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SUMMARY

The human skull is a remarkable structure that exhibits a host of complexities in its
dynamics. This work presents a fundamental investigation in which aspects that in uence
the dynamic behavior of the skull are analyzed computationally and experimentally. First,
a nite element model construction routine is developed that produces geometrically accu-
rate three-dimensional vibration models of cranial segments where the cortical tables and
the dipla have their own material domains. Numerical models of different cranial regions
are generated and employed in an optimization scheme together with experimental modal
properties to extract the effective elastic parameters of the composite layers. The resulting
parameters and modal damping ratios are showcased for a selection of cranial segments
including the parietal, frontal, occipital, and temporal bones. This numerical-experimental
framework is also extended to the case of cranial sutures, which are joints that connect
adjacent cranial regions, that may signi cantly affect the overall stiffness and damping.
Lastly, the effect of uid loading is studied by degassing the segments, which removes the
air from the bone pores and replaces it with water, bringing the bone state closeiro the
vivo condition where the pores are lled with bone marrow. The additional effect of exter-
nal uid loading emulating the brain and/or clinical setups that often feature a water bath
for ultrasound delivery is also considered by combination of submersed vibration experi-
ments and numerical models. To demonstrate the use of the identi ed elastic parameters,
two case studies are presented. In the rst, the elastic properties of the cranial segments
are assumed as representative parameters for a full human skull. A high- delity numerical
model of the skull is developed, and the experimental and numerical modal properties are
obtained for the dry and degassed bone states with representative vibration modes identi ed
and compared. In the second study, the degassed elastic parameters are applied to analyze
the transcranial radiation of guided waves, which in recent years has received growing in-

terest, by means of time transient nite element simulations and submersed experimental

XViii



results, con rming the use of the high- delity modeling, analysis, and parameter identi -

cation framework presented herein.
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CHAPTER 1
INTRODUCTION

1.1 Overview

Knowledge of the dynamical characteristics of the human skull is vital to a surprisingly di-
verse set of applications such as head injury investigations, bone conduction of sound, and
even medical ultrasound for the brain. The human skull is a challenging structure to model
because of the complex geometry, the composite nature of cranial bone, variation of mate-
rial properties from one skull region to another, and the presence of sutures, to mention just
a handful among the myriad of factors. Many of the aforementioned aspects that can signif-
icantly in uence the overall dynamics are relatively unexplored in the literature. The effect
of the composite nature of cranial bone on skull vibration is not reported, and in previous
modeling efforts the choice between uniform or composite description of bone often lacks
fundamental justi cation and validation efforts. In similar vein, although sutures (which
are joints between two cranial bone regions) have been studied statically in three-point
bending tests, their dynamic effects are not well understood. Addressing and exploring the
aforementioned complexities can inform about proper structural modeling approaches and
assumptions, potentially bene ting a wide-spanning number of applications that depend
on the accurate knowledge of skull dynamics. This work is a fundamental investigation
of the human skull dynamics that seeks to develop high- delity models of cranial bone
under different conditions (dry, uid-loaded), and to inform about proper material proper-
ties including damping. In the following, the prior literature on skull mechanics, vibration,
and elastic wave propagation is discussed, starting with background on characteristics of

cranial bone, and motivations for this research are laid out throughout these sections.



1.2 Cranial Bones

1.2.1 CompositionandEffective Material Properties

There are a number of factors that impact the structural dynamics of skulls. Perhaps the
most obvious one is geometric variability in both size and shape. The layers of the skull,
consisting of the compact cortical tables and the porous inner layer called dgalo be

seen in the microcomputed tomographyC{T) scan obtained at Georgia Tech Micro CT
Core facilities as shown in Figure 1.1(a). The composite nature of skull bone can be par-
ticularly impactful on highly localized vibration mode shapes because the relative compo-
sition of the layers can vary substantially across skull regions. Furthermore, skulls contain
many structural inhomogeneities such as the large cavities observed in the occipital bone
of Figure 1.1(b) and regions of the temporal bone consisting of cortical bone only in Fig-
ure 1.1(c).

Clearly, the effective material properties of cranial bone are expected to vary signi -
cantly in different parts of the skull and from one skull to another. As such, there have been
various works that seek to empirically relate the effective elastic modulus of human bone
to mass density in an effort to build better subject-speci ¢ nite element models. While
not speci c to cranial bone, a literature review of such works was presented in [1] where
the empirical elastic modulus-mass density relationships from similarly controlled exper-
iments were analyzed. The empirical relations are shown in Figure 1.2 which portrays a
wide range of values, highlighting the variation in material properties of bone. More specif-
ically, Peterson and Dechow [2] analyzed the material properties of cortical bone and also
found large variation even in samples obtained from the same cranial bone (with standard
deviations near 20% of the mean values). It should be emphasized that the samples were
cortical bone which do not contain irregularities such as those observed in Figure 1.1. The
material properties of the dipboare scarce in the literature, with some of the only available

values reported in [3] for parietal and frontal bones only (with a standard deviation around



Figure 1.1: Fine resolution (49.6m) CT scan images ofl a parietal bone segmenb)(
an occipital bone segment displaying large cavities between the cortical tables) @and (
temporal bone segment.

26%).

1.2.2 CranialSutures

Mechanical joints are common in virtually all engineered structures and are well-known to
affect the structural dynamic behavior by altering the overall system's stiffness and damp-
ing. While the effect of mechanical joints have been studied extensively in the context of
engineered structures [4-9], they are not unique to man-designed structural assemblies and
are also found in human skulls [10] where they are called cranial sutures, which are com-
plex interdigitated regions that join two adjacent cranial bones (see a sample cranial suture
in Figure 1.3). From the evolutionary perspective, sutures provide exibility for growth

and motion, as well as enhanced energy dissipation to guard against trauma [11].



Figure 1.2: Various empirical bone elastic modulus-mass density relationships from [1]
revealing the substantial level of spread in material properties.

Some experimental investigations have found that human cranial sutures tend to slightly
decrease the overall bone strength in static bending tests [12, 13], although certain seg-
ments showed failure at a region away from the suture as seen in Figure 1.3(b). Other
studies found no difference in bending strength but demonstrated increased compliance
of sutured bone segments [14]. More focused studies on pathological human skulls af-
fected by scaphocephaly also found decreased effective Young's modulus in sutured bone
samples [15]. On the modeling side, the effect of sutures has been investigated with ana-
lytical means [16] and with nite element models [16-18], with all the cited investigations
using idealized repeating sinusoidal or triangular 2D suture geometries. Other modeling
efforts [19] considered arbitrary 2D geometry and analyzed the mechanical response to
different loads. The true 3D suture geometry has, to the best knowledge of the authors,

never been used in the study of adult human cranial sutures, although such geometry has



Figure 1.3:(a) The squamous suture between the temporal and parietal bondb) ar:
three point bending test including a failure result from [12].

been employed in the context of infant head impacts [20] and swine cranial sutures [21].
While there is a considerable amount of experimental literature on the static behavior
of sutured bone segments, research on the effect of sutures on the dynamic behavior of
cranial bone has been scarce. There are many structural dynamic nite element models
of the human head (see, e.g. [22—24]), with most involving accurate computerized tomog-
raphy (CT) scan based geometries. Many models feature increasingly complex domain
partitioning with distinct material property assignment for tens of domains. Still, none
of the models explicitly considers sutures, and given the role that sutures are believed to
have in energy dissipation and skull exure, an accurate experimentally validated dynamic
model of sutures could be particularly bene cial for studies of impact and blast response
of the skull [25, 26], as well as for even higher frequency problems involving transcranial

ultrasound [27-30].



1.3 Skull Vibration Experiments

Moving on from cranial bone and its constituents to the full skull, the existing literature
on the human skull and head vibration began forming in the mid 20th century, with cer-
tain noteworthy studies appearing as early as 1940s [31]. Most investigations to date are
framed in the broad context of better understanding human head injuries or bone conducted
sound. Several of the rst experimental studies focused on mechanical impedance mea-
surements [32—34] and also included limited analytical modeling such as spherical shell,
1-DOF (degree of freedom), and 2-DOF models, respectively, and mode shape mapping
attempts. Khalil and Viano [35] were the rst to identify an assortment of dry skull mode
shapes and natural frequencies, nding signi cant differences from one skull to another.
Since then, there have been a handful of experimental works reporting mode shapes of skull
bone [36-38]. Other remarkable experimental research such as that conducted by Hakans-
son et al. [39] have identi edn vivo resonance frequencies and damping coef cients in
human heads with pre-existing titanium implants. Aside from certain early studies, experi-
mental vibration studies an vivo human heads are relatively rare due to the dif culty and
cost of performing such experiments. Furthermore, such studies tend to suffer from poor
signal-to-noise ratio due to high damping and poor coupling between skin and bone.
Overall, the reported natural frequencies and mode shapes of human skulls vary wildly,
which can be partly explained by different skull conditions (dryirovivo with internal
added mass from bone marrow- lled pores). However, even for studies limited to dry bone,
the fundamental frequency varies signi cantly from 800 Hz in [32] to 1641 Hz in [35]. This
variation is due to differences in (1) experimental setups including boundary conditions and
(2) individual skull dynamics due to uniqgue morphology and material properties as previ-
ously pointed out with reference to Figure 1.2. To eliminate the rst source of variation,
it is useful to inspect studies with multiple skull specimens. In [35], for example, the fun-

damental frequencies of the two skull samples differ by almost 20%, and certain mode



shapes were found to be skull-speci c. Similar differences in the natural frequencies were
also observed in [40]. Select experimental gures from two older studies are displayed in

Figure 1.4(a) and (b), whereas a skull vibration setup from a more recent study is shown in

(c).

Figure 1.4: Sample experimental gures from the literature featug@gibration testing
of an intact cadaver head in Hodgson et al. [3B), modal hammer strike locations for
mode shape mapping from [35], atc) a 3D laser Doppler vibrometer setup with a skull
under free conditions in [40].

1.4 Skull Vibration Models

Accurate knowledge about the structural dynamic behavior of cranial bone is of course
crucial for the construction of high- delity human skull and/or head models which are de-
scribed in this section. Many early head modeling papers employed elastic uid-coupled

spherical shell models [41, 42], although similar idealized models have also been used



more recently [43, 44]. However, due to the geometric complexities involved, numerical
models have mainly been developed using the nite element method (FEM), with the paper
by Nickell and Marcal [45] being one of the pioneering studies devoted to the study of skull
vibrations. The gradual development in FEM head models used in head injury investiga-
tions has been described in [46] and more recently in [47]. In the present state of the art,
numerical models of the human skull and brain are often constructed from CT scans. This
approach is used for example to compute natural frequencies and mode shapes in Tse et
al. [48] using a model that also features cerebrospinal uid, nasal cartilage, and vertebrae,
although without any comparison or validation against experiments.

The analysis of traumatic brain injuries due to blunt impacts is a common application
of human head models. It has been demonstrated that fundamental brain damage is associ-
ated with low frequency dynamics near 30 Hz [26]. At such frequencies (which are closer
to rigid body mode frequencies about the neck joint), the distinction between single- or
multi-layer descriptions for the skull, and even the assumption of rigid versus elastic skull
bone are likely inconsequential. In contrast, for investigations of phenomena that involve
higher frequencies such as blast-induced traumatic brain injury [25] and bone conduction
of sound [49], the detailed modeling of the layered bone structure, sutures, and other fac-
tors can be highly relevant. As observed in Figure 1.5, many of the previous studies employ
increasingly complex numerical models, with some featuring tens of different material do-
mains. However, information about certain material properties is either nonexistent or
limited, and even frequently-reported properties come with a degree of uncertainty due to
variation between skulls. For example, the délaroperties appear particularly scarce in
the literature, and, perhaps more importantly, there is no work that informs about the ap-
propriate choice between composite (with cortical tables and &jmouniform represen-
tation of cranial bone. Given that there are still many unanswered fundamental questions
about cranial bone dynamics, it seems reasonable to wonder how much complexity in head

modeling is truly warranted. In essence, there appears to be a substantial disconnect be-



tween the experimental efforts, e.g. vibration experiments and computational models. The
present work aims to reconcile that with a synergistic approach by combining high- delity

experiments, computational modeling, and parameter identi cation.

Figure 1.5: Sample numerical models of the human head showcadioygliqdrical ide-
alization from El Baroudi et al. [43], and higher delity nite element models frob) (
Chang et al. [22] andf Cotton et al. [25].

1.5 Cranial Guided Waves

In higher frequency regimes, transcranial focused ultrasound (tFUS) has recently opened
new avenues for a diverse and minimally invasive set of biomedical applications in hu-
man brain. Notably tFUS has been successful in treating essential tremor [50] and could
conceivably be employed for treatment of other neurological conditions or tumor ablation.
However, the conventional treatment envelope is limited to the center of the brain and tFUS
is often accompanied by high levels of undesired heating in the bone [51-53]. While the
skull presents a barrier to pressure waves used in conventional tFUS setups, guided (Lamb)

waves exploit the geometry of the cranial bone and leveraging them could in principle
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Figure 1.6:(a) The schematic for dual mode conversion from [58), pressure time his-
tories showing increased transmitted amplitude with oblique incidence from [54{cpad
space-time pressure plot showing leaky guided waves from [55].

lead to valuable improvements in transcranial ultrasound technology as suggested by Kang
et al. [54] who demonstrated the idea of mode conversion-based ultrasound transmission
with a representative schematic seen in Figure 1.6(a). For certain incident angles, higher
transmitted pressure amplitudes were numerically observed in Figure 1.6(b), as well as
experimentally using a bone phantom, suggesting promise in this approach.

The topic of cranial guided waves is rather new. The observation of cranial leaky guided
waves was rst reported 2018 [55] in the near eld of ar vivoskull, and a handful of
works have been published since [30, 56]. Given the novelty of the topic, there is still much
to analyze and little is known about the effect of the cranial bone structure on guided wave
propagation and their radiation characteristics in the sub-1.0 MHz regime. Speci cally,
accurate knowledge about the elastic properties of cranial bone is crucial in the analysis of

cranial guided waves and their transcranial transmission.
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1.6 Dissertation Outline

The remaining chapters are organized as follows. Chapter 2 provides an investigation of the
composite cranial bone properties using a combined experimental and numerical vibration-
based approach wrapped inside a parameter identi cation routine. Using a similar frame-
work, the dynamic effect of cranial sutures are studied in Chapter 3 by idealizing the suture
as a thin spring-like elastic domain. In Chapter 4, the effect of the bone uid-loading state
(internal and/or external) is analyzed with a focus on the mechanism of natural frequency
shift between dry and degassed cranial bone. The last two chapters present case studies
on the application of the identi ed elastic parameters. In Chapter 5, a numerical model

of the full skull with distinct material domains for the different cranial bones and sutures

is constructed, with the parameters extracted in previous chapters assumed as representa-
tive properties, with sample vibration modes showcased and compared with experimental
results. Chapter 6 presents a higher frequency (100-800 kHz) study where the degassed
elastic properties are applied towards the time transient analysis of transcranial guided
wave transmission, the results of which are also compared against experiments. Finally,
the contributions of this dissertation to the existing literature are highlighted in Chapter 7

along with suggestions for future work.
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CHAPTER 2
ELASTIC PARAMETER AND DAMPING IDENTIFICATION FRAMEWORK
AND ITS APPLICATION TO CRANIAL BONES

2.1 Overview

This chapter serves as a fundamental high- delity modeling and validation work for cranial
bone vibration with a composite model. In addition, the vibration properties, quanti ed by
modal parameters, are used to extract material properties for the cortical tables and the
diploé. To this end, two novel model construction processes are employed to formulate
FEM models where cranial bone segments are divided into their constituent layers, i.e. the
outer cortical table, the dip# and the inner cortical table. Five such models are generated
for bone segments extracted from the parietal, frontal, occipital, and temporal bones of an
87-year-old dry male skull as seen in Figure 2.1. Although a statistical treatment is beyond
the scope of this work, the extracted diplelastic moduli serve as some of the only avail-
able points of reference in the literature. The numerical models employ elastic properties
obtained using a parameter identi cation scheme that seeks to minimize the difference be-
tween the numerical modal frequencies and those obtained from non-contact experimental
vibration studies. The main contributions offered by this chapter are two-fold: (1) devel-
opment of procedures that allow for the formulation of a composite cranial bone model
from CT scan data, and (2) evaluation of equivalent elastic properties of the skull through
vibration experiments, which also serve as validation of the developed models. While there
are a number of dynamic human head models that use three layer skull bone [22, 57-59],
there is no fundamental experimental and numerical validation work for the use of such
cranial bone representation. The overarching effort in this chapter seeks to Il this void in

the literature. Additionally, layered modeling and corresponding layer elastic parameters
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are required to support computational models of cranial guided waves and mode conver-
sion for medical ultrasound [27, 60, 61] (given the bone porosity and layeredness become
more critical with shorter wavelengths at ultrasonic frequencies). It should also be men-
tioned that the numerical and experimental tools introduced in this chapter will serve as the

foundation for the technical approach of the later chapters.

Figure 2.1: The skull segments considered in this study and their approximate locations on
the human skull.

2.2 Layered Geometry Reconstruction

The cranial bone is in general separated into three layers based on porosity: the inner and
outer cortical tables, and the digowhich has considerably different material properties
than those of the cortical tables. With this natural distinction in mind, it is intuitive to con-
sider a layered model in which the inner core and the adjacent regions employ different sets
of material properties. To this end, two different routines for constructing composite bone
models are described. The rst routine is developed in MATLAB and works without spe-
cialized medical image software, but as a consequence its application to more complicated
skull geometries (in the presence of sutures, for example) is challenging. The second rou-
tine relies on morphological operations in the Materialise Mimics medical image software.

The general framework of the latter routine is applicable to even the full skull geometry.
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Both of these routines employ micro-computed tomograph€T{) scan images of bone
segments obtained from an 87 year old human skull specimen of unknown race and medical
history using Scanco MedicalCT 50 scanner at 49.6m resolution (X-ray tube settings:

70 kVp, 114 A, 8W, 0.1 mm Al lter).

2.2.1 Marching-BasedRoutine

The marching-based algorithm is implemented in MATLAB and begins by identifying the
outline of the skull segment from which the inner and outer boundaries are isolated using
corner coordinates. The boundaries are then divided into uniformly-spaced sets of points.
From each point on a boundary, the algorithm marches towards the opposite side until a
gray scale value below threshold is encountered, indicating that the coordinates correspond
to a cortical table—dipé® boundary. The algorithm proceeds until each point on the inner
and outer boundaries is matched to a corresponding point on a cortical tablé-ubjpiod-
ary. The matched points are then Itered to attenuate local noise using a Savitzky-Golay
Iter [62] that ts subsets of adjacent points to a second order polynomial, generating two
smooth curves that separate the dépénd the cortical tables. Note that for even ner res-
olution (near 10 m and ner) images, pores in the cortical tables are distinct as observed
in [63] and would distort the dip®boundary identi cation. The resolution of such image
sets can be reduced for use with this method. On the other hand, the algorithm does not
detect small diplé pores that appear homogeneous in lower resolution images. The em-
ployed 49.6 m resolution strikes a balance between these two considerations, yielding a
visually reasonable separation between the bone regions as seen in Figure 2.2. Alterna-
tively, a porosity percentage-based diplooundary identi cation described in [63] could
be employed to avoid the aforementioned porosity considerations.

The described boundary identi cation procedure is repeated for each scan image. The
identi ed overall outline of the bone segment, as well as the cortical table-edidandary

coordinates are then imported into COMSOL Multiphysics [64]. The overall closed outline
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Figure 2.2: Inner cortical table—digdooundary identi cation on a sample scan image of
bone segment P2. Red diamonds are marching steps, lled blue circles are identi ed points
on the boundary, and the white solid line is the ltered boundary.

of the bone segment is lofted using COMSOL design module to generate the solid geome-
try, whereas the open cortical table—diplooundaries are lofted to create two surfaces that
divide the solid into three distinct layers: the inner cortical table, the dj@ad the outer
cortical table. A comparison between the bone sample and the nished numerical model
is shown in Figure 2.3 along with a transparent view of the layers. It should be noted that
in reality the exact point at which the di@degins and a cortical table ends is ill-de ned.

For this reason, the gray scale threshold and the number of points in each Savitzky-Golay
Iter subset (typically 15-25% of boundary points) are adjusted until a visually reasonable
layer separation is realized. The same options are then used for all CT-scan images for a
given skull segment. Numerical models are constructed for each of the ve skull segments
in Figure 2.1.

This numerical model construction procedure captures the cortical table ané siggo
aration well in particular for regular cranial bone geometries with well-de ned @iplod
cortical tables. The parietal segment geometries illustrate this point well; in Figure 2.4, the
outer surfaces of the P1 segment are smooth, which results in a nished numerical model

in which the cortical tables and the diglare faithfully captured. More complex surfaces

15



Figure 2.3: Skull segment P2 and its corresponding nite element mesh including a wire-
frame image where the layers are better observed.

such as that in the left F1 image are not captured as intricately because of local cortical
bone growths separated from the main cortical layer, causing the local identi ed cortical
table—dipl@ boundary to reside between the cortical bone growth and the outer cortical
table. On the other hand, most of the F1 geometry is closer to the more regular right im-
age, making the inconsistencies in the identi ed cortical table—@iplaundary for the left
image local noise that is relatively inconsequential in the overall layer separation in the
nished numerical model. It should be noted that in many areas of thedighe porosity

is not uniform. For example, there is a large diploic channel in the middle of the right P1
image. The right F1 image, on the other hand, exhibits signi cant variation in localéliplo
density, with higher bone densities observed in the top-left area of thedigld such

non-uniformities are homogenized into the middle layer of the numerical model.

2.2.2 Morphology-BasedRoutine

While the marching-based model construction routine works well for regular monolithic
segments with common engineering software, its application to more complex bone is dif-
cult. In the interest of eventually constructing numerical models of a full human skull, a
more exible framework described here is used to create analogous numerical models for
the considered bone segments. The routine begins by loadingthecans into the Ma-

terialise Mimics software [65]. The work ow schematic is showcased in Figure 2.5 with
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Figure 2.4: Sample CT scans of the P1 (top) and F1 (bottom) skull segments.

sample images for Steps 1-6 included in Figure 2.6. Next, the work ow is described step

by step:

Step 1 Create a mask for the cortical bone using a grayscale threshold, retaining only high

intensity pixels — minimum 2700 Houns eld Units (HU).

Step 2 Close the mask from Step 1 to capture the full bone including pores (pixel distance

of 7).

Step 3 Create a mask for everything but the cortical bone by using a threshold that is the

inverse of that from Step 1 (maximum 2700 HU).

Step 4 Mask the bone pores by taking the intersect between Steps 2 (full bone) and 3

(everything but cortical bone).

Step 5 In certain cases, Step 4 can result in erroneous pixel islands located on the bone

surface. To remove them, open the mask from Step 4 using a distance of one pixel.

Step 6 Close the mask from Step 5 to create a mask for the difpocel distance of 15).
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Step 7 3D STL parts are created for the diplmask from Step 6 and the full bone from
Step 2. The STL les are smoothed and reduced in Mimics to make them more

tractable.

Step 8 The reduced 3D geometry is converted to a solid le type (STEP) for importation

to the nite element software.

Figure 2.5: Schematic of the work ow for the morphology based model construction rou-
tine.

All stated pixel thresholds rely on the used 49/ scan resolution. For other reso-
lutions the pixel values need to be adjusted accordingly. Typically, the outer shape of the
bone segments is captured well regardless of the pixel values, whereas more care must be
exercised with the dip& That being said, the judgment on the quality of the nal ge-
ometry is always visual as there is no generally agreed-upon metric for where thé diplo
begins and the cortical bone ends (certain porosity-based numerical thresholds have been
suggested [63], but these thresholds are again somewhat arbitrarily determined). Indeed,
the dipla@ domains extracted using the marching-based and morphology-based routines are
not identical, and differ on average by 12% in volume, with the marching-based routine
yielding a smaller diplé. Exercising consistency in any numerical thresholds to obtain
comparable results for different bone segments using a given model construction scheme is

key.
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Figure 2.6: Sample images of the captured mask for Steps 1-6 of the morphology-based
routine.

2.3 Experimental Procedure

The goal of the experiments is to identify modal frequencies, damping ratios, and mode
shapes of the bone segments. Due to their irregular shape, bone segments are dif cult to
secure to a shaker for base excitation. Additionally, because the skull segments are light
structures, mounting of a stinger or clamping the bones would impact the vibrational be-
havior, which would create additional complexity. For aforementioned reasons, a speaker
was used to acoustically excite the structure placed on foam to emulate free boundary con-
ditions, thus avoiding the problems of clamping and added mass. The segments are asym-
metrically placed in the speaker's near- eld to improve excitation of asymmetric modes
and to maximize the signal-to-noise ratio.

The schematic of the experimental setup is shown in Figure 2.7. Using a signal gen-

erator with data acquisition system and software included in the scanning laser Doppler
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vibrometer (SLDV; Polytec PSV-500) system, a noise burst with frequency content in the
auditory range is sent to a speaker (Klipsch RP-400M) through a power ampli er (QSC
PLX1602). The velocity measurement is triggered internally and is obtained at approx-
imately 100 points with the SLDV using 10 averages. The laser software automatically
converts the time-domain measurements into FRFs, which evaluate a transfer function be-
tween the surface velocity and the excitation voltage signal. The FRFs are then converted
from velocity/voltage to velocity/pressure using free eld pressure measured with a micro-
phone at the location of the bone segment. It should be noted that the pressure can vary
locally on the bone surface but this is acceptable given that the goal of the experiments is to
obtain the modal properties and not to reconstruct the FRFs which would be challenging.
A sample FRF is reported in Figure 2.8 where the mode shapes corresponding to the most
prominent resonance peaks are also shown (all FRFs are shown in Appendix A). These
mode shapes are used in the parameter identi cation scheme described in the following
section. Lastly, it is noted that retrore ective tape is used on the bone surface to improve
the laser signal-to-noise-ratio. However, due to the surface imperfections of the bone, at
certain measurement points the tape adheres poorly. For this reason, measurement points
with coherence values less than 0.95 are excluded from the mode shape construction. Af-
ter the removal of noisy measurement points, on average more than 80 points remain for
evaluation of the experimental mode shapes, which is suf cient to capture the rst handful

of bone segment modes as seen in Figure 2.8.

2.4 Parameter Identi cation

The considered modal frequencies were observed to exhibit insensitivity to Poisson's ratio.
For this reason, in the parameter identi cation analyses, the Poisson's ratio of the cortical
tables and the dipkois assumed to be a constant parameter in similar vein to other modal
frequency-based parameter identi cation efforts in bone [66]. The Poisson's ratios are set

to . =0:25and 4 = 0:10in close accordance with those used in the literature (see, e.g.
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Figure 2.7: The experimental setup with segment F1 shown.

Figure 2.8: The average FRF across all measurement points for a sample skull segment
(P2). The experimental mode shapes used in the parameter identi cation scheme are
shown.
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[22, 57]).

2.4.1 MassDensityEvaluation

The cortical and diplé mass densities. and 4 of a given skull segment are calculated
using an expression equating the total measured bone mass to the total numerical mass
estimated for the cortical and digildayers reconstructed using the procedures outlined

in Section 2.2. Additionally, because mass density is linearly proportional to Houns eld
Unit (HU) in the CT-scans, the ratio between the cortical and dploass densities is
linearly related to the corresponding average HU rati&J(=HUy) in the bone regions.

The expressions for equal numerical and experimental mass, and for linear relation between

mass density andU are stated as

Met aVa = Mexp; (2.1)
= 4= HU:=HUy; (2.2)

whereV,4 are the numerically reconstructed cortical and déplolumes, andne,, is the
measured total mass of the bone segment. Equation 2.1 and Equation 2.2 are solyed for
and 4 directly. Itis noted thame,, is measured without retrore ective tape attached to the
bone segment. The additional mass from the tape is considered as an added mass surface

in the nite element models.

2.4.2 ElasticModuli Estimation

With the assumed values of the Poisson's ratio and the mass density parameters computed
in Section 2.4.1, the identi cation of the equivalent Young's modulus of the cortical bone
(E¢) and the diplé (Eq) is carried out using a custom implementation of the Nelder-Mead

simplex algorithm [67] with the optimization problem
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h\ T
minf (E¢; Eqg) = L1 (2.3)
i=1 :

wherek; are the experimental natural frequenciesthe numerical natural frequencies,
andN is the number of modes included in the analysis which is a bone segment-speci c
guantity that ranges from three to ve. The numerical natural frequencies are obtained from

the eigenvalue problem

K(E¢Eg) !'°M Q=0: (2.4)

which is solved using COMSOL Multiphysics [64]. The pairing between the experimental
and the corresponding numerical frequencies is performed by means of the Modal As-
surance Criterion (MAC) [68], which measures the spatial similarity between two mode
shapes. The MAC value ranges between zero and one, with high values corresponding to
high similarity. To obtain the MAC values, the experimental coordinates must be mapped
onto the numerical models. The experimental coordinates arrive unscaled from the SLDV
and are rst stretched and rotated, after which they are projected onto the numerical model
as seen in Figure 2.9. The matching of the numerical and experimental frequencies that
yields the maximum MAC sum has the form of a classical assignment problem, which is

solved here using the Hungarian algorithm [69].

2.5 Results

The material properties including the identi ed mass densities and Young's moduli ob-
tained from the parameter identi cation scheme are shown in Table 2.1 and Table 2.2 for
the marching-based and the morphology-based model constructions routines, respectively.
Note that as described in Section 2.2, the de nition of the d@pdmd the cortical table
domains is, to an extent, arbitrary, and the domain geometries depend on the employed nu-

merical model construction routine. For this reason, it is not expected that the two sets of
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Figure 2.9: Mapping of the experimental coordinates from the SLDV onto a nite element
model.

extracted parameters be identical. Indeed, on averadge thalues differ by 11.0%E 4 by
6.8%, . by 5.8%, and 4 by 15.8%. Overall, the cortical Young's moduli range between
12.38 and 19.62 GPa, the diploroung's moduli between 4.04 and 7.48 GPa, the corti-
cal mass densities between 1847 and 2165 kgand the diplé mass densities between
920 and 1407 kg/f The cortical mass densities are consistently slightly higher (4%-14%
depending on bone region) than those reported in the literature [2]. The isotropic cortical
Young's moduli here fall between the lower and upper bounds of the orthotropic Young's
moduli reported in Peterson and Dechow [2]. The literature on the material properties of
the dipla are scarce, with only the properties of fresh parietal and frontal bone being re-
ported [3], limiting the available elastic properties for comparison. The dipoung's
moduli here are higher (for frontal bone, 6.33 GPa or 7.48 GPa as opposed to 2.6 GPa),
likely due to the bone samples being dry whereas those used in [3] are fresh.

For the sake of focus, the following discussion is centered only on the results from the
morphology-based models (the analysis in the chapters to follow is rooted in the morphology-
based model construction approach). The converged numerical natural frequencies and

mode shapes are obtained using the material properties in Table 2.2. These modal fre-
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guencies are listed along with the experimental ones, their error, the experimental damping
ratio, and the MAC values in Table 2.3. The modal frequencies are in good agreement, with
average error of 0.79% and maximum error less than 2% across all modes. The damping
ratios are extracted using the classical half-power point method [70] and are on the order of
2%, which are in agreement with the values found in other works for skull bone [37, 38].
No signi cant difference is seen in damping ratios depending on the skull segment. For
them1 modes, the damping ratio remains remarkably consistent from sample to sample at
1.6% to 1.7%. It is noted that the damping ratio for moder@®4dis not reported since it

could not be reliably detected.

For most modes, the MAC values are above 0.9, although some higher frequency modes
exhibit lower MAC values. This is likely because high modes (with shorter wavelengths)
are more localized, making the MAC values more sensitive to the coordinate matching (i.e.
registration) between the experimental and numerical modes and to local perturbations in
the material properties and geometry, which are assumed as homogeneous through each
layer in the numerical model. The full MAC matrices are displayed in Figure 2.10. Note
that in all MAC matrices except for T1, the experimental and numerical mode numbers
do not agree past a certain mode. This is because weakly excited experimental modes are
excluded from the analysis, which results in an offset between the experimental and nu-
merical mode numbers. The experimental and numerical mode shapes with the converged
material properties are shown in Figure 2.11. The mode shapes bear similarities to beam
and plate modes, with, for example, the rst bending mode of a free-free beam being a clear
analogue to thenl of each bone segment. Higher modes are more distinct from their plate
and beam counterparts as the complex bone geometry has more in uence on the modes at
higher frequencies.

Finally, for reference, the elastic parameters obtained using a single layer approxima-
tion of the bone are shown in Table 2.4 assumirg0:25. The single layer elastic moduli

and mass densities fall between those reported for the&lgohd the cortical bone in Ta-
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Table 2.1: The material properties obtained from parameter identi cation for each of the
ve skull segments (marching-based models).

Skull Segment E.[GPa] E4[GPa] [kg=m’] 4[kg=n?]

P1 19.62 4.04 2165 1237
P2 14.70 6.20 1944 1211
F1 14.17 6.33 1926 1246
o1 15.35 5.80 2048 1290
T1 15.45 5.10 2044 920

Table 2.2: The material properties obtained from parameter identi cation for each of the
ve skull segments (morphology-based models).

Skull Segment E.[GPa] E4[GPa]l [kg=m’] 4[kg=m’]

P1 18.12 4.37 1991 1280
P2 16.17 6.05 1875 1332
F1 12.38 7.48 1847 1389
o1 15.27 5.82 1929 1407
T1 12.59 4.84 1927 1333

Figure 2.10: The MAC matrices between the experimental and numerical modes using the
identi ed elastic parameters (morphology-based models).
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Table 2.3: The modal frequencies and percentage error in the numerical results, experimen-
tal damping ratios for each mode used in the parameter identi cation process, and MAC
values (morphology-based models).

Skull Segment Mode ID fexp[HZ] frum[Hz] j Error [%]  [%] MAC

ml 3484 3423 1.76 1.7 0.981
m2 5109 5200 1.78 1.8 0.998
P1 m3 8097 8100 0.03 1.9 0.977
m4 10825 10792 0.31 1.8 0.949
m5 14597 14683 0.59 21 0.951
ml 2891 2902 0.37 1.6 0.980
m2 5159 5216 1.10 2.2 0954
P2 m3 7872 7849 0.29 20 0.979
m4 11519 11440 0.68 1.9 0.964
m5 13359 13440 0.61 2.0 0.929
ml 3656 3624 0.88 1.6 0.987
m2 5747 5744 0.05 1.9 0.981
F1 m3 8853 8866 0.14 2.2 0.952
m4 10725 10937 1.98 1.8 0.943
m5 15909 15611 1.14 26 0.626
ml 3134 3166 1.04 1.7 0.970
m2 5150 5154 0.08 2.2 0976
o1 m3 6863 6797 0.97 20 0.984
m4 8409 8412 0.04 N/A  0.893
m5 12341 12200 1.14 29 0.924
ml 5778 5711 1.15 1.6 0.965
T1 m2 7838 7948 1.40 2.5 0.901
m3 14806 14806 0.00 2.2 0.870
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Figure 2.11: Experimental and numerical mode shapes used in the parameter identi cation
scheme (morphology-based models).
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Table 2.4: The single layer material properties for each of the ve skull segments
(moprhology-based models).

Skull Segment E [GPa]  [kg=nT]

P1 9.44 1467
P2 9.83 1467
F1 8.79 1485
O1 11.34 1654
T1 9.41 1609

ble 2.2 as expected. The results for mass density are within the ranges reported in the
literature [71]. The modulus, however, displays large variation in the literature. For exam-
ple, the reported moduli range from relatively low (2.4 GP&.4 GPain [71] and 3.3 GPa

in [3]) to very high (7.46 5.39 GPa to 15.54 GPa 10.29 GPa at extreme ends of tested
strain rates in [72]), making meaningful comparison challenging. The average error in nat-
ural frequencies across the considered modes in the given frequency range for the single
layer model is 1.74%, which is more than double that observed for the three layer model
(0.79%). The average MAC values of the one layer and three layer models are comparable
(0.936 and 0.941, respectively). While a single layer model may be acceptable for low
frequency dynamical studies, head models featuring separate cortical tables aédoiplo

still frequently used in a number of low frequency applications [25, 57-59]. Furthermore,
higher frequencies employed in the emerging eld of guided waves and mode conversion
for medical ultrasound require layered modeling as bone porosity and layeredness become
more important at shorter wavelengths [28, 73]. We have recently demonstrated the use of
the identi ed elastic parameters from the three-layered modeling framework given here in

the context of guided cranial wave radiation into an adjacent uid medium [27, 60, 61].

2.6 Conclusions

Two routines for constructing layered nite element models with separate domains for
the cortical tables and the dilavere developed using micro-computed tomographic scan

( CT) images of cranial bone segments. The marching-based routine employs common
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engineering software and works well for regular bone segments, while the more robust
morphology-based routine is implemented using the specialized Materialize Mimics soft-
ware. An adaptation of the latter routine should in principle work even for constructing

a layered model of the full human skull. Both processes were applied to generate mod-
els for ve bone segments extracted from the four largest cranial bones (parietal, frontal,
occipital, and temporal bone). Then, non-contact vibration experiments using an acous-
tic excitation source were conducted to obtain experimental modal frequencies and mode
shapes. The elastic parameters in the numerical models were optimized in a parameter
identi cation scheme, yielding Young's moduli for the cortical bone and the @ plmat
provide optimum agreement between the experimental and numerical results. The parame-
ters identi ed using numerical models from either marching or morphology-based routine
yield similar but not identical results as expected due to differences in the identi ed domain
geometry (average differenceliy andEq is 11.0%, and 6.8%, respectively). The Young's
moduli reported for the dipare some of the only such results in the literature.

With the identi ed elastic parameters and mass densities fr@ii-scan images and
experimental mass, the experimental and numerical (three layer) results are in general ex-
cellent agreement with average MAC value of 0.941 and a mean modal frequency error
of 0.79% across all the bone segments. Somewhat worse agreement is observed for the
single layer case (average MAC of 0.936 and frequency error of 1.74%). These fundamen-
tal vibration results serve as a tool to inform about the choice between one or three layer
cranial bone models for studies of the human skull in the audio frequency regime. The
framework and results presented here are useful not only for basic mechanics and vibration
investigations for the human head/skull, but also for the growing eld of transcranial ultra-
sound using Lamb waves and mode conversion ([28, 30, 60, 61, 74—76]), in which accurate

representation of the elastic properties of the di@ad cortical tables is indispensable.

30



CHAPTER 3
QUANTIFYING THE ELASTIC AND DISSIPATIVE EFFECTS OF SUTURES ON
CRANIAL BONE DYNAMICS

Cranial sutures are mechanical joints that connect adjacent cranial bone regions. Similar to
conventional mechanical joints, it seems intuitive for sutures to affect the overall system's
stiffness and damping. In an effort to better understand the dynamic effect of sutures, the
experimental and morphology-based numerical framework from Chapter 2 is extended to
analyze sutured bone segments in this chapter. To this end, the modal vibration properties
of a handful of dry sutured cranial bone segments are obtained experimentally using a
SIMO-based approach. To complement the experiments, numerical models that explicitly
consider the sutures as massless isotropic elastic domains are constructed. The numerical
models are then used in conjunction with the experimental modal properties to extract the
effective elastic modulus for the distinct material domains including the cortical tables and

the diplc as before, as well as the suture.

3.1 Numerical Model Construction

3.1.1 Samples

The sutured bone segments considered in this study are displayed in Figure 3.1 and measure
on average 3.5 cm by 9 cm. The segments are extracted from a 54 year old dry male human
skull specimen of unknown medical history. The segments are cut such that the suture
is approximately at mid-length and runs parallel to the bone width as seen in Figure 3.1.
Sample CT-scan images of the suture can be observed in Figure 3.2 and Figure 3.3 for
the XY and YZ planes, respectively, in reference to the reconstructed 3D geometry and

axis orientation on top. The consecutiv€ET images in the gures are obtained with a 1
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Figure 3.1:(a) The sutured cranial bone segments considered in this studybarite
approximate extraction location of the segments overlaid on the skull. The nearby skull
sutures are emphasized with dashed lines.

mm increment. In the XY plane, the suture is clearly visible and its geometry can be seen
to change in space moderately for each image. In the YZ plane, circular suture features
are present throughout the bone. These features are “ ngers” that extend in the x-direction
and that form circular regions when observing the YZ cross section of the bone. Based on
the complexity of the suture geometry, it is clear that a 3D model is needed to faithfully
reproduce the suture geometry.

The cranial bone region, the total suture area, the planar suture area, as well as the
suture complexity metric are indicated in Table 3.1 for each segment. The planar area is
the maximum projected area of the suture and thus is always smaller than the suture area.
The complexity metric is de ned here as the ratio between the suture area and the planar
area. High complexity values correspond to sutures with high interdigitation, which has
previously been demonstrated to have a positive correlation with bending strength [12].
Low complexity values near unity indicate a suture with at geometry. In addition to the
sutured segments, monolithic segments (bone without sutures) M1-M4 are also extracted
from the same skull for comparison. The segment M1 is temporal bone, M2 and M3 are

parietal bone, and M4 is frontal bone.
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Figure 3.2: CT scan images of the segment S1 spaced 1 mm apart in the XY plane.

Table 3.1: The sutures associated with each cranial bone sample, their area, and complexity
metric.

Total Area Planar area Complexity

Segment  Suture (mm?] [mm?] ]
S1 Coronal 537 215 2.50
S2 Coronal 509 199 2.56
S3 Squamous 702 632 1.11
S4 Sagittal 927 238 3.90
S5 Sagittal 755 328 2.30
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Figure 3.3: CT scan images of the segment S1 spaced 1 mm apart in the YZ plane.

3.1.2 Model ConstructiorProcess

To begin the numerical model constructiorCT images using Scanco MedicaCT 50
scanner are obtained for each bone segment from Figure 3.1 at#9.€solution. These
images are then imported to the Materialise Mimics medical image software [65] that is
used for the geometry reconstruction. The process diagram for constructing a numerical
model is an extension of the morphology-based routine introduced in Chapter 2 and is
shown in Figure 3.4. The only difference is the introduction of Step 2s (’s” standing for
suture) in which the full bone mask from Step 2 is divided into two different domains
separated along the suture. To do this, a split mask operation is performed in Mimics.
This operation involves manually prescribing either side of the suture as bone A or bone
B. This assignment is performed for multiple images (20 on average) for the three different
orthogonal planes. It should be noted that the classi cation of bone regions is not always
obvious and some user expertise is required in this step to correctly categorize the bone

regions (any errors in the manual de nitions are ultimately caught by an inspection of the
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Figure 3.4: The process for creating nite element models from Chapter 2 augmented to
accommodate separation of bone domains along the suture.

suture boundary after performing this step). After a sample set of bone regions has been
manually de ned, the split mask operation automatically assigns all pixels from the full
bone mask to either bone A or bone B. A visual for select steps can be seen in Figure 3.5(a)—
(e) for a representative sutured bone segment.

Once the STEP les are obtained, they are imported to the nite element software
of choice. In the nite element model the cortical tables and the @iglce modeled per
Chapter 2 as distinct isotropic linear elastic domains with the material propegties, .,

4: ¢ and ¢, where the indices andd signify the cortical bone and dipdo respectively.
Furthermore, the suture domain is obtained by thickening the interface between the two
bone sides from Step 2s such that the average thickness is representative of typical sutures
based on the CT scan images (near 1 mm). The suture domain is also idealized as an
isotropic linear elastic medium with material properties s, and s, with ¢ set to an
arbitrarily low value to emulate a spring-like connective region< 0.1 kg/n¥). The nal
nite element mesh of a representative bone segment is seen in Figure 3.5(h) and the real
bone geometry is shown in Figure 3.5(f).

All nished nite element models as well as their suture geometries are showcased in

Figure 3.6. With reference to Table 3.1, the low complexity of the S3 suture and the high
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Figure 3.5:(a) The original CT scan image, and the product from select steps of the numer-
ical model generation outlined in Figure 3.4 including mask&dthe cortical bone (Step
1), (c) the full bone (Step 2)d) the dipla (Step 6), ande) the divided full bone (Step 2s).
(g9) The 3D mask from Step 2€)) the nite element mesh, an(h) the real bone segment.
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