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ABSTRACT OF DISSERTATION

Learning from Nature: An investigation of an impact-resistant system on the woodpecker head as
a non-traumatic brain injury animal model

by

Jae-Young Jung
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Professor Joanna McKittrick, Chair

Impact resistant structures and materials have been evolved in nature during millions of
years of evolution. Some examples of energy absorbent biological materials have been recently
reported; however, a better comprehensive understanding of impact-resistant biological materials
is still required to compare their unique features: a degree of mineralization, specific mechanical
behavior and/or loading condition of tissue/animal, and intentional (active) or indirect (passive)
modification of the innate structure/material. The woodpecker head was chosen as a representative
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impact-resistant material/structure found in nature because woodpeckers avoid brain injury while
they peck at trees up to 20 Hz with speeds up to 7 m/s, undergoing decelerations up to 1,200 g.
The brain is one of the most important and complicated organs, but it is delicate and
therefore needs to be protected from external forces. This makes the pecking behavior of the
woodpecker so impressive, as they are not known to sustain any brain injury due to their
anatomical adaptations (e.g., a specialized beak, skull bone, and hyoid bone). However, the
relationship between the morphology of the woodpecker head and its mechanical function against
damage from daily pecking habits remain an open question. The shape of the hyoid apparatus is
unusual in woodpeckers and its structure and mechanical properties have not been reported in
detail. Moreover, the shape and mechanical properties of the skull bone of woodpeckers is different
from other non-pecking birds. Therefore, the research works throughout this dissertation aim to
examine the anatomical structure, composition, and mechanical properties of the hyoid bone and
the skull bone, and to find an interspecies variation of the skull bone morphology in woodpeckers
eventually in order to determine its potential role in energy absorption and dissipation as an
efficient protection of the brain. Aided by recent technical advancements, such as multiscale
imaging tools (micro-computed tomography, optical and scanning electron microscopy), 3D
printing, high-precision, miniaturized sensors, and computational simulation, these questions can
be explored by applying new materials science concepts of bioinspiration and bioexploration to
identify adapted structures/materials in a design that results from millions of years of evolution.
The hyoid apparatus has four distinct bone sections, with three joints between these
sections. Nanoindentation results on cross-sectional regions of each bone reveal a previously
unreported structure consisting of a stiff core and outer, more compliant shell with moduli of up

to 27.4 GPa and 8.5 GPa, respectively. The bending resistance is low at the posterior section of
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the hyoid bones, indicating that this region has a high degree of flexibility to absorb impact. In the
skull bone of woodpeckers compared to the chicken skull, two different strategies are found: the
skull bone of the woodpecker shows a relatively small but uniform level of closed porosity, a
higher degree of mineralization, and a higher cortical to skull bone ratio. From the 3D printing and
computational simulation approach, two main features, including the beam-like bar structure of
the jugal bone acting as the main stress deflector and the high natural frequency of the skull bone
of woodpeckers can teach two lessons for potential materials development as well as engineering
applications: 1) protection of a delicate internal organ occurs by redirection of the main stress
pathway and 2) a large mismatch of the natural frequencies between the skull and brain avoids
resonance and reduces the overall load experienced by the brain.

Lastly, bioinspired designs and engineering applications will be discussed using some case
studies in biological materials for the development of protective devices or robots. This novel
approach will provide a new insight to many researchers and engineers in materials science and
mechanical engineering disciplines to teach how the natural materials have evolved to adapt its

impact-resistant ability against different environments.
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CHAPTER 1: INTRODUCTION

1.1 Impact-resistant biological materials

Biological materials are known to be lightweight and high-performance, being strong but
tough. The study of biological materials aims to investigate natural materials (e.g., bone, feathers,
and skin) through mechanical and structural characterization. Among these biological materials,
research on impact-resistance or damage-tolerance are relatively rare because of lack of the
knowledge. The abalone nacre is a good example of highly tough and strong biological material,
possessing a brick-and-mortar structure which has multiple length scales as a hierarchical structure
to yield an enhanced toughness by spreading damage over larger areas, therefore, many
researchers have attempted to mimic it to develop energy-absorbent synthetic composite materials
[1-3].

McKittrick et al. [4] described representative energy absorbent natural materials in
mammals by comparing mineralized materials (i.e., bones, teeth, antler, and tusks) and non-
mineralized materials (i.e., horn and hoof), highlighting the effect of mineralization on the work
of fracture and bending strength, as shown in Figure 1.1a. The authors specifically emphasized
that the relationships between structural and mechanical properties in terms of energy absorption
mechanisms and suggested possible bioinspired design strategies including: implementation of
tubules, a density gradient, Young’s modulus gradient, and a two-phase composite (crystalline
fibers with amorphous matrix) based on their findings of the effect of mineralization on the

structure-property relationship as shown in Figure 1.1b.
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Figure 1.1. (A) Effect of mineralization on the work of fracture (WOF) and bending strength. (B) Property and
structural gradients across antler, tooth, horn, and hoof. Images taken from [4].

On top of these suggestions, there are recent findings of structural design elements as

shown in Figure 1.2 [5]: some structures are known to have good toughness among the eight

suggested elements, as organized as below.

e Tubular structure: found in aligned and organized porous materials for energy dissipation

and anti-crack propagation.

e Gradient structure: known to be materials which have property mismatch, for example,

elastic modulus and/or relative density, to avoid interfacial stress buildup.

e Helical structure: commonly found in fibrous or composite materials to provide energy

absorption capability, having multiple directions and in-plane isotropy.

e Layered structure: found in complex composite materials, having more interfaces between

two-phase, which are commonly composed of soft, polymeric and brittle, ceramic

materials.



e Cellular structure: known as foam structure, usually lightweight porous materials, offering

deflected stress distribution in a specific direction to dissipate energy.

Figure 1.2. Diagram of the eight most common biological structural design elements, taken from [5].

In some cases, a structure can be identified by applying only a single structural element
out of the eight elements, for example, horn has a tubular structure [6] or fish scale have a layered
structure [7]; however, many cases are also associated to have at least two or, sometimes, three or
higher number of structural elements at the same time: boxfish show not only a suture structure
on its scute but also a helical fiber structure on its non-mineralized collagen matrix [8, 9]. These
aforementioned structures will be further discussed in detail with some representative examples
of living organisms found in Nature in this section in terms of impact-resistance and energy-

absorbent capability.



1.1.1 Basic principles of impact mechanics and its associated variables

In physics, impact means a series of physical phenomena including the following
phenomena: elastic, plastic, shock wave propagation, fracture, fragmentation, perforation, and
spallation [10]. To explain this, the kinetic energy (Ej;) needs to be introduced with a simple
equation with the velocity (v) of a mass (m) and acceleration (a), defined as:

Fv?
E, = Sa (1.1)
where F is an impact force which is equal to a mass multiplies an acceleration. Therefore, the
impact force and velocity, and acceleration are important variables to describe the impact
mechanics.
1.1.2 Fracture toughness and work of fracture of a material

Toughness is the capacity of a material’s energy absorption and plastic deformation
without fracturing [11, 12]. It can be derived by integrating stress-strain curve from mechanical
testing of a material. A tough material should be both strong and ductile to withstand both high

stresses and strains.

Fracture toughness (K_) is defined at a critical stress of a material with its crack propagation

(o) and crack length (a) as below:

K. =Yonma (1.2)
where Y is a dimensionless variable associated with both crack and specimen sizes, geometries,
and loading conditions. In a thickness, the plain strain fracture toughness (K;.), which is the plain
strain toughness for mode | crack displacement (opening mode), also can be used frequently in

materials science and fracture mechanics [13, 14].



Work of fracture (or work to fracture, W), which can be defined as the work required to
break a solid to form two surfaces) is also frequently used to represent the amount of absorbed
energy of a material over the measured surface area [11, 12, 14]. These two main variables for
fracture mechanics will be discussed in detail in this dissertation later but the some representative

examples are tabulated in Table 1.1 and as shown in Figure 1.3.

1005
i Future composites Alumina/PMMA
| Nacre
~ 10 Bone @ ®
e )
Oﬂ_s T ¢YOY~>_— -
> ] JPids NPT
7 : e ,O' Alumina
2 R S~
£ 1= PMMA g ‘—YQ" ------ @ Hydroxyapatite
030 : “__— "’¢ ’,t
-8 — —"’— ,“ ﬂ/ \‘
o 4.--° IR s K Aragonlte
3 .7 v
© ollagen .-¢ .-
L 0.1—_ S .-
- . « ~\ﬂ\:\1‘e;,
N L? RU\QL?' -7
1.-- . I<lacre protein
0.01 T T TITT] T T T T T T T T TTTT
0.1 1 10 100 1,00

Young's modulus (GPa)

Figure 1.3. A plot of fracture toughness over the Young’s modulus of natural and synthetic materials [15].
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Table 1.1 describes the main variables of representative physical impacts found in
biological materials. The range of impact speeds is from 0.2 m/s (the biting impact of the human
teeth) to 40 m/s (hitting of a based ball and bat). The maximum impact forces are ranged from 72
N (woodpecker) to 38,000 N (running impact on hooves of a horse). Moreover, the deceleration
(or acceleration) forces are collected from 0.1 g (teeth) to 12,900 g (a baseball and bat). When
considering the size and mass, the impact energy is important variables for the impact-resistant
materials found to range from 0.2 J in a woodpecker to 4,800 J in the hooves. In case of materials
which cannot make an impact by itself, the work of fracture and fracture toughness are important,
ranged from 10 KJ/m? (human femur bone) to 62 KJ/m? (antlers) and 2 MPa-/m (human femur)
to 10 MPa-v/m (abalone shells and antlers). Each type of structural element is noted at each case
of material/impact system.

Due to the smaller body size and mass, the woodpecker shows the smallest impact energy
(0.15 J). In addition, the woodpecker shows an impact speed of 7 m/s and the smallest maximum
force of 72 N among the other examples in Table 1.1; however, it shows the highest deceleration
among the selected animals and tissues. Possessing the highest deceleration implies that the
woodpecker is particularly considered to be a high deceleration force-resistant, unlike other impact
energy-resistant biological materials. Because of the systemic nature of the woodpecker head and
its close relationship with the brain, which needs to be highly protected, the woodpecker head
needs to be protective in different ways to protect its internal organ while the other impact-resistant
materials in a limb or exoskeletons, which could be a not fatal to threat its life even when the
tissues/organs are totally damaged. The dissertation will focus on how the woodpecker head is
impact-tolerant to protect the brain as a systemic protective device by comparing other impact-

resistant biological materials in Table 1.1.



1.1.3 Representative organisms and tissues of impact-resistant biological materials
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Figure 1.4. Representative organisms and tissues known to be impact-resistant biological materials. (A) Smashing of
a mantis shrimp with its dactyl club on a crustacean shell [31], (B) bighorn sheep horns [32], (C) horse hooves [33],
and (D) woodpecker head [34].

Based on the above basic principles of impact mechanics, four different models are
selected with the aforementioned important variables as shown in Figure 1.4.

1.1.4 Mineralized vs. non-mineralized materials

Nature has utilized some limited elements and materials for living organisms. Especially,
to protect the skeletons and internal organs, many organisms used less than 20% of elements, for
example, carbon, oxygen, nitrogen, sulfur, calcium, phosphorus, sodium, magnesium, iron, and

chloride out of entire 92 naturally occurred elements on earth [13]. In this section, two main



categories will be discussed to represent impact-resistant biological materials: mineralized vs. non-
mineralized as shown in Figure 1.1b.

Mineralized materials are commonly found in forms of calcium phosphate or calcium
carbonate [13, 35, 36]. The calcium phosphate compound is frequently substituted with other
elements, for example, hydroxyl group (OH) is often substituted by F in the mammal teeth as the
fluorapatite, Cas(PO4)sF [37, 38] or Ca is substituted by Mg in the sea urchin teeth as calcium
carbonate compounds (i.e., CaxMg1-x(PO)4sCOz3) [39-41]. In some rare cases, magnetite (Fez0a)
can be reinforced as a structural element for stiff teeth in the chiton stylus [42-44].

Non-mineralized materials are typically composed of proteins or polysaccharides in
animals and plants. For instance, stacked dead keratin cell layers are found as a protein in many
animals, such as horn and hoof of mammals, beaks, claws, and bird feathers [6, 45-49]. Chitin
(polysaccharide) also found in many animals (e.g., mantis shrimp dactyl club [50] or chitin tooth
[42-44, 51]) but this is mainly composed of a derivative of glucose. Collagens are the most
common proteins found in structural bones in many animals as either mineralized or non-
mineralized and fibrillar or non-fibrillar form [52, 53].

1.1.5 Offensive vs. defensive

The woodpecker head is a good example of being considered as not only offensive (against
tree) but defensive (to the brain) tools simultaneously since the beaks are used as an offensive
excavating device for digging a hole at the surface of trees, while the skull bone plays an important
role as a protective device for its brain. In detail, when woodpeckers peck against a tree, it must
be an aggressive way to find the preys, for example, larvae or worms who have developed a hiding
strategy to protect by themselves. With a 7 m/s of impact speed, a 1,200 g of deceleration force,

and a sharp straight bill, pecking of woodpeckers is a threat that can effectively expose prey [30].



Woodpeckers can easily capture the prey with their highly elongated tongue (hyoid apparatus) [54].
Note that at the moment of impact, compressive stress waves propagate through the beak bone to
dissipate the impact energy. An energy dissipation mechanism or a mitigation of the direct stress
wave to the brain is essential to protect the woodpecker’s brain. The more mineralized, thicker,
and more porous skull bone structure of woodpeckers by implementing a comparative analysis
with the skull bone of chickens, might be helpful to understand its potential mitigation mechanism
but the more detailed strategies still need be further investigated.

Keratin materials can be found for both offensive and defensive purposes in animals. The
most common offensive weapons are horns and claws. Horns in the Bovidae family are considered
as weapons in intraspecific combats [27, 55]. Bighorn sheep hurl themselves with a speed of 20
miles per hour fighting with each other for dominance or mating rights by clashing their large
curved horns. The maximum force during combat can reach 3,400 N, with an impact energy near
3,500 J [27]. The deceleration can be as high as 450g [56]. Most of the impact energy is absorbed
by plastic deformation, which provides protection to the skull [57]. Keratin materials can also play
defensive roles to protect internal structures. In equine hoof wall, which is made of keratin, it has
been found that the tubular and lamellar structure in it can redirect crack propagation through it
thus protecting the internal bony skeleton [58]. Pangolin scales are also keratin armors that can
protect the body from penetration of predator’s teeth [59, 60].

1.1.6 Active vs. passive

Animals use the adenosine triphosphate (ATP) molecule as the source of energy for motion
and movement (defined as motility) by muscle contractions and connected skeletons [61]. This
ATPs-related motion of animal is defined as an active mechanism in this review paper. The active

mechanism can be also interactive because animal can decide to do a specific behavior or not,
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based on its experience, consequences, and/or environments. However, if a horse uses its hooves
when it is running, this can be categorized as a passive mechanism, because animals just utilize
their innate body parts or tissues, which is not able to control the growth rate or existence itself.
Plants move by mechanical stimulation or sudden internal pressure change via either hydration or
dehydration, which can be categorized as a passive motion. To summarize, the main differences
of the two terms are depending on 1) if there is energy-related active motion or 2) if the creatures
can make a decision to do a certain behavior or not. For example, the hammering of mantis shrimp
dactyl club and the pecking of woodpecker’s head is an example of an active mechanism because
animals use their muscles and body to make the movement. They can stop this behavior if the
behavior consumes too much energy or if they experienced any pain or negative consequences
(although it is very rare or hard to observe). In addition, there is an interesting, combined active-
passive mechanism; the hydration/dehydration of the bighorn sheep horns are basically phase
transition of the particular dead tissue structures, not directly related to the ATP consumption in
the body; however, the sheep can soak their horns into water to make it wet as a preparation of

upcoming battle [62].

1.2 Mollusk shells (abalone shell: nacre)

An abalone shell has been investigated as a representative example of tough materials found
in mollusk shells. It has a layered (lamellar) structure composed of mineral bridges (95 wt.%
mineral content as the stacked cell-like mineral phase) and chitin fibril network (5 wt.% soft
biopolymeric fibrous matrix of chitin fibers). As shown in Figure 1.5, its hierarchical sandwich-
like structure is consisting of polygonal aragonite platelets (200 ~ 500 nm of thickness) and
interlayer of the organic polymer (5~20 nm of thickness). At microscale, the size of mineral tiles

is ranged from 8 to 12 pm with a thickness of 0.5 pm. Owing to this hierarchical structure from
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nanoscale to microscale, the fracture toughness of an abalone shell shows an higher order of
magnitude (10 MPay/m) than that of aragonite (0.25 MPaym ) itself [15]. It could be not only
protective from ocean wave that make an impact on the shells but also against many marine
predators who attempt to attack their shells. Using a dog-bone shaped sample, the tensile strength
of nacre was reported as 65 MPa when parallelly loaded to the plain of growth [63]. Also, the
shear strength also found to be around 37 MPa (mean) with an average maximum shear strain of
0.3, which can be converted to 51 MPa when it considered a majority of failure through tile pull-
out, not through tile fracture mechanism [63]. It was concluded that there are three main failure
mechanisms at the tile interface: 1) a nanoscale mineral bridge fracture [64-66], 2) a friction-
related toughening mechanism through its nanoasperties (a roughness at nanoscale) [67], and 3) a
toughening from an organic-polymeric glue [68]. Lastly, a fracture through each of individual tiles

is also found [63].
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Figure 1.5. A hierarchical structure of abalone shell as a representative example of the mollusk shells, taken from [69].
The mesolayers (left bottom) showed a tablet pullout toughening mechanism as following with the growth layers
(middle), which are combined by mineral bridges (top right) and chitin fibril network (bottom right). This is known
to be a famous “brick and mortar” layered structure, taken from [69].

1.3 The dactyl club of a mantis shrimp

The nacreous layered structure aforementioned has known to be the toughest materials
found in nature for a decade but it turned out that it can be also vulnerable, when it attacked by
other aggressive marine organisms, for example, the mantis shrimp [50] as shown in Figure 1.4a
and Figure 1.6a. How the mantis shrimp made a successful attack against the nacreous shells was
to utilize its highly-mineralized dactyl club to make a high-speed (up to 23 m/s) and high-
acceleration (104,000 m/s?) impact [19, 20], as shown in Figure 1.6b-i as a time-series of an
impact on a snail. It is surprised many researchers that the dactyl club can sustain without any
catastrophic failure against the shells with multiple impacts. Soon after, materials scientists started

to investigate impact-resistant or damage-tolerant materials in terms of the characterization of
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structural, mechanical, and chemical properties. As a result, Weaver et al. [50] found that the
dactyl clubs has a multiscale hierarchical structure with a helicoidal chitin fibrillar structure
(Figure 1.6j) in a specific impact region through the SEM fractography (Figure 1.6k) and the
transverse cross-section image (Figure 1.61). In addition, Yaraghi et al. [31] found that a fibrous
herringbone-modified helicoidal architecture identified in its appendage provides improved stress
distribution with enhanced energy absorption under the compressive loading when it is impacted
through nanoscale toughening mechanisms using two different indentations: a conventional nano-

indentation and in-situ transmission electron microscopy picoindentation.

Figure 1.6. Peacock mantis shrimp use a pair of large raptorial appendages (A, white arrow) to strike hard objects
with such high speeds that cavitation bubbles form between the appendage and striking surface, taken from [20] . (B—
1) The dactyl heel (h) of the raptorial appendage strikes a snail (s) that is loosely wired to a stick. Images recorded at
0.2 ms intervals. Scale bar, 1 cm. Cavitation (yellow arrow) is visible between the dactyl heel and snail (D—G). Taken
from [19]. Chitin fibril helicoidal structural motif within the periodic region (with periodicity: ~75 mm), taken from
[70]. Comparisons between a generalized three-dimensional model of a helicoid (J) with an SEM fractograph (K) and
a polished surface from a transverse cross-section (L).
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1.4 Bone and antlers

Bone has been widely known to be one of the most important impact-resistant biological
materials to support the body and protect the internal organs [71]. Bone is a highly mineralized
composite with hydroxyapatite minerals (Ca10(PO4)s(OH)2) and interconnected collagen fibrils to
add toughness on top of its stiffness. The main chemical compositions are Ca, P, O, Mg, and C
[13]. It has a multiscale hierarchical structure, at the macro-level, it is usually categorized as
cortical (or compact) and cancellous (or trabecular, or sponge) bone. At the microscale, it is
composed of stacks of osteons, Haversian canals, and small lacuna spaces. At the nanoscale level,
the collagen molecules exists as a form of tropocollagen triple helix and interspersed between the
hydroxyapatite mineral crystals [22]. The structure of the bone and antlers is almost same as shown

in Figure 1.7.
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Figure 1.7. Hierarchical structure of antlers. Antlers are composed of compact bone as the outer layer and cancellous
(trabecular or spongy) bone in the interior. The compact bone consists of osteons, which are concentric lamellae
surrounding a central blood vessel. Each lamella has oriented type | collagen fibrils with a mineral (carbonated apatite)
interspersed between or along them. The collagen fibrils are composed of tropocollagen, a helically arranged
macromolecule. Taken from [22].
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The mechanical properties of bone and antlers have been reported widely [22, 72-79]. Due
to its multiscale hierarchical structure, it provides a stiffness and toughness at the same time. The
reported fracture toughness of the bovine femur bone and the elk antler is reported as 1.8 ~
6.4 MPa+/m and 1.8 ~ 10.3 MPa~/m, respectively [24]. Because of the similar structure, it shows
almost same toughening mechanism including crack deflection by osteons, uncracked ligament
bridging, and a formation of microcracks but the antler shows a 50% higher fracture toughness
than the bone because of the lower mineral content and different fracture surface properties [24].
15 Teeth

The teeth are well known classic biological materials which are composed of 1) the harder
and stiffer enamel to be wear-resistant and 2) the more compliant and softer dentin to be protective
and energy absorbent from the repeats of occlusal (biting) forces up to 1 kN in humans [80, 81].
A morphology of the fully developed human tooth structure is illustrated as shown in Figure 1.8;
the outermost enamel has a mineral content of 96 wt% (hydroxyapatite) while the dentin has a 70
wit% of mineral content [82]. The dentin is coated and surrounded by the enamel and is also made
up of the soft dentin-pulp complex. The enamel has a 95 GPa of the elastic modulus and a 3.5 GPa
of the hardness, while the dentin has an 18 GPa of the elastic modulus and a 0.6 GPa of the hardness
through Vickers micro-indentation tests [80]. These mechanical properties are due to the
differences of the mineral content between two parts. In contrast, the measured fracture toughness
of the enamel is ranged from 0.7 to 1.5 MPa+y/m depends on the loading direction; however, that
of the dentin is measured as ~ 3.1 MPav/m. Early studies on the teeth, before finding the dentin-
enamel junction (DEJ) reported by Lin et al. [83], have only focused on the dentin’s compliant
material property; however, a study conducted by Imbeni et al. [82] has elucidated that its fracture

toughness is also dominated by the co-existence of the dentin and the DEJ, which is the interface
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of the dental and enamel layers. The authors concluded that the measured fracture toughness of
the dentin and DEJ is calculated as 0.154 KJ/m? (when K, = 1.8 MPaym ) and 0.115 KJ/m?while
that of the enamel is measured as 0.01 — 0.025 KJ/m?. Therefore, the dentin and DEJ can be
considered as the main regions to absorb impact energy by having different mechanisms. To be
specific, the dentin has four distinct toughening mechanisms: 1) crack deflection, 2) crack bridging
(by collagen fibers), (3) ligament bridging without cracks, and (4) microcracking [84]. The DEJ
has a ~ 75% of fracture toughness by having a crack-arresting mechanism mainly due to the elastic
mismatch [82]. Other adjacent tissues including alveolus bone socket, cementum, pulp, and
periodontal ligament are present as shown in Figure 1.8.

Dentin

Secondary Enamel-dentin
dentin junction

Enamel

Gingiva

Pulp

Periodontal
ligament

Cementum

Bone

Figure 1.8. A schematic illustration of the human teeth structure, taken from [80].
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1.6 Wood

In a tree’s natural life, high winds are a persistent mechanical threat causing failure at wind
speeds over approximately 25 m/s or ~400 kN-m of applied force [85]. Some trees in especially
storm-prone regions such as Caribbean palm species have evolved passive adaptations including
pronounced basal trunk swelling and trunk tapering combined with thick roots [86]. Trees can also
grow or shed limbs in response to stress as an active response to loading (albeit at a longer time
scale compared to animal behaviors). This is especially critical for a tree to survive winds as a
larger canopy increases drag forces. With the proper canopy, however, a tree’s branches can act
as dynamic mass dampeners to mitigate harmonic and resonant swaying frequencies, minimizing
the transfer of wind energy to the trunk and root system [85].

As an engineering material, the crushing stress, plateau stress, and modulus of elasticity of
wood typically increase with strain rate, but wood’s passive strengthening mechanisms are not yet
well understood [87, 88]. That wood strength decreases with increased load duration was first
described in the 1950s using the Madison curve, in which 1x1s in clear Douglas fir beams were
subjected to constant loads ranging from 60 — 95% of the average failure load of static bending
tests (time to failure = 5 minutes). An empirical relationship was derived between strength and
load duration over a data set with loading times ranging from 10 years to less than a second [89].
The hyperbolic curve expressed in the below equation in which is the stress level (SL) as a percent
of the ultimate strength in static loading and tf is time to failure (seconds):

SL = 1.83 + 108.4 t; 004 (1.3)

Recent studies using split Hopkinson pressure bar (SHPB) support the Madison curve even
at load durations of tens of microseconds, with failure occurring at loads 230% of that of the static

strength [88, 90]. Based on the dynamic crushing behavior of engineered cellular solids, the four
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commonly suggested strengthening mechanisms are: 1) strain rate sensitivity of the cell wall
material, 2) micro-inertial effects of the cell wall, 3) the contribution of air trapped by the closed
pores, and 4) shock wave effects [87, 91-93]. The relative importance and interaction of these
factors are not yet known. Strengthening is observed at strain-rates below which micro-inertial
and shock wave effects are negligible, for example, and few studies exist on the strain-rate
sensitivity of the cell walls themselves.

Wood also represents impact-resistant biological materials as shown in Figure 1.9. It
comprises non-mineralized biopolymers, but like bone, has hierarchical porosity and both soft and
hard phases. Wood is distinguished from other plant materials by thickened cell walls of cellulose,
hemicellulose, and lignin which allow it to efficiently bear the load and convey water and nutrients.
While some trees have evolved to bear dynamic loading (as discussed later), impact resistance or
toughness is primarily identified by millennia worth of human use rather than natural adaptations.
In everything from baseball bats to gunstocks, wood from trees such as ash, walnut, maple, and
others have been long prized for their impact resistance as shown in Figure 1.9. The translation of

this accumulated cultural knowledge into rigorous engineering principles is still ongoing.
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Figure 1.9. Various applications of impact resistant wood. (a) Louisville Slugger made of white ash [94], (b) USS
Constitution (“Old Ironsides”) made of white and southern live oak [95], (c) Degtyaryov hand-held machine gun stock
made of walnut [96], (d) bowling alley flooring made of pine [97], (e) Ancient Greek trireme made of cedar [98], (f)
Aztec broadsword (macuahuitl) made of southern live oak [99], (g) DH-98 “Mosquito” bomber made of plywood and
balsa [100], and (h) Ancient Greek hoplon shield made of a poplar or willow core with 0.5 mm bronze cover [101].

1.7 Horns and hooves of tetrapod mammals (keratin)

In many cases, non-mineralized biopolymers are evolved in nature to reduce weight
compared with the mineralized tissues. Although soft, these non-mineralized biopolymers are
impact-resistant, such as keratin, cellulose, and chitosan. Keratin is a key structural protein
produced in certain epithelial cells existing in hair, horns, hooves, feathers and skins. Keratin is a
dead tissue that is not vascularized, which means it cannot be remolded or regrow once damaged.
Most keratinized materials are made of polygonal cell tiles (tens of microns in diameter, several
microns thick) that overlap laterally and are stacked on top of each other to form a relatively dense
layer as shown in Figure 1.10. The average Young’s modulus of bighorn sheep horn in ambient
dry condition (~10 wt.% H-0O) is ~3.5 GPa, while ~1.5 GPa in fully hydrated condition (~30 wt.%
H20) at an impact strain rate ~10° s [98]. Keratin materials tend to be more ductile in hydrated

states. Bighorn sheep horn can sustain ~60% tensile strain in a fully hydrated condition, but only
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less than ~5% in dry condition due to a brittle fracture [57, 102]. The fracture toughness of hoof
shows a maximum value (22.8 KJ/m?) at an intermediate hydration state, which is a two-fold
increase over both dry and fully wet condition [29]. Thus, it can be found in terms of a good energy
absorption or impact resistance, keratin materials should have an ideal water content, neither too
dry nor too wet. Water can decrease the stiffness and strength of keratin materials dramatically but
on the other hand, can increase the ductility. This is due to the water molecules break the hydrogen

bonds in the amorphous matrix thus increase the protein mobility [45, 103].
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Figure 1.10. Hierarchical structure comparison of horn and hoof: (a) Hierarchical structure of horn from macro- to
nano-structure. Tubular and laminated structure is showed in the micro- scale; (b) Tubules and intertubular materials
in hoof wall. Keratinized cell arrangement changing from tubular to intertubular matrix. Intermediate filaments found
in the keratinized cells. Figures adapted from [57, 58].

Horn and hoof show a similar hierarchical structure which has been considered playing an
important role in both energy absorption and impact resistant as shown in Figure 1.10a [4, 104].
At the micro scale, tubules and the intertubular matrix consisting of lamellar stacked keratin cells
have been observed in both horns and hooves in various studies as shown in Figure 1.10b [57,
105-107]. Elliptical tubules with average major axis 100 um and a minor axis 40 um were
identified in bighorn sheep horn, playing anisotropic mechanical behavior in different directions
[47, 57]. Tubule buckling and delamination occurred when the compressive load was applied
parallel with the tubules, while tubule closure occurred when compressed in the perpendicular

direction. The tubules served as a reinforced structure that enhance the stiffness as well as the
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strength in the longitudinal direction, which is parallel to the tubules in both tensile and
compressive tests, while the closure of tubules in radial direction helps absorbing more energy
[57].

Chapter 1, in part, is currently being prepared for submission for publication of the material.
Wei Huang, David Restrepo, Pablo Zavattieri, Jae-Young Jung, Zenggian Liu, Robert O. Ritchie,
Joanna McKittrick, and David Kisailus. The dissertation author was the primary investigator and

author of this material.
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CHAPTER 2: THE WOODPECKER HEAD
2.1 Introduction

On top of the previous studies and the knowledge about impact-resistant biological
materials reviewed and introduced in Chapter 1, the following chapter will discuss how the
woodpeckers avoid brain injury further in detail, focusing on structural and mechanical properties
of the hyoid apparatus, the skull bone, and the interspecies variation of the skull bone in

woodpeckers and its potential effect on the energy dissipation.

The woodpecker head is composed of two types of materials: hard and soft tissues. For the
hard tissue, it refers to a mineralized composite material with collagen and other organic polymers,
mainly found in the bones. The woodpecker skull bone [108, 109], the upper and lower beak bone
[46, 110-114], and the hyoid bone [115-117] were discussed in previous studies. In addition, a

keratinized sheath (called the rhamphotheca) is found in the upper and lower beak [46, 110-113].

In the woodpecker head, there are both mineralized and non-mineralized materials. The
beak and skull bones are highly mineralized to get enough stiffness to support the skeletal structure
and to protect internal organs. For example, the skull bone wraps around the brain, which is one
of the most important organs in living animals. The degree of mineralization may vary on applied
local stresses and/or forces. If the applied forces or stresses are relatively high, then, it implemented
the higher degree of mineralization on the materials by depositing more Ca. Specifically, the
cortical bones of the woodpecker beaks have higher Young’s moduli up to 30 GPa [110] but the

trabeculae bone has lower Young’s moduli from 0.5 ~ 10 GPa [118].
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rhamphotheca (keratin)

foam layer (trabecular bone)
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Figure 2.1. The beaks of woodpeckers. (a) Photos of the upper and lower beaks of a male red-bellied woodpecker and
(b) a schematic of the transverse cross-sectional view, adapted from [110].

Within the woodpecker head, some examples of mineralized materials are the skull bone,
upper and lower beak bone, and hyoid bone. These structures are mainly composed of minerals
(hydroxyapatite), mineralized structural proteins (type I collagen), and water (and/or gas). The
mineralization is the most important strategy to protect animal’s weak internal organs and tissues
from external forces or piercing objects. In contrast to the bones, the rhamphotheca is only
composed of a single phase protein, f-keratin [110, 111]. As non-mineralized materials, the
keratinized outer sheath of the upper and lower beak, and the sheath of hyoid apparatus are
compliant than the mineralized, structural bones. In the beaks, the keratinized rhamphotheca can
be considered as the first material to get an impact force because of its anatomical location as
shown in Figure 2.1a. Therefore, this material needs to be stiff enough to make a hole at the tree

trunk but tough (damage-resistant) enough to avoid any catastrophic failures or internal cracks.

The pecking motion of woodpeckers is also obtained by the contraction and retraction of
the neck and body muscles, which actively consume energy synthesized by living organisms. This
active motion can be consciously modulated by an interactive control decided by woodpeckers.

On top of that, as the viscoelastic materials, the muscles can directly help convert the stored kinetic
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energy from its head to the dampened elastic energy on the beaks after a few seconds of the
moment of impact.
2.2 Multi-scale hierarchical structure

Dimension >1cm 1 mm 500 ym 100 pm 10 pm 1um <100 nm

A
N

Skull bone

Beak bone

Hyoid bone

S e
Figure 2.2. Examples of multi-scale hierarchical bone structures of the woodpecker head. (a-c) The skull bone of a
great-spotted woodpecker adapted from [109, 119], (d-h) the beak bone of a red-bellied woodpecker adapted from
[41], and (i and j) the hyoid bone of a woodpecker adapted from [117] and [120].

The structures of skull bone, beak bone, and hyoid bone of woodpeckers presented as
shown in Figure 2.2. As it was discussed earlier, the woodpecker skull bone shows a sandwich-
like double wall layered structure (Figure 2.2a-c) [113].

The beak bones of woodpeckers show a multi-scale hierarchical structure like other
structural bones. These structural bones show a dense and highly mineralized outer frame as well
as a lighter and network-like woven foam structure inside to make blood and body fluids. Similar
to those of structural bones in mammals, Figure 2.1 and Figure 2.2d-h show the structure of the
beak bone of woodpeckers [110]. At macroscale, it showed a foam-like thin, woven sponge bone
inside and a thick, dense cortical core bone outside (Figure 2.2d). It also shows a typical osteon
structure, which is stacked layers of lamellae bone. At the microscale, micro pores from lacuna

space in the matrix of osteons and mineralized collagen bundles are visible [110]. At the nanoscale,
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it shows a typical 67 nm of collagen gap band, which is a symbol of type | collagen found in
structural bones as shown in Figure 2.2h (right most) [52].

The hyoid apparatus is common in mammals and avian species but the long and elongated
hyoid apparatus (the aspect ratio of cross-sectional area to the diameter can be reached up to 3.89
[117] can be only found in woodpeckers and hummingbirds, as shown in Figure 2.2i. The hyoid
apparatus is composed of the core bones inside and the keratinized outer sheath at the tip (Figure
2.2j).

The rhamphotheca of the woodpeckers utilizes a multi-scale hierarchical structure at
different length scales although it is made of a single-phase protein. At macroscale, black-colored
keratinized sheath fully covers the internal core bone structures. At the microscale, the individual
dead keratin cell stacks build up along the impact direction (perpendicular to the dead keratin cell
layer stacks). At the nanoscale, different wavy suture structures can be found in different avian
species with a definition of waviness (the ratio of height to width), for example, 1 for the beaks of
woodpeckers while 0.3 and 0.05 for the chicken and toucan beaks, respectively [110]. In the beak
rhamphotheca, interestingly, no pores are found at any length scales. This is a somewhat unique
aspect of keratin structures found in avian beaks compared to the other keratinized materials, for
example, the horns and hooves of a tetrapod
2.3 Multi-phase of materials

The bones in the woodpecker heads are composed of typical bone materials: mineral,
protein, and water/air. Using a combination of these three phases, the head can successfully
support its skeleton and protect the internal organs. Unlike other structural bones, the skull bone
of birds and some mammals utilize the air as its filler of inside space of bones to reduce the total

body weight to maintain its flight ability or to save the energy. In some woodpecker studies, there
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are some reports that the skull bone of woodpeckers demonstrates that it has a sandwich-like
double layer structure [121], filled with the air, so-called, pneumatic bone, which commonly found
in birds and mammals. This meant that the skull bone has already specially designed structures to
protect the most important organs in our body. On top of that, due to the woodpecker’s pecking
habit, the additionally optimized proportion between the pneumatic bone, to reduce the weight,
and the compact bone, to support its skeleton, is required. The properties can be identified using a
bone morphometry analysis by measuring the tissue volume/bone volume to quantify the porosity
as well as the relative density, relative stiffness. Beak bones are similar to other typical structural
bones that show a dense, highly mineralized compact bone as well as a small portion of a woven
network-like trabecular bone. Lee et al. [110] described the area fraction of each phase/material to
calculate the aggregate hardness and modulus as a similar concept of bone morphometry analysis.
The authors described the structure-property relationship by applying the area fraction with a
common concept of the rule of mixture. In the rhamphotheca, the keratin is a single component
material of the beak and the hyoid bone. It has only two phases, keratin matrix/fibers and the air
(or void space). The fraction of keratin and void space determined the porosity of the materials,
which is an important characteristic of impact-resistant materials to absorb energy.

There is a certain meta-phase at the interfaces between the mineralized bone tissue and
non-mineralized keratinized layers in the avian beaks. This is very similar to the example of dentin
and enamel junction found in the mammal tooth reported by Imbeni et al. [122]. The authors found
that the existence of the dentin-enamel junction (DEJ) at the interface between the dentin and outer
enamel coating create a pathway of cracks when it went through the tougher material phase (e.g.,
the mantle dentin adjacent to the interface). Because of the phase differences between the mammal

tooth and the avian beaks due to the lack of mineralization in the keratinous materials in the avian
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beak, a similar crack arresting mechanism might be happening at the interface between the bone
and keratinous materials. This is an interesting topic that needs to be further investigated in the
future.
2.4 Multi-properties: mechanical impedance mismatch

Individual mechanical properties of each part of the woodpecker heads are quite versatile
because of its complex multi-scale structures as well as its multi-phase of different material
constituents. For example, the beaks of woodpeckers are not only consisting of different materials
(e.g., a mineralized bone tissue and a keratinized rhamphotheca as shown in Figure 2.1b) but also
different mechanical properties on its beak as shown in Figure 2.3a [110]. The Young’s moduli
and microhardness of the beak bones were 30.2 GPa and 0.64 GPa, respectively, while those of
the beak rhamphotheca were 8.7 GPa and 0.32 GPa, respectively, [110]. Moreover, the beak
showed three different layers, such as the bony layer (the stiffest), the rhamphotheca layer (the
most compliant), and the foam layer (in between). The author measured the Young’s moduli of
the rhamphotheca layer as a range of 7.6 ~ 9.8 GPa, these values are much lower than the Young’s
moduli of the bony layer [110]. The gradient of this mechanical property between the adjacent two
different materials helps to dissipate internal stress [5].

The elastic modulus of the skull bones was reported by Wang et al. as a 0.31 GPa through
a numerical estimation, but the experimental results (Figure 2.3b) generally tend to show the
higher range from 4.0 ~ 8.4 GPa through a tensile test and 8.6 ~ 11.0 GPa through a
nanoindentation test, respectively [109, 114]. The measured Young’s moduli at different locations
of the woodpecker skull bone and the benefit of having gradient material properties were identified

by Wu et al. [123] by applying a model of stress wave propagation in a viscoelastic bar, concluding
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that having this variation makes the peak stress on the skull bone remained minimized at the

location nearby the brain as shown in Figure 2.3b and Figure 2.3c [123].

The mechanical impedance mismatch can be also found in the hyoid bone in woodpeckers.
The first measured Young’s modulus of the hyoid bone through a tensile test reported by Zhou et
al. was 1.3 ~ 3.7 GPa [117]. The combination of two gradient directions in the transverse and
longitudinal cross-section can be beneficial; Lee et al. [115] also reported that the geometric effect
of the hyoid apparatus and the hyoid bone can mitigate the stress wave propagation by utilizing
the adjacent muscle tissues as making lateral displacement mainly due to the viscoelastic

dampening effect (Figure 2.3d-f).
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CHAPTER 3: STRUCTURAL ANALYSIS OF THE TONGUE AND HYOID APPARATUS
IN A WOODPECKER
3.1 Introduction

Woodpeckers (family Picidae) are found in forested areas worldwide, except in Australia
and surrounding areas. They feed by pecking (tapping or drumming) into wood and using their
tongue to extract insects or sap. They have strong tail feathers, which are used as a lever during
pecking and zygodactyl feet that help them balance. The extreme conditions during pecking
include head speeds up to 7 m/s, a deceleration up to 1,200 g and pecking rates of 20 times per

second, which occur without sustaining concussions or brain damage [30].

One adaptation in woodpeckers is the unusual structure of its hyoid apparatus [124]. The
hyoid apparatus in birds consists of the tongue bones along with associated connective tissues
(cartilage, and soft tissues such as muscles, dermis and epidermis). The primary function of the
hyoid apparatus is to anchor and allow for the extension of the tongue [125]. However, considering
the extreme conditions experienced by the entire head during pecking, this structure must be

capable of effectively dissipating energy to avoid failure.

In most birds, the hyoid apparatus consists of five distinct bones: the paraglossal, basihyal,
urohyal, paired ceratobranchial, and paired epibranchial (Figure 3.1a-c, for a domestic chicken
(Gallus gallus)) [125]. Between the different bones, there are joints that provide for the motion
required during feeding. In contrast to the chicken, the structure of the hyoid apparatus in a red-
bellied woodpecker (Melanerpes carolinus, shown in Figure 3.1d), is elongated and wraps around
the skull from the rostral (toward the beak) to the caudal (toward the terminal end). In the
woodpecker the epibranchial bones are much longer than in most other birds (as seen by comparing

Figure 3.1c and e), terminating in the supraorbital ridge between the orbits (eyes), as opposed to
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the occipital bone (base of the cranium) [30, 54, 119, 126]. In Figure 3.1c and e, the epibranchial
bones make up 37% and 61% of the entire length of the hyoid bones in chickens and woodpeckers,
respectively. These measured ratios show that the length of the epibranchial bone in woodpeckers

is relatively much longer than in chickens.

The urohyal bone is absent in woodpeckers. Bock [54] found that the hyoid apparatus had
a bony core structure, which was surrounded by muscles. Figure 3.1e depicts a lateral view, where
the bones are identified along with the joints that exist between the paraglossal-basihyal, basihyal-
ceratobranchial, and ceratobranchial-epibranchial bones. Bock [54] also described anatomical
features (i.e., different cross-sectional shapes of the bones along with their positions), but did not
investigate their functional or structural relationships. The structural role and function of the
urohyal bone in parrots was briefly introduced by Homberger [127] as an attachment point to
support adjacent tissues (larynx, cartilage, ligament and muscle). However, it is unclear why this

particular bone is absent in the woodpecker.
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Figure 3.1. Bones in the bird hyoid apparatus. (a) Photograph (dorsal view) of the hyoid bones of a domestic chicken
(Gallus gallus). Taken from [51]. (b) Schematic diagram of the dorsal view showing the paraglossal, the basihyal, the
urohyal bone, and the paired ceratobranchial and epibranchial bones in a domestic chicken. Adapted from [3]. (c)
Lateral view of the hyoid bones of a chicken. Adapted from [3]. (d) Lateral view of a red-bellied woodpecker
(Melanerpes carolinus) skull with the hyoid apparatus colored in red. Taken from [52]. (e) Lateral view of the hyoid
bones of a red-bellied woodpecker that highlights the bones and joints. The change in cross-section of the bones along
the length is indicated. Adapted from [5]. Note: the epibranchial bone is ~1/3 of the total length of the hyoid bone in
chickens, but is ~2/3 of the total length in woodpeckers. Scale bars were not provided in the references for (c) and (e).

The woodpecker’s unique ability to avoid traumatic brain injury has led researchers to
investigate energy absorbing mechanisms in its skull. As has been demonstrated for metallic
biomaterials [128], investigations of the relationship between structure and mechanical properties
can provide insight into the holistic nature of materials. To this end, several anatomical features
have been attributed to energy absorption, including a small brain size and mass when compared
to surface area, the short impact duration of pecking and the small volume of cranial fluid [30, 121,
129]. Strong neck muscles provide protection from injury caused by rotational forces [129]. A

previous study of the relationship between structure and mechanical properties of the beak of
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woodpeckers revealed that the lower porosity found in the bony layer strengthens the beak for
pecking [110]. In addition, the sponge-like bone structure within the upper beak and the more
plate-like cranial bones (both absent in non-pecking birds) may also contribute to the energy
absorption [119, 129, 130]. A quantitative bone morphometry analysis of woodpecker skull bones
was conducted by Wang et al. [109], suggesting that this structural parametric analysis might be
useful for comparative study of different species of birds. In a comprehensive review paper [131],
the mechanisms that provide impact resistance to the woodpecker’s head were discussed, that
include woodpecker-inspired shock-absorbing applications. However, information on the
hierarchical structure of the hyoid apparatus is not yet understood.

Reports on the potential ability of the hyoid apparatus to withstand impact have focused
upon its potential to aid the skull in avoiding brain injuries and have relied upon numerical and
finite element analyses [116, 119, 130, 132-134]. Oda et al. [132] determined that the presence of
the hyoid bones may lower the compressive and tensile stresses in the brain up to 40% during
pecking. Wang et al. [119] suggested that the three most important factors for shock absorption
are: 1) the macro/micro structures of the head, including the hyoid apparatus, 2) the uneven plate-
like trabecular bones in the cranium, and 3) the unequal lengths of the upper and lower beak. The
hyoid bone was also suggested to play the role of a ‘seat belt” after impact [119]. Yoon et al. [133]
mimicked the head for application in devices that experience high-g and high-frequency
mechanical forces by using a simplified mechanical vibration model that simulated the head as a
damper and spring. They reported that the woodpecker-inspired shock-absorbing system showed
a 1% failure rate at 60,000 g’s, compared to a hard resin shock-absorbing system, which showed
26% of failure. Zhu et al. [134] performed a numerical study for the impact response of the head

and reported that stress waves propagated from the upper bill to the posterior of the skull. It was
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concluded that the stress wave was decreased by two structural features: 1) having the skull
wrapped with the hyoid apparatus and 2) the viscoelastic energy absorption of the biological
tissues. In addition, the function of the hyoid bone was computationally assessed by Liu et al. [116]
who found that there was 30% less deformation of the whole head with the hyoid bones than
without them. They concluded that the hyoid bone and muscle contributed together to increase the
rigidity of the whole head, reducing the deformation and oscillation of the skull.

When solely considering the hyoid apparatus, initial mechanical properties were reported
and based on tensile tests including both bone and soft tissues [117]. It was determined that the
elastic modulus and tensile strength were 1.3 GPa and 76.0 MPa, respectively, at the joint between
the paraglossal and basihyal bone [117]. In the epibranchial bone, the elastic modulus and tensile
strength were 3.7 GPa and 92.0 MPa at the rostral position and 1.7 GPa and 131.0 MPa in the
midsection [117]. The higher modulus and lower strength of the rostral end of the epibranchial
bone compared to the midsection were attributed to the amount of soft tissue surrounding the bone.
Because the diameter of the hyoid apparatus is relatively constant along the epibranchial bone, it
is possible that there is a thinner sheath of soft tissue surrounding the bone at the rostral end and a
thicker sheath at the midsection, which would result in an increased bone diameter at the rostral
end compared to the midsection.

The interpretation of the results of the previous studies [116, 117, 119, 132-134] on the
hyoid apparatus used the term “hyoid bone” instead of “hyoid apparatus” (or sometimes “lingual
apparatus” [125]). As a result, the previously acquired mechanical properties and numerical
simulation results on the “hyoid bone” were based on the properties of bulk hyoid apparatus. Here,

we distinguish the difference between the individual hyoid bones and the hyoid apparatus.
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The objective of this study is to specifically analyze the morphological and structural
features and associated mechanical properties of the hyoid bones of acorn woodpeckers
(Melanerpes formicivorus) to examine the structure/mechanical property relationships that allow
it to avoid failure during the extreme conditions of pecking. Livingston [124] observed that the
woodpecker tongue showed fascinating aspects of adaptable design in nature by linking structure
and function. By using sophisticated analytical techniques, the structure of the woodpecker hyoid
apparatus can be more accurately assessed. The results of this study have implications for the
design of engineered structures, such as impact-absorbing protective headgear for athletes and the
military.

3.2 Experimental
3.2.1 Sample collection and preparation

This study was conducted under the approval of animal care and use program by
Institutional Animal Care and Use Committee (IACUC) at University of California, San Diego
(Tissue Permit Number: T14068).

Three adult acorn woodpeckers were donated soon after death from a northern California
ranch. These were immediately frozen and kept in a frozen state during transportation to the lab.
All samples were stored in a freezer at -20°C. The woodpeckers were gradually thawed at room
temperature for 30 min before performing other tests. All tests were performed under ambient
conditions (25°C, 60% relative humidity).

3.2.2 X-ray Micro-computed tomography (1-CT) and three-dimensional reconstruction

The whole birds were scanned by X-ray micro-computed tomography (u-CT, SkyScan
1076, Bruker microCT, Kontich, Belgium) with a rotation step of 0.7° an exposure time of 1600

ms, a 100kV acceleration voltage, and an isotropic voxel size of 36.00 um. The heads were scanned
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with an isotropic voxel size of 9.06 um, while the other scan parameters were the same as for the

whole birds. In addition, high-resolution u-CT (HR-uCT, MicroXCT-200, Xradia, Pleasanton, CA)
was used for imaging small pieces (5mm x 5 mm x 2 mm) of each hyoid bone with a 0.916 um

voxel size at a 40kV acceleration voltage. The rotation angle and tilt increment were 360°and 0.2°,

respectively. The images and three-dimensional reconstructed models were developed using the

software programs CTvox and Dataviewer (Bruker microCT, Kontich, Belgium) and

XMReconstructor (Xradia, Pleasanton, CA). Image J software (National Institutes of Health,

Bethesda, MD) was used upon orthoslice images of the heads to calculate the cross-sectional area
and dimensions of the hyoid bone at varying positions along its length. Each dimension was

measured at least six times and the mean values were calculated.

Each hyoid bone was selected for visualization and analyzed using Amira software (FEI
Visualization Sciences Group, Burlington, MA). After the reconstruction, cross-sectional
dimensions were determined by creating triangle mesh models saving them into the extension
format of the virtual reality modeling language.

3.2.3 Microscopic evaluation and chemical composition

Two birds were thawed for dissection and subsequent excision of the hyoid apparatus. Each
was submerged immediately into a 2.5 vol.% glutaraldehyde solution for 24 hours for tissue
fixation. After that, they were dehydrated in increasing concentrations of ethanol: 30%, 50%, 70%,
90%, and 100% (vol.%) for 10 min each and then dried by a critical point dryer (Autosamdri 815A,
Tousimis, Rockville, MD). After the dehydration process, the hyoid apparatus was cut along the
transverse and longitudinal planes and divided into several pieces. Two separate sets of samples
were prepared for the microstructural analysis and the nanoindentation test from each piece.

Samples for the nanoindentation test were embedded in an epoxy resin and cured overnight at
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room temperature. Embedded samples were cut into smaller pieces using a jeweler’s saw and both
sides were polished using a series of SiC paper with average particle sizes of 35 pm and 15.3 um,
followed by fine polishing with an alumina powder media down to 0.05 um to provide a mirror
finish. Optical micrographs were obtained by a light microscope (VHX1000, Keyence, Osaka,
Japan) to visualize the color and shape of each tissue without any staining. These samples were
used for nanoindentation tests first and then sputter coated with iridium (K575X, Emitech, Fall
River, MA) at 85uA for 10 sec. Samples for the microstructural analysis were also coated with
iridium without epoxy. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) were performed (XL30 UHR-SEM, FEI Company, Hillsboro, OR and Inca,
Oxford, Abingdon, Oxfordshire, UK) at 15keV for the prepared samples individually. Another
SEM device (XL30 ESEM, FEI Company, Hillsboro, OR) with a back-scattered electron (BSE)
detector was utilized to highlight atomic mass contrast within the tissues. In addition, the elemental
composition was acquired from the cross-sections near the nanoindentation sites to investigate the
relationship between mineral stoichiometry (i.e., calcium to phosphorus ratio (Ca/P) and
mechanical properties. The EDS spectra at each indent were obtained at least three times to
determine the average and standard deviation.

A dried sample from the lingual apex and body were tested separately as a whole piece by
thermogravimetric analysis (TGA) (SDT Q600 TGA, TA Instruments, New Castle, DE) at a ramp
rate of 10°C/min and a range of 20~600°C, following a previously reported procedure [135] to
determine the amount of water, mineral, and protein. A polished cross-sectional sample of the
lingual apex was analyzed by Fourier transform infrared (FTIR) spectroscopy (Equinox 55, Bruker

Optics, Billerica, MA). The spectral range was 400-4000 cm™ with a 4 cm™® resolution. The scan
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number was 1024 in reflection mode. The background signal was collected in transmission mode
through air.
3.2.4 Nanoindentation

The hardness and elastic modulus were acquired by nanoindentation (T1 950 Tribolndenter,
Hysitron, Minneapolis, MN) with a diamond cube corner tip on polished cross-sectional pieces of
four different hyoid bones. Indentation mapping was carried out with displacement controlled
indents to a maximum depth of 500 nm. A trapezoidal load function consisting of a 5 s loading
segment, a 2 s hold, and a 5 s unloading segment was used. Indents were arranged in square arrays,
spaced either 20 or 30 um apart. A fused quartz standard sample from Hysitron was used to
calibrate the tip area function for the diamond cube corner tip. The tests were performed at least
ten times for each sample and the average value and standard deviation were calculated. The

hardness (H) is given by:

H = A (3.1)
where Pmax is the maximum load (in N) and the A is the projected area of the indenter at

peak load computed from the area function, A. = F(h.), where h. is the contact depth [136]. For

a cube corner tip indenter, the area function A. = 2.598h2. The slope of the initial unloading load-
. dp
displacement curve, S = T was used to calculate hc:

3Pmax

- (3.2)

he = hmax —

where h, ., IS the maximum displacement. The reduced elastic modulus, E;, is given by:

s _V2S
r_7\/7—c

(3.3)
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The Young’s modulus, E, was obtained from:

(3.4)

where Ej and v; are the Young’s modulus (1,140 GPa) and Poisson’s ratio (0.07) of the
indenter [137] and v is the Poisson’s ratio of the tested sample (taken as 0.3) [138]. The test sites
(basihyal, ceratobranchial and epibranchial) were determined after confirming the macro/micro
structure of these bones and all indents were performed on the transverse cross-sections. Details
of nanoindentation test specimens are listed in Table 3.1.
3.2.5 Statistical analysis

One-way ANOVA analyses were used to identify statistically significant differences of the
Young’s moduli among the different hyoid bones [139]. In addition, a multiple comparison test
was conducted by Tukey’s least significant difference procedure, which is valid if the preliminary
test (the one-way ANOVA F-test) shows a significant difference [140]. A paired sample t-test was
used to compare statistically significant differences of the Young’s moduli between the two
different bone regions for each hyoid bone. The criterion for statistical significance was p < 0.05

for both the ANOVA and the t-test.
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3.3 Results and Discussion

3.3.1 Macroscale structure
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Figure 3.2. (a) Photograph of an acorn woodpecker. (b) The dissected hyoid apparatus. (c) The dried and sectioned
samples of the hyoid apparatus in transverse and longitudinal planes. Magnified photographs of the three joint
locations in the hyoid apparatus between (d) the lingual apex and body, (e) the lingual body and root, and (f) the
lingual root and the hyoid horn.

Figure 3.2a shows a photograph of an acorn woodpecker with an overall length and width
of ~216 x 51 mm and a head length, width and height of 57.8 x 15.4 x 27.9 mm. Figure 3.2b shows
a photograph of the dissected hyoid apparatus. The hyoid apparatus is composed of four different
regions: the lingual apex, lingual body, lingual root, and hyoid horns, which are connected along
its sagittal plane from rostral to caudal positions [141]. The paraglossal and basihyal bones are
located inside the lingual apex and body, respectively. The caudal end of basihyal bone, the rostral
end of ceratobranchial bones, and their connecting joint are located at the lingual root. The hyoid
horns contain the ceratobranchial and epibranchial bones along with their joint. Figure 3.2c shows
dried and sectioned pieces that were used for further analysis. The barbed tips at the lingual apex

are clearly visible in Figure 3.2b and c¢ (black). The lingual body has the largest diameter. Figure
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3.2d-f show the magnified images of the interfaces between the lingual apex and body (Figure
3.2d), the lingual body and root (Figure 3.2e), and the lingual root and hyoid horn (Figure 3.2f),
which surround the three joints in the hyoid apparatus.
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Figure 3.3. Micro-computed tomography images of the head structure of an acorn woodpecker at different orientations.
(a) Left lateral view, (b) dorsal view, (c) ventral view, and (d) lateral view of the hyoid bones. A color scale is shown
to indicate the gradient in color (that is associated with mineral density) from the highest density in red to lowest
density in dark blue. This shows that the hyoid bones are relatively denser than the skull.

Figure 3.3 shows p-CT reconstructed images of the head. The hyoid bone wraps around
the head, from the rostral end at the beak to the supraorbital ridge between the two orbits. Some
woodpeckers with long probing tongues have even more elongated hyoid horns that can pass
through the right nasal cavity and upper jaw (as is the case for the European woodpecker (Picus
viridis)) or can circle the right orbital bone (as is the case for the North American hairy woodpecker
(Picoides villosus)) [54]. The acorn woodpecker’s hyoid horns are less elongated than these two

species, which is likely due to a specialization for either drilling or probing functions [54].
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The color distribution in Figure 3.3 reflects the X-ray intensity profile based on the
normalized material density, ranging from the highest density (red), middle-range density (higher
— lower: yellow — green — light blue) to the lowest density (dark blue). The density is correlated
with the amount of mineral: red having the highest mineral content and dark blue having the lowest.
Figure 3.3a illustrates that the inner part of the upper (maxilla) and lower (mandible) beak showing
the highest mineralized area, which are the bones in the beak. The hyoid bones show mid-range of
densities (Figure 3.3a-d). The skull and orbital bones have low to mid-range densities (Figure
3.3a-c). An interesting point is that the beak and hyoid bones have a higher mineral density than
the cranial bones. The beak bone is more mineralized, which should lead to a relative increase in
strength and stiffness. This could be to reinforce the beak and hyoid apparatus during the impacts
from pecking. The mineral density of the hyoid bones varies along their sagittal plane, having a
slightly higher mineral density in the paraglossal and ceratobranchial bones than in the basihyal
and epibranchial bones. X-ray transparent regions are found between the bones, indicating the
presence of soft material in the joints; these observations are discussed later.

3.3.2 Microscale structure
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Figure 3.4. Micro-computed tomography images of the hyoid apparatus of an acorn woodpecker, colored for clarity.
(a) Left lateral view segmented 3D models. A: paraglossal bone (yellow), B: basihyal bone (blue), C: ceratobranchial
bone (green), D: epibranchial bone (red), E: Saddle-shaped joint, F: Y-shaped joint, and G: Circular joint. (b)
Expanded view (dorsal, lateral and ventral) of the three joints showing that each has a distinct structure associated
with different articulations and functions.

The four main components of the hyoid bone are shown in Figure 3.4a (A-D) reconstructed
from the u-CT images and colorized for better visualization. At the interfaces of the four
components, there are three joints (E-G). The paraglossal bone (A in Figure 3.44, yellow) is in the
lingual apex, the basihyal bone (B in Figure 3.4a, blue) is in the lingual body, and the
ceratobranchial bone (C in Figure 3.4a, green) is near the lingual root. The epibranchial bone (D
in Figure 3.44, red), is connected to the ceratobranchial bone. The shape of the rostral part of the

paraglossal bone appears to have a saddle-like structure. It also has a small elliptical hole (0.5 x
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0.8 mm) in the caudal end. The hole in the paraglossal bone has been suggested as a pathway for
a gland that secretes a sticky mucous, which is used as a glue to capture insects (Figure 3.4b) [54].

In general, the structure of a joint determines the direction and distance of movement [142].
Joint E (Figure 3.4Db) is located between the paraglossal and basihyal bones. Bock [54] suggested
that this saddle-shaped joint maximizes rotational movement of the tip of the tongue with a wide
angle, allowing the paraglossal bone to move in various directions relative to the basihyal bone.
The basihyal bone is connected with a Y-shaped joint (F in Figure 3.4b) to the two ceratobranchial
bones. Each branch reaches the third joint (G in Figure 3.4b), which connects to the epibranchial
bone. The morphology of the Y-shaped joint (F in Figure 3.4b) suggests that it can facilitate
rotation in a single plane. The third joint (G in Figure 3.4b) appears circular, indicating that it may
be more movable compared to the joints E and F since it does not have axial constraints.

Comparing the joints of the hyoid apparatus to the well-studied joints in human anatomy
allows for better understanding of their articulation. The saddle-shaped joint (E) can be considered
as a biaxial joint, which in humans consists of articulating concave and convex surfaces [142].
Joint E has a similar shape to the human metacarpal joint, which is movable in two planes (sagittal
and frontal), suggesting the motion of joint E will be protraction and retraction along the sagittal
plane, allowing for circular movement. The Y-shaped joint (F) is similar to a uniaxial pivot joint
between the atlas vertebra in humans where motion is limited only to rotation in a single plane
[142]. The third circular joint (G) is similar to the hip joint in humans, allowing multi-axial
movement [142].

Figure 3.5a shows orthoslice images superimposed upon the reconstructed 3D model from
u-CT data of the hyoid bone along the long axis. The three joints are excluded because of their

complex structure and shape. The cross-sectional area was calculated for the solid bony parts.
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Figure 3.5b shows a plot of the cross-sectional area as a function of position. The plot represents

two types of measurements: the cross-sectional area of a single bone (solid-filled symbols) and the
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Figure 3.5. (a) Orthoslice images of the hyoid bone with reconstructed 3D models from micro-computed tomography
data. (b) Plot of the measured cross-sectional area at each location. (c) Transverse cross-sectional images at each
location showing the shape of hyoid bone along its length. Scale bar: 500 um.
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summed areas (empty symbols) that incorporate both segments of the ceratobranchial and
epibranchial branches. The measured cross-sectional area increases from the paraglossal bone (#1)
to the basihyal bone (#2-#3), then decreases through the basihyal bone (#4), ceratobranchial (#5-
#7) and epibranchial (#8-13) bones. The cross-sectional shape of the paraglossal bone (#1) is an
inverted isosceles triangle (in Figure 3.5a #1, yellow) but becomes more circular in the basihyal
bone (#2-#4, blue), which has largest cross-sectional area as a single bone. The ceratobranchial
bone is elliptical (#5-#7) and is roughly uniform in shape and cross-sectional area along its length,
with an aspect ratio of 2.50. The epibranchial bone has a flattened elliptical cross-section (#8 -#13)
with an elongated length up to 28 mm (Table 3.1). The rostral end of the epibranchial bone (#8)
has a larger cross-sectional area (1.87 x 10 mm? and aspect ratio 3.89) compared to the one on
the superior positions of the cranium (0.62 x 10 mm? and aspect ratio 1.70) (#13). These results
generally corroborate those of Bock [54] (Figure 3.1e), who found the bone gradually changes
from thick and less flattened at the rostral end to thin and flattened at the caudal end; however, in
the present work, the aspect ratio of the extreme end in the caudal direction (#13) is smaller than
the other two locations in the epibranchial bone.

Another interesting observation is that the two neighboring bones that are linked by a joint,
have similar cross-sectional areas. The caudal end of the basihyal bone (#4) and the summed area
of the rostral end of the ceratobranchial bones (#5) as well as the region between the caudal end of
the ceratobranchial bone (#7) and the rostral end of the epibranchial bone (#8) have similar cross-
sectional areas. These results suggest that the bone mass or cross-sectional area is maintained
through the joint. This is a new observation that suggests that stress discontinuities are prevented

across the various joints.
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Figure 3.6 shows SEM micrographs of the dorsal surface and cross-section of the lingual
apex with the corresponding EDS and FTIR spectra. Figure 3.6a is a photograph of the lingual
apex indicating the viewed locations in Figure 3.6b, c, e, and f. The lingual apex has barbed tips
(Figure 3.6b) and at higher magnification (Figure 3.6c) a scale-like structure is observed with
scale diameters between 30-40 um (white dotted lines). The EDS spectrum (Figure 3.6d) indicates
the presence of sulfur, phosphorus, and oxygen. Carbon and nitrogen peaks are not labeled and
excluded for quantification results due to the relatively high intensity of the carbon peak and low
intensity of the nitrogen peak compared to the other elements (S, P, O, and Ca). The chemical
composition (mainly P and S) is similar to that reported for the keratin in the woodpecker’s beak
[110]. This, coupled with the SEM images indicates that the lingual apex has a keratin outer sheath
that surrounds the paraglossal bone, as is found in other birds [141]. The cross-section of the
lingual apex (Figure 3.6e and f) shows that the lingual apex has two distinct layers: a keratin

sheath (K) at the surface and a central bone (PG, paraglossal bone) that has some surrounding void
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Figure 3.6. (a) Photograph of dissected hyoid apparatus highlighting the imaged locations on the lingual apex.
Scanning electron micrographs on the dorsal surface, (b) low magnification and (c) high magnification with the outline
of two keratin scales (white dotted lines), and (d) energy dispersive X-ray spectroscopy results. Scanning electron
micrographs on the cross-section, (e) low magnification and (f) high magnification. (g) Fourier transform infrared
spectrum of the polished sample near the region shown in (f). PG: paraglossal bone, K: keratin scales.

areas, likely generated by the dehydration process. The keratin sheath shows a layered structure
composed of scales (Figure 3.6f). The presence of S is due to S-containing cysteine groups found
in keratin. The presence of P in the keratin might be related to a strengthening effect, known as
phosphorylation, of the keratin filaments at the cellular level [143]. As shown in Figure 3.6g, FTIR
spectrum of the cross-section of the lingual apex exhibits a peak near 950 cm™, a known band for
phosphorylated proteins [144]. Also present are the typical peaks of keratin near 1600-1700 cm™
(amide 1), 1550 cm™* (amide 1), and 1200-1300 cm™ (amide I11) [144].

Figure 3.7a provides an overview of observed regions in Figure 3.7b-j. In Figure 3.7b and

c, a similar scale-like structure is observed on the lingual body. The EDS spectrum of the cross-
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section of the lingual body (Figure 3.7d) is similar to the lingual apex (Figure 3.6d), indicating
that it is keratin. As shown in Figure 3.7e, the longitudinal-section image of the lingual body
illustrates a similar structure to the cross-sectional structure of the lingual apex. Some bundles of
fibers are observed near the center part of the basihyal bone (Figure 3.7f and g). The fibers are ~
194 nm in diameter and > 10 um in length, comparable to mineralized collagen fibril bundles
found in the bony core of woodpecker’s beak [110]. Overall, the multilayered structure of the
lingual body is similar to the lingual apex. In the dorsal view, the shape and dimension of the
keratin scales in both the lingual apex and body have isotropic shapes, which are comparable to
the keratin scales on beaks of other birds [111, 112, 145], in contrast to the elongated scales found
on woodpecker beaks [110]. Figure 3.7h shows a SEM image and Figure 3.7i (from BH, basihyal
bone) and Figure 3.7j (from M, muscle tissues) show EDS spectra of the cross-sections of the
lingual body. In Figure 3.7h, the outer region is covered with the dermis (D) and epidermis (ED).
The ratio of calcium to phosphorus (Ca/P) is 1.56, which is lower than stoichiometric
hydroxyapatite (1.67) [146]. In the central region, there are four muscle tissues, a connective tissue
(CT) [141], and a bone core (BH, approximately 500 um in diameter). The EDS spectrum of the
basihyal bone (Figure 3.7i), obtained from the central region of the bone confirms the presence of
calcium, phosphorus, and oxygen. The average Ca/P of all hyoid bones was 1.50 £ 0.10. In
comparison, the average ratio of adult chicken cortical bone (1.73 [147]) and bovine femur (2.23-
2.31 [146]) are larger than in the hyoid bones. However, the Ca/P is within the range reported for
other animal bones [148]. The strength of synthetic hydroxyapatite increases with increasing Ca/P
ratios up to ~ 1.67, then decreases [149], which implies that the hyoid bones may not be as strong
or stiff as other skeletal bones. Because of the homogeneous distribution of the main mineral

elements (Ca and P), the effect of chemical composition on the mechanical properties is suggested
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to be minor compared to the effect of the microstructure, such as pore size and porosity. The EDS
spectrum of muscle tissues presents only phosphorus (muscles have a large amount of adenosine
triphosphates), without any sulfur or oxygen, as shown in Figure 3.7j. The absence of the oxygen
peak might be due to dehydration during the sample preparation. In summary, cross-sectional and
longitudinal-sections of SEM micrographs and EDS analysis show a multilayer structure with a
keratin sheath on the surface of the lingual apex and body and a central bony core in the lingual
body that is surrounded by soft tissue. Due to the similarity of the microstructure and chemical
composition between the lingual body, the lingual root and the hyoid horn, the latter two are not
presented here. TGA analysis found organic to mineral ratios of 0.84:1 for the lingual apex and
1.63:1 for the lingual body, indicating a higher density structure is found within the lingual apex

(where the tongue makes contact with trees and prey) as compared to the lingual body.
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Figure 3.7. (a) Photograph of dissected hyoid apparatus highlighting the imaged locations on the lingual body. (b-c)

Scanning electron micrographs and (d) energy dispersive X-ray spectroscopy results of the dorsal surface. Scanning
electron micrographs (e-g) on the longitudinal-section and (h) on the cross-section displaying four different muscles
(M) surrounding the basihyal bone (BH). (i-j) Energy dispersive X-ray spectroscopy results of the center of BH and

the muscles, respectively. CT: connective tissue, D: dermis.
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3.3.3 Nanoindentation
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Figure 3.8. Cross-sectional images of the basihyal (BH), ceratobranchial (CB), epibranchial (EB) bones: (a, c, €)
Optical micrographs (OM) of each bone, (b, d, f) back-scattered electron (BSE) micrographs with (g,h) the magnified
images of the CB bone, and (i, j, k), nanoindentation (modulus) maps overlaid on schematic illustrations of bone
regions. The indentation sites for each hyoid bone are shown in Figure 3.5a (BH: #4, CB: #6, and EB: #12). A color
scale shows the gradient in E from the highest value (35 GPa) in red to the lowest value in blue (0 GPa). In the
schematic illustrations (i, j, k), grey denotes the area of soft tissue/epoxy resin, white regions are the more stiff bone
and the dash-filled regions are the more compliant bone. The optical micrographs were acquired prior to
nanoindentation tests while the BSE micrographs (b, d, f) were obtained after the indentation tests. Note that BSE
micrographs are not sensitive enough to image small nanoindentation topography features (~ 400 nm). The cracks
appeared under the high vacuum condition in the scanning electron microscope and were not present during
nanoindentation.

The mechanical properties of different regions of bones were determined using
nanoindentation mapping (Figure 3.8, Figure 3.9, and Table 3.1). Optical micrographs of cross-
sections of the basihyal, ceratobranchial and epibranchial bones (Figure 3.8a, ¢ and e) highlight
two different bony regions. In Figure 3.8, the paraglossal bone has a triangle shape and large void
area in the center, which interfere the continuous nanoindentation mapping. We had to select and
discretize different areas to carry out the mapping and the E maps did not provide enough data
compared to the other samples shown in Figure 3.8. Therefore, we made a decision to exclude the
paraglossal bone and focus on the most representative results. The outer region between the white-

dotted and black-dotted lines has a brighter contrast than the inner region enclosed in the black-
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dotted line. BSE micrographs (Figure 3.8b, d and f) taken after nanoindentation and subsequent
dehydration show different microstructures in two regions in the magnified micrographs (Figure
3.8g and h). The outer regions have a higher density of elliptically shaped pores (3~9%) than the

inner region,
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Figure 3.9. Bar charts of (a) the Young’s modulus and (b) hardness of each bone. The solid-filled bars represent the
average value of the stiff bone region and the dash-filled bars represent the average value of the compliant bone region.
PG: paraglossal bone (yellow). BH: basihyal bone (blue). CB: ceratobranchial bone (green). EB-1 to EB-3:
epibranchial bone (red). The indentation sites for each hyoid bone are shown in Figure 3.5a (PG: #1, BH: #4, CB: #6,
EB-1: #8, EB-2: #10, and EB-3: #12). For both the one-way ANOVA and t-tests, comparisons where no statistically
significant difference was found are marked with an “ns” symbol.

each with a major axis ~7.50 pm and a minor axis ~2.30 um. The cracks in the BSE micrographs
were generated during dehydration in the vacuum chamber and are mainly distributed within the
inner/stiff bone.

Based on the contrast difference, schematic illustrations are shown with three simplified
features (Figure 3.8i, j and k): soft tissue/epoxy resin (gray), the light region between the black-
dotted outline and the white-dotted outline (black dashed) and the dark region inside of the black-
dotted outline (white). Nanoindentation mapping results distinguish two bone regions (termed
“stift” and “compliant”), which are overlaid on the illustrations. The cross-sectional areas for

indentation (basihyal, #4; ceratobranchial, #6; epibranchial, #12) are indicated in Figure 3.5a. The
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small pores (Figure 3.8h) have similar dimensions as osteocyte lacuna found in skeletal bird bones
(~ 10 um) [150, 151]. The inner regions are populated with larger, circular pores with diameters
of 8-20 um (Figure 3.8g). The larger pores have similar dimensions to vascular channels found in
skeletal bird bones (~ 25 um) [150, 151] but it is unclear if vascularization is present. When
considering energy absorbance, this porous and compliant bone can be considered to be a cellular
structural design element, which are found throughout nature and are known to be effective at
increasing energy absorbance [5].

The average E and H values, the standard deviation, and the number of indentation tests
for each specimen are listed in Table 3.1. The average E (and H) of each hyoid bone ranged from
~17 to 27 GPa (0.4 to 0.8 GPa) for the inner bone and from ~9 to 25 GPa (0.3 to 0.7 GPa) for the
outer bone (Figure 3.9a and b), indicating the bones consist of an outer, more compliant region
and an inner, more stiff region. According to statistical analyses using a t-test between the stiff and
compliant bones, the E values of the inner region are significantly higher (p < 0.05, Figure 3.9a)
than the outer region in all of the bones. The stiffer bone always has a higher average E when
compared to the compliant bone, ranging from a slight increase in the paraglossal bone to a twofold
increase in the epibranchial bone. Unlike E, a few of the comparisons between the stiff and
compliant bone for H were found to exhibit no statistically significant differences. However, these
cases (BH and EB-2) can be explained by the fact that H is dependent upon not only elastic
deformation (as is the case for E), but also plastic deformation, which is generally considered to
be more variable. These bone structures are unlike most other bone, where a dense outer sheath
surrounds a less dense core, such as with mammalian skeletal bones. It is unclear what, if any,
mechanical advantage this arrangement has in the hyoid bones. However, it can be speculated that

a more compliant shell could protect the stiffer, more brittle core.
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From Figure 3.8b, d and f, the average pore size (major axis, a, and minor axis, b) in the
compliant bone is larger in the epibranchial (a = 7.50 um and b = 2.30 um) compared to the
basihyal (a = 6.30 um and b = 2.90 pum) or ceratobranchial (a = 5.50 um and b = 2.00 um) bones,
which reduces the average E. Among the hyoid bones, the paraglossal bone had the highest E and
H values, up to three times greater than the epibranchial bone for both the stiff and compliant
regions, which corroborates the p-CT results in Figure 3.3 that show a higher mineral density at
the rostral position. The E values of the basihyal and ceratobranchial bones as well as the rostral
end (EB-1) and midsection (EB-2) of the epibranchial bones are not significantly different (labeled
as ‘ns’ in Figure 3.9a) for both stiff and compliant regions. In the epibranchial bone, EB-3 has a
significantly lower E value than EB-1 and EB-2, as well as the other bones.

Previously reported values of Young’s modulus obtained from tensile tests of the hyoid
apparatus near the first joint were 1.3 GPa [117], which show a large deviation from the present
result on the basihyal bone. The main reason for this discrepancy is that, in the previous work,
tests were conducted on specimens that included the joints (with soft tissues), which would
significantly reduce the measured modulus. Other test locations on the two positions of the
epibranchial bone (E ~ 1.7 to 3.7 GPa) [117], showed a similar discrepancy in E to the present
study. This discrepancy might be due to the difference in testing methods (tensile test, indentation
test), the proportion of hard and soft tissues as well as different levels of hydration in specimens.
It is well known that nanoindentation results on dehydrated samples may result in an increase of
up to 20% of Young’s modulus and hardness when compared to hydrated samples [152]. To
perform nanoindentation, however, the samples must be polished to a mirror finish, therefore they
must be dehydrated first. Nanoindentation on dehydrated samples is a common technique to

investigate the mechanical properties of bone [153, 154] and biological materials [50].
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For comparison (Table 3.1), E and H values for bovine femur cortical bone measured by
nanoindentation methods are 24.4 GPa and 0.68 GPa, respectively [152]. The E and H of bird wing
bones are 27.8 GPa (bending and tension) [155] and 0.55 GPa (Vickers hardness) [151],
respectively. The E and H of beak bones from a woodpecker are 30.2 GPa and 1.16 GPa
(nanoindentation), respectively [110]. In comparison with the above, the E and H of the hyoid
bones are close to the values of the bird skeletal bones. The E and H values depend on structural
features, such as porosity and proportion of organic materials [118, 156]. Since there are no
reported mechanical properties for the other bird hyoid bones, further comparative analysis cannot

be made.
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3.4 Structure-Mechanical Properties Relationship
Structural shape is an important factor in the bending resistance, EI, where 1 is the second
moment of area [110, 157]. Along the length of the hyoid bones, the term (I) changes along with

the observed shapes: triangular, to circular, and finally to elliptical:

3.5

Itriangle = %atb? (3.5)
s

Leircle = Zag (3.6)

Iellipse = Zaebg (3.7)

where a: = base and bt = height for the triangle, ac = radius for the circle and a. = major
axis and be = minor axis for the ellipse. From Eqgns. (3.5)-(3.7), | varies along the length, from the
triangular paraglossal (3.19 x 10 mm#) through the circular basihyal (14.7 x 102 mm?) to the
elliptical ceratobranchial (0.75 x 10" mm*) and epibranchial (0.01 —0.50 x 10" mm*) bones (Table
3.1).

Because the bones consist of two regions with different Young’s moduli, a volume fraction
rule-of-mixtures was used to calculate the bending resistance of each bone (stiff and compliant
regions) [158]. For simplicity, it was assumed that the diameter of each bone was the same along
its length, so the area fraction (A) was used instead of the volume fraction. The area fractions of
the stiff (Asirr) and compliant (Acompiiant) bone regions were measured from the cross-sectional
images of optical micrographs (Table 3.1). Asiff is ~0.2 in the paraglossal and basihyal bones, ~0.5
in the ceratobranchial bone and 0.2-0.3 in the epibranchial bones. The composite Young’s modulus
(Ec) is given as:

Ec = EstiffAstiff + EcompliantAcompliant (38)
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As shown in Table 3.1, the bending resistance of the composite bone (Ecl) increases from the
paraglossal bone to a maximum in the basihyal bone (25.12 x 108 N m?). It then greatly decreases
through the ceratobranchial to a minimum at the caudal end of the epibranchial bones (0.01 x 108
N m?). The hyoid bones can be modeled as a flat spiral spring, where the angular deflection is
proportional to (Ecl)™. This indicates that the epibranchial bones can undergo substantial deflection
compared to the paraglossal and basihyal bones; the latter need sufficient stiffness for excavating
insects from trees. Since the flat spiral spring is used to store elastic energy [159], this shape is
possibly related to previous statements of Oda et al. [132] and Zhou et al. [117] that the hyoid

bones play a role as a shock-absorber or a damper during pecking.
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3.5 Conclusions

Macro- and micro-structural analysis of acorn woodpecker’s (Melanerpes formicivorus)
hyoid apparatus and hyoid bones were investigated by a multiscale structural analysis and
mechanical property evaluation. The main findings are:

. The first hyoid bone/joint 3D model was successfully developed using micro-computed
tomography image analysis and used for quantitative analysis of cross-sectional area and shape
change of the hyoid bones along their lengths.

. Scanning electron microscopy and energy dispersive X-ray spectroscopy on the lingual
apex and body reveal a multilayered structure with a keratin sheath on the lingual apex and body
and a central bony core in the lingual body.

. Electron energy dispersive X-ray analysis showed that Ca/P ratio of all hyoid bones
averaged 1.5, a slightly lower ratio than for skeletal bird bones (1.7) [147].

. Nanoindentation results show that all hyoid bone cross-sections consist of a dense/stiff
interior region surrounded by a porous/compliant region. This compliant region may be effective
at dissipating energy in the hyoid bones during pecking.

. For the Young’s modulus, the paraglossal bone has the highest value, comparable to the
inner bony part of the beak. The basihyal and ceratobranchial bones have similar values, but are
lower compared to the paraglossal bone. The epibranchial bone exhibited properties that varied
from the highest at the rostral to the lowest at the caudal.

Chapter 3, in full, is a reprint of the material as it appears in Acta Biomaterilia. Jae-Young

Jung, Steven Naleway, Nicholas Yaraghi, Steven Hererra, Vincent Sherman, Eric Bushong, Mark

Ellisman, David Kisailus, and Joanna McKittrick, 2016. The dissertation author was the primary

investigator and author of this paper.
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CHAPTER 4: A COMPARATIVE ANALYSIS OF THE AVIAN SKULL:
WOODPECKERS AND CHICKENS
4.1 Introduction

Woodpeckers use their beaks as a hammering tool without sustaining any reported
traumatic brain injury or concussion during pecking [30, 129]. The hammering rates are up to 20
Hz with impact speeds ranging from 1 to 7 m/s, and deceleration up to 1,200 g [30]. There have
been several attempts to reveal the key elements of the successful utilization of their beaks and
heads as excavating tools. It has been pointed out that woodpeckers have strong neck muscles
[129], zygodactyl feet (two toes pointing forwards and two pointing backwards) [30, 160], a large
portion of spongy bone on the skull with relatively little cerebrospinal fluid [129], and the hyoid
apparatus and its internal bone (hyoid bone) [54, 116, 117, 119, 132, 133], identified as a highly-
elongated and unusual structure only found in woodpeckers and hummingbirds. In contrast,
chickens do not hammer against trees to sustain their diet; they use their upper and lower beaks to
pick up food from the ground [110], and possess a short hyoid apparatus [125]. A study conducted
by Mehdizadeh et al. [161] evaluated the biomechanics of the head and beak motion of broiler
chickens (Gallus gallus domesticus) during feeding; an image analysis was used to identify head’s
movement and concluded that chickens do not peck against the ground or other heavy objects in
the way that woodpeckers do. Given these diverging pecking habits, a comparative study of the
heads of woodpeckers and chickens can be an insightful approach towards identifying the
anatomical features that provide woodpecker’s remarkable resistance to dynamic impacts.

To better explain the concept of energy dissipation in the woodpecker’s head during
hammering, the head’s anatomy and mechanical properties need to be understood in detail. Lee et

al. [110] reported a reduced elastic modulus of 8.7 GPa for the lower rhamphotheca (a keratinized

61



outer sheath mainly composed of B-keratin [45]) of a red-bellied woodpecker (Melanerpes
carolinus) obtained from nanoindentation tests. Wang et al. [119] reported, using a 3D finite
element analysis, that woodpeckers have a longer lower beak bone (1.2 mm difference) than the
upper one, so that the first impact occurs at the lower beak bone. Zhu et al. [162] reported that the
Young’s moduli in the skull showed a lower value (4 ~ 9 GPa) than those of beak bones (~ 30 GPa
[110]). The aforementioned datasets of the woodpecker skull bones are valuable resources to
investigate and mimic the impact-resistant structures/materials found in nature and can be used as
a template for a biomimic approach to develop new materials. However, the previous data were
collected from only two species (i.e., a red-bellied woodpecker and a great-spotted woodpecker),
and showed a broad range of the Young’s moduli from 0.31 GPa [114, 119, 130] to 6.6 GPa [123].
Another dataset from a different species (an acorn woodpecker in this manuscript) can be a
valuable addition to the field of biomechanics. Other factors, such as chemical composition, degree
of mineralization or calcification and porosity, have not been discussed in detail. Such variations
in terms of mechanical properties highlight the necessity to expand our knowledge of the
woodpecker’s head anatomical features at different length scales. The head of a chicken provides
a good reference to study the woodpecker head, the anatomy of the head of chickens has been well
studied; there are many sources of scientific papers about its anatomy [163, 164] and open-source
electronic 2D/3D imaging data [165]. In addition, the biomechanics of the pecking behavior of the
chicken has been well studied [161, 166, 167] compared to other birds. In order to find food, both
species peck, but against the different substrates (i.e., trees vs. dirt on ground), implying their
structural designs and materials can be altered. This biomechanical data is useful to our
biomechanics approach as it provides a direct comparison with respect to the shape of the bills,

the structural components of the head, and pecking motion. Finally, the microstructural features
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and chemical composition of the chicken skeleton can be found in the literature. Structural
properties of the head (beak bone, skull bone) have been reported by Lee et al. [110], who
determined that the chicken beak bone had a porosity of ~42%, while the beak bone of
woodpeckers had a porosity of ~10%, which is comparable to other structural biological materials,
such as non-mineralized materials (i.e., a 3 % of porosity in horse hoof and a 6% in rhino horn)
and mineralized materials (i.e., a 5% of porosity in compact bovine femur bone and a 12% in
human dentin) [4]. Thus, chickens provide a reasonable control based on extensive microstructural
data, biomechanical analyses of their pecking habits, and material characterization data of the head.

We hypothesize that the differences in pecking behavior can be seen in the anatomy and
mechanics of these two species. To confirm the proposed hypothesis, this study aims to identify
the anatomical structure, as well as the mechanical/chemical properties of woodpecker skull bones.
As a control group of non-pecking avian species, a domestic chicken was chosen and compared to
highlight anatomical differences with woodpeckers. Characterization of mechanical and chemical
properties of the skull bone for both species intends to further define the structure-properties
relationships in avian bones and the effects that pecking behavior has on these relationships.
4.2 Materials and Methods
4.2.1 Sample collection and preparation

This study was conducted under the approval of an animal care and use program by the
Institutional Animal Care and Use Committee (IACUC) at the University of California, San Diego
(Tissue Permit Number: T14068).

An adult acorn woodpecker (Melanerpes formicivorus) was donated after death from a
Northern California ranch. The bird was immediately frozen in a freezer at -20°C, and kept as such

during transport to the lab. The woodpecker specimen, stored at -20°C, was gradually thawed at
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room temperature for 30 min prior to testing. All tests were performed under ambient conditions
(25°C, 60% relative humidity). Additionally, a dried chicken skull (Gallus gallus), prepared for
taxidermy purposes (using Dermestidae, known as flesh eating beetles) without whitening and de-
greasing [168], was purchased from an online vendor (Atlantic Coral Enterprise, Inc.). There were
no chemical and heat treatments on the sample prior to our study.

4.2.2 Micro-computed tomography (u-CT)

The acorn woodpecker was scanned by p-CT (SkyScan 1076, Bruker microCT, Kontich,
Belgium) with a rotation step of 0.79 a 100 kV acceleration voltage, and an isotropic voxel size of
9.06 um. Raw data of a domestic chicken were obtained from digimorph.org [165], operated by
the High-Resolution X-ray CT Facility at the University of Texas, Austin. The chicken skull was
scanned at 200 kV with an isotropic voxel size of 77.6 um. Each skull bone was visualized and
analyzed using Amira software (FEI Visualization Sciences Group, Burlington, MA) for
visualization and a 3D rendering with mineral density color scaling.

u-CT scans of the chicken and woodpecker were analyzed to compare the average
thicknesses of cortical (T¢) and trabecular (Tb) bones. ImageJ software (National Institutes of
Health, Bethesda, MD) and its open source plugin, BoneJ [169], were used for 2D bone
morphometric analysis.

CTan software (Bruker MicroCT, Kontich, Belgium) was used for 2D and 3D bone
morphometric analysis to select the range of the start and end slices based on the 3D image to
include only the skull bone part. A series of binarized images with a certain range of threshold
values was reconstructed and saved prior to the bone morphometric analysis [170]. The segmented
images corresponding to the skull region were isolated to estimate the total volume of the skull

bone (V;) and brain (V}), the whole head volume (V,, = V; + V), the ratio of the skull bone volume
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to the whole head volume (V;/V,,), and the ratio of the average cortical thickness to the whole head
volume (T¢/V,,). For a simplified comparative analysis, the effects of other soft tissues, such as
muscles, cerebrospinal fluids, and eyes, were not considered in this analysis.

To calculate porosity in a specific volume of interest (VOI), the standardized terminology
was adapted from the American Society for Bone and Mineral Research (ASBMR) for bone
histomorphometry [171]. Specifically, the tissue volume (TV) is defined as the volume of selected
VOlI, and is the sum of the bone tissue (bone volume) and void volume area (pores) [171]. The
bone volume (BV) is defined as the volume of binarized objects within the VOI, where is a bright
contrast region of the bone tissue [171]. The ratio of the bone volume to tissue volume (BV/TV)
is derived from above two definitions. Then, the closed, open, and total porosities were calculated
in the same VOI. Here, a closed pore in 3D is defined as a connected assemblage of space (black)
voxels that is fully surrounded on all sides in 3D by solid (white) voxels in a segmented binary
image, while an open pore is defined as any space located within a solid object or between solid
objects, which has any connection in 3D to the space outside the object [69, 170-172]. A benefit
of binarized 3D image morphometric analysis is that the software successfully recognized the
closed and open cells, unlike the 2D image analysis, which cannot distinguish between closed and
open cells because of limited geometrical information.

4.2.3 Microstructure and chemical composition

The chicken and woodpecker skulls were analyzed by scanning electron microscopy (SEM)
and X-ray energy dispersive spectroscopy (EDS) to characterize the microstructural features and
chemical composition. Although the EDS analysis has some limitations based on its low
spatial/volumetric accuracy compared to other surface characterization techniques (e.g., X-ray

photoelectron spectroscopy or inductively coupled plasma with mass spectroscopy and/or atomic
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emission spectroscopy), it provides site-specific elemental composition at the micron scale, which
cannot be obtained by the latter techniques. A typical X-ray interaction volume provided by EDS
is on the order of a few cubic microns while the length scale of microstructures investigated in this
manuscript ranged over at least 50~100 um, and the accuracy of 1 um as the spatial resolution is
small enough. Regarding the energy resolution, another set of EDS data for the chicken and
woodpecker skull bones were previously reported (i.e., Lee et al. [110] by using the same technique.

To obtain accurate characterization data and remove artifacts generated by surface
topology, an identical sample preparation procedure was used as in our previous study [173]; Here,
embedded samples in epoxy were cut into smaller pieces along the transverse cross-section (which
exposes both rostral and caudal sides at the body center) and subsequently polished on one side
initially using a set of SiC abrasive papers followed by a 50 nm alumina slurry.
4.2.4 Mechanical characterization by nanoindentation

Elastic moduli were acquired by nanoindentation (TI 950 Tribolndenter, Hysitron,
Minneapolis, MN) with a diamond cube corner tip on polished transverse cross-sectional pieces of
a chicken and an acorn woodpecker skull bone. Multiple indentations (N=10 at each location) were
carried out with displacement controlled indents to a maximum depth of a 500 nm. The detailed
procedure is identical to our previous study [173]. A paired sample t-test was used to compare
statistically significant differences of the Young’s moduli between the two different bone regions
for each skull bone. The criterion for statistical significance was chosen as p < 0.05.
4.3 Results and Discussions
4.3.1 Macroscale structure

The lateral view pu-CT image of the woodpecker head structure is presented in Figure 4.1a.

The upper and lower beaks of rhamphotheca are illustrated with a gray contrast while the upper
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and lower beak bones are visualized with a bright white contrast. This indicates the difference of
X-ray intensities between the two materials. The hyoid bone and skull bones were observed with
a white contrast. For a better visualization, a magnified and transparent 3D u-CT image of the
upper and lower beaks (shown in a white dot box in Figure 4.1a, including both the rhamphotheca
and bones) is reconstructed, as shown in Figure 4.1b. The difference in length between the upper
beak rhamphotheca (light blue) and the lower beak rhamphotheca (yellow) is 0.5 mm (shorter than
the previous report by Wang et al. [119]). The bones of the upper beak (red) and the lower beak
(green) are also shown. The beak rhamphotheca sheath fully covers the upper and lower beak
bones, and the upper beak bone is directly connected to the skull bone (as indicated by the yellow
arrow, Figure 4.1a). These two different materials/structures and the link between the upper beak
bone and the skull bone are critical for initial energy dissipation with subsequent residual stress
propagated to the skull bone.

Figure 4.2 shows the anatomies of the skull bone structures for a chicken and an acorn
woodpecker based on reconstructions from micro-computed tomography. Figure 4.2a shows the
structure of a domestic chicken including the upper and lower beak, frontal, parietal, and jugal
bones. The color scale represents the gradation of mineral density (i.e., blue (low density) to red
(high density). In general, the lower beak bone of avian species is separated from other bones in
the skull, it is only connected to the skull by ligament tissues, as described earlier [174]. The
mineral density distribution of the chicken skull bone is quite interesting: the upper and lower beak
bones generally have a higher mineral density than the skull; however, the density of the parietal
bone seems to be particularly dense, higher or similar to that of the upper and lower beak bones
(as shown in Figure 4.2a). Other skull bones (the entire frontal bone and some parts of the parietal

bone) appear to have a lower density based on the u-CT scan data. Because the X-ray intensity

67



(a) Hyoid bone _ Skull bone

Upper beak Upper beak
rhamphotheca

Lower beak

rhamphotheca bohe

Hyoid bone

(b) Upper beak
Upper beak bone
rhamphotheca /

0.5mm / Lower beak
Lower beak bone
rhamphotheca

Figure 4.1. Head anatomy of an acorn woodpecker (Melanerpes formicivorus) from micro-computed tomography. (a)
Sagittal-section view and (b) a transparent three-dimensional reconstructed image of the upper and lower beaks (light
blue: the upper beak rhamphotheca, yellow: the lower beak rhamphotheca, red: the upper beak bone, and green: the
lower beak bone).

scale of Figure 4.2a and b cannot be normalized due to the lack of use of a standardized material
(i.e., imaging phantom) during scanning, only the relative comparison of mineral distribution
between the two models is possible. From Figure 4.2, we can estimate which regions may have
more mineralized or denser regions, in advance, before selecting the ones that need to be
investigated and cut as representative units. Using this insight from the CT-scans, we chose and

measured mechanical properties at each selected region. Therefore, the different color distribution
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Figure 4.2. Skull bone structures in (a) domestic chicken (Gallus gallus) adapted from [165] and (b) acorn woodpecker
(Melanerpes formicivorus) adapted from [173]. A dorsal (top), lateral (middle), and ventral (bottom) view
reconstructed from micro-computed tomography. Note that X-ray intensity scale is not same between (a) and (b)
because of the different scanning conditions, therefore, only a qualitative comparison in each species is possible.

for each species (Figure 4.2) is a good indication of different mechanical properties or structural
properties as a non-destructive selection tool.

Generally, the anatomy of the woodpecker skull bone is rather similar to that of the chicken
but the mineral density distribution is distinct from the chicken skull; the density is relatively
homogeneous on the entire skull bone in the lateral view of u-CT image (as shown in Figure 4.2b,
the dorsal view (the middle) image shows no color variation on the skull bone) and is much lower
than the upper and lower beak bone densities, as reported by our previous study [173].

4.3.2 Microscale structure
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Figure 4.3 shows a comparison of transverse cross-sections of a chicken and an acorn
woodpecker on the frontal and the parietal bones. In Figure 4.3a, the frontal bone of the chicken
presents a rounded T-shape for the cortical bone with a large portion of trabecular bone inside. The
parietal bone shows bold lines of cortical bone at the edge, and a large portion of trabecular bone
inside the cortical bone. Compared with the chicken frontal bone, the cross-sectional view of the
woodpecker (Figure 4.3b) has a sharp, triangular shape, and shows much smaller trabecular and
cortical bone thicknesses. Table 4.1 summarizes the u-CT analytical data for each skull bone.
Gibson [121] discussed the scaling effect since woodpeckers have smaller brains than humans,
with the smaller brain being advantageous. The chicken showed a larger (76%) total volume of the
skull bone (V%) than the woodpecker. The ratio of the skull bone volume to the head volume (V./V;,)
of the chicken was 42% larger (0.75) compared to the woodpecker (0.57), indicating that the skull

bone volume might be minimized to reduce mass in the latter.

(a) Domestic Chicken (b) Acorn Woodpecker
\_(‘J_l’ 4 —
Frontal Parietal Frontal Parietal
bone bone bone bone

u-CT

Scheme

| i
L L \ ;
Figure 4.3. comparison of transverse-cross section view of the skull bone structures in (a) domestic chicken and (b)
acorn woodpecker. The frontal bone (left) and the parietal bone (right). The bone morphometry quantification data is
given in Table 4.1. The quantification was done at the indicated white rectangle regions on each image. In the scheme,
yellow lines represent the region of cortical thickness calculation, while green area represents the region of trabecular
thickness calculation.

70



The average trabecular thickness (Ty) of the chicken frontal and parietal bone was larger
than the woodpecker due to not only the general scaling effect but also to its lack of flight. The
difference in Ty, between the frontal and parietal bones is small for both species, indicating the
trabecular structure remained: 1) as thin as possible close to minimize the weight even in the non-
flying species, and 2) thick enough to support the surrounding cortical bones to act as a structural
reinforcement. The average cortical thickness (T¢) shows that the chicken frontal and parietal
bones are much thicker than the woodpecker; however, the ratio of the average cortical thickness
to the whole head volume (T./V,,) of the woodpecker was 57 ~ 64 % higher than the chicken.
Compared to trabecular bone, cortical bone consists of a dense and highly mineralized material
(i.e., an organic template of collagen mixed with hydroxyapatite, an inorganic mineral) with a
multiscale hierarchical structure (i.e., osteon) [4, 13]. Despite its high stiffness, it can also have a
good toughness (energy dissipation) thanks to multiple crack-arresting mechanisms [13, 69, 175].
This indicates that the woodpecker skull bones have relatively larger portions of cortical bone than
the chicken, which might be helpful to prevent severe damage from impact, providing additional
stiffness and energy dissipation.

A bone morphometric analysis was performed to calculate the closed porosity, the tissue
volume (TV) and the bone volume (BV). The ratio of the bone volume and tissue volume (BV/TV)
of the chicken is two times higher than that for the woodpecker. The calculated porosity varied for
each bone, as shown in Table 4.1. The total porosity can be expressed by [176]:

Pp
—_— 1 f—
> (1-9) (4.1)

where ¢ is a total porosity (volume fraction), p,, and p, are the density of the porous and

dense material, respectively. If the relative density (p,/p4) in the cellular structures is < 0.3, it can

71



be considered as an open cell structure with the definition of the relative stiffness (or relative
modulus) [33]:
I8 ("—P) “2)
E4 Pa
where n is a power exponent ranging from 1 to 3 (related to the stiffness of the material;
close to 1 for non-mineralized materials and 3 for highly mineralized materials), while E}, and E,;
are the Young’s moduli of the porous and dense material. If the relative density is > 0.3, it can be
described as a closed-cell structure and the relative stiffness can be defined by the following

equation [176]:

Ep 5> (Pp n (1 - V)pp Po(l B va)
E, (E) T T3 Py (4.3)
«(1- %)

where y is the fraction of solid in the closed cell edges, v, is the measured Poisson’s ratio

and P, is the gas pressure in the closed pores. The relative densities of the frontal and parietal
bones of the chicken and woodpecker are measured following Egn. (4.1) and the results are
summarized in Table 4.1. According to Eqn. (4.1), the frontal bones of both species are considered
as closed-cell, and therefore follow Eqgn. (4.3), while the parietal bones of both species can be
considered as open-cell and follow Eqgn. (4.2). According to Eqgn. (4.3), a higher closed porosity
causes an increased relative modulus due to the cellular densification as a combination effect of
cell-wall bending (resulting in enhanced cell-wall stiffness due to their connectivity) and cell-wall
buckling/fracture (resulting in edge contraction and membrane stretching as well as enclosed gas
pressure) [176, 177]. This increased modulus can be applied to the chicken and woodpecker frontal
bones; however, the closed porosity of the woodpecker frontal bone (~21%) is much higher than

the chicken (~5%). Thus, the relative modulus of the woodpecker frontal bone is more affected by
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the amount of the closed pores than the chicken frontal bone because numerous enveloped
chambers in the closed pores play a role as pressure vessels. In contrast, for the open-cell of the
parietal bones , the degree of mineralization and the total (open) porosity are the only dominant
variables to determine its relative stiffness because the relative modulus of the open cell is not
affected by other variables [176], implying chemical composition as followed by the degree of

mineralization plays more important role in the open-cell foam structure.
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4.3.3 Microstructure and chemical composition

(a) Domestic Chicken (b) Acorn Woodpecker
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Figure 4.4. Optical and back-scattered scanning electron micrographs of transverse-cross section view of the skull
bone structure in (a) domestic chicken and (b) acorn woodpecker. The white rectangles represent the area of higher
magnification micrographs of back-scattered scanning electron micrographs. The red cross-hairs represents where the
energy-dispersive X-ray spectra were obtained and analyzed.

Zhu et al. [162] reported that the Young’s moduli of woodpecker skull bones ranged from
4 to 9 GPa and varied according to location. This is likely to be due to underlying chemical and
structural differences in specific regions of the skull bone, involving different calcium contents or
varying degrees of mineralization within each region. To confirm this, optical and scanning
electron micrographs were used to show the bone structure in both chickens and woodpeckers
(Figure 4.4). For the chicken frontal bone, an optical micrograph in Figure 4.4a shows the white
colored trabecular bone inside. The upper right part of the image shows the cortical bone and the
rectangle box indicates the area of higher magnification of a BSE micrograph. For the chicken
parietal bone, an optical micrograph shows similar structure to the frontal bone but the higher
magnification BSE image (white rectangle box area in the OM image) shows numerous small

pores (~ 35 um in diameter) in the trabecular network. These small pores corroborate the previous
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u-CT results that the parietal bone of chickens shows the highest closed porosity. The frontal and
parietal bone of the woodpecker show much fewer closed pore spaces, as shown Figure 4.4b. An
optical micrograph shows two circular, large spaces (dark contrast), which are surrounded by the
cortical and trabecular bone (gray). It appears that closed pore spaces in 2D but the pores are
categorized as open because of their connectivity in the 3D analysis. The higher magnification
BSE micrograph also shows several larger and smaller circular spaces around the bones. Each
cross-section shows the location where the EDS spectrum was acquired. EDS quantification shows
differences in mineral content: calcium to phosphorus ratios (Ca/P ratio) of the chicken are 1.40
in the frontal bone and 1.45 in the parietal bone (Ca/P for hydroxyapatite is 1.67), whereas the
Ca/P ratios of the woodpecker are higher: 1.69 in the frontal bone and 1.64 in the parietal bone.
The semi-quantified values of nitrogen (N) contents, which usually come from organic materials,
show relatively higher values (9~12 At. %) in the chicken skull bone than in the woodpecker skull
bone (7~11 At. %). Conversely, larger gaps in both calcium (Ca, 14~16 At. % in chickens and
23~27 At. % in woodpeckers) and carbon content (C, 15~20 At. % in woodpeckers and 27~32
At. % in chickens) are found between the two species. The levels of oxygen (O, 32~36 At. %) and
phosphorus (P, 10~14 At. %) content remain consistent overall. The presence of carbon is likely
from either carbonated calcium phosphate or organic materials. Although the apatitic bones of
mammals can be substituted with carbonate ions, it is minimal [13]. Thus, those higher C contents
in chickens are more likely due to the higher content of organic materials (i.e., collagen type 1 or
other proteins). This implies that the woodpecker skull bone has a higher Ca/P ratio and possibly
higher stiffness, when compared to the chicken. The higher Ca/P in the woodpecker might affect
the work of fracture and/or toughness; however, the correlation between the microstructure and

chemical composition implies that there is a tradeoff: the chicken has a large difference in the
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amount of closed porosity between the frontal and parietal bone, while woodpeckers show similar
level of closed porosity for both bones. To confirm this interpretation, the mechanical properties
need to be evaluated at the same locations.
4.3.4 Mechanical properties

As shown in Figure 4.2, the discrepancy of the X-ray contrast of the skull bone between
chickens and woodpeckers might imply a difference of the mechanical properties for each location.
The Young’s moduli of the transverse cross-sections of the chicken and the woodpecker skull
bones were measured by a nanoindentation method; results are presented in Figure 4.5. In the
chicken, the frontal bone (7.3 GPa) has a slightly lower Young’s modulus than the parietal bone
(9.7 GPa) but this difference is not statistically significant (p = 0.21). The woodpecker has a higher
modulus in the frontal bone (11.0 GPa) compared to the parietal bone (8.3 GPa) (p < 0.002). The
frontal bone of the woodpecker has a higher Young’s modulus than that of the chicken (p < 0.020)
and the parietal bone of the chickens has a higher Young’s modulus than that of the woodpecker

(p < 0.026).
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For the woodpecker, the higher modulus of the frontal bone, compared to parietal bone,
might be due to a higher Ca/P ratio, which affects the density of the calcium phosphate mineral
compounds (i.e., monobasic calcium phosphate monohydrate shows a 0.5 molar ratio of Ca/P and
2.22 glcm?® of density, while a 1.67 of Ca/P ratio and a 3.155 g/cm? of density for hydroxyapatite)
[178]. For the chicken, the parietal bone showed a higher Ca/P than the frontal bone, resulting in
a higher elastic modulus. However, the measured elastic modulus is not statistically different;
therefore, the effect of the mechanical property mismatch is not significant in the chicken skull
bones. In contrast, the measured Young’s moduli of the frontal bone of woodpeckers are
statistically larger than the parietal bone; thus, indicating that the frontal bone of woodpeckers has
adapted with a stiffer and thicker cortical bone, while the parietal bone shows a more compliant
and thinner cortical bone. This mismatch of the Young’s moduli between the frontal and parietal

bones is beneficial to mitigate the propagated impact force/pressure through the skull bone.
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4.4 Conclusions

This study provides structural, chemical, and mechanical properties towards understanding
the impact-resistance of the woodpecker skull. The differences between the skull bones of a
chicken and an acorn woodpecker were evaluated. Characterization of structural and chemical
properties was performed using optical microscopy, scanning electron microscopy with energy
dispersive X-ray spectroscopy, and micro-computed tomography (u-CT). A bone morphometric
analysis was carried out to obtain a relative size of the whole head and brain volume with its ratio,
a tissue and bone volume and its ratio, and a closed porosity in the selected volume of interest.
Mechanical properties of the frontal and parietal bone were obtained from nanoindentation in both
species. The main findings are summarized in Figure 4.6 and described as below:

. The general anatomy of the skull between the chicken and woodpecker is similar but the
mineral density distribution is different: the woodpecker shows an even distribution, while the
chicken shows variation.

. Variations of mechanical/chemical/structural differences between the frontal and parietal
bone are observed. Compared to the chicken, the woodpecker shows:

- auniform level of closed porosity (20 ~ 27%), which affects the relative moduli mainly
governed by the closed-cell foam structure,

- the same solid cell type: a closed-cell type in the frontal bone and an open-cell type in
the parietal bone,

- ahigher Ca/P ratio (1.64 ~ 1.69),

- ahigher Young’s modulus (8.3 ~ 11.0 GPa) than the ones determined for chicken (7.3

~ 9.7 GPa), based on the experimental nanoindentation measurements.
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. For the chicken, the mismatch of cell type between the frontal bone as a closed-cell and
the parietal bone as an open-cell results in minimizing the relative modulus in both bones, implying
the chicken is not as specialized as the woodpecker skull bone.

. These experimental findings will be useful for further dynamic mechanical simulation or
mechanical analyses.

Chapter 4, in full, is a reprint of the material as it appears in Journal of the Mechanical
Behavior of Biomedical Materials. Jae-Young Jung, Andrei Pissarenko, Nicholas Yaraghi, Steven
Naleway, David Kisailus, Marc Meyers, and Joanna McKittrick, 2018. The dissertation author was

the primary investigator and author of this paper.
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Table 4.1. Two- and three- dimensional bone morphometry results in a chicken and woodpecker. Note that the brain
weight is the median value of its average range taken from [179]. The measured values were presented as the mean
with a standard deviation (S.D.).

Parameter Chicken Woodpecker
. Frontal Parietal Frontal Parietal
Location
bone bone bone bone
Total volume of the skull bone in 3D 13,527 mm? 3.230 mm?
model (1)
Brain volume (V},) in 3D, 3 3
i . 4,567 mm? (or 4.75 g) 2,403 mm* (or 2.5 Q)
based on the density of the human brain . -
(1,040 kg/m® [132]) (Galliformes [179]) (Piciformes [179])
Whole head volume in 3D
18,094 mm?3 5,633 mm?®
Vw = Vs + Vp)
Ratio of the skull bone volume to the
whole head volume in 3D (V,/V,,) 0.75 0.57
Average trabecular thickness in 2D . . . +
(To, um) (S.D.) 95 (+27) | 82(x20) 51 (x7) 54 (£ 5)
Average cortical thickness in 2D . . . +
(Te. um) (S.D.) 166 (= 5) 76 (+ 3) 81(x2) 41 (£ 1)
Ratio of the average cortical thickness
to the whole head volume 0.92 0.42 1.43 0.73
(T./V,,, x 10° mm™2)
Tissue volume (TV, x 10 um?®) 8.73 3.60
Bone volume (BV, x 102 um?3) 2.50 0.52
Bone volume / tissue volume
(BVITV, %) 28.6 144
Closed porosity (%) in 3D 4.9 77.1 20.5 27.2
Open porosity (%) in 2D 57.5 3.0 61.3 87.5
Total porosity (%) in 2D 59.6 77.8 69.3 90.9
Relative density 0.404 0.222 0.307 0.091
Solid cell type [176] Closed Open Closed Open
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CHAPTER 5: ANATURAL STRESS DEFLECTOR ON THE HEAD? MECHANICAL
AND FUNCTIONAL EVALUATION OF THE WOODPECKER SKULL BONES
5.1 Introduction

Concussion is a form of mild traumatic brain injury (mTBI) caused by external mechanical
forces. It is a common occurrence and happens frequently during contact sports (e.g. football,
hockey) or from direct or sheer trauma that can occur during vehicle accidents, for example [180].
Repeated exposure to mTBI eventually causes chronic traumatic encephalopathy, a progressive
degenerative disorder, resulting in symptoms such as memory loss, decline of executive function,
depression, impulsivity, aggressiveness, and suicidal behavior [181].

Woodpeckers peck at trees every day throughout their 15-year life span; however,
amazingly, no evidence has been found of chronic TBI or concussion in their brains. Materials
scientists and mechanical engineers have attempted to understand and identify key elements of the
woodpecker’s shock tolerance in terms of biomechanics. With impact conditions reaching
decelerations up to 1,200 g, 7 m/s of impact speed, and pecking rates around 20 Hz [30, 129], there
are hypotheses stating that woodpeckers have evolved and adapted to absorb the impact energy at
the moment of impact [129, 174].

In terms of adaptation and evolution, Bock [174] pointed out that an adaptive beak shape
and cranial kinesis (relative movement between the upper jaw and the skull) can explain the shock-
absorbing mechanism. The author’s hypothesis was inspired by an earlier finding made by Burt
[182] that some woodpeckers that hammer more frequently than others present an anatomical
adaptation on their skull bone, called the frontal overhang (shown in Figure 5.1a with red arrows).
This finding was based on the foraging behavior associated with the main food sources as well as

the development of birds (shown in Figure 5.1a and b), and this was the first report regarding a
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structural specialization on the skull bone [183]. Some suggested other features (e.g., a relatively
short leg length and the variation of size of rib bones [108, 184]) that might be related to pecking
habits and are described in detail in the Supplementary Materials (5.7.1).

Several researchers have collected data on the mechanical properties of the heads, and more
particularly for the skull and beak bones. Gibson [121] described an allometry effect (implying
that physical parameters, generally size and mass, scale with certain properties or features)
between the human and woodpecker heads in terms of a concussion limit and concluded that this
scaling effect enables woodpeckers to avoid brain injury due to the relatively smaller size, the short
duration of impact, and large contact area between the brain and the skull bone. This is the first
comparative analysis considering the relative size of human and woodpeckers but the interspecies
variation was not fully considered (e.g. the body masses of an ivory-billed woodpecker and a
golden-fronted woodpecker are up to ~ 570 g and ~ 90 g, respectively). Other mechanical analyses
based on computational and experimental results are described in more detail in the Supplementary
Materials (5.7.2) including: a simplified two-dimensional finite elemental analysis (FEA) of the
whole head impact [132], the mechanical properties of the woodpecker hyoid bone [117], some
three-dimensional FEA studies [116, 119, 162, 185], and biomimicking protection devices for
microelectronics [133].

Recently, a comparative analysis of the skull bones of woodpeckers and chickens was
reported [186], illustrating that the skull bone of woodpeckers showed structural differences such
as a relatively small but uniform level of closed porosity, a higher degree of mineralization, and a
higher cortical to skull bone ratio than those of chickens. Consequently, it was found that
woodpeckers have stiffer bones than chickens, but also that the mechanical properties gradually

decrease as one moves from the beak towards the skull, in a gradient fashion.
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Regarding the relationship between the pecking habits and anatomical features, here it is
hypothesized that the frontal overhang, as observed by Bock [54] and Burt [182], is an evolutionary
adaptation among certain species of woodpeckers that is directly correlated with their pecking
habits. Therefore, we adopted a strategy to perform a comparative study based on function and
morphology. According to Smith [187], this approach includes the following steps: 1) an analysis
of shape and behavior about a key element on the structural function and role in the natural
environment of animals (shown in Figure 5.1a and b), 2) a phylogenetic analysis from the
morphology (shown in Figure 5.1a and Figure 5.5), 3) a selection of a valid model of function
(Figure 5.1c), 4) building hypotheses about the relationship between function and structure, 5)
expectations for morphological variance in terms of the model of function compared to knowledge
of animal’s behavioral differences, and 6) performing a test to validate the hypotheses with
comparative analysis (across Figure 5.2 and Figure 5.3).

Following the hypothesis formulated above, this study aims to confirm whether anatomical
differences on the frontal bone in some species of woodpeckers present any mechanical advantage
in relation to their reported behavioral/food habits.

A morphological comparative analysis (as shown in Figure 5.1c) shows different skull bone
structures between two woodpeckers: a white-headed woodpecker (more frequent pecking) and a
golden-fronted woodpecker (less pecking). In Figure 5.1c, each bone is shown with a different
color. Note that the nasal-frontal hinge (yellow color) is generally a movable joint at the interface
between the upper beak bone and the frontal bone, for common avian species, but most
woodpeckers show prokinesis, meaning that the hinge is located between the frontal and nasal
bones [54, 174]. Based on the micro-computed tomography (u-CT) results reported by Jung et al.,

[186] as well as shown in Figure 5.1c in this paper, this hinge structure was completely fused to
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the frontal bone (in a male, adult specimen). Therefore, the nasal-frontal hinge, including the
frontal overhang (yellow in Figure 5.1c) was not considered as a movable joint in our further
mechanical analysis. A sagittal-section view of two woodpeckers showed an emphasis on the
overhang structure by having a different angle between the frontal bone and the upper beak bone.
The dotted lines with a red color were drawn along the upper edge of the upper beak bone and the
frontal bone to represent the angle (a in Figure 5.1¢) and shape in two dimensions. Those lines
were copied and re-drawn in two-dimensional (2D) scheme images, where red represents the upper
beak bone and yellow represents the frontal bone. The results show that for the white- headed
woodpecker, the hinge on the upper beak bone does not intersect with the upper beak bone, and
the hinge opening angle (o) is smaller than 90°, as shown by the two lines on Figure 5.1c. On the
other hand, the upper beak bone and the frontal bone of the golden-fronted woodpecker intersect
each other without any gap in between, this time with a larger hinge opening angle (o > 90°), as
illustrated by the single red line. When reconstructed and visualized in three-dimensions (3D), the
differences become clearer: there is a shaded region near the interface between the upper beak
bone and the frontal bone on the white-headed woodpecker, whereas the golden-fronted
woodpecker has a smooth interface in the same region. From the u-CT scan results (shown in
Figure 5.1c, right), it is confirmed that there are structural differences of the skull bone of
woodpeckers among different species, which can potentially be related to pecking habits and food
sources (presented in Figure 5.5). Based on the findings that some woodpeckers indeed possess a
frontal overhang structure while others do not, a further identification of the structural role of the

frontal overhang needs to be performed.

5.2 Experimental and computational approach
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Micro-computed tomography (u-CT): An acorn woodpecker (Melanerpes formicivorus)
was scanned by micro-computed tomography (u-CT, SkyScan 1076, Bruker microCT, Kontich,
Belgium) in our previous paper [173]. Raw data of three others woodpeckers, an ivory-billed
woodpecker (Campephilus principalis), a white-headed woodpecker (Picoides albolarvatus) and
a golden-fronted woodpecker (Melanerpes aurifrons) were obtained from digimorph.org operated
by High-Resolution X-ray CT Facility at the University of Texas, Austin. Each skull bone was
visualized and analyzed using Amira software (FEI Visualization Sciences Group, Burlington,
MA). After verifying the 3D volume rendering models for each skull, an image segmentation
process was carried out based on X-ray intensity to generate a 3D mesh model of the skull bone.

Mesh model generation for simulation and 3D printing: GeoMagic (3D Systems,
Morrisville, NC) and GMSH software [188] were used to fix triangulation errors obtained from
the initial reconstruction with Amira and to generate the solid finite element (FE) meshes.

3D printing of skull models and impact testing: The woodpecker skull models were printed
out using a 3D printer (Object 350 connex3, Stratasys, Eden Prairie, MN). A VeroClear material
(Young’s modulus: 2 ~ 3 GPa, density: 1.20 ~ 1.30 g cm™, transparent material) was used to print
the skull bone models. A custom-built drop weight test tower was used to simulate the impact of
the beak and skull bones, a detail description of dimensions and specifications can be found in our
previous work [104].

Dynamic finite element analysis (FEA): Dynamic FEA of an impact event between the
woodpecker skull and a rigid solid plate was carried out on a commercially available software
(Abaqus/Explicit). The skull was slightly rotated to align the main axis of the beak, calculated by

finding the best fitting plane of symmetry, with the direction of pecking.
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Frequency modal analysis: Frequency modal analyses of the two models were performed
to identify the natural modes of vibration, and to evaluate the effects of the added mass and volume
on the natural frequencies of the woodpecker skull due to the added overhang. Subsequently,
dynamic impact cases with a Ricker Pulse input, along the direction of pecking at the tip of the
beak, were simulated. The Ricker pulse produces an impact with a known spectrum, and results in

a clearer acceleration profile of the structure in the frequency domain.
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Figure 5.1. An example of how a biological observation becomes a scientific design and experiment. A representative
anatomical adaption of the skull bone based on the relationship between food source and pecking behavior in
woodpeckers, showing (a) two representative species chosen from nine different woodpecker species reported by Burt
[182] and highlighted by Bock [189] and (b) the differences of the skull bone between the adult and juvenile birds. (c)
A comparison of different skull bone structures between a white-headed woodpecker and a golden-fronted
woodpecker: (left to right) photographs of two woodpeckers, its three-dimensional reconstructed model of the skull
and beak bones from micro-computed tomography, two-dimensional images of sagittal-section views, and simplified
schemes of two adjacent bones (the frontal bone and upper beak bone), and highlighted 3D models. (d) Two models
of the skull bone for dynamic finite element analysis and frequency modal analysis: (top) the reconstructed original
model, mimicking a golden-fronted woodpecker, and (bottom) the model with the artificial overhang, mimicking a
white-headed woodpecker. The images on the right side are the view-cut sections along the sagittal plane. (e) 3D
printed skull models using a transparent material (the same dimensional order as Figure 5.1d).

To simplify and facilitate the comparison between the overhang and non-overhang species,

3D models of solely the golden-fronted woodpecker were generated from the pu-CT scans, as
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shown in Figure 5.1d (top). On one model, an artificial overhang was added with an increased
volume on the frontal bone, mimicking the frontal overhang structure found in the white-headed
woodpecker (shown in Figure 5.1d, bottom). View-cut sections were made at the centroid and the
pseudo-symmetry plane to highlight the morphological changes between the two models. Then,
3D printed skull models (scaled up by a factor of three to facilitate experimental procedures) were

obtained as shown in Figure 5.1e (top: a no overhang model, bottom: an overhang model).

To test our hypothesis that the skull bone of woodpeckers has adapted to avoid brain injury,
impact testing of the 3D printed skull models was implemented so as to best reproduce the pecking
conditions of woodpeckers. A wooden plate was first considered for a realistic pecking condition
with an impact speed of 7 m/s. However, the plates would absorb most of the impact energy
showing dents on their surface while the 3D skull models would not show any sign of failure or
damage. In contrast, a worst-case scenario was implemented by impacting against a metal plate.
An experimental setup to obtain the accelerations of the skull bone near the brain in three axes
using a customized drop-weight test tower is presented in Figure 5.2a. A maximum impact speed
of 3.3 m/s was achieved from the maximum height with a customized, 3D printed impact guide,
adjusting and holding the angle of impact of the woodpecker skull (Figure 5.2b and c). A three-
axis accelerometer was attached to the skull model to measure the accelerations at the moment of

impact (Figure 5.2b, right).
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Figure 5.2. An illustration of experimental and computational test design of an impact test using 3D printed
woodpecker skull models. (a) Lateral (top) and ventral (bottom) views of the 3D reconstructed skull models with its
anatomy. Each arrow indicates the palatine and jugal bone, respectively. (b) A photo of an impact test drop tower
(left), a CAD design of a custom-built 3D printed impact guide (middle), and a photo of 3D printed skull loaded on
the tower with an impact guide with an attached accelerometer (right). The maximum drop height and impact speed
was adjusted due to the height of the impact guide. (c) Node identification of each region of interest, 1: the caudal end
of the upper beak bone, 2: on the parietal bone near the brain (the accelerometer attached location), 3: on the palatine
bone, and 4: on the jugal bone. (d) Schematic illustration of the Ricker’s pulse input and the fixed end location
considered in the frequency modal analysis (left), in time (middle), and frequency domain (right).

A modal analysis was performed in on Abaqus/Standard to characterize the frequency
response of the wood pecker under free vibration response. Some representative nodes on the main

pathway of stress waves are identified as shown in Figure 5.2c: two points along the dorsal line
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(node 1 and node 2) as well as two other points along the ventral line (node 3 and node 4). Note
that the node 2 is at the identical location where the accelerometer was attached on the 3D printed
skull model. Then, further validation of the modal analysis was performed using Abaqus/Explicit
where a Ricker’s pulse input, allowing a correlation between the propagation of stress waves in a
time domain space and the principal frequencies that are excited during impact events in the
woodpecker’s skull. Ricker wavelets are widely used in seismic and vibrational studies because
these can be uniquely specified with only a single parameter that corresponds to its peak frequency

on the wavelet’s frequency spectrum [190-192].

5.3 Results and Discussions

From the experimental results, accelerations were measured in all three axes of the no
overhang model at an impact speed of 3 m/s (Figure 5.3a). Note that the main impact direction is
along the X-axis (red arrow). The first peak of the measured acceleration over time in the X-axis
showed the highest value of acceleration (max 529 g) compared with other axes. The impact
duration, corresponding to the width of the first peak, is approximately 1 ms. After a few minor
fluctuations, the accelerations were dampened by less than a half at the second peak in the X-axis
(190 g). For the Y-axis, which is an indication of the lateral movement of the skull model (left and
right motion of the 3D printed model in Figure 5.3a), the acceleration peaks were much smaller
than the X-axis. It means that the lateral displacement (and/or vibration) of the skull model is much
smaller than the X-axis at the moment of impact. The maximum intensity of accelerations on the
Z-axis was between those of the X-axis and Y-axis, the maximum peak was found at a 400 g. The
relatively lower peaks were observed until 5 ms in the Y-axis. Displacement in the Z-axis can be

explained by the dorsoventral motion of the skull, corresponding to up-and-down oscillations with
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respect to the Z-direction. This motion in the Z-axis is initiated after the first peak in the X-axis,
i.e. after release of the impact. Movements in each of the three-axes can contribute to processes of
impact energy dissipation by dampening specific oscillations that could potentially be harmful to

the brain.
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Figure 5.3. Experimental results of the impact testing with 3D printed skull models. (a) Measured acceleration on
the skull bone near the brain in an impact speed of 3 m/s for three-axes. (b) The effect of different impact speeds at
1, 2, and 3 m/s on the accelerations at the X-axis. Note that an inset plot shows the linear regression line of
acceleration at a 7 ms (A;). (c) Photos of damaged skull models without the beak cover. (d) After using a PLA
wrap (black circles) to mimic the keratinized sheath in the beaks, the damages of the skull models were mainly
found on the jugal bone after 2~3 times of impacts. (e) After 5 times of impact incidents: only the jugal bones were
damaged. Note that other structures were remained intact.

The effect of the impact speeds in the X-axis at a 1 m/s, 2 m/s, and 3 m/s on the acceleration
profile were studied; results are shown in Figure 5.3b and Figure 5.6 (see detail in Supporting
information, 5.7.3). Due to technical limitations of the experimental setup, a 7 m/s impact speed
was not tested directly. The results showed that the peak amplitude of acceleration linearly
increases with higher impact speed. The pattern of the acceleration profile remains similar among

the three tested speeds, while the impact duration remains unchanged. Based on the results, we can
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estimate the amplitude of accelerations at the impact speed of 7 m/s, which is the maximum value
that has been recorded for woodpeckers. From a simple linear regression, the peak acceleration of
7 m/s can be estimated at 1,000 g. By scaling it down to the real size of a woodpecker skull, we
find that acceleration would reach about 6,800 g for the real case (for calculation see
Supplementary Materials 5.7.6) which shows a good agreement with other reported pecking
conditions (1,200 g in the original scale in a real bird) [30, 129], meaning that our experimental
impact testing with 3D printed skull models can serve as a basis for comparative analyses with real
life cases.

Analysis of failure of the skull models after impact testing can serve as valuable
information, because in vivo testing that resulted in damage to the skull bones of living
woodpeckers would not be possible without sacrificing a bird. In addition, because the 3D printed
skull and beak have essentially the same material properties unlike the real bird, it allows to
analyze the sole effect of the structure specifically. Note that the black circles in Figure 5.3d-e
indicate the tip of the beak, which was wrapped with a polylactic acid (PLA) shrinkable film to
protect it from breakage during impact testing, after several trials and errors. Before wrapping with
the PLA film, the printed skull models would sustain damage at the tip of the beak as shown in
Figure 5.3c. After several tests, the same type of damage at the tip of the beak was observed
repeatedly; we therefore utilized the PLA film to wrap around the tip of the beak to protect this
part from breakage. By protecting the beak tip, we can observe if other structures can be damaged
after impact. Breakage was mostly found to happen at the jugal bone, generally after two or three
impact tests, as shown in Figure 5.3d. The jugal bones were the only damaged structures we found
on both no overhang (top) and overhang models (bottom) highlighted with red ellipses. By

performing the same test on the same sample at 5 times, both sides of the jugal bones would
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completely break, while other structures would still remain intact, as shown in Figure 5.3e. The
failure analysis of the 3D printed skull models implies that the impact energy may be dissipated at
the tip of the beak and the jugal bones. The other parts of the internal skull bones were examined
but remained intact after five impact incidents. In nature, the tip of the beak bone is protected by
the keratinized sheath (called the rhamphotheca [186]), and jugal bones, as well as other parts of
the skull, are mainly surrounded by soft tissue. Nonetheless, the failure analysis allows one to
identify areas that are the most sensitive to breakage in the skull.

Frequency modal analyses of the 3D printed skull model were performed to evaluate the
natural frequencies of the skull bone structure. According to Laksari et al., [193] repeated low-
acceleration head impacts may cause mild brain trauma in humans, therefore, understanding the
skull-brain dynamics is important. The authors reported that a low-frequency resonance between
the skull and the brain in humans occurred at ~ 15 Hz in an under-damped system (the system
oscillates with decreasing amplitude to a convergent point) and more commonly at < 20 Hz in
other contact sports. This resonance can amplify the relative brain-skull motion, which is more
likely to cause brain damage. In primates and humans, low-range natural frequencies (5-10 Hz)
were observed for rotational brain motion [194]. However, the resonance frequencies of the skull
were reported around 1,000 Hz in humans during head impacts. As a boundary condition, we fixed
the models at the point where the skull meets the neck and calculated the first five modes of natural
frequency. The five calculated modes are presented in Figure 5.4a, showing the five (possible)
structural free oscillations, which depend of the stiffness of the structure k (and henceforth its
Young’s modulus E (GPa), density p (Kg m™), and effective length L (m)) and its mass m (g), as

indicated by the following relationship:
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where f,, is natural frequency in hertz (cycles/second), I is the second area moment of
inertia (kg'm?), A is the equivalent cross-sectional area (m?), L is the effective length (m), and a,,

is a parameter that depends on the boundary conditions and the vibration mode.
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Figure 5.4. Computational results of the impact testing with 3D meshed skull models. (a) Five natural frequency modes
associated with the vibration of the skull. (b) A representative result of Ricker’s pulse analyses at node 1 and 2. (¢)
The sagittal-section view of the skull model and the plots of von Mises stress at four nodes. 1: On the upper beak bone
prior to the interface between the upper beak and the frontal bone. 2: On the parietal bone near the brain (where an
accelerometer was attached in the experimental setup). 3: On the palatine bone. 4: On the jugal bone. (d) Time-lapse
images of von Mises stress distribution on the skull bone models during the woodpecker’s pecking at a 7 m/s of impact
speed.

Each mode corresponds to a specific motion at a certain excited frequency: up and down
(along the z axis) bending motion of the skull bone for modes 1 (4,790 Hz), 2 (7,026 Hz), and 3

(7,458 Hz) and twisted torsional motion between the palatine and jugal bones for mode 4 (8,146
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Hz) and 5 (10,024 Hz). The average frequency of the sideways motion of the 3D printed skull
model, recorded with the high-speed camera, was found to be 629 Hz (see the detail in
Supplementary Materials, 5.7.4 and Figure 5.7). This value, when taking into account the model
relative size and the material stiffness compared to the real skull, is equivalent to 4,257 Hz (see
the detail in Supplementary Materials, 5.7.4 and 5.7.6) a result that can be assimilated to the first
natural frequency (4,790 Hz). Considering the size of the skull and brain of woodpeckers, the
traumatic resonance in woodpeckers might occur at a much higher frequency range than for
humans (due to a smaller mass, following the allometric relationship in equation (5.1)). However,
the mechanical properties of the brain of woodpeckers (for example, stiffness (k) in equation (5.1))
have never been reported; hence, an accurate calculation of the natural frequency of the
woodpecker brain and followed with an assessment of the resonance frequency between the skull
and the brain of woodpeckers are impossible at this time. However, we can expect that the natural
frequency of the woodpecker brain should remain low (below 4,000 Hz) to avoid synchronized
resonance with the skull bone. This is nevertheless an interesting subject for future work, that could
extend Gibson’s allometry analysis [121].

Ricker’s pulse simulations and the associated frequency spectrum analyses were performed
to obtain a clear visualization of excited frequencies after impact, contrary to the case of a direct
impact input that can result in noisy data. As shown in Figure 5.4b, the dominant frequencies of
the skull bone at the node 1 and node 2 appear to be around 4,950 Hz and 7,790 Hz, respectively.
No frequencies < 4,000 Hz are observed. For a comparison between two nodes on the skull bone
model without the overhang, node 2 shows a peak amplitude at a higher frequency than node 1 (on
the beak), implying that the structure of the skull bone is designed to be isolated from the vibration

from the beak. The effect of body mass/volume on the frontal bone between two models (with and
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without the overhang) does not seem to show any difference in terms of calculated natural
frequencies and the distribution of peak amplitude at these frequencies (Figure 5.4b) which seems
to imply that there is no discernable effect of the frontal overhang in exciting different vibrational
frequencies.

To analyze the stress wave pathway during pecking in the normal direction, a dynamic
impact analysis was conducted with a 7 m/s of speed. The evolution of the von Mises stress over
time after impact for the skull model is plotted in Figure 5.4c. The values are taken at the four
specific nodes described on Figure 5.2c. Along the dorsal line (through nodes 1 and 2), node 1,
located ahead of the frontal overhang showed the highest stress level (max peak ~75 MPa), and
then, the value dropped by 35% at the second peak. The maximum stress level decreased
significantly at node 2, with a peak value 88% lower (max ~ 9 MPa) than at node 1. Along the
ventral line, a similar pattern can be observed; node 3 shows a higher stress level (max ~ 124 MPa
right after impact, then a second peak at ~ 116 MPa) than node 4 (max ~ 25 MPa). See the detail
in Supplementary Materials, 5.7.5 and Figure 5.8). Among all these nodes, node 3 is the one
undergoing the highest stress level, implying that the four main oscillation cycles are observed at
every location correspond to the dorso-ventral motion of the upper beak after impact, as discussed
above. Note that the general trend on the dorsal and ventral line between the two models is almost
the same, the addition of body mass (in the model) does not seem to affect the stress levels on the
skull bones. However, a higher stress level was observed along the ventral line, which indicates
that the pathway of the stress propagation comes from the upper beak bone to the bottom of the
skull bone and the neck and eventually to the rest of body. The variation of the stress on the dorsal
line seems not related to the frontal overhang sizes, but a higher level of stress on the ventral line

may suggest that the morphology of the skull bone structure is beneficial to deflect the main stress
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wave toward the bottom part of the skull bones, rather than towards the brain. In addition, the
highest stress level was found to be reached at the beak tip (grey color in Figure 5.4c, with values
above 200 MPa), which shows a good agreement with the failure analysis of the damaged 3D
printed skull models, as shown in Figure 5.3c.

A time-history of the stress distribution shows how the stress wave propagates through the
skull bone at each time step, as shown in Figure 5.4d. The first impact occurrs around 75 ps, when
the tip of the upper beak bone shows a change of stress level. Around 100 s, the first stress wave
reaches the caudal end of the upper beak bone and the rostral end of the frontal bone. The highest
stress level in this region was observed around 125 ps, after which the stresses decrease down to
zero around 200 ps. The first stress wave fully propagated along the dorsal line around 200 ps,
after which a second wavefront traverses the dorsal line. On the other hand, along the ventral line,
the first stress wave reaches its peak at node 3 at 100 ps and at node 4 at 150 s, respectively.
Overall, a notable fact is that the stresses remain at a relatively lower level (~ 9 MPa, as shown in
Figure 5.4c(2) and d) near the braincase during the propagation of the first shockwave, i.e. until
200 ps. As a result of the stress analysis, it is found that there are no notable differences between
the two skull models, either with or without a frontal overhang. This implies that the natural
structure of woodpecker’s skull bone was designed to minimize the stress propagation from the

upper beak to the brain-case, which can intrinsically serve as a mechanism to protect its brain.
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5.4 Conclusions
To confirm the structural differences on the skull bone structure in woodpeckers, micro-
computed tomography was utilized to investigate three-dimensional shape between two species:
white-headed and golden-fronted woodpeckers. Based on the biologist’s observation according to
Smith, we hypothesized that the anatomical differences on the skull bone can be affected by the
different food sources and the different pecking habits, so as to have a better mechanical function
against mechanical impact or shock. To test this hypothesis, a three-dimensional mesh model of a
golden-fronted woodpecker was developed and an artificial overhang feature was added on the
model, mimicking the white-headed woodpecker skull bone, to assess its potential benefit in brain
protection. An experimental test with a customized drop weight impact testing tower with 3D
printed plastic skulls, as well as dynamic finite element analyses, were conducted for each model
to obtain acceleration vs. time curves, observe failure modes of impacted 3D printed skull models,
identify natural frequencies, and record the free vibrations of the structures after impact with
frequency spectral analyses, and determine von Mises stress levels at each pre-defined node. The
main findings are:
e A drop tower impact testing setup using 3D printed skull models showed the peak
accelerations in the X-axis as the main impact direction. A vibrational motion along the Z-

axis was found, indicating a dorsoventral motion of the whole skull model.

e From the 3D printed skull models, failure analysis showed that the beak tip and the jugal

bones are the mainly damaged structures during dynamic impact.

e Natural frequency and Ricker’s pulse analysis showed that the five representative natural
frequency modes correspond to two different vibrational motions: the dorsoventral motion
of the skull bone and the twisted torsional motion between the palatine and jugal bones.
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After pulsed impact, a higher resonance frequency was found on the skull bone near the
brain than on the beak bone. This results can be applied to materials development for
frequency control. While using frequency mismatch is a common practice in structural
engineering, this result is a good example of bioinspired frequency control attained through
the modification of only geometrical parameters and can be applied to a design strategy for
protective head gears in contact sports. Further characterization of other anatomical
features and their contribution with impact mitigation may also help deepen understanding

of this bioinspired approach.

von Mises stress analysis showed that the main stress wavefront from the impact at the
beak tip propagated through the ventral line (the jugal bones) of the head towards the
neck/spine. The von Mises stress level near the brain remained at a significantly lower level

than the rest of the skull bone structure.

Without sacrificing a living animal, we were able to test our hypothesis and answer the
question: what is the structural role and benefit from the frontal overhang on the skull bone
woodpeckers. Although the effect of the frontal overhang on vibrational motion was
negligible, we found that, more importantly, the skull bone is naturally designed to limit

the stress wavefront towards the body rather than the braincase during pecking.

Both 3D printed skulls and computational models developed in this study can be used to
further identify and assess a dynamic interaction between the skull and brain (i.e., using a
gel-like brain surrogate material) in woodpeckers to represent a non-traumatic brain injury

animal model, as a future direction of this study.
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55 Future work
e Through this manuscript, an isotropic, continuous, and homogeneous 3D printed model
was implemented, which provides a better, simpler understanding of the isolated
anatomical features solely. However, a natural bone has a hierarchical structure with
different materials forming an organic-inorganic composite; the energy absorption
mechanism is thus different from our 3D printed beak-skull models. In order to mimic the
natural bone and analyze the impact resistance of the real beak-skull bones, a composite
structure combined with organic and inorganic materials can be printed out together

through an advanced 3D printing technique as one of our future goals.

e In addition, we have performed a failure analysis of the 3D printed skull models in micro
scale, but a micro scale damage analysis is worth investigating when considering some
printing conditions, such as a curing, orientation of material stacking, and adhesion/tearing
forces between two materials if we can print multiple materials simultaneously. This work
can be our next step in failure analysis using different 3D printing configurations against

mechanical impact, as we are also attempting to avoid testing on actual biological samples.

e The effect of a hinge opening angle (o) between the frontal bone and the beak bone (earlier
mentioned in Introduction) was found to be negligible. The relationship between the hinge
opening angle and the level of stress propagated through the beak and skull bone models
in relation to reported pecking habits will be an interesting topic to examine, although the
angle was only used to quantify the main structural difference between two woodpecker

species to focus on whether the presence of the frontal overhang or not in this manuscript.

e Our approach to build two comparative skull models is started as we add up the artificial
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frontal overhang on the skull of the non-overhang species (acorn woodpecker); however,
the alternative method to artificially remove the frontal overhang structure on the skull of
the overhang species (white-headed woodpecker) can be an interesting approach for

comparison.

5.6 Experimental Section

Micro-computed tomography (1-CT): An acorn woodpecker (Melanerpes formicivorus)
was scanned by micro-computed tomography (u-CT, SkyScan 1076, Bruker microCT, Kontich,
Belgium) in our previous paper [173]. Raw data of three others woodpeckers, an ivory-billed
woodpecker (Campephilus principalis), a white-headed woodpecker (Picoides albolarvatus) and
a golden-fronted woodpecker (Melanerpes aurifrons) were obtained from digimorph.org operated
by High-Resolution X-ray CT Facility at the University of Texas, Austin. Each skull bone was
visualized and analyzed using Amira software (FEI Visualization Sciences Group, Burlington,
MA). After verifying the 3D volume rendering models for each skull, an image segmentation
process was carried out based on X-ray intensity to generate a 3D mesh model of the skull bone.

Mesh model generation for simulation and 3D printing: GeoMagic (3D Systems,
Morrisville, NC) and GMSH software [188] were used to fix triangulation errors obtained from
the initial reconstruction with Amira and to generate the solid finite element (FE) meshes.

3D printing of skull models and impact testing: The woodpecker skull models were printed
out using a 3D printer (Object 350 connex3, Stratasys, Eden Prairie, MN). A VeroClear material
(Young’s modulus: 2 ~ 3 GPa, density: 1.20 ~ 1.30 g cm™, transparent material) was used to print

the skull bone models. A custom-built drop weight test tower was used to simulate the impact of
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the beak and skull bones, a detail description of dimensions and specifications can be found in our
previous work [104].

Dynamic finite element analysis (FEA): Dynamic FEA of an impact event between the
woodpecker skull and a rigid solid plate was carried out on a commercially available software
(Abaqus/Explicit). The skull was slightly rotated to align the main axis of the beak, calculated by
finding the best fitting plane of symmetry, with the direction of pecking.

Frequency modal analysis: Frequency modal analyses of the two models were performed
to identify the natural modes of vibration, and to evaluate the effects of the added mass and volume
on the natural frequencies of the woodpecker skull due to the added overhang. Subsequently,
dynamic impact cases with a Ricker Pulse input, along the direction of pecking at the tip of the
beak, were simulated. The Ricker pulse produces an impact with a known spectrum, and results in

a clearer acceleration profile of the structure in the frequency domain.

Chapter 5, in full, is a reprint of the material as it appears in Advanced Theory and
Simulation. Jae-Young Jung, Andrei Pissarenko, Adwait Trikanad, David Restrepo, Frances Su,
Andrew Marquez, Damian Gonzalez, Steven Naleway, Pablo Zavattieri, and Joanna McKittrick,

2019. The dissertation author was the primary investigator and author of this paper.
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5.7 Supporting Information
5.7.1 Some suggested evolutionized structural and skeletal features on woodpeckers

In the manuscript, a few studies were introduced to illustrate other scientific efforts to better
understand woodpecker’s remarkable impact-resistance without brain injury. Here are more
detailed examples to corroborate Burt’s findings; Spring [195] also described pecking and
climbing adaptations of woodpeckers are related to their food habits, and found that shorter legs
in some woodpeckers would be advantageous for forceful and hard impact. An identical but
extended rationale based on the concept of the relationship between the food habits and the pecking
behavior among 61 different species of woodpeckers was adopted and thoroughly investigated by
Kirby [184]. The author mainly compared the size of the rib bones, and reported that the pattern
of increasing rib cage size ratios follows the one of the increasing skull specialization in the same
species that were reported by Burt. In one genus of woodpeckers, Melanerpes, Leonard et al. [108]
identified the relationship between morphology and foraging strategies along with their anatomical
structure and divided them into two groups: the flycatchers (Red-headed, Acorn, and Lewis’s
woodpeckers) and the excavators (or a non-flycatcher, including Red-bellied, Gila, and Golden-
fronted woodpeckers). The author specifically concluded that the inter-nasal width on the skull
bone and the sites of muscle attachment were particularly distinct between these two groups:
flycatchers showed wider intra-nasal distance and smaller muscle attachment sites, whereas
excavators showed narrower intra-nasal distance and larger muscle attachment sites. The latest
comparative analysis of cranial osteology of woodpeckers was performed by Donatelli [196],
where seven distinct features on the skull bone in some woodpeckers (Picus) were identified,

including the presence of a frontal overhang, when compared with other woodpeckers in the same
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family (Pinici). In general, it is considered that morphology and anatomical structures are affected
by (or related to) the foraging behavior and the food source.
Most pecking:
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Figure 5.5. Nine different woodpeckers reported by Burt [182] and highlighted by Bock [54], showing different
anatomical adaptation on the skull bone based on the relationship between food source and pecking behavior. Note
that the upper most species, three-toed woodpecker, showed a portion of food in its stomach over 83% from tree larvae;
while the lower most species, northern flicker, showed over 79% from ants and fruit. Red arrows indicate the frontal
overhang structure.

5.7.2 Previous studies of biomechanical analysis of the woodpecker’s pecking

Oda et al. [132] presented the first simplified two-dimensional finite element analysis
(FEA), claiming that the structure of the skull bone combined with the hyoid bone plays a role as
an impact-proof system to maintain low stress levels on the brain. Zhou et al. [117] reported the
mechanical properties of the tongue of a gray-faced woodpecker (Picus canus) obtained from
tensile tests to provide the first physical values from the real tissues. They found values of

1.28~3.72 GPa for the Young’s modulus and 22~131 MPa for the tensile strength along three
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different locations over the whole hyoid apparatus. Wang et al. [119] compared pecking
performances between a great-spotted woodpecker (Dendrocopos major) and a Eurasian hoopoe
(Upupa epops) by observing pecking trajectories, quantifying skull bone quality via a bone
morphometry analysis and finally three-dimensional (3D) FEA models. The effect of the beak
lengths as well as the length difference between the upper beak and lower beak bone, and also the
presence of the hyoid bone, were assessed in the aforementioned models. The authors mentioned
an important point that the longer beak in the FE model would always carry the primary impact
forces; even though the upper beak has a shorter beak bone than the lower beak, the total length of
the upper beak becomes longer if one takes into account the surrounding tissues. This suggests that
the longer upper beak would experience the primary impact force, rather than the lower beak. Yoon
et al. [133] focused on the high acceleration/deceleration forces of a woodpecker’s head during
hammering and its corresponding effects on vibration. The authors represented the mechanical
elements of the head using a mass-spring-damper model and subsequently developed a bio-
inspired shock-absorbing packing system to protect micro-machined devices. They achieved very
low failure rates (~1%) at 60,000 g, while the commercially available hard-resin methods
displayed a failure rate of 26%. This result was a quite impressive achievement attained by
mimicking the woodpecker’s anatomy. Zhu et al. [185] tried a whole body FEA and reported that
the impact energy is mostly converted into strain energy and then transferred and dissipated in the
body. In another study, the same authors also carried out nanoindentation mapping of a whole skull
bone of a green woodpecker (the species was not specified) in the midsagittal-section as well as a
frequency analysis by a FEA model [162], reporting that a large gap among the working, natural,
and stress response frequencies prevent brain injury. The latest analysis of a woodpecker’s head

during pecking using FEA modeling was done by Liu et al. [116], where the effect of the hyoid
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bone and muscle as a constraining element on the cervical vertebra to limit the neck motion was
concluded. Because of the complexity of structures in the head, with different materials and
compositions, understanding the effect of each individual anatomical part on energy dissipation
remains a challenge. In addition, by nature of bioexploration, which consists of observing a living
animal’s motions and habits, very limited experimental designs can be achieved using our
bioinspiration design approach [197, 198]. Therefore, a simplified model with a single material,
structure, and composition without making sacrificing or injuring any living animal can be a
reasonable scientific approach to understand the impact-resistant mechanism of woodpeckers.

5.7.3 The effect of the frontal overhang on vibration from the impact testing

@ Model 1-X —Model 2 - X ® Model 1-Y —Model 2-Y
800 800

400

-200
400 |—| t

Acceleration (g)
Acceleration (g)

-400

0o Il 2 600
-800 -800
20.001 0000 0001  0.002 0003 0004  0.005 -0.001 0 0001 0002 0003 0004  0.005
Time (sec) Time (sec)
() ~Model1-Z —Model2-2 (d) Y

Acceleration (g)

-0.001 0 0.001 0.002 0.003 0.004 0.005
Time (sec)

Figure 5.6. Measured acceleration on the skull bone near the brain in an impact speed of 3 m/s. (a) X-axis, (b) Y-axis,
(c) Z-axis, and (d) indication of each direction with a photograph of accelerometer attached skull model. Note that the
t1 is the time duration of the first peak on the Model 1 (no overhang) and t; is on the Model 2 (with overhang).

Impact testing with the 3D printed woodpecker skull models was performed to obtain the

accelerations of the skull bone near the brain using a drop-weight test tower as shown in Figure
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5.6. Measured accelerations in all three axes of both skull models to investigate the effect of the
frontal overhang structure on the vibration. Note that the main impact direction is along the X-axis
as shown in Figure 5.6a and d. The first peak of measured acceleration over time in the X-axis on
the Model 2 (overhang model) showed a relatively lower (max 464 g) and first drop around 0.814
ms (t2), while the Model 1 (no overhang) showed a relatively higher peak acceleration (max 529
g) and a peak drop, which lasts until 0.729 ms (t1). The impact duration of the Model 1 is shorter
than the Model 2. In general, the differences in acceleration between the two models are not distinct:
the patterns and values of peak accelerations are similar; therefore, the vibration is probably not
affected by the presence of the frontal overhang structure.
5.7.4 A time-lapse high-speed camera analysis of impact testing and natural frequency

calculation

A high-speed camera (Phantom V12, Vision Research Inc., Wayne, NJ) was used to get a
set of high-frame rate time-step images up to 5,000 frames per second with a 200 us of exposure
time at a spatial resolution of 640*480. The deformation and vibrational motion of the 3D printed
skull models at the moment of impact were recorded up to 3 seconds. The trigger for recording
was manually operated. Deformation and displacement were recorded and analyzed only at the tip
of the beak on the 3D printed skull models, due to the limited spatial resolution. ImageJ software
was used to track the motion of the tip of the beak. The peak fitting was performed using Matlab
software (The MathWorks, Inc., Natick, MA). With a single sine function, an average oscillation
frequency of f.,, = 629 Hz was calculated. Assuming that this corresponds to a natural frequency
of the 3D printed skull, associated with a sideways motion of the beak, the following scaling

equation is introduced to compare this result with the natural modes of the real skull:
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4

(5.2)

_ Eskull pexp Iskull Aexp Lexp
f skull — fexp

Eexp Pskull Iexp Askull Lskull

Note that this equation is obtained from the definition of the natural frequency (Equation
(5.1)), assuming that a simple analogy with a simple, homogenous solid can be made. By injecting
all values of the material and geometric properties of the 3D printed skull and the real skull bones
(see Table 5.1), we find that fg,;; = 4,263 Hz, which we assimilate to the first natural mode of

the skull (4,790 Hz), obtained for the computational model.
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Figure 5.7. Motion tracking of the beak tip of a 3D printed skull model along the center line to find a pattern of
vibration. (a) Time-lapse images captured with a high-speed camera at 0. 57 ms, 3.14 ms, and 6.00 ms, respectively.
(b) A plot of the distance from the centerline of the 3D printed beak tip during impact up to 6 ms.
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5.7.5 The effect of the frontal overhang on von Mises stress and in-plane principal stress

from the FEA simulation

Figure 5.8 shows the effect of the frontal overhang between two skull models on the
distributions of von Mises stress and in-plane principal stress over time through the FEA
simulation. Interestingly, higher maximum stresses are mainly found on the Model 2 at node 1, 3,
and 4 (through Figure 5.84a, c, d, e, g, and h); however, there is no noticeable difference at node 2
in both von Mises and in-plane principal stress (Figure 5.8b and f). A higher level of stress can be
explained due to its higher mass from the added mass/volume as a form of the frontal overhang.
However, the general trend found from other nodes (1,3, and 4) is not applied to node 2, no
overhang model even shows a higher von Mises level and no difference of in-plane principal stress.
This result could imply that the skull bone of woodpeckers is designed to be independent from the
direct stress wave propagation because 1) the skull bone is far away from the beak tip, where the
stress wave formed and started to propagated, and 2) the beak has enough structural components

to dissipate main stress wave and to bypass the stress through the bottom of the head.
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Figure 5.8. A comparison of the effect of the frontal overhang in two skull models. (a-d) von Mises stress levels over
time. (e-h) In-plane principal stress over time at different locations of each model in an impact speed of 7 m/s. Model
1: No overhang model, Model 2: with overhang model. Note that node locations (1-4) are identical as in Figure 5.2c.
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5.7.6 Experimental materials and methods

Micro-computed tomography (1-CT): The scanning conditions are a rotation step of 0.79,
an exposure time of 1600 ms, a 100kV acceleration voltage, and an isotropic voxel size of 36.00
um with the exception of the head that was scanned with an isotropic voxel size of 9.06 um.

The images and three-dimensional reconstructed models were developed using the software
programs CTvox and Dataviewer (Bruker microCT, Kontich, Belgium) and XMReconstructor
(Xradia, Pleasanton, CA).

Mesh model generation for FE simulation and 3D printing: Triangle and tetrahedral mesh
models of two woodpecker species were generated as following: first, the images obtained from
the u-CT scan were used to create a 3D triangulated surface shell (.stl file) using Amira. This shell
representation of the woodpecker’s skull was then treated using a GeoMagic (3D Systems,
Morrisville, NC) in order to fix triangulation errors , self-intersections, highly creased edges, and
undesired holes in the initial model. After obtaining a clean triangulated surface, we used GMSH
software® to generate the solid FE meshes by filling the enclosed volumes with tetrahedral
elements. Each mesh consists of approximately 250,000 linear tetrahedral elements.

Different skull models with artificial overhang: An artificial overhanging structure was
added to the FEA model, at the interface between the upper beak bone and the frontal bone
(anterior part of the skull bone), to mimic the structure of the frontal overhang. Specifically, using
the Amira software, the artificial overhang was developed on top of the 3D model of the golden-
fronted woodpecker and the acorn woodpecker, by comparing both the 3D model structure and 2D
orthogonal images of a white-headed woodpecker model, which possesses this protrusion.

A drop weight test tower and impact testing: An impact speed of 3.8 m/s can be achieved

at the maximum height of the tower as shown in Figure 5.2a. In addition, a customized guide
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(Figure 5.2b) to hold and fix the angle of woodpecker skull models at the moment of impact was
designed and used for the tests. To minimize physical friction between two steel guide rods and
the 3D printed guide, the steel surface was lubricated. To present the worst-case scenario where
there is no energy dissipation on the impact object (wood chips results from the pekcing activity
of woodpeckers on trees disipates kinetic energy), an aluminum alloy metal plate was used in the
experimental setup.

Measurement of accelerations: A triaxial ceramic piezoelectric accelerometer (Model
834M1-2000, TE connectivity Company, Hampton, VA, USA) was used to obtain the peak and
average accelerations of the skull bone models over time during the impact testing. The dynamic
measurement range and the maximum shock limit of the accelerometer were = 2,000 g and 10,000
g, respectively. The accelerometer was calibrated at an excitation voltage of DC 3.3 V and operated
at the same condition. The dimensions of the assembled accelerometer are 25 x 20 x 12 mm. The
weight of the original and assembled accelerometer with a printed circuit board were 2.6 g and 5.3
g, which represents less than 10% of the total weight of the 3D printed skulls (60.5 ~ 60.9 g).
Therefore, the increased weight of the sensor on the skull models can be negligible. The
accelerometer was attached on top of the parietal bone near the brain, so that the X-axis is parallel
to the impact direction. The Y direction corresponds to a lateral motion (left and right along the
impact direction) of the skull model, while the Z direction corresponds a dorsoventral motion (up
and down motion along the impact direction). A 4-channel analog oscilloscope (DSO6014A,
Agilent technologies, Colorado Springs, CO) was used to measure the accelerations in the X-, Y-,
and Z-directions. The acceleration over time was plotted and presented, then, the spectra were
converted using fast-Fourier transform (FFT) method to represent characteristic spectral patterns

in a frequency vs. amplitude.
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3D printed skull models for model validation: The size of the original 3D model was too
small to perform any experimental test on it, thus, the 3D printed models were scaled up by a ratio
of three to show better deformation and vibration, as well as to secure a large enough attachment
site for the acceleration sensor, without generating a significant increase in total mass. The
measured volume of the scaled up models were 42,160 mm? for the Model 1 (no overhang) and
42,636 mm?3 for the Model 2 (with overhang), respectively. In the printing process, a dissolvable
support material (SUP706, Stratasys, Eden Prairie, MN) was used for an easy-removal and
eventually removed by performing three washing steps, 1) physical scrubbing for the exterior and
2) submerging into 2% sodium hydroxide solution (NaOH) with 1% sodium metasilicate (Na2SiO3)
as manufacturer indicated, and 3) finally shooting water-jet toward the surface and inside of the
printed skull. After drying process for 24 hours at ambient temperature, the measured weight of
the skull was 60.58 g for the Model 1 and 60.91 g for the Model 2, respectively. The increased
weight for the Model 2 was 0.5% compared to the Model 1. From our preliminary tests, the tip of
the beak can be easily broken because of the sharp shape and high compressive stress on the tip.
To avoid this type of physical damage, and therefore undesired dissipation of energy, the tip of the
beak was covered using a heat-shrinkable polylactic acid film (SPLI16-66, WestRock, Croydon,
PA). In this case, better repeatability is achieved in terms of dynamic responses (i.e., vibration and
acceleration). After covering the tip area with a cellophane tape, the models were store at 50°C for

30 minutes until the film was fully contracted, and then, the tape was removed.
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Table 5.1. Main variables for mechanical and materials properties, and finite element analysis parameters used in the
dynamic impact simulation.

) Present study
Parameter Previous
study Experimental
o FEMI1 | FEM I FEM 111
(3D printing)
Material (or bone) density (kg m™) [1116451633] 1,200~ 1,300 | 1,250 1,456
0.3-0.4
Poisson’s ratio [133, 185, 0.33 0.33 0.33
199]
Young’s modulus of the skull bone
6-12 20~3.0 2.5 15

(GPa, scale to the woodpecker) [162, 185] (1:6) (1:6) (1:1)
Young’s modulus of the beak bone 27-30 20~30 25 15
(GPa, scale to the woodpecker) [110] (1:6) (1:6) (1:1)
A total volume of the | No overhang 42,160 42,160 1,561
whole skull (mm?, the | - Model 1 i (3:1) (3:1) (1:1)
scale to the Overhang 42,636 42,636 1,579
woodpecker) - Model 2 (3:1) (3:1) (1:1)

No overhang
A total mass of the - Model 1 i 605 605 2.2
whole skull bone (g) | Overhang

- Model 2 60.9 60.9 2.2
Impact speed (m/s) up to 7 [30] 3 3 3 7
Total impact energy (mJ) - 274.5 274.5 10.1 55.1

Dynamic finite element analysis (FEA): Assigned mechanical properties — as well as other
model parameters — are listed in Table 5.1. A first approximation was to consider the whole model
as composed of one identical material with averaged values taken for bone density, Young’s
modulus and Poisson ratio. Although, in reality, these parameters vary in space, the idea here was
mainly to observe the influence of structural elements rather than changes in material properties.
An initial velocity of 3 m/s and 7 m/s is conferred to the skull and the contact between the skull
and the plate is defined by a “hard” contact in the normal direction, and a frictionless tangential
contact. It should also be noted that, in reality, the successful pecking of woodpeckers results in a
large part from the fact that their kinetic energy is being dissipated by damaging the tree bark. As

a result, lower stresses would be applied to the actual skull bone. However, the particular case of
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a skull impacting against an undeformable rigid plate is showcased here to highlight the skull
resistance to extreme pecking conditions. Modeling an impact surface equivalent to a tree would
introduce a lot of variability within the simulation. With a rigid plate, there is no or little influence
on the plate geometry and the initial kinetic energy is only dissipated by friction, the rest being
fully restituted to the skull. In this regard, many cases were actually observed where a woodpecker
would peck at a metal pole without showing any sign of concussion while repeatedly pecking [133,
200]. Hence, a metal pole can be regarded as an undeformable rigid plate and our finite element
analysis model defines this extreme case. Four representative nodes were selected as main regions
of interests based on a preliminary data, as shown in Figure 5.2c. Each node is located at 1: the
caudal end of the upper beak bone, 2: on the parietal bone near the brain, 3: on the palatine bone,
and 4: on the jugal bone. Nodes 1 and 2 represent a dorsal line of stress wave propagation, while
nodes 3 and 4 illustrate a ventral line of stress wave propagation. At each node, von Mises stress,
in-plane principal stress, and acceleration will be obtained and compared in a dynamic impact
condition.

Ricker’s wavelet analysis: In the time domain, the wavelet is represented by a central peak
with two smaller side lobes. The amplitude, A(t), of a Ricker wavelet with peak frequency, f,, at
time t is given by:

A(t) = [1 - 2(mfyt)?]e~wmt)’ (5.3)

The amplitude of the Ricker pulse was scaled to 0.01N and centered on a peak frequency
of 4,790 Hz, which is in the general region of the first mode of natural vibration of each model.
Simulations were run for up to 4 ms (4,000 ps) and the accelerations in X, Y and Z directions were
recorded at nodes 1,2,3, and 4. The FFT was used to convert the time domain acceleration

information obtained in each point into the frequency domain. This allows us to discern the
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dominant frequencies present at those points, and a comparison of two models (with and without
the overhang) give us an idea of the effect of the frontal overhang on vibrational excitation or
absorption at a certain frequency.

Scaling effect: The impact speed of 7 m/s of woodpecker’s pecking is hard to archive in
the laboratory setting because it requires falling height of 2.5 m regardless of the mass of object.
Due to the limited height (maximum 55 cm including the skull length) of the impact tower, as
shown in Figure 5.2a, only a maximum impact speed of 3.3 m/s can be achieved in our custom-

built drop weight tower test, as described by the equations below:

1
Kinetic Energy (KE) = Emvz = mgh (5.4)
v? = 2gh (5.5)
v =42gh (5.6)

Where m is the mass of the falling object (kg), g is the gravitational acceleration (m s2), h is
height (m), and v is the final velocity (m/s) at the moment of impact. Therefore, the drop height of
the woodpecker skull samples from the tip of the beak to the impact plate was set to 0.46 m. Since
we used scaled up models, with differences both in size and constituent materials, it is important
to evaluate how the acceleration is affected by these changes. The equilibrium of a falling object
of stiffness k (N /m), impacting a rigid surface at a velocity v, and deforming with a displacement

x (M), can be expressed as follows:
ma = kx (5.7)
Where a is the acceleration of the object (m/s?). Conservation of energy at the moment of

impact yields:
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v =+V2ax (5.8)

By inserting Equation (5.8) into Equation (5.7):

a=v |— (5.9)

Assuming a simple homogenous solid with constant material properties, Equation (5.9)

further develops into:

El

C=V 20412

(5.10)

Where E is the Young’s modulus (Pa), I is the second area moment of inertia (m*), p is
the material density (kg/m3), A is the equivalent cross-sectional area (m?), and L is the effective
length (m). This equation further leads to a scaling law that is similar to Equation (5.2). Thus, for
an impact speed of 7 m/s, we predicted a peak acceleration of 1,000 g. Assuming a similar impact
speed for the real skull, and using the values provided in Table 5.1, we find that the acceleration
of the real skull would reach ~6,800 g. For an impact duration of ~1 ms, this result approaches the

limit of acceleration that is tolerable for woodpeckers, as predicted by Gibson [121].
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CHAPTER 6: SUMMARY
6.1 Motivation and hypothesis

The main motivation of this entire thesis work is originated from two main scientific
questions: 1) how woodpeckers avoid brain injury and 2) how the relationship between structure
and property of the woodpecker head can be connected to the specific function (to be protective to
the brain or impact-resistant). If these two questions can be fully answered in a scientific way, the
results can lead to develop a practical protective device for human brain safety as well as a
remarkable tool to deeply understand why many people get brain injury at a certain condition. This
dissertation aims to provide great details to understand how woodpecker avoid brain injury. Main

underlying hypotheses in this dissertation are:

The woodpecker heads have evolved to protect the brain against the physical impact

- The hyoid bone of woodpeckers shows an unusual shape and function; it might add
flexibility as well as energy absorbent capacity for impact-resistance on the head.

- The skull bone of woodpeckers has been specialized to absorb the impact-energy.

- If some woodpeckers need to peck more than other woodpeckers due to the food source,
how this different pecking habit affects to the skull bone structure and what is the
functional result of that change.

6.2 Summary

First of all, the objective of the first research paper on the hyoid bone in Chapter 3 is to
specifically analyze the morphological and structural features and associated mechanical
properties of the hyoid bones of acorn woodpeckers (Melanerpes formicivorus) to examine the
structure/mechanical property relationships that allow it to avoid failure during the extreme

conditions of pecking. The anatomical structure and compositional constituents of the hyoid
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apparatus was examined to determine its possible role in energy absorption. High-resolution
micro-computed tomography and scanning electron microscopy with energy dispersive X-ray
spectroscopy were performed and correlated with nanoindentation mapping. The hyoid apparatus
has four distinct bone sections, with three joints between these sections. Nanoindentation results
on cross-sectional regions of each bone reveal a previously unreported structure consisting of a
stiff core and outer, more compliant shell with moduli of up to 27.4 GPa and 8.5 GPa, respectively.
The bending resistance is low at the posterior section of the hyoid bones, indicating that this region
has a high degree of flexibility to absorb impact. These new experimental results reveal possible
energy dissipating features within the macro/micro structure of the hyoid bone. Therefore, it can
be applied to further studies on the energy dissipation assessment of the woodpecker during
drumming against trees and may have implications for the design of engineered impact-absorbing
structures.

Second, the study introduced in Chapter 4 aims to examine the anatomical structure,
composition, and mechanical properties of the skull to determine its potential role in energy
absorption and dissipation. An acorn woodpecker and a domestic chicken are compared through
micro-computed tomography to analyze and compare two- and three-dimensional bone
morphometry. Optical and scanning electron microscopy with energy dispersive X-ray
spectroscopy are used to identify the structural and chemical components. Nanoindentation reveals
mechanical properties along the transverse cross-section, normal to the direction of impact. Results
show two different strategies: the skull bone of the woodpecker shows a relatively small but
uniform level of closed porosity, a higher degree of mineralization, and a higher cortical to skull
bone ratio. Conversely, the chicken skull bone shows a wide range of both open and closed porosity

(volume fraction), a lower degree of mineralization, and a lower cortical to skull bone ratio. This
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structural difference affects the mechanical properties: the skull bones of woodpeckers are slightly
stiffer than those of chickens. Furthermore, the Young’s modulus of the woodpecker frontal bone
is significantly higher than that of the parietal bone. These new findings may be useful to potential
engineered design applications, as well as future work to understand how woodpeckers avoid brain
injury.

Lastly, the research works in Chapter 5 have performed based on the fact that the brain is
one of the most important and complicated organs, but it is delicate and therefore needs to be
protected from external forces. This makes the pecking behavior of the woodpecker so impressive,
as they are not known to sustain any brain injury due to their anatomical adaptations. However,
the relationship between the morphology of the woodpecker head and its mechanical function
against damage from daily pecking habits remain an open question. Aided by recent technical
advancements, these questions can be explored by applying new materials science concepts of
bioinspiration and bioexploration to identify adapted structures/materials in a design that results
from millions years of evolution. Two main features, including the beam-like bar structure of the
jugal bone acting as a main stress deflector and the high natural frequency of the skull bone of
woodpeckers can teach two lessons for potential materials development as well as engineering
applications: protection of a delicate internal organ occurs by redirection of the main stress
pathway and a large mismatch of the natural frequencies between the skull and brain avoids

resonance and reduces the overall load experienced by the brain.
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CHAPTER 7: BIOINSPIRED DESIGNS AND APPLICATIONS

Mimicking natural and biological materials for engineering applications has been a
common strategy in recent years to develop and modify a different function, structure, and process
using different materials [13, 201-207]. In some cases, some products can be found in the market
as commercialized devices to mitigate impact energy to protect human and devices. Through this
chapter, some examples of bioinspired design of impact-resistant biological materials inspired by

the woodpecker head will be introduced.

DRUMMING (DRILLING)

Force (N)
324
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Figure 7.1. Examples of bioinspired design of the woodpecker head. (a) A simplified pecking motion of woodpeckers
and (b) its empirical characterization of the sponge bone as a shock-absorbing device, adapted from [133]. Note that
(1) microglasses, (2) aluminum enclosure, (3) vibration exciter, (4) power amplifier and signal generator, (5) reference
accelerometer, (6) measurement accelerometer, (7) data recorder.
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The first bioinspired design from the woodpecker heads was reported by Yoon et al. [133]
to develop a high-shock-absorbing system for micromachined devices. The author analyzed the
system of the woodpecker head as an individual component of a high-efficient shock-absorber as
shown in Figure 7.1a. Using a mechanical vibration model by both kinematic model of the
woodpecker’s drumming motion and a mass-damper-spring model, a bioinspired shock-absorbing

system was successfully performed a test at 60,000 g, showing only 0.7 % of failure rate, which

is decreased from 26.4 % of a device by a conventional hard-resin method as shown in Figure 7.1b.
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Figure 7.2. (a) A schematic representation of the jugular vein of human and its intracranial venous system with an
image of the QC30 jugular vein compression device, adapted from [208]. (b) Ultrasonography images of the jugular
vein without (left) and with collar (right), indicating that a significant increase in the internal jugular vein dilation after
collar wearing trials, taken from [209]. (c) A representative scheme of the effect of the collar at different linear
accelerations (above 20 g as green, 50 g as yellow, and 100 g as red) on the head impact, taken from [209].

Another example of bioinspired design of the head of woodpeckers is a jugular vein

compression collar (Q30%, Q30 Innovations, LLC., Westport, CT) to prevent traumatic brain
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injury in the various contact sports (e.g., hockey, soccer, and football) followed by two clinical
researches reported by Myer et al. [208, 209]. The author analyzed some brain injury biomarkers
and head impacts of high school football and hockey players for a season, dividing into two groups
as 1) a group with and 2) a group without the collar device (Figure 7.2a), reporting a significant
drop of signs of brain trauma was observed. This technique is to make a bubble-wrap in the internal
brain to press the jugular vein to increase the intercranial pressure as shown in Figure 7.2b. As a
result, the device might restrict the motion or displacement of the whole brain at the moment of
head impact (Figure 7.2c) [208, 209]. The technique and device are not directly relevant to the
impact-resistant design of material/structure by absorbing impact energy but showed a potential
benefit and design application of learning from the woodpecker head and its anatomical feature.

Abstraction Process

hyoid bone axial muscles woodpecker tongue
bone lumen » I > 8 J
| \
". 1\ ) ‘
1mm > ( SMA springs
¥ 1]
+ _ — | .
— 5, 240° 120°¢
, round braid
round braid shape memory alloy (SMA)
PAB/CNT fibers Nitinol springs biomimetic woodpecker tongue

Figure 7.3. A schematic illustration of the design and development process of the woodpecker tongue inspired remote
actuator made of shape memory alloy and carbon nanotube/polymer composite fibers, taken from [210].

Lastly, a light-weight biomimetic gripper inspired by a movement of the hyoid apparatus
of woodpeckers was introduced by Esser et al. [210] by mimicking the muscle contraction
movement to make a multi-directional bending motion as a remote actuator as shown in Figure
7.3. The author developed this actuator using a shape memory alloy and carbon nanotube/polymer

composite fibers as a light-weight soft robot.
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Overall, some interesting designs and devices were found inspired by the woodpecker head
and its impact (and shock) absorbing ability; however, the detailed mechanisms and role of energy
dissipation from individual part of the head of woodpeckers are still open questions because of its

complexity.
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CHAPTER 8: FUTURE DIRECTION
8.1 As an impact-resistant material and structures

The head of woodpeckers is a representative example of impact-resistant system and
materials found in nature. However, the main difficulty of understanding its accurate energy
dissipation mechanism is that they have some features as a sole but usually as a combination of
two or three features (discussed through Chapter 1 and 2) among 1) multi-scale hierarchical
structure from macro- to nano-scale, 2) multi-phase with a form of amorphous to crystalline, and
3) multi-property with a mechanical impedance mismatch. Again, because of its complexity, the
comprehensive model needs to be further developed and investigated case-by-case, this is the main
reason why the study of impact-resistant biological materials is relatively rare. This thesis work is
the first step to understand impact-resistant biological materials/structures and there still are
numerous considerations to combine those multi common features at each step. The combination
of each component, for example, a multiscale structure with a multi-phase (i.e., the beak, skull,
and hyoid bones of an acorn and red-bellied woodpecker) or a multi-scale structure with a multi-
property (e.g, the gradient structure of the bone and rhamphotheca of the woodpecker beaks) is
partially understood in some limited cases. Considering further details, we can find a more
sophisticated and efficient structure and materials by combining the aforementioned three
common features (multi-scale, multi-phase, and multi-properties) from impact-resistant biological
materials found in nature. For example, the effect of the junction at the interface between the beak
bone and rhamphotheca of the woodpeckers is still unknown. Moreover, the individual effect of
the porous structure on the skull bone of woodpeckers is an ongoing topic in several research
groups. Another example of the horns and hooves mentioned in Chapter 1, development of fiber

composites with a helical and multi-scale structure can be a good example but it also needs further
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investigation until a commercialized product development. This will provide a better
understanding of nature’s ability to build a masterpiece of impact-resistant structures and materials,
aiming to real life engineering products.

8.2 As atesting system on the brain injury to replace current animal injury models

Many people engaged in contact sports suffer from concussion, a type of mild TBI (mTBI),
or more severely, chronic traumatic encephalopathy (CTE), which is a critical progressive
degenerative disorder due to repeated exposures to mTBI [211]. Specifically, among deceased
football players who donated their brains for research, a high proportion had neuropathological

evidence of CTE, suggesting that CTE may be related to prior participation in football [212].

To date, many in-vitro and in-vivo TBI models have been developed; however, none has
been able to fully replicate the injury event and provide a specific safety threshold limit.
Woodpeckers are an interesting model organism, showing a specialized, repeated pecking habit,
which imposes high deceleration forces on their head. They peck at trees every day throughout
their 15-year life span; however, amazingly, no evidence has been found of chronic TBI or

concussion in woodpeckers.

Thus, the brain of woodpeckers is interesting tissue to study and mimic but it never reported
in scientific publications. The earlier investigations on the woodpecker’s head have attempted by
materials scientists and mechanical engineers to understand and identify a key element of the
woodpecker’s shock tolerance in terms of biomechanics of its beak and skull bone. Some
anatomical features were found to be protective including the hyoid apparatus (wraps around the
whole skull) [173], a keratinized beak sheath [110], and more porous and diverging skull bone
structures [186]; although the woodpecker brain itself has never been comprehensively

investigated.
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1)

2)

3)

Therefore, a cluster of related challenges as described below needs to be addressed:

Bird brain samples are limited and structural and mechanical characterization of the brain
requires complicated interdisciplinary work. It necessitates collaboration among
laboratories with widely different skills including neuroscience, molecular and biological
engineering, biomedical imaging, mechanical and materials engineering.

Better understanding of brain injury mechanism in different animal species along its
different structural and mechanical property is needed. The brain has a very complicated
3D multiscale hierarchical structure. The structural and mechanical properties vary on the
species of animals, for example, the brains of birds and mammals are known to be different;
therefore, the brain injury mechanisms could be different.

The brain is a porous, viscoelastic materials because of the complexity of the brain as a
porous, viscoelastic materials, 3D modeling and finding a proper impact loading condition
are extremely difficult for biologists. Comparative study of the brain among different
animal species can highlight the similarities and differences of the brain, creating a novel
structure-property relationship of the brains.

The bioinspiration process looks to take inspiration from the successful strategies of natural

and biological materials and harness them to develop novel materials or structures that can provide
a benefit to society. As the same approach, inspired by animal brains, the proposed study aims to
enhance the understanding of mTBI mechanism by utilizing a novel convergent evolution model
in birds and mammals. This is based on the hypothesis that the mechanisms of brain injury and its
protection vary among different species; therefore, the study of structural and functional
similarities and differences of the brain can give us a new insight for a common or distinct brain

injury mechanism.
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