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ABSTRACT OF THE DISSERTATION

Exploring Structural Biological Materials and Their Structure-Property Relationships in
Mineralized and Non-mineralized Systems
by
Audrey Velasco-Hogan
Doctor of Philosophy in Materials Science and Engineering
University of California San Diego, 2021

Professor Marc André Meyers, Chair

This work is dedicated to characterizing unexplored structural biological materials in both
mineralized and non-mineralized systems including the transparent teeth of the deep-sea
dragonfish, a comparative study on the piranha and pacu teeth, and the feather rachis of primary
flight feathers from birds with various flight styles. The insights gained are used to better
understand how the structure across multiple length scales (micro, meso, and macro) relates to the
optimization of tough, stiff, lightweight, energy absorbent, and impact resistant materials. We
propose that these findings can be used to develop bioinspired structural designs for tailorable

mechanical performance.
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The transparent dragonfish teeth are found to be composed of nanostructured
hydroxyapatite (~20 nm grain size) and collagen. They are devoid of microscale features such as
microtubules which are typically found in the dentin layer. The nanoscale structure is responsible
for the reduced Rayleigh light scattering and the increase in hardness and stiffness in the dentin
layer. The optical transmittance of the teeth is found to be within the range of ~38% to ~78% and
is found to depend on tooth location (tip, middle, base) and wavelength. The tip of the tooth is the
most transparent to red light (700 nm) and least transparent to blue light (450 nm). We suggest that
the nanostructured design of the transparent teeth enables predatory success as it makes its wide-
open mouth armed with teeth effectively disappear against the darkness of the deep-sea.

The relationship between feeding mechanics and structure-property relationships are
investigated with the comparison of two closely related species: the piranha (carnivorous) and the
pacu (herbivorous). Typically, the morphology and form of the tooth are only used to indicate
feeding performance, ignoring the hierarchical nature and relative tooth position within the jaw.
Herein we investigate both types of teeth across multiple length scales and relate the findings to
how the tooth performs during feeding. We suggest that tooth form, enamel thickness, structuring
of the dentin-enamel junction, and microstructural characteristics of enamel influences the
biomechanics required for each style of feeding.

Tubules are not only found in the dentin layer of teeth but also in horns, hooves, and many
other natural energy absorbent materials. However, the effects of porosity, radius, or degree of
reinforcing mineralization and the synergy with other design motifs (suture and gradient
structures) on the mechanical properties have not been fully explored. We propose to 3D print

tubule architectures to parametrically explore the above-mentioned effects in quasi-static
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compression, fracture toughness, drop tower testing, Hopkinson bar, and dynamic mechanical
analysis and compare them with numerical models.

The mechanics of the feather shaft are explored through 3D printed bioinspired designs to
investigate structure-property relationships with respect to flight. The feather shaft is the
predominantly load bearing component of the feather and is the focus of this work. Sandwich
structures inspired by the feather shaft are printed with a foam core and without a foam core to
investigate the flexural properties. The flexural strength of the sandwich structure increases with
the addition of a foam core, due to the increase in the moment of inertia. However, the stiffness
remains the same despite having or not having a foam core. Stiffness is only determined by the

cortex since the foam provides negligible stiffness .
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Chapter 1: Introduction and Objectives

1.1 Bioinspiration and Materials Science

The emerging field of bioinspiration—which relies on the translation of materials science
and engineering principles to biological materials—is rapidly advancing [1-7]. This involves the
use of a materials science and engineering approach to better understand the success of biological
materials and how they have evolved to their environments with the ultimate goal of providing
effective solutions for bioinspired design.

Biological materials are unique in their structures and functions. This sets them apart from
engineered materials and provides the underling motivation for exploration. As summarized in
Arzt’s heptahedron[8,9], biological materials have at least seven distinct characteristics including:

o Self-assembly. Precursors, such as biological molecules, self-assemble to form a
predetermined structure. Self-assembly and self-organization works across multiple length
scales originating at the nanoscale to the macroscale. The most ubiquitous example is the
folding of proteins. This synthetic method is also known as a bottom-up[10] approach
which is in contrast to many traditional manufacturing processes. Typically, engineered
materials are formed from bulk processing dictated at the macroscale. This lends itself
difficult to control nanoscale features.

o Self-healing. The regenerative abilities of living biological materials is due to the cellular
and vascularity of the organism. This is very difficult to accomplish in synthetic materials.

e Evolution and environmental. Biological materials have been in the process of evolution
driven by natural selection for the past three billion years. Synthetic materials, on the other

hand, have only been developed for the past thousand years at most.



Hydration. Many biological materials thrive in a hydrated state with notable exceptions of
few highly mineralized materials. The level of hydration influences their mechanical
properties. Dramatic changes can occur when biological materials are dehydrated.
Hydration effects are known to serve as reversible actuation mechanisms in response to
environmental changes for effective seed dispersal [11].

Synthesized at ambient temperatures and pressures. Unlike many traditional synthetic
materials, biological materials are inherently synthesized at ambient temperatures (-50 to
+50°C) and pressures. Since natural materials do not have furnaces at their disposal, they
must rely on alternative methods to achieve desirable properties. This often finds itself in
their exceptional ability to organize internal components and structures.

Multi-functional. Many tissues have more than one function, and this provides economy of
space and mass. For example, the arthropod exoskeleton provides structural support for the
body, protection from predators, serves as an attachment to the muscles, and controls the
exchange with fluids with the surroundings, and is able to resist mechanical loads [12].
Since the exoskeleton can perform all of these functions, arthropods can conserve the need
for additional specialized tissues.

Hierarchical. The hierarchical structure of many biological materials is intrinsically tied
to their mechanical properties. The overall architecture is defined by distinctive structures
at the nano-, micro-, meso-, and ultra-levels. These levels are known to work together
synergistically. One material that highlights the importance of hierarchy is the structure of
bone, which has been described extensively in numerous reviews [13—15]. Collagen fibers
and hydroxyapatite minerals are organized at the nanoscale to effectively build the

microscale features consisting of lamellae sheets wrapped in concentric layers. The



microstructure ultimately forms the macrostructure defined as either cortical or cancellous
bone.
Many of the desirable materials properties of biological materials, such as high stiffness and
toughness, are due to the structural integration of an organic and a mineral phase. The organic
component provides tensile strength, while the mineral component contributes compressive
strength and stiffness. This is a key feature responsible for the superior mechanical response when

compared engineered materials.
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Figure 1.1 Seven unique characteristics of biological materials: the Arzt heptahedron. Adapted
with permission [8]. Copyright 2006, Elsevier.



Biological materials are known to exhibit a desirable balance between stiffness and
toughness. First introduced by Ashby et al.[16] and then modified by Fratzl et al.[15], Espinosa et
al.[17] and Zavattieri et al.[ 18], Figure 2 describes the difference in trends associated with stiffness
and toughness between engineered and biological materials. For engineered materials, as stiffness
increases toughness drastically decreases; however, we see the inverse occur for biological
materials. For example, ceramics have a comparable stiffness to bone yet bone is much tougher
(Figure 1.2). This is primarily due to the aforementioned characteristics of biological materials:
hierarchical structure and their composite nature (Figure 1.1). Bone relies on varying mechanical
properties at different structural levels to mitigate crack propagation and enhance toughness while

maintaining stiffness.
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Figure 1.2 Relationship between toughness and stiffness for synthetic and biological materials.
Notice that engineering materials have a drastic decrease in toughness with an increase in stiffness
while biological materials can maintain toughness despite an increase in stiffness until a critical
value. Reproduced with permission.[18] Copyright 2015, Elsevier



While there are many components of biological materials that make them suitable candidates
for inspiration, this work focuses on the structure-mechanical property relationship. Throughout
the biological realm there are a few design motifs that have proven to be structurally integral.
These common structural designs were first identified by Naleway et al.[19] using an approach
introduced by Meyers et al.[2]. These eight motifs are collectively known as structural elements
and occur in different species but often serve the same function. These have developed through
convergent evolution as shown in Figure 1.3 and are described below:

e Fibrous structures. They have high tensile strength when aligned in a single direction, and

under compression readily undergo buckling resulting in low compressive strength.

e Helical/Bouligand structures. Common to fibrous or composite materials, they are
characterized by the rotation of the fibers in sequential layers. Enhanced toughness results
from the difficulty in propagating cracks; in-plane isotropy of strength and stiffness can be
achieved with fibers.

e Gradient structures. Materials and interfaces that accommodate property mismatch (e.g.,
elastic modulus) through a gradual transition. This design aids in increasing toughness by
avoiding the buildup of interfacial mismatch stress.

o Composite/Layered structures. Complex composites that increase the toughness of (most
commonly) brittle materials through the introduction of interfaces. A classic example is the
nacreous structure in shells, such as abalone.

o Tubular structures. Organized porosity that allows for energy absorption and crack
deflection.

o Cellular structures. Lightweight porous or foam architectures that provide directed stress

distribution and energy absorption.



o Suture interfaces. Compliant interlocking seams that connect stiffer components.
o Articulated structures. Overlapping plates that slide past each other to make a rigid yet
flexible surface suitable for armor. Primary examples are fish and pangolin scales and the

tail of the seahorse.

"ubu\a*

Figure 1.3 The eight principal structural design elements: motifs that appear in different species
through the processes of convergent evolution and parallelism. Reproduced with permission.[19]
Copyright 2015, Wiley.

This work will explore the advantages of tubular, cellular, layered, and suture structures to

develop bioinspired structural designs. These reoccurring structures are predominantly found in

teeth, horns, hooves (tubular, layered, and sutured), and feathers (cellular and sandwich structures).



While they have been extensively observed in nature, there is still much that can be gained from
isolating and fabricating various designs for tailorable applications. This includes parametric
studies in compression, bending, fracture toughness, impact testing, and dynamic mechanical
analysis and comparison to analytical and numerical models (finite element analysis) to better

understand strength, stiffness, and energy dissipation mechanisms to name a few.

1.2 3D Printing as a Technique to Design Bioinspired Materials

Traditional manufacturing methods have limited the creation of bioinspired designs due to
their inability to synthesize and assemble materials with different hierarchical. With recent
advancements in Additive Manufacturing (AM), which utilizes a bottom-up approach analogous
to nature, this limitation has been resolved. Materials found in nature are synthesized via a bottom-
up approach where their final structure is encoded in their precursors which self-assemble to the
prescribed form. The assembly of building blocks across multiple length scales leads to the
generation of hierarchical structures. On the contrary, traditional manufacturing processes use the
top-down approach, where the desired material is formed from the reduction of the bulk material
or by bulk solidification. This method, beginning with the bulk material, makes it difficult to
generate hierarchies across many length scales. While many bottom-up manufacturing processes
exist, such as physical vapor deposition (PVD), chemical vapor deposition (CVD), and sputtering
they have severe size and thickness limitations and do not lend themselves well to the scale-up
requirements of structural materials. AM has been the focus of significant research effort in recent
years as it uses a bottom-up approach and can be scaled up. Although AM is not currently ideal
for producing a large quantity of items at once, it opens a plethora of opportunities to prototype

and research complex structures.



In the field of biological materials science, AM is being used in two principal modes: (1)
to better understand the mechanical response of biological materials and to identify the governing
mechanisms; and (2) in implementation of bioinspired designs. The use of AM to generate
bioinspired materials and designs goes beyond the demonstration of principles. As Figure 1.4
indicates, the 3D printing of prototypes is followed by mechanical testing which provides
guidelines for modifications and subsequent optimization. Since the synthetic materials used in
AM have different properties than natural materials, the bioinspired design parameters must be
modified accordingly. This sequential manufacturing and testing leads to a more complete
understanding of the deformation, damage, and failure processes. Additionally, theoretical and
computational models are used to complement AM experimental results by providing supportive
evidence and even going beyond the limitations of AM to extend the scope of the study. Additive
manufacturing can provide a greater depth of knowledge when used in combination with
theoretical and computational analyses.

This work will rely primarily on the use of AM to provide a greater insight to the structures
revealed in the biological systems studied (teeth — suture interface, hooves — tubules, and feathers
— sandwich structures) and how their geometries influence mechanical properties and failure
mechanisms. When appropriate, the results from AM and subsequent mechanical testing will be
compared with analytical and numerical modeling with use of finite element analysis (FEA). This
approach will provide a greater understanding of how specific structures contribute to the overall
function of the biological material. Additionally, the structures in question which are often found
on the micro- and meso-scale will need to be scaled up in size and simplified for both effective

printing and mechanical testing.
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Figure 1.4 Process map detailing steps in the use of additive manufacturing for exploring biological
materials and bioinspired design.[6]

While there are many 3D printing systems on the market, PolyJet multi-material
technology (Stratasys Ltd.) is a favored printer among developing bioinspired designs due to its
multi-material printing capabilities. PolyJet selectively jets liquid photopolymer droplets that are
immediately cured by ultraviolet lamps in a layer-by-layer fashion. This feature ensures that upon
completion of the layer-by-layer process, the build is completely cured without the need to
immerse the object in a bath of uncured material. This decreases the amount of time required. Most
importantly, its ability to simultaneously jet-deposit multiple materials with different mechanical
properties distinguishes it from traditional 3D-printing methods. There are eight printheads
capable of printing up to three different materials which can control local composition.[20] Both
rigid and flexible materials can be printed simultaneously. This unique element is advantageous
for the design of bioinspired materials that are often composites or have gradients in material
properties. PolyJet technology is able to achieve a high resolution of 600 dots per inch (dpi) and

the thickness of each layer is 16-30 microns.[20] This resolution is compared to other AM



techniques in Figure 1.5. Support material is needed to provide stability to jetted droplets and can
be easily removed by hand or with a water jet. This technique is widely used to develop bioinspired
structures.[6] A major reason for its popularity is its ability to print multiple materials

simultaneously and it ability to produce high resolution samples.

Stereolithography

Two-photon
polymerization Polylet

100 nm 1um 10 pm 100 pm 1mm

Fused deposition modeling

Direct-ink printing

Figure 1.5 The minimum size ranges of features produced by principal AM printing methods.
Adapted with permission.[21] Copyright Springer Nature, 2016.

Multi-material 3D printing allows for the generation of variable stiffness composites
necessary to fully characterize and explore the mechanisms at hand that promote damage tolerance.
The composite nature of biological materials is a leading feature that contributes to their
exceptional resistance to damage. Therefore, it is desirable to both understand and replicate this
structure synthetically. Bone and nacre are ubiquitous examples of biological composites and have

inspired many studies.
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1.2.1 3D Printed Layered Composites Inspired by Bone

Dimas et al.[22] investigated the fracture response in three different bioinspired layered
composite materials: bone-like, biocalcite-like, and rotated-bone (helicoidal with sequential layers
at different angles to the longitudinal axes), mimicking the osteon[23] structure. Comparing the
three different architectures provides insight into the role that geometry plays in organizing stiff
and soft phases. All composites were made using the PolyJet multi-material 3D-printing technique
(Stratasys Ltd.) with 70% volume fraction of the rigid plastic and 20% volume faction of the softer
phase. Deformation and fracture mechanics testing were performed on the three prototypes and
compared to bulk samples of each constituent. As expected, the composites outperformed their
constituents which is attributed to geometrical toughening. Toughening occurs due to the
introduction of a significant stiffness mismatch which allows the crack to propagate through the
more compliant material. The path that the crack travels is dictated by the topology

The bone-like topology, which can be described as a brick-and-mortar-like structure with
stiff plates in a compliant matrix, generates significant delocalization of stress and strain (Figure
1.6 a,b). The compliant phase is continuous throughout the sample which allows it to distribute
stress and strain more effectively. During the initial stages of crack propagation, non-localized
failure occurs in the vertical compliant phase while the horizontal portion undergoes shear strain
holding the system together. The AM samples did not fail at the interfaces which suggests that
interfacial adhesion is sufficiently strong to keep the constituent materials together.

Rotated bone-like topology has an initial characteristic zigzag fracture path through the
compliant phase which is able to continuously transfer the longitudinal strain (Figure 1.6 c). This
is seen in both the experimental and computational systems. It is more energetically favorable for

the crack to propagate in the compliant matrix which forces it to take a longer path and induces
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toughening. The material is able to sustain increased deformation after significant loading due to
delocalization of the soft matrix upon the onset of crack-tip blunting.

In the biocalcite-like topology, unlike the bone-like and rotated-bone-like, the stiff
component is the continuous matrix, not the soft phase. This did not allow for the crack to
propagate continuously through the soft phase resulting in a different fracture mechanism. The
crack no longer meanders through the compliant matrix, but results in a rugged fractured surface

as it attempts to minimize the distance it travels (Figure 1.6 d).

(c) (d)

Figure 1.6 Comparison of deformation and fracture mechanisms in AM samples and simulation.
a) The 3D-printed bone-like structure. b) Simulation of the bone-like topology. ¢) The rotated-
bone-like structure. D) The bio-calcite-like structure. i-iii) Show evolution of fracture in both
samples over time. Adapted with permission.[22] Copyright 2013, Wiley.

12



1.2.2 3D Printed Suture Interfaces Inspired by Interfaces in Nature

Sutures are a fundamental design motif found in nature consisting of compliant
interlocking seams that connect stiffer components. They are found across a diverse range of
biological materials (boxfish plates[24], skull bones[25], and turtle shells[26,27]) and contribute
to the remarkable mechanical properties such as stiffness, strength, and toughness of such materials
(Figure 1.7). Sutures can enhance the functionality of inherently brittle materials. It has been
known that the geometry of the suture interface influences the mechanical properties. 3D printing
has been recently utilized to identify the geometrical effects of sutures and validate analytical and

computational models [28,29].

(b)

1 0mm 1 0mm 2 mm

Figure 1.7 Examples of sutured interfaces found in nature and their various geometries: (a) red-
bellied woodpecker, (b) diatom frustule, (c) stickleback fish scales, (d) cranial sutures, (e)
ammonite shell, (f) leatherback sea turtle shell. Reproduced with permission.[28] Copyright 2017,
Elsevier.
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An important feature of sutures is the nonlinear traction behavior that occurs due to
frictional pullout of the interlocking structures which accounts for strength and energy absorption.
Malik et al.[28] characterized the pullout response of an interlocking jigsaw-like suture using AM
and mechanical testing to verify and optimize analytical and finite element models. Jigsaw-like
interlocked sutures were fabricated using digital light processing technology (Micro HiRes
Machine, EnvisionTech) made with ABS (a relatively brittle polymer) with different interlocking
angles: 6 = 5°,10°,15°,20° as shown in Figure 1.8.

Mechanical pull tests were performed and forces and displacements were measured to
determine the full pullout response in terms of stiffness, strength, maximum elongation, and energy
absorption and the effect of the interlocking angle [28]. It was shown that as the interlocking angle
increases, the stiffness, strength, maximum elongation, and energy absorption all increased up to
a critical angle (Figure 1.8). The greatest angle (20°) fractured prematurely and showed cracks
initiating at the edges of the contact region. The increase in strength with an increase in
interlocking angle can be attributed to geometrical interlocking, which resists pullout as the tabs

stay in contact over a longer pullout distance.
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Figure 1.8 Examples of “jigsaw” sutured samples. a) CAD design of the “jigsaw” pieces of the
sutures. b) Interlocking mechanism of the sutures. c) Images of 3D-printed prototypes with
interlocking angles of 5°, 20°, and 35°. d) Stiffness as a function of interlocking angle. e) Strength
as a function of interlocking angle. f) Energy absorption as a function of interlocking angle.
Reproduced with permission.[28] Copyright 2017, Elsevier.
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Finite element simulations were used to validate the mechanisms explored in the AM
samples and to develop a platform that can be used to study more complex structures by including
analysis of the coefficient of friction. This is a common trend, which involves using simulations
to go beyond what is learned from the AM models. Their procedure tested 80 combinations of
interlocking angle and coefficient of frictions. Increasing either the interlocking angle or the
coefficient of friction improves the pullout response, but, as a consequence, introduces undesirable
tensile stresses. Therefore, there exists an optimal angle and coefficient of friction that can
maximize the pullout response. The optimization results for stiffness, strength, and extension
showed that a maximum occurs when the coefficient of friction is zero and the interlocking angle
1s 13°. This occurs because the elimination of friction reduces tensile stresses. However, this
optimization is not beneficial for energy absorption, as friction is a predominant mechanism to
absorb energy, which results in poor toughness.

Overall, this study uses AM to generate tailored geometries to better understand the pullout
response in relation to stiffness, strength, elongation, and energy absorption. AM provides a robust
platform to validate and optimize models of complex geometries to provide greater insight into the
fundamental mechanisms that account for the remarkable properties of suture-like features inspired
by biological materials.

Additive manufacturing is becoming an integral component of exploring biological and
bioinspired materials. It provides the capabilities to generate intricate designs needed to investigate
geometrical effects on mechanical performance in bioinspired structures. AM is a rapidly evolving
technique and while many methods exist for the design and fabrication of bioinspired materials, it

is evident that Polyjet multi-material printing is an integral player in this field. Nature’s reliance
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on the integration of both soft and hard materials to achieve exceptional properties makes multi-

material printing a necessity.

1.2.3 Current Challenges and Future Development of AM for Bioinspired Design

While AM has taken great strides in the past decade to prove itself useful in the development

of bioinspired structures, there are still challenges that need to be overcome. A major concern is

the inherent trade-off between resolution, build volume, speed, and cost. For amplified resolutions

and increased build volume, the speed generally decreases, which in turn increases the cost of

production. The following represent the most prevalent challenges:

Multi-scale. The remarkable properties of biological materials are predominantly attributed
to the organization of design from the nano- to macro-scale which allows for the
combination of different toughening mechanisms along multiple length scales.[4,30] While
commercial AM has the widest range of multi-scalability when compared to other
traditional methods[31] (due to the diversity of printers and their resolutions), there does
not exist a method to print continuously from nano- to macro-dimensions. Two-photon
polymerization can reach resolutions in the nanoscale with an upper bound of ~1 pm.[32]
On the other hand, many techniques (direct ink writing, photocurable inkjet, and
stereolithography) can readily produce complex geometries with micrometer dimensions,
but fail to achieve minimum features less than ~1 pm. True bioinspired constructs
necessitate the control of material composition and structure from across great length scales
which requires advancements in AM.

Multi-material interfaces. Multi-material printing enables the comparable representation

of biological composites; however, uncontrollable mixing occurs at the interface which
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leads to unpredictable properties.[18] This topic is currently being explored and it is
understood that the combinations of different materials, load directions, and mixing ratios
all contribute to variations in interfacial properties with multiple consequences.[33] There
exists a threshold above which the “composite effect” (when the size of the feature is two
orders of magnitude larger than the inclusion size)[33] needs to be taken into account. The
interfacial properties of multi-material printing need to be fully investigated to better
control and tailor bioinspired prototypes.

Inherent defect control. Additive manufacturing systems are known to produce prototypes
with minor defects due to their inability to detect and correct errors during production.[34]
These compounding errors often lead to voids and inconsistent prototypes. This is
inherently detrimental to studying bioinspired designs, as structure and geometry play key
roles in property determination. A proposed solution to quality assessment is the use of
software imaging analysis.[34] This solution allows for the detection of defects where the
filament has not been applied. While this technique only detects limited defects, it will be
necessary to develop more robust solutions that can identify and correct a range of defects.
It is important to note that defects are inherent in biological materials and can contribute to
toughening and strengthening. These defects arise from the fact that most biological
materials are multifunctional, which have channels or pores creating structural voids or
empty spaces in the material. For example, the pores in bone tissue direct load from weak
to strong areas. AM does not have to produce perfect architectures, but when performing a
systematic study of various geometries on crack propagation the introduction of unwanted
defects can introduce unintended and disruptive features as seen in the study by Dimas et

al.[22].
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For the future direction of the field of biological materials and AM, it will be important to
increase functionality of fabricated components with the use of multi-process 3D printing. Multi-
process 3D printing combines complementary processes to potentially include electronic,
electromagnetic, optical, chemical, and thermal features [35]. Biological materials are known for
their multifunctional capabilities[19], for example fish scales[36] can provide camouflage,
mechanical protection, flexibility, and low water drag. A fundamental understanding of these
systems can be applied to bioinspired material designs. To do so it will become necessary to use
multi-process 3D printing. Additionally, the patterns and structures reported here are far removed
from the complexity found in nature. While the goal of this work is not to exactly reproduce what
nature has accomplished, the next stage is to match a more similar degree of complexity that will
lead to fine-tuned features and properties necessary to develop novel synthetic materials. This will
require advances in resolution and multiscalability. Additive manufacturing’s growth projection is
dynamic and rapidly improving which gives unlimited potential for future work in bioinspired
design and integration.

While there are considerable advancements that need to occur in AM technology to enhance
the field of bioinspired materials, it is also important to improve our understanding of the
fundamental behavior of biological materials. As we develop superior characterization and
analytical techniques, such as in situ cryo-electron microscopy, we can reveal with more accuracy
the molecular assemblies of chemically unmodified specimens. Biological materials are a part of
living systems and therefore it is important to study them in an unaltered state. Another important
consideration, is understanding how the overall mechanical behavior of the material influences the
governing mechanisms which we may not be able to capture when only looking at a particular

length scale. To drive the field of bioinspired materials forward, we need to obtain a more holistic
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understanding of biological materials, which comes with better hypothesis and advancements in
the technological tools to unearth what is unknown.

Additive manufacturing is becoming an integral part of research on biological and bioinspired
materials as clearly demonstrated here. It provides the capabilities to generate intricate designs
needed to investigate geometrical effects on mechanical performance in bioinspired structures.
AM is a rapidly evolving technique, and while many methods exist for the design and fabrication
of bioinspired materials, it is evident that PolyJet multi-material printing (Stratasys Ltd.) and two-
photon polymerization (Nanoscribe) are integral players in this field. Nature’s reliance on the
integration of both soft and hard materials to achieve exceptional properties makes multi-material
printing a necessity. With the advancement of powerful lasers, two-photon polymerization has
emerged with the capability of nanoscale dimensions to generate structures on a fundamental scale
that is critical to the success of biological materials. AM provides a tailorable tool to explore
cardinal structural interactions and optimize properties. This phenomenal tool can be used in two

primary modes:

1. To assist in our understanding of the mechanisms and response to external loads
(deformation, damage, and failure). Specific structural designs are identified in biological
materials and are then translated into additive-manufactured designs. These are then
manufactured and tested under distinct conditions to identify the mechanisms, test the
hypotheses, and improve our understanding. This can be extended to the development of
parametric studies that rely on AM to produce iterations of distinctly different structural
units.

2. Lessons from nature are translated into designs that use the principles at hand and are

tailored to suit a particular application, which may be quite different from the natural
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system. One example that stands out is the potential industrial application of gecko-inspired
dry adhesives. Once we understand the mechanisms at hand we can control the structural

design for tailorable applications.

1.4 Research Focus and Motivation

Biological materials science thrives at the intersection of biology, materials science, and
engineering. This work focuses on applying the above-mentioned principles of materials science
and engineering to investigate unexplored biological materials and the development of bioinspired
structural designs. This is accomplished on two fronts: (1) biological materials characterization via
traditional materials science characterization techniques and (2) 3D printing of bioinspired designs
followed by subsequent mechanical testing and numerical modeling to better understand their
structure-property relationships. The goal of this work is to contribute to the overarching question
that lays the foundation of biological materials science: how do biological materials structure
and organize their relatively weak constituents to achieve the properties that allow them to
perform the specific functions they need to thrive in their respective environments?
Additionally, how is this accomplished in both mineralized (teeth) and non-mineralized (keratin)
systems?

To answer the above question I have broken down these goals into the following aims:
Aim 1: Characterize the hierarchical structure of teeth among diverse feeding strategies of
fish.

1.1 What is the relationship between hierarchical structure and mechanical properties of

the transparent teeth of the deep-sea dragonfish and what ecological function does

transparency serve?

21



1.2 Can micro- and meso-structural differences in teeth account for the distinct diets of the
piranha and pacu?

Aim 2: Characterize the structure and mechanical properties of primary flight feathers of
birds with various flying strategies which include high- and low-frequency flapping styles.

1.1 Investigate the scaling of the feather shaft at different orders of hierarchy which include
foam, rachis width, and ratio of cortex to medulla.

1.2 Investigate the bending properties of various feather shafts under quasi-static and
dynamic loading conditions to understand how the structuring of the sandwich structure
can tailor flight performance.

Aim 3: Produce bioinspired structures for the development of 3D printed designs for
mechanical testing and computational modeling.

1.1 Investigate the influence of porosity, geometry, and a reinforcing layer on the tubule
architecture found in horns and hooves.

1.2 Investigate the geometry of the dentin-enameloid junction (DEJ) found in the piranha
and pacu and how the suture structure influences stress distribution under compression.

1.3 Investigate the geometry of the feather rachis under three-point bending.

In order to accomplish these aims, it is imperative to first characterize the unique features
of biological materials to not only better understand the success of biological systems but to also
extract potential sources of inspiration. From Aim 1, this work includes the structure, optical, and
mechanical property characterization of fish teeth (deep-sea dragonfish, piranha, and pacu)
through scanning electron microscopy, transmission electron microscopy, hyperspectral imaging,
u-CT scanning, nanoindentation, and computational modeling. From Aim 2, The feather shaft of

flying birds is explored through scanning electron microscopy, three-point bending, and dynamic
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mechanical analysis to investigate their structure-property relationship with respect to flight. More
specifically, the rachis which is responsible for supporting the primary load of the feather during
flight will be analyzed.

From Aim 3, prior work from the literature is used to develop and explore energy absorbent
and tough bioinspired structures inspired by the reinforced tubular architecture found in teeth,
horns, and hooves. These designs are mechanically tested in quasi-static compression, fracture
toughness, and dynamic mechanical analysis to determine structural influences on mechanics.
Bioinspired interfaces from the DEJ of the piranha and pacu are printed and mechanically tested
to better understand how the geometry of the interface influences the stress distribution.
Bioinspired feather shafts are built and tested in three-point bending and dynamic mechanical
analysis to discern relationships between cortex-to-medulla-thickness ratios and the presence of a

foam-filled center on bending and energy absorption and dissipation.
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Chapter 2: Background

2.1 Tooth Structure and Composition

Teeth are considered one of the oldest forms of mammalian tissues. They are a complex,
graded structure composed of three distinct regions: enamel, dentin, and cementum. Enamel is the
highly mineralized, hard, but brittle, external layer that is exposed to the environment. The dentin
layer is found below the enamel and between the pulp chamber and is less mineralized and more
tough. Dentin is considered the largest component in consideration of both weight and volume
[37]. Cementum serves as the connection to the jaw attached by periodontal ligaments and alveolar
bone [5]. This work will focus only on the enamel and dentin layers. Unlike a majority of biological
tissues, enamel and dentin are unable to regrow and repair from damage. Therefore, they must
work together to be able to withstand millions of cycles of mastication forces. Despite the enamel
being extremely hard, brittle, and having low toughness (comparable to glass), teeth are still able
to withstand mastication forces though the synergistic effect of the underlying dentin layer. The
interface between the dentin and enamel is known as the dentin-enamel junction (DEJ). It provides
a crack-arresting barrier for flaws formed in the brittle enamel [38].

Enamel and dentin are composed of three constituents: a mineral phase (hydroxyapatite
(HAP)), an organic phase (collagen), and water. Enamel is the hardest tissue in the human body
due to its high mineral content ~96 wt%. The enamel functions as a wear-resistant surface to
protect the softer underlying dentin [39]. Enamel is primarily made up of large hexagonal
hydroxyapatite crystals that are often calcium deficient and substituted with carbonate. Similarly
orientated crystals bundle to form prisms that are rod-like in structure as shown in Figure 2.1.

These prisms are separated by a thin organic matrix known as interprismatic enamel.
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Figure 2.1 Scanning electron micrograph of enamel. This surface has been acid etched to reveal
the enamel rods.

Dentin is composed of a matrix of mineralized collagen fibers ( ~70 wt% mineral, 20 wt%
organic, and 10 wt% water).[40] The structure of dentin is responsible for its toughness. At the
microscale, it is composed of an array of ~1 um diameter dentinal tubules that originate from the
pulp and radiate out in an “S” shape terminating in the DEJ (Figure 2.2). Dentinal tubules are
reinforced by a thin layer of mineral, known as peritubular dentin. The reinforced mineral layer
readily initiates microscopic cracks under loading which is an example of an extrinsic toughening
mechanism [41]. When a crack propagates in dentin, it will follow the path of least resistance
moving through the more compliant phase (tubules). Tubules are organized in a gradient
distribution with their highest concentrations being closer to the pulp and decreasing towards the

DEJ (Figure 2.2).
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Figure 2.2 Scanning electron micrograph of dentin microtubules. The lighter regions surrounding
the microtubules indicate regions of higher mineralization (peritubular dentin). There is a
noticeable gradient in tubule porosity decreasing towards the DEJ.
2.2 Tooth Mechanics

The mechanical properties of enamel, dentin and the DEJ have a strong dependence on
microstructure geometry and orientation. Specifically, variations in prism orientation are known
to affect hardness, stiffness, and fracture toughness in the enamel layer. The dentin layer has a
strong dependence on tubule orientation, tubule density, and tubule radius. The microstructure of
the dentin and enamel layers and their corresponding interface (DEJ) dictate distinct mechanical
properties which synergistically work together to create an efficient hierarchically layered
composite.

The enamel layer is highly anisotropic and has a dependence on the orientation of its
crystallite rods on the micro scale. This has been determined both macroscopically and

microscopically. Macroscopic methods include acoustic impedance, flexural, and tensile testing to
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determine the elasticity, strength, and toughness [42—47]. One study on bovine enamel shows that
the elastic modulus is dependent on testing orientation were the occlusal and longitudinal
directions measure 125 and 115 GPa respectively [48]. Fracture toughness of enamel is also
dependent on enamel rod orientation as crack propagation occurs preferentially along the inter-rod
spaces parallel to the rod axes [44]. Additionally, the micromechanical properties of teeth are
direction dependent. Typically microhardness and nanoindentation are used to probe the
micromechanical behavior of enamel [49,50]. Microhardness testing performed by Xu et al.[51]
determined that hardness and Y oung’s modulus were higher in the occlusal section when compared
to the longitudinal section. Modified atomic force microscopy for nanoindentation has been used
to study the anisotropic behavior of single enamel rods with orientations parallel and perpendicular
to the rods and at different locations within the tooth (occlusal vs longitudinal). It was shown that
the hardness and Young’s modulus parallel to the rods was 3.93 GPa and 87.5 GPa respectively
which was greater than perpendicular to the rods (3.3 GPa and 72.2 GPa respectively) (Figure 2.3)

[42].
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Figure 2.3 Atomic force microscopy detailing nanoindentation surface of enamel in different
orientations. A) Nanoindentation performed parallel to the enamel rods. B) Nanoindentation
performed perpendicular to the enamel rods. Reproduced with permission.[42] Copyright 2001,
Elsevier.

When the loading direction is orientated parallel to the tubules the flexural strength is
greater when compared to loading perpendicular (Figure 2.4) [52]. Additionally, the collagen
fibrils contribute to the anisotropy of dentin and play a significant role in amplifying strength. As
tubule density increases the ultimate tensile strength, hardness, and elasticity have been shown to
decrease [53,54]. This creates a gradient in strength from the pulp to the DEJ and is responsible
for its crack arresting and toughening capabilities. The degree to how large the tubule radius is
also contributes to the mechanical properties of dentin. With age, the dentin tubules fill and the
effective radius becomes smaller. Flexural strength and toughness both decrease as dentin tubules
deteriorate and fill with carbonated apatite [55]. Crack bridges are formed by the filled tubules and

fewer microcracks and microbranching of the tubules occur [55].

28



Tubule
Tubule direction
direction
200
[ Parallel 200 [ Perpendicular
150~ 150
g T |
= I o | .o'
= 100 € 100 - o
@ . § L °.f"
0 %) Ei—e u
I L.
50 50F om
: .0{ 1 Ep
]
- .‘..
]|~ P - P - A (1] FRCRSNE IR e IR | SIS SR c O VR
0.000 0.005 0.010 0.015 0.020 0.000 0.005 0.010 0.015 0.020
Strain (m/m) Strain (m/m)

Figure 2.4 Structure of teeth and dependence on orientation. A. General tooth structure
highlighting the relative positions of enamel and dentin. Tubules are orientation perpendicular to
the surface. B. Tooth showing tubules orientation and a sample orientation parallel. C. Flexural
response of a sample orientated with the load parallel to the tubule direction. D. Flexural response
of'a sample orientated with the load perpendicular to the tubule direction. Adapted with permission
[52]. Copyright 2006, Elsevier.
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2.3 Keratin

Keratin is an ubiquitous biological polymer comprising the bulk of mammalian, avian, and
reptilian epidermal appendages which includes nails, hair, outer layer of skin, feathers, beaks,
horns, hooves, whale baleen, claws, scales, and gecko feet and has been the subject of many review
articles [23,56—60]. Keratin and its basic structural and material properties will be reviewed here
as it is an important constituent in feathers and hooves which will be a primary focus of this work.
Despite their omnipotent presence across a diverse range of biological materials these keratin
based architectures are not limited in function. Instead, keratin-based biological materials are able
to perform a broad range of functions from the impact resistance of hooves and horns, to light-
weight yet stiff feathers that resist buckling under aerodynamic loads, and even the reversable dry
adhesive mechanism in gecko feet that allows them to climb walls [2,61,62]. The ability of keratin-
based materials to perform diverse functions is derived from the ingenious structuring and
tailorability of keratin across many length scales.

2.3.1 Structure of keratin

Keratin filament-forming proteins form a complex hierarchical arrangement which relies
on the synergisms between amorphous and crystalline phases to achieve the diverse range of
functions across keratinized biological materials. At the nano-scale keratin is distinguished as
polypeptide chains of either a- or f-keratin. Typically mammalian keratin is found in the a-keratin
form, while avian and reptilian keratin are §-keratin; however, one mammal the pangolin is known
to have both a- and f-keratin domains found in its scales [63]. Alpha-keratin is characterized as
forming a right-handed a-helix secondary protein structure, where the primary protein structure is
defined by its amino acid sequence [64,65]. Two of these polypeptide chains then twist together

to form a dimer known as a coiled-coil [66]. The coiled-coil dimers then aggregate together bonded
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length-wise by disulfide bonds to form protofilaments. Two protofilaments align to form a
protofibril, in which four protofibrils bonded together form an intermediate filament (IF) [67]. The
intermediate fibril ~7 nm in diameter is then embedded in an amorphous matrix of keratin which
can have variations in IF alignment, orientation, and matrix properties which account for the large
variation of keratin structures. The IF-matrix composite is characteristically found on the nano-
scale. The hierarchical structure of a-keratin from the molecular to the nano-scale is shown in
Figure 2.5 A.

Similarly to a-keratin, [f-keratin is a filament forming protein that forms intermediate
fibrils ~3-4 nm in diameter embedded in an amorphous matrix. The biggest difference is that [3-
keratin has a different secondary protein structure which is classified by the formation of §-pleated
sheets.[68] The f3-keratin pleated-sheets consist of laterally packed polypeptides which are held
together by hydrogen bonds. The planarity of the peptide bond and the lateral hydrogen bonding
are what accounts for the formation of the pleated sheet [69]. Four S-strands (a dimer) twists to
form a distorted -sheet where two B-sheets make up a f-keratin intermediate filament. These
intermediate filaments are then embedded in an amorphous matrix of keratin. The hierarchical
structure of f-keratin is shown in Figure 2.5 B. For both a- and f-keratin the IFs bundle to form
fibrils (submicron scale), which then subsequently group to form macro fibrils (~400-500 nm in

diameter), and finally forming fibers (~6 pm).
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2.3.2 Mechanical properties of keratin

The polymeric nature of keratin lends itself to a wide range of mechanical properties that
are inherent to its amino acid composition, structure, and hydration content.[58,70-73] The amino
acid sequence and their corresponding residues dictates the availability of di-sulfide bridges. The
amino acid cysteine has a thiol group which allows for a covalently bonded di-sulfide bond to be
formed with another cysteine further along the chain which creates a fold in the protein. This cross-
link increases the energy required to pull apart keratin. The amount of sulfur cross-links is strongly
related to the hardness of keratins. A low amount of sulfur is indicative of soft keratins (outer layer
of skin i.e. stratum corneum), while a high amount of sulfur corresponds to hard keratins (hair,
nails, feathers, hooves etc.) [74—76]. Intra- and inter-species hydration variation greatly influences
the stiffness and strength of keratin. Increasing humidity and water content decreases the stiffness
and strength[70,77,78] This is attributed to the interaction of water molecules with the amorphous
matrix which breaks stabilizing hydrogen bonds and increases the mobility of the fibers within the
matrix [79].

In general, keratin is shown to have a high tensile strain which is primarily due to the
stretching and sliding of the polymer chains. The hagfish slime threads have the highest tensile
breaking strain of 2.2 when tested in sea water [80]. There are large variations in tensile strength
across species. The tensile strength ranges from 2 MPa in the stratum corneum to 530 MPa in the
dry slime threads of the hagfish. Under tensile loading at strains greater than 0.3, alpha-keratin can
undergo a transformation to beta-keratin which also accounts for its high tensile strain. This is
described as the a-helical coiled coil unravelling to form the f-pleated sheet structure [81-83].
This transformation increases keratin’s ability for energy-absorption capacity under tensile

loading.
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Additionally keratin is known to be highly strain-rate sensitive which is related to its
viscoelasticity i.e. it’s time-dependent response.[84,85] The general trend for keratinous materials
is that increasing strain rate increases stiffness and strength while decreasing breaking strain as
shown in Figure 2.6. [78,86—88] Thus, most keratin materials undergo an elastic to ductile-plastic
to brittle transition with increasing strain rate. This characteristic is not unique to just keratin
materials, in fact, most biological materials including bone and wood show a similar ductile to
brittle transition with increasing strain rate (Figure 2.6). Again, this is predominantly attributed to
the inherent viscoelastic nature of biological materials. This rate-dependent behavior has important
implications for impact resistant biological materials suggesting that under dynamic conditions
these materials can withstand greater stresses and have different failure mechanisms when

compared to quasi-static conditions.
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Figure 2.6 Strain-rate sensitivity of various biological materials including keratin (bighorn sheep
horn and horse hoof). As strain-rate increases, stiffness and strength decrease.
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Keratin is one of the toughest biological materials despite being only composed of a
biopolymer and lacking a mineralized phase. It also achieves a simultaneous high degree of
toughness and stiffness as shown in the Ashby diagram in Figure 2.7. This high degree of
toughness is related to keratin’s hierarchical structure and the synergistic toughening mechanisms
across each length scale. The matrix is primarily responsible for distributing the applied load and
the fibers serve to arrest cracks. Many keratin materials have micro-scale structures, such as
tubules, which also enhance toughness by deflecting and arresting cracks. Due to fiber orientation
and alignment and the presence of tubules along a specific direction, toughness is typically found

to be anisotropic [89].
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Figure 2.7 Ashby diagram of toughness and Young’s modulus. This highlights how keratin has
both a high toughness and modulus which makes it a desirable material for a wide variety of
functions.

2.3.3 Hydration-induced shape recovery

Keratin systems often function as a protective layer which undergoes significant
deformation. Many of these systems are permanent and cannot remodel or self-heal through
biological processes after experiencing considerable deformation such as the bighorn sheep horn
which presents complications for longevity [90]. A solution to this is the ability of keratin to
undergo hydration-assisted recovery. This process is described as water infiltrating the amorphous

matrix of keratin causing swelling which forces the deformed crystalline regions of the IFs to

regain their initial shape by way of breaking and reforming hydrogen bonds.[90] Hydration-
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induced shape recovery has been found to occur in hair[91,92], horn [90], feathers [93,94], and
pangolin scales[95]. Bighorn sheep horn was shown to recover shape by soaking in water after
severe compression of 50% strain which was further assisted by the presence of tubules.[90]
Additionally, the feather shaft has also shown to have hydration-assisted shape and strength
recovery [93,94]. The feather shaft was subject to bending and then allowed to soak in water for
24 hours and after one cycle it was found to recover its strength by ~80%.[94] A similar mechanism
of recovery as the bighorn sheep horn was proposed. Water molecules penetrate the amorphous

matrix and cause swelling which forces the crystalline IFs to realign as shown in Figure 2.8.
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Figure 2.8 Hydration-induced recovery mechanism of the feather shaft. This shows how the water
infiltrates and expands the amorphous layer which causes the keratin filaments to straighten to
their original shape
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2.4 Natural Energy Absorbing Materials

Many remarkable energy absorbent materials are found in nature including bones, teeth,
horns, and hooves. These materials harness energy absorbing strategies, despite being composed
of relatively weak constituents, through structural organization. Additionally, they are able to serve
a wide variety of functions regardless of similarities in composition and microstructure. Again,
this is achieved by optimizing their structural organization across various length scales. They are
commonly composed of an organic phase consisting of biopolymers (collagen, keratin, elastin,
cellulose, or chiton) and a mineral phase (calcium carbonate, hydroxyapatite, or silica). These
natural materials are able to support a variety of purposes:

e Protection. Exoskeletons and bones are intended to protect the soft internal tissues and
organs. These materials need to be strong and tough to withstand external forces yet light-
weight to reduce energy expended on mobility.

o Aggression. Claws, horns, antlers, tusks, and teeth are examples of materials that nature
relies on for evolutionary success and dominance. These materials typically need to be
impact resistant and have high resistance to bending and shear deformation.

e Support. Bones, mollusk shell, an hooves are used to support the general weight and
activities of organisms. The largest concerns for these materials are behavior under
compression, impact, and fatigue loading.

e Mastication. Teeth are needed to break down food for more efficient digestion. In this
process, teeth are required to withstand biting forces and large compressive loads.

These remarkable features are accomplished by the synergistic efforts of the compliant (organic
phase) and stiff (mineral phase) components that often exceed expectations based on the rules of

mixtures. The capabilities for nature to extend their bulk properties beyond the relative mixing of
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their constituents is demonstrated in Figure 2.9. For example, bone is composed of collagen and
hydroxyapatite. The fracture toughness of bone is able to exceed the expectation of its components
through advanced hierarchical organization which hinders crack propagation at multiple length

scales and offers extrinsic toughening mechanisms.
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Figure 2.9 Natural composite materials have toughness values that exceed what is expected from
mixing their relative constituents. When biological materials structural solutions are applied to
synthetic materials we see the same result. This suggests that efficient structural organization can
lend itself to enhanced materials properties. Reproduced with permission.[5] Copyright 2015,
Nature.
A striking similarity among many energy absorbent natural materials is the reoccurring

design of the tubule structure. It is found in horns, hooves, exoskeletons, bones, teeth, antlers. And

even wood (Figure 2.10). This structure is present typically on the micron scale and ranges in
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diameter from ~1—100 um. Additionally, it is not limited by material i.e. it is found in both
mineralized (hydroxy apatite and calcium carbonate) and polymeric (keratin and cellulose)
biological systems. Its presence across a diverse range of biological materials strikes particular
interest into how the tubule structure influence the mechanical properties and function within these

systems.
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Figure 2.10 Similarities between microstructures of exoskeleton, hoof, bone, horn, antler, and
dentin. Adapted with permission [96,97].
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2.4.1 Hooves

Hooves are a hierarchical structure composed of a-keratin fibers that are formed into
circular lamellae that surround micrometer sized hollow empty channels (Figure 2.11). In relation
to the structural design elements (Figure 1.3), this is defined as the “tubular” structure. On the
nanoscale, the equine hoof is considered a polymer composite composed of crystalline keratin
intermediate filaments (IFs) ~7-10 nm embedded in an amorphous keratin matrix [67,98,99]. In
equine hooves (which will be the focus of this study), tubules are known to only serve a mechanical
purpose and while it has been suspected they are not intended for transporting water for hydrating
the hoof [100,101]. The matrix surrounding the tubules is referred to as the intertubular region.
The stiffness and hardness of the tubular region is greater than the intertubular region [102].
Similar to teeth there exists a gradient in porosity. The highest density of tubules is found at the
outer surface and gradually decreases in density as it reaches the inner region. Interestingly, this is
the opposite for teeth—dentin tubule concentration is greatest near the center and decreases

outwardly.
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Figure 2.11 Hierarchical structure of the hoof wall showing the three defined orientation: radial,
transverse, and longitudinal. Reproduced with permission.[102] Copyright 2019, Elsevier.

The hoof wall on the macro scale behaves as an isotropic material. Its response to
compression is dependent on the loading orientation. The compressive stiffness and strength are
greater in the transverse and longitudinal directions when compared to radial direction for various

strain rates [102]. This effect is due to the tubule orientation which main axes runs longitudinally
within the hoof wall. The tubule areas are stiffer and harder and serve to reinforce the intertubular
area by protecting it from shear-banding and cracking. The higher stiffness and hardness are due

to the thick lamellar keratin cells that surround the hollow cavity of the tubule [102]. These thicker
cells concentrate stresses and localize deformation.

The dominating loading conditions of the hoof are a combination of compression and shear
which occur at medium strain rates during galloping. Since the hoof wall is angled slightly off of

the hoof and the hoof itself strikes the ground obliquely, there exists complex loading resulting in

42



a combination of compression and shear; unlike ram horns, which typically collide normal to the
surface. The compressive load is predominantly applied longitudinally along the major axis of the
tubules, but depending on the gate of the horse and the angel at which is strikes the ground this
can induce shear. Much of the pre-existing literature on horse hooves focuses on The predominant
deformation mechanisms when tested in transverse, longitudinal, and radial are elastic buckling
and cracking of the tubules [102]. Even after 60% compressive strain there is no shear-banding or
severe cracking in the intertubular region which indicates the energy absorption properties of the
tubular region [102]. The tubules serve to reinforce and support the hoof wall from catastrophic
failure. The failure mechanisms were determined using in-situ synchrotron x-ray computed

tomography (Figure 2.12).
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Figure 2.12 In-situ synchrotron x-ray computed tomography (XCT) compression of a fresh sample.
(a) 3D reconstructed XCT image of the undeformed sample. (b) Proximal view of the undeformed
sample showing the tubules. (¢) Abaxial view of the undeformed tubules. Higher magnification
image of tubules shows keratin cells surrounding the chambers of medullary cavities. (d) 3D
reconstructed XCT image of the sample after 30% compression in the longitudinal direction. (e)
Proximal view after 30% deformation, where buckling of tubules are shown. (f) Abaxial view of
buckled tubules at 30% deformation. Cracks in the tubules are also observed in the higher
magnification image. (g) 3D reconstructed XCT image after 60% compression in the longitudinal
direction. No obvious cracks are observed. (h) Proximal view after 60% deformation. Tubules start
disappearing due to the severe deformation. (i) Abaxial view of severely buckled tubules. Tubules
have collapsed and compressed after 60% compression. Red dashed arrow indicates longitudinal
tubule is severely buckled in the diagonal direction. Reproduced with permission.[102] Copyright
2019, Elsevier.
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2.4.2 Horns

Horns are similar to hooves in that they are primarily composed of a-keratin fibers that
hierarchically form distinct structures at multiple length scales to providing toughening and energy
absorbing mechanisms during impact. The horn of the bighorn sheep (Ovis canadensis) is known
to withstand impact forces as large as ~3400 N when it uses its horns to battle and assert its
dominance over other rams [103]. During combat the sheep horns need to reliably absorb the
impact energy to minimize transmission and damage to the skeletal system and soft organs. It is
estimated that the collisions of the bighorn sheep, which occurs very rapidly ~2 ms, are
experienced at a strain rate of 10°~10° s'[104]. The physiological requirements of the horn demand
it to be stiff yet strong, tough enough to avoid fracture, and lightweight enough to allow for
mobility [90].

The hierarchical structure of horns is very similar to hooves (Figure 2.13). They are
composed of a-helical crystalline intermediate filaments (IFs, 7~10 nm in diameter), embedded in
an amorphous non- helical keratin matrix [64,66,105]. The anisotropy of the organized keratin
cells plays an important role in the orientation-dependent mechanical properties. It is important to
note that the tubules in horns are not reinforced by thick lamellar cells as in the horse hoof. This
has significant consequences in the failure and deformation mechanisms of the horn which differ

from the horse hoof.
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Figure 2.13 Hierarchical structure and deformation mechanisms relative to orientation of the
bigsheep horn. During compression in the radial orientation the failure response is closure of the
tubules. During compression in the longitudinal orientation there is formation of shear bands from
the buckled and kinked lamella. The transverse orientation creates an X-shaped shear band.
Reproduced with permission.[90] Copyright 2017, Elsevier.

While the horse hoof is an isotropic material, the horn is anisotropic. This leads to a
difference in energy absorbing mechanisms between the hoof and the horn. The most impact
resistant and energy absorbent direction in the horn is the radial direction (perpendicular to the
horn surface) [90]. This is not surprising as this is the direction that the horn experiences during
combat and defense. The hoof on the other hand is isotropic with respect to impact resistance and
energy absorbance. The radial direction in the horn absorbs energy due to closure of the hollow
tubule cavity (Figure 2.7) [90]. The longitudinal and transverse orientation failure mechanisms are
shear-banding and buckling of the tubule walls (Figure 2.7) [90]. These failure mechanisms are
lower in energy when compared to closing of the tubule walls. These main differences can be
attributed to differences in microstructure. More specifically, the horn lacks reinforcement of

tubules to help stiffen and provide structural integrity. The reinforced tubules in the horse hoof

allow for elastic buckling and cracking which is a greater energy absorption mechanism when

46



compared to the horn [102]. Overall, the equine hoof wall is a superior energy absorbent material
than the horn.

2.4.3 Suture structures and impact resistance

Biological systems can be decomposed into specific structural features across discrete
length scales. Of these specific structural features, the suture structure has been found across a
diverse range of biological materials including those that are known to withstand large impact
forces: human skull [25,106], woodpecker beak [107], turtle shells [26,27], boxfish plates [24],
pangolin scales [63], and horse hooves to name a few. Suture interfaces are defined as a compliant
interlocking junction that connects adjacent components allowing for regional control over
strength, stiffness, and energy absorption. The suture structure is incorporated in both mineralized
(bone) and non-mineralized materials (keratin). Typically, there also exists a viscoelastic material
within the gap of the suture interface, often collagen, that holds the plates together. Thus, there
exists a dependence on performance with material properties such as elastic modulus.
Additionally, there is a wide range of geometrical features that span across biological materials
including degree of interdigitation, shape (triangular, trapezoidal, sinusoidal, etc.), and hierarchical
ordering. Therefore, both the material properties and geometry of the suture structure are important
in determining its ability to dissipate energy during impact.

The response of suture structures to impact is widely studied with respect to human skulls
due to the implications of traumatic brain injuries. This is primarily accomplished through
parametric studies on material property and geometry with the use of finite element analysis and/or
mechanical testing of 3D-printed prototypes. The suture structure is often simplified and reduced
in complexity to isolate the design features of interest (interlocking angle, waviness, hierarchical

order, etc.).
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For example, Zhang and Yang[108] used a sinusoidal model with two orders of hierarchy
in a two-dimensional finite element model to describe how suture morphology influences stress
attenuation and energy absorption under dynamic loading conditions. The first order of hierarchy
is a simple sinusoidal function (model B) and the second order of hierarchy contains the pure
sinusoidal function with an additional sinusoidal wave on a smaller length scale (model C) (Figure
10 A). Analysis was also performed on a flat interface as a control labeled as model A (Figure 10
A). Each interface joined two neighboring bone pieces labeled L-bone and R-bone (left and right
respectively). An impulsive load q (50 kPa) was applied on the outer surface of L-bone for 0.04
us which represents physiological dynamic loading conditions.

The sectional stress was measured at R-R’ (labeled in Figure 2.14 A) and plotted in Figure
10 B to highlight the influence of suture morphology and hierarchical order. The flat interface has
the largest average von Mises stress while the second order hierarchical suture has a significant
reduction in stress (Figure 2.14 B). This suggests that the higher ordered suture structure acts as a
transmission barrier to better attenuate the impact stress. This agrees with stress wave theory as
increasing the hierarchy effectively increases the contact area with the transmitted stress wave.
The suture morphology is also important in efficiently distributing the stress uniformly across the
entirety of the bone (Figure 2.14 C). This is caused by scattering at the interface. The higher order
hierarchy also correlated to an increase in the strain energy ratio implying its ability to store energy
during impact. Additionally, this study evaluated the effect of elastic modulus on strain energy and
demonstrated that as elastic modulus of the suture increases the strain energy decreases. This
indicates that stiffness can be tailored to optimize strain energy storage. This study purposefully
omitted the viscoelastic response that is typically associated with the suture interface to isolate the

dependence on morphology.
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Figure 2.14 Bioinspired suture designs with increasing hierarchy. A) Three tested suture
hierarchies and loading conditions. Model A is the flat interface. Model B is the simple sinusoidal
suture. Model C is the second-order, hierarchical sinusoidal suture. B) Average von Mises stress
at position R—R’ for the three different morphologies. C) Illustrates the time-dependence and stress
distribution among the different morphologies. Copyright 2015, Z. Q. Zhang and J. L. Yang.
Adapted with permission[108] Copyright 2014, IOP Publishing.

While Zhang and Yang[108] formally described the ability of sutured interfaces to
attenuate stress, there was a lack of understanding of the exact mechanisms at hand. Lee et. al[109]
used a similar two-dimensional finite element analysis under dynamic loading conditions to

compare how stress waves were mitigated between a sinusoidal suture interface and a flat interface.

49



Different to Zhang and Yang[108], Lee et. al[109] applied a loading direction perpendicular to the
interface (Figure 2.15 D). They examined the damping capabilities and showed that the flat
interface was able to reduce the initial pressure wave by 53% while the sutured interface had a
reduction of 90%. The dominating mechanism at hand is the conversion of compressive waves
(S11) to shear waves (S12) and orthogonal flexure waves (S22) due to scattering at the interface
as shown in Figure 2.15 E. Another attenuation mechanism was described by the viscoelastic

response within the gap of the suture that allowed for strain energy storage (Figure 2.15 G).
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Figure 2.15 Bioinspired suture designs with increasing hierarchy. A) Three tested suture
hierarchies and loading conditions. Model A is the flat interface. Model B is the simple sinusoidal
suture. Model C is the second-order, hierarchical sinusoidal suture. B) Average von Mises stress
at position R—R’ for the three different morphologies. C) Illustrates the time-dependence and stress
distribution among the different morphologies. Copyright 2015, Z. Q. Zhang and J. L. Yang.
Adapted with permission[108] Copyright 2014, IOP Publishing.
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Lee et al.[109] performed a parametric study across a range of geometrical constraints
including waviness, ratio of the suture height to the thickness of the bar, gap thickness, and type
of boundary. The one geometric design that was shown to have the most effect on damping was
the ratio of the suture height to the bar thickness. The pressure loss was the greatest in the sample
that had the largest height of the suture when bar thickness was conserved. Interestingly, they did
not see a huge influence with respect to waviness (wave height divided by wave period). They
analyzed damping based off of waviness from 0.25 to 1.5 while a higher range is seen in nature, 1
(woodpecker) and 2.4 (bison)[109].

While the two aforementioned studies prove that suture interfaces are more superior than
flat interfaces in damping and attenuating stress despite loading direction (parallel vs
perpendicular), it is necessary to compare how loading direction influences impact response. The
contribution of Maloul et al.[110] demonstrates the distinction between loading direction (parallel
vs perpendicular) and strain energy. Loading parallel to the suture interface resulted in the highest
strain energy output. This suggests that the parallel direction is more efficient in absorbing energy.
For both loading directions, the highest stresses are observed at the peaks of the sutures. While the
loading conditions in nature are much more complex and difficult to predict, this study provides
the basis for tailorable design for specific applications under dynamic conditions.

Overall, there are limited studies that have investigated the geometrical and material
property relationship found in sutures under dynamic loading conditions and the studies that do
exists rely heavily on FEA. These few studies have shown the important role that sutures play in
distributing stress and dissipating energy under high strain rates. There is clear evidence that suture
geometry, elastic modulus, viscoelastic properties, and loading direction work synergistically to

enhance performance under dynamic conditions.
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2.5 Feather Structure and Composition

Bird feathers are composed exclusively of 5-keratinous material arranged in a hierarchical
order from the molecular to the macro-level (Figure 2.16). They exhibit a characteristic filament-
matrix structure found in all keratins [70]. At the molecular level keratin polypeptide chains form
into f-sheets held together by hydrogen bonds which make up f-keratin filaments (~3 nm in
diameter) [57,111]. The filament forming proteins are embedded in an amorphous keratin matrix
[112]. These filaments bundle together to form fibrils (~100 nm in diameter) which group to form
macro fibrils (~400-500 nm in diameter), and finally forming fibers (~6 pm). The micro-, meso-,

and macro-scale features of the feather will further be described here.
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Figure 2.16 Hierarchical structure of the bird feather and bird bones. A) Hierarchical structure of
bird bones. B-E) Hierarchical structure of the bird feather. Reproduced with permission.[113]
Copyright 2017, Elsevier.
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The feather consists of two sections: the shaft and the vane (Figure 2.17). The feather shaft
runs down the middle of the feather and is further divided into the rachis and the calamus. The
calamus develops from the follicle and is embedded within the skin keeping the feather attached

to the body. The calamus is not exposed and is inserted within the wing. The rachis is the external

part of the shaft which provides support for the feather vane.
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Figure 2.17 Structural components of the feather. The main shaft runs through the middle of the
feather and contains the rachis and calamus. Within the vane, barbs branch from the rachis and
barbules stem from barbs. Barbules are hooked on one side and grooved on the other providing an
interlocking material that effectively captures air. Adapted with permission.

The feather vane is directionally permeable which effectively captures air for lift [114,115].

This mechanism is controlled by the geometry and stiffness of the branching barbs and
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interconnecting barbule network that creates the feather vane as shown in Figure 2.18 [114,115].
Barbs branch from the rachis which are further branched into barbules. The barbules have hooklets
(hamuli) on the end which fit into the groove of the neighboring barb creating a highly ordered
lattice of interconnected adjacent barbs. More specifically, the distal barbule hooklet attaches the
groove of the adjacent proximal barb. Each barbule has ~4-5 hooklets on the end. Having multiple
hooklets increases both the adhesion and the probability that two neighboring barbs will stay
connected. These adhesive design allows for localized deformation which helps to mitigate
catastrophic failure of the whole vane. The interconnected network of the feather vane, provided
by this adhesive mechanism between the barbs and barbules, is credited as the most essential
element that allows for flight in birds [115]. The barb is asymmetric which leads to rotation when
undergoing bending. A study by Sullivan et al.[115] has shown that when the barbs are zipped i.e.
they are connected to a neighboring barb through the hook and groove adhesion, they are less
likely to rotate when subjected to bending. This torsional resistance is due to the stabilization of
the connected neighboring barb. Therefore, the reversible adhesive mechanisms is primarily
responsible for the structural integrity of the feather vane. The barbule has a similar structure to
the rachis which is a sandwich structure of compact keratin encompassing a center of medullary

keratin, and in turn has similar bending properties (Figure 2.18).
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Figure 2.18 The feather vane showing the cross section of a barb. The barb is a sandwich structure
with compact keratin enclosing a cellular structure. The barbs have branching barbules which
terminate into hooklets. Here the hooklets can be seen fitting into the grooves of the neighboring
barb.

The rachis can be considered a sandwich composite with a stiff outer cortex composed of
compact keratin (cortex) and a foamy medullar center (medulla) (Figure 2.19). Although both the
cortex and the medulla are composed of B-keratin, they differ in density and structure and therefore
modulus. The density of the cortex ranges from 0.66-0.81 g/cm® and the density of the medulla
ranges from 0.037-0.08 g/cm? [116,117]. Thus, we can predict that the cortex is much stiffer than
the medulla. Indeed, it is found that the cortex is over 100 times stiffer than the medulla. The elastic
modulus of the cortex is 2.5-6.5 GPa, while the modulus of the medulla is 0.01-0.03 GPa [116—
120]. This great difference between moduli suggests that the load experienced by the rachis is
primarily distributed and carried by the cortex [116,118,121]. Therefore, the cortex dominates the
flexural stiffness of the feather shaft.

The cross section of the rachis is known to change shape along the length from calamus to

tip which controls bending stiffness [118]. This is attributed to the changes in moment of inertia
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with cross-sectional area. The shape changes from circular near the calamus to square within the
rachis section as shown in Figure 2.17. In the rachis, the dorsal and ventral sides are thicker when
compared to lateral sides. This provides support in dorsal-ventral bending which is the primary
load of the feather during flight. The square cross section increases the rigidity of the rachis and
resistance to dorsal-ventral flexure.[122] Additionally, the rachis diameter decreases from
proximal to distal forming a tapered end. As the diameter decreases, the area of the cortex and
medulla does not remain constant. Towards the tip of the rachis the cortex becomes to the more

dominating material.

Cortex Medulla

Figure 2.19 Scanning electron micrograph of a cross section of the feather rachis from a superb
starling showing its sandwich structure. The outer cortex is composed of compact keratin and the
foamy center is the medulla.
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During flight, the wing is predominantly supported by the flight feathers. Prior experiments
indicate that the outermost primary feathers are important for flight by generating lift and thrust
during flapping in flight [123]. Flight feathers must be lightweight yet satisfy the constrains and
aerodynamic loads without excessive damage due to flexure or torsion. A solution to these
constraints is the adaptation of a sandwich structure. This consists of a solid stiff shell that
surrounds a lightweight cellular core. The cellular core increases the moment of inertia and
therefore increasing the resistance to buckling. The feather shaft is the primary energy absorbing

material and withstands a majority of the load during flight.

2.5.1 Foams and sandwich structures

Since the feather shaft’s success against buckling relies heavily on its sandwich structure
which consists of a stiff outer cortex and low-density foamy center, the mechanical properties of
foams, also referred to as cellular solids, and sandwich structures will be reviewed here.

The properties of cellular solids, or foams, are directly related to the shape and structure of
the cellular unit comprising the foam. This unit can be described as open- or closed-cell foams. In
open-cell foams, the cell is unenclosed and gas is not constrained within the cell, while in closed-
cell foams the cell is enclosed by a membrane and gas is effectively trapped within the cell (Figure
2.20). Under compression, foams present three distinct regions of deformation. Initially, the foam
experiences (I) linear elastic bending of the cell edges which eventually leads to (I) stress plateau
where the cell collapses by buckling, yielding, or crushing and then finally (IIT) densification at
large strains (Figure 2.21) [124]. While the modulus of open-cell foams only relies on edge
bending, closed-cell foams have an additional resistance to deformation due to face stretching and

gas compression [124]. The cell membrane will stretch perpendicular to the applied compressive
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load and the gas pressure within the cell, if significant, will need to be overcome which typically
lends to an increase in modulus. The medulla of the feather shaft can be considered as a closed-
cell foam as it has partially covered faces as shown in Figure 2.19; however, the membrane is
permeable so the gas pressure within the cell can be assumed to be atmospheric pressure and

effectively negligent to its mechanical properties [125].

Figure 2.20 Unit cell of open- and closed-cell foams. A) Schematic of an open-cell foam. B)
Schematic of a closed-cell foam.
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Figure 2.21 Typical stress-strain curve of foams with three distinct regions. In region I, the foam
experiences linear elastic bending of the cell edges. In region II, the foam reaches a stress plateau
where the cell collapses due to buckling, yielding, and/or crushing. Finally in region III, the foam
reaches densification at large strains.

One of the most defining characteristics of foams is its relative density, Z— where p*is the
S

density of the foam and p; is the density of the solid from which the foam is derived. Generally,
the relative density of cellular solids can range from 0.3 to 0.003 [124]. The relative density for

open- and closed-cells can be calculated from their geometry as follows [124]:

Open-cell: Z—: =0 (t)z

i

P _2hf VB
Closed-cell: : Py {1 + ZAT} (2.2)

where tris the thickness of the foam cell wall, [ is the foam cell edge length, and A, is the aspect
ratio of the foam cell (4/]).
The relative density can be directly related to the modulus of the foam through the

following [124]:
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where E*is the modulus of the foam, E is the modulus of the solid material the foam is made from,
Do 1s the initial pressure, v*is the Poisson’s ratio of the foam, and ¢ is the volume fraction of the

cell located in the cell edges [124]:

p=—% (2.5)

te+—=trl

where ¢, is the thickness of the foam cell edge at the corner, Z¢is the number of faces that meet at
an edge on a single cell, and 7 is the average number of cells per single cell.

In engineering applications, sandwich structures are used for their ultra-lightweight, energy
absorption capabilities, and comparable mechanical strength to bulk materials. Sandwich
structures can be tailored by controlling the properties of the face (outer cortex) and core (foamy
center) and the geometry. Typically, sandwich structures will be constructed with a high modulus
face and a low modulus core to achieve a light-weight yet stiff material which often have
rectangular cross sections. Some examples of materials used for the core are aluminum and other
low-density metals and fiber-reinforced composites. Typical core materials are based on cellular
structures and with recent advancements in processing can be formed from a multitude of materials
ranging from two-dimensional honeycombs (e.g. aluminum honeycombs) to three-dimensional
cellular solids from polymers, metals, ceramics, and glasses. The sandwich structure is often used
in applications that require light-weight materials such as airplanes (flooring panels), vehicles
(chassis), boats (hull), satellites, and impact-resistant packaging. Sandwich structures are not
limited to engineered materials and are found across a diverse range of biological materials

including skulls [126], antlers [127], beaks [128], turtle carapace [129], and fruit peels[130].
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Unlike engineered materials, the faces and core of biological materials are both made of the same
material which occur in distinct phases: the face being more densified, while the core is a foam.
Typically, sandwich structures undergo bending as their predominant loading mode. This
causes compression in the top face and tension in the bottom face, while the core undergoes shear.
If the adhesion between the core and the faces is too weak, delamination will occur. The low-
velocity energy absorption mechanisms occur in the faces and the core synergistically as follows:
(1) cracking, wrinkling, fracture, and delamination in the top face (2) core buckling, (3) debonding
from the faces and the core, (4) core densification and compaction, (5) shearing and cracking of
the core, (6) fiber pullout in the faces, and (7) damage initiation in the bottom face [131-135].
Since bending is the primary loading that the feather shaft experiences during flight, it is
important to understand the basic mechanics equations that relate the applied force to the internal
stress of the face in the sandwich structure. Here the core is ignored due to the modulus of the face
being much greater than the modulus of the core. The maximum bending stress is expressed as
[124]:
O = 2.6)
Where M = Fd, in which Fis the maximum force applied and d is the moment arm. The distance
from the neutral axis to the outer face is denoted as ¢ and I is the area moment of inertia. A basic
understanding of this equation shows that the bending stress increases when ¢ becomes larger.
Feathers take advantage of this by having a foam-filled core to effectively increase c. Material
positioned further from the neutral axis is more effective in resisting bending. Therefore, the
characteristic of the rachis having a thin, dense exterior with a foam core is desirable for bending

conditions.
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Additionally, the rachis is subjected to torsion. The maximums shear stress is expressed as
[124]:

= Tc 2.7)

Where T is torque, c is the radius of the section, and J is the polar moment of inertia.

With respect to feathers, this work will focus on the structure-property relationships of the
rachis due to its integral role in supporting the weight of the bird and the respective aerodynamic
loads during flight with considerable constraints of being lightweight. We will investigate the
sandwich-like structure of the rachis with its foam-filled-keratin medulla surrounded by a stiff

cortex and how this structure is tailored for flight.

2.6 Acknowledgements

Chapter 2, in part, is published as a review article in Journal of Materials Research and
Technology, authored by B. S. Lazarus, A. Velasco-Hogan, T. Gémez-del Rio, M. A. Meyers, and
I. Jasiuk. The dissertation author is the second author on this publication.

Chapter 2, in part, is under review in iScience authored by B.S. Lazarus, C. Charul, A.
Velasco-Hogan, 1. Jasiuk, and M. A. Meyers. The dissertation author is the third author on this
publication.

This work is funded by the National Science Foundation Mechanics of Materials and

Structures Program with corresponding grant number 1926361.

63



Chapter 3: Transparent Teeth of the Deep-Sea Dragonfish

3.1 Introduction and Significance

In spite of the recent abundance of research on biological materials[2,3,9,23], including
those of marine origin [136—139], organisms that live in great ocean depths have been virtually
unexplored, both in terms of their structure-property relationships and potential for bioinspiration.
This is in no small part due to the difficulty in accessing these pelagic depths (down to 4,000 m on
average) and extracting specimens to study. The physics driving the biology of deep-sea animals
(and therefore the biological materials they make) is indeed complex, and still poorly understood
with regards to its regulatory effects on biological processes. In order to predict some of the “deep-
sea effects” on biological materials, a number of unique features characteristic of deep-sea
environments need to be noted: lack of ambient light[140], low temperatures, and high
pressures[141,142]. As a result of these extreme conditions, fascinating adaptations have evolved.

A unique observation is that the teeth of several deep-sea fishes are rather transparent.
These teeth have heretofore not been studied, and until now their structure, mechanical properties,
and ecological function were unreported. One particular species of interest is the deep-sea
dragonfish. Deep-sea dragonfish, belonging to the family Stomiidae, are apex predators which
typically feed on smaller myctophiform and gonostomatid fishes[143,144]. Thus, they have
proportionately enormous jaws capable of a special mechanism of opening and closure referred to
as “loosejaw.” This mechanism allows the dragonfish to open its jaw bigger than a conventional
jaw of similar size, and enables it to ingest preys up to 50% of its own size[145]. This design
allows for effective predation as the dragonfish can ingest large prey for sustained energy, which
are often scarce in the deep-sea. It has also been reported that the jaw muscles of the dragonfish

are weak[145] and therefore the large fangs must be sharp, as confirmed by their slim and pointed
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outline, to pierce prey effectively. These teeth, although “large” relative to the jaw, and in fact
sticking out of it in many cases, are difficult to see because they range from translucent to
transparent to light depending on whether in air or water, respectively.

Herein, we show that the teeth of the deep-sea dragonfish are composed of two
homogeneous concentric layers, namely enamel-like and dentin, which constitute the wall of the
teeth, and that they are nanostructured, resulting in reduced Rayleigh scattering of light. We
suggest that the nanostructured design of the transparent dragonfish teeth enables predatory
success as it makes its wide-open mouth armed with saber-like teeth effectively disappear,

showing no contrast to the surrounding blackness of the fish, nor the background darkness of the

deep-sea.

Figure 3.1 Light microscopy of dragonfish teeth. (A) Head of a freshly collected specimen showing
the row of teeth erecting outward from the jaw. Arrow points to the barbel. Image taken of the
head in filtered seawater and captured using a polarizing filter. (B) Close-up, showing optical
evidence of concentric layers and hollowness of the tooth. Image taken in filtered seawater with
an immersive lens. Arrow points to the striations seen on the concave side. (C) Tooth imaged in
seawater with color line behind to demonstrate transparency. The arrow indicates an air bubble
within the hollow cavity of the tooth due to dissection from the jaw. Image captured with a
polarizing filter. (D) Tooth under fluorescence excited at a broad band excitation 440-490 nm and
collected with a long pass filter (>515 nm). This image shows little florescence. Image taken of a
dry specimen in air.
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3.2 Optical Performance in Transmittance and Reflectance

In terms of spectral translucency, the teeth analyzed in filtered seawater showed light
transmittance that changed gradually with the color spectrum, increasing from~38% in the blue
range which gradually increased to ~73% of light in the red range (Figure 2B). This is a significant
increase of transmittance when compared to analysis done in air which showed transmittance
around ~32% of light in the blue range to ~35% of transmittance in the green-red (Figure S1).
Although a limited amount of this difference could come from technical challenges of capturing
light transmittance in water rather than air, the difference is likely to originate mainly from
differences of refractive indices between the inside of the tooth material and the outside medium
(water vs air). In water, the interfaces with the tooth material shows a smaller difference of
refractive index than for air, causing light to be less diffracted sideways when penetrating and
existing the tooth, resulting in making it more transparent than in air. To analyze the effect of tooth
material (tooth thickness and relative mineralized density) on the transparency, hyperspectral
analysis was performed at three different locations along the tooth (tip, middle, base) considering
that the u-CT data (Figure 3.2A) clearly showed a gradient structure along the length of the tooth.
The base is thicker and less mineralized (indicated by the cooler colors) while the tip is thinner
and more mineralized (indicated by the hotter colors). The tip transmits less light in the blue range
and more light in the red range when compared to the base and middle sections. As expected, all
sections of the tooth transmit less light in the blue range, which is due to an increase in Rayleigh
scattering that is inversely proportional to the fourth power of wavelength.

The transparency of the teeth of the deep-sea dragonfish Aristostomias scintillans, both in
terms of level of transparency and spectral difference, is comparable to that of the shell of the

shallow-water oyster Placuna placenta. In this shell, transmittance ranges from ~20% in the blue
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range up to ~80% in the red range, which is homogenous spatially for various thicknesses (71—
660 um).[146] The Placuna placenta is a shallow-water oyster. Transparency in shallow waters
where sunlight is abundant is critical for camouflage but also for sunlight to reach photosymbionts
that could live under shell structures.[147] At such great depths where the dragonfish is found,
there is only light from bioluminescence which causes the effectiveness for transparency to
increase dramatically.[148] For example, the contrast threshold for a cod’s eye increases from 0.02
at light intensities found in 200 m to 0.5 at 650 m where it would be unable to detect tissues with
a transparency greater than 50%.[148] This suggests that the transparent teeth, while comparable
to a shallow-water oyster, are much more effective in the greater depths of the ocean.

While transmittance is an indicator of transparency by measurement of how much light can
pass through a material without being lost (e.g. via scattering, absorbance), it is also valuable to
analyze reflectance. Reflectance is important from an ecological standpoint as it signifies the
amount of light that would shine back from the tooth surface and can therefore illuminate the fish’s
presence. Reflectance was analyzed with hyperspectral imaging at three similar positions as for
transmittance (tip, middle, base) to differentiate between structural effects along the tooth. The
teeth were analyzed with a white background, and since they are translucent, the background
influences the reflectance. Reflectance near 100% indicates how closely matched to the
background the material is (the more transparent it is). Anything less than 100% reflectance
suggests that the light was lost due to various mechanisms such as scattering, absorbance, etc. The
teeth analyzed showed reflectance in filtered sea water from 39% of light in the blue range to 86%
of light in the red range (Figure 2C). The base of the tooth had the greatest reflectance 70% in the
blue range and 86% in the red range. Again, reflectance in the blue range was decreased due to an

increase in Rayleigh scattering for blue light. The reflectance analysis shows that the teeth match
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fairly well to the white background and therefore are not likely to reveal the presence of the
dragonfish to either prey or predator.

We believe that the elaborate structural arrangement of the teeth, which provides
mechanical strength combined with transparency, enhances predatory performance of the fish. The
dragonfish is indeed a top predator of the deep-sea, with a dark sleek body that is equipped with
rows of photophores[149] along the ventral region and a light-producing barbel attached to its
chin[150]. The ventral photophores’ light emission matches that of downwelling environmental
light camouflaging its silhouette[ 149]. While the barbel is used to attract the attention of its prey,
the dragonfish body and mouth in particular must remain hidden for effective hunting[150,151].
We suggest that the transparent teeth provide an additional successful camouflage strategy by
reducing the scattering of light (from any possible bioluminescence from the dragonfish itself
and/or its possible prey) and being therefore concealed against the darkness of the mouth and/or

deep ocean.
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Figure 3.2 Optical properties in transmittance and reflectance. (A) Micro-CT scan of a longitudinal
cross-section of a representative tooth. The color mapping indicates relative density signifying
degree of mineralization. Hotter colors (red) are more dense while cooler colors (blue) are less
dense. Dashed lines represent relative locations where analysis was performed. (B) Transmittance
for three sections of one tooth (tip, middle, base) with respect to wavelength. (C) Reflectance for
three sections (tip, middle, base) with respect to wavelength.
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3.3 Structural Characterization of Enamel-Like and Dentin Layers

Under white light illumination, it was detected that the teeth have two types of surfaces:
smooth and striated (Figure 3.1B, and 3.2). The rough surface is located mainly on the concave
section of the tooth and consists of longitudinal striations and ridges. The smooth surface is located
elsewhere on the tooth, which is thus characterized by an absence of significant surface features.
All observed teeth have longitudinally aligned ridges on the concave surface, which are shown for
eight representative teeth in Figure 3.2. The ridges are spaced ~20 um, are sharp (radius at the
tip~1-2 um); and can effectively cut tissue. Some of the teeth show perforations at the base, which

can act to increase their flexibility as the prey might be wiggling when caught (Figure 3.2)[152].
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Figure 3.3 Details of the concave surface of representative teeth showing longitudinal striations.
(A-C) Not perforation in bottom of teeth marked with arrows; (D-G) different teeth; (H,I) detailed
view of ridges that are ~20 um apart and have a radius of curvature, at the apex, of approximately
1-2 pm.
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The teeth were observed under electron microscopy to obtain their principal morphometry,
nanoscale structure, and composition. Overall, all teeth were found to have radii of curvature at
the tip ranging from 2.5 to 5 um. This is extremely sharp when compared to piranha teeth[153]
that have a radius of ~14 pm and the sharpest knives that have a radius of ~1 pm[154]. A notable
number of teeth have significant wear and tip fractures, revealing the pulp cavity as shown in
Figure 3.3. The fracture surface in Figure 3C, D highlights two sub-surface layers: a smooth,

apparently more brittle layer ~ 3 um thick (marked 1) and a rougher layer (marked 2).
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Figure 3.4 Characteristic teeth exhibiting longitudinal striations on concave side. (A) Shorter tooth
from lower jaw with broken/worn tip. Arrow indicates radius of curvature. (B) Surface wear near
the tip of the tooth revealing the thin enamel-like surface and dentin layer which has preferred
orientation in the longitudinal direction. (C) Transverse section showing detail of hollow pulp
cavity. (D) Enhanced transverse-cross section showing enamel-like outer layer (~ 3 um, marked
1) with smooth fracture surface and dentin (marked 2) with an irregular surface.
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The features in the fracture surface align with the longitudinal tooth direction (Figure 3A,
B). The surface of the tooth also exhibits a pattern of circumferential cracks that do not extend
through the entire thickness but are restricted to the outside layer. This pattern of cracks is
evidently produced by flexure of the tooth which eventually led to its intentional fracture for
observation (Figure S4A). The dentin layer, as will be seen later, has a structure that can provide
greater toughness. A specimen for transmission electron microscopy was extracted by focused ion
beam (FIB) and it is shown that cracks initiating at the surface arrest before reaching the dentin-
enamel junction (Figure S4B).

Atomic resolution TEM on specimens that were further thinned to ~40 nm shows the
characteristics of both the enamel-like and dentin layers (Figure 4A). The enamel-like layer
consists of individual crystallites (Figure 4B) which, upon stacking, form Moiré patterns. The
edges of the crystals are rounded, supporting the hypothesis that they are embedded in an
amorphous matrix. The diffraction pattern (Figure 4C) exhibits a clear circular pattern (with
individual spots embedded in the circle) and circular segments. One can distinguish a preferential
orientation from the segments, and the diffraction pattern is similar to the one observed by
Mahamid et al. (Figures 3Bb and Bc)[155], which they describe as poorly crystalline and clearly
crystalline, respectively. The diameters of the rings coincide with those of Mahamid et al.[155]
(002) and (004) (Table 1). A simple manner to interpret the structure is to consider it as a mixture
of amorphous and nanocrystalline phases. The crystals have approximate dimensions of 5x20 nm.
They are difficult to resolve because their size is significantly smaller than the thickness of the foil
(~80 nm). However, additional characterization on a specimen subjected to a different preparation

procedure, confirmed the nanoscale features and Moiré pattern formation.
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Figure 3.5 TEM of the nanostructured enamel-like and dentin layers. (A) TEM showing the dentin-
enamel-like junction (DEJ). (B) TEM showing organized structuring of the enamel-like layer. (C)
Diffraction pattern of the enamel-like layer showing discrete spot characteristics of nanocrystalline
structure and an amorphous structure (indicative of the diffuse background). (D) TEM showing
dentin consisting of a woven pattern of nanometer rods (~5 nm diameter). (E) Diffraction pattern
of dentin which shows greater amorphous characteristics than the enamel-like layer.

The dentin structure (Figure 3.4A, D) consists of nanometer-size rods (~5 nm diameter)

forming an interwoven pattern by virtue of their ‘curvy’ nature. There is also a degree of nanoscale
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porosity in the structure suggested by the spatial variation in electron transmission (darker and
brighter regions adjoining each other). The diffraction pattern (Figure 3.4E) is more representative
of an amorphous structure when compared to the enamel-like layer which has clear diffraction
spots embedded in the rings. The diffraction pattern shows a spacing of ~0.8 nm, which suggests

that these are the (001) planes of hydroxyapatite (Table 3.1).

Table 3.1. Identification of Lattice Spacings from Diffraction Rings and Comparison with de
Wolff[156].

Diffraction Files Intensity/spacing (nm) Enamel-like Dentin (nm)
Cas(PO4);(OH) (nm)

(100) 12/0.817

(002) 40/0.344 0.34

(211) 100/0.281 0.27 0.28

(112) 60/0.278

(300) 60/0.272

(400) 12/0.1721 0.171

(213) 40/0.184 0.18

3.4 Composition

To determine the mineral nature, the teeth were first observed under blue light illumination
for fluorescence detection. Teeth of mammalian organisms fluoresce in the green when excited in
UV light (350—400 nm). Such fluorescence has been extensively reported[157] and attributed not
only to the organic matrix (collagen) of the teeth[158,159] but also to the mineral itself (dentin,
enamel, and/or aragonite[ 160—162]). In the case of the dragonfish teeth, only limited fluorescence

was observed when excited at 355 and 390 nm (Figure 3.1D-E). This indicates that the teeth are
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not made of a brightly fluorescent mineral such as aragonite, and that any organic material is poor
in aromatic amino acid known to have fluorescence, such as tryptophan, tyrosine, and histidine.
The diffraction patterns of the teeth allow for the identification of hydroxyapatite (HAP)
Cas(PO4)3(OH), as predicted. Table 3.1 provides the spacings and intensities, in the enamel-like
and dentin layers, of the diffraction patterns[156]. Bright-field and dark-field TEM were used to
determine the respective location of organic and inorganic material. As shown in Figure 3.5B, the
dark-field micrograph highlights the individual nanorods which are primarily composed of
inorganic material. This suggests that the crystalline inorganic material is HAP which is embedded
within an organic matrix which is further characterized as collagen. The formation of HAP

nanorods suggests preferential nucleation on collagen fibrils with diameters in the 5-10 nm range.

Figure 3.6 Comparative TEM to distinguish between location of inorganic and organic constituents
(A) bright-field TEM showing arrangement of nanorods and (B) dark-field TEM highlighting
individual nanorods which are composed of inorganic material (HAP) surrounded by an organic
matrix.
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The presence of carbon in several of the quantitative scans (Figure 3.6) indicates collagen.
This is confirmed using Fourier-transform infrared spectroscopy (FTIR), which illustrates the
intensity of functional groups detected by changes in dipole moment during molecular vibration.
The functional groups that reveal the presence of collagen are the Amide I, II, and III bands which
occur at 1632, 1536, and 1240 cm’!, respectively (Figure 3.7 and Table 3.2)[163,164].
Additionally, FTIR wvalidates the presence of HAP with intensity bands corresponding
v,PO3~, v,C0%™, v3P0O3~, v3C0% at 554 and 600, 870, 1024, 1410 cm!, respectively (Figure 3.7

and Table 3.2)[165].
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Figure 3.7 EDX composition scans of a single tooth. This shows presence of carbon, oxygen,
phosphorous, and calcium which are all constituents of HAP and collagen.
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Figure 3.7 Fourier-transform infrared spectroscopy of a single tooth. Characteristic bands of
hydroxyapatite and collagen. Amide I, II, and III bands characteristic of collagen, occur at 1632,
1536, and 1240 cm! respectively. Hydroxyapatite bands are: v,PO3 ", v,C03~, v3P03 ", v;C0%~
at 554 and 600, 870, 1024, 1410 cm!, respectively. See also Table S1.
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Table 3.2 Fourier-transform infrared spectroscopy absorption bands for a tooth sample and their
functional groups.

Wave number (cm™) Assignment Reference

554, 600 v,PO3~ [165]
870 v,C0%™, [165]
1024 v3P03™, [165]
1240 Amide II1 [163]
1410 v3C0%~ [165]
1536 Amide II [163]
1632 Amide | [163,164]

3.5 Reduced Rayleigh Scattering

Rayleigh scattering is a well-known phenomenon with a characteristic particle-size
dependence. Rayleigh scattering applies to particles that are much smaller than the interacting
wavelength of light satisfying the condition x << 1 where x = 2mr /A, r is the radius of the particle,
and A is the wavelength of light. Rayleigh scattering numerical solutions work best for idealized
systems of homogenous spherical particles. This makes it difficult to apply to the system of the
transparent teeth where the main constituent is randomly orientated nanorods. Scattering is highly
dependent on particle size and orientation, therefore, spherical approximations are not sufficient
for analyzing nanorods.[166]

For this reason, the Rayleigh-Gans-Debye approximation (RGD) is used for randomly
orientated nanorods. Along with the conditions for Rayleigh scattering, RGD particles must be
optically soft which is described by having a refractive index, when compared to the surrounding

medium, that is close to unity, |m — 1| < 1 where m = n/ny. Additionally, x|m — 1| < 1
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where x = 2nr/A must be met. In accordance with RGD, the light scattering efficiency
coefficient, QF, for randomly orientated nanorods has been derived by Shapovalov[167]. For a
randomly orientated cylinder with a height H and a radius @, the light scattering efficiency

coefficient is:

of = K o0, a) 3.1)
where,
0C(H,a) = ‘%{8 — 2 (kH)? - 22 (ka)? + =2 (ka)*(kH)?}, (3.2)

and where k = 2m/A. The light scattering efficiency coefficient is determined by dividing
the light scattering cross section by the cross section area of projection of a particle on a plane and
describes how efficiently light can be scattered.[167] In Figure 7, Q¥ is plotted against radius for
three different wavelengths (450, 550, and 650 nm), H= 20 nm, n=1.66 (the refractive index for
HAP). This demonstrates how scattering efficiency decreases as the radius decreases. From TEM
micrographs (Figure 4), we conclude that the radius of the nanorods ranges from 0.5 to 1.5 nm and
that the height ranges from 5 to 25 nm, which is predicted to produce negligible scattering.
Although the RGD is an approximation, it is sufficient to show the scattering dependence on

particle size and provides insight to why the teeth are transparent.
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Figure 3.9 Light scattering efficiency coefficient for randomly orientated nanorods against radius.
This is plotted for three different wavelengths of light (450, 550, and 650 nm). The height of the
cylinder was kept constant at 20 nm as the radius varied from 1—20 nm and n=1.66.

3.6 Nanoindentation and Mechanical Properties

The hardness and reduced Young’s modulus (mean + SD) of the enamel-like and dentin
layers were measured using a nanoindenter (Figure 3.9). The enamel-like layer is the hardest and
stiffest with an average hardness of 4.2 + 1.1 GPa and a reduced modulus of 43.3 + 15.8 GPa. The
hardness is comparable to the teeth of the great white shark and piranha which are reported as 4.1
+ 1.1 GPa and 4.1 = 0.9 GPa, respectively[168]. Despite the significant differences in size,
morphology, and habitat, the mechanical properties of the enamel-like layer of these predatory
species are strikingly similar (Figure 3.10). The dentin has an average hardness of 2.1 + 1.2 GPa

and a reduced modulus of 16.4 + 7.3 GPa. When compared to the dentin of the great white shark
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and piranha, with reported hardnesses of 0.7 +£ 0.2 GPa and 0.8 + 0.3 GPa, respectively, the
dragonfish dentin (2.1 = 1.2 GPa) is much harder, suggesting that it has a higher degree of
mineralization and nanoscale structural arrangement, both of which should contribute to
transparency.

The teeth are found to have a gradient in mineralization (Figure 3.9A) which accounts for
the variability in hardness with location of indentation. While we report the hardness and reduced
modulus as an average value, it is important to note the range. The enamel-like layer was only
indented at the tip of the tooth where the surface is large enough to reduce effects from the dentin-
enamel junction (DEJ) and the surrounding epoxy. The enamel-like layer has a hardness that
ranges from 2.6 GPa to 5.4 GPa while the reduced modulus ranges from 26.8 to 67.9 GPa (Figure
3.9). The dentin hardness ranges from 0.4 GPa to 3.9 GPa and the reduced modulus ranges from

3.5 GPato 38.4 GPa (Figure 3.9).
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Figure 3.10 Influence of mineralization gradient on nanoindentation location. (A) u-CT scan of
the longitudinal cross-section of a representative tooth. The color mapping indicates relative
density signifying degree of mineralization. Hotter colors (red) are more dense while cooler colors
(blue) are less dense. There exists a gradient in mineralization that increases from the base towards
the tip of the tooth. Roman numerals i—vii mark the relative cross-sections where nanoindentation
was performed and align with the designated indentation locations in (B) and (C). (B) The hardness
values (mean = SD) from nanoindentation are dependent on location within the tooth due to the
gradient in mineralization as indicated by the u-CT scan. (C) The reduced modulus values (mean
+ SD) from nanoindentation are affected by the degree of mineralization. (D) u-CT scans of
transverse cross-sections that indicate the surface in which nanoindentation was performed. The
two representative slices demonstrate that the degree of mineralization increases towards the tip
of the tooth and outwards radially. The same color mapping was used in parts (A) and (D).
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Figure 3.11 Comparison of hardness amongst the dragonfish, piranha[168], and great white
shark[168], with respect to their enamel in dentin.

The degree of mineralization was quantified using thermogravimetric analysis. The
resulting value of ~80% mineralization (Figure 3.11) is indeed greater than the average dentin
reported for the teeth of humans ~75% mineralization, who have similar hardness as the teeth of
piranha and great white shark.[169,170] The minimal amount of dispersed collagen fibrils likely
reduces scattering. Additionally, the dragonfish teeth lack microscale features such as dentin
tubules. Dentin tubules are known to provide energy absorption properties[96] and inherently
reduce the stiffness. The absence of tubules not only accounts for the high stiffness of the dentin
layer but also the transparency. The typical coloration of the dentin layer, as seen in human teeth,

is associated with scattering that occurs due to the presence of tubules[171].
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Figure 3.12 Thermogravimetric analysis of dentin. This shows the relative composition of dentin
(water, organic, and mineral). The relative weight percent of water, organic, and mineral is roughly
7%, 12%, and 81% respectively.
3.7 Conclusions

We show that the teeth of dragonfish owe their transparency to a nanoscale structure of
hydroxyapatite and collagen, which is devoid of microscale features such as dentin tubules; they
are also sufficiently thin (~60 um) to reduce Rayleigh scattering. The enamel-like layer is highly
mineralized, consisting of amorphous/nanocrystalline hydroxyapatite (~ 20 nm grain size), while
the dentin consists of an array of interpenetrating nanorods (~ 5 nm diameter) of hydroxyapatite
embedded within a collagen matrix. This transparency is a unique property that is the result of the

nanoscale structure of the teeth, in contrast with the teeth of other animals and humans. Thus, it is
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an adaptation to thriving in the aphotic zone, where biological light (bioluminescence) drives the
predator-prey interactions.

The mechanical properties of the enamel-like layer are similar to those of the piranha and
the great white shark, despite vast differences in size, morphology, and habitat. However, the
dentin, comparatively, is much harder and stiffer with a higher degree of mineralization and a lack
of tubules that is a mechanical trade-off to ensure transparency by reducing scattering. The
nanoscale structure also contributes to this higher hardness.

This report is the first to study one species of deep-sea fish Aristostomias scintillans and
their transparent teeth. We demonstrated using a variety of characterization techniques that the
teeth are extremely hard and sharp, being comparable to those from great white sharks or piranhas.
This surprising finding correlates well with the fact that the dragonfish is an efficient predator
where food is scarce. In the deep-sea, many organisms are able to produce light and use this to
navigate around and spot/escape potential preys/predators. Within this context of biological light,
the teeth of the dragonfish remain invisible, being built to show no contrast with the surrounding
water. Thus, in combination with the blackness of its skin, the array of hard sharp teeth from the
dragonfish represents a deadly invisible weapon for an efficient predator.

Our investigation highlights the importance of using the materials science approach to
better understand specialized dentition in response to feeding habits which can be used to explore

the ecology of deep-sea organisms and their unknown properties.

3.8 Experimental Methods

The specimens of Aristostomias scintillans were collected during the April 29, 2017 SIO

research cruise on the ship R/V Robert Gordon Sproul, off San Diego in the San Diego Trough.
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The trough is a deep canyon with an average depth of 1,000 m. Pelagic organisms were collected
using mid-water trawling with a net, from a depth of ~500 meters. Upon retrieval on the boat deck,
organisms were placed directly in cold seawater and sorted for use. Surprisingly, many fishes were
still alive and able to survive in a tank for several hours. If (or when) showing no signs of life, the
organisms were placed in a -20°C freezer, or in liquid nitrogen (both available on the ship). Back

in the laboratory, the samples were stored in -20°C or -80°C freezers until use.

Optical characterization

For optical observation, we defrosted the specimen at laboratory temperature, and
photographed the fish and teeth under a Nikon SMZ 1500 stereoscope equipped with a QImaging
Retiga 2000R color digital camera. The system also has an annular ring illumination system to
provide omni-directional lighting, polarizers, and several fluorescence cubes to allow excitation at
355, 390, 470 nm using an EXFO X-Cite 120 W mercury lamp (long-pass filters were used to
visualize the emission). Samples were imaged in air and filtered sea water.

After imaging under the stereoscope, the head was sectioned off the main body using a
clean razor blade. The entire head was then either micro-dissected for “extracting” teeth with
minimum flesh attached and analyzed for transparency or it was dehydrated using step-wise
increments of increasing ethanol concentration from 40-100%. This step was necessary for
observation by scanning electron microscopy. Additionally, critical point drying was used to
remove excess water and specimens were coated with molybdenum. Fresh specimens were also
studied and compared to those that were critically dried to discern between the artifacts from
drying. There are no apparent differences between the teeth that were freshly examined and those

that were critically dried.
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To look at teeth transparency, we used a PARISS® hyperspectral imaging system

(www.lightforminc.com), using teeth separated from the head (see below). The analyses were
performed on a Nikon 80i microscope outfitted with a monochrome Retiga 2000DC, CCD camera
(QImaging, BC, Canada). Wavelength calibration was performed with a MIDL Hg+/Ar+ emission
lamp (LightForm, Inc, NC, USA) and accuracy was recorded and verified to be better than 2 nm.
The tip, middle, and base of teeth were mapped for spatial distribution of spectra. The analyses
were made in both air and filtered sea water. Air makes them turn less transparent because of
changes of refractive index in the air medium (versus water [172]). However, this helped us
visualize the spectral distribution in the teeth (translucent rather than transparent). In all cases,
100% of the pixels of the mapped areas showed different ratios of five representative spectra,
called “reference spectra.” Distribution of these reference spectra across the pixels of an image
was used as a proxy of homogeneity in the sample with regards to letting certain wavelengths pass
through the sample. Here, we adopted a Minimum Correlation Coefficient of 98.5% for the
analyses, indicating that pixels (or areas of the image) showed the same reference spectrum when
having more than 98.5% similarity with the specific reference spectrum. The transmittance and
reflectance percentage were calculated by dividing the scan of the tooth by the background.
Although five different teeth were analyzed, the data were similar across them and thus only a

representative tooth is presented here for the hyperspectral analysis.

Microstructural characterization
Over 40 teeth from 10 different specimen were imaged using scanning electron
microscopy and fresh samples were imaged using environmental scanning electron microscopy

(ESEM) FEI Quanta 400 FEG in low vacuum mode (P = 100 Pa, accelerating voltage 10 kV)
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equipped with an EDAX Genesis V6.04 X-ray spectrometer. Specimens for TEM (JEOL JEM-
2100 LaBg¢ operating at 200 kV accelerating voltage) were either extracted by a FEI Versa3D
focused ion beam and post-thinned using a Fischione nanomill or prepared by scratching a single
tooth on sand paper and investigating the enamel-like layer. A beam current of 30 pA/cm? and a
voltage of 30 kV was used.

For x-ray microscopy, an individual tooth was imaged (Xradia 510 Versa, ZEISS, Jena,
Germany) with a voxel size of 4.542 pm and an acceleration voltage of 40 kV, resulting in 996

projection images. The images were processed using Amira® software (FEI, Oregon, USA).

Compositional analysis

For FTIR, whole teeth were individually used to collect the spectra. The spectra were
collected in the absorbance mode in air with ~25 N of force applied to the specimen measurement
surface using an ATR Spectrum Two (PerkinElmer, Waltham, MA, USA). A background
spectrum was first taken for background subtraction using Spectrum 10™ software (PerkinElmer,
Waltham, MA, USA). The resultant collected wavelengths were from 400 cm™ to 4000 cm’!
wherein the main mineral and collagen signals were captured. The baseline of each spectrum was
corrected using Spectrum 10™ software (PerkinElmer, Waltham, MA, USA).

Thermogravimetric analysis (SDT Q600 Simultaneous TGA/DSC, TA instruments, New
Castle, DE, USA) was used to determine the mineral composition of the dentin. The enamel layer
was scraped away using polishing paper to isolate the dentin. On average fifteen teeth from more
than eight different specimens were used per each sample to produce a significant mass (~ 2 mg)
that could be detected by the TGA. Samples were then heated from room temperature to 800°C at

a rate of 10°C/min under nitrogen. The temperature values to determine each phase composition
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were used from Vargas-Becerril et al.[169] After 600°C the water and organic phase is considered
to be removed. The mass percentage was calculated by dividing the mass recorded by the initial

mass.

Mechanical characterization

The hardness and reduced modulus of the enamel-like and dentin layers were measured
using a nanoindentation testing machine (Nano Hardness Tester, Nanovea, Irvine, CA, USA)
equipped with a Berkovich diamond indenter tip. Five dried teeth from four different specimens
were embedded in epoxy and polished perpendicular to the tip to expose the transverse region.
These samples were then mounted with super glue onto a steel block with the transverse region
exposed. The maximum penetration depth of the indenter tip into the tooth was 2.67 um. All
indentations were performed by penetrating through each layer with a load of 15 mN, loading and
unloading rates of 30 mN/min, and 20 seconds of hold time. A total of 5-10 indents were made on

each layer and averaged.

3.9 Acknowledgements

Chapter 3, in full, is published in Matter authored by A. Velasco-Hogan, D. Deheyn, M.
Koch, B. Nothdurft, E. Arzt, and M. A. Meyers. The dissertation author is the primary investigator
and author on this publication.

This work was performed in part at the San Diego Nanotechnology Infrastructure (SDNI)
of UCSD, a member of the National Nanotechnology Coordinated Infrastructure (NNCI), which
is supported by the National Science Foundation (Grant ECCS-1542148). We graciously thank the

Humboldt Foundation for granting a research award and the Air Force Office of Research for

91



support under the MURI Program (AFOSR grant no. FA9550-15-0009). Funding from ‘“The
Biomimicry for Emerging Science and Technology Initiative’” (The BEST Initiative; to D.D.D.)
and from the Air Force Office of Scientific Research (AFOSR) grant #FA9550-10-1-0555 (MURI
BIOPAINTS) for the hyperspectral imager is acknowledged by D.D.D. INM support and
hospitality to M.A.M. are gratefully acknowledged. We also thank Prof. Jennifer Taylor,
SIO/UCSD, for organizing the specimen collection cruise for the SIO125 class (funding provided
by UC Ship Funds). Eric Bushong was extremely helpful with X-ray microscopy. Michael Allen

is acknowledged for his tremendous help with performing hyperspectral imaging.

92



Chapter 4: Bite Force Mechanics and Allometry of Piranha

(Serrasalmidae)

4.1 Introduction and Significance

The bite force of the piranha (Serrasalmidae) has drawn considerable attention due to its
ability to effectively capture and masticate prey. Herein, we analyze theoretical anterior bite forces
using a lever approach and compare them to in-vivo maximum bite forces. We provide a mechanics

analysis that explains the scaling allometry of the bite force (Fyytpy) With the length of the fish

), Foutput @ 2.

The Serrasalmidae are a family of specialized biters known to be composed of three major
subclades: (1) the piranha-clade (carnivorous), (2) the pacu-clade (herbivorous), and (3) the
Mpyleus-clade (omnivorous).[173] This family has been traditionally distinguished by their distinct
feeding habits and notable dentition [174]. Piranha usually have triangular-shaped, tricuspid, and
serrated teeth found within a single row. The teeth interlock with their adjacent neighbors’ lateral
cusps creating a unified unit that regenerates as a row simultaneously [175]. Piranha teeth are also
heterodont, meaning tooth morphology is dependent on location within the jaw. Serrasalmus
rhombeus, commonly known as the Black piranha, have been shown to have the most powerful
bite force relative to its size with a maximum recorded bite of 320 N for a 1.1 kg specimen [176].
This is primarily attributed to its large adductor mandibulae complex which makes up over 2% of
its total body mass [176]. While there are studies that successfully compare theoretical bite forces
to in-vivo anterior bite forces, there has yet to be a mechanics-based analysis which explains the

scaling allometry [176,177].
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4.2 Allometric Scaling

Allometry is the study of biological scaling and the relationship of co-varying biological
measurements such as anatomical lengths (arm, beak etc.), mass, volume, and surface area. The
term allometry was first coined in 1936 by Huxley and Tessier when studying the growth of the
fiddler crab’s extraordinarily large claw. The crab was measured at various stages of growth and
it was found that the large claw was dissimilar to the growth of its body i.e. the claw was growing
faster than the length of its carapace [178]. Figure 4.1 shows the work by Huxley and Tessier
where the relationship of the body of the crab is plotted against the size of the claw. This is a length
to length comparison of a single species, but there has been an increasing development in exploring
allometric relationships across diverse species and of more complicated biological measurements
such as body size and metabolism [179], skin thickness and elasticity and viscoelasticity[180], and
as we show here fish length and bite force of the piranha.

When the work of Huxley and Tessier is transformed to a log-log scale the data follows a
linear relationship (Figure 4.1). This linear regression when transformed to a log-log scale is a key
indicator of allometry. When transformed to a log-log scale, the slope of the plot represents the
allometric scaling constant. A scaling constant of one is referred to as isometric scaling, where the
length of the body part grows similarly to the rest of the body as a whole. The mathematical

expression of allometric scaling is further described below.
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Figure 4.1. Huxley and Tessier’s work on the allometric scaling of the claw of the fiddler crab.
The body size and length are transformed to logio and represented by the blue dots. The solid line
represents a slope equal to one which indicative of isometric scaling. The deviation of the
experimental points from the slope of one indicates non-isometric scaling or allometry. Since the
experimental points show a slope greater than one, this is referred to as positive allometry.

Allometry is used to refer to the deviation from self-similar scaling and can be described

mathematically as follows:

y = bx* 4.1)

Where, « is referred to as the scaling constant when x and y are the respective anatomical parts

that are being related. When (4.1) is transformed to logio we can rearrange as follows:
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logy = alogx + logh (4.2)

And when plotted, (4.2) can be related to the linear equation y = mx + b where the slope of the
line is equal to the allometric scaling constant a. Thus, the log transformation of the two
anatomical parts that are being related can be plotted with a linear regression to obtain the
allometric scaling if such allometric relationship exists. When a > 1, the allometric scaling is
defined as positive and when a < 1 the scaling is defined as negative. Isometric scaling is defined
when a = 1. Isometric scaling is the direct, self-similar scaling of an anatomical part (e.g. claw)

with another anatomical part, typically a whole body feature (e.g. mass, surface area, volume).

4.3 Derivation of Allometric Scaling

The theoretical bite force of the piranha can be estimated from the geometry of the maxilla
and the size of the adductor mandibulae muscles using an approach developed by Westneat[181]
and adapted by Meyers et al.[182] In this adaptation, the closing of the lower jaw can be modeled
as a third-order lever (Figure 4.1A). Three major subdivisions of the adductor mandibular muscle
are responsible for closing, referred to as Al, A2, and A3 (Figure 4.1 B and C). The major force
generators in the jaw are the A2 and A3 subdivisions. Measured values of the angles
(a4, a5, and a3) with respect to the vertical direction, segment lengths (d;, d2, ds, and d,), and

maximum cross sections of the three-muscle groups are measured from piranha specimens.
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Figure 4.1 Third-order lever applied to piranha jaw muscle system. A) Simplified third-order lever.
B) Relative muscle positions with the skull of a piranha. C) Schematic of the subunits of the
mandibular muscle (A1, A2, and A3) with respective size and orientation.

The equation of equilibrium for the moments is:

Y. ME = Fyysin (ay)dy + Fyzsin (az)d; + Fyzsin (az)ds — outputdo = 0 (4.3)

The force of the muscles (F44, F4,, and F,3) can be approximated knowing the cross-sectional area

of the muscle group and the maximum stress produced by muscle (0;,,4,); a value of 0.2 MPa is
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used, which is the highest range for red muscles as indicated by Westneat[181]. The maximum
isometric stress in muscle has been shown to vary from 0.1 to 0.2 MPa depending on muscle
location and fiber type.[183,184] The segments (d;, d>, ds) are the lengths between the fulcrum
and the attachment point for each muscle and d, is the length from the fulcrum to the most anterior
tooth tip. Assuming that the jaw length and mandibular muscles scale isometrically with the size
of the fish (which has been supported by Richard and Wainright[185]) a direct self-similar scaling

constant (k) can be found when Equation (1) is divided by d,:
dl . dZ . d3 .
Foutput = d_OFAl sin(ay) + d_oFAZ sin(ay) + 4, Fy3 sin(as) 4.4)

Therefore di/d,, d2/do, and ds/d, are fixed and independent of the size. Thus,
kl == dl/dot' k2 == d2/d07 and k3 == dg/do (4.5)

The geometric and angular parameters are assumed, to a first approximation, to be constant. The
maximum force that the muscles can impart is proportional to the cross-sectional area (A) of the

muscle. Assuming a constant maximum muscle stress of 0,4,
FAl = UmaxAl ’ FAZ = O-maxAZa and FAS = O-maxA3 (46)

Additionally, assuming that the area of the muscle can be represented as proportionality constant

(k') multiplied by the length of the fish squared (7,
A= K2 4.7)

When substituting Equation (4.5), (4.6), and (4.7) into (4.4) we obtain,
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Foutput = lz * [klki Sin(al) + kzké Sil’l(O(z) + k3 késin(a3)] * Omax (48)

This provides a direct proportionality between Foy ¢y and 2. This allometry is indeed closely
obtained from the measurements, shown in Figure 1C. This is a classical expression of non-
isometric allometry: the bite force scales as the square of the standard length (SL), where the
standard length of the fish is measured from the tip of the nose to its last vertebrae. The maximum
stress that the teeth can impart can be assumed to be limited by the compressive strength of the
dentine-enameloid complex. The mechanical properties of enamel and dentine are a function of
structure and composition and are, to a first approximation, independent of size. Therefore the
maximum stress that the teeth can undergo is dependent on the strength of the enamel-dentine
composite. This is equal to, to a first approximation, to Fyy¢pye/ 2, Where ¢ is a characteristic tooth

dimension, which scales isometrically with /. This is the same allometry.

4.4 Allometric Scaling of In-vivo and Calculated Bite Forces

Here, we record a scaling constant of 1.842 for the calculated bite force which includes the
average data from Huby et al.[177] on their calculated bite forces for Pygocentrus nattereri (Figure
4.2). This scaling constant is equivalent to the allometry parameter. We also conducted in-vivo
measurements on three piranha whose values, along with the average of Huby et al.[177] for in-
vivo Pygocentrus nattereri, are presented in Figure 4.2. The scaling constant for the in-vivo bite

force is 1.985 which is very close to the expected allometry from Equation 6.
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Figure 4.2 Calculated and in-vivo piranha bite forces including findings from Huby et al.[177]
transformed to logio and fitted to a simple linear regression against standard length of the fish (SL).

Additionally, we transformed the average in-vivo bite forces with respect to standard length
obtained by Huby et al.[177] for nine different piranha species to logio and when fit to a linear
regression we produce an allometric scaling constant of 2.014 (Figure 4.3). While our reported
values, along with Huby et al.[177], are in agreement with the proposed allometric scaling, they
are slightly lower than Grubich et al.[176] who record a scaling constant of 2.30 for in-vivo bite

forces of Serrasalmus rhombeus.
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Figure 4.3. Positive allometry of piranha bite forces from nine different species. Average In-vivo
bite force measurements from Huby et al.[177] and their respective standard lengths are logio
transformed and plotted with a linear regression. This plot shows an allometric scaling constant of
2.014 which is in agreement with our recorded and calculated values for a single species
(Pygocentrus nattereri).

Possible sources of error can be attributed to the dissimilarity in bite force performance of
the piranha under natural conditions and the use of the bite force tester. Additionally, the most
anterior tip of the tooth is used to calculate bite force which can be difficult to place in reality i.e.
our calculated values may not agree with in-vivo as the placement of the bite force tester can
provide a reading from several teeth. Additionally, the tip of the tooth may not necessarily provide
the largest output force. The piranhas may underperform when tested with the apparatus. During

bite-force testing the piranha exhibits multiple rapid bites at various force levels (Table 4.1).
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Table 4.1. In-vivo piranha bite force (BF) measurements taken along the Paraguay river. Standard
length (SL).

Specimen Mass (kg) SL (mm) Maximum BF  Average BF (N) Standard

N) Deviation BF
1 0.75 203 73.85 33.40 20.7
2 0.64 157 32.31 26.31 5.7
3 0.50 136 42.37 25.12 12.8

4.5 Conclusions

The impressive biting capabilities of the piranha have sparked considerable investigation
into in-vivo and calculated anterior bite forces which have extensively shown a positive allometric
relationship. Here, we contribute to the growing literature by providing a mechanics based
understanding of this allometric relationship. We propose that Fyy ¢y @ [? which is in agreement
with our in-vivo and calculated lever approach which includes data from Huby et al.[177] on

Pygocentrus nattereri. This has considerable

4.6 Experimental methods
Specimens

Three adult piranha (Pygocentrus nattereri) specimens were purchased from local fish
markets in Brazil already deceased. Specimens were transported overnight packed in ice. Upon
retrieval specimens standard lengths were recorded and their in-tact skulls preserved and placed in
a -20°C freezer until use. Specimens were hydrated in Hank’s balanced salt solution (Thermo
Fisher Scientific) before jaw muscle dissection. Muscle area, jaw length, lever length of muscle

attachment, and angle of attachment were recorded for bite force calculations.
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Bite force analysis

The measurement on live piranhas was made on specimens caught along the Paraguay river
and their bite forces were measured using a force gauge assembled with a Flexiforce™ A401
sensor (Tekscan) as shown in Figure 4.4. Two force gauges were constructed (Gauge 1 and Gauge
2). The sensor was placed between two wood strips and the assembly was inserted into the
piranha’s mouth as indicated in Figure S2. The change in resistance was recorded and converted
into a force through the following equations dependent on which gauge was used. Each piranha
recorded 5-10 bites (Table S1). These values are consistent with the measurements from Huby et
al.[177] The maximum bite force for each fish was plotted in Figure 1C. Their mass and length
were recorded and they were released back into the river. The measurements on piranha were

accomplished during the Roosevelt-Rondon Centennial Expedition, from 2014 to 2016.

Gauge 1: y = 16.158x7%-6¢

Gauge 2: y = 12.41x796°
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Figure 4.4 Demonstration of how the bite force of the piranha was recorded using the force gauge
described in the experimental methods. The piranha shown here is a black piranha and its
corresponding bite forces were not used in this study on the red-bellied piranha. This image is
simply for demonstration of principles in recording bite forces.
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Chapter 5: A Comparative Study on Tooth Structure, Mechanical
Properties, and Diet Specialization of Piranha and Pacu

(Serrasalmidae)

5.1 Introduction and Significance

The relationship between diet, bite performance, and tooth structure is a topic of great
interest unifying ecologists, biologists, materials scientists, and engineers. The highly specialized
group of biters found in the Serrasalmidae family offers a unique opportunity to explore their
functional diversity. Surprisingly, the piranha, whose teeth have a primarily cutting function and
whose main diet is soft flesh, is capable of exerting a larger bite force than the pacu, who feeds on
a hard durophagous diet. Herein, we expand our understanding of diet specialization in the
Serrasalmidae family by investigating the influence of elemental composition and hierarchical
structure on the local mechanical properties, stress distribution, and deformation mechanics of
teeth from piranha (Pygocentrus nattereri) and pacu (Colossoma macropomum). Microscopic and
spectroscopic analyses combined with nanoindentation and finite element simulations are used to
probe the hierarchical features to uncover the structure-property relationships in piranha and pacu
teeth. We show that the pacu teeth support a durophagous diet through its broad cusped-shaped
teeth, thicker-irregular enamel, interlocking interface of the dentin-enamel junction, and increased
hardness of the cuticle layer due to the large concentrations of iron present. Comparatively, the
piranha teeth are well suited for piercing due to its conical-shaped tooth which we report as having
the greatest stiffness at the tip and evenly distributed enamel.

The dynamics of prey consumption and processing are strongly linked with tooth

morphology and function. Teeth have long played a key role in assessing dietary adaptation in
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mammals as highlighted by 18" century naturalist Georges Cuvier: “show me your teeth and I will
tell you who you are” [186—189]. However, there remains little investigation into the hierarchical
structure, property, and function relationships of teleost fishes especially of those belonging to
families of highly specialized biters. Teeth, being composites of hydroxyapatite and collagen, form
complex structures at various orders of hierarchy ranging from the nano- to macro-scale as a result
of their bottom-up growth and self-assembly from the molecular level. This hierarchical
organization and the respective local material properties ultimately determines the overall
mechanical properties and performance of the tooth. This information is important in establishing
relationships between structural variation, mechanical performance, and diet specialization among
understudied teeth such as those of teleost fishes.

Teeth are a crucial evolutionary adaptation to vertebrates allowing for diet specialization
[190-194]. Despite the vast range of morphological differences at the macro-scale including size,
shape (conical, pointed, flat, cusps, etc.) and numbering, teeth have a highly-conserved structure
at the meso-scale which consists of three layers: (1) enamel/enameloid, (2) dentin, and (3) pulp in
order from outer-to-inner respectively [195,196]. The enamel and enameloid are highly
mineralized tissues which covers the functional surface of the tooth providing wear-resistance and
hardness [197]. Enamel is typically found in mammalian-vertebrates and enameloid in non-
mammalian vertebrates. They are primarily distinguished by their development. Enamel is secreted
by the inner-dental epithelium cells (ameloblasts) which first produce an organic matrix of
collagen, proteins, proteoglycans, and lipids from where the hydroxyapatite nucleates and grows
[197,198]. Enamel initiates mineralization at the dentin-enamel junction, after development of
dentin, and then grows outwards towards the surface [197]. In contrast, enameloid is secreted

between the inner-dental epithelium and the ectomesenchymal cells of the dentin papilla which
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differentiate into odontoblasts and grows in conjunction with the dentin layer [197-200]. Enamel
and enameloid have similar composition, having a high mineral content (~95 vol% of
hydroxyapatite (Cas(PO4)30H)) which forms highly crystalline hexagonal rods. In both enamel
and enameloid, hydroxyapatite is known to contain impurities including carbonate, magnesium,
and sodium. The enameloid of actinopterygians (bony fishes) occurs in two regions: (1) cap
enameloid at the tip of the tooth, and (2) collar enameloid on the shaft of the tooth [197,201]. The
dentin layer is much less mineralized (~45 vol%) than the enamel/enameloid and is formed by
odontoblasts [201,202]. The dentin layer is characterized by a tubule structure which results from
the formative tracks of odontoblastic cells. Finally, the pulp is the central part of the tooth which
is non-mineralized and contains blood vessels, connective tissue, and nerves [202].

The teleost class is known to employ three primary feeding modes involved in prey-
resource capture: (1) ram-feeding, where the fish propels its body and engulfs its prey with its
large agape mouth [203,204], (2) suction-feeding, where prey is drawn into the mouth driven by a
negative pressure in the buccal cavity [205,206], and (3) manipulation-feeding or biters which
crush or tear prey with a robust oral jaw system [207,208]. Of the three feeding modes,
manipulation-feeding or biters require high mechanical advantage for jaw-closing, a large adductor
mandibulae for powerful force-generating capacity, and functional teeth which act as
cutting/crushing tools [208]. Unlike many families in the teleost class, Serrasalmidae, a
monophyletic family of South American freshwater fishes, are exclusively manipulative feeders,
also referred to as biters, and thus represent a unique opportunity in which to investigate the
relationships between diet, tooth hierarchical structure, composition, and mechanical properties.

The Serrasalmidae family contains highly specialized biting fishes categorized by three

subclades: piranha-clade, pacu-clade, and Myleus-clade. These subclades are distinguished by their
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distinct feeding habits and remarkable dentition (Figure 5.1)[209]. The work here will focus on
the piranha- and pacu-clade. Piranha typically have triangular-shaped, tricuspid, and serrated teeth
found within a single row. The teeth interlock with their adjacent neighbors’ lateral cusps creating
a unified unit that regenerates as a row simultaneously [175]. This interlocking mechanism is
described as a “peg and socket” where the adjacent lateral cusp inserts within its neighbors’ cusp
acting as a cap. It is hypothesized that the interdigitation helps to distribute the stress that acts on
a few teeth across the entire row during mastication [175]. Piranha also possess heterodont
dentition where their tooth morphology is distinct depending on location within the jaw [175].
Serrasalmus rhombeus, commonly known as the Black piranha, has been shown to have the most
powerful bite force relative to its size with a maximum recorded bite of 320 N for a 1.1 kg specimen
[176]. This is primarily attributed to its large adductor mandibulae complex which makes up over
2% of its total body mass [176]. The piranha is famously known for being piscavory and
carnivorous [210,211] as it relies on its sharp pointed teeth to slice and tear through fleshy meat
[212,213]. In contrast, the pacu is herbivorous feeding on hard-shelled fruits, seeds, and leaves
[214,215]. The pacu are known to have one and/or two rows of broad incisiform-to-molariform
teeth depending on location within the jaw [174,213,216]. Thus, pacu teeth are highly heterodont.
Their teeth have large occlusal surface areas with conical projections. Similar to piranhas, the teeth
of the pacu support their adjacent neighbors and regenerate as a row simultaneously [175].
However, the interlocking mechanism in the pacu teeth is much more subtle and does not fully
interdigitate and can be described as a “buttress” where the adjacent lateral sides slightly overlap
providing support [175]. The pacu uses its incisiform and molariform teeth for masticating hard

substances [215].
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Figure 5.1 Phylogenetic tree of the Serrasalmidae family. This shows the distribution of their
distinct feeding habits: carnivorous, omnivorous, and herbivorous. All pacus are herbivorous while
piranhas are mostly carnivorous with the exception of Metynnis which is an omnivore. Astricts on
Pygocentrus and Colossoma denote species that are the focus of this study.

These known differences in diet between the piranha and pacu have led to the proposal that
pacus have larger jaw muscles and bite forces needed for crushing hard substances when compared
to their carnivorous counterparts. This prediction has been demonstrated by studies in which
species with a more durophagous diet typically are capable of exerting larger bite forces [217—
222]. Recently, this hypothesis in relation to the bite force capacities between piranhas and pacus
has been disproven by Huby et al.[177] in a comprehensive study dedicated to characterizing the
oral jaw system in Serrasalmidae fishes. The resulting study showed that in vivo and theoretical

bite forces are significantly greater in piranhas which is due to their proportionally larger adductor
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mandibulae muscle [177]. It was found that the mass of the adductor mandibulae muscle is four
times greater in the piranha-clade than the pacu-clade [177]. However, this proportionality is not
distributed equally among the three main muscle subdivision. The pars rictalis is four times larger
in the pacu-clade, the pars malaris is twice as large in the piranha-clade, while the pars stegalis is
equivalent in both [177]. These differences in the subdivision of the adductor mandibulae have
important implications in the mechanical advantage of their respective jaw systems. This suggests
that the pacu-clade transmits relatively more force to the most anterior teeth in the lower jaw, while
the piranha-clade transmits relatively more force to the most posterior teeth in the lower jaw [177].
While general trends point towards a relationship between durophagy and greater bite forces, this
study is not the only one to suggest that durophagy can be achieved despite a respectively low bite
force[223]. We suggest that the mechanical properties of the molariform teeth of the pacu, as
dictated by their hierarchical structuring, allow for the pacu to effectively facilitate consumption
of a specialized durophagous diet.

A recent study by Delaunois et al.[224] describes the microstructure and composition of
the enameloid in piranha, Pygocentrus nattereri, and pacu, Piaractus brachypomus. It was found
that the enameloid, in both species, has three distinctive regions: (1) cuticle, the outermost layer,
(2) outer enameloid described by a parallel-structured layer, and (3) inner enameloid, described by
a woven layer, which highlights the preservation of histological traits in the tooth structure of
Serrasalmidae. However, there were differences in cuticle thickness between the two species
which can be related to their distinct diets, herbivorous versus carnivorous. It was found that the
pacu has a thicker cuticle ( 1.90 um) compared to the piranha cuticle (0.79 um) [224]. Additionally,
the pacu cuticle has a higher concentration of iron which is known to increase hardness and

stiffness [224,225]. Therefore, it is suggested that the thicker pacu cuticle can help reduce
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detrimental wear resistance as an adaption to its durophagous diet. Despite the greater presence of
iron in the pacu teeth, the piranha teeth were shown to be more mineralized [224].

This study highlights the important microstructural and compositional variations between
two closely related species with distinct feeding habits and serves great inspiration into their local
mechanical properties via nanoindentation. While nanoindentation has been performed on piranha
teeth by Chen et al.[168] this study only examined the transverse cross section, despite the fact
that teeth have consistently shown to have highly anisotropic properties and nanoindentation of
pacu teeth is absent in the literature [51,226—228]. Our work on characterization of the mechanical
properties of the piranha and pacu teeth will fill this void.

Through a materials science and engineering approach, we investigate the relationship
between composition, meso- and micro-structural differences, and the local mechanical properties
and stress distribution within the anterior teeth of the piranha and pacu to better understand the
implications of diet specialization. This hierarchical approach focuses on structural
characterization from the macro-scale which capture the morphology of the teeth, the meso-scale
which focuses on enamel thickness and degree of irregularity, the microstructure of the enameloid,
and dentin layers and the dentin-enamel junction, and the nanostructure of the rod-like
architectures. Additionally, local mechanical properties are probed using nanoindentation and the

stress distribution within the whole tooth is analyzed using finite element analysis.

5.2 Theoretical Anterior Bite Force and Allometry

In order to better understand how the piranha and pacu teeth distribute stress during biting,
the anterior bite forces are calculated. The theoretical bite force of both the piranha and pacu can
be estimated from the geometry of the maxilla and the size of the adductor mandibulae muscles

using an approach developed by Westneat[181] and adapted by Meyers et al.[182] In this
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adaptation, the closing of the lower jaw can be modeled as a third-order lever. There are three
major subdivisions of the adductor mandibulae muscle that are responsible for closing, referred to
as Al, A2, and A3. The major force generators in the jaw are the A2 and A3 subdivisions.
Measured values of the angles (a4, @, and a3), segments (d;, d2, d3, and d,), and maximum cross
sections of the three-muscle groups are used to calculate the forces. The equations of equilibrium

arc:

X ME = Fyisin (ay)d;y + Fppsin (a)d; + Fassin (a3)ds — Fougpuedo = 0 (1)

The force of the muscles (F41, F45, and F,3) can be approximated knowing the cross-sectional area
and the muscle stress of 200 kNem™ which is the highest range for red muscles as indicated by
Westneat.[181] The segments (d;, d>, d3) are the lengths between the fulcrum and the attachment
point for each muscle and d, is the length from the fulcrum to the most anterior tooth tip.

The theoretical maximum anterior bite force for the piranha is larger than the pacu with
respect to standard length (Figure 5.2A). This agrees with prior studies who measured in vivo and
theoretical bite forces.[177] Our bite forces for the piranha ranged from ~20 to 80 N and for the
pacu ~6 to 72 N with dependence on specimen standard length. This is consistent with Huby et
al.[177] who calculated values of ~1 to 42 N for the piranha and ~1 to 17 N for the pacu [177].
Additionally, we report both theoretical bite forces scale allometrically with the standard length of
the fish with allometric constants of 1.842 and 1.77 for the piranha and pacu respectively (Figure
5.2B). Indeed, these allometric constants are close to the expected value of 2.0. Even for similarly
sized fish the piranha significantly outperforms the pacu (Figure 5.2). This difference is attributed
to the piranha’s larger adductor muscle. The piranha’s adductor mandibulae is proportionally

larger than the pacu’s which accounts for the greater anterior bite force.
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Figure 5.2 Theoretical bite forces of piranha and pacu specimens with addition of the average
values obtained by Huby et. al which shows how bite force scales with the standard length of the
fish. A) Theoretical bite force with respect to the standard length of piranha and pacu which
includes the average data collected from Huby et. al. This show a bite force for the piranha which
ranges from ~1-80 N and ~4-72 N for the pacu. Despite the larger size of the pacu, the piranha still
manages a larger bite force. B) Log transformed theoretical bite force and standard length which
demonstrates a positive allometric relationship.
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We explored the forces necessary for consumption based on typical food sources for the
piranha and pacu. The palm seed fruit is a common food source for the pacu and is used here to
indicate the forces required to crack open hard-shelled fruits. When analyzed under compression
it was found to require ~8 N to initiate a crack and ~25—35 N to propagate the crack (Figure
5.3A). In comparison to the theoretical anterior bite forces, the pacu can reach ~8 N and induce a
crack in this example of a hard-shelled fruit if it is sufficiently large (Figure 5.3A). While crack
propagation, from this experiment, requires much larger species (SL > 130 mm), this value can be
considered as an over-estimation as it was an example of a singular bite. During mastication and
with repeated bites the pacu can easily damage the nut by fatigue which would require smaller
forces over many cycles.

To better understand the forces required for a carnivorous diet, piranha and pacu teeth were
attached to a testing machine and advanced into the meat of a whole fish. Figure 5.3B shows the
load-penetration curves for both piranha and pacu teeth. The piranha teeth easily penetrate the
scales and into the flesh at ~2—5 N as indicated by the rapid drop in force (highlighted in orange).
The pacu teeth are unable to pierce the meat and instead cause a flattening effect. This provides
evidence as to how the conical shaped teeth are designed for piercing while the cusped-teeth of the
pacu are more suitable for crushing. The estimation of the bite forces required for feeding is
necessary to better understand the stress distribution and the load carried by individual teeth. The

values obtained here will serve as a guide to what forces will be used for the finite element analysis.
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Figure 5.3 Replicative forces required for respective diets. A) Compression testing of brazil nuts.
Brazil nuts are a known food source of the pacu. It requires ~7 N to initiate a crack (green) and
~30 N to propagate the crack (blue). F) Force-penetration curves into fish meat by individual
piranha and pacu teeth. It requires ~2—5 N for the piranha tooth to penetrate the scale surface into
the flesh. The pacu teeth are not able to penetrate and instead compress and flatten the meat.

5.3 Tooth morphology, enamel thickness, and distribution

The anterior mandibular teeth of the piranha and the pacu are strikingly different in shape
and morphology. The piranha tooth is prominently tricuspid, has a conical shaped tip, and a wide
base making it effective at piercing and slicing (Figure 5.4A). The pacu tooth on the other hand
has a broadly shaped occlusal surface with a projecting cutting ridge which is advantageous for
crushing and grinding (Figure 5.4D). In addition to their general morphological differences, both
teeth have differences in enameloid thickness and distribution. It is widely accepted that enamel
shape and thickness are highly related to diet. The consumption of hard-objects such as seeds and
nuts is correlated with an increase in enamel thickness for mammals [229]. From the micro-
computed tomography images, it can be seen that the molariform teeth of the pacu have thicker
enameloid when compared to the piranha. The pacu enameloid is thickest on the cusps (1.46 +

0.70 mm), while the piranha enameloid is more evenly distributed across the tooth (0.49 + 0.30
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mm) (Figure 5.4). For both teeth, there is a gradient in enameloid distribution which increases
from the base towards the tip. This gradient is most likely a consequence of the growth and
development of the enameloid layer but has desirable implications for their respective mechanical
performances. Enameloid being a hard, stiff, and a wear resistant material provides rigidity to the
tips of both teeth which enables effective puncturing and crushing. While the enameloid is
relatively evenly distributed in the piranha (Figures 5.4B and C), for the pacu, the enameloid is
strongly concentrated on the vestibular surface and protrudes to a maximum thickness of ~2 mm
while being marginally thin on the lingual surface (Figures 5.4E and F). This large concentration
of thick enameloid provides a robust ledge for crushing and grinding. These differences in

enameloid distribution are related to how the teeth are attached to the jaw.
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Figure 5.4 Micro-computed tomography images of anterior piranha and pacu teeth which are
pseudo-colored. The coloration is a relative density map where the hotter colors correspond to a
more dense and mineralized phase (enameloid) and the cooler colors correspond to a less dense
and less mineralized phase (dentin) and in the case of the piranha the bone is shown in blue as
well. A) Vestibular surface of the piranha tooth. B) Longitudinal cross section of the piranha tooth.
C) Transverse cross section of the piranha tooth. D) Vestibular surface of the pacu tooth. E)
Longitudinal cross section of the pacu tooth. F) Transverse cross section of the pacu tooth.

In addition to their differences in general morphology and enameloid thickness, both teeth
are attached to the mandible at different surfaces which has implications for how the load is
distributed during mastication. The piranha tooth is embedded into the bone at its base allowing

for both the lingual and vestibular surfaces to be exposed to the environment (Figure 5.4B). This
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allows for greater penetration and piercing action of the tooth. However, the pacu tooth does not
have a defined base and is instead embedded into the mandible predominantly along the lingual
surface leaving only the vestibular and occlusal surfaces exposed (Figures 5.4E and 5.5). Unlike
the piranha, the pacu tooth is more grounded within the jaw, allowing for greater stabilization
during compression and translation of mastication forces into the mandible. Thus, the thickness of
the occlusal surface that is exposed above the mandible is minimal, which supports its primarily

crushing mode.
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Figure 5.5 Micro-computed tomography images of an anterior mandibular pacu tooth in pseudo
color showing that the lingual surface is predominantly attached to the bone. A) Vestibular surface
of the tooth. B) Side-view showing both vestibular, lingual, and occlusal surfaces. Noting that the
lingual surface is where it attaches to the mandible. C) Lingual surface of the tooth showing the
pulp cavity and where it was formerly attached to the mandible (rough edges in dark blue).
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5.4 Microstructure characterization of enameloid and dentin layers

5.4.1 Enameloid

The enameloid is highly mineralized and can be decomposed into two layers in both the
piranha and pacu: (1) inner-enameloid (IE), where there is a high degree of interwoven HAP
mineralized collagen fibers, and (2) outer-enameloid (OE), which is defined by aligned regions
perpendicular to the surface (vertical lines in Figure 5.6). Demineralization with HCI was used to
reveal the microstructure which can be concealed by amorphous regions. The inner-enameloid in
both piranha and pacu shows no significant differences in the organization, size, and dispersion of
the mineral-coated collagen fibers (Figures 5.6B and E). The thickness of the fibers in the piranha
and pacu measures 2.50 £ 0.79 um and 2.48 = 0.77 um (mean + standard deviation) respectively
and the angle between fibers which cross over each other are 54.5° £ 16.5° and 56.0° + 11.2°
respectively. These similarities are attributed to equivalences in tissue development. The
imbrication found in the IE has the potential capability of arresting and deterring cracks from
propagating through the enameloid and may act as a toughening mechanism for the inherently
brittle material [230]. The OE responded differently to the demineralization process in both teeth.
The OE of the piranha teeth show a higher degree of demineralization when compared to the OE
of the pacu teeth (Figure 5.6C and F). This is possibly explained by the differences in iron
concentration. As shown by Delaunois et al.[224] and corroborated in Section 5.5, the pacu teeth
have a larger concentration of iron which has been shown to improve resistance against acid attack

in mammalian teeth [225].

120



100 pm

AR IR

Figure 5.6 SEM images of acid-etched enameloid of piranha and pacu which shows the following
layers: outer enameloid (OE), inner enameloid (IE), and dentin (DE). A) Longitudinal cross section
of a piranha tooth showing the three layers: OE, IE, and DE. B) Magnification of the IE from the
piranha tooth showing the woven fibrous network. C) Magnification of the OE of the piranha tooth
showing the parallel oriented rods that are perpendicular to the surface. D) Longitudinal cross
section of a pacu tooth showing the three layers: OE, IE, and DE. E) Magnification of the IE from
the pacu tooth showing the woven fibrous network. F) Magnification of the OE showing the
parallel orientated rods.
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5.4.2 Dentin

The dentin layers are similar in both species and are characterized by the presence of
tubules (Figure 5.7). The tubules are generally circular in shape, but depending on the cross section
can appear elliptical if viewed obliquely. The average radius of the tubules in the piranha dentin
were found to be 0.69 um which is comparable to the pacu dentin (0.71 um). Both dentin layers
exhibit a highly mineralized reinforcing layer which surrounds the tubule as denoted by the

brighter regions in the SEM in Figure 5.7.

Figure 5.7 SEM images of transverse cross sections showing the tubule structure in the dentin
layer. A) Piranha tubular dentin. B) Pacu tubular dentin.

5.4.3 Dentin-enamel junction

The dentin-enameloid junction (DEJ) of the pacu teeth has a distinct interlocking interface
while on a similar length-scale the piranha is relatively smooth and uninterrupted (Figure 5.8).
This interdigitating suture interface is found across a variety of biological materials (carapace of
the red-eared slider[231], mammalian skulls[106], boxfish scute junctions[24], and diatom
frustules[232]) and is known to provide intrinsic strength and flexibility to material interfaces [19].

The DEJ plays a critical role in maintaining the biomechanical integrity of the teeth by joining the
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hard, brittle enameloid and subjacent softer, tougher dentin. Thus, it provides a crack arresting
barrier. Its resistance to mechanical failure and delamination is predominantly attributed to the
presence of collagen fibrils which bridge the DEJ acting as a fiber-reinforced composite. The DEJ
of mammalian teeth has been characterized as having a similar scalloped interface although it is
much less angular than the DEJ of the pacu [233-235]. This scalloped interface has been shown
to effectively support the mechanical performance during mastication by reducing stress
concentrations at the interface and preventing sliding of the underlying dentin layer [236]. A study
on the scallop interface in permanent human teeth by Brauer et al.[237] found a relationship
between tooth position and scallop size where the most posterior teeth (higher masticatory loads)
were shown to have larger and more pronounced scallops. This suggests that a scalloped interface
benefits teeth that undergo significant stresses due to crushing and grinding.

The suture structure seen in the pacu teeth ranges from triangular to trapezoidal and is much
less rounded and more irregular than the scalloped interface seen in mammals. Despite differences
in geometry, we suggest that the DEJ found in the pacu serves a similar function as that reported
by the scalloped interface in mammals. Suture geometry is important in determining stiffness,
strength, failure modes, and stress field distribution and can be tailored to optimize mechanical
performance [238]. We suggest that the interlocking nature of the DEJ in the pacu teeth helps to
enhance mechanical bonding between the dentin and enameloid and effectively distributes the

stress field during compression making it advantageous for a durophagous diet.
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Figure 5.8 SEM and micro-CT images of the dentin-enamel junction (DEJ) in the teeth of the
piranha and pacu. A) SEM micrograph of a longitudinal cross section of the piranha tooth showing
the relatively smooth DEJ. B) SEM micrograph of a longitudinal cross section of the pacu tooth
showing the sutured DEJ that contains a combination of triangular and trapezoidal shaped
interfaces. C) Micro-CT image of the piranha tooth in pseudo-color showing again the relatively
flat interface of the DEJ. D) Micro-CT image of the pacu tooth in pseudo-color showing the
interlocking interface of the DEJ.

5.5 Compositional analysis by energy dispersive spectroscopy

Quantitative elemental analysis of the piranha and pacu teeth was performed using energy
dispersive spectroscopy (EDS). False-colored maps of calcium (blue), phosphorus (pink), and iron
(teal) in longitudinal and transversally polished sections of the pacu and piranha teeth is shown in
Figure 5.9. Both pacu and piranha are observed to have large concentrations of calcium and
phosphorous which is indicative of hydroxyapatite Caio(PO4)s(OH),. Calcium and phosphorous
occur in greater quantities in the enameloid as indicated by the brighter regions in both the piranha

and pacu. This is in agreement with the enameloid layer being more mineralized than the
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underlying dentin layer.

Additionally, iron is present in both teeth but in different quantities. Iron occurs in
significantly larger amounts in the pacu teeth than the piranha teeth. Iron in the pacu teeth occurs
in such large quantities that it is referred to as pigmented enameloid forming an observable rust-
colored layer (Figures 5.10 and 5.11A). In the piranha, the presence of iron is considerably less
and cannot be visualized in the EDS maps but can be detected by point analysis. In both teeth, iron
is greatest in the cuticle for the pacu (1.685 + 0.075 at%) and piranha (0.398 + 0.034 at%) and
gradually diminishes towards the center of the tooth towards the dentin (Table 5.1). For the pacu,
there are trace amounts of iron that reach the outer-dentin layer, while in the piranha detectable
iron only reaches as far as the outer-enameloid layer. The iron is not uniformly distributed in the
pacu cuticle layer as larger concentrations are found on the concave and lingual surfaces with
minimal iron at the occlusal surface (tip). This may be due to an increase in wear at the tip during

the lifetime of the tooth as a result of its durophagous diet.
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Figure 5.9 Energy dispersive X-ray spectroscopy maps of the pacu and piranha teeth showing the
relative dispersion of Ca, P, and Fe in false-color. A) Longitudinal cross-section of the pacu tooth
showing false-colored maps of calcium (blue), phosphorus (pink), and iron (teal). Iron is localized
in the cuticle and decreases in a gradient fashion towards the center. There are concentrations of
iron on the concave and buccal surfaces. B) Transverse cross section of the pacu tooth showing
the relative dispersion of Ca, P, and Fe. While iron is still present in the cuticle and shows to be
distributed across a gradient, the transverse section is inherently further away from the tip which
may be why the concentration is respectively lower than the transverse surface. C) Longitudinal
cross section of the piranha tooth. D) Transverse cross section of the piranha tooth.
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Figure 5.10 Longitudinal cross section of a pacu tooth showing the pigmented enamel. The rust
color is due to the presence of iron.

Table 5.1 Concentration of iron in various layers of the piranha and pacu teeth. There is a gradient
which is highest in the outermost layer (cuticle) and decreases inwards towards the dentin. This
data is taken from point-scans of EDS.

Iron Concentration (at.%)

Species Inner Dentin ~ Outer Dentin Inner Enameloid  Outer Enameloid  Cuticle
I I I 1
Colossoma 0 0.174 + 0.020 0.191 £ 0.034 0.800 + 0.041 1.685 +£0.075
Macropomum
Pygocentrus 0 0 0 0.034 + 0.015 0.398 + 0.034
nattereri
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5.6 Nanoindentation

High-resolution nanoindentation was performed to ascertain the local hardness and
modulus of the piranha and pacu teeth with respect to compositional gradients in mineralization
and iron across the cuticle, enamel, and dentin layers. Indents were performed on both longitudinal
and transverse polished sections such that the middle plane of the tooth was exposed. Due to these
constraints, the cuticle layer was either too thin or absent in the transverse cross sections and could
therefore not be accurately indented.

Modulus and hardness maps of the longitudinal and transverse cross sections of the teeth
reveal that the stiffest and hardest portion occurs in the cuticle layer and is at a minimum in the
dentin layer. This is in agreement with the compositional gradients in mineralization and iron
which are greatest in the cuticle layer and decrease towards the dentin. The cuticle of the pacu
teeth (5.80 = 0.23 GPa) is found to be harder than the piranha teeth (4.92 = 0.57 GPa) (Figure
5.11). This is not surprising as the pacu cuticle has a significantly larger concentration of iron
which increases the hardness. The hardness of the cuticle of the pacu teeth is comparable to the
pigmented enamel found in beaver teeth (5.85+ 0.27 GPa) where the high hardness is also due to
iron [225].

Despite the high hardness in the pacu cuticle, the piranha cuticle is significantly stiffer with
a modulus of 104.3 + 10.8 GPa compared to the modulus of the pacu cuticle of 78.7 + 2.35 GPa.
This can be explained by the piranha teeth typically having a higher degree of mineralization [224].
Additionally, the comparatively lower modulus measured in the pacu teeth can be a result of the
high hardness combined with the indentation technique. In nanoindentation, the modulus is
measured using the slope of the force-displacement curve upon unloading. During the applied load,

it is possible that cracks are generated as a result of its high hardness which could influence the
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unloading response and effectively soften the material. The local mechanical response of the
cuticle layer in the pacu and the piranha is consistent with their specialized diets. Having a stiff
cuticle is beneficial for the piranha to maintain its rigidity as it effectively pierces through prey,
while a high degree of hardness provides the necessary strength and wear resistance for the

crushing and grinding mechanisms necessary for the pacu’s durophagous diet.
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Figure 5.11 Nanoindentation characterization of longitudinal sections of cuticle and enameloid
layers in the piranha and pacu teeth of modulus (E) and hardness (H). A) Pacu tooth, noting the
pigmented cuticle in the optical micrograph. B) Piranha tooth.

Despite large differences in the mechanical properties in the cuticle layers, the enameloid
and dentin are relatively similar in the pacu and piranha (Figure 5.12). The modulus of the
enameloid in the teeth in the longitudinal and transverse orientations are 83.2 + 4.5 GPa and 76.65

+5.75 GPa for the piranha and 72.9 + 7.0 GPa and 75.6 + 4.8 GPa for the pacu. Thus, the enameloid

of the piranha is only slightly stiffer than that of the pacu which again can be related to its high

129



degree of mineralization and functional constraints of rigidity. The inner enameloid can be
described, by virtue of its three-dimensional interwoven structure, as isotropic while the
directionality of the parallel orientated structuring in the outer enameloid lends itself to being more
anisotropic. It is likely that differences in these layers within the enameloid were captured in the
piranha teeth. Similar to the trend seen in the cuticle layer, the hardness of the enameloid is
slightly larger in the pacu teeth than the piranha teeth in both orientations. The hardness of the
enameloid in the longitudinal and transverse orientation for the pacu teeth are 3.7 + 0.6 GPa and
3.8 £ 0.4 GPa while the piranha teeth are 3.67 = 0.36 GPa and 2.86 + 0.41GPa respectively. Again,
this hardness can be attributed to the higher degree of iron in the enameloid layer of the pacu teeth
than the piranha teeth. The hardness of the piranha teeth is significantly different in the longitudinal
and transverse orientations for the piranha teeth while in the pacu teeth there is no significant
difference. Both the hardness and modulus of the enameloid occur in a gradient with higher values
towards the exterior of the tooth as can be seen best in Figure 5.12.

The modulus of the dentin layers is the most consistent with respect to orientation and in
the piranha is found to be 23.3 + 8.3 GPa and 23.4 + 3.6 GPa for the longitudinal and transverse
cross sections. For the pacu, the modulus of the dentin layer is 22.04 + 2.95 GPa and 21.8 + 3.8
GPa for the longitudinal and transverse cross sections. Similar to the cuticle and enameloid layers,
the modulus of the dentin is larger in the piranha teeth than the pacu teeth. The hardness of the
dentin layer for the piranha in the longitudinal and transverse cross sections are 1.06 + 0.46 GPa
and 0.72 + 0.19 respectively. A similar range of hardness is found in the dentin layer of the pacu
at 0.85 + 0.18 GPa for the longitudinal cross section and 1.01 + 0.28 GPa for the transverse cross
section. The modulus and hardness with respect to the longitudinal and transverse orientations

across the cuticle, enameloid, and dentin are summarized in Table 5.2.
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Figure 5.12 Nanoindentation characterization of transverse cross sections of enameloid and dentin
layers in the piranha and pacu teeth representing modulus (E) and hardness (H). A) Pacu tooth,
notice the gradient in modulus and hardness from the OE to the IE (yellow to green) B) Piranha
tooth with a similar gradient.

Table 5.2 Modulus and hardness from nanoindentation of Pygocentrus nattereri and Colossoma
Macropomum across the cuticle, enamel, and dentin with respect to the longitudinal and transverse
direction (mean + standard deviation).

Pygocentrus nattereri Colossoma Macropomum

Longitudinal Transverse Longitudinal Transverse
Cuticle modulus (GPa) 1043 £10.8 -- 78.7+2.35 --
Cuticle hardness (GPa) 4.92 £0.57 -- 5.80+0.23 --
Enameloid modulus (GPa) 83.2+4.5 76.65+5.75 729+ 7.0 75.6+4.8
Enameloid hardness (GPa) 3.67+0.36 2.86 £ 0.41 3.7+0.6 38+04
Dentin modulus (GPa) 233+83 234+3.6 22.04+2.95 21.8+3.8
Dentin hardness (GPa) 1.06 £ 0.46 0.72+0.19 0.85+0.18 1.01 £0.28
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5.7 Finite element analysis

To better understand how tooth shape and enameloid thickness influences stress
distribution within the tooth during compression we performed computational simulations on the
most anterior teeth of the piranha and pacu using finite element software Abaqus (v.6.14). A three-
dimensional representation of each tooth was obtained using X-ray micro-computed tomography
and subsequently digitized into an appropriate mesh to obtain the CAD geometry. It is important
to use a non-homogenous model to account for both the dentin and enameloid material properties
as it has been shown that a major portion of the load is primarily supported by the enamel layer in
mammalian teeth.[239] Each model was divided into two mechanically distinct regions which
were modeled with a linear elastic model with Young’s modulus obtained directly from the
nanoindentation experiments: piranha enameloid (E = 80 GPa), piranha dentin (E =23 GPa), pacu
enameloid (75 GPa), and pacu dentin (22 GPa). A force of 15 N was translated to a pressure
dependent on the area of the tip of each tooth. This force was used as it was attainable by both
species when compared to the theoretical anterior bite forces and was sufficient enough for both
replicative diets (enough force to initiate a crack in a hard-shelled fruit and to penetrate flesh). The
piranha tooth was fixed at the base of the tooth, while the pacu tooth was fixed on the exposed
edges of its lingual surfaces. This is representative of the attachment of the teeth to the jaw. The

boundary conditions are shown in Figure 5.13.
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1 mm

Figure 5.13 Boundary conditions for the finite element models. A) For the piranha tooth the load
is applied at the tip and fixed at the base. B) for the pacu tooth the load is applied on the top surface
and fixed on the lingual surface.

The stress distribution in each tooth under compression is revealed by the finite element
model. In Figure 5.14, von Mises stresses are mainly distributed within the enameloid and reduced
in the dentin layer. The piranha localizes stresses at the tip, while the broad cusps of the pacu teeth
help to more evenly distribute the stress. The curvature of the piranha tooth leads to an uneven
stress distribution within the enameloid with higher stresses occurring on the concave side. The
portion of the piranha tooth that would interlock with its neighboring tooth shows a localized
concentration of stress in the enameloid. While only one tooth was simulated, the interlocking

nature of the piranha teeth may help to distribute this stress. The thicker enameloid in the pacu
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leads to a reduction in the stress within the dentin layer. Additionally the thickest parts of the
enameloid in the pacu show a reduction in stress. The more evenly distributed and minimization
of the von Mises stress may also be attributed to the differing boundary conditions and how each
tooth is attached to the jaw. The stress distribution pattern in the pacu teeth suggests greater

efficiency and lower deformation during compression when compared to the piranha teeth.

15N 15N

S, Mises

(Avg: 75%)
+6.769e+03
+3.216e+403
+1.528e+403
+7.261e+02
+3.450e+02
+1.63%9e+02
+7.789e+01
+3.701e+01
+1.75%e+01
+8.356e+00
+3.970e+00
+1.887e+00

1 mm +8.964e-01

Figure 5.14 Finite element analysis of longitudinal cross sections of anterior piranha and pacu
dentition under compression with a load of 15 N. Distribution of stresses is dependent on the size
of the tooth, morphology, and enamel thickness. A) Piranha teeth exhibits high stress concentration
at the tip. B) The pacu tooth more evenly distributes the applied stress which is minimized at the
thicker cusps of the enameloid.
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5.8 Bioinspired interfaces

From this study, it is evident that the pacu teeth are hierarchically structured to better
respond to compressive forces than the piranha teeth. One important microstructural feature that
contributes to this is the sutured interface of the DEJ. Here we use a simplified prototype inspired
by the suturing in the DEJ of both the piranha and the pacu to better understand the mechanisms
at hand. Two prototypes (flat interface vs sutured) are analyzed using numerical modeling and 3D
printed and mechanically tested using quasi-static compression paired with digital image
correlation to visualize the strains. Both prototypes are composites with a stiff layer (Veroclear)
meant to represent the enameloid stacked upon a softer layer (Flex9985) meant to represent dentin.
The sutured interface is triangular with a 45° tip angle.

Using FEA we compare two layered structures with different interfaces: (1) flat inspired
by the piranha and (2) triangular sutures inspired by the pacu. In Figure 5.15, the stress is more
evenly distributed under compression when there is an interlocking interface. Most importantly,
the maximum stresses are concentrated on the tips of the triangles that terminate into the inner
enameloid and are thus disconnected. This localizes and constrains the maximum stress in the
enameloid. The microstructure of the inner enameloid, being interwoven, likely inhibits crack
growth that may initiate at these sites. With a flat interface the stress concentrates on both sides of
the interface—there are large stresses both in the enameloid and dentin regions. This simple design
provides insight into how the structuring of the DEJ works cooperatively with the microstructure
of the inner enameloid and enables the pacu to fulfill a durophagous diet.

Using digital image correlation we compared the two layered structures (Figure 5.15C and

D) to determine how the triangular interlocking interface influences the strain distribution. With a
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flat interface the shear strain concentrates on the corners of the interface and at the base of the

structure. With a sutured interface the shear strain decreases and is more uniformly distributed.
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Figure 5.15 Interfaces inspired by the piranha and pacu. A) FEA results of the flat interface inspired
by the DEJ of the piranha showing stress concentrations at the edges. B) FEA results of the
interlocking triangular interface inspired by the DEJ of the pacu showing how the stress is more
evenly distributed. C) DIC analysis of the shear strain of the flat 3D printed interface. D) DIC
analysis of the shear strain of the 3D printed sutured interface.

5.9 Conclusions

The teeth of the piranha and the pacu are complex hierarchical composites optimized for

their respective diets. There are notable differences in tooth morphology, enameloid thickness and
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distribution, suturing in the dentin-enameloid-junction, increased hardness of the cuticle layer due
to the larger concentrations of iron present, and ability to more evenly distribute the applied load.
These suggest that the pacu teeth are more suited for withstanding large compressive loads when
compared to their carnivorous counterpart whose dentition is optimized for slicing. These factors
provide insights into the design and fabrication of wear-resistant materials for applications that

require compressive loading conditions.

5.10 Experimental methods
Specimens

Three adult piranha (Pygocentrus nattereri) and three adult pacu (Colossoma
macropomum) specimens were purchased from local fish markets in Brazil already deceased.
Specimens were transported overnight packed in ice. Upon retrieval specimens standard lengths
were recorded and their in-tact skulls preserved and placed in a -20°C freezer until use. Specimens
were hydrated in Hank’s balanced salt solution (Thermo Fisher Scientific) before jaw muscle
dissection. The lower jaws were removed and only the most anterior teeth were examined further.
The anterior teeth were sonicated to remove debris and critically dried using a critical point dryer
(Autosamdri-815, Tousimis, Rockville, MD, USA). The anterior teeth were stored at room
temperature and then embedded in epoxy for further sectioning and polishing.
Bite force analysis

The measurement on live piranhas, was made on specimens caught along the Paraguay and
Roosevelt Rivers and their bite forces were measured using a force gauge assembled with a
Flexiforce™ A401 sensor (Tekscan). Two force gauges were constructed (Gauge 1 and Gauge 2).

The sensor was placed between two wood strips and the assembly was inserted into the piranha’s
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mouth as indicated in Figure 4.S1. The change in resistance was recorded and converted into a
force through the following equations dependent on which gauge was used. Each piranha recorded
~10 bites. Table 1 shows the recorded force values from the live piranhas. These values are
consistent with the measurements from Huby et al.[177] Their mass and length were recorded and
they were released back into the river.

Gauge 1: y = 16.158x7%-6¢

Gauge 2: y = 12.41x796°

Quasi-static compression

Four palm seeds were tested in quasi-static compression using a mechanical testing
machine, Instron 3367 load frame (Instron, High Wycombe, United Kingdom) to determine the
forces required to initiate and propagate a crack under compression. A strain rate of 102 s™! was
used. The force-displacement curves and failure mechanisms were highly repeatable for all nut
samples tested.

Four piranha teeth and four pacu teeth were superglued to screws at the base of the tooth
that could then be attached to a mechanical testing machine that was used to penetrate into the
flesh of a fresh fish purchased at the local market. Samples were compressed at a rate of 2 mm/s.
The fish was unmodified with its scales and skeleton still attached. The force-displacement curves

and failure mechanisms were highly repeatable for both the piranha and pacu teeth.

Embedding, grinding, and polishing

Anterior mandibular teeth were extracted and embedded in Epo-Tek 301 epoxy and

allowed to polymerize overnight at 25 °C. Samples were then ground and polished in either the
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transverse or longitudinal orientation. The surface was ground using subsequently finer grits of
Buehler SiC grinding paper (320, 600, 800, & 1200 grit). Ground samples were polished using 3
pm and 1.0 um polycrystalline aqueous diamond polishing suspensions on a Buehler Trident
polishing cloth. Samples were rinsed with water and dried under flowing argon gas.

Acid etching

Freshly polished, epoxy-embedded samples were etched for 1 minute at 25 °C in 30% HCI.
Acid etching was used to reveal microstructural patterns in the enameloid and dentin. Upon
grinding and polishing mineral can fill the voids in the dentine tubules and obscure microstructural
details.

Scanning electron microscopy

For SEM imaging, samples were sputter coated with iridium at 85 pA for 8 seconds at a
deposition pressure of 102 Pa of Ar gas to reduce charging using a sputter coater (Emitech K575X,
Quorum Technologies Ltd, East Sussex, UK). Micrographs were collected using FEI Quanta 250
operating at 5 kV with a spot size of 3 in high vacuum mode.

Energy dispersive spectroscopy and X-ray mapping (EDS)

Polished and sputter coated samples (not acid-etched) were used to collect standardless
quantitative elemental analysis using the FEI Quanta 250 with the Pathfinder X-ray microanalysis
software (Thermo Fisher Scientific) and a Thermo Scientific™ UltraDry EDS Detector Model:
INTX-10P-A . An operating voltage of 30 kV with a spot size of 5 was used. X-ray maps were
collected at 512 x 512 pixel with an acquisition time of 50 seconds.

Micro-computed X-ray tomography
Four anterior mandibular teeth (two pacu and two piranha) and six additional teeth (three

piranha and three pacu in anatomical order embedded in the jaw bone from the most anterior) were
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imaged (Xradia 510 Versa, ZEISS, Jena, Germany) with a voxel size of ranging from 4.129—
9.579 um (depending on tooth size) and an accelerating voltage of 80 kV. The images were
processed using Amira® software (FEI, Oregon, USA).
Nanoindentation

High-resolution nanoindentation was performed to ascertain the regional hardness and
modulus of both anterior teeth. Nanoindentation experiments were conducted using a TI-950
TriboIndentor (Hysitron, USA) with a low-load transducer. Samples were tested using a diamond
cube corner probe. All maps featured an array of indents with a spacing of 10 pm in the horizontal
and vertical directions. Indents were controlled in displacement between 200 nm and 500 nm.
Partial unload tests were first conducted in each sample to determine the appropriate minimum
depth to overcome surface roughness. A trapezoidal load function consisting of a 5 s load, 2 s hold,
and 5 s unload was used for all mapping experiments. Indents were performed on both longitudinal
and transverse cross sections of polished sections. The analysis plane was chosen such that the
midplane of the tooth was exposed and the enameloid, DEJ, and dentin could be mapped. As a
consequence of indenting on the midplane, only the longitudinal section allowed for indention of
the cuticle layer as the cuticle layer decreases in thickness away from the tip of the tooth.
Modeling

Individual teeth from both pacu and piranha were isolated and subjected to micro-
computed x-ray tomography to obtain 3D meshes. The image slices obtained from x-ray
microscopy were rendered and segmented using the threshold tool in Amira® software (FEI,
Oregon, USA) and outputted as STL files. These files were then used in Meshmixer (Autodesk) to
simplify and reduce cracks and holes in the mesh. The mesh was then finalized in Autodesk fusion

360 and converted into a .SAT file that could be readily inputted into Abaqus.
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Computational simulations on the most anterior teeth of the piranha and pacu were
performed using finite element software Abaqus (v.6.14). The models were separated into two
mechanically distinct parts (dentine and enameloid). Dentin and enamel phases were modeled as
linear elastic materials with different values of modulus obtained directly from the nanoindentation
experiments: 1) the enameloid with two elastic moduli (80 GPa for the piranha and 75 GPa for the
pacu), and ii) the dentin with two elastic moduli (23 GPa for the piranha and 22 GPa for the pacu).
The Poisson’s ratio for both layers was assumed to be 0.3. All nodes in the bottom surface of the
piranha tooth were fixed in all directions, while all nodes on the exposed lingual surface of the
pacu tooth were fixed in all directions. A uniaxial pressure was applied to the surface of the tip of
each tooth that corresponds to a 15 N load. The model was fully meshed using C3D10 elements
(10-node quadratic tetrahedron elements) and a mesh convergence study was carried out.
Nonlinear effects were excluded. The interface between the enamel and dentin was assumed to be
perfectly bonded.

The bioinspired structures were subjected to a similar protocol. The prototypes were drawn
using Autodesk Fusion 360 allowing for them to be directly imported into Abaqus. The models
were separated into two mechanically distinct parts (Veroclear and Flex). The phases were
modeled as linear elastic materials. All nodes in the bottom surface of each prototype were fixed
in all directions. A uniaxial pressure was applied on the top surface to compress the prototypes.
The interface between the two layers was assumed to be perfectly bonded. The model was fully
meshed using hexahedral elements and a mesh convergence study was carried out. Nonlinear

effects were excluded.

141



Mechanical testing of bioinspired prototypes

The bioinspired prototypes with differing interfaces (flat vs interdigitating) were designed
in Autodesk Fusion 360 and printed using the Objet360 Connex3 (Stratasys, Poway, CA USA)
with UV-cured material Veroclear (representing the enameloid) and Flex (representing the dentin).
After printing, the support material was physically removed. The prototypes were designed as
cubes with a side length of 20 mm. Both prototypes have equal masses as material composition
was preserved.

Quasi-static compression tests were performed using a mechanical testing machine, Instron
3367 load frame (Instron, High Wycombe, United Kingdom). Three samples of each prototype
were tested (flat interface vs triangular suture interface). A load was applied with a constant speed
of 0.20 mm/s. The force-displacement curves and failure mechanisms were highly repeatable and

consistent for all samples.
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Chapter 6: Reinforced Tubule Architectures and Bioinspired Design

6.1 Introduction and significance

A striking similarity among many energy absorbent natural materials is the reoccurring
design of the tubule structure.[96] Typically found on the microscale, the tubule structure can be
described as a semi-periodic porous array where the longitudinal axis of neighboring hollow
cylinders are aligned along a similar direction. It is a predominant structure found in both
mineralized and non-mineralized biological materials that are known to withstand impact loading
such as horns, hooves, exoskeletons, bones, and teeth. While the tubule structure is similarly found
on the microscale, it greatly differs within these biological materials by way of the following:
orientation with respect to the loading direction, cross-sectional geometry (circular to ellipsoidal),
size, volume fraction, and presence of a reinforcing layer surrounding the tubule. Additionally, the
tubule structure can be distributed as a gradient with respect to size, shape, and porosity.

Equine hooves and bighorn sheep horns are preferential candidates for exploring the
differences in tubule structure and respective mechanical properties, which play a considerable
role in energy absorption and impact resistance, due to their similar material composition and
hierarchical structures. In both systems, tubule medullary cavities are found within an intertubular
matrix which is composed of lamellar stacked keratin cells.[240,241] However, the hoof has a
more complicated arrangement of keratin cells. Orientation of the lamella, due to change in shape
of the keratin cells, changes from the inner tubule to the matrix. [61] Additionally, there is a higher
concentration density of keratinocytes surrounding the medullary cavity which acts as a stiff
reinforcing layer in the hoof which is absent in the bighorn sheep horn.[102]

For both systems, tubules are aligned longitudinally in the direction of tissue growth

(proximal to distal) as shown in Figure 6.1. Due to their differences in position on the body,
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function, and shape, the tubules experience contrasting loading conditions. The tubules in the hoof
wall experience loading at an offset angle from parallel with respect to its longitudinal axis while
the tubules in the bighorn sheep horn experience loading perpendicular to its longitudinal axis
(Figure 6.1).[242] The hoof wall when in static contact with the ground creates a ~ 47° contact
angle (Figure 6.1 B). Upon striking the ground, the surface of the hoof makes contact with the
ground at various angles depending on the gait. This results in complex loading conditions where
tubules are compressed at a range of angles offset to the longitudinal axis. The bighorn sheep horn
is more simple. Due to its head-on combat and curvature of its horns the tubules generally

experience loading perpendicular to its major axis.
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Figure 6.1 Structure and orientation of tubules in the bighorn sheep horn and the equine hoof wall.
A) Hierarchical structure of the bighorn sheep displaying orientation of tubules. B) Orientation of
tubules in the equine hoof wall.
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In bighorn sheep horn, the tubules are elliptical in shape where the major axis is ~100-80
um and the minor axis is ~ 40 um which has been shown to influence macroscopic anisotropic
behavior in all three directions (longitudinal, radial, and transverse) [243,244]. In the hoof wall,
the cross section changes from circular (~37—44 um from internal to external) to elliptical towards
the surface (major axis ~62 um and minor axis ~31 um).[241] The equine hoof wall shows
macroscopic isotropic behavior [102]. While they are on the same order of magnitude, the bighorn
sheep horn tubules are larger which corresponds with it having a greater porosity. For both systems
the degree of hydration influences stiffness and hardness [90,102]. As hydration increases stiffness
and hardness decrease. Nanoindentation testing on the hoof wall showed the intertubular matrix to
have an elastic modulus of 7 GPa for dry, 5.4 GPa for fresh, and 0.12 for hydrated while the
reinforced tubular area has an elastic modulus of 8 GPa for dry, 6.3 GPa for fresh, and 0.9 for
hydrated [102]. There is currently no recorded nanoindentation data for bighorn sheep horn. It is
important to note that not all sheep horns have tubules. No tubules were found in mountain goat
horns and this is believed to relate to its fighting style which relies more on piercing. This suggests
that tubules provide tailored mechanical properties for specific biological functions. The structure
and properties of the tubules found in the equine hoof wall and the bighorn sheep horn are

summarized in Table 6.1.
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Table 6.1 Comparison between tubule structure and properties in the equine hoof wall and the

bighorn sheep horn.
Tubule Structural Design Equine Hoof Bighorn Sheep Horn
Percent area of a single 3% [241] 7% [240]

medullary cavity

Gradient in porosity

Geometry

Size

Degree of reinforcement

Loading direction

Local stiffness from

nanoindentation (GPa

Decreases from external to internal

(~6% to 0.6%)[241]

Gradient from circular to elliptical

from internal to external

Circular ~50 um

~30% reinforced tubular

~70% medullary cavity

Angle offset from parallel to

longitudinal axis

Dry: ~8.0 tubular, ~7.0 matrix
Fresh: ~6.3 tubular, ~5.4 matrix
Hydrated: ~0.34 tubular, ~0.38

matrix

Decreases from external to
internal (~12-8% to
0%)[240]

Elliptical

major axis (100-80 um)
minor axis (40 um)
0% reinforced tubular

100% medullary cavity

Perpendicular to

longitudinal axis

Despite the comprehensible work done to characterize the structural characteristics and

mechanical influence of the tubule structure in horns and hooves there lacks a systemic

investigation into how tubule porosity, geometry, presence of reinforcing layer, and loading

orientation influence deformation mechanics and stress distribution. Herein, we use finite element

analysis to perform a systemic study on the geometrical effects of the tubule structure.
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6.2 Effects of Porosity

When examining the diverse range of biological materials that utilize the tubule structure
it is noticed that there is large range of porosity. The sheep crab exoskeleton is ~3% porous while
human dentin is ~12% porous [96,97]. Here the effects of porosity are investigated on stiffness,
strength, fracture toughness, and viscoelastic properties related to energy dissipation and
dampening.

In quasi-static compression stiffness and ultimate compressive strength both decrease as
porosity increases (Figure 6.2). In this study the radius of the tubule remains constant and the
number of tubules is increased to increase porosity. When tested in different orientations (loading
parallel to the main axis of tubules vs perpendicular), it was discovered that parallel is both stiffer
and strong. This is due to changes in moment of inertia due to the anisotropy of the tubules.
Loading parallel there is a greater moment of inertia that needs to be overcome to cause buckling
in the tubules. The experimental stiffness of the two directions are compared to theoretical models
for mixing using the Voigt and Reuss models. The theoretical stiffness is significantly higher than
the experimental stiffness, which can be attributed to defects due to printing and effects of the

microstructure the comes with layered deposition of material.
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Figure 6.2 Effects of porosity in quasi-static compression. A) Quasi-static compression stress-
strain curves parallel to the main axis of the tubules. B) Ultimate compressive strength with respect
to porosity in both the parallel and perpendicular loading directions. C) Quasi-static compression
stress-strain curves perpendicular to the main axis of the tubules. D) Compressive elastic modulus
with respect to porosity in both the parallel and perpendicular loading directions.

Fracture toughness testing using single-edge notched bending specimens bending was used
to determine Kic with respect to porosity (Figure 6.3). The brittle behavior of fracture allows for
valid determination of Kic. It was found that fracture toughness (Kic) decreases as porosity
increases. While this is counterintuitive as the empty spaces of the tubules is perceived to impeded
crack growth, this trend may be due to manufacturing and size effects. It is possible with the
increase in interfaces between the tubules and the matrix as the number of tubules increases with

porosity there may be more defects. These defects may be at the appropriate length scale which

may increase the ease of crack propagation. Additionally, as the designs are scaled up for 3D
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printing this may cause issues with the tubules being an inappropriate size to interact with the crack

favorably.
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Figure 6.3 Fracture toughness testing of tubule architectures. A) Typical force displacement curve
demonstrating brittle behavior. B) Fracture toughness with respect to porosity. As porosity

increases, fracture toughness decreases.

Digital image correlation used to map the strains and displacements of the bending
specimens. As porosity increases the displacements and strains increase, which suggests that the

structure become more deformable (Figure 6.4). Deformation under bending can be a useful way

to absorb energy which might be a useful purpose of the tubules.
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Figure 6.4 Results from digital image correlation mapping displacement (left) and the Eulerian
strain (Eyy) (right) of a sample with porosity of 2%.

Energy dissipation and dampening properties and the influence of porosity were
investigated using dynamic mechanical analysis (DMA) (Figure 6.5). As porosity increases tan
delta increases which suggests that dampening ability can be controlled by porosity. As porosity
increases the loss modulus increases which suggests that the ability to dissipate energy is
dependent on the volume fraction of tubules. The addition of tubules may be used by nature to

tailor the dampening ability and energy dissipation.
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Figure 6.5 Dynamic mechanical analysis of tubule architectures with various degrees of porosity.
A) Tan delta as a function of porosity. As porosity increase the dampening ability increases. B)
Loss modulus as a function of porosity. As porosity increases the ability to dissipate energy
increases.
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6.3 Experimental Methods

The bioinspired tubule architectures were designed in Autodesk Fusion 360 and printed
using the Objet360 Connex3 (Stratasys, Poway, CA USA) with UV-cured material Veroclear
(representing the stiffer phase) and RGD8730 (representing the softer phase). After printing, the
support material was physically removed.

Quasi-static compression tests were performed using a mechanical testing machine, Instron
3367 load frame (Instron, High Wycombe, United Kingdom), with a 30 kN load cell. Three
samples of each prototype were tested (flat interface vs triangular suture interface). A load was
applied with a constant speed to achieve a strain rate of 102 s’!. The force-displacement curves

and failure mechanisms were highly repeatable and consistent for all samples.
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Chapter 7: Exploration of the Foam Core in the Feather Rachis

7.1 Introduction and Significance

Avian flight feathers have developed, through evolution, an intricate architecture with
multi-functional structures that are essential for flight. These lightweight and resilient appendages
motivate the invention of bioinspired designs. Here we fabricate various structures inspired by
significant concepts identified in the feather. Additive manufacturing is used to develop
bioinspired sandwich prototypes based on the feather-shaft. The exquisite architecture of the
rachis, consisting of an outer cortex of compact keratin filled with foamy keratin center, is
simulated in a bioinspired design that demonstrates the synergy of the two components in
enhancing the flexural strength. The prototypes are 3D printed and experimental tested under
three-point bending and compared to a numerical model. These structures provide an enhanced
understanding of the mechanisms operating in feathers and suggest highly efficient solutions

which can contribute to creating innovative materials inspired by the feather.

7.2 Effects of Foam Core

The architecture of the rachis is another source of inspiration. Disregarding the internal
structure of organized filaments, bioinspired prototypes were fabricated with the intention of
isolating the integral design motif which includes a reinforcing foam-filled center (Figure 6.1).
Two rachis-inspired designs were explored: (1) thin-walled-square-cross-section shells without
foam-filled core and (2) with a foam-filled core (Figure 6.1b). These architectures were
mechanically tested using three-point bending to demonstrate that the presence of foam has an

advantaged by increasing the maximum force (F,,) and the maximum bending stress (of) despite

an increase in weight.
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The stiffness (k) was calculated from the force-displacement curve in the elastic regime

(Figure 10a).

_8F

k_Sx

(7.1)

The stiffness of the foam-filled structures was not significantly different than the hollow shell with
p > 0.05 (unpaired t-test, p = 0.265) (Figure 6.1c). The foam does not contribute to the stiffness,
since the stiffness of the shell is much greater than the stiffness of the foam.

While the foam does not influence the stiffness, it does affect the maximum force and the
maximum bending stress. The foam-filled core acts as an elastic foundation that resists the
buckling of the shell. The maximum bending stress of the hollow shell (a}“’”ow) was calculated

using the following:

O_fhollow — ? (72)

where M is the bending moment (F,,,, L/4), y is the vertical distance from the neutral axis, and / is
the moment of inertia around the neutral axis. The maximum bending stress of the foam-filled
structure was calculated using the following equations derived from Gibson and Ashby [124] for

sandwich structure composites:

foam—filled _ MYEf
o/ = Gt (1.3)
where,
. Efbt3 E-bc3 Efbl'd2
El,q = S + 512 + r (7.4)

and Er and E, are the Young’s moduli of the face and the core, respectively, b is the width, ¢ is

the thickness of the foam, d is the thickness of the sandwich composite, and ¢ is the thickness of
the shell (Figure 6.1b).

The maximum force and maximum bending stress are significantly greater for the foam-
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filled shell than the hollow shell (Figure 6.1d and e). Even when normalized for the additional
weight of the foam, the maximum bending stress for the foam-filled composite is far superior to
the hollow shell (Figure 6.1f). This demonstrates that the addition of a foam core increases both

the force and the maximum bending stress while maintaining a lightweight structure.

| = Foam Core

= \Vithout Foam

Hollow shell without foam

Foam-filled core

Extension (mm)

Figure 7.1 Three-point bending of 3D-printed bioinspired rachis design. (A) Schematic of samples
tested and respective dimension as described in Table 6.1 Both samples are the same dimension
the hollow shell excludes a foam-filled core (above) while the foam-filled core is included which
mimics the rachis (below). (B) Force-displacement curve from three-point bending of designs with
foam (blue) and without foam (black) for three samples each.
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Figure 7.2 Analysis of three-point bending of rachis bioinspired designs with and without a foam-
filled core. (A) Stiffness values (mean + SD) for with foam and without foam. (B) Maximum force
(mean + SD) for with foam and without foam . (C) Maximum bending stress (mean + SD) with
foam and without foam. (D) Normalized Maximum bending stress (mean + SD) with foam and
without foam.
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7.3 Finite element analysis

Finite element analysis is used to better understand how the stress is distributed along both
sandwich structures (with and without a foam-filled core) under three point-bending loading
conditions to compliment the experimental results. For this analysis there were three mechanically
distinct regions: (1) The outer shell, (2) the foam-filled core, and (3) aluminum rods to replicate
the three-point bending loading conditions as performed experimentally. Each region is modeled
as a linear elastic model with different values of Young’s modulus obtained from compression
tests from prior studies on the the 3D printed and foam material. The outer cortex is represented
by RDG8730 (E = 1.5 GPa), the foam-filled center is a high-density polyurethane foam (E = 35
MPa), and the aluminum rods (E = 68.9 GPa). A 3 mm displacement was applied on the middle
aluminum pin while the bottom two pins were fixed. The three parts are shown in Figures 3 and 4.

The stress distribution of the sandwich structures under three-point bending are revealed
by the finite element model (Figures 6.3 and 6.4). In particular, Figure 6.3 shows a longitudinal
cross section of the y-z plane. The maximum stresses are mainly distributed by the outer-shell,
while the foam-filled core provides buckling resistance. For the sandwich structure with the foam-
filled core, the stresses are concentrated in the outer cortex which leads to a higher stress in this
region. The hollow cortex has a lower maximum stress which is primarily due to the increase in
deformation and buckling at the center. Figure 6.4 shows a transverse cross-section of the x-y
plane which further highlights how the outer cortex carries the stress and the absence of a foam-

core allows for increased buckling.
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Figure 6.3 Longitudinal cross-section of the three-point bending models. A) Hollow cortex which
has greater deformation in the center and higher buckling, but overall a reduction in the maximum
Von Mises stress. B) Foam-filled core reduces buckling while the stresses are concentrated in the
outer cortex leading to a higher maximum Von Mises stress.
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Figure 6.4 Transverse cross-section of the three-point bending models. A) Hollow cortex showing
greater buckling and deformation due to the absence of the foam-filled center. B) Foam-filled
center provides resistance to buckling while the stress is maintained in the outer cortex.
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7.4 Experimental methods
Sample preparation

The hollow shell was prepared in Autodesk Fusion 360. The samples were printed with an
Objet360 Connex3 (Stratasys, Poway, CA USA) using UV-cured material RGD8730 (a
proprietary blend between Veroclear and TangoBlackPlus). After printing, support material was
physically removed. Half of the printed samples were infiltrated with high density polyurethane
based foam. The prototypes have dimensions listed in Table 6.1 which correspond to the schematic

in Figure 6.1 b.

Table 7.1 Dimensions of the sandwich structure.

Dimension Dimension variable Length (mm)
Total length -- 200
Length of span L 160
Total width of sandwich b 10
Thickness of foam core c 9
Thickness of outer shell wall t 0.5
Total thickness of sandwich d 10

Mechanical testing

Three-point bending tests were performed using a mechanical testing machine, Instron
3367 load frame (Instron, High Wycombe, United Kingdom), with a 30 kN load cell. Three
samples of each prototype were tested (with foam and without foam) with a support span (L) of
160 mm. A load was applied with a constant speed of 4.26 mm/min. The force-displacement curves

and failure mechanisms were highly repeatable and consistent for all samples.
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Finite element analysis

Three dimensional finite element models were created to observe the stress distribution as
experienced by the bioinspired shafts under three-point bending. The models developed in
Autodesk Fusion 360 were imported into Abaqus as .SAT files and separated into three
mechanically distinct parts (outer shell and foamy center of the sandwich structure and aluminum
rods of the three-point bending apparatus). The materials were assumed to be isotropic and behave
as linear elastic solids. The Poisson’s ratio for the outer shell and foamy center was assumed to be
0.3 and 0.33 respectively. The elastic modulus for RGD8730 and the foam are 1.5 GPa and 35
MPa respectively. For the aluminum rods a Poisson’s ratio of 0.32 and an elastic modulus of 68.9
GPa was used. The model was fully meshed with 3D 8-node linear hexahedrals using C3D8R
elements. For the non-foam model a global size of 2 mm was used which resulted in the generation
of 2000 elements for the hollow shell. The size was chosen as it is significantly small enough as
determined by the mesh convergence analysis. Non-linear effects were excluded. The interface
between the foam and the shell was assumed to have a frictional penalty of 0.2. A displacement
controlled boundary condition (3 mm in the z-direction) was applied to the middle aluminum pin

while the lower two rods were fixed as traction-free which induces three-point bending.
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Chapter 8: Morphological Characterization and Mechanical

Properties of Primary Flight Feathers from Various Flying Styles

8.1 Introduction and Significance

Feathers are of great interest due to their lightweight, strong, yet stiff capabilities for flight.
The rachis is the major load-bearing component of the feather and as such we are interested in
further exploring its structure-property relationship. Specifically, we are interested in the structural
and mechanical differences among birds with varying flights styles (non-flying, flapping and
bounding, flapping and gliding, flapping and slope soaring, and dynamic soaring). The structural
differences include ratio between area of cortex and medulla, geometry of the rachis and its
corresponding second area moment of inertia, foam cell size, and density of foam and relate this
to mechanical properties (stiffness and strength), DMA, and three-point bending.

The rachis is the primarily load-bearing component of the feather which provides support
for the feather vane and branching barbs and barbules which is necessary for flight. It is composed
of a thin outer-layer of compact keratin (cortex) and a foamy keratinous inner-layer (medulla).
During flight, the feather must withstand bending and torsion under cyclical aerodynamic loads in
both the dorsal-ventral and lateral planes. It has been consistently shown that the cross-sectional
geometry (diameter and second moment of area (/)) are primarily responsible for its
flexibility[113,118,122,245,246].

Furthermore, it has been recently shown that there exists variations in rachis geometry
within and between species due to adaptations to loading conditions of various flight requirements
(i.e. flight styles) [247]. However, there lacks a rigorous investigation on the structural and

mechanical properties of primary flight feathers across various flying styles.
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The flying style of birds are typically distinguished into two general groups: (1) low
wingbeat frequency which includes flapping and soaring, and flapping and gliding; and (2) high
wingbeat frequency which includes continuous flapping, passerine-style flight, and hovering. This
categorization was initially proposed by Pennycuick and has since been adapted. [248-251] With
an increase in wingbeat frequency there is a penalty in energetic cost. Typically, larger species
conserve energy with low-wingbeat frequency flying such as flapping-soaring flight (e.g. pelican,
stork), where large wing-areas are used to soar in extended updrafts or thermals. Flapping and
gliding is described as a long series of flapping followed by prolonged periods of gliding where
the wings are fully extended (e.g. crow, owl). Continuous flapping is described by a sustained
wing-beat frequency and is common for waterfowl with high wing-loading (e.g. mallard, geese).
Additionally, there exists non-flying birds who are adapted for terrestrial modes of locomotion

(e.g. emu). The categorization presented here will provide a framework for this study.

8.2 Structural Characterization of the Rachis

Figure 8.1 shows the cross section of the rachis at 50% of the total length of the feather
shaft of birds with various sizes and flying styles. All flying birds exhibit a generalized sandwich
structure with a compact cortex surrounding a foamy medullary center. The non-flying bird, the
Emu, has a very limited foamy center and is almost entirely cortex and does not exhibit a sandwich
structure as the thickness of the cortex is significantly larger than the foam. Despite the large size
of the emu, its rachis cross-sectional area is significantly smaller than the flying birds even those
who are much smaller in size such as the finches. This suggests the importance of a sandwich

structure for flight which allows enhanced bending strength while maintaining lightweight.
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Of the flying birds, there are distinct characteristics related to the cross-sectional area,
geometry, and ratio of cortex to medulla. The cross-sectional area of the rachis scales with the size
of the bird and therefore its relative flying style. Typically smaller birds (Finches, starling, and
screech owl) have smaller cross-sectional areas that are more round and have a higher ratio of the
cortex than the medulla. Meaning that the smaller birds have less relative amount of foam than the
larger birds (Stork, mallard, flamingo, and pelican). This suggests that the density of the rachis is
less than the density of smaller birds. The larger birds have a generally more square cross section
where the dorsal surface is relatively flat. The larger birds also tend to localize more cortex material
on the ventral corners. These trends in cross-sectional area, geometry, and relative distribution of
the cortex and medulla can potentially influence the mechanical properties of the rachis.

In addition to the rachis scaling in cross-sectional area with the size of the bird, the cell
size of the foam also scales with size. For a rachis with a larger cross-sectional area the length of
the cellular foam increases which has an influence on the density and therefore modulus of the

foam. The relative density of the foam can be calculated from the following:

pr_ 21t V3
o= 21 {1 + ZAr} (8.1)

Where the relative density(p*/p;) is the density of the foam (p*) with respect to the density of the
solid material (p; ), ts is the thickness of the foam cell wall, [, is the length of the foam cell edge,

and A, is the aspect ratio of the foam cell (h/l). The relative density can be used to determine the
modulus assuming that the foam is categorized as a closed-cell foam and the internal gas pressure
is negligible as follows:

Expr () +a-p L (8.2)

Es

Where ¢ is the volume fraction of the cell located in the edges.
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p=—% (8.3)

te+—=trl

Where ¢, is the thickness of the foam cell edge at the corner and Z¢ is the number of faces that
meet at the edge on a single cell.

Not only do larger feathers have a higher ratio of foamy center, the foamy center is also
less dense as the foam cell scales with the size of the feather. This additionally contributes to the
lightweightness of larger feathers which helps to conserve energy with the demands of having a
larger mass. Figure 8.2 shows the relative densities of the medulla with respect to wing loading.
Wing loading is defined as the total mass of the bird divided by the wing area. Wing loading can
describe the pressure the wing must overcome to maintain steady flight. Additionally, there is a
relationship between wing loading and flying style. Typically larger wing loading is predictive of

slower flying while high wing loading is predictive of faster flying.
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200 pm

Figure 8.1 SEM images of the rachis cross section at 50% of the length of the total feather shaft.
A) Emu. B) Stork. C) Pelican. D) Mallard. E) Flamingo. F) Crow. G) Starling. H) Screech Owl. I)
Gouldian Finch. J) Double-barreled Finch.
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Figure 8.2 The relative density of the medulla with respect to wing loading.

8.3 Viscoelastic Properties of the Rachis

Figure 8.3 shows the storage moduli, loss moduli, and tangent delta (equivalent to the ratio
of loss and storage moduli) of the rachis of various avian species. The tangent delta parameter
represent the dampening coefficient of the beta-keratinous materials. The storage and loss moduli
and tangent delta are not influenced by the frequency ranged explored here (0.1 to 20 Hz) which
encapsulates the range of wingbeat frequency seen in nature. The Emu has both the highest storage
and loss moduli at 3.4 GPa and 0.23 GPa respectively. This is primarily attributed to the
dominating effects of the cortex with minimal foam present. The stork, which is the largest feather
studied here, has the lowest storage and loss moduli at 0.19 GPa and 9.9 MPa respectively. The
low storage and loss moduli of the stork are due to its low density as the foamy medullary center
is the predominate constituent.

Despite differences in storage and loss moduli among birds with various sizes, tan(delta)

remains relatively constant in the range of 0.04 to 0.08 (Figure 8.3C). Tan(delta) is defined as the
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ratio between the loss moduli and the storage moduli and thus equivalent changes in both would
lead to a constant value. This is further understood as all birds being composed of B-keratin have

fundamentally similar material properties.
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Figure 8.3 Viscoelastic properties of the rachis. A) Storage modulus. The storage modulus
decreases as the feather increases in size. B) Loss modulus. The loss modulus similarly decreases
as the feather increases in size. C) Tan(delta). The dampening factor is in a consistent range due
to the fundamental properties of -keratin.
8.4 Conclusions

In this present investigation, different structural and mechanical properties of the feather

rachis of avian birds with various sizes and flying styles are explored. All avian feathers being

composed of beta-keratin have similar fundamental structures (general sandwich structure) and
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material properties (density), but slight differences in composition and geometry allow for
variation in viscoelasticity (storage and loss modulus). The major findings are summarized below:
e The medullar foam density scales inversely with the size of the feather and thus the size of
the bird. Larger birds have a less dense foamy center.
e The viscoelastic properties of the feather rachis are related to their densities. The more
dense the higher the storage and loss moduli.
e Tan(delta) is conserved across feathers (~0.05-0.10) due to inherent properties of -
keratin.
8.5 Experimental Methods
Specimens
All feather samples used in experiments were primary flight feathers obtained postmortem
and stored in ambient conditions. The San Diego Zoo provided all feathers. Sections of the rachis
were sliced with a razor and measured using calipers to ensure similar dimensions between species.
For DMA the feather samples were used as is. For the four-point bending tests the ends of each
feather shaft section were fixed in the center of a 5 mm aluminum tube with epoxy. Each completed
sample had 18 mm of exposed rachis between the blocks.
Scanning electron microscopy
For SEM imaging, samples were sputter coated with iridium at 85 pA for 8 seconds at a
deposition pressure of 102 Pa of Ar gas to reduce charging using a sputter coater (Emitech K575X,
Quorum Technologies Ltd, East Sussex, UK). Micrographs were collected using FEI Quanta 250
operating at 5 kV with a spot size of 3 in high vacuum mode.

Dynamic mechanical analysis (DMA)

170



The dynamic mechanical behavior of the feather rachis was analyzed using a DMA 800
Dynamic Mechanical Analyzer (Perkin Elmer). The specimens were clamped in the cantilever
setting with the proximal end fixed and the distal end subjected to displacement which mimics the
natural loading conditions of the feather shaft. The specimens underwent an oscillated test within
the elastic region with a displacement of 0.05 mm with a linear increasing frequency of 0.1 to 20
Hz while at room temperature. This frequency range was chosen as it captures the range of
wingbeat frequencies achieved in natural flying conditions. Regression data analysis from
Graphpad prism was used to test the significance of the slopes of the storage modulus, loss
modulus, and tan(delta) with respect to frequency. With a 95% confidence interval all birds where
shown to have a not-significant deviation from a zero slope. This suggests that frequency does not
influence the dynamic moduli at the range tested. This allows us to compare the averages across
frequencies for various bird species.

Flexure tests on the feather rachis

Rachis samples taken at 50% of the length of the total feather shaft were tested in four-
point bending to mitigate the effects of the naturally curved shaft and to prevent local stresses
due to crushing that would be expected in a three-point bending setup. This method is adapted
from Corning and Biewener[245] and Sullivan et al.[252] Feather samples were tested with their
dorsal side facing upwards which mimics the main loading orientation of the feather shaft during
flight. Steel rollers were placed on the top and bottom fixtures in conctact with the inner and
outer most locations of the aluminum blocks. A rate of displacement of 0.01 mm/s was applied
using an Instron Universal Testing Machine model 3347 (Instron Corporation, Norwood, MA,

USA).
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Mechanical testing of bioinspired prototypes

The bioinspired prototypes with differing interfaces (flat vs interdigitating) were designed
in Autodesk Fusion 360 and printed using the Objet360 Connex3 (Stratasys, Poway, CA USA)
with UV-cured material Veroclear (representing the enameloid) and Flex (representing the dentin).
After printing, the support material was physically removed. The prototypes were designed as
cubes with a side length of 20 mm. Both prototypes have equal masses as material composition
was preserved.

Quasi-static compression tests were performed using a mechanical testing machine, Instron
3367 load frame (Instron, High Wycombe, United Kingdom). Three samples of each prototype
were tested (flat interface vs triangular suture interface). A load was applied with a constant speed
of 0.20 mm/s. The force-displacement curves and failure mechanisms were highly repeatable and

consistent for all samples.
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Chapter 9: Summary and Conclusions

This project has been dedicated to unearthing the riches that nature has surreptitiously
employed to not only better understand their success, but to also use these strategies to develop
superior synthetic analogs. Our preliminary findings on the teeth of the dragonfish, piranha, and
pacu; the tubule structure found in hooves and horns; and the rachis of primary flight feathers have
demonstrated the success of applying a materials science and engineering approach to biological
systems. These combined findings shed light on unexplored biological materials and their
structure-property relationships with respect to their relative ecological functions and
environment. This work analyzed both mineralized systems (teeth) and non-mineralized systems
in the form of keratin (feather) to highlight how structural advantages can be found an applied to
materials regardless of bulk material properties. This is predominant in the exploration of the
transparent teeth of the deep-sea dragonfish and how their hierarchical structure imparts significant
optical performance for camouflage. The comparative study of the piranha and the pacu elucidates
how across several length scales micro, meso, and macro there exists significant structural designs
tailored for bite performance (crushing vs slicing). Furthermore this work highlights how structure
plays an important role in developing impact resistant, tough, stiff, and lightweight materials with

the support of additively manufactured bioinspired designs.

9.1 Transparent teeth of the deep-sea dragonfish
The hierarchical structure, composition, and optical properties of the transparent teeth of
the deep-sea dragonfish were characterized. We show that the teeth of dragonfish owe their

transparency to a nanoscale structure of hydroxyapatite and collagen, which is devoid of
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microscale features such as dentin tubules; they are also sufficiently thin (~60 um) to reduce
Rayleigh scattering.
To summarize the conclusions of this study:

e The teeth are hollow with the inner diameter decreasing towards to the tip.

e Longitudinal striations on the concave surface of the tooth are found and hypothesized to
decrease frictional resistance upon puncturing soft materials.

e There is a gradient in mineralization which increases toward the tip as visualized by u-CT.

e The enamel-like layer is highly mineralized, consisting of amorphous/nanocrystalline
hydroxyapatite (~ 20 nm grain size)

e The dentin consists of an array of interpenetrating nanorods (~ 5 nm diameter) of
hydroxyapatite embedded within a collagen matrix

e Transparency is an adaptation to thriving in the aphotic zone, where biological light
(bioluminescence) drives the predator-prey interactions.

e The transmittance of the teeth in sea water ranges from ~38% to ~73% and depends on
tooth location (tip, middle, base) and the wavelength of light.

e Transmittance is greatest at the tip due to it being thinner and solid (not hollow). There are
less interfaces for light to scatter at.

e Transmittance is greatest with respect to red light and least with respect to blue light. This
agrees with Rayleigh scattering which suggests scattering is inversely proportional to the
fourth power of wavelength.

e The mechanical properties of the enamel-like layer are similar to those of the piranha and

the great white shark, despite vast differences in size, morphology, and habitat.
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e The dentin, comparatively, is much harder and stiffer with a higher degree of
mineralization and a lack of tubules.
e The absence of tubules in the dentin layer of the deep-sea dragonfish promotes

transparency at the cost of being more brittle.

9.2 Bite Force Mechanics and Allometry of Piranha (Serrasalmidae)

The impressive biting capabilities of the piranha have sparked considerable investigation
into in-vivo and calculated anterior bite forces which have extensively shown a positive allometric
relationship. Here, we contribute to the growing literature by providing a mechanics based
understanding of this allometric relationship. We propose that Fyy ¢y @ 12 which is derived from
a third-order lever approximation, This allometric scaling is in agreement with our in-vivo and
calculated lever approach which includes data from Huby et al.[177] on Pygocentrus nattereri.

To summarize the conclusions of this study:
e A third-order lever approach is a good approximation for the mandibular system in piranhas
e Both calculated and in-vivo bite forces of the piranha show an allometric scaling of

Foutput @ &

e This allometric scaling is attributed to the dependence of the force on the area of
mandibular muscle.

e Assuming the jaw length and muscles scale isometrically with the fish, and that the muscle
stress is constant the bite force will scale with the length of the fish squared.

e Our findings agree with other in-vivo and calculated studies on the bite force of piranhas.
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9.3 Relationship Between Tooth Structure and Feeding Mechanics of Piranha and Pacu
(Serrasalmidae)

Dentition is a great indicator of diet and often only the macro-scale and general
morphological features such as tooth shape and enamel thickness is studied. This leaves the meso
and microstructural features typically unexplored. We expand our understanding of diet
specialization in the Serrasalmidae family by investigating the influence of elemental composition
and hierarchical structure on the local mechanical properties, stress distribution, and deformation
mechanics of teeth from piranha (Pygocentrus nattereri) and pacu (Colossoma macropomum).
Microscopic and spectroscopic analyses combined with nanoindentation and finite element
simulations are used to probe the hierarchical features to uncover the structure-property
relationships in piranha and pacu teeth. We show that the pacu teeth support a durophagous diet
through its broad cusped-shaped teeth, thicker-irregular enameloid, interlocking interface of the
dentin-enameloid junction, and increased hardness of the cuticle layer due to the larger
concentrations of iron present. Comparatively, the piranha teeth are well suited for piercing due to
its conical-shaped tooth

To summarize the conclusions of this study:

e The piranha is capable of expending greater bite forces than the pacu due to its larger
mandibular muscles.

e However, the pacu tooth is more optimally structured to withstand compressive forces than
the piranha.

e Both species show allometric scaling of theoretical bite force with respect to fish length.

e Both teeth have conserved meso- and microstructures which include enameloid and dentin.
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The enameloid layer in both teeth can be distinguished into two sublayers: (1) Outer
enameloid (parallel organization of mineralized rods) and (2) Inner enameloid (woven
structure of mineralized collagen fibers).

The pacu has prominent cusps and thicker enameloid to more evenly distribute
compressive loads.

The pacu is embedded in the jaw on its lingual surface which provides more stability during
compression.

The cuticle of the pacu has a larger concentration of iron.

Iron is found to occur in a gradient in both species which increases outwardly.

The larger concentration of iron in the pacu leads to a high hardness (5.80 = 0.23 in the
pacu, 4.92 £+ 0.57 in the piranha).

The pacu cuticle also shows resistance to acid etching.

The piranha has a larger modulus found in the cuticle (104.3 + 10.8 in the piranha, 78.7 +
2.35 in the pacu).

The mechanical properties in both cuticle layers confer to their diets. High hardness is more
suitable to wear-resistance and strength needed for a durophagous diet. High modulus is
needed to ensure rigidity upon penetration into flesh for a carnivorous diet.

The suturing of the dentin-enamel junction better distributes the compressive load and
delocalizes the maximum stress at the triangular tips which terminate in the enameloid

layer.
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9.4 Reinforced Tubule Architecture
The tubule architecture is inherent to many impact resistant biological materials such as
horns, hooves, exoskeletons, and teeth. However, little has been explored on the influence of
porosity, tubule size, and degree of mineralized reinforcing layer on the mechanical properties of
these architectures. With use of additive manufacturing, bioinspired prototypes were 3D printed
and mechanically studied to parametrically explore the effects of porosity, tubule size, and degree
of mineralized reinforcing layer
To summarize the conclusions of this study:
e As porosity (volume fraction of tubules) increases, the stiffness and ultimate compressive
strength decrease.
e With respect to porosity, loading parallel to the main axis of the tubules is stronger and
more rigid when compared to loading perpendicular.
e As porosity increases, fracture toughness (Kic) decreases.
e As porosity increases, the material becomes more deformable as larger displacements and
larger strains are achieved during bending.
e As porosity increases, the loss modulus and tan-delta increases. This suggests that greater
porosity allows for an increase in dampening ability and energy absorption.
e When porosity is conserved and the radius of the tubules is adjusted, fracture toughness

remains constant. This suggest that radius does not influence fracture toughness.

9.5 Exploration of the Foam Core in the Feather Rachis

The exquisite architecture of the rachis, consisting of a hollow cavity filled with foam, was

simulated in a bioinspired design that demonstrates the synergy of the two components in
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enhancing the flexural strength. These structures provide an enhanced understanding of the
mechanisms operating in feathers and suggest highly efficient solutions which can contribute to
creating innovative materials inspired by the feather. Two prototypes were 3D printed and
mechanically tested and modeled computationally using finite element analysis: thin-walled-
square-cross-section shells (1) without a foam-filled core and (2) with a foam-filled core.
To summarize the conclusions of this study:
e While the foam does not influence the stiffness, it does affect the maximum force and the
maximum bending stress.
e The foam-filled core acts as an elastic foundation that resists the buckling of the shell.
e The maximum force and maximum bending stress are significantly greater for the foam-
filled shell than the hollow shell.
e Even when normalized for the additional weight of the foam, the maximum bending stress
for the foam-filled composite is far superior to the hollow.
e This demonstrates that the addition of a foam core increases both the force and the
maximum bending stress while maintaining a lightweight structure.
e FEA was used to model the stress distribution of both cases under three-point bending
which shows how the outer-cortex concentrates the maximum bending stresses and the
foam core resists buckling.

e FEA results are comparable to experimental results.

9.6 Morphological Characterization and Mechanical Properties of Primary Flight Feathers

from Various Flying Styles

In this present investigation, different structural and mechanical properties of the feather
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rachis of avian birds with various sizes and flying styles are explored. All avian feathers being
composed of beta-keratin have similar fundamental structures (general sandwich structure) and
material properties (density), but slight differences in composition and geometry allow for
variation in mechanical properties such as viscoelasticity (storage and loss modulus).
To summarize the conclusions of this study:
e The medullar foam density scales inversely with the size of the feather and thus the size of
the bird. Larger birds have a less dense foamy center.
e The viscoelastic properties of the feather rachis are related to their densities. The more
dense the higher the storage and loss moduli.
e Tan(delta) is conserved across feathers (~0.05-0.10) due to the inherent viscoelastic

properties of B-keratin found in all feathers.

9.7 Future Outlook

In closing, this dissertation points to the possibility of framing the study of biological
materials as a combined material and structural optimization problem subject to the constraints of
the functional needs of the material which includes optical transparency, crushing, slicing, impact

resistance, and lightweight yet resistant to bending and torsion under aerodynamic conditions.
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