, Poisson Function, and volume ratio.

B.1 DIC Data Read and Conversion

Listing B.1: Analysis of output DIC data from VIC-2D software
1 % ====== De s c r i p t i o n ==========
2 % This f u n c t i o n t ak e s i n the raw data from DIC and outpu t s the t ime s t e p s and

s t r e t c h e s ( a x i a l and t r a n s v e r s e ) a c co r d i n g to the s p e c i f i e d frame r a t e du r i n g
cap tu r e .

3 % −−−− I n p u t s −−−−−
4 % DIC Fo lde r : Where VIC−2D output f i l e s ( i n . c s v fo rmat ) a r e l o c a t e d
5 % Rate : '0 p05 ' or '5 ps ' c o r r e s p ond i n g to 0 .05 / s and 5 / s s t r a i n r a t e s
6 % Region : TL ( Temporal Lobe ) , CCwF ( Corpus Cal losum compressed a long i t s f i b e r

d i r e c t i o n ) , CCxF ( Corpus Cal losum Compressed a c r o s s
7 % i t s f i b e r d i r e c t i o n
8 % fp s : 30 f p s f o r s low s t r a i n ra t e , 309 f p s f o r f a s t e r s t r a i n r a t e
9 % view : E i t h e r Front or L e f t . Co r r e spond ing to the cameras used . The f r o n t camera

a lways was s e t to r e c o r d a long the f i b e r
10 % d i r e c t i o n o f samples i n CCxF t e s t s
11 % −−−− Outputs −−−−−−−
12 % t DICs : Time s t e p s as c a l c u l a t e d by f p s . Each t ime s t ep i s 1/ f p s l ong
13 % s t r e t c h e s x D IC & s t r e t c h e s y D IC : S t r e t c h e s as ob t a i n ed from Lagrange s t r a i n

d e f i n i t i o n s q r t ( 2 .∗ s t r a i n s L a g r a n g e +1) ;
14 %==== End o f D e s c r i p t i o n ========
15 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
16 % For DIC
17 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
18 f p s =309;
19 d i r e c t o r y =DIC Fo lde r ;
20 sw i t c h r a t e
21 ca se ' 0p05 '
22 f p s =30;
23 end
24 cd ( d i r e c t o r y ) ;
25 % Ex t r a c t f i l e i n d i c e s o f t e s t s o f i n t e r e s t
26 f i l e L i s t = d i r ( ' ∗ . c s v ' ) ;
27 r e g i o n i n d e x = con t a i n s ({ f i l e L i s t . name} , r e g i o n ) ;
28 r a t e i n d e x = con t a i n s ({ f i l e L i s t . name} , r a t e ) ;
29 v i ew i n d e x = con t a i n s ({ f i l e L i s t . name} , v i ew ) ;
30 t e s t i n d e x = f i n d ( r e g i o n i n d e x & r a t e i n d e x & v i ew i n d e x ) ;
31
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32 % Do a f o r l oop to go though a l l the i t e r a t i o n s
33 f o r i i = 1 : l e n g t h ( t e s t i n d e x )
34 % Ex t r a c t i n g data from . c sv f i l e s
35 i i i =t e s t i n d e x ( i i ) ;
36 exp name DIC = f i l e L i s t ( i i i ) . name ;
37 [ NoOfRows , NoOfColumn ] = s i z e ( r e adma t r i x ( exp name DIC ) ) ;
38 opt s = de l im i t e dTex t Impo r tOp t i o n s (” NumVar iab les ” , NoOfColumn ) ;
39 opt s . DataL ines = [ 3 , NoOfRows ] ;
40 opt s . D e l im i t e r = ” , ” ;
41 opt s . Va r i ab l eType s = repmat ({ ' doub l e ' } , 1 , NoOfColumn ) ;
42 opt s . Va r i ab l eNamesL ine = 2 ;
43 opt s . ExtraColumnsRule = ” i g n o r e ” ;
44 opt s . EmptyLineRule = ” read ” ;
45 opt s . Var iab leNames = { ' I ndex ' , ' x p i x e l ' , ' y p i x e l ' , ' X p i x e l ' , ' Y p i x e l ' , '

u p i x e l ' , ' v p i x e l ' , 'U p i x e l ' , ' V p i x e l ' , ' e x x 1 Lag r ange ' , '
e y y 1 Lag r ange ' , ' exy 1 Lag r ange ' , ' e1 Lagrange ' , ' e2 Lagrange ' , '
gamma Lagrange ' } ;

46 exp DIC = r e a d t a b l e ( exp name DIC , op t s ) ;
47
48 % Time and s t r e t c h f o r DIC
49 t DIC = exp DIC . I ndex .∗ ( 1/ f p s ) ;
50 % −−−−−− Smoothing o f s t r a i n data
51 n = l e ng t h ( t DIC ) ;
52 ave r age no=f l o o r ( ( n /40)+1) ; % Ad jus t t h i s based on data l e n g t h
53 s t r a i n s y G = exp DIC . e y y 1 Lag r ange ;
54 s t r a i n s x G = exp DIC . e x x 1 Lag r ange ;
55 % Conve r s i on to s t r e t c h
56 s t r e t c h y D IC = smoothdata ( s q r t ( 2 .∗ s t r a i n s y G +1) , ' s g o l a y ' , a v e r age no ) ;
57 s t r e t c h x D IC = smoothdata ( s q r t ( 2 .∗ s t r a i n s x G +1) , ' s g o l a y ' , a v e r age no ) ;
58
59 % Removing data b e f o r e i n i t i a l d i s p l a c emen t
60 i d x = f i n d ( s t r e t c h y D IC <0.995 ,1 ,” f i r s t ”) ;
61 i f i d x==1
62 i d x =2;
63 end
64 t DIC = t DIC − t DIC ( idx −1) ;
65 t DIC ( 1 : idx −2) = [ ] ;
66 s t r e t c h y D IC=s t r e t c h y D IC−s t r e t c h y D IC ( idx −1)+1;
67 s t r e t c h x D IC=s t r e t c h x D IC−s t r e t c h x D IC ( idx −1)+1;
68 s t r e t c h y D IC ( 1 : idx −2) = [ ] ;
69 s t r e t c h x D IC ( 1 : idx −2) = [ ] ;
70
71 % Slope c a l c u l a t i o n
72 s t r a i n r a t e = d i f f ( s t r e t c h y D IC ) . / d i f f ( t DIC ) ;
73
74 % Removing data to avo i d r e p e a t i n g v a l u e s
75 sw i t c h r a t e
76 ca se ' 0p05 '
77 i d y = f i n d ( s t r a i n r a t e <−0.04 ,1 ,” l a s t ”)+1;
78 ca se ' 5ps '
79 i d y = f i n d ( s t r a i n r a t e <−3,1,” l a s t ”)+1;
80 end
81
82 t DIC ( i d y +1: end ) = [ ] ;
83 s t r e t c h y D IC ( i d y +1: end ) = [ ] ;
84 s t r e t c h x D IC ( i d y +1: end ) = [ ] ;
85
86 %Sto r i n g v a l u e s
87 s t r e t c h e s x D IC { i i }=s t r e t c h x D IC ;
88 s t r e t c h e s y D IC { i i }=s t r e t c h y D IC ;
89 t DICs { i i } = t DIC ;
90 end
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B.2 Mach-1 Data Read and Conversion

This function takes in the raw data from Mach-1 and outputs the time steps, and

converts displacement and force to stretch and stresses, respectively.

Listing B.2: Analysis of output compression test data from Mach-1
1 %% Mach1 Data Co l l e c t i o n and Ana l y s i s
2 % ====== De s c r i p t i o n ==========
3 %This f u n c t i o n t ak e s i n the raw data from Mach−1 and ou tpu t s the t ime s t ep s , and

c on v e r t s d i s p and f o r c e to s t r e t c h and s t r e s s e s .
4 % −−−− I n p u t s −−−−−
5 % Mach1 Folder : Where output f i l e s ( i n . t x t fo rmat ) a r e l o c a t e d
6 % Rate : '0 p05 ' or '5 ps ' c o r r e s p ond i n g to 0 .05 / s and 5 / s s t r a i n r a t e s
7 % Region : TL ( Temporal Lobe ) , CCwF ( Corpus Cal losum compressed a long i t s f i b e r

d i r e c t i o n ) , CCxF ( Corpus Cal losum Compressed a c r o s s
8 % i t s f i b e r d i r e c t i o n
9 % −−−− Outputs −−−−−−−

10 % t s : Time s t e p s a l ong t e s t
11 % s t r e t c h e s : S t r e t c h e s as ob t a i n ed from Lagrange s t r a i n d e f i n i t i o n s q r t ( 2 .∗

s t r a i n s L a g r a n g e +1) ;
12 % s t r e s s e s : S t r e s s e s were computed by F/A where F i s the r e a c t i o n f o r c e du r i ng t e s t

and A i s the o r i g i n a l c r o s s s e c t i o n a l a r ea o f sample
13
14 cd ( Mach1 Folder ) ;
15 f i l e L i s t = d i r ( ' ∗ . t x t ' ) ;
16 r e g i o n i n d e x = con t a i n s ({ f i l e L i s t . name} , r e g i o n ) ;
17 r a t e i n d e x = con t a i n s ({ f i l e L i s t . name} , r a t e ) ;
18 t e s t i n d e x = f i n d ( r e g i o n i n d e x & r a t e i n d e x ) ;
19
20 f o r i i = 1 : l e n g t h ( t e s t i n d e x )
21 i i i =t e s t i n d e x ( i i ) ;
22 exp name Mach = f i l e L i s t ( i i i ) . name ; % <−−−− Change number to change

expe r imen t
23 opt s = de l im i t e dTex t Impo r tOp t i o n s (” NumVar iab les ” , 10) ;
24 n = l i n e c o u n t ( exp name Mach ) ;
25 opt s . DataL ines = [26 , n−3] ;
26 opt s . D e l im i t e r = ”\ t ” ;
27 opt s . Var iab leNames = [” t ” , ” z ” , ”x ” , ”y ” , ”FxN” , ”FyN” , ”FzN” , ”TxNmm” , ”

TyNmm” , ”TzNmm” ] ;
28 opt s . Va r i ab l eType s = [” doub l e ” , ” doub l e ” , ” doub l e ” , ” doub l e ” , ” doub l e ” , ”

doub l e ” , ” doub l e ” , ” doub l e ” , ” doub l e ” , ” doub l e ” ] ;
29 opt s . ExtraColumnsRule = ” i g n o r e ” ;
30 opt s . EmptyLineRule = ” read ” ;
31 exp Mach = r e a d t a b l e ( exp name Mach , op t s ) ;
32
33 % Cross S e c t i o n a l Area
34 CSA = ( p i ( ) ∗0 .006ˆ2) /4 ; %[mˆ2 ]
35
36
37
38
39 % Or i g i n a l t ime , d i sp , f o r c e , s t r e s s
40 t = exp Mach . t ;
41 s t r e t c h = abs ( exp Mach . z . / exp Mach . z (1 ) ) ;
42 f o r c e = abs ( exp Mach . FzN) ;
43 % Def i n e f i l t e r pa ramete r s
44 ave r age no=f l o o r ( ( n ) /100) ; % Adjus ted window l e n g t h based on data l eng th , n
45 % Apply low pas s f i l t e r and smooth data
46 LPassedData = lowpas s ( f o r c e ,120 ,1/ t (2 ) ) ;
47 smoothedForce= smoothdata ( LPassedData , ' s g o l a y ' , a v e r age no ) ;
48 s t r e s s = smoothedForce . /CSA ;
49
50
51
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52 % Removing data b e f o r e i n i t i a l d i s p l a c emen t f o r Mach1
53 i d x x = f i n d ( s t r e t c h <0.999 , 1 , ' f i r s t ' ) ;
54 t = t − t ( idxx −1) ;
55 t ( 1 : idxx −2) = [ ] ;
56 s t r e s s=s t r e s s −s t r e s s ( idxx −1) ;
57 s t r e t c h=s t r e t c h−s t r e t c h ( idxx −1)+1;
58 s t r e t c h ( 1 : idxx −2) = [ ] ;
59 s t r e s s ( 1 : idxx −2) = [ ] ;
60
61 % Removing data a f t e r s t r e t c h to avo i d r ep ea t ed v a l u e s
62 i d y = f i n d ( s t r e t c h <0.65 ,1 ,” f i r s t ”) ;
63 t ( i d y +1: end ) = [ ] ;
64 s t r e t c h ( i d y +1: end ) = [ ] ;
65 s t r e s s ( i d y +1: end ) = [ ] ;
66
67 % Sto r i n g v a l u e s o f each i t e r a t i o n
68 s t r e t c h e s { i i }=s t r e t c h ;
69 s t r e s s e s { i i }=s t r e s s ;
70 t s { i i }=t ;
71 end
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B.3 Incorporating Optical and Mechanical Data

Listing B.3: Matching strain from DIC to Mach expressed in terms of stretches
1 % ===== DESCRIPTION =============
2 % Matching DIC and Mach−1 s t r e t c h v a l u e s
3 % Takes Bra in Number ( b r a i n n o ) , s t r a i n r a t e (0 p05 , 5 ps ) , and r e g i o n (TL , CCxF ,CCwF)

and summar izes data from Mach1 and DIC
4 % Outputs TLDR( : , : , v i ews ) = [ s t r e t c h e s y D IC , po i s sons G , s t r e s s i n t e r p 4D IC s ,

s t r e t che s Mach1s , s t r e t c h e s x D IC , t DICs ] ;
5
6 f o r v i ews = 1 : 2 ;
7
8 % Rate and Region
9 vieww = { ' Front ' , ' L e f t ' } ;

10 v iew = vieww{ v i ews } ;
11 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
12 % DIC data
13 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
14 % fp s change depend ing on s t r a i n r a t e
15 sw i t c h r a t e
16 ca se ' 0p05 '
17 f p s =30;
18 ca se ' 5ps '
19 f p s =309;
20 end
21
22 d i r e c t o r y =DIC Fo lde r ;
23 [ t DICs , s t r e t c h e s x D IC , s t r e t c h e s y D IC ] = DICsummary4 ( d i r e c t o r y , r a t e , r eg i on , fps ,

v i ew ) ;
24
25 %−−−−−−−−−−−−−−−−−−−−−−−−
26 % Mach−1 data
27 %−−−−−−−−−−−−−−−−−−−−−−−−
28 d i r e c t o r y=Mach1 Folder ;
29 [ t s , s t r e t c h e s , s t r e s s e s ] = Mach1summary st retches4 ( d i r e c t o r y , r a t e , r e g i o n ) ;
30
31 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
32 % Resample s t r e s s to match wi th DIC
33 %−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
34 method = ' pch ip ' ;
35 % Why pch ip ? Because t h i s i n t e r p o l a t i o n scheme doesn ' t o v e r s hoo t data i f not

smooth ,
36 % e s p e c i a l l y u s e f u l i f the data i s monotonic ( not o s c i l l a t o r y )
37 f o r i = 1 : s i z e ( ts , 2 )
38 % Actua l i n t e r p o l a t i o n
39 % In t e r p 1 r e t u r n s v a l u e s o f s t r e t c h e s at query p o i n t s t DICs as ob t a i n ed by

i n t e r p o l a t i o n
40 s t r e t che s Mach1 = i n t e r p 1 ( t s { i } , s t r e t c h e s { i } , t D ICs { i } , method ) ;
41 s t r e s s i n t e r p 4D I C = i n t e r p 1 ( t s { i } , s t r e s s e s { i } , t D ICs { i } , method ) ;
42 s t r e t ch e s Mach1 s { i } = st r e t che s Mach1 ;
43 s t r e s s i n t e r p 4D I C s { i } = s t r e s s i n t e r p 4D I C . /1000 ; % Conver t to kPa
44 end
45
46 f o r i i i = 1 : s i z e ( ts , 2 )
47 po i s s on G = (1− s t r e t c h e s x D IC { i i i } . ˆ 2 ) . / ( s t r e t c h e s y D IC { i i i } .ˆ2−1) ;
48 po i s s on s G { i i i } = po i s s on G ;
49 end
50
51 % Output Data
52 TLDR( : , : , v i ews ) = [ s t r e t c h e s y D IC , po i s sons G , s t r e s s i n t e r p 4D IC s , s t r e t che s Mach1s ,

s t r e t c h e s x D IC , t DICs ] ;
53 end
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B.4 Computing Volume Ratio, J

Listing B.4: Computing volume ratio
1 f u n c t i o n [TLDR1 TLDR2 ] = JS t r e t c h4 ( b ra i n , r a t e , r e g i o n )
2
3 [TLDR1 ] = CompressionSummary4 ( b ra i n , r a t e , r e g i o n ) ;
4
5 % Loading the TLDR v a r i a b l e f o r a l l r a t e s / r e g i o n s and chang ing name a c c o r d i n g l y
6 CCxF 0p05 Front = TLDR1 ( : , : , 1 ) ; % Front camera data
7 CCxF 0p05 Left = TLDR1 ( : , : , 2 ) ; % S ide camera data
8 i t e r = s i z e (TLDR1 , 2 ) . / 6 ; % We have 6 d i f f e r e n t pa ramete r s i n TLDR so d i v i d i n g by 6

w i l l g i v e us number o f t e s t s done pe r t e s t type
9

10 f o r i = 1 : i t e r
11 % Averag ing the s t r e t c h measurement from both cameras i n the a x i a l d i r e c t i o n
12 CCxF 0p05 s t r e t che s 11 = CCxF 0p05 Front { i } ;
13 CCxF 0p05 s t r e t che s 12 = CCxF 0p05 Left { i } ;
14 min len = min ( l e n g t h ( CCxF 0p05 s t r e t che s 12 ) , l e n g t h ( CCxF 0p05 s t r e t che s 11 ) ) ;
15 % Obta in i ng the s t r e t c h e s i n 3 d i r e c t i o n s
16 CCxF 0p05 s t r e t ch e s 1 = ( CCxF 0p05 s t r e t che s 11 ( 1 : min l en )+CCxF 0p05 s t r e t che s 12 ( 1 :

min l en ) ) . / 2 ;
17 CCxF 0p05 s t r e t ch e s 2 = CCxF 0p05 Front {4 .∗ i t e r+i } ;
18 CCxF 0p05 s t r e t ch e s 3 = CCxF 0p05 Left {4 .∗ i t e r+i } ;
19 CCxF 0p05 s t r e s s e s = CCxF 0p05 Left {2 .∗ i t e r+i } ;
20 min len = min ( [ l e n g t h ( CCxF 0p05 s t r e t ch e s 1 ) , l e n g t h ( CCxF 0p05 s t r e t ch e s 2 ) , l e n g t h (

CCxF 0p05 s t r e t ch e s 3 ) ] ) ;
21 % Computing J by mu l t i p l y i n g s t r e t c h e s i n 3 d i r e c t i o n s as shown i n Equat ion ( 3 . 3 )
22 J = CCxF 0p05 s t r e t che s 11 ( 1 : min l en ) .∗ CCxF 0p05 s t r e t ch e s 2 ( 1 : min l en ) .∗

CCxF 0p05 s t r e t ch e s 3 ( 1 : min l en ) ;
23 % Sto r i n g J and s t r e t c h r e s u l t s from a l l i t e r a t i o n s
24 JCatch{ i } = J ;
25 St r e t ch1Catch { i } = CCxF 0p05 s t r e t ch e s 1 ( 1 : min l en ) ;
26 end
27
28 % Output Data
29 TLDR2 = [ St re tch1Catch , JCatch ] ;
30 end
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