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ABSTRACT OF DISSERTATION

The role of collagen on the structural response of dermal layers in mammals and fish

by

Vincent Robert Sherman

Doctor of Philosophy in Materials Science and Engineering

University of California, San Diego, 2016

Professor Marc André Meyers, Chair

We study in depth the role of collagen in the protective layers of mammals (skin)
and fish (scales) in depth to reveal its contribution to their mechanical performance. In
order to gain an understanding of the structure property relations, we investigate its
hierarchical arrangement and how it results in a specialized response.

For rabbit skin, chosen as a model material for the dermis of vertebrates,

deformation is expressed in terms of four mechanisms of collagen fibril activity that

XiX



virtually eliminate the possibility of tearing in notched samples: fibril straightening, fibril
reorientation towards the tensile direction, elastic stretching, and interfibrillar sliding. A
model reflecting the in vivo shape of collagen is derived. The model incorporates the
effects of its elasticity, viscoelasticity, and orientation.

For arapaima and alligator gar scales, we investigate their protective function and
identify key features which result in their resistance to failure. For the elasmoid scales of
the arapaima, we show that the scale has a Bouligand-like arrangement of collagen layers
which stretch, rotate, and delaminate to dissipate energy and arrest cracking prior to
catastrophic failure. Atop the foundation are mineral ridges; this arrangement provides high
toughness and resistance to penetration by predator teeth. We show that the ganoid scales
of the alligator gar have a boney composite foundation of collagen and hydroxyapatite as
well as an external surface of pure hydroxyapatite. Failure averting features of the gar scale
include: crack inhibiting mineral decussation in the external ganoine layer; mineral crystals
and tubules which deflect cracks in the bony region; and saw-tooth ridges along the
interface between the two scale layers which direct cracks away from the weak interface.
Furthermore, the scale’s geometry is optimized to provide full coverage while
accommodating physiological motion. Key features of the scale morphology are replicated

in a bioinspired model which retains protection and flexibility.
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CHAPTER 1: INTRODUCTION AND OBJECTIVES
1.1 Introduction to biological materials science

Materials science is one of the oldest forms of science. Eras throughout history have
been defined by the materials of the day; beginning with the Stone Age, followed by the
Bronze Age, the Iron Age, the Silicon Age, and now the Material Design Age. This timeline
is shown in Figure 1.1, beginning before 9000 BC. The evolution of this timeline is driven
by the development of superior materials. The original material, the stone, was
overshadowed by bronze and iron, with superior strength, processability, and toughness.
In the 20" century, the semiconductors, produced by silicon, drove the tech boom. Our
current era, the Material Design Age, is a time during which scientists and engineers
precisely tailor the composition and microstructure of materials in order to maximize
performance. Crucial components of the material design age include polymers,
nanomaterials, composites, and bioinspired materials.

MATERIAL
DESIGN
AGE

Nano-
Bio-
Muiltif.

SILICON
AGE

T T T | S
<9000BC 3000BC 2000BC 1300BC 1500AC 1825 1957 2001

Figure 1.1: The evolution of materials from <9000 BC to modern day [1].



Advances in science and technology are driven by a desire to improve quality of
life. These advances have resulted in a plethora of contemporary materials of great
complexity and variety, which represent thousands of years of material development.
Natural structures, however, have been refined and improved for hundreds of millions of
years through the process of natural selection and evolution, where the most successful
structural forms survive and propagate. Recognizing the contributions and complexity of
nature, in 1917, Thompson [2] published “On Growth and Form”, which broadened the
field of Materials Science and incorporated biology as one of the main elements of
materials science. Today, scientists and engineers have built on Thompson’s idea, and
biomimicry and bioinspiration have emerged as interdisciplinary research fields which
combine the fields of materials science and biology. Figure 1.2 shows a schematic
representation of the three main constituents of modern materials science. Biomimicry
aims to precisely replicate and utilize the structures found in nature, while bioinspiration
has the goal of identifying the crucial elements which make a superior natural material and

then reproducing these essence of these features to make a superior manmade product.

MATERIALS
SCIENCE

Figure 1.2: Biological materials science at the intersection of physics, chemistry, and biology.



Biological and bioinspired materials are represented by a heptahedron (Figure 1.3),
which contains unique features of natural materials which we hope to incorporate, through
biomimetics, and bioinspiration, into synthetic systems. Each of the seven components are

unique characteristics, crucial to the full understanding and exploitation of biological

systems.

Self-assembly

Hierarchy of
structure: nano,
micro, meso,

macro

Self-healing

Biological materials

Evolution,
environmental
constraints

Multi-
functional

Synthesis
T~300K
P~1 atm

Importance of
hydration

Figure 1.3: Fundamental and unique components of biological materials [3].

1.2 Objective of studying skin
Skin is a multifunctional organ which covers vertebrates, providing protection from

the environment, temperature regulation, camouflage, thermal energy collection, and is a



host for embedded sensors. It is crucial in terms of defense, as the failure of skin will
quickly lead to death due to infection. Therefore, the skin must possess damage
minimization strategies in order to aid in its effectiveness. The objectives of studying skin
are:
1. Investigate the mechanical properties of skin, paying special attention to its unique
tensile response, and its extreme tearing resistance.
2. Develop a hierarchical model which accurately defines the structure of skin from
the molecular to the macroscopic level.
3. Define the failure averting properties of the skin which lead to its tear resistance.
4. Develop an accurate model of collagen in skin based on its physical structure while
accounting for elasticity, viscosity, and anisotropy.

The results from these studies will provide an improved understanding of the
important characteristics of collagen based dermal protection. This new knowledge will
aid in the further development of lead to new opportunities to create more robust bio-
inspired materials and designs.

1.3 Objective of studying scales

Scales accomplish many of the same functions as skin, in addition to providing
protecting from impact and penetration due to predatory attack. Scales perform their
protective role while maintaining a full coverage and conforming to the locomotive
requirements of the fish they protect. The objectives of studying scales are:

1. Investigate the mechanical properties and hierarchal structure of the scales of the

arapaima and the alligator gar.



2. Understand how the two scales achieve the function of protection from predatory
impact and penetration, and describe the relationship between the properties of the
fish’s scales and predatory threats.

3. Produce an armor prototype inspired by the hierarchal structure of the alligator gar,
utilizing 3d additive manufacturing and other techniques.

Understanding the key protective features of scales opens the possibility for
incorporation of natural designs into superior synthetic armors. In particular, a scale
inspired armor which allows for improved flexibility of joints and accommodation of strain

would improve the protection of both human and machine.



CHAPTER 2: BACKGROUND OF COLLAGEN
2.1 Types of collagen and its ubiquity in nature

Collagen is a structural biological polymer of upmost importance. Over 200,000
articles have been written about collagen, divulging the intricacies of this biopolymer
which is the key ingredient of connective tissues. It is prevalent in tendons, skin, blood
vessels, cornea, and fish scales, and creates composites with minerals to make bones, teeth,
and cartilage. Collagen makes up to 30% of the mass of vertebrates and lays their structural
framework. Due to its ubiquity and importance, collagen has been nicknamed the “steel of
biological materials”.

Collagen comes in many forms throughout nature. Each polypeptide molecule is a
left-handed chain (Figure 2.1a); three polypeptide molecules form a right handed triple
helical structure (Figure 2.1b). Each helical structure is called tropocollagen [4]. Each
polypeptide chain (also called procollagen) contains a region characterized by a repeating
amino acid motif: Gly-X-Y where Gly is a glycine and X or Y can be any amino acid.
Glycine is at the core of the protein, while the X and Y amino acids are exposed at the
surface.

The triple helical region is a major part of most collagens, but in some cases it can
be only a minor part with other large non-collagenous domains of the molecule. In humans,
there are 28 proteins known as collagens, as well as many other proteins which are
considered part of the collagen superfamily. Collagens are classified into several general
groups: fibril collagens, FACIT (Fibril Associated Collagens with Interrupted Triple

Helices) and FACIT-like collagens, beaded filament collagens, basement membrane



collagens, short chain collagens, transmembrane collagens, as well as some unclassified
collagens. The most common form of collagen is type I, which is a fibril collagen [5].

However, a brief description of the various classes is presented below.
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Figure 2.1: Structural hierarchy of fibril collagen. (a) In collagen formations, helical left-handed procollagen
chains (Red, Green, Blue) form a right-handed triple helix of roughly 300 nm in length. (b) Schematic
representation of triple helix formed by three procollagen chains. (c) Arrangement of triple helices into fibrils.
Triple helices are arranged in a staggered manner, leading to a gap (0.54 d) and an overlap (0.46 d) region.
The gap region has less triple helices across the section, and the overlap region has more. This gap and
overlap has a periodicity, or d-period, of ~67 nm, and is the cause of the visible banding in collagen fibrils.
(d) Layers of collagen fibrils in a cross-section of skin. (e) Collagen fibrils of 100 nm diameter imaged by
TEM. Fibrils clearly display the characteristic banding feature. Due to the viewing angle of the fibrils, d-
period measurements decrease proportionally to the cosine of the viewing angle. A 90° viewing angle would
lead to perfectly accurate measurements. (f) AFM of hydrated collagen fibrils in an arapaima scale. 67 nm d-
period is measured.



2.2 Fibril collagens

Fibril collagens are characterized by a characteristic d-banding pattern, where a
staggered collagen arrangement creates visible bands on the fibrils produced. Highly
organized fibrils and fibers provide structural support throughout the body including in
bones, skin, tendons, cartilage, dentin, blood vessels, nerves, intestines, and in the fibrous
capsules of organs.

The structural hierarchy is illustrated in Figure 2.1c. Hydrated collagen molecules
of ~1.6 nm [6] diameter and ~299 nm length (as packed within fibrils) are staggered by
integral multiples of ~67 nm, or one d-period [7]. The two-dimensional version of this is
shown, but in three dimensions it becomes impossible to maintain equal staggering with
all adjacent molecules [8]. In order to maximize the number of quarter staggered molecules,
Smith [6] proposed a collagen filament composed of five molecules in cross-section where
each molecule is staggered by one d-period. These five-molecule arrangements, called
microfibrils, correspond to the observation of 2-3 nm diameter collagenous structures and
is the only reasonable geometric arrangement to reflect these observations [6, 9]. Each
molecule is 4.46 d long, and a gap of 0.54 d (~36 nm) lies at the ends of non-overlapping
molecules. There is also an overlap of 0.46 d, or 31 nm between adjacent molecules. The
0.54 d length empty period along with the 0.46 d overlap lead to the full 67 nm d-period.
This overlapping pattern is called the quarter-staggered assembly [10].

A full crystallographic description of type | fibrillar collagen supermolecular
structure was presented by Orgel et al. [11] and is shown in Figure 2.2. The electron density
map of Figure 2.2a shows the collagen molecules forming a helicoid around the axis; the

microfibril has a supermolecular right-handed twist. This is also shown in Figure 2.2c.



Thus, there are three helices: polypeptide chains (left handed), collagen chains (right
handed), and microfibrils (right handed) consisting of five collagen chains. The molecules
have a quasi-hexagonal packing pattern, and the maps confirm that each microfibril
consists of five molecules in the overlap region. This detailed description of the packing of
molecular collagen is a powerful tool for the understanding and modeling of the collagen

fibril.

(a) (b)

Figure 2.2: Collagen structure as presented by Orgel et al. [11] (a) Electron density map of a collagen
microfibril consisting of five collagen molecule segments, and showing the right-handed supermolecular
twist. (b) Unit cell marked around fibril cross-sections, showing the quasihexagonal packing of the molecular
segments. (c) Molecular path of a collagen molecule through multiple unit cells.

2.2.1 FACIT collagens
Fibril Associated Collagens with Interrupted Triple Helices are abbreviated FACIT
collagens. FACIT collagens are thus named due to their associations and interactions with

collagen fibrils. They have collagenous domains which are interrupted by non-helical
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domains, and associate with the surface of collagen fibrils. Type IX collagen, for example,
is a FACIT collagen which lies anti-parallel along type Il fibrils [12]. A hinge region
provides flexibility between the collagen cross-linked with type 11 fibrils and a terminal
domain which is available for interactions with matrix constituents [13]. However, some
FACITs are not actually known to interact with collagen fibrils; these collagens are
classified based on the primary sequence which is similar to that of type 1X, XII and XIV
collagen, which have been shown to interact directly with fibril collagen molecules [4, 14,
15].
2.2.2 Beaded filament collagen

There is only one beaded filament collagen, type VI. Type VI collagen is composed
of beaded filaments with short triple helical regions, and is about one third the length of
fibrillar collagens. Type VI collagen plays an important role in maintaining tissue integrity.
The beaded filament collagens have large N and C terminal regions, and molecules
assemble into filaments with a periodicity of 110 nm. However, the terminal regions are
not cleaved during assembly. These uncleaved terminal regions cause a periodic bead
region throughout the collagen filament [14].
2.2.3 Basement membrane collagens

The basement membrane is a matrix under the cavities of the epithelium lining and
surfaces of organs including skin, and the endothelium in the interior of blood vessels.
Basement membrane collagen (type 1V) creates specialized structures found at tissue
boundaries. It forms relatively thin sheets of 40-50 nm thick interlaced networks, which
aid in molecular filtration. The network is a fine meshwork structure of many branches,

about 20 nm between branching points [5, 14, 16]. Other collagens found in the basement
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membrane zone include collagen VII, which creates anchoring filaments of about two
molecules in length, and collagens XVIII and XV, which are crucial to eye and muscular
development, respectively.
2.2.4 Short chain collagens

Short chain collagens (VIII and X) are meshwork forming collagens. The triple
helical region is short: about half the length of fibrillar collagen. Type VIII collagen forms
a hexagonal meshwork of thin fibrils, and functions as an enhancer of growth factor
induced proliferation of cells. Type X collagen localizes in the hypertrophic zone of
mineralizing cartilage [14].
2.2.5 Transmembrane collagens

Transmembrane collagens span the plasma membrane of cells, binding to
extracellular and sometimes intracellular ligands. They are subject to shedding in vivo and
in vitro, and are multifunctional, serving as a matrix receptor when membrane-bound and
a signaling factor when soluble [17]. Additionally, transmembrane collagens play an
important role in adhesion [5]. In this overview we focus on the most abundant type of
collagen, fibril collagens.
2.3 Genesis and formation of fibril collagen

Collagen biosynthesis is a complex and deeply explored process. While it was once
believed that the organization of collagen was a “self-assembly” process, where secreted
collagen molecules would be ejected into intercellular space and self-assemble, this idea is
no longer fully accepted [18, 19]. What is clear is that the formation of collagen fibrils does
not occur in one step, but requires intracellular and extracellular stages which lead to the

production of the common fiber [20]. Birk and Trelstad [21] identified pockets in the
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membranes of collagen producing fibroblasts which suggested that the fibroblast
coordinated collagen assembly. The fibril formation process in a simplified manner is
outlined in Figure 2.3, beginning with the synthesis of procollagen chains on ribosomes
(Figure 2.3a). These polypeptide procollagen chains are imported into the rough
endoplasmic reticulum (ER) (Figure 2.3b) where, after a series of posttranslational steps,
three chains combine to make a triple helical procollagen molecule. Stabilization of this
molecule is due largely to hydroxylation of proline and hydroxyproline which, combined,
make up about 20% of the total amino acids in human fibrillary collagens; hydroxylation
of these amino acids leads to hydrogen bonding and the electron withdrawing effect [22].

Procollagen molecules transit via the Golgi complex (Figure 2.3c) where they are
packaged into secretory vesicles, called Golgi to Plasma Membrane Carriers. During this
packaging and transportation in the vesicles (Figure 2.3d), C- terminal processing, or
removal of the procollagen propeptides by proteinases begins. Although procollagen
processing was believed to be a completely extracellular event, N- and C- proteinases have
been identified in the Golgi network, and the C-proteinases have been shown to be active
[23, 24]. Canty et al. [25] showed that in embryonic tendon fibroblasts, some Golgi to
plasma membrane carriers contain fibrils. Once formed, fibrils are subsequently stabilized
by the formation of covalent crosslinks based on the reactions of aldehydes which are
generated enzymatically from lysine or hydroxylysine side-chains [26]. Golgi to plasma
membrane carriers then push out of the plasma membrane, creating a protrusion called a
fibripositor (fibril depositor, Figure 2.3e). Fibripositors have thus far been identified in
tendon [25], fibrohistiocytic tumors [27], and corneal structures [21], and have become a

common model used to explain the production of the fibril architecture in highly
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anisotropic, load bearing collagen arrays [28]. An alternative model suggests that fibrils
condense from highly concentrated liquid crystalline solutions of tropocollagen monomer.
Trelstad [29] concluded that physical forces lead to the alignment of collagen structures,
and Ruberti and Zieske [30] have produced supporting evidence of this model by the
creation of aligned collagen structures by simply confining monomer solutions between
two featureless surfaces. Assembly from a liquid crystalline solution would simplify the

collagen matrix assembly, and is consistent with some observations [31, 32].

(a) Ribosome (b) Rough ER (c) Golgi

(e) Fibropositor (f) Fibril Deposit to ECM

N

Figure 2.3: Formation of a collagen fibril. (a) The formation of a collagen fibril begins where the Ribosome
synthesizes procollagen chains. (b) The ribosome imports new procollagen chains into the rough endoplasmic
reticulum. Posttranslational modifications result in assembly of procollagen molecules. (c) The Golgi pack
procollagen molecules into secretory vessels, called Golgi to Plasma Membrane Carriers (GPCs). (d) GPC
package after separating from Golgi apparatus. (e) A fibripositor (fibril depositor) is formed as the GCPs
pushes out of the plasma membrane of the cell, preparing to deposit a fibril. (f) The fibripositor opens and
deposits a fibril into the ECM.
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2.4 Mechanical response of fibril collagen
The mechanical response of fibril collagen can be evaluated at different scales
including: the molecular scale, the response of an individual molecule; the fibril scale, the
response of the individual fibril; the microscale, the response of a collagen fiber; and the
macroscale, the response of a collagenous tissue. Over time, many investigations have been
performed at these different scales, and in some cases there are large variances in results
across the same hierarchal level. Additional hierarchical levels have been described such
as the microfibril, subfibril, and fascicle [33], but the majority of research regarding the
mechanical response of collagen has focused on the following levels: molecule, fibril, fiber,
and tissue. Table 2.1 compares the response of collagen at multiple hierarchical levels. One
aspect that is significant is that the elastic modulus decreases as one marches up the
hierarchical spatial scale. This is due to interfibrillar sliding at the lower scale and interfiber
sliding at the larger scale as well as the straightening and reorientation of the fibrils/fibers.
Molecular dynamics simulations have become a key tool used to further the
understanding of collagenous-based tissues. In order to effectively simulate collagen, it is
crucial to have a good understanding of the molecular structure and packing arrangement
of collagen molecules within the fibril. The earliest simulations were based on short, ~10
nm collagen-like peptides based on information from X-ray crystallography [34].
Knowledge of the collagen molecular structure has expanded, and now molecular packing
data of type | collagen by Orgel et al. [11] provide molecular resolution packing
information. Combined with high resolution crystallography of collagen model peptides
[22, 35], a whole molecule and tri-dimensional understanding of the structure of collagen

is attained [7].
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Table 2.1: Comparison of Young’s Modulus of collagen at multiple hierarchal levels

Molecular

Single molecule stretching, Atomistic modeling [36] 4.8 GPa
Single molecule stretching, reactive atomistic modeling [37] | 7 GPa
Single molecule stretching, Atomistic modeling [38] 2.4 GPa
Coarse grain modeling [39] 4 GPa
Atomistic modeling [40] 4 GPa

Atomistic modeling [41]

4.5-6.2 GPa (long, short molecule)

X-ray diffraction [42]

3 GPa

Brillouin Light Scattering [43] 9 GPa
Brillouin Light Scattering [44] 5.1 GPa
Estimate from persistent length [45] 3 GPa
Estimate from persistent length [46] 4.1 GPa
Estimate from persistent length [47] 0.35-12 GPa

Microfibril and Fibril

MEMS stretching [48]

0.4-0.5 GPa low strain, 12 GPa high strain

MEMS stretching [49]

0.86 GPa low strain

X-ray diffraction [50]

1 GPa

X-ray diffraction [51]

0.43 GPa

AFM testing [52]

0.2-0.8 GPa aqueous, 2-7 GPa ambient

Bead and String based mesoscale modeling [53, 54]

4.4 GPa low strain, 38 GPa high strain

Atomistic modeling [34]

0.3 GPa low strain, 1.2 GPa high strain

Fiber

Crosslinked Rat tail Tensile testing [55] 1.10 GPa
Non-Crosslinked Rat tail Tensile testing [55] 50-250 MPa
Extruded, crosslinked fiber [55] 260-560 MPa
Rat tail tendon [33] 960-1570 MPa
Rat tail tendon [56] 480-540 MPa
Extruded, crosslinked fiber [56] 170-550 MPa
Rabbit patellar tendon [57] 30-80 MPa
Tissue

Skin [58] 0-50 MPa
Tendon [59] 1 GPa
Cornea [60] 0.2-1.0 MPa
Mitral Valve [61] 0-50 MPa
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2.4.1 The molecular scale

Multiple atomistic and coarse grain modeling simulations as well as a number of
experimental methods have led to a variety of estimates of the molecular modulus of the
collagen molecule. Figure 2.4a shows a molecule being pulled in tension. Sasaki and
Odajima [42] used X-ray diffraction to measure the helical pitch of collagen molecules,
and deduced the strain from the molecular pitch; this lead to an estimate of the modulus of
3.0 GPa. In separate studies, Cusack and Miller [44] and Harley et al. [43] used Brillouin
light scattering to vibrate tendons, and extrapolated molecular moduli of 5.1 and 9 GPa,
respectively. Atomistic modeling by Lorenzo and Caffarena [36], Buehler [37], Gautieri et
al. [40], and Vesentini et al. [38], and coarse grain modeling by Gautieri et al. [39] predicted
moduli similar to experimental measurements, between 2.4 and 7 GPa [34]. Figure 2.4
highlights several important results of testing at the molecular scale; Figure 2.4b presents
the results of simulations by Gautieri et al. [39] relating the elastic modulus at the molecular
scale to the strain rate and showing that only above a certain rate there is a strong
relationship between them. This critical rate helps determine an upper limit on strain rates
during simulations in order to minimize computation time, which may be large due to the
number of atoms in a collagen molecule [34]. Pradhan et al. [41] highlighted the
importance that the length of the molecule plays, and simulated the modulus of short (8.5
nm) and long (300 nm) collagen molecules: 6.2 and 4.5 GPa. Figure 2.4c-d shows that the
short molecules have a saw-tooth like force-displacement curve due to the large proportion
of hydrogen bonds being broken and reformed, while a longer molecule shows a much
smoother curve; these results highlight the important considerations which must be

accounted for when simulating the molecular response of collagen.
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Figure 2.4: Mechanical response of molecular scale collagen. (a) A collagen triple helix subjected to
extension. (b) Simulations by Gautieri et al. [40] predict the mechanical response of the collagen triple helix.
The modulus (increasing from 4 to 17 GPa) and its relationship to strain rate is illustrated. (c-d) Simulations
of short and long molecules by Pradhan et al. [41] show the importance of molecule length in the tensile
response; short molecules lead to a sawtooth like force-displacement curve due to the breaking and recreation
of hydrogen bonds.

2.4.2 The fibril scale

The elastic modulus of collagen at the fibril scale is lower than the modulus at the
molecular scale. Similar to tests of the individual molecule, the results of different fibril
tests have produced a variety of results. Among wet fibrils, chosen due to their relevance
to the in vivo condition, reported values of fibril modulus have a range from 0.2 GPa to 0.8
GPa at small strains. Testing methods used to test fibril modulus include X-ray diffraction
by Sasaki and Odajima [42], where measured fibril strain is compared to tissue stress values
(0.43 GPA), and AFM testing by VVan Der Rijt et al. [52], who pulled an individual hydrated

fibril and recorded a modulus 0.2-0.8 GPa (increasing with strain). MEMS stretching of a



18

single fibril by Eppell et al. [48] and Shen et al. [49] recorded moduli of 0.76 to 0.82 GPa.
The experimental setup and results for nanoscale testing are shown in Figure 2.5; AFM and
MEMS testing is shown in Figure 2.5a-b and the AFM measured tensile response by Van
Der Rijt et al. [52] is shown in Figure 2.5c. Atomistic and mesoscale modeling has been
conducted by Buehler [53, 54] who estimated a range of 4.36-38 GPa, and more recently
by Gautieri et al. [34] who predicted 0.3-1.2 GPa, making note of the extreme importance
of geometry, scale of observation, deformation state, and hydration level during

simulations.
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Figure 2.5: Mechanical response of collagen at fibril scale. Multiple tests have been done on collagen fibrils.
(a) A test using AFM by Van Der Rijt et al. [52], using glue to attach the fibril to the AFM tip and a base
plate. (b) MEMS stretching of collagen fibril by Eppell et al. [48] (c) Stress strain curve of wet collagen fibril
by Van Der Rijt et al. [52]; dry measurements were also recorded, but the wet curve is shown because
collagen fibrils are hydrated in the in vivo environment.

A degree of the variance in the results of mechanical testing can be understood
based on Buehler’s [53] simulation of the effects of crosslink density on collagen fibrils.
Crosslinks can be visualized as areas of increased adhesion between collagen molecules,
seen in Figure 2.6a. By varying the crosslink density from zero to approximately 3 per
molecule, the stress which the fibril can support increases from less than 0.5 GPa to over

6 GPa. Additionally, the failure changes from a more gradual sliding to a brittle one as the
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density increases (Figure 2.6b). The first regime is characterized by the breaking of
hydrogen bonds and a lower modulus compared to the second region which becomes
relevant at ~30% strain, and corresponds to the stretching of the molecular backbone of the
collagen triple helix. It is only with sufficient molecular cross-linking that sliding can be
averted, and this second regime is pertinent. One can conclude that the elastic modulus and

fibril strength are dependent on the density of bonds between the molecules.

(a) Cross-linked Fibril (b) Effects of degree of crosslinking
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Figure 2.6: Crosslinking and mechanical response of fibril collagen. B is a parameter which is a linear
representation of the degree of crosslinking; p=15 corresponds to one cross link per molecule, p=30
corresponds to two, etc. (a) Schematic showing schematic of cross-linked fibril with an average of one cross-
link per molecule (corresponding to p=15.) (b) Simulations showing the effects of degree of crosslinking on
a collagen fibril. At higher crosslink densities, there is a higher degree of adhesion between molecules; this
leads to sufficient adhesion to enter the second elastic regime of increased modulus which corresponds to the
stretching of the backbone of the collagen helix. The first elastic regime corresponds to breaking of hydrogen
bonds between the helices of the collagen molecules. Schematic and simulation are results of Buehler [53].

Molecular simulations are a crucial tool at the fibril level but computationally
difficult because a single solvated collagen fibril contains billions of atoms [34]. Even a

single collagen molecule is computationally expensive due to the length of ~300 nm. In
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order to effectively model larger fibrils, atoms are assembled into large groups of up to 100
pseudo atoms; this is called coarse graining. The Martini model provides a more modest
level of coarsening, where generally four atoms are grouped [62].The resulting reduction
in the number of particles also allows for a larger time step, and ultimately speeds up atomic
simulations by 200-400 times [63]. Over time, the modeled structure of collagen has
improved, as available computational power has increased. Combined with advances in the
methods of evaluating and incorporating the collagen molecular structure, the quality of
simulations has continually improved. These advances continue to open many possibilities
for future studies of collagen at the full fibril or even fiber level, and beyond. Section 2.7
shows how this method is applied to the elucidation of the mechanical response of the
Bouligand-like structure of the Arapaima scale.
2.4.3 The microscale

Microscale tests are performed on the collagen fiber, which is a bundle of fibrils. A
rather limited number of investigations have been performed at the microscale. Fibers have
been extracted from rat tail tendon and tested by Gentleman et al. [55] and Haut [33]. A
tensile test of a collagen fiber is shown in Figure 2.7a, and results are presented in Figure
2.7b-c. Gentleman et al. [55] concluded that modulus of fibers increases with strain rate
(consistent with the MD predictions of Gautieri et al. [40], shown in Figure 2.4b), and
increases with initial length, ranging from 50 to 250 MPa. It is also interesting to note that
upon exposing these fibrils to a cross-linking agent, the modulus increases to ~1 GPa, on
the order of the fibril strength. It is possible that by cross-linking the fiber and eliminating
the interfibrillar sliding, the fibril stiffness may be realized at the fiber level. These tests

were performed on rat tail fibers, which display properties changing with age and maturity.
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Throughout tissues, collagen fibers will inevitably display different properties due to
natural differences such as shape, orientation, mineralization, and degree of cross-linking.
Tendon is often chosen as an ideal material to study, because it is close to a pure and aligned
collagen structure.

Collagen fibers are not present in all collagen-based structures. Structures which do
include this hierarchal level include skin, tendon, and arteries. For example, the cornea
does not have fibers, but rather fibrils which are organized in a highly ordered manner in
order to allow transparency. Dentin consists of many mineralized fibrils. However, there
are many instances where authors refer to collagen fibers in both the cornea and dentin, but
this is due to discrepancies in the definition of fibrils and fibers. To further confuse the
situation, a fibril may be described physically as a small fiber. But this should not confuse
the fact that in the hierarchical structure of collagen, a fiber and fibril are unique levels
which are not interchangeable and should not be confused. Other structures, such as the

nails, hooves, and feathers do not have collagen at all.
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Figure 2.7: Mechanical response of collagen at the fiber scale. (a) Microscale tests of a collagen fiber. (b)
Stress strain relations from the rabbit patellar tendon by Miyaziki [57]. (c) Stress strain relations from the rat
tail collagen fibers from Gentleman et al. [55].
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2.4.4 The macroscale
At the macroscale, collagen fibrils and fibers may be arranged into a vast number
of structures with extremely variable properties. Skin, tendon, and the cornea are all nearly

exclusively collagen, yet specialized hierarchal organization generates properties which

are vastly different.
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Figure 2.8: Mechanical response of collagen at the macroscale. (a) Macroscale tests of a tendon. The visible
crimp in the tendon is extinguished in the toe region of the curve, followed by a stiffening. (b) Macroscale
tests of skin, showing a much larger toe region of the curve do to the extreme curvature of the collagen fibers.

Tendon has parallel and slightly wavy fibrils, with a very small low load extension
of 2-3%, followed by a linear modulus and near failure a slightly decreased modulus. As
strain increases, the crimp bands are extinguished (Figure 2.8a). The modulus of tendon
can be as high as 1 GPa [59] and ultimate strength reaches 250 MPa [64].

Rabbit skin is made of a net of wavy collagen fibers, and may experience greater
than 50% extension before sizeable load is carried, and a modulus which begins at zero,
increasing with strain to ~50 MPa, and an ultimate strength of ~15 MPa. This unique
response is shown in Figure 2.8b. In order to visualize the extreme differences and range

of mechanical behavior, the tensile responses of tendon and skin are shown in Figure 2.9.
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The strength of tendon reaches values of ~90 MPa [65], while skin has a typical strength
of 10-20 MPa (raccoon skin shown, with a strength of 10 MPa). Accordingly, the maximum
strain of skin is much higher (&,,,4, ~ 0.5-1.5) than tendon (&4, ~ 0.1).

Another example is the cornea which is comprised of lamellae of highly ordered
straight fibrils with identical size and spacing. This structure is optimized for transparency,
but at a cost: a much lower strength than tendon at only ~20 MPa [66]. The vast differences
in mesoscale properties of collagen -based tissues are due to the hierarchical organization

and configuration of the molecules, fibrils, and fibers.
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Figure 2.9: Illustration of the great variation in the mechanical response of collagen structures. A human
tendon strains to less than 10% before rupture, at a stress of nearly 90 MPa [65]. Raccoon skin, in contrast,
only supports ~10 MPa, but fails at a strain of nearly 150%. These vast differences of two collagen based
structures show the extreme importance of the geometric organization of collagen fibrils.
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2.4.5 Effects of mineralization

Mineralized collagen structures are designed to carry compressive load, as mineral
crystals minimize sliding and deformation of the collagen. Figure 2.10a shows in a
schematic manner the arrangement of minerals in the bone. Mineral particles are deposited
within (intrafibrillar) and on the surface (interfibrillar) of collagen fibrils, which leads to a
fully mineralized composite matrix of protein and mineral components [67, 68]. Structures
made of this composite, such as bone, dentin, and fish scales, all experience altered
mechanical properties compared to non-mineralized tissues. Both the mineral and collagen
form a continuous network. The most important differences are that the mineralized
structures are much stiffer and much less extensible than non-mineralized structures in
tension, and have a much higher compressive strength [69]. This mineral is commonly
referred to as hydroxyapatite, but in fact has a stoichiometrically deficient amount of
hydroxyl [70, 71]. Carbonate ions substitute hydroxyl and make up a large portion of the
stoichiometric deficiency [72]. However, this is only one of a large number of possible
substitutions, which include Na* or Mg?* replacing Ca* ions, HPO4 replacing phosphate
ions, CIt and F* replacing OH, and CO3 replacing phosphate and hydroxyl [73]. These
substitutions are responsible for a lack of consistency in the literature as bone mineral may
be referred to as apatite, hydroxyapatite, carbonated hydroxyapatite, and hydroxylapatite,
among others. For the purpose of this review and to avoid confusion, the apatite-based

component of bone will be referred to simply as mineral.
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Figure 2.10: The effects of mineral on the collagen fibril. (2) Arrangement of mineral within and around
collagen fibrils. Left: mineral nucleates in the gap region of fibrils. Right: nucleated mineral grows to form
plate like crystals. Interfibrillar mineral grows between the two fibrils. (b) Simulations of the tensile stress-
strain curves of non-mineralized and mineralized collagen fibrils. (c) Location of intermolecular slip of non-
mineralized collagen. (d) Location of slip between mineral and collagen molecules. (b-c) from Buehler [74].

The result of the mineralization process is that collagen fibrils are impregnated with
plate -shaped mineral particles which have dimensions of ~2 nm thickness and ~40 nm
diameter [75]. In the gap regions of collagen fibrils, minerals nucleate to form intrafibrillar
crystals, with the c-axis aligned with the molecule direction. These mineral particles grow
and form plate-like crystals [76], as illustrated in Figure 2.10a. These mineral particles
undergo less strain than the fibrils; the fibril to mineral strain ratio is 5:2, and the collagen
matrix must absorb the remaining three-fifths of strain [77, 78]. Figure 2.10a also shows
interfibrillar minerals (between collagen fibrils) oriented with their c-axis perpendicular to
the molecular direction. The mineralization on the outer surface of the fibrils forms a
continuous network. Thus, both the mineral and the collagen form interpenetrating
networks. This is only addressed by current models in a superficial manner. For instance,
the Fratzl [73] model assumes platelets which are not interconnected. More research is
needed, both experimental and computational, to develop a full understanding of the

synergy between the two components. Buehler [74] shows that, after initial slipping,
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mineralized collagen continues to carry a significant load compared to non-mineralized
fibrils (Figure 2.10b). The differences arise because non-mineralized collagen fibrils yield
primarily by intermolecular slip (Figure 2.10c). The slip leads to the deformation of the
region with lower material density, initiating at the interface between mineral particles and
collagen molecules, thus reducing the density of the material and inducing nanoscale voids
(Figure 2.10d). Via this nano-mechanism, the mineralized collagen fibrils are able to
tolerate a large fraction of microcracks, without causing any macroscopic failure of the
bone. In a way, the bone is remodeling itself [74]. Additionally, the formation of
microcracks generates the mechanisms of ‘crack meandering’ and ‘crack bridging’ which
enhance its toughness. The toughening mechanisms will be further discussed in Section
2.8.
2.4.6 Effects of hydration

The cross-linking of collagen fibrils is extremely important in establishing the
mechanical response. In this regard, hydration plays a major role; in hydrated collagen,
hydrogen bonds form between collagen and water, which allows for slipping and
movement. However, as the collagen is dried, bonds form directly between collagen
molecules and fibrils, preventing sliding and stiffening the structure. Skin is a suitable
material to observe the effects of hydration; as the skin is dehydrated, its mechanical
response is drastically changed, because of the reduction of interfibrillar sliding. The effect
of dehydration was evaluated [58] by recording the stress-strain curves of skin after drying.
The hydrated curve displays a long toe region; with dehydration, it becomes progressively
shorter and stiffer. Four levels of hydration are shown in Figure 2.11 [58], corresponding

to the percentages of initial weight: 100, 80, 60 and 35%,. The first corresponds to fresh
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skin which has a water content of approximately 65-70%. The skin containing 35% of the
original weight has very little moisture content since, as noted earlier, collagen represents
approximately 30% of the body weight in vertebrates.

The toe region of the stress-strain curve of skin shown in Figure 2.11 is caused by
the sliding and reorienting of collagen fibrils, which allows for large extension without
high stress. The stress-strain curve of the most severely dried skin in this work (35 wt.%
of the fresh skin, or 65% weight reduction from fresh skin) does not show an initial toe
region because the sliding between the collagen fibrils is highly limited due to the lack of
water molecules. A plateau can be seen at 8 MPa, where the internal stress is sufficient to
break the interfibrillar bonds and at which point fibril reorientation can occur. Therefore,
an elevated stress toe-like region exists as the interfibrillar bonds begin to break. Modeling
by Gautieri et al. [79] predicts a decrease of the intermolecular separation from 1.6 to 1.1
nm with dehydration and, similarly, decreased intermolecular sliding in the collagen. In
their computations, the force to pull a molecule from a microfibril increased from 4 nN to
30 nN. This calculated eight-fold increase is reflected in the higher stress levels measured

with decreasing hydration.
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Figure 2.11: Stress-strain curves of original moist skin and dehydrated skin of different amounts. As skin
becomes dehydrated, the toe region becomes shorter and stiffer due to increased adhesion between fibrils
which prevents sliding and reorientation. After losing 65% of its weight to dehydration, the characteristic toe
region of skin has vanished and been replaced with a higher stress quasi-toe region, which occurs when the
internal stress is sufficient to break the bonds between dry fibrils and the fibrils proceed to reorient.

2.5 Models for collagen extension (tensile response)

The mechanical properties of collagen and collagen-based tissues have been
modeled using several approaches: (a) hyperelastic macroscopic models based on strain
energy in which strain energy functions are developed and lead to mechanical behavior
calculations, (b) macroscopic mathematical fits where a nonlinear constitutive equations
are used, and (c) structurally and physically based models where a constitutive equation of
a linear elastic material is modified by geometric characteristics. These models are

necessary for collagen-based materials which undergo large deformations in order to
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capture their unusual mechanical behavior, which differs from the typical linear response
of engineering metals and ceramics.
2.5.1 Hyperelastic macroscopic models based on strain energy

Strain energy models calculate stress in a material by taking the derivative of W,
the strain energy, which is a function of the strain. Several models have been developed
for biological tissues including one by Fung [80], developed specifically for skin; and more
general models by Blatz et al. [81] and Veronda and Westmann [82]. Stress vs. strain
relationships can be derived from these models using assumptions such as
incompressibility (Equation 1), assumed boundary conditions, and the relationship
between stress and the strain energy (Equation 2). a;, 0, o5 represents the stresses, and
A1, Ay, A5 are the stretch ratios in the principal directions 0X,, 0X,, and 0X5.

The constancy in volume hypothesis is:

A4 =1 (1)

The difference in Cauchy stresses in principal directions is the derivative of the
strain energy with respect to the direction of extension (the derivation is presented in the
Appendix A.2). This relationship results from a simplification of the Cauchy stress and

strain energy relationship [83]. The result is Equation 2.

oW (4,
0, =03 =4 (;;1/12) )

Tong and Fung [84] developed a relationship between the strain energy and stress
state, specifically for skin, as follows in Equation 3. This “biphasic” function has two parts:

the second term expresses the response at higher stress levels, while the first term



30

represents the lower stress levels. Constants «, a, and ¢ are used, and Eij is the Green strain

tensor.
W = f(a.e)+cexp[F(ae)] (3)
f (0" e) = a1E121 +a, E222 T, E122 + 0‘3E221 +20,E,E), (4)
F(a,e)=a1E121+a2E222+a3E122 +asE221+za4E11E22 )

where E,, =E, =0.5(4 -1) and E,, =E, =0.5( 4 1]
Blatz et al. [81] suggested the relationship shown in Equation 6, by modifying an

equation originally proposed by Valanis and Landel [85] and specifically applying it to soft

tissues:

W= Zslc [e”w E —1} (6)

where C and « are constants.
Veronda and Westmann [82] developed the relationship for strain energy of the
incompressible material shown in Equation 7. However, this expression presupposes

isotropy, limiting the generality. C;, C,, and § are constants used.
W =C [e""¥-1]+C,(1,-3) (7)

where I, =A%+22+ A7 and 1, =22 + A+ A2A%. 11 and 12 are the first and second
strain invariants.
2.5.2 Macroscopic mathematical fits

Mathematical models make use of nonlinear constitutive equations to represent the

extension of the skin. These models are not reduced to a strain energy form and do not
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represent the anisotropic three-dimensional stress state. Over the years, many relationships
have been developed, using a variety of fitting parameters including a, b, d, k, C, n, 3, a,
and some physically based parameters such as o* (reference stress) and &* (reference
strain), and physical inputs € (strain) and o (stress). Hyperbolic, exponential, and power
equations have been used to describe the non-linear behavior. The first relationship was
developed by Wertheim in 1847 [86] who proposed Equation 8, a hyperbolic relationship
between stress and strain:
£2 =ac’ +bo (8)

This expression gives a slope that monotonically increases with strain. Thus, over 150 years
ago the response triggered the imagination of researchers. Figure 2.12a shows the graphical
representation of Wertheim’s equation, given here because of its historical value. The

parameters a and b are experimentally matched to the data.

(a) Wertheim Equation applied to skin (b) Fung equation applied to dog aorta
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Figure 2.12: Wertheim and Fung equations applied. (a) Wertheim equation is applied to the skin extension
curve along the Langer lines of a wild rabbit, or transverse to the direction of the body. (b) Representation of
mechanical response of a dog aorta (circumferential strip) in terms of tangent modulus (slope of stress-strain
curve) vs. tensile stress; slope and intercept provide parameters for Fung equation. (Reproduced based on
Fung 1993 [87])
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Morgan in 1960 [88] and Ridge and Wright in 1964 [89] both proposed power
relationships, Equations 9 and 10, respectively:
P 9)
£=C+ko® (10)
An exponential stress strain relationship was specifically developed for biological

materials, by Fung in 1967 [90]:

o=(0"+ ﬁ)e"(”*) _p (11)

Fung [90] suggested that the increase in slope experienced at higher strains is due to full
extension of collagen and elastin fibers, and effectively applied his model to the rabbit
mesentery. Figure 2.12b shows the application of the Fung equation to dog aorta.

In general, the power law relationship is more effective at describing tissues with a
larger toe region, as presented by Doehring et al. [91]. Recently, Chen et al. [92]
implemented a combined power law and linear equation using a Heaviside function, as
shown in Equation 12. The unfurling and straightening of the polymer chains is described
by the power law, followed by a linear region initiated by a Heaviside function and

corresponding to the stretching of the polymer chain backbones:
o=ke" +H(g)E(e-¢,) 12
k, n, and ¢, are parameters and E is the slope of the linear portion. This equation shows a

small discontinuity in slope at ..
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2.5.3 Structurally and physically based models

(a) Rigid Corner Model (d) Circular Segment Model

AV AVAS _/\f\_

(b) Si% (e) Sequential Loading Model
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(c) Helical Model N N

Figure 2.13: Structural collagen models and deformation. (a) The rigid corner model, assuming apexes of
infinite rigidity. These apexes maintain their original angle under extension, while the beams in-between
deform [93]. (b) The sinusoidal model, originally developed by Comninou and Yannas [94], but later
simplified by Lanir [95]. (c) The helical model, originally developed by Beskos and Jenkins [96], and later
modified for finite modulus at full extension by Freed et al. [61]. (d) Circular segment model, developed by
Yang et al. [58]. (e) The sequential loading model developed by Kastellic et al. [97], which assumes stiffness
only due to fully straightened fibers.

Structural models have been developed in order to describe the mechanical
response of collagen as its configuration evolves under an applied strain. These models
require the ability to observe how the structure of the fibers and fibrils evolves during
extension. Some argue that the crimp structure of collagen has a two-dimensional wavy
shape, while others state that it is a three-dimensional helix. Structural models have been
developed to represent both assumptions. Due to the complexity of the collagen
arrangements, the equations for these models are rather involved. The earliest model was
proposed by Diamant et al. [93] in 1972, and is shown in Figure 2.13a. Fibrils were
modeled as in-plane zig-zag shaped beams, with fixed (and not jointed) apexes of infinite

rigidity. Using the bending modulus of the beams between the apexes, the relationship
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between stress and strain takes the form of Equation 13 where &, is the length of the fully
extended fiber, E is the Young’s modulus of the fiber, and A is the total stretch ratio:
e—(c/E)=¢,-AN(E/o) (13)
In 1976, Comninou and Yannas [94] developed a sinusoidal model for fibril shape,
which was simplified in 1978 by Lanir [95]. The model is illustrated in Figure 2.13b. Upon
stretching, the energy of the system changes due to the tensile and bending deformation of
fibers, matrix-fiber interactions (modeled as a beam on an elastic foundation) and the
strength of elastin fibers. Lanir’s equation is designed to include the elastic component of
matrix fiber interactions, and takes into account both elastic and geometric strain of fibers,
in the form of Equation 14, where F, is a horizontal component of force on the collagen
fibers, ¢, is elastic strain of the fiber under extension (which is calculated using further
equations), y and a are geometric parameters, and K, is the spring constant incorporating

the cross sectional area:
F=Fa,+K, (o +78(8+2)/(1+4)) (14)

where 4 = as,.
A helical model was first developed in 1975 by Beskos and Jenkins [96], but
assumed fiber inextensibility—Ileading to an infinite stiffness at full extension. Therefore,

this model was modified by Freed [61] to incorporate a piecewise function, allowing for a
linear modulus at full fiber extension (denoted as A ). The helical model is illustrated in

Figure 2.13c, and takes the form of Equations 15 and 16. Freed et al. [61] used a strain

energy function to calculate stresses prior to full fiber extension, taking into account axial
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force, shear force, bending moment, and torque. E is a modulus based on the geometry of

the helix, and ¢ is a geometric parameter.
Fori<l o=¢E(1-1) (15)
Fori>A o=E(1-1)+E(4/1-1) (16)
Yang et al. [98] developed a model assuming that fibrils are circular segments of
various radii and degrees of curvature, with the goal of most accurately reflecting the
configuration of highly crimped fibril structures, as shown in Figure 2.13d. Stresses are
calculated through Equation 17, while strains are obtained using Equation 18. E' is a

pseudo-modulus determined from the geometric shape, r is the radius of the circular

segments, 0o is the initial angle of the circular segments, and r is the initial circle radius.

%:é-_[r:E'{%(_?’)[rsin(r—lfeoj—rﬁo cos(r"f"ﬂ}dr 17)
dg:{%(fo)[rsin(r—;eoj—rﬁo cos(rC—f"ﬂ}dr (18)

In 1980 Kastelic et al. [97] took a different approach, suggesting that the variation

in modulus is due to an assumption that resistance only arises from the elasticity of
completely straight fibrils. Different degrees of crimp and variances in crimp angle affect
the size of the toe and heel region. 8 represents crimp angle of the outermost collagen
fibrils in a fiber, 8(p) crimp angle at relative radius, p inside the fiber, R* is fibril radius,
and b represents a blunting factor, to reduce the sharpness of the crimps in the model which

is shown in Figure 2.13e and represented by Equation 19.

%:g(R*)Z_z(l_b)?[@—ljpdp (19)
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The worm-like chain model derives a nonlinear constitutive equation based on a
continuously flexible isotropic rod. One example of a rod like this is a noodle; an important
parameter, the persistence length, is the length for which the correlations in the orientation
of the two ends are lost. The worm-like chain model takes into account an entropic term
(due to changes in configuration) as well as an enthalpic term (due to elongation of the
polymer). Inputs into the model include force, F; the Boltzmann constant, Kp; the absolute
temperature, T; the persistence length, Lp; the contour (total) length of the fibers, L; and z,

the extension (displacement) [3, 99].

k, T 1 1 z
F=- — =+ (20)

L lafa-z) 4 b

Four of the physically-based structural models presented can be compared to

experimental observations, as shown in Figure 2.14. It is clear that for the tendon to which
these models are being compared, the sine wave and circular segment are the most plausible
ones. It is important to consider that these curves are plotted under the assumption that
sliding between fibrils does not occur and does not contribute to strain. In fact, any sliding
will shift the curve towards the right. If sliding does occur during extension (and this is
treated in section 2.5.4), the circular segment model may be the most accurate
representation of the in vivo fibril shape. This is also the most physically plausible

configuration because the curvature is constant along the fiber length.
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Figure 2.14: Comparison of wave angle under tension in different structural models. Experimental data points
from tendon under tension (open circles) are compared to a calculated decrease in wave angle of structural
models. In calculations, strictly geometric changes are accounted for; there is no inclusion of elastic strain or
sliding, both of which are known to occur. Any elastic strain or sliding would add to the amount of strain at
a particular stress level; the curves would be shifted towards the right. Adapted from Dale et al. [100].

2.5.4 Viscoelasticity in collagen structures

The theory of viscoelasticity is well established, the simplest representation of a
viscous component being the dashpot. There are three principal models used to represent
different viscoelastic materials, which consist of arrangements of springs and dashpots.
These models are the Maxwell, Kelvin, and the Standard models. For the complete
derivations, see, for instance, Meyers and Chen [3].Figure 2.15 shows the three models

with their governing constitutive equations.
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Figure 2.15: Viscoelastic models. Three common models for viscoelastic behavior, and corresponding
equations in terms of stress and strain [3].

The amount of research on the viscous component of biological materials is rather
limited. Recently, Puxkandl et al. [101] modeled the collagen fiber as two Kelvin models
in series. The first element in the series represents the fibril, with the viscous effects caused
by molecular friction and the elastic component derived from molecular cross links. The
second in the series represents the proteoglycan-rich matrix, with the viscous effects caused
by proteoglycan viscous relaxation and the elastic component caused by matrix shearing.

This in series Kelvin arrangement is described by Equation 21, where «, f, and » are

defined material properties, &, is fibril strain, and ¢; is total strain.

di:a+(ﬂ—a)eyg% (21)

deg

Using in situ X-ray diffraction, the elongation of collagen fibrils and the tendon as

a whole were simultaneously measured [101], and the viscous effects caused the ratio of
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fibril strain to tendon strain to increase with increased strain rates. Figure 2.16a shows the
model used, and the increasing ratio of fibril to total strain measured during tests.

The storage modulus (£°) and loss modulus (£ ) of articular porcine cartilage were
measured using dynamic indentation in the range of 1-250 Hz by Franke et al. [102]; this
frequency is representative of loading conditions in gait. £ describes the in-phase elastic
response of a given material, and £°” is a measure for the damping/energy being dissipated
throughout the experiment. In this experiment, both were measured from the oscillations

in the loading of a nanoindenter. The contact damping, D, frequency, «, and contact

stiffness, C are related to the storage and loss modulus through Equation 22. The resulting
measurements are shown in Figure 2.16b; both storage and loss moduli are related to the
loading frequency, reflective of the strain-rate dependence of collagenous materials. The

trend is for both to increase with increasing loading frequency.

E' D.w
= _ 22
= e (22)

Single human collagen fibrils were extracted from the patellar tendon by Svensson
et al. [103]. Using AFM, tests were performed at multiple strain rates to distinguish the
viscous and elastic components of the tensile response. The results, shown in Figure 2.16c,
is well fitted by a second order polynomial. Additionally, the results show that viscosity is
a decreasing function of the strain rate. This is in agreement with results of self-assembled
fibers tested by Silver et al. [104], who suggested that the thixotropic effects are due to
interstitial water molecules which hydroplane on subfibrillar elements at increasing strain

rates.
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Yang et al. [58] expressed the time-dependent component using the Maxwell
model, with the elastic spring (Equation 23) and a dashpot in series. The viscous
contribution is due to the time-dependent sliding between fibrils. The viscous term can be

represented by a simple Newtonian response: o = 7¢,, where # is the Newtonian viscosity,

such that the viscous strain is given by:

1
&, = ” jadt (23)

For simplicity, a polynomial fit to the elastic constitutive equation of the form

o=As, +Bsg; +Cel +Dgl is used, where A, B, C and D are fitting constants, which

leads to:
£, = EJ‘(A‘sel +Begl +Cél +De; )é’lde (24)
n

where € is the strain rate. The viscous component comes from interfibrillar bonds, the
breaking of which results in sliding between fibrils. Thus, the fractional area where viscous
flow takes place is small; as such the viscosity used in Equation 24 is an ‘effective’
viscosity. The elastic response is modified as a function of viscosity (at a constant strain
rate) and strain rate (at a constant viscosity) in Figure 2.16d. These calculations show in
schematic fashion how the viscosity influences the mechanical response. As the samples
dry, the viscosity increases and the overall response is altered.

The three cases above illustrate the incorporation of viscosity into the constitutive

response. The sliding component is very important and cannot be ignored.
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Figure 2.16: Modeling of viscoelasticity in collagen structures. (a) Puxkandl et al. [101] used two Kelvin
models, and showed that increased strain rate increased fibril strain relative to tissue strain. (b)
Nanoindentation tests from Franke et al. [102] show increase of storage and loss modulus with increased
frequency. (c) Strain rate dependence of a collagen fibril by Svensson et al. [103]. Left: fibril pulled at
different strain rates show effects of viscosity. Right: Elastic curve (black) taken from near zero strain rate is
subtracted from dynamic curves to show viscous component of fibril extension (all other colors). (d)
Incorporation of viscosity and strain rate by Yang et al. [58], holding representative viscosity constant (left)

and holding strain rate constant (right).
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2.6 Collagen in skin

Collagen has a specialized hierarchical structure in skin. The structure of skin varies
greatly between different species, because of the functional requirements of the specific
species of animal. However, skin is generally regarded as an anisotropic, nonlinear elastic
material. By investigating the skin of various animals, we can observe important
differences in the structures due to evolutionary constraints, which lead to unique
mechanical properties. The structural features and mechanical response of the skin of three
widely different vertebrates, the rhinoceros, rabbit, and chicken are summarized in Figure
2.17 -Figure 2.19.

2.6.1 Rhinoceros (Ceratotherium simum)

The rhinoceros is a fighting animal, and its skin is adapted accordingly. A tightly
woven structure (Figure 2.17a) of collagen fibers creates a thick dermis which, due to the
abnormally straight collagen fibers (Figure 2.17b), lacks the large toe region typical of
most mammalian skin (Figure 2.17c). This arrangement leads to a response which is
directionally isotropic, and lacks the extreme tear resistance common to most skins. While
this may first seem to be a disadvantage for a fighting animal, it is not the case. Were the
skin to be punctured (as is inevitable in a fight) but not tear, the energy of the blow would
focus on the penetration region, and put the major organs of the animal at risk. By tearing,
the rhinoceros is subjected to superficial gashes but the energy from the blow is dissipated
across a larger area while avoiding deeper penetration which could lead to lethal damage.
This design is different from other mammalian skin, which has a larger toe region in order
to absorb strain energy and prevent fracture altogether. For comparison, the response of the

rhinoceros skin alongside the response of cat skin is shown in Figure 2.17d. The skin of
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the rhinoceros is highly cross-linked and stronger than most, with a failure strength of ~35

MPa and relatively low fracture strains of ~0.2 on most of the body, and slightly over 0.3

on the belly [105].
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Figure 2.17: Microstructure and tensile response of a rhinoceros skin. (a) The rhinoceros skin displays a
woven structure of collagen fibers. (b) Fracture of the rhinoceros skin reveals minimal waviness of the
collagen fibers. (c) Tensile tests of three orthogonal directions of dorsolateral (stiffer, closed circles) and
belly (open circles). Dorsolateral skin is substantially stiffer than belly skin, but orientation effects are
insignificant. Due to the straight collagen fibers, rhinoceros skin exhibits a unique tensile response with a
minimal toe region. (d) Tensile response of rhinoceros skin plotted next to cat skin in order to illustrate the

relative inextensibility of rhinoceros skin.

2.6.2 New Zealand white rabbit (Oryctolagus cuniculus)

In opposition to the rhinoceros, the New Zealand (NZ) white rabbit has a skin with

radically different mechanical response. This small creature needs skin which will not tear
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as it crashes through sticks and branches. Therefore, it has a microstructure which is much
different than that of the rhinoceros; the NZ white rabbit’s skin is a vast meshwork of wavy
collagen fibers (Figure 2.18a-b), which TEM reveals to lie in-plane with the skin (Figure
2.18c). This is a transmission electron micrograph of a thin section showing a fiber
horizontally bisecting the picture with fibrils close to parallel to the foil plane, while the
top and bottom portions reveal the cross sections of the fibrils and fibers. This shows that
the fibers have a range of different orientations, consistent with Figure 2.18b. A large
dermis and a comparatively thin epidermis cause the mechanical properties to be
dominated by the dermis. Upon extension, the fibers undergo significant straightening and
reorientation, allowing the skin to experience large strains with very little stress. This
response is captured well by the model of Yang et al. [58] in which the radius of the circular
section gradually increases. Under further extension, all fibers become straight and aligned,
at which point the slope of the stress strain curve increases rapidly, and stresses begin to
rise linearly with strain (Figure 2.18d). Throughout the extension process, fibril
straightening, reorientation, stretching and sliding all contribute to a skin which sacrifices
some strength compared to that of the rhinoceros, but is demonstrated to be extremely tear
resistant. Additionally, as seen in Figure 2.18d, the rabbit skin is highly anisotropic; this is
due to geometric effects and initial fiber orientations in the skin structure. The fracture
strength of rabbit skin is ~12 MPa, at strains in excess of 0.5 and up to 1.5, parallel and
perpendicular to the Langer lines [58, 106]. These lines define the stiffest direction in the

skin.
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Figure 2.18: Microstructure and tensile response of rabbit skin. (a) Rabbit skin epidermis (E) and dermis (D).
Compared to epidermis, dermis is much thicker and made of a network of intertwined wavy collagen fibers.
(b) Close examination of a fracture surface reveals an extremely wavy structure. (c) TEM of rabbit skin cross
section shows several fibers in different orientations. (d) The wavy structure of rabbit skin collagen leads to
a large toe region under tension. Additionally, the skin shows highly anisotropic testing results, suggesting
that the collagen fibers lie principally in certain preferred orientations.

2.6.3 Chicken (Gallus gallus)

The skin of the brown chicken has another type of unique structure and function.
Chicken skin supports the feathers, which also protect it from predators. The chicken neck
skin was observed in these experiments. While in most animals the dermis is thick and
compact, in the chicken a thick spongy layer provides the site for anchoring the roots of

the feathers (calamus). Beneath the spongy dermis lies a compact dermis which consists of
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two distinct layers of densely packed collagen fascicles, each with a clearly visible
preferred orientation (Figure 2.19a). Fascicles consist of wavy fibers, which contribute to
the large toe region of chicken skin in tension (Figure 2.19b-c). The thicker layer of the
dermis is oriented in the direction along which strength is more crucial for the support of
the feathers. This structure of multiple layers with minimal interactions, as well as a large
epidermis sacrifices the strength of the skin; the fracture strength of the skin is orientation
dependent (according to whether the thicker or thinner layer of the dermis is aligned with

the tensile stress) and ranges from ~0.5-1.0 MPa, at strains of ~0.8-1.0 (Figure 2.19d).
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Figure 2.19: Microstructure and tensile response of chicken skin. (a) Chicken skin epidermis (E) and dermis
(D). The dermis consists of three distinct layers (1, 2, 3 in figure); layer 1 is a spongy arrangement of collagen
fibers, while layers 2 and 3 consist of densely packed collagen fibers which are packed into fascicles. (b) The
fascicles in layers 2 and 3 viewed at higher magnification. (c) Fracture surface showing wavy fibers which
fascicles are made of. (d) Tensile response in the transverse and longitudinal directions is drastically different
due to the minimal interaction between the two layers of fascicles.
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2.7 Collagen in fish scales

The refined structural design of collagen in fish scales facilitates a robust armor
tailored to the needs of the particular species. Fish with unique requirements have evolved
different types of scales and mechanisms in order to provide protection from predators.
Scales can be classified into several distinct types: ganoid, elasmoid, placoid, cycloid,
cosmoid and ctenoid. Three chosen scales are described here: the ganoid scale of the
alligator gar, the elasmoid scale of the arapaima, and the cosmoid scale of the coelacanth.
2.7.1 Alligator gar (Atractosteus spatula)

The ganoid scales of the alligator gar are thick and have a highly mineralized
exterior surface with a tough, boney foundation (Figure 2.20a-b). In Figure 2.20a, the
ganoid surface layers is white, whereas the bone is darker. The cross-section, shown in
Figure 2.20b, shows a serrated interface between the two layers whose function is possibly
to increase adhesion and crack deflection ability. These penetration-resistant scales are
necessary to provide protection from the alligator, as well as from self-predation. To
achieve this, a mineralized matrix of collagen fibrils with parallel tubules throughout
provides a tough, crack impeding foundation (Figure 2.20c) of ~3.5 mm thick in adult fish.
An outer mineralized surface of ~1.5 mm, called ganoine, is nearly pure hydroxyapatite
and covers a large percent of the scale. The ganoine provides a hard (2.5 GPa
microhardness) barrier against penetration by teeth; beneath it, the softer (400 MPa
microhardness) but tougher bone-like base consisting of a hydroxyapatite and collagen
composite provides flexural strength. This robust scale is highly protective, but not flexible.
Due to mineral protein interactions which reduce collagen sliding, hydration (or lack

thereof) has minimal effects on the modulus of the gar scale. However, hydration does
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cause a large degree of post-yield plasticity (Figure 2.20d). In order for the fish to remain
flexible at a low weight penalty there is a small overlap, ~30% across scales. The scales
are able to move with hinge like interfaces, allowing flexing in the required directions for
propulsion. This unique tridimensional arrangement provides a protective layer of constant
thickness [107]. The Senegal bichir, although a fraction of the size (2-3 meters vs. 0.1-0.5

meters length), has scales with a similar architecture and materials structure.

Alligator gar scale
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Figure 2.20: Microstructure and tensile response of alligator gar scale. (a) The entirety of the ganoid type
alligator gar scale. Lighter area is exposed ganoine, while darker area is boney base. (b) Cross-section of gar
scale. Two distinct layers; highly mineralized external ganoine layer, and boney base layer. (c) Fracture
surface of boney layer of gar scale made up of hydroxyapatite crystals and mineralized collagen, with small
tubules which run from the scale base to the ganoine layer. (d) Tensile testing of gar scale. High degree of
mineralization minimizes effects of hydration, prior to yielding. However, a large amount of deformation is
attainable post yield when testing hydrated samples, due to the large elasticity of wet collagen fibrils.

2.7.2 Arapaima (Arapaima gigas)
The arapaima is a teleost fish which has elasmoid scales specialized for protection

against the piranha [108]. Similar to the gar and most other fish species [109], the arapaima
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scale (Figure 2.21a-b) has an external layer (microhardness: 550 MPa) is harder than the
internal layers (200 MPa) [110]. However, these values are much lower than the ones of
ganoid scales. In the arapaima, lamellae of parallel collagen fibrils beneath the hard mineral
external layer form a Bouligand-like structure, shown in Figure 2.21c. These lamella slide
across each other to allow flexibility. Due to the high collagen content of the arapaima
scale, the hydration levels are crucial to their function.

Figure 2.21d shows that without hydration, the collagen layers cannot slide, the
elastic modulus is much higher, and the scale toughness (area under the stress-strain curve)
decreases. For the arapaima, a flexible scale is necessary due to the large degree of overlap,
which is in excess of 60% [108]. With large scales ~8 cm in length and a large degree of
overlap, scale flexibility is required. Otherwise, the scales would be unable to conform to
the fish’s body as it flexes during motion, and the protective nature of the scales would be
compromised. In the natural hydrated state, the outer mineral layer provides hardness,
minimizing local plasticity and promoting fracture of the piranha tooth. During
deformation, the inner collagen is able to bend, deform, and rotate while averting failure.

The Bouligand-type structure of the teleost fish renders propagation of a crack very
difficult for two principal reasons: a) A crack cannot propagate along a simple path because
successive layers of collagen have different orientations and therefore the front is
delocalized. b) The delamination of fibers and their defibrillation at the front of a crack
creates a process zone, since fibrils connecting the opposite sides generate compressive
stresses at the crack tip. Figure 2.22a-d shows images of the opening of a notch viewed in
a scanning electron microscope with a tensile attachment. It was not possible to propagate

the crack since the layers of collagen (four imaged) separated, stretched, rotated, and
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defibrillated. Dastjerdi and Barthelat [111] developed a fracture toughness testing setup
(Figure 2.22e) for the scales of Moronis saxitilis (striped bass) and obtained values of 15-
18 kJ/m2. This places scales, at the top of the Wegst-Ashby toughness chart, above all
other biological materials [111]. The intricate mechanism by which a process zone
develops is shown in Figure 2.22f and drawn schematically in Figure 2.22g. The bony layer
contributes little to the toughness and fractures readily, as was also shown by Yang et al.
[112]. The delamination of fibers and their separation into fibrils creates a process zone at

the tip of the cracks and effectively impedes its propagation.
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Figure 2.21: Microstructure and tensile response of arapaima scale. (2) The entirety of the arapaima scale,
and its arrangement in relation to other scales. (b) Cross-section of arapaima scale; there are many layers
including a thick ridged external mineral layer, and many thinner collagen layers beneath. (c) View of the
multiple orientations of several internal collagen layers. View is perpendicular to the surface of scale. (d)
Testing of arapaima scale. Due to low degree of mineralization, hydrated fibrils easily slide across one
another. Therefore, wet scales are much more ductile than dry scales. Additionally, it is clear that the wet
scales fail in stages, as individual layers of collagen fail. Previous studies by Yang et al. [112] have illustrated
a complex process of failure avoidance, including stretching, rotation and delamination of collagen layers.
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The mechanism of fibril, stretching, rotation, and delamination can be modeled by
molecular dynamics, using the coarse graining methodology which allows larger molecules
to be simulated. The molecular dynamics model, based on a simple elastic network model
[113, 114], was used to theoretically investigate the mechanisms of the deformation and
delamination in the Arapaima scales under uniaxial tension. This model does not take the
fibrils as elements but rather considers the larger collagen fibers to better simulate the
response of the lamellae.

Molecular dynamics methods were applied to a scale consisting of 3 lamellae,
which is shown in Figure 2.23. In order to determine the correct surface energy of the
collagen fibers in the scale, multiple simulations were run. These simulations, shown in
Figure 2.23b reveal that 1 J/m? provides the best approximation to the stress-strain curve
of the scales shown in Figure 2.21d. The deformation of the individual lamellae during the

simulation reveal collagen bridging, delamination, and sympathetic lamella rotation.
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Figure 2.22: Extraordinary resistance to damage propagation in scale of teleost fish. (a-d) Arapaima gigas;
(e-g) Moronis saxitilis (a) Initial configuration of notch at the onset of loading (the notch is in the center of
the image with the notch root pointing towards the bottom); (b) the collagen fibrils separate when the samples
are being loaded; (c) four orientations of lamellae are being exposed (shown by the individual arrows); (d)
the collagen fibrils bend and stretch as shown by the arrow; some of the collagen fibrils relax when the test
stopped [112] (e) fracture toughness testing configuration; (f) defibrillated collagen fibrils; (g) schematic
mechanism showing how delamination and defibrillation of fibrils leads to formation of extensive process

zone (from Dastjerdi and Barthelat [111]).
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Figure 2.23: Molecular dynamics applied to the arapaima scale. Collagen lamellae are modeled as three layers
oriented at different angles to the tensile direction. (a) Schematic of the scale as modeled for MD simulations.
(b) Stress-strain curves for different surface energies. 1 J/m? gives the best approximation to the experimental
stress-strain curve shown in Figure 2.21d. (c) Simulation snapshots of the deformation of each lamella, taken
at increasing strains of 1%, 4%, 9% and 15% (I, I, I11, and IV marked in b). Molecular dynamics confirms
the mechanical test observations: collagen bridging (noted by i), delamination (noted by ii), rotation, and
stretching, which is shown for the 18° lamella at a strain of 14 % (red gradient in model). . Scale bar: 10 pm.

2.7.3 Coelacanth (Latimeria chalumnae)

The coelacanth is considered a living fossil. It evolved 400 million years ago and
was considered extinct until it was rediscovered in 1938 close to Madagascar. It is related
to lungfish, reptiles, and mammals, and has vestigial limbs that come from their terrestrial

ancestors. It belongs to the Latimerioidei suborder and is one of the few living fish with
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cosmoid scales, the other being the Australian lungfish. Thus, its unique structure is of
great interest; the only study, to the authors’ knowledge, is due to Giraud et al. [115]. The
structure of the coelacanth scale, that is being correlated to its mechanical response by
Quanetal. [116], is shown in Figure 2.24a. The degree of overlap is quite high, as measured
by the covered area/total area ratio of 0.80. The degree of imbrication is correspondingly
low (exposed length /total length): 0.32. These values compare with the arapaimas which

has a 0.75 degree of overlap and a degree of imbrication of 0.4.

Figure 2.24: Structure of the coelacanth scale. (a) Macroscopic view of coelacanth scale. (b) Perspective view
of scale showing external mineralized layer and lamellae. (c) Cross-sectional view of coelacanth scales. (d)
Top view of peeled surface showing two adjacent collagen lamellae oriented close to (but not exactly) 90°.
(e) Struts between adjacent lamellae forming perpendicular to their plane and connecting them. (f) Collagen
fibrils with characteristic d spacing of 67 nm forming the collagen bundle/fiber (from Quan et al. [116]).

The cross-section of the scale, viewed by the inclined view in Figure 2.24b and
from the perpendicular direction in Figure 2.24c, reveals the external layer which is highly
mineralized and the foundation consisting of parallel lamellae connected by struts. The
collagen lamellae are organized into fiber bundles and these are comprised of fibrils. There
is also separation between the fibers/bundles in the lamellar planes as shown in Figure

2.24d. The angle between adjacent lamellae is close, but not equal to, 90°. This was
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identified by Giraud et al. [115] who also pointed out that this configuration provides in-
plane isotropy, which is important for resistance to crack propagation. This type of
structure is known as “Bouligand-like”. In contrast to elasmoid scale of the arapaimas and
most teleost fish, the scale of the coelacanth contains struts that connect adjacent lamellae.
These are shown in Figure 2.24e. The collagen fibers curve at the extremities of the struts.
This configuration provides a greater rigidity to the scale by reducing sliding between the
lamellae. The confirmation that the fibers are indeed collagen is provided by Figure 2.24f,
which shows the characteristic banding of ~67 nm.
2.8 Collagen in bones, teeth, and other tissues

Another biological material which owes its impressive properties to collagen is
bone. In a human body, the bone structure (skeleton) supports the entire weight of the body,
yet only represents ~20% of the total weight. Bone must possess exceptional mechanical
properties in order to fulfill its role. Figure 2.25a shows a schematic of bone, and Figure
2.25b shows the results of mechanical testing on bone. The mechanical response shown in
Figure 2.25b is due to the hierarchical structure shown in Figure 2.25c, which contains
blood vessels, osteons, concentric and interstitial lamellae and more. The bone is composed
of the mineral and organic matrix, of which 90% is collagen. The collagen and mineral
govern the mechanical properties and functional integrity of this tissue [117]. The mineral
acts as a reinforcement in the collagen fibril network to provide specialized mechanical
properties. Nudelman et al. [118] investigated the mineralization of the collagen fibrils and
claimed that by controlling the mineral nucleation, collagen can direct the mineralization

actively. With mineral reinforcement, collagen shows a Young’s modulus of 5-10 GPa and
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yield tensile strain of ~7%, as opposed to non-mineralized collagen with a Young’s
modulus of ~1 GPa [74].

Gupta et al. [77] investigated the roles of the mineral and collagen in bone, in
particular the slip of the mineralized collagen fibrils, by studying the relationship between
the tissue strain and local strains of mineral and fibrils. The strain ratio of the tissue,
collagen fibril and mineral is 12:5:2, meaning that the mineral only takes up a small amount
of strain, while the majority of the strain is absorbed by the collagen fibril, interfibrillar

sliding and other mechanisms.
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Figure 2.25: The hierarchical structure of bone. (a) A schematic shows both spongy and compact bone, and
the arrangement of the osteons, lamella, and Haversian canals within. (b) Tensile and compressive stress-
strain curves for cortical bone. [119] (c) The hierarchal structure of bone from the macroscopic level down

to the amino acid level [120].
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Launey et al. [121] summarized the toughening mechanisms of bone which can be
greatly attributed to the mineralized collagen fibrils. These mechanisms were classified
into intrinsic and extrinsic, following what had been previously defined in synthetic
materials by Ritchie [122]. The intrinsic toughening mechanisms are typically ahead of the
crack, while the extrinsic mechanisms operate in the wake region. The schematic drawing
in Figure 2.26a illustrates the intrinsic and extrinsic toughening mechanisms of bone. The
toughness of the bone is attributed to both extrinsic mechanisms including crack deflection
and twist, uncracked-ligment bridging, collagen fibril bridging and some microcracks in
the structure, and intrinsic mechanisms which are induced by the plastic deformation in the
microstructure, such as molecular uncoiling and intermolecular sliding of molecules,
microcracking, fibrillar sliding, and the breaking of sacrificial bonds together with crack
bridging by collagen fibrils. Figure 2.26b shows the toughness of human cortical bone as
it evolves with crack size. It increase with size demonstrates that the extrinsic mechanisms
are operating, rendering propagation more difficult as the crack grows. There are clear
differences with orientation, the longitudinal toughness being significantly lower than the
transverse one. Long bones cracks preferentially along their axes because of the anisotropy
in the organization of the microstructure. The response of elk antler is given in the same
plot, for comparison. The extrinsic mechanisms operate as effectively for antler as for bone.
The transverse toughness of bone increases from 1 to >10 MPamY2 as the crack grows from
~0.01 to ~0.6 mm. This toughening is extremely important for preventing fractures but
unfortunately decrease with age.

As bones age the quality of the collagen decreases, greatly affecting the mechanical

properties. This degradation of the mechanical integrity of the collagen network in bone
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due to aging was demonstrated by Zioupos et al. [123, 124] and quantified by Nalla et al.
[125]. In the case of disease such as osteoporosis, this was demonstrated by Wang et al.
[126] and Currey [127]. As aging occurs, the bridges weaken and hence toughness the bone

decreases [128].
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Figure 2.26: Toughening mechanisms of bone. (a) Extrinsic mechanisms occur behind the crack tip, while
intrinsic mechanisms occur ahead of the crack tip. [129] (b) Crack-resistance curves showing resistance to
fracture in as a function of crack extension, Aa, for hydrated antler and human compact bone in different
orientations [130]

2.9 Designer collagen
Thus far, collagen molecules have not been synthesized. However, collagen fibrils
have been produced through a process of dissolution of natural collagen, followed by

processing and assembly. This process may best be described as guided self-assembly.
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Collagen structures may be manufactured in a laboratory environment, and have potential
uses for the replacement of ligaments and skin, and building scaffolds. Collagen based
constructs with tailored properties have great value for clinical uses. A variety of methods
has been developed to design and produce collagen structures. There are methodologies to
dissolve collagen and processes to create collagen filaments, strands, ribbons, films, sheets,
and pre-shaped implants. More recently, a goal has been to synthesize fibers most like those
produced by the fibroblasts in the body.

There are currently nearly 1000 readily searchable patents which mention collagen.
Early patents, starting in the 1950s, discuss collagen filaments, sheets, etc. In the 1960s,
the focus was placed on methods for solubilizing collagen fibers for usage. Around the
1970s, methods were developed to use collagen as prosthetics and implants. The collagen
structures which are produced continue to become more advanced; in 1989, Silver
attempted to precisely control the geometry and structure of a collagen matrix, filing a
patent on synthetic collagen orthopedic structures [131]. Since the 1950s, research on
biodegradable synthetic collagen structures has continued with great success, as methods
have been refined. Synthetic fibrils and scaffolds are now produced with properties
approaching what is found in the body [55, 132, 133].

Chapter 2, in full, is a reprint of the material as it appears in “The materials science
of collagen” Journal of the Mechanical Behavior of Biomedical Materials, vol 52, pp 22-
50, 2015. This work was coauthored by W. Yang and M. A. Meyers. The dissertation

author is the first and corresponding author of this work.



CHAPTER 3: RESULTS ON FISH SCALES
3.1 Introduction to scales

Nature has produced an extraordinary number of unique and specialized materials
over hundreds of millions and even billions of years of evolution. For thousands of years
natural designs have provided inspiration for manmade structures, such as ancient armors.
However, it is only in recent times that humans have come to realize that studying,
understanding, and mimicking these materials may serve as an important route for the
design and development of new specialized synthetic materials. Despite being comprised
of only a limited palette of constituents with relatively modest mechanical properties,
biological materials can exhibit remarkable combinations of strength, toughness and
reliability that are crafted through ingenious designs involving hierarchical assemblies and
gradients in composition, structure and properties. This has stimulated many studies
throughout the world to seek to understand biological materials and the mechanisms that
are responsible for their functions, e.g., Sacks and Sun [134], Meyers et al. [135], Ji and
Gao [136], and Chen et al. [137]. As the principles underlying the properties of biological
materials become clarified, they can be applied to the development of new materials. Two
recent examples include a bioinspired glass, produced by Chintapalli et al. [138], which
mimics natural designs to display exceptional toughness, and freeze-cast bioinspired
anisotropic ceramic scaffolds produced by Porter et al. [139] as a refinement of a synthesis
method developed by Deville et al. [140] and Munch et al. [141]. Unfortunately, there are
not too many current examples of successful bioinspired structural materials and

processing them can be extremely complex [142]. However, advancements in

60
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manufacturing are opening new and exciting opportunities, and the development of a
bioinspired, synthetic flexible armor is a goal worth pursuing.

With regards to natural dermal armor, fish scales are a common example and have
been the subject of much research, particularly over the past decade. They are an intriguing
topic because they have provided effective protection to fish for eons; some armored fish
have existed prior to the dinosaurs, which came into existence 225 million years ago. The
fish scales have been traditionally classified into four groups which are shown in Figure
3.1: placoid, elasmoid, cosmoid and ganoid. Placoid scales are denticles with a flattened
rectangular base plate embedded in the fish body, and spines which project from the
posterior surface. They have a core with pulp which is surrounded by dentine and an outer
vitrodentine layer. Cosmoid scales are similar to placoid scales and likely evolved from the
fusion of them; they have dentine, vitrodentine and a tissue complex known as cosmine
with interconnected canals and flask-shaped cavities, but lack a pulp core. These rigid
rhombic scales are now, unlike the other scale classifications, entirely extinct. Ganoid
scales are modified cosmoid scales which are also rhombic, rigid, and jointed articulating
scales of two layers. A thin mineral surface layer called ganoine replaces the vitrodentine,
and lies atop a bony foundation which replaces the cosmine. Peg and socket joints often
join ganoid scales. Elasmoid scales likely evolved from ganoid scales and are the most
common among living vertebrates. They are thin and imbricate, resembling shingles on a
roof, and consist consist of a bony surface and a fibrous layer beneath of collagen. There
are two subcategories, ctenoid and cycloid, the difference between being that ctenoid scales
have developed surface spines which are bony and grow from the body of the scale to the

surface and the cycloid scales have a smooth surface [143-146].
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Figure 3.1 Different types of fish scales and their overlaps; from [108] (a-b) placoid, (c-d) ganoid, (e-f)
cycloid, and (g-h) ctenoid.

Each of these scales has unique features and provides protection with a modest
weight penalty. In order to learn from natural fish scales, modern tools and techniques,
such as electron microscopy, nano-indentation, computer x-ray tomography and finite
element analysis, provide insight into the features at the nano to macro level and reveal a
variety of toughening mechanisms that make fish armors highly effective. Early studies on
fish scales of this nature include Polypterus senegalus [147, 148], Morone saxatilis [149],
Arapaima gigas [110, 150] and Atractosteus spatula [107, 151].

One principal function of fish scales is to resist penetration from predators. In

particular, the manner in which they resist pressure by teeth has been addressed by several
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researchers. Zhu et al. [109] performed penetration tests on a Morone saxatilis (striped
bass) fish scale using a steel stylet simulating a sharp tooth. They compared the force-
penetration response of whole fish scales and just the collagen layer with that of the
synthetic polymers and found marked differences. By analyzing the penetration sequence
in the bony surface and collagenous foundation, they classified it into three stages: stage |
represents a linear relationship between force and penetration distance due to flexing of the
scale and penetrating into the surface bone layer. Stage Il begins with a small force drop
associated with the crack opening in the bone layer and radiating from the penetration point
which finally propagates into the collagen layer. In stage Il the force-displacement curve
plateaus as the stylet punctures the collagen layer. In similar vein, Vernerey and Barthelat
[152] described the load redistribution mechanisms (proportional to scale size) from
penetration on the overlapped fish scales (Figure 3.2a). They also described relationships
between scale density, ratio of angular attachment stiffness to bending stiffness, and a
variety of other properties which are key to the scales’ protective function (Figure 3.2b)
and vary according to the environment in which the fish lives. If escaping from a predator
is critical, the structure of fish scale is “designed” in terms of flexibility (strain stiffening)
and lightness; if the protection from a predator is more important, higher resistance to
fracture and average bending stiffness are design criteria. Similarly, characterizing the
structure, quantifying the mechanical parameters and understanding the salient
mechanisms can provide insight to understand the environment in which the fish exist, the
types of predators the fish may have faced, and even aids in understanding the evolution

of the fish.
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Figure 3.2: Force distribution of scales and relationship between select properties. (a) Scales redistribute an
applied load in a region proportional to the scale size. This also leads to a greater penetration resistance. (b)
Plot of attachment to scale stiffness ratio as a function of scale density illustrates several relationships
between scale properties and features of the response such as average bending stiffness, resistance to fracture,
and mass density (from Vernerey and Barthelat [152]).

In this work, we focus on the three resilient fish (Figure 3.3) whose highly effective
dermal armors have protected them survive for millions of years, namely Arapaima gigas
(arapaima) [110, 150, 153], Latimeria chalumnae (coelacanth) [154, 155], and
Atractosteus spatula (alligator gar) [107, 151], with an emphasis on the structure-
mechanical property relationships in their respective armored scales. It has been
established that the properties of fish scales may vary with the head, body, and tail having
unique traits [156, 157], but this case there is no knowledge of what specific part of the
animal they are from; this may lead to some experimental variation. The arapaima is a huge
fish which lives in the Amazon and grows upwards of 3 m in length and 200 kgf in weight
[158]. Its fossil records have remained the same for at least 23 million years, and it evolved
in order to peacefully cohabitate with the piranha, a predator with famously sharp tricuspid
teeth with a tooth tip radius of 13 um. Despite its ferocity, the piranha possesses a relatively
small bite force, estimated by Meyers et al. [159] as 20 N. The coelacanth is another large

fish which lives at up to 700 m deep in the Indian ocean (specimens have been found in the
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Madagascar and Indonesian coasts), and grows to 2 m in length and 90 kgf in weight. It
has existed for 400 million years, and was thought to have gone extinct with the dinosaurs
until rediscovered in 1938 [160]. Shark bite marks found on coelacanths suggest that the
shark is one possible predator [161]. Shark teeth are nearly as sharp as the piranha's, with
a 16 um tooth edge radius, but different types of sharks possess biting forces ranging
between 1-2400 N [162-164]. The bite force of sharks is surprisingly low, and this is
understandable because they do not possess bones and only cartilage. Finally, the alligator
gar is a third large fish which lives in the brackish waters around the Gulf of Mexico and
grows up to 3 m and 140 kgf [165]. The gar has existed in its current form for roughly 100
million years, and must protect itself from alligators. The alligator has 80 teeth although it
may generate 3000 over its life [166], but these teeth which are not particularly sharp, have
a tip radius of the order of ~80-130 um for juveniles and up to 3 mm for adults. This lack

of sharpness, however, is compensated by powerful jaws capable of bite forces of 10 N to

10 kN, depending on the size [167, 168].

Figure 3.3: Ruthless predators and their prey. (a) The piranha is an infamously ferocious fish which
cohabitates with the arapaima in the Amazon; the arapaima grows up to 3 m in length and 180 kgf in weight.
(b) The shark is suspected to be the main predator of the coelacanth, which can grow to over 2 m in length
and 90 kgf in weight. (c) The alligator, known for its massive jaw strength and powerful attacks, cohabitates
the Mississippi basin with the alligator gar, a fish which grows up to 3 m in length and 140 kgf in weight.
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3.2 The protective scales of Atractosteus spatula
3.2.1 Background

Scales have been a key form of protection for fish for hundreds of millions of years.
Although most commonly found in fish and reptiles, scales may also be found in mammals:
the pangolin is covered in keratinous scales [169]. Additionally, ancient Romans produced
an armor named lorica squamata, in which individual iron or bronze scales were sewn to
a fabric backing. Although it comes at an additional weight penalty in comparison to other
armors, such as lorica hamata (chain mail), its effectiveness in battle made it an important
defense for Roman legionnaires [170].

As implied by the name, the inspiration for the lorica squamata was likely drawn
from a biological scale: squama means scales in Latin. Natural scales are becoming the
subject of intense investigation [110, 115, 135, 148, 171] because of potential bioinspired
applications. The most studied fish scales may be categorized into four types: placoid,
cosmoid, ganoid, and elasmoid. Placoid scales, which are commonly found on sharks, are
denticles that feature a flattened rectangular base plate. They are embedded in the fish body,
and have spines that project from the posterior surface. Similar to teeth, these scales have
a pulp core surrounded by a bone-like material (dentine) and an enamel-like outer layer
(vitrodentine). Cosmoid scales likely evolved from the fusion of placoid scales, although a
tissue complex known as cosmine takes the place of the pulpal core. Ganoid scales are rigid
and jointed articulating scales consisting of a thin mineral surface layer made of
hydroxyapatite, called ganoine, atop a bony foundation. Elasmoid scales evolved from the
thinning of ganoid scales and consist of two subcategories: ctenoid and cycloid. Each

consists of a bony mineralized surface layer and a fibrillary plate beneath, which is mostly
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collagen. Ctenoid scales have spines, which are bony growths distinct from the body of the
scale, while the cycloid scales are smooth [144].

Typell Type ll Typelll

serrations

serrations

: anoine
ganoine | 8 %

ganoine

A A

Figure 3.4: Hierarchical arrangement and features of an alligator gar scale. (a) Schematic shows the alligator
gar and its three types of scales. Type | are the most common, covering the majority of the fish. Types Il and
111 are found where Type | scales converge and on the edges of the fish. (b) Surface reconstruction from p-
CT of a Type | scale, revealing the morphology of the textured surface. (¢) u-CT where ganoine is shown in
green, and bone red. Ganoine does not completely cover the scale surface. (d) SEM of fractured cross-section
of scale. The distinction between ganoine and bone is clear. (€) The saw-tooth interface between ganoine and
bone observed in a polished scale’s cross-section. (f) The outer surface of the scale. Ganoine deposits are
clearly visible. Tubules are visible in bone, but not in ganoine. (g) A tubule passes through the ganoine at the
edge of the mineral; as additional mineral is deposited these tubules close.
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Bruet et al. [147] revealed materials design principles present in the penetration
resistance of the ganoid scales of Polypterus senegalus, a small fish that reaches only ~200
g in mass and ~20 cm in length. Its scales have multiple layers, each with unique properties,
deformation mechanisms, and a specialized manner in which cracking and failure occur in
order to absorb energy and protect the fish. Song et al. [148] demonstrated how the
structure of the ganoid scale provides toughness, penetration resistance, and non-
catastrophic pathways for energy dissipation.

The Atractosteus spatula, or alligator gar, is another fish with a ganoid-type scale
and is the subject of our research. As one of the largest freshwater fish in North America,
large gars may reach 140 kg in mass and 3 m in length. The fish, shown in Figure 3.4, is
characterized by a long cylindrical body covered in rigid articulating ganoid scales. Due to
attacks by other gars (self-predation) and alligators, the scales of this fish are required to
perform exceptionally as an armor. Its scales resist the powerful ambush attack of its
predators and interface in a way that allows the fish to maintain flexibility and motion in
spite of the scales’ individual rigidity.

While most modern fish have overlapping scales which are capable of bending as
they swim, this is not the case for the gar or other ganoid fish. The stiff and inflexible
design is optimized to protect against prehistoric and modern predators with powerful bite
forces (e.g., up to 10 kN for the alligator) [172]. Large overlaps would prevent the stiff
scales from being capable of motion, but some overlap is required to distribute forces
applied to a single scale and reinforce the vulnerable junctions between them [173]. The
impressive protection of the gar is well recognized; Chen et al. [137] revealed the stiffness

and hardness of alligator gar scales, similar to those of Polypterus senegalus [147], and
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Yang et al. [107] identified mechanisms which lead to their fracture resistance. Allison et
al. [151] observed circumferential cracks (also observed on Polypterus senegalus), which
are hypothesized to be beneficial by localizing fracture. However, certain important aspects
of the scales have been overlooked. In this work, we describe previously unreported
toughening features of the scale microstructure, and show how the scale’s shape and
arrangement on the fish optimizes a tradeoff between protection and flexibility. These
features are key to the effective protection of the alligator gar.
3.2.2 Methods
3.2.2.1 Scale acquisition

Arrays of scales were obtained from fish in Southern Louisiana. They were dried

and shipped to UC San Diego for testing.

3.2.2.2 Scanning electron microscopy

Hydrated scales were fractured by bending or by freeze fracturing. Some were
polished through the cross-section and etched using 15% phosphoric acid. All samples
were coated with iridium prior to observation in a Phillips XL30 environmental scanning

electron microscope.

3.2.2.3 Nanoindentation

Scales were mounted in epoxy and polished to produce a flat surface in two
orientations: parallel and perpendicular to the scale surface. After hydration, hardness and
reduced modulus mapping (5 s load, 2 s hold at ~3 mN load, 5 s unload) was performed in
the ganoine region of both orientations. High load indents (5 s load to ~5 N peak load, 5 s

unload) were applied to induce fracture.
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3.2.2.4 Three-point bending tests
Scales were cut into specimens with ~8 mm width, ~3 mm thickness, and ~20 mm
length. They were hydrated and subjected to bending in an Instron 3367 equipped with a

30 kN load cell. A support span of 16 mm and a loading rate of .016 mm/s was applied.

3.2.2.5 Penetration tests

Hydrated scales were polished on the bottom to provide a flat surface. Some scales
were polished on the top surface to remove the ganoine layer. Pressure was applied to the
scales by a steel indenter with a tip angle of 60° and radius of ~300 um. Additionally, an
alligator tooth with a tip radius of 240 um was pressed into an array of scales atop a rubber
foam foundation. In both cases, the load was applied by an Instron 3367 equipped with a

30 kN load cell.

3.2.2.6 Simulations

Finite element analysis was performed using COMSOL. A representative volume
of 1.3 mm by 1.3 mm and 0.3 mm thickness with seven 6.5 um tubules extending through
the thickness was imported from Solidworks. Material properties were extracted from
Yang et al. [107], and the dry gar scale was modeled as a linear elastic solid with a modulus
of 1 GPa while the hydrated gar scale was modeled as a an isotropic elastoplastic solid with
an elastic modulus of 1 GPa followed by a yield stress of 100 MPa and linear hardening
with a tangent modulus of 266 MPa. A physics-controlled mesh of 58,342 tetrahedral
elements was refined near the tubules in order to ensure an accurate solution. A tensile load
of 70 MPa was applied as a step function to the top surface using a stationary solver, while

the bottom surface was constrained to its initial plane.
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3.2.2.7 X-ray microtomography

X-ray computed microtomography was employed to visualize the three-
dimensional morphologies of the gar scale by an Xradia 510 Versa scanner with a voxel
size of 0.96 um. Data was visualized using Amira software.
3.2.3 The hierarchical structure of alligator gar scales

The scales of the alligator gar have two distinct layers, clearly discernable in Figure
3.4a. The white external layer consists of ganoine, which is hard and nearly pure mineral
(hydroxyapatite), and covers 40-70% of the surface of the scale; this partial coverage is
due to the overlap by surrounding scales as well as irregularities including ridges and gaps
throughout. The foundation is a yellow bony composite of hydroxyapatite and collagen.
Three types of scales are required to effectively cover the alligator gar surface,
characterized by shape. Figure 3.4a shows the three scales in the orientation in which they
appear on the fish: Type | scales have an approximately rhombic shape and one serrated
edge pointed towards the back of the fish. They overlap in a regular pattern forming
inclined rows on most of the fish. It is theorized that the serrated edge may slice the skin
of the predator and act as a form of defense as the fish thrashes. The aspect ratio (thickness
to length) is 7.8 + 0.9 and the degree of imbrication (length exposed to total length of scale)
is 0.75 = 0.04. Thus, the scales are thick and have minimal overlap as compared to other
fish scales. A u-CT reconstruction of the morphology of Type | scales is shown in Figure
3.4b-c, with the mineral-dense ganoine shown in green, and the bony foundation in red.
Type 11 scales form the dorsal ridge, where rows of Type | scales from the two sides
converge. Type Il scales are the least common; they have two serrated edges and occur in

the dorsal tail of the fish.
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3.2.3.1 Microstructure of scales

Figure 3.4d shows the fracture surface through the thickness of a Type | scale; the
interface between the ganoine and bone is clearly distinguishable. Similarly, Figure 3.4e
shows a polished cross-section of the Type | scale; the two layers are separated by a saw-
tooth shaped interface. Figure 3.4f shows the external surface of the Type I1l scale near the
serrated edge, where bone remains exposed and some tubules are observed at the surface.
These tubules are covered by ganoine as it grows, a process which continues throughout
the gar’s life. Prior to being fully covered, a crater-like pit forms around the tubule; a tubule
in the process of being covered by mineral is shown in Figure 3.4g. It is also important to
note that ganoine is a true enamel, meaning a layer of skin covers the entire surface of the
scales and continuously deposits mineral in the living fish.

The microstructures of all scale types are comparable. The ganoine has a structure
which consists of regular and distinguishable layers of hydroxyapatite mineral; each layer
is ~30 um in thickness and consists of sub-layers of 2-3 um. Layers are made of bundles
of twisted cross-plied mineral oriented, on average, approximately normal to the scale
surface. These layers are shown in Figure 3.5a, and a close-up of one layer is shown in
Figure 3.5b. This is different from some other ganoid scales; in the Polypterus senegalus,
for example, the ganoine consists of parallel mineral fibers oriented directly towards the
scale surface [147]. This may be due to the widely different thicknesses (Polypterus
senegalus: 10 um vs. Atractosteus spatula: 600 um) of the ganoine layers. Figure 3.5¢c
shows a fracture surface where mineral crystals protrude from the page, showing that they
are oriented normal to the surface of the scale. Figure 3.5d is the external surface of the

ganoine, where small protrusions called tubercles [174] are regularly arranged at ~7 um
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across the surface of the scale. This spacing matches the periodicity and corresponds to the
heads of the mineral bundles, and tubercles result from the speed of mineral deposition

[175].

Figure 3.5: Structure of ganoine layer of the scale. (a) Etched ganoine cross-section reveals mineral layers of
~30 pm thickness. (b) High magnification of a ganoine layer shows crossed mineral bundles, and sublayers
of 2-3 um thickness. Bundles are oriented near perpendicular to the surface of the scale. (c) A fracture surface
of the ganoine viewed from above the scale shows protruding mineral crystals. (d) The exterior surface of
ganoine has tubercles (small rounded reliefs), which correspond to the heads of the mineral bundles.

The bone of the scale consists of mineralized collagen fibrils normal to the scale
surface, embedded in a mineral matrix. These fibrils are visible in Figure 3.6a, where
mineral crystals fill the space between fibrils (close-up shown in Figure 3.6b). Figure 3.6¢
is a high-resolution view of a collagen fibril, where the mineral has nucleated in the
intrafibrillar region of the collagen fibril. Mineralized fibrils are desirable because their

toughness far exceeds that of the hydroxyapatite and collagen constituents, as shown by
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Buehler [74]. Hollow tubules run parallel to the fibrils throughout the thickness of the scale.
Also shown in Figure 3.3f, these tubules are clearly visible in Figure 3.6d, which is a
polished section of the scale as viewed from the normal direction, and visualized using p-
CT in Figure 3.6e. These tubules are vascular channels that deliver nutrients to the skin

covering the scales, but have also been attributed to toughening the dry scale [107].
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Figure 3.6: Structure of the bony layer of the scale. (a) Fractured surface of bone reveals parallel collagen
fibrils. The space between the fibrils is filled with mineral crystals. (b) Increased magnification shows that
the mineral crystals are oriented across the collagen fibrils. (c) High resolution image of a mineralized
collagen fibril. Mineral nucleates in the gap region of collagen fibrils, and the 67 nm banding is retained as
mineral crystals grow. The mineralized surface of the fibril is characterized by flat surfaces and characteristic
angles, which reduce the surface energy of the mineral. (d) SEM of polished section of the bony region of
scale. Vascular channels called tubules are numerous. (e) u-CT reconstruction shows that tubules are parallel
to each other and nearly perpendicular to the scale surface. They run from the base of the scale towards the
outer ganoine surface, where they terminate.
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3.2.3.2 Arrangement of scales and flexibility

The macroscopic arrangement of the scales is key to their effectiveness, allowing
stiff and strong individual scales, reinforced with the crafted microstructures, to flex and
conform to the fish’s body as it swims without sacrificing complete protective coverage. It
also enables a redistribution of stresses from the point of application due to a tooth over a

broader area.

(d)

Normalized Deflection, A/L

a (radians)

Figure 3.7: Geometric flexibility for a stiff scale. (a) Each scale has two directions of overlap; a cut in each
direction is shown by the dashed lines. Overlapping scales hinge on adjacent edges with similar radii of
curvature, as shown in the u-CT cross-sections. Most movement required due to the swimming of the fish is
achieved by the motion shown in i. (b) Scale array bending to create a concave surface. (c) Scale array
bending to create a convex surface. (d) Manner in which scales on fish accommodate the deflection of the
fish body (A). (e) Maximum normalized deflection (A/L) as a function of a for different ratios of scale length
to fish length (I/ L); adapted from Chen et al.[176].
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In order to compensate for their rigidity, the scales are arranged in such a way that
allows geometric flexibility—this is what enables the fish to move as it swims. This is
illustrated in Figure 3.7a: adjacent scales have matching radii of curvature at their
interfaces, which allows for a hinge-like motion on one another as they slide. An array of
scales can be bent both towards and away from the surface, forming convex and concave
surfaces, respectively, while maintaining full coverage, as is shown in Figure 3.7b-c. Figure
3.7 shows scales at the maximum deflections; in their natural configuration, each scale may
form an angle of ~6° with the adjacent scales. This limit is due to the extensibility in the
soft tissues, which connect adjacent scales. The amount of curvature possible is dictated
by the misorientation between adjacent scales and the total number of scales. Therefore,
scales must be sufficiently small to achieve high amounts of curvature on the fish body.
Figure 3.7d shows how deflection (measured by A) is a function of the ratio of scale length
(1) to total fish length (L) and misorientation between scales (). Figure 3.7e plots A as a

function of a, | and L, based on the relationship [176]:

A1l al
™ {1— cos (Eﬂ (25)

During this rotational deflection, the matching curvature of adjacent scales
maintains full protective coverage without the formation of gaps. It is also important that
the scales do not separate from their foundation during curvature. This effect is shown in
Figure 3.8a, and ¢, the gap between scales, may be calculated as a function of scale length
(1) and bending radius (R) through the relationship:

S _ 1 _IE (26)
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As the normalized ratio of R/l decreases, the size of gaps (6//) increases. The relationship

between these parameters is plotted in Figure 3.8b.
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Figure 3.8: Relationship between scale size, deflection, and radius of bending curvature. (a) Schematic shows
the unavoidable separation (8) between flat scales of length (I) on a curved surface with radius of curvature
(R); (b) relationship between R, I, and 3.

Simple flexing of scale arrays is not sufficient. An additional requirement is the
ability to conform to a change in length of ~25%, which is both positive in the outside
surface and negative on the inside, as calculated through measurements of a highly flexed
fish. This dimensionless value is determined from photographs of gars using a simplified
representation, shown in Figure 3.9a. The body of the fish is modeled as a cylinder, and
the maximum strain based on thickness (2r), bending radius (R), and degree of flexing ()
IS:

i R
_ _fl.n.al length _1:( +r)6’_1=L @7)
initial length RO R

gmax

Linear sliding between scales cannot accommodate this large strain due to the small

percentage of overlap between them. Thus, the scales must both slide and reorient in a
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specialized and biomechanically optimal manner that can be decomposed into the three
stages shown in Figure 3.9b-c: increase in length shown by d, which produces tensile
extension but leads to separation between scales; sliding shown by s, which is a vertical
shift and closes the gaps; and lastly a rotation of the scale array of f. These three
components are permitted by the compliance of the connective tissue between the gar
scales and enable the scale arrays to accommodate the significant dimensional changes
required by the movement of the fish. The minor angle of the scales (y) has a significant
effect on the requirements of the scales to rearrange and provide protection. There is a
tradeoff between protection and physiological requirements: a minimal amount of weak
interfaces is optimized as y approaches 90°, but the physiological requirement of
maintaining coverage causes a large amount of sliding (s) to close the separation (d) as y
approaches 90°, while reorientation of the scale array becomes excessively large. With
respect to s and d, y must be sufficiently small in order to be mechanically feasible. This
relationship is:

S
—=tan
d 4

(28)
It is also desirable to maximize the individual scale coverage, hence minimizing
the length of perimeters that create interfaces, which are weaker regions. The reduction in

coverage for a scale of a certain perimeter based on y is:

2
A\nax =— I_ — _l (29)
A I°siny siny

where A is the area of a scale, and | is the length of one side of the scale. Equations 4 and

5 are plotted in Figure 3.9d. As y approaches 0 (elongated scales), minimal s/d ratios result,
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but there is a large reduction in scale area compared to a square scale of the same perimeter.
As y approaches 90°, a nearly square scale optimizes the coverage but leads to infeasible
ratios of s/d and excessive reorientation required of the scale arrays. The rotation of the

scales, p, is equal to:

B=tan™’ (dij =tan™ (Mj (30)

+1 d+l
The optimal value of y lies somewhere in-between; a physiological value is found by
measuring scales, equal to 55°. This value is marked on the plot. A well designed scale
captures effectiveness in coverage and allows for the flexibility of the natural armor. Both

size (I) and shape (y) are important.
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Figure 3.9: The mechanics of gar scales flexing. (a) A simple model of the gar’s flexing, which is used to
calculate the maximum strain that must be accommodated by the gar scales. (b) Translation by the scale to
accommodate strain: d is extension, which lengthens the array but leaves gaps. s is shift, which closes the
gaps formed by d. (c) i: The original array of scales. ii: Translation by d, s. iii: Rotation of 3, which results
in the accommodation of strain (b1>ho) (d) Ratios that effect the scale coverage area (Amax/A) and amount of
sliding required (s/d) as a function of vy; it is desired that both are minimized. 55° is measured from fish as
the value of v.
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3.2.4 Mechanical performance of the gar scale

The mechanical performance of gar scales is summarized in Figure 3.10a [107, 108,
137, 151]; the solid lines show the compression results of ~2 mm hydrated cubes cut from
the bony region of gar scales [107]; characteristic responses are shown in black
(compressed normal to the scale surface) and green (compressed in orthogonal directions
parallel to the scale surface). The compressive strength and failure strain of hydrated
samples vary widely: perpendicular to the surface respective values are 310 + 30 MPa and
~0.3, and in the two in-plane directions strengths are 200 + 30 MPa and 240 + 30 MPa with
strains of ~0.17 and ~0.25. In contrast, the moduli reported by nanoindentation vary by less
than 1% when wet (9.98-10.04 GPa) and roughly 25% (10.9-13.8 GPa) when dry [107].
There are two key findings in these results. Firstly, in-plane mechanical properties of the
scale do not have significant anisotropy due to the reported uncertainties. This is reasonable
as there are no apparent structural features that would lead to in-plane anisotropy.
Secondly, the ultimate strength and failure strain normal to the scale surface under
compression are significantly improved from the two in-plane directions. This is due to
microstructural features including the presence of collagen fibrils and tubules, which
enhance the failure properties, and are discussed thoroughly in Section 3.2.5. However,
these differences are not manifested during nanoindentation, which evaluates small
material regions without tubules and does not induce failure.

Figure 3.10a also shows band plots of tensile curves from tests performed in-plane
with the surface of the scale and highlight differences between the wet and dry responses
[107]. Both exhibit similar stiffness and strength, but there is a notable and important

difference: wet scales experience plasticity in tension, which is due to the breaking and
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reforming of hydrogen bonds between water molecules and collagen fibrils. This occurs
when a critical stress is reached and hydrogen bonds within the scale no longer support the
load. Upon unloading, the plastic strain, which is the strain after the transition, is not
recovered. We find that this bilinear response plays a crucial role in the failure aversion of
the gar scale and discuss this in Section 3.2.5. Dry scales, on the other hand, fail with less
non-linear deformation. Figure 3.10b shows the variation in microindentation and
nanoindentation hardness throughout the (normalized) thickness of the scale [159]. Due to
distinct differences in the structure and composition of the ganoine and bony regions, an
abrupt change (characteristic of ganoid scales [172]) occurs at the interface between the
two. The higher microindentation hardness is in ganoine (2500 MPa) and the lower in the

bony region (around 350 MPa) [137].
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Figure 3.10: Previously reported mechanical properties of the scale. (a) Compressive tests of ~2 mm cubes
in multiple orientations and range of tensile stress—strain curves of wet and dry alligator gar scales tested
along the length of the scale. Note the bilinear response of the wet gar scale. Adapted from Yang et al. [107].
(b) Hardness of the scale. The ganoine outer surface is roughly 6 times harder than the bony part of the scale.
There is little variation within each individual region. Adapted from Chen et al. [137].
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The ganoine exhibits structural anisotropy, shown in Figure 3.6, where twisted
cross-plied bundles of mineral extend towards the surface of the scale. Nanoindentation
was performed and loading was applied in two orientations: inclined to the scale surface
(nearly perpendicular to it), and parallel to the scale surface. The slightly inclined
orientation was chosen so that mappings would span the ~30 pum thick cross-plied mineral
layers, and show corresponding variation in properties. Results indicate that the ganoine is
indeed anisotropic: when loaded in the direction aligned with the plane of the scale, the
reduced modulus (E) is 59 + 6 GPa. In the direction nearly perpendicular to the scale
surface, the stiffness is increased (Er = 67 = 5 GPa). These indentations are shown in Figure
3.11a, with the interface between layers marked. Figure 3.11b shows the gradient in
stiffness across the mineral layer, which is observable in both orientations; these gradients
also result in increased uncertainties. The differences within layers correspond to the
structure and organization of the mineral bundles in each layer, which also contribute to
the toughening of the mineral. High load indents (Figure 3.11c-d) show areas where failure

was induced. The fracture toughness of the two orientations may be estimated [177, 178]:

0.5
E P

where E is the Young’s modulus, H is the hardness, P is the load, c is the half-crack length
(measured from the center of the indent to the crack tip), and A is a fitting parameter, equal
to 0.04 [179]. Although this technique is designed for isotropic and homogeneous
materials, it has been applied for anisotropic and inhomogeneous materials such as enamel
or ceramic coatings where conventional toughness tests are not feasible [180]. The

maximum crack size from 5 N indents perpendicular to the scale surface is ~60 pum, while
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the maximum crack size from 5 N indents parallel to the surface is ~140 um; the
corresponding fracture toughness estimates are 2.8 and 0.8 MPa m*2 which compare well
with tooth enamel (K¢=0.7-1.27 MPa m¥?). This fracture toughness is superior to that of
single crystal hydroxyapatite, and indicates that the ganoine is toughened by the cross-plied
mineral bundles, which are observable throughout. Additionally, the ganoine is 3.5 times
tougher when subjected to indentation from the outer surface, coincident with the loading
which would be applied by a predator tooth, as the microstructure restricts cracking.
Previous fracture toughness measurements performed on the bone region of the scale by
Yang et al. [107] used notched beams to yield fracture toughness crack-resistance curves
in three orientations. The toughness rises to Kj=6 MPa m*?as the crack grows, depending
on orientation. Our toughness values of 0.8 to 2.8 MPa mY? represent the early stages of
crack growth where extrinsic toughening mechanisms start to become operational, and are
consistent with the first part of the fracture toughness crack-resistance curves by Yang et
al. [107].

Three-point bending tests were performed on specimens of the scale that include
both ganoine and bone regions. Two loading directions were used, and results are shown
in Figure 3.12. Significant differences in response between the two directions exist: when
the scale is bent with the ganoine in tension, the maximum flexural stress is 73 £ 6 MPa.
The brittle mineral is not effective at supporting substantial tensile loads and failure
originates in the ganoine. In contrast, the ganoine has a high compressive strength and,
when loaded in compression, the maximum flexural stress increases to 160 + 20 MPa. This
coincides with the functional requirements of the gar scale and many other armors, where

attack and pressures occur from the exterior and a hard outer surface exists to prevent
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penetration, but a more compliant foundation capable of supporting tensile loads is
required. In the gar scales, the ganoine is in compression and the bone provides the required

tensile strength.
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Figure 3.11 Nano indentation of ganoine normal to and parallel to the scale surface. (a-b) The variation of
modulus corresponds to the layers of ganoine. (c) In the transverse direction of the scale, a high load indent
causes cracks to grow; crack semi-length, c, is marked. (d) In the normal direction to the scale, smaller cracks
caused by a high load indent correspond to an increased toughness.

Penetration tests were performed using a steel indenter with a 300 um tip radius on
individual scales with and without the ganoine layer, in order to determine its contribution.
The ganoine layer was removed just beyond the interface of the two layers by careful
polishing to prevent the introduction of damage. The results, shown in Figure 3.13a, are
surprising. The presence of ganoine against a steel indenter produces a slight decrease in
the maximum force. In each case, the force to failure still remains sufficiently high to defeat

predators as over 1,500 N is required to cause failure. For comparison, large alligators may
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have a bite force of up to 10 kN, which is distributed among the ~80 teeth in the alligator’s
mouth [172]. It is difficult to evaluate the force per tooth because this depends on the
relative size of fish and alligator mouth. We assume, to a first approximation, that one third
of the teeth are in contact. This gives an average force per tooth of up to 375 N. One
possible explanation for this behavior is that the localized penetration resistance decreases
slightly with the ganoine layer but the flexure strength increases.

An additional penetration test performed with an alligator tooth is shown in Figure
3.13Db, which results in the failure of the tooth at 500 N. The cracking of the alligator tooth
is induced by the hardness of the ganoine layer, which prevents deformation and a
distribution of the load across the alligator tooth. This shows that, with the ganoine layer,
the gar scale is sufficiently strong to withstand local loads due to alligator bite force.

Additionally, the hardness of ganoine may play a role in inducing the failure of teeth.
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Figure 3.12: Three-point bending of scale with ganoine and bony layers along two opposite directions.
Bending tests produce tension on the convex face, and compression on the concave face. When the ganoine
side is subjected to compression, higher flexural stresses and strains are achievable. This is due to the
ganoine’s compressive strength, and the bone’s ability to resist high strains. The ganoine’s weakness in
tension decreases the flexural strength.
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The sequence of images shown in Figure 3.13c shows an array of scales deformed
to accommodate the movement caused by the pressure on a central scale. A compliant
foundation mimicking the flesh of the animal was used. The alligator tooth is embedded in
the tip of a threaded rod, and pressure is initiated at (i). When the force reaches 500 N, the
alligator tooth fractures (ii). Upon removal of the force (iii), the array of scales returns to
the flat and undeformed state. Through linkage with adjacent scales, the load is distributed
from the point of application, reducing pressure and damage to the underlying soft tissues.
Figure 3.13d indicates how the pressure from indentation leads to flexural loadings, and

shows how the ganoine may be beneficial in this regard.
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Figure 3.13: Penetration of individual scale by steel and alligator tooth. (a) Sections of scale both with and
without the ganoine layer are indented by a steel tip. Scales without ganoine frequently experienced
additional penetration, compaction, and higher failure forces. In contrast, scales with the ganoine layer
showed a reduced penetration at any force, but also slightly reduced failure loads. (b) Load vs. penetration
of gar scale array by a young alligator tooth with a tip radius of 240 um. Foam beneath the array simulates
flesh. Tooth failure occurs at 500N, which is significantly less than what the scale is capable of withstanding,
as illustrated in (a). (c) Sequence of scale penetration. i: undeformed scales. ii: scales conforming to the
pressure of the tooth. iii: tooth fails. (d) Schematic representation of cooperative motion of scales linked by
connective tissue in response to load P.
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3.2.5 Failure aversion strategies in the gar scale

There are three regions in the single gar scale where key failure aversion features
occur: 1) in the ganoine, where cracks initiate during predatory attack; 2) at the interface
between the ganoine and bone; 3) in the bone region, which is the last stage of crack
propagation, the fracture of which leads to complete failure of the scale.

Penetration tests into the ganoine reveal robust toughening features. Figure 3.14a
is an indent caused by penetration of a steel indenter into the ganoine surface of the scale.
After loading to 1000 N, damage to the ganoine is apparent as some crushing takes place,
but the cracks do not propagate through the thickness of the scale. Cracking occurs directly
beneath the indenter, and some cracks radiate out from the indenter but are contained within
the ganoine layer. This is directly related to the fracture toughness, which is enhanced by
the twisted cross-plied mineral, and a likelihood of multiple cracking within the ganoine,
as observed in the conch shell [181]. Similarly, in a compression test of a portion of the
scale with the ganoine layer intact (Figure 3.14b), failure occurs in the ganoine layer but
does not propagate to the interface with the bone layer. Close observation of the failure
surface of ganoine (Figure 3.14c) shows that, as cracks progress, they must twist and
deflect since they follow the interfaces of cross-plied mineral bundles. This deflection
toughens the mineral and inhibits the propagation of cracks, which are often arrested prior
to penetrating the mineral layer. Figure 3.14d shows the containment of a crack in the

ganoine layer.
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Ganoine

Figure 3.14: Toughening of the ganoine region. (a) Cracking of ganoine from penetration test loaded to 1000
N shows partial mineral failure, while bone remains intact. (b) Failure of ganoine during a compression test:
failure is contained within the ganoine and does not propagate to bone. (c) Fracture surface of ganoine shows
cross-plied mineral bundles that provide toughening. (d) A crack is arrested in the ganoine.

The ganoine in the gar scale has the robust ability to arrest cracks, but this is not
always sufficient. Figure 3.15a shows a crack, which originated during a three-point
bending test and progressed through the ganoine into the bone. Material mismatch between
two regions may cause crack deflection at the interface, based on Dundurs’ parameters
[182]. Imbeni et al. [183] present a solution for linear elastic materials based on the first

El_EZ

Dundurs’ parameter, « =
E +E,

, and the magnitude of material toughness on each side

of the interface, % . For the case of a crack penetrating from ganoine towards bone,
2

a=0.71 and G1/G»=0.17, indicating that cracks originating in the ganoine and arriving at
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the interface are well within the regime in which deflection is expected. Figure 3.15b shows
a crack that arrives at the interface and is deflected along the border. The interface has a
saw-tooth shape that directs cracks towards the mineral layer where it is either arrested by
the robust toughening mechanisms within the ganoine or returns to the interface; this

process may repeat and is shown in Figure 3.15c.
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Figure 3.15: Interfacial toughening via crack deflection. (a) Large cracks penetrate through the ganoine and
bone. (b) Magnified view of the interface in (a). Upon arrival at the ganoine-bone interface, cracks are
deflected along the interface and, dependent on loading, may also continue into the bone. (c) Upon
encountering the saw-tooth ridges in the interface, cracks are deflected into the ganoine where the toughening
features within attempt to arrest the crack.

With sufficient load, the bone will also crack. Energetically, it is expected that
cracks propagate straight through the scale, along tubules (shown in Figure 3.6), which
create stress concentrations. Figure 3.16a-b shows an actual cracking path and overall

jagged fracture surface, which results in a significant increase in the energy required to
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progress the crack. This meandering, possibly caused by the orientation of mineral crystals
in the bone (shown in Figure 3.16c), forces cracks to traverse highly mineralized fibrils
with exceptional toughness, strength, and elasticity. This closely aligns with the results by
Yang et al. [107], which indicated that fracture toughness is enhanced for orientations
where fibrils span the crack wake. Figure 3.16d shows one instance where collagen fibrils

bridge a crack and aid in stopping propagation.

Figure 3.16: Toughening features of bony region: mineralized collagen fibrils. (a) The crack path as it
penetrates through the bone layer is jagged. (b) The fracture surface of a hydrated scale. (c) A collagen fibril
is shown with mineral crystals oriented across the fibril. This orientation is found throughout the scale. (d)
Collagen fibrils stretch across a crack and prevent its propagation.

The role played by the tubules in the dry scales is well documented by Yang et al.
[107] who notes that in dry scales cracks are deflected between tubules, leading to an

enhanced fracture resistance through crack meandering. This causes the dry brittle material
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to have similar and sometimes superior properties to the wet material, where these
toughening effects do not occur. These results are shown in Figure 3.17a-b. Due to the
typically hydrated state of the gar scales, finite element simulations were performed, in
order to observe the effects of the tubule in wet and dry scales. The results, shown in Figure
3.17c-d, confirm the high stress concentrations in the vicinity of tubules in the dry state.
Elastoplastic (simulating the wet scale) and linear elastic (simulating the dry scale)
responses applied to the material are shown in Figure 3.17e. Due to the linear elasticity of
the dry material, the stress concentration around tubules closely corresponds with the

relationship &__ =3c

woptied - Omax = 201 MPafor o . . =70MPa. The stress distribution
is inhomogeneous and high stresses at the edges of tubules induce failure. Crack tips tend
to orient towards the direction perpendicular to the maximum normal stress, although in

this case attraction to the intense stress around tubules leads to meandering. “Wet”

simulations incorporate the elastoplastic response of the material; this leads to a situation

Where O-max < 30-applied :

O, =124 MPa for &

opiea = 70 MPa. The elastoplastic response
reduces the stress intensity by 38%, while regions of high strain form around tubules (15%
vs. 11%), absorbing strain energy. These calculations explain the previous results by Yang
et al. [107], confirming that the stress concentrations at the tubules direct the crack tip
towards them and thus is a toughening mechanism. This does not occur in the wet scales,
where simulations indicate that intrinsic toughening due to the plasticity of the bone

operates in the vicinity of tubules. The reduction of stress intensity around tubules results

in @ more homogenous distribution of stress. Therefore, an overall high value of strain is
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achieved prior to the material reaching failure, and an exceptional toughness as measured

by the area beneath the tensile stress-strain curve in Figure 3.10a.
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Figure 3.17: Toughening features of bony region: tubule effects. (a) A crack in a dry scale progresses by
jumping from one tubule to the next. (b) A crack in a wet scale progresses without strong influence of the
tubules. Adapted from Yang et al. [107]. (c-d) Simulations calculate stress in the presence of tubules when
wet and dry. Stress concentrations around dry tubules correspond closely with 3 times the applied load, while
stress concentrations around wet tubules are reduced by 38%. (e) The material responses applied for the
elastic and elastoplastic responses.
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3.2.6 Summary

The goal of studying natural armor is to understand key features for potential
incorporation into superior protection for personnel and equipment. Being in a hostile
environment demands an effective armor capable of withstanding projectiles and impacts
without inhibiting mobility. Tactical advantages are provided by advanced robotics, and
armor which allows for flexibility is key to the protection of both human and machine.

This work extends the earlier contributions of our own group [107, 137], which
focused solely on microstructural features, and reveals design principles on the micro and
macroscales. These features are currently in the process of being incorporated into
synthetic scale-inspired flexible designs: at the microscale, key features lead to the required
material properties such as toughness and strength. At the macroscale, geometry provides
the required coverage and flexibility while minimizing weaknesses. The following are the
principal findings:

e The arrangement of scales in the quasi-cylindrical body of the gar makes an angle
of y=55° with the longitudinal axis. Upon flexing, one side of the gar is stretched
while the other is compressed. Both sliding and rotation, necessary to permit the
length changes, are quantitatively expressed as a function of the flexing radius of
the fish. Calculations show that the angle y=55° is a compromise between coverage
area per tile and sliding/rotation on stretching.

e The scale, placed on a muscle simulant, was subjected to the increasing force of an
alligator tooth. The scale resisted a bite force of 500 N, and the tooth broke. The
radius of the tooth and maximum bite force depend on the mass and nature of the

predator, but it is clear that the hard ganoine layer is effective in producing fracture
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of the tooth. Bending tests show that the flexural strength shows a considerable

asymmetry; the orientation corresponding to attack (compressive force by an

external load) is significantly enhanced.

e Toughening features exist in each layer of the scale. In the outer ganoine, twisted
cross-plied mineral enhances fracture toughness and arrests cracks. The
microstructural arrangement of the composite bone lengthens crack paths and
utilizes the tough collagen fibrils. The saw-tooth interface between the two layers
is designed to deflect and arrest cracks.

3.3 The protective scales of Arapaima gigas
3.3.1 Background

Natural protective layers, exhibited by seashells, fish scales, turtle carapaces,
armadillo and alligator osteoderms, have developed and refined over hundreds of millions
of years through a process of convergent evolution [108]. These biological materials have
hierarchical architectures and exhibit excellent properties with complex mechanisms of
failure avoidance. They are inspiring man-made structural materials that are lightweight
and demonstrate outstanding toughness; good examples are nacre-inspired, freeze-cast
structures [139, 141, 184].

Dermal protection of animals ranges from rigid to flexible. Flexibility enables
mobility while rigid components maximize protection. Fish scales uniquely combine these
two traits, and can be classified into four groups: placoid [143, 185], ganoid [107, 147],
cosmoid [154, 186, 187] and elasmoid (cycloid and ctenoid) [109, 171, 188, 189]. Yang et
al. [108] reviewed the four types and provided a schematic drawing of their morphologies

as well as their connection mechanisms. Placoid scales are denticles, or small modified
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teeth, which cover the cartilaginous fish’s skin. They give the skin a rough feel, and may
contribute to favorable water flow while swimming. Ganoid scales are recognized by a
thick surface layer of enamel or ganoine, on top of a dentin or bony base. Cosmoid scales
consist of a double bone layer, comprising lamellar and vascular bone; the outer layer is
considered as a dentin-like cosmine. Elasmoid scales are thin, lamellar collagenous plates.
Cycloid scales are composed of concentric rings and ctenoid scales are composed of
fringed projections along the posterior edge. In fish, scales are lightweight and enable
flexibility to swim, yet are sufficiently rigid to provide protection from predators.

Most fish scales have similar constituent materials: calcium-deficient
hydroxyapatite (HAP) and type I collagen fibrils [137, 190, 191]. The mineralized collagen
fibrils form different architectures, such as the plywood (Bouligand-type) structure [110,
192, 193] or, in the case of ganoid scales, a bony structure with a complex structure
interlaced with HAP crystals [107, 147]. Additionally, scales commonly exhibit a
composite or graded structure with hardness decreasing from the outer to the inner layers.

Studies on the penetration of scales using either real teeth or simulated indenters to
mimic fish bites provide a good estimate of the effectiveness of the scale’s complex
structure. Zhu et al. [109] penetrated single scales of striped bass (Morone saxatilis) with
a sharp indenter, and analyzed the sequence of events, dividing it into three stages: elastic
deflection of the scale, fracture of the mineralized layer and penetration of the collagen
lamellae. Meyers et al. [159] penetrated the arapaima scale with a real piranha tooth since
piranha is the major predator to arapaima in the Amazon River; despite being twice the
hardness of the scales, the tooth failed to penetrate them. Zhu et al. [149] found that

overlapping three scales essentially multiplies the puncture resistance by three. Friction
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between the scales is negligible, and therefore does not generate additional resistance to
deformation or puncture, regardless of the arrangement of the scales. The force dispersal
from scales prevents unstable localized deformation of the skin and damage to underlying
tissues. Finite element modeling of the penetration into ganoid [148] and elasmoid [173]
scales was conducted to establish the interactions between tooth sharpness, scale flexibility
and other parameters.

It was established by Lin et al. [110], Meyers et al. [159] and Zimmermann et al.
[153] that the structure of the arapaima scale consists of an external layer with a highly
mineralized, rough surface and inner foundation of collagen layers organized in a
Bouligand-type structure with lamellae (~50-60 um thick for each) of parallel collagen
fibrils in different orientations. However, the understanding of the fundamental
mechanisms of deformation and damage avoidance in elasmoid scales is still incomplete.
The objective of this work is to present a comprehensive evaluation of the mechanisms
governing the strength, ductility and toughness of the scales of the arapaima fish (Figure
3.18a) through three complementary methods: experimental, analytical and computational.
The damage mechanisms of the penetration by teeth are identified and quantified through
controlled experiments. The principal experimental method is the in situ observation of the
deformation of a scale. This is supplemented by an analysis based on the interaction

between the different lamellae and by molecular dynamics (MD) calculations.
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Figure 3.18: Arapaima fish and its scales. (a) Arapaima fish with overlapped scales on its body; (b) close-up
of the overlapped scales (darker regions were exposed, lighter regions were covered by other scales) showing
longitudinal and transverse directions of specimens for tensile tests; (c) scanning electron micrograph of the
cross-section of a scale (note that the small cracks in the collagen layer are artifacts, formed when the scales
dried out in vacuo; (d) schematic drawing of the structure of the arapaima’s scale: the outer layer is highly
mineralized, whereas the inner layer has different orientations of collagen fibrils arranged in lamellae; (e)
tensile failure region of the lamellae: a1 = 87°, a2 = —34°, as = —69°, as = 67°. The yellow ellipse in (e) shows
two events where lamellae separate leading to changes in the angle.
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3.3.2 Methods

The arapaima scales (Figure 3.18b), which typically are 50-120 mm in size, were
characterized using a range of experimental procedures to determine their structure and
mechanical performance. In particular, indentation and tensile tests were performed on
whole scales and on the collagen layer alone (after removing the outer mineral layer) to
establish the individual function as well as deformation and fracture mechanisms in each
layer. Additionally, the local behavior of the collagen was investigated using in situ small-
angle X-ray scattering (SAXS) studies during uniaxial tensile testing; this behavior was
also analyzed using MD techniques to quantitatively predict the controlling damage
mechanisms in the inner layer.
3.3.2.1 Characterization of scales

The structure of the scales, as well as failure mechanisms and distribution of
damage after mechanical testing, were investigated in an FEI SFEG ultrahigh-resolution
scanning electron microscope (SEM; FEI, Hillsboro, OR), Veeco scanning probe
microscope (Veeco, Plainview, NY) and an FEI Tecnai 12 transmission electron
microscope (TEM) operating at 120 kV. All samples for SEM characterization were

sputtered with iridium prior to observation.

3.3.2.2 Penetration and indentation

The penetration resistance of the entire scale including the external layer was
examined using an Instron 3367 mechanical testing machine (Instron Corp., Norwich, MA)
with a load cell of 30 kN. The scales in fish are in general designed to resist penetration by
teeth. In the case of the arapaima scales, this necessity is extreme due to the sharp teeth of

their principal predator, the piranha. It was demonstrated by Meyers et al. [159] that the
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piranha tooth is unable to penetrate through the scales without being arrested or broken by
the highly mineralized external layer of the scale. A piranha tooth was removed from the
fish’s head and attached to the upper punch in order to indent the entire arapaima scale
(through the external layer), which was glued on a synthetic rubber layer with a
compressive elastic modulus of ~10 MPa attached to the lower punch. The low modulus
of the rubber simulates the flesh under the scale, which was established by Meyers et al.
[159]. The penetration tests were performed at a displacement rate of 10 mm min2.
Indentation of the inner layer (lamellar structure without mineralized surface) was carried
out using an indentation load of 1 kgf and a holding time of 10 s using a LECO M-400-H1
(LECO, Joseph, MI) hardness testing machine. Both types of penetration/indentation tests

were performed on wet scales (kept in water at 25 °C for 12 h).

3.3.2.3 Tensile behavior

Using a surgical blade, 15 x 2.3 mm tensile samples were cut in two orientations
(Figure 3.18) from the scales with thickness of 0.6-1.2 mm. The outer layers of some
samples were removed using silicon carbide polishing paper of 180#-2500#, leading to
final thickness between 0.6 and 0.8 mm (Figure 3.18b). In order to prevent slippage, the
ends of the samples were glued between sand paper sheets using cyanoacrylate glue,
resulting in a gauge length of ~8 mm. Uniaxial tensile tests were carried out on an Instron
3342 mechanical testing machine (Instron Corp., Norwich, MA) with a load cell of 500 N
at a strain rate of 102 s™* immediately following the removal of samples from fresh water,
where they were kept prior to testing. The tensile results were expressed in terms of

engineering stress—strain curves. The ultimate tensile stress, uniform elongation (strain at
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maximum stress) and the toughness, as measured by the area beneath the stress—strain

curves, were established.

3.3.2.4 Insitu observation under tensile loading

To discern the salient energy absorbing mechanisms during penetration and to
visualize the distribution of damage and corresponding resistance to cracking, both
rectangular tensile samples and single-edge notched tension (SE(T)) samples, with and
without the mineral layer, were prepared in the longitudinal direction with an 8 mm gauge
length using the same dimension and procedure as in the prior section. The notch in the
SE(T) samples was first cut using a diamond blade and sharpened by polishing with a razor
blade irrigated in 1 um water-based diamond suspension; the resulting micro-notch had a
depth of approximately half the specimen width with a consistently sharp root radius of ~5
pm.

Uniaxial tension tests were performed at 25 °C in an environmental Hitachi S-
4300SE/N (Hitachi America, Pleasanton, CA) SEM under wet conditions. To minimize
any dehydration, the samples were soaked in water for at least 12 h prior to testing. Testing
was performed at a displacement rate of 0.5 mm min using a Gatan Microtest 2 kN
bending stage (Gatan, Abington, UK) inside the SEM; the samples were imaged in electron
back-scatter mode under variable low pressure conditions at a vacuum of 35 Pa. Such low
pressure is often used for biological materials to limit the effect of dehydration and keep
the properties of the material relatively unaltered; however, while the outer surface of the
scale generally slightly dehydrates, the interior remains wet until exposed. Due to the
excessive deformation during testing, as well as constant and significant relaxation during

imaging, a reliable measurement of load and displacement could not be obtained;
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consequently, the stress—strain curves, fracture toughness and crack-resistance curves (R-

curves) could not be measured.

3.3.2.5 Small-angle X-ray scattering

Rectangular samples, 15 x 1 mm in size with ~0.6 mm thickness and gauge length
of 10 mm, were sectioned with a razor blade using the same polishing procedure described
above. The scales were hydrated in water for 12 h prior to mechanical testing.

The hydrated samples were loaded in uniaxial tension and exposed to X-rays at
beamline 7.3.3 at the Advanced Light Source (ALS) synchrotron at the Lawrence Berkeley
National Laboratory (Berkeley, CA). The mechanical tests were performed with a custom-
made rig using a 10 mm displacement stage and an Omega LC703-10 load cell, calibrated
to 45 N, to measure the force; this set-up permits SAXS data collection to be recorded in
real time with the simultaneous measurement of the load-displacement curve. The
mechanical tests were performed at 25 °C at a displacement rate of 1 um s, on hydrated
samples maintained through the use of a hydration cell comprising a strip of cellophane
held to the sample through capillary action of a few drops of water.

A Pilatus 1 M detector (Dectris Ltd, Baden, Switzerland), used to collect the SAXS
data, was located at the largest allowable distance from the sample (~4 m) to permit
detection of the fine changes in the collagen peak positions. The sample was exposed to X-
rays for 0.5 s at ~5 s intervals during mechanical testing; exposures were in the less than
20 kGy range, below a level that would adversely degrade the tissue [194]. Further details

concerning the data collection and analysis are given in Zimmermann et al. [153].



104

3.3.2.6 Preparation of TEM specimens

The preparation procedures used for biological specimens involved a number of
stages. The arapaima scales were first immersion-fixed in 3% glutaraldehyde in 0.15 M
sodium cacodylate buffer (pH 7.4) for 4 h, and then post-fixed using 1% OsO4 solution
with 8% potassium ferrocyanide in 0.15 M sodium cacodylate buffer for 12 h at 4 °C. The
scales were subsequently stained with 2% aqueous uranyl acetate for 12 h and dehydrated
with an ascending ethanol series (50, 70, 90 and 100%), followed by a 1/1 ratio of 100%
ethanol and 100% acetone and finally 100% acetone. Samples were then embedded in
Spurr’s low viscosity resin and polymerized at 60 °C for 48 h. Samples were subsequently
sectioned perpendicular to the scale surface to generate slices 80-200 nm thick using a
Leica Ultracut UCT ultramicrotome (Leica, Wetzlar, Germany) and a Diatome diamond
knife (Diatome, Hatfield, PA). The sections were post-stained with 1% uranyl acetate for
10 min and Sato lead for 1 min. At this stage they were ready for examination in an FEI

Tecnai 12 TEM at 120 kV.

3.3.2.7 Preparation of atomic force microscope specimens

The lamellae with a thickness of ~200 um were peeled off from the inner layer of
arapaima fish scale. The inside peeled surfaces of the lamellae samples were probed in
water with a Veeco scanning probe microscope using the SNL-10 Bruker tips (Bruker,
Billerica, MA).
3.3.2.8 MD analysis

A MD model, based on a simple elastic network model [113, 114], was used to
theoretically investigate the mechanisms of the deformation and delamination in the

arapaima scales under uniaxial tension. This model does not take the fibrils as elements but
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rather considers the larger collagen fibers to better simulate the response of the lamellae.
Based on Lin et al. [110], the initial inter-bead distance is ro = 1 um, which is the same as
the average diameter of the collagen fiber dc. Each collagen fiber is modeled as a series of
beads connected by harmonic springs. Since the density of the collagen is 1.34 x 10° kg
m~3, the mass of each bead is equal to 1.05 x 10*° kg. The total deformation energy of the
simulation system is given by:

U

=U; +U,; +U (32)

total weak *

As the total energy (Urwotal) is given by the sum over all pair wise (Ur), three-body

(Us) and weak inter-fiber interactions (Uweak) Where U, =Zpairgar(r),UB :Z s (0)

triplets

and U, = Zm @ueax (1) With @1(r) as the energy of inter-bead spring in tension, ¢s(6)

as the energy of angular spring in bending and interaction energy of inter-fiber beads. Here
o1(r) = K(r — ro)? is the energy of each inter-bead spring in tension, where K is the stiffness

of the springs is assigned according to K = EA/2r, (estimated value of the Young’s

modulus of collagen fiber, E = 2 GPa) and A=xzd?/4 is the cross-section area of the
collagen fiber. An angular spring between two neighboring springs is used to define the
bending stiffness of the collagen fiber, and its energy is given by gg(6) = Ks(@ — )%, where
the bending stiffness of the thread is given by:

K, = El, /(2r,) = Exd® / (128r,), (33)
where It is the area moment of inertia of the cross-section. The inter-fiber interaction is

denoted by:

P () =40/ 1)2 (o] )", (34)
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where Uis the interaction energy between two inter-fiber beads that is given by U =d 1y

as y is the surface energy of the collagen fibers, and o =d, 18/2 decides the equilibrium

distance between two neighboring collagen fibers, which equals d for this selection. To
ensure that the collagen fibers only interact with their nearest neighbors, the cutoff of the
interaction is set as reutotf = 1.5dc.

The model of the arapaima scale is composed of multiple layers of parallel collagen
fibers [110] making specific angles which were found to vary from 35° to 85°. Considering
that the mean angle between two neighboring lamellae is ~60°, it suffices to model three
lamellae with 60° (one centrally sandwiched between two lamellae) to capture the most
important events. For simplicity, each lamella is modeled by three layers of collagen fibers
that initially align in the same direction; the thickness of each lamella is ~3 pum. This is
much lower than the actual lamellar thickness, ~50 um, but sufficient to capture the
essential phenomena since we also include the periodic boundary conditions in the
direction perpendicular to the lamellae.

We applied a uniaxial tensile strain to deform the entire multi-lamellar film in a
quasi-static way. For every deformation increment, we applied a uniaxial strain of 0.004 to
the model, fixed the single layer of beads at the two ends of the lamellae along the pulling
direction and carried out energy minimization and equilibrium for 20,000 integration steps.
We recorded the total force applied to the beads at the boundaries and obtained the stress—
strain curve of the material during deformation. We also monitored the deformation of all
the collagen fibers during the entire loading process. This model enabled a systematic

investigation of how different mechanical and geometric characteristics of the arapaima
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scale influence its response to loading, e.g. the angle between two lamellae, the inter-fiber
interaction strength and the stiffness of a single collagen fiber.

3.3.3 Results

3.3.3.1 Structural Characterization

The cross-sectional structure of the entire arapaima scale is shown in Figure 3.18c.
Three parameters can be used to describe the geometrical characteristics of scales [195]:
aspect ratio (= total length/thickness), degree of imbrication (=exposed length/total length)
and the angle of scales with the surface plane. The (elasmoid) scales of this fish have an
aspect ratio of ~50 and a degree of imbrication of 0.4 (Figure 3.18a-b). They consist of
hydroxyapatite and type | collagen arranged in two distinct layers: a rough, highly
mineralized, outer layer and a poorly mineralized collagen inner layer (Figure 3.18c). Our
group [110] performed Fourier transform infrared spectroscopy, which showed several
strong absorption peaks, similar to previous studies [150, 189]. The absorption peaks at
1637, 1546 and 1239 cm™* are the three characteristic peaks which correspond to amide |,
amide 1l and amide Il of type | collagen, respectively. Lin et al. [110] present a table
comparing the peaks. There are also peaks at around 1000 cm™, which represent the
phosphate groups at 872 cm™, peaks at 1401 and 1450 cm™ correspond to carbonate
anions. Within the inner layer, the fibrils align parallel within layers called lamellae that
have a characteristic thickness of 50-60 um [110, 150]. Neighboring lamellae are rotated
to form a twisted plywood structure similar to that proposed by Bouligand [196]; we refer
to this as the Bouligand-type structure (Figure 3.18d). Figure 3.18e shows the extremity of
a specimen that was stretched until complete failure (strain ~0.3); the arrangement of the

different orientations of collagen fibrils in the Bouligand-type structure is clear. Collagen
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lamellae are labeled from the outside to the inside as A to E. It is apparent that the angles
between the fibrils of adjacent lamellae are not equal, as would be the case for the classical
Bouligand structure. Using the nomenclature defined in Figure 3.18e, these angles are: a1
=87°, a2 =—35° a3 = —70° a4 = 67°, i.e. displaying an irregular orientation which varies
from lamella to lamella.

The properties of the scales are highly dependent on the level of hydration [110],
due to the effect of water molecules on the bonding between fibrils, as computed by
Gautieri et al. [34]. The calculated density of collagen decreases from 1.34 t0 1.19 g cm™
with hydration and is accompanied by a decrease in the Young’s modulus from 3.26 to 0.6
GPa.

Figure 3.19 shows the individual collagen fibrils imaged by TEM and atomic force
microscopy (AFM). The fibrils imaged in Figure 3.19a are not equiaxed because the foil
plane is not exactly perpendicular to the fibril axis. The fibrils, initially cylindrical, become
faceted because of the necessity of tight stacking and the lamellar orientation. In Figure
3.19b two fibril orientations from two adjacent lamellae are imaged. The fibrils in the left
image are close to perpendicular to the foil plane; the ones in the right image are close to
parallel. The interface between lamellae with different orientations is abrupt, i.e. there is
no gradual transition stage. The fibrils are cylindrical and arranged in the most compact
fashion. The surfaces at which adjacent fibrils touch are somewhat flattened, enabling a
tighter stacking. The apparent period in the collagen fibrils measured in the TEM
micrograph of Figure 3.19b is ~50 nm. The banding consists of three white radial lines,
due to the fact that the foil thickness (60—200 nm) can exceed the fibril diameter. Thus, two

or three fibrils may simultaneously be imaged, creating the unusual pattern. The d period
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of the collagen in the right side of Figure 3.19b is less than the expected value of 67 nm.
This indicates that this lamella is not parallel to the foil plane but at an angle. Assuming a
d period of 67 nm, one obtains an angle between the fibril and the foil of 42°. Assuming
that the fibrils on the left are perpendicular to the foil axis, the angle between the two

lamellae is (90-42) = 48°, confirming that the angles between adjacent lamellae vary.

Figure 3.19: Characterization of collagen by (a-b) TEM and (c-d) AFM. (@) TEM image of the foil plane
inclined to fibril axis; the smallest dimension of the fibrils is ~100 nm. (b) Two orientations of fibrils are
shown: on the right-hand side the fibrils are inclined to the foil plane showing d bands of 50 nm (projected
value of 67 nm), on the left-hand side the fibrils are close to being perpendicular to the foil. Note the regular
fibril diameter, ~100 nm. (c) AFM of parallel fibrils. (d) Higher magnification AFM showing 67 nm d bands
and tridimensional rendition of fibrils in the insert.
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AFM corroborates the TEM characterization and provides additional detail (Figure
3.19c¢-d). Since the fibrils were peeled from the scale and the AFM tip provides an accurate
representation of the surface, the d banding observed is the actual value of 67 nm. This is
shown clearly in Figure 3.19d. The three-dimensional rendition in the lower left hand

corner of Figure 3.19d shows that the fibrils are indeed cylindrical.

3.3.3.2 Protective function of the entire scale against penetration

The penetration of the scale by a piranha tooth (Figure 3.20a-b) is severely
hampered by the mineral layer, amounting to a ~1 mm deep indentation into the scale
under a 1 kgf load applied for 10 min, with relatively minimal damage around the indent
(shown in Figure 3.20a). The surroundings of the indent were damaged more seriously due
to the severity of load concentration and serrations on the edge of the teeth (shown by the
detail in Figure 3.20a). Two orientations of collagen fibrils were exposed at the wall of the
indent (circular line in Figure 3.20a) as the external layer became damaged (Figure 3.20b);
the fibrils are delaminated, fractured and change orientation (Figure 3.20b); these processes
permit the internal collagen layer to dissipate energy during penetration.

Figure 3.20c-d shows the damage from penetration of a microindenter in the
collagen layer (without the mineral layer). In the vacuum of the SEM, the collagen layer
dries and shrinks, and separation between collagen fibers becomes evident, which is not
characteristic of the intact, water-saturated scale. Nevertheless, the damage mechanisms
around the indentation can still be clearly seen. Different orientations of collagen fibers are
observed at different levels. The potential indentation region is marked by the dashed
square in Figure 3.20c. Collagen fibers are bent and fractured through the action of the

indenter, but the overall effect of the different lamellar layers is to localize damage to the
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immediate vicinity of the indenter, without propagation throughout the scale. The failure
of the collagen fibers is preceded by deflection, stretching and necking, characteristic of

significant inelastic deformation prior to failure (Figure 3.20d). As a result, crack initiation

and propagation are avoided.

Figure 3.20: Penetration of the arapaima scale by a piranha tooth and microhardness indenter. (a-b)
Penetration of the scale by a piranha tooth from the outer layer towards the inner layer. (a) Entire penetration
indent of the scale; cracks were deflected and arrested at orthogonal cracks caused by fracture of the mineral
(red arrows), with more serious damage at the corner of the penetration. (b) Collagen fibrils exposed from
the damage of the mineral observed from the circled region in (a). (c-d) Penetration of collagen layers by a
microhardness indenter; the original indentation is shown by the dashed square; the fibers are displaced but
the gaps on the samples are due to dehydration in the vacuum of the SEM, the ellipse in (d) is the region that
was produced by the indenter tip.
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3.3.3.3 Tensile mechanical behavior of scales
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Figure 3.21: Uniaxial tensile stress—strain curves of the scales (solid lines) and of the collagen layers with
mineral removed (dashed lines). Tests were performed at a strain rate of 1072 s* in the (a) longitudinal and
(b) transverse directions, as defined in Figure 3.18.

Figure 3.21 shows the uniaxial tensile response of the entire scales and the
collagenous lamellar layer (after removal of the external mineralized layer) in the
longitudinal and transverse orientations defined in Figure 3.18b. Three specimens were
tested in each condition. Additionally, the tensile response of the collagenous lamellar
layer, including the load-time curve and the behavior of collagen fibrils in different
lamellae, was also determined in the SAXS tests, as discussed in the results section. Based
on these tests, the following results can be deduced (deformation mechanisms are discussed
in the results section):

a. The strength of the scales is ~50% higher in the longitudinal than in the transverse
orientation, indicating that the lamellae are not distributed to produce in-plane
isotropy. Contrary to our results, Zhu et al.’s [149] measurements on striped bass
show that specimens with an orientation of 45° or 90° to the longitudinal axis of
the fish have higher strengths (~60 MPa) than the 0° orientation (~40 MPa). This

shows that in-plane anisotropy exists in both the cycloid and ctenoid scales. The
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strength of the scales including the mineralized layer in the longitudinal direction

(23.6 MPa) is considerably higher than in the transverse direction (14.2 MPa)

shown by Table 3.1.

Table 3.1: Uniaxial tensile testing results for the entire scale and for the collagen layer, loaded in the

longitudinal and transverse orientations.

Longitudinal orientation Transverse orientation
Tested part of scale Collagen layer | Entire scale | Collagen layer | Entire scale
Young’s modulus (GPa) 0.86 £ 0.32 0.47+0.25 | 0.21+£0.02 0.21 £ 0.03
Ultimate tensile stress (MPa) 23.6+7.2 36.9+7.4 142+1.1 21.8+2.4
Engineering strain at maximum stress 0.08 + 0.07 0.14+0.06 | 0.12+0.01 0.18 +0.01
Energy dissipation (MPa) 147 +1.08 3.12+£0.98 | 1.07£0.08 2.53+£0.40

b. Removal of the external and highly mineralized outer layer increases the tensile

strength of the scale. Although this appears to be counterintuitive, it results from
several factors. Most importantly, the external layer is designed for compressive
strength; being highly mineralized it is brittle and weak in tension. This is consistent
with the SEM images in Figure 3.22a-b, which show the tension samples in the
transverse orientation after failure; the external layer fractures in a brittle manner
either through the attack of a piranha or other circumstances, leading to tensile
stresses in that layer (Figure 3.22a: mineralized layer is labeled 1 and has a
thickness of ~280 um). Such a fractured layer cannot carry any load, which leads
to a decreased strength of the entire scale resulting from the increased cross-section
compared to the collagen-only samples. Additionally, due to failure of the outer
mineral layer, there is very likely significant damage evolution in the form of
delamination and separation of fibers in adjacent lamellae prior to failure of the

entire scale (Figure 3.22c). Figure 3.22a shows five lamellae, marked by the
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numbers 1-5 (thickness 50-60 um), throughout the thickness of the scale; the
lamellae close to the mineral layer might be hindered in their ability to rotate upon
tensile loading, which could reduce the strength of the collagen layer. The function
of the mineralized layer can be rationalized through a comparison with modern
armor, which consists of a hard face supported by a tougher foundation. The hard
layer operates under compression and therefore resists projectile penetration,
whereas the backing, being tougher and more flexible, ensures the integrity of the
structure.

The tensile behavior of the collagen layers was examined in the wet condition; the
solid plots in Figure 3.21 represent the tensile stress—strain curves of these collagen
layers. It is interesting to note that the collagen layers in the transverse orientation
have the same modulus as the scale, but a larger strain at failure, suggesting that
when the scale is dried and bent in this orientation, cracks are not easily generated.
Figure 3.21 shows the tensile properties of the scale in the two orientations
(longitudinal and transverse). As noted above, the collagen-only samples have a
higher strength and display higher uniform strain and energy dissipation (as
measured by the area under the stress—strain curves) than the complete scale

samples.
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direction

Figure 3.22: SEM images of tested tensile samples. (a) Side of a tensile sample of the scale after mineral
failure, five lamellae were delaminated from each other labeled from 1 to 5; (b) the top view of the tensile
sample shows the mineral domains separated and the collagen exposed (the arrows show two orientations);
(c) fractured collagen fibrils, some of which are close to the mineral layer (shown by the ellipse); the collagen
fibrils beneath are delaminated and separated.

3.3.3.4 Tensile behavior of the scale in notched and unnotched specimens

Figure 3.23 shows crack propagation in a specimen in which the highly mineralized
external layer was removed, i.e. exclusively in the lamellar structure of the collagen. A
crack starting from the root of the notch is forced to grow under the action of tensile forces
with a direction marked in Figure 3.23a. At the onset of crack propagation, collagen fibers
in different orientations are exposed and show different damage mechanisms (Figure
3.23b-c). The top lamella (labeled 1), with an orientation of the collagen fibrils
perpendicular to the loading direction, undergoes separation by splitting. The fibers in the

other underlying orientations (labeled 2, 3 and 4) are more closely aligned to the loading
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direction and are stretched and rotated. The fibrils (labeled 2) close to the split lamella
(labeled 1) fracture; however, some lamellae (labeled 3 and 4) are only stretched and
rotated (Figure 3.23c-d). Some collagen fibrils are bent (arrow in Figure 3.23d) by the
loading and then relaxed and curved back after unloading or fracture (dashed square). The
full range of failure mechanisms, specifically delamination, tensile failure, rotation and
bending of fibrils, is shown in Figure 3.23e. Due to the high flexibility of the collagen
lamellae and excessive failure distribution upon tensile loading tests, samples showed large
crack-tip openings but negligible crack propagation. Failure mechanisms of samples with
a highly mineralized external layer occurred in a comparable manner to samples without
an outer layer and are hence not shown individually. Figure 3.23e-f shows the progression
of damage without any appreciable increase in the crack length.

The individual deformation process and mechanism occurring in a tensile test from
an unnotched sample are additionally shown in Figure 3.23g and Figure 3.24 using the
SAXS method. The splitting of the individual layers, their rotation and separation as well
as curling of fractured fibrils can be also seen. This demonstrates that the processes of
fibrillar rotation, stretching, delamination and reorientation occur in the entire specimen

being subjected to deformation.
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Figure 3.23: Damage propagation in the collagen layers containing a notch. (a) Initial configuration at the
onset of loading (the notch is in the center of the image with the notch root pointing towards the bottom); (b)
the collagen fibrils separate when the samples are being loaded; (c) four orientations of lamellae are being
exposed (shown by the individual arrows); (d) the collagen fibrils bend and stretch as shown by the arrow,
some of the collagen fibrils were relaxed when the test stopped; (e) the lamellae and collagen fibrils bend
(arrow), delaminate (dashed lines) and fracture (square); (f) continued loading characterized by sliding of the
lamellae indicating the absence of significant crack propagation; (g) damage in unnotched specimen tested
under the same configuration up to failure.
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3.3.3.5 SAXS, diffraction and mechanisms of collagen reorientation

Synchrotron radiation has been used previously to measure the reorientation and
elastic stretching of collagen in bone and human aorta [197-199]. The current results for
Arapaima gigas confirm the previous analyses but importantly introduce another element:
the organized reorientation of the lamellae of parallel collagen fibrils, a process that is
significantly different from that in other biological systems and which results from the

Bouligand-like structure.
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Figure 3.24: SAXS results of arapaima collagen layer under tensile load. (a) Tensile load—-time plot, SAXS
images were taken at four points: (b) before testing, (c) during testing, (d) at the peak load, (e) after testing.
Note that the black dashed line shows the average angle (orientation) of the lamellae in scale before tests, the
red short dash—dot line shows the average angle (orientation) of the lamellae during the in situ tension tests,
orientation change of the lamellae can be observed easily from the difference between black dashed line and
red short dash—dot lines in the individual (c—€).

SAXS tests were performed on the inner collagen layer to reveal and quantify the
mechanisms of collagen lamellae deformation and reorientation during tensile straining,

which are essential to the understanding of the resistance of the scale to external loading.
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The procedures and detailed results are described by Zimmermann et al. [153]; only the
principal mechanisms are introduced here to highlight the modes of deformation. The
uniaxial load—extension curves on the collagen layer, taken during the SAXS experiment,
show an approximately linear response, in agreement with the tensile results of Figure 3.21.
As the lamellae within the scale’s inner collagen layer have a Bouligand-type structure,
each lamella will have a distinct orientation that is visible in the two-dimensional X-ray
diffraction pattern. Thus, the strain and orientation of the collagen fibers in each lamella
can be measured during tensile deformation; the reorientation is clearly visible through the
change in the orientation of the arcs with respect to the tensile axis and the strain can be
measured by the change in the arc’s radial position with respect to the beam center. Four
points are marked in the tensile load-time plot (Figure 3.24a) measured where SAXS
observations were recorded (Figure 3.24b and e, respectively), corresponding to points 1—
4: before testing (point 1), during testing (point 2), at the peak load (point 3) and after
testing (point 4). In the SAXS images, as the collagen fibrils rotate, the angle of the arcs
on the SAXS spectra changes; the dash—two dots lines show the tensile loading direction,
the dashed lines show the original orientations of collagen fibrils before testing and the
dash—dot lines show the changed orientations of collagen fibrils after the testing starts.
Before testing, two main orientations of collagen make angles of y1 = 43° and ¢1 =
49° to the tensile loading direction (Figure 3.24b). During tensile testing, the collagen
fibrils rotate towards the tensile direction (Figure 3.24c) such that y> = 41° and ¢ = 35°.
At the peak load, the two fibril orientations rotate closer to the tensile direction: w3 = 21°
and @3 = 12°. At this point, the SAXS patterns (arcs) of collagen fibrils in two orientations

almost meet each other (Figure 3.24d). After sample failure (Figure 3.24¢), one orientation
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of collagen fibrils releases back to a larger angle (p4 = 22°), whereas the other fibril

orientation can no longer be seen, which implies possible fracture.

(b) | i

Figure 3.25: Mechanisms of collagen fibril deformation under tensile load. (a) Rotation through interfibrillar
shear and elastic stretching of collagen fibrils. Fibril stretching and interfibrillar sliding decrease the angle
between the fibrils and the loading direction from o to w1. The initial d period along the fibrils is equal to
do; after extension, this d period increases to d; as the overall length increases from Lo to Li. (b) The tensile
opening of interfibrillar gaps acts to change the angle, at the extremities of the fibrils, fromyyg to y1 and wo;
note the change in width from Wo to W, that can cause Poisson contraction (adapted from [153]).
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Such rotations of collagen fibrils both towards and away from the loading direction
observed in the in situ SAXS experiments can be attributed to two principal mechanisms,
as follows.

a. Collagen fibril rotation towards tensile loading through interfibrillar shear and
elastic stretching (Figure 3.25a): when a bundle of collagen fibrils aligned in the
same orientation rotate towards the tensile direction, the interfibrillar hydrogen
bonds break so that the collagen fibrils can experience shear strain. Figure 3.25a
shows the collagen fibrils rotating toward the tensile direction (y1 < wo), as well as
their elastic stretching, leading to a tensile strain ¢ = (L1 — Lo)/Lo, Where Lo is the
initial projected fibril length, L1 is its stretched length projected in the tensile
direction and do and d; are the spacing characteristics of collagen fibrils (d period)
before and after stretching, respectively.

b. Orientation of collagen fibrils change due to formation of an interfibrillar gap
(Figure 3.25b): when a lamella with collagen fibrils makes a large angle with the
loading direction, the fibrils can separate, allowing a gap to open up; thus, regions
with two new orientations of collagen fibrils are generated with one at a larger angle
(w1 > wo) and another at a smaller angle to the loading direction (w2 < wo). In
addition to the above mechanisms, Zimmermann et al. [153] consider
“sympathetic” fibril rotation, which can rotate the fibrils toward the tensile axis.

In summary, for collagen fibrils aligning at a small angle to the tensile direction,
fibril rotation can easily occur towards the loading direction, whereas for fibrils at a larger
angle this rotation is far more difficult. Both rotation toward and away from the tensile axis

can be induced.
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The rotation of the lamellae toward the tensile axis can be calculated as a function
of the total applied tensile strain when the initial angle yo is small. Two components of
strain are considered. The total strain is obtained from the elastic stretching of fibrils ()
associated with the increase in d-period of collagen and from the fibril rotation (er) that is

the result of interfibrillar shear:
& =& t&y. (35)
The strain due to the rotation of the fibrils (involving interfibrillar shear and
ignoring the fibrillar stretching) is directly obtained from Figure 3.25a; it is equal to:

g = _CoSv 4 (36)
L cosy,

The elastic strain, shown by the increase in the d period from do to d1 (d1 > do), also
has to be expressed in the tensile direction, considering the fibril length Lf and its initial
and deformed values, Lt and Li1:

e = L;,cosy, —L,Cosy, _ L;,coSy, 1 37)
“ L, ,Cosy, L,,Cosy,

The elastic stretching of the collagen fibers follows the linear equation, where Es is

the elastic modulus of the fibrils, estimated to be 2 GPa by Gautieri et al. [34]. Thus:
o _9 (38)

Substituting Equation 38 into Equation 37 and this result with Equation 36 into

Equation 41 gives the strain in the collagen fibrils:

¢ =M{2+2J—2. (39)
cosy,
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The constitutive behavior for an assembly of collagen lamellae has been expressed,
as a function of strain rate, though a viscoelastic relationship [110]. The one commonly
used for biological materials is called the Ramberg—Osgood equation [200]; it was
originally developed for metals but its use in the viscoelastic response of bone is well
recognized [201]. It describes the strain-rate sensitivity m of the elastic modulus E (which

IS expressed as a/e):

m

—=C . ) (40)

where C is an experimentally measured parameter, € is the strain rate and € 0 is a
normalization parameter, which we can assume to be equal to 1 s™%. Indeed, Lin et al. [110]
demonstrated that the arapaima’s collagen exhibits a high value of m ~ 0.26, with the

constant C = 1.5 GPa. Substituting Equation 40 into Equation 39, we obtain:

m

gt:% 2+C £ i _2’ (41)
Ccosy, &) Ei

which is expressed in a format of the changing orientation of the collagen fibrils similar to

that used by Zimmermann et al. [153], gives:

W, —y, = arccos eos 1//0.(5 Jn: 2 |- W, (42)

2+C f

£o

&
Ef
Figure 3.26a shows the change in collagen orientation given by Equation 42 vs. the

total strain in the range & ~ 0-0.12. The strain rate used in Equation 42 was 10 s to
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match the experimental SAXS results. These values are plotted for different initial values
of wo: 5°, 10°, 20°, 45° and 70°. It can be seen that the fibrils rotate toward the tensile axis
for all cases and that rotation stops once the rotation angle reaches the original
misorientation angle. When all the collagen fibrils align towards the loading direction (yo
= 0°), there is no strain contributed by the rotation of collagen fibrils. For small angles yo,
the rotation is more pronounced. The fibrils originally at an angle between 31° and 90°
have no chance to rotate towards the tensile axis and either do not change orientation or
rotate away.

The results of the SAXS experiments are given in angular ranges: 0-14°, 15-30°,
31-60° and 61-90°. During tensile testing, we can observe collagen fibrils rotating both
towards (positive Ay) and away from (negative Ay) the tensile direction ( Figure 3.26b).
The positive values and the rates of rotation are well described by the above analysis.

Negative values of Ay (rotation away from tensile direction) require mechanisms
not incorporated into the analysis. Three principal mechanisms can be considered: the
splitting of lamellae creates regions of separation, causing changes in the angle y of the
lamellae to the tensile direction, as shown schematically in Figure 3.25b (the changes in
the angle can be both positive and negative); sympathetic rotation through which a layer is
sandwiched between two layers which “drag” it and force it to rotate away from the tensile
direction; and contraction by Poisson’s ratio effects, leading to rotation. In summary, the
analysis predicts the positive Ay rotations (rotation towards the tensile direction) fairly
well. It should be noticed that the analysis uses independent values; no parameters

extracted from the SAXS experiments were employed.
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Figure 3.26: Nature of the rotation and deformation of the lamellae during tensile loading of the scales.
Positive values of the angle Ay represent rotation of fibrils toward tensile axis and negative values rotation
away from tensile axis. (a) Changes in the angles of collagen fibrils with the tensile axis are shown from
analytical calculations. Note that when Ay reaches the value of the initial angle wo, the rotation stops because
the alignment with the tensile axis is reached (at strains ~0.01 for 5° and 0.035 for 10°). (b) Changes in the
angles of collagen fibrils with respect to the tensile axis measured from small-angle X-ray diffraction
patterns; the latter were taken from Ref. [153].
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3.3.3.6  MD calculations on collagen layers in tension

In order to confirm the rotation of the lamellae and individual fibrils observed by
SAXS and in situ SEM tensile experiments, the process was modeled at the fiber level. MD
calculations of the tensile deformation of the collagen layer with three orientations of
collagen lamellae (42°, 78° and 18°) were performed to model the mechanisms of
deformation. Periodic conditions are applied to the out-of-plane direction and thus each
collagen lamella is sandwiched between two other lamellae with a 60° angle with each of
them. This configuration is built according to the experimental observations as the angle
between two neighboring lamellas is measured to vary between 35° and 85°[110]. An
earlier study had reported ~60° but this was an oversimplification [159]. We use this model
and apply uniaxial tensile force by fixing a single layer of coarse-grained beads at each
edge of the pulling direction and controlling their displacement quasi-statically, as detailed
in the methods section (Figure 3.27a). The Young’s modulus used to model the collagen
fiber is 2 GPa, which is an average estimate from collagen microfibrils from both
computational and experimental approaches [34]. It is noted that the inter-fiber interaction
energy depends on surface chemistry (in terms of protein sequence and mineral
composition), degree of hydration and roughness, and it is difficult to directly measure this
experimentally. However, we are able to model this interaction by referring to the results
of full atomistic simulations. We model the inter-fiber interaction by using the surface
energy of tropocollagen molecules, which is measured to have a range from 0.05t0 3 J m™2
in simulations with different constraints [202].

Using the present model, we obtain multiple stress—strain curves by using different

surface energies, as shown in Figure 3.27b. These calculated curves have a typical saw
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tooth shape, with the stress first increasing linearly with the increasing strain at small
deformation followed by significant stress drops before increasing again. The peak stress
before the drop region depends on the surface energy; as the surface energy increases, the
stress increases, because the bonding between adjacent collagen microfibrils increases. In
Figure 3.27Db, it can be seen that the peak stress increases to over 100 MPa when surface
energies are increased to 10 J m™2, For 1J m™2, the peak stress is equal to 26.4 MPa, which
is close to the magnitude of the experimental peak stress of fish scales, as shown in Figure
3.21. We therefore use this surface energy to model the inter-fiber interaction. By
comparing the simulation snapshots shown in Figure 3.27c, we find that during the linear
and yielding region, all the collagen fibers in the model retain the orientation of the initial
configuration and the deformation strain is homogenously distributed in the fibers. The
first stress drop corresponds to the appearance of collagen delamination within the
material; this is an important mechanism for releasing the deformation energy stored in
fibers, since it creates microcracks along the fibers. For smaller surface energies (e.g. 0.1
and 0.05 J m?), the simulations show neither a significant stress drop nor collagen
delamination. The last region of the bumpy but upward trend is principally caused by the
alignment of the fibers in the third lamella; stretching of those aligned fibers requires larger
stress. It is noted that the stress can increase significantly in this region because we assume
that the collagen fibers are purely elastic and non-breakable, which simplifies the
mechanics but quickly enables us to see the strain distribution and mechanisms of the
collagen delamination and bridging. An improved model needs to incorporate the entire
force—extension curve of the collagen fiber; this can be obtained in future from either micro

tensile test experiments or large-scale modeling of collagen fibers using molecular
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simulations [203]. Figure 3.27c¢ shows the change in orientation and delamination of the
lamellae as a function of applied tensile strain. Four values were used for comparison: 0,
0.04, 0.09 and 0.15. They are labeled 1, Il, Il and 1V, respectively. The delamination is
more prominent for the first and second lamellae, which have initial angles of 42° and 78°.
In the regions at the ends of the delaminations, the angles change significantly. This is
indicated by arrows for the second lamella at strain IVV. This rotation at the end of the
delamination supports the mechanism derived from experiments, as shown in Figure 3.25.
For the third lamella, which makes an initial angle of 18° to the tensile axis, the rotation

towards the tensile direction reduces the angle.
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Figure 3.27: MD of collagen fibrils in three different directions with initial lamellar angles of 42°, 78° and
18° to the tensile direction. (a) Schematic of the scale model and the loading condition used to investigate
the response under uniaxial tension. (b) The stress—strain curves obtained for different surface energies used
in model. It is noted that for 1 J m2 the first stress drop is 26.4 MPa, which gives the best approximation to
the stress—strain curve of collagen layer and scales as shown in Figure 3.21. (c) Simulation snapshots of the
deformation of each lamella in the scale model, taken at different strains as noted in panel (b) at increasing
strains: (1) strain = 0, (1) strain = 0.04, (111) strain = 0.09 and (V) strain = 0.15. Collagen delamination (noted
by ii) and bridging (noted by i) are marked for lamella 2 at strain = 0.15 (1V), as illustrated (scale bar: 10
pm).

The average value and standard deviation of the angles between the fibers and the

tensile direction in each collagen lamella was computed; results are summarized in Figure

3.28. It is shown that for the lamella with the largest initial angle (78°, second lamella), the
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average value stays at a constant level, which agrees with the analytical calculations
(Figure 3.26a). The standard deviation of the angle in this lamella increases significantly
for large deformation, which can be understood by collagen bridging, explaining how a
part of the collagen fibers rotates away from the tensile direction (Figure 3.27c). The
calculations also show that the lamella with a smaller angle with the tensile direction (third
lamella, making an initial angle of 18°) rotates faster than the other lamella (first lamella,
with angle of 42°) toward the tensile direction, which also agrees with the analytical

calculations (Figure 3.26a).
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Figure 3.28: Simulation results showing evolution of angles w of the collagen fibers in each lamella for
increasing strains (I < Il < 11 < IV). The three layers have configurations shown in Figure 3.27c. The four
strains used here to scan the angle are 0, 0.04, 0.09 and 0.15 for strains I-I1V (same as that used in Figure
3.27¢), respectively. The variation in the angles increases with strain (marked by bars on top of each bar
plot). Lamella 3 shows a significant decrease in angle with increasing strain due to rotation of fibers toward
the tensile axis.

3.3.4 Discussion
The arapaima scale has two important functions: (i) it resists penetration and (ii) it

redistributes the force from the location of the bite over a much larger area. According to


http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0045
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0045
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0045
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0045
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050
http://www.sciencedirect.com/science/article/pii/S1742706114001664#f0050

131

Zhu et al. [109], the whole penetration process can be divided into three stages with
progressively increasing penetration depth: stage | is essentially elastic loading, which
terminates with cracking of the external mineral layer; stage Il involves the penetration of
collagen; while in stage Il the tip of the indenter completely traverses the scale. This is
indeed what happens in the scale of the arapaimas. Song et al. [148] conducted a finite
element analysis of the ganoid scales where they varied tooth and scale parameters and
established what effects this had on the mechanical response. One important conclusion is
that the radius of curvature of the tip of the tooth had a profound effect on the force
necessary to penetrate the scale. This was extended to elasmoid scales by Browning et al.
[173] and Varshney et al. [204]. Their conclusion was that the redistribution of loads
around the penetration point is critically dependent on the following scale parameters:
angle of the scales, degree of scale overlap, composition (volume fraction of the scales),
aspect ratio of the scales and material properties (tissue modulus and scale modulus).
Figure 3.29a shows schematically how the stresses are redistributed over a large
area by the collective action of the scales. This enables the flesh to resist the compression
by the application of the bite force. The flexibility of individual scales and their overlap
are designed to increase the area of redistribution, as was pointed out by Vernerey and
Barthelat [152]. Specifically, the scales are designed to function with the external layer
under compressive stresses (Figure 3.29b). Indeed, Meyers et al. [159] proposed that the
design of scales could lead to a bioinspired flexible ceramic composite and suggested that,
in the case of the arapaima scales, the surface ridges minimize the stresses in the ceramic

and enable flexing without fracture.
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The foregoing results of experiments, characterization and analysis provide an
improved understanding of the mechanisms of deformation and damage in the scales. The
external mineral layer is designed to operate under compression; the tensile strength of the
scales is actually increased by its removal. This is paradoxical but can be explained by the
fact that the mineral does not contribute significantly to the tensile strength. Thus, its effect
is strictly to increase the cross-sectional area, thereby decreasing the stresses. A second
effect is that the lamellae adjacent to the mineral layer do not benefit from the rotational
mechanisms discovered by Zimmermann et al. [153]. Indeed, the mineral layer is designed
to operate in compression, as shown in Figure 3.29b. The application of a force by a tooth
bends the scale in such a manner that the external mineralized layer is put under
compression whereas the internal layers are subjected to tension (Figure 3.29c). In fact,
penetration by a tooth is hampered significantly by this layer, leading often to the fracture
of the tooth.

The lamellar structure of the collagenous foundation comprises many layers in a
Bouligand-like arrangement. As a tooth penetrates, the layers separation and scale fracture
are avoided through interlamellar and interfibrillar sliding mechanisms. The reorientation
of the lamellae was observed through in situ experiments conducted on pre-notched
specimens. These experiments show the sliding and reorientation of the lamellae and the
absence of crack propagation. SAXS experiments confirm the change of orientation of the
collagen fibrils. These phenomena were modeled by MD; this confirms that at small angles
(w < 45°) the lamellae rotate towards the tensile axis, while for larger values, interlamellar

splitting causes local increases in .
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The combination of a highly mineralized surface region designed to operate in
compression with a flexible foundation, which can undergo significant tensile stresses,
provides mechanical properties that minimize the penetration ability of teeth and can
distribute the compressive traction effectively while ensuring significant mobility to the
fish. This is accomplished at a modest weight penalty: the scale weight/fish weight ratio is

only ~0.1.

(a)

(b)

G B

Figure 3.29: Protection mechanisms of the arapaima’s scales against the penetration of a tooth: (a) schematic
configuration of the scale overlap (imbrication); (b) flexing and redistribution of compressive stresses on the
tissue; (c) flexure of scale leading to compressive stresses in the mineralized surface layer and tensile stresses
in the flexible collagen lamellae.

3.3.5 Summary

Arapaima gigas is one of the largest freshwater fish; it is covered with elasmoid
scales that act as flexible dermal armor and provide protection, primarily from attacks by
piranhas, the principal predators in the Amazon basin. In this study, the penetration

response and tensile behavior of the scales were investigated, with particular attention to
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the mechanisms of damage in the individual collagen layers. This was achieved
experimentally through the use of tensile tests on hydrated scales and indentation
experiments, analytically by predicting the various mechanisms that retard damage in the
scales, and computationally with MD calculations performed to understand the response of
collagen fibrils to tensile loading. Based on these studies, the following specific
conclusions can be made:

TEM and AFM confirm that the collagen fibrils have diameters of ~100 nm and
are parallel in one lamella. The d band spacing of the collagen is clearly revealed by AFM
and is equal to 67 nm, characteristic of type I collagen.

The scales act to efficiently resist bites from other fish. As a tooth attempts to
penetrate the scale, first the brittle external layer is placed under compression and would
eventually crack due to the stress concentration and gradients, exposing the collagen layers
beneath. As the penetrator enters more deeply into the scale, the collagen fibrils are pushed
apart and separated. Since it has to traverse several lamellae with different orientations, no
macroscopic cracks are formed. In an extreme case, eventually, individual collagen fibers
fail in tension, exhibiting necking which is characteristic of considerable permanent
deformation.

We confirm and quantify earlier conclusions by Zimmermann et al. [153], namely
that the stretching, rotation, delamination and fracture of collagen fibrils are the principal
mechanisms of energy dissipation in the flexible foundation. Under tensile loading, most
of the collagen fibrils are stretched and rotate toward the tension direction; the collagen
fibrils with a large angle to the loading (closer to 90°) delaminate as portions can rotate

away or towards the tensile direction. An analytical model predicts the rotation of the
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collagen fibers toward the tensile axis; the model is in good agreement with measurements
by SAXS.

MD calculations of interfibril separations yield results that match quantitatively the
experimental measurements, with interaction energy between microfibrils of 1 J m2being
assumed. The calculations correctly predict the separation of fibrils and angular rotation
toward and away from the tensile axis for large angles, and rotation of fibrils toward the
tensile axis for small angles. Since only three lamellae are used in the computation, their
splitting is accompanied by significant load drops; the drop at a stress of 26.4 MPa
corresponds closely to the maximum stress of 3040 MPa experimentally observed.

3.4 The protective scales of Latimeria chalumnae
3.4.1 Structure

The coelacanth has an ancient type of elasmoid scales, which occured several times
throughout evolution (Figure 3.30). Similar to cycloid scales, these scales have a dark
region with a rough and more mineralized exposed surface, and an overlapped (embedded)
region of which the surface is light and smoother. The individual scales have an elliptical
shape with various sizes corresponding to the size of the fish and they are typically ~10—
35 mm in size for a 1 m fish. The degree of imbrication is ~0.34 and the aspect ratio is ~55,
similar to the arapaima. These scales provide protection by means of a highly mineralized
outer layer with unique “double-twisted” Bouligand foundation [115]. The surface of
embedded region is shown in Figure 3.30b. From the center of the scale circular annular
ridges with various spacings can be observed. Additional ridges radiating from the center
are initially perpendicular to the annuli and then orient towards the dorsal-lateral direction.

These ridges, shown in Figure 3.30c, have a spacing of approximately 30 um. On the
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surface of the exposed region, denticles protrude from the scale towards the direction of
the fish tail (Figure 3.30d). The mineral layer is needed for protection, although Sudo et al.
[205] studied the scales of the Sebastes inermis (rockfish), which also has ctenoid scales,
and showed the surface roughness aligns with the direction of the water current and serves

to channel flow for a hydrodynamic advantage.
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Cross-
section
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Slice

Figure 3.30: Overview of the scale of coelacanth. (a) The entire body of coelacanth is covered by elasmoid
scales. (b) The scales are oblong and the complete surface of the scale is comprised of stacked layers, which
originate at the intersection of the exposed and covered portions of the scale. A ridge at the edge of each oval
layer transitions to the layer beneath. (c) Each layer has comb-like ridges which radiate from the center of
the scale. (d) The exposed portion of the scale has denticles which angle towards the tail of the fish. (¢) Cross-
sectional view of the scale shows the internal collagenous lamellae. (f) SEM and (g) TEM of adjacent
lamellae the collagenous struts connecting them. (h) An oblique cross-section shows the change in orientation
of adjacent layers. (i) The progression of layers and orientations shown schematically (from Giraud et al.
[115]).
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Beneath the rough and hard exposed surface, the majority of the scale thickness is
composed of collagenous lamellae, identified as isopedine [115, 155, 185, 186]. Isopedine
is also present in the ganoid scales of Senegal bichir [147]. The laminated structure of the
coelacanth scale is shown in Figure 3.30e. The lamellae in the isopedine have two
superimposed and interpenetrating Bouligand structures with a remarkably regular
arrangement in which the parallel fibers in any one lamella lie at a roughly 90° angle to the
fibers in adjacent lamellae (Figure 3.30i) [115, 155]. The architecture of the coelacanth
scale differs from the arapaima scales, as they have struts with less ordered collagen fibrils
connecting the lamellae and filling the gaps between collagen bundles. Figure 3.30f shows
holes in the scale cross-section which indicate that the collagenous bundles “pull-out”
when the sample is fractured. Transmission electron microscopy of these scales (Figure
3.30g) shows aligned collagen fibrils along the lamellae and less organized fibrils in the
struts, forming a continuous network. The orientation of lamellae can be readily identified
from the oblique slice shown in Figure 3.30h. The fibril directions are marked and show
that the orientations of the collagen lamellae in adjacent layers are nearly orthogonal, while
successive bilayers are characterized by a clockwise rotation of ~30° (when observing from
the top of the figure down). This arrangement, first described by Giraud et al. [115] and
subsequently termed “double twisted”, is illustrated schematically in Figure 3.30i, which
shows the collagen orientation in each odd layer and each even layer (including the rotation
between the layers), and how the combination of the two Bouligand structures forms the

double twisted structure.
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3.4.2 Mechanical response

The pseudo-orthogonal ‘plywood’ structure of the isopedine of the coelacanth
scales leads to in-plane isotropy, with no significant difference between the mechanical
responses along longitudinal and transverse directions. Tensile stress-strain curves, shown
in Figure 3.31a-b, reveal a Young's modulus in the longitudinal direction of ~210 MPa
with a tensile strength of ~50 MPa, as compared to respective values of ~250 MPa and ~50
MPa along transverse direction. This in-plane ‘isotropic’ mechanical response is
substantially different from the mechanical response of arapaima scales, which have higher
strength and stiffness in the longitudinal direction. The work-of-fracture in coelacanth
scales (area under the stress-strain curve) before complete fracture is about 10 MJ m~2 in
both longitudinal and transverse directions. This is much higher than the work-of-fracture
in arapaima scales, which is 1-2 MJ m™3. This indicates that the role of collagen struts
between the lamellae is important and provides additional deformation ability to the

structure, contributing significantly to the toughness of these scales.
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Figure 3.31: Mechanical response of the coelacanth scale. Comparison of the tensile stress as a function of
strain for the coelacanth scales in (a) the longitudinal and (b) the transverse direction. The in-plane isotropy
results from the periodic relationship between lamellae; the lamellae are oriented as two interpenetrating
Bouligand structures (ABAB) where the A and B orientations are perpendicular to one another and
subsequent AB pairs are twisted by ~30° with respect to the previous pair. This structure promotes strength
as well as isotropy; the relatively strong scales have an ultimate tensile strength between 40 and 50 MPa.
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3.4.3 Failure prevention strategies

Figure 3.32a-b shows the extension of a crack in a pre-notched coelacanth scale.
As the crack propagates, the collagen fibers form bridges in front of the main crack front
and delocalize failure. Thus, the crack tip becomes blunted by collagen fibrillary bridging,
similar to that shown in striped bass scales [206]. Figure 3.32c shows the highly
mineralized surface layer (top); element mapping of calcium in Figure 3.32d indicates that

this outer layer of the scale has much higher mineralization than the inner layer.

Figure 3.32: Crack arrested by the collagen fibrils and EDX image of outer layer of coelacanth scale. (a) A
notched tensile test is paused to illustrate the opening of the scale during tensile crack propagation. (b)
Expanded view of crack tip demonstrating extensive bridging of the crack by collagen fibers and blunting of
the crack tip. Individual lamellae are not visible, but a large amount of collagen fiber pullout and complete
lamellar delamination are the key energy absorbing features. (¢) SEM of the cross-section of the scale used
for energy dispersive x-ray analysis (EDX). (d) EDX shows high mineral content of outer surface as well as
a small amount of mineral distributed in the scale indicated by the blue features. The black area corresponds
to low mineral content.

To examine how these scales defend against an attack by the coelacanth's predator,
the shark, a shark's tooth is attached to a load frame and penetrated through two scales,

with fish flesh placed underneath to mimic the coelacanth body. The force vs. displacement
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curve in Figure 3.33 shows two drops as the tooth penetrates through the two scales. The
penetration of one coelacanth scale occurs at approximately 15 N (the first drop in the
curve) and 25 N for the subsequent scale, which is inferior to the arapaima scale that can
withstand loads in excess of 100 N. As potential predators of the coelacanth, sharks with ~
70 teeth (depending on the species) may have a bite force of up to 2400 N (blacktip shark:
420 N; horn shark: 200 N; hammerhead shark: 2400 N; bullshark: 1000 N as summarized
by Mara et al. [163]). The bite force is distributed across a number of teeth, although in
some cases, especially with larger sharks, the scales would be expected to suffer
penetration. The coelacanth scales would successfully defend from many smaller sharks,
but inevitably the fish would fall victim to the more powerful sharks in the ocean. For this

reason, the fish's ability to remain hidden [161] is crucial to its survival.

30
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Figure 3.33: Penetration of a coelacanth scale by a shark tooth. Two overlapped scales are penetrated in the
exposed area by a shark tooth. The arrangements of the coelacanth scales are such that the covered portion
of a second scale exists immediately below exposed surfaces. The force displacement diagram indicates that
penetration and damage of the scale is possible due to the shark's bite force; the two drops in load correspond
to visible penetration of the shark tooth through two scales.
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3.4.4 Summary

The coelacanth has a unique ctenoid scales with a double-twisted Bouligand-like
collagen structure, where adjacent layers are connected by struts. This structure results in
strong scales which excel at energy dissipation, in order to provide protection from the
many predators which exist throughout the ocean. The scales are specifically designed to
protect from sharks, the fish’s main predator, although in some cases (such as with the
great white shark) the scales may be insufficient to thwart attack. Therefore, camouflage
and hiding are used in conjunction with the scales in order to defend the coelacanth.
3.5 Comparison of the three fish scales

The arapaima, coelacanth and alligator gar scale have different predators, and
comparing the mechanical properties with the structural characterization as well as the
toughening mechanisms which were described in the previous sections provides insights
on the armor suited for different applications. Key features of the three types of scales
being compared are presented in Table 3.2. The relative hardness and stiffness of the three
fish scales, calculated using micro- and nano-indentation measurements, are plotted in
Figure 3.34. Although the hardness and stiffness of these scales are different for each fish
because of their specific protective requirements, they are all designed with the concept of
a hard and stiff outer surface with a relatively soft and tough foundation to accommodate
excessive damage. Beyond this common design principle, each scale has a specialized
structure which corresponds to the specific mechanisms providing a competitive advantage
over their predators, which have been discussed above. These mechanisms of protection
against predators have clearly been successful as they have enabled these fish to survive

for millions of years.



Table 3.2: Comparison of the properties of arapaima, coelacanth, and alligator gar scales.
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Fish Aspect | Imbrication | Mineral | Structure | Ultimate | Tensile Nanoindentation
ratio degree content tensile modulus hardness
strength
Arapaima | 50 0.4 43% Bouligand | 15 MPa- | 200 MPa- | 1.3 GPa to 0.5
40 MPa 500 MPa | GPa
Coelacanth | 55 0.34 53% Double- 50 MPa 200 MPa | 0.5 GPa to 0.2
twisted GPa
Bouligand
Alligator 8.6 0.78 65% Bone and | 90 MPa- | 2 GPa 3.7 GPa and
gar enamel 115 MPa 0.75 GPa
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Figure 3.34: Nanoindentation and microindentation of the cross-sections of scales. (a) Nanoindentation of
the arapaima scale shows that the surface mineral has a hardness of ~1.3 GPa; the hardness decays with
decreasing mineral to a value of ~0.5 GPa in the Bouligand-type foundation. (b) The coelacanth scale has a
nanoindentation hardness of ~0.5 GPa in the mineral layer which, similar to the arapaima, continuously
decreases to ~0.2 GPa as mineral content decreases. (c) The alligator gar scale has a nanoindentation hardness
of ~3.7 GPa in the mineralized ganoine outer surface; a sharp transition between the outer surface and the
boney base causes an immediate hardness decrease to ~0.75 GPa. (d) Hardness vs. normalized depth plots of
across each of the three scales reveal harder outer surfaces and softer foundations.

To compare the three fish scales and their defense capability, predator tooth
sharpness, predator bite force as well as the modulus of the fish scales are summarized in
Figure 3.35. To give a clear comparison, values are normalized by maximum values. It is
clear that minimal overlap (and corresponding large degree of imbrication) of systems with

stiff scales, such as alligator gar, can defend against a predator with a large bite force but a
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large radius of the teeth tips. However, facing predators with sharp teeth (small tip radius)

requires more flexible scales with large overlap regions (consistent to a low degree of

imbrication).
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Figure 3.35: Comparison of normalized predator tooth sharpness, predator bite force, and prey scale modulus.
The high imbrication of stiff alligator gar scales can defend against predators with large bite forces and dull
teeth (large tooth tip radius), while the more flexible scales of the coelacanth and arapaima can defend against
sharp teeth (small tooth tip radius).

3.6 Bioinspired flexible armor

The goal of studying natural armor is to understand key features for potential future
incorporation into superior synthetic structures that provide protection for personnel and
equipment. In particular, the increasingly versatile robots being developed and produced
offer promising alternatives to the use of soldiers in war zones. Being in a hostile
environment demands an effective armor which can withstand projectiles and impacts

without inhibiting mobility and tactical advantages provided by advanced robotics. In



144

particular, armor which allows for flexibility of joints is key to the protection of both human
and machine.

Inspiration from nature in the design of armor has existed since the days of the
Roman Empire. The lorica squamata mimicked lizard skin and provided protection to the
soldiers while ensuring mobility. Indeed, the name squama signifies “scales” in Latin. The
plates of Lorica squamata were 0.5-1 mm thick and had dimensions of 15-25 mm across,
similar to the arapaima and coelacanth. These scales provided the best protection, superior
to Lorica segmentatata (metal lamellar hoops associated with Roman legionnaires in
movies), and Lorica hamata (chain mail). Lorica squamata was superior because the
majority of the body was covered by two plates in which the kinetic energy of projectiles
was transferred laterally.

Researchers are currently using new techniques to mimic the overlap system of the
fish scales as well as specification of the aspect ratio and imbrication in order to tune the
flexibility and protection function of future bioinspired armor. Rudykh et al. [207]
investigated the resistance to penetration of a microstructured elasmoid scale-inspired
armor. Indentation and bending tests on bioinspired 3-D printed structures, shown in Figure
3.36a-b, optimized protection against penetration and flexibility, amplifying penetration
resistance by a factor of 50 while reducing flexibility by less than a factor of 5. This was
achieved by identifying and separately analyzing the mechanisms which govern flexibility
and penetration resistance. Similar efforts by Funk et al. [208] have led to the creation of a
synthetic “fish skin” for the production of soft materials through a combination of a mesh
or dermis-like layer and rigid scales. The assembled product is not specific to any particular

classification of fish scale, but incorporates components that are key to the armors
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mechanical response. The resulting assembly, shown in Figure 3.36¢-d, is flexible,
lightweight, transparent, and robust under mechanical load. It is claimed to have a potential
application as a thin protective coating for soft materials. It is also important to understand
how a stiff plate performs on a soft substrate; Martini and Barthelat [209] showed that
small plates may fail by tilting due to a localized force, and emphasized the importance of
avoiding this dangerous failure mode which drastically reduces the effectiveness of stiff
armor plates. Additionally, Martini and Barthelat [210] produce a bioinspired armor shown
in Figure 3.36e,f, made of ceramic tiles and a soft substrate and capable of a large degree
of flexibility and also resistant to penetration.

Another unique biological feature learned from the arapaima scale is that of the
concept of “flexible ceramics”. This refers to the ability of the collagenous foundation of
the scales to flex without damaging the mineralized surface [159], as shown in Figure
3.36g-h, which allows arrangements of larger scales to retain flexibility. The tensile strains
at the bottom of the mineralized ridges are considerably lower than those encountered if
the mineralized layer had a homogeneous thickness. Correspondingly, localized cracking
occurs at the bottom of the ridges but is much less damaging. Rudykh and Boyce [211]
similarly demonstrated that super flexible composites may be produced with an elasmoid
scale type arrangement, using a large volume fraction of the stiff phase in order to promote

protection with little compromise in flexibility.
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Figure 3.36: Bioinspired armor designs. (a-b) Microstructured elasmoid scale armor produced by Rudykh et
al. [207] amplifies penetration resistance by a factor of 50 while reducing flexibility by less than a factor of
5. (c-d) A synthetic “fish skin” developed by Funk et al. [208] combines a mesh or dermis-like layer and
rigid protective scales. (e-f) Martini and Barthelat [210] produced the this armor by stretching a soft substrate
and affixing ceramic tiles, which leads to imbrication upon release. (g-h) Schematic of the flexing of the
arapaima scale, which illustrates the concept of a “flexible ceramic”. Ridges minimize the tensile strains in
the mineralized layer, preventing large cracks from forming during flexing. From Meyers et al. [159].
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Our studies have targeted the design of armor plates inspired from the architecture
of the alligator gar scale. There are two length scales at which the gar scales may serve as
bioinspiration. The first is at the macro level where both the specialized geometry and
material properties provide the required coverage and flexibility through assemblages of
scales. The second is at the microscale, where features lead to the required material
properties such as stiffness and toughness. On the macroscopic level, a gar-inspired
geometry shown in Figure 3.37a was designed with essential features. The geometry is
simplified and symmetric about the major axis when viewed from above, (Figure 3.37b).
By simplifying the geometry, the complexities due to different scale shapes which exist on
gars are decreased. A cross-section of the scale (Figure 3.37c) shows that the scales have
identical radii of curvature on all sides, allowing them to hinge on one another. A degree
of overlapping enables full coverage during flexibility, and a single row of scales is shown
in Figure 3.37d. In the design of a ganoid-scale-inspired armor, the curvature is limited by
the size of the scale. As illustrated in Figure 3.7 and Figure 3.8; smaller scales enable

increased flexibility, although there is a corresponding reduction in protection.

(a) (b)

(c) (d) —l

Figure 3.37: Geometric design inspired from the gar scale. (a) Overall view of gar inspired geometry. (b)
Line of symmetry down middle of scale. (c) Matching radii of curvature on all edges of scale. (d) Array of
scales conforming to curves.
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(b)

Figure 3.38: A bioinspired prototype. (a-c) 3d printed ABS samples. (d) Samples made from zirconia and
glued on Kevlar. The shape of the scale is simplified in order to capture the key features which make the
scale flexible, while creating a simplified and more manufacturable scale. These model scales are capable of
hinging with respect to adjacent scales; a pattern of these scales should bend and absorb strain in all directions
while maintaining the protective function. In order to effectively glue zirconia scales, they were etched in
9.5% hydrofluoric acid at 25 °C for 2 h to create surface roughness.

The design of the scales was mimicked in order to demonstrate the coverage and
flexibility of an array of scales using two methods: 3D printed using ABS (Figure 3.38a-¢)
and machined from zirconia (Figure 3.38d). Zirconia scales were cut from discs using a
CNC mill, and subsequently sintered at 1520 °C for 2 h. The shrinkage associated with
sintering was incorporated into the design. For future improvement on the zirconia, several
key structural features may be incorporated. The first is the bi-layered configuration of the
scales; the outer of the two layers should be a region which is particularly hard and
penetration resistant, like ganoine. This layer may be replicated with a pure ceramic layer,

incorporating extrinsic toughening through decussation, which is readily observed in both
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the scale ganoine and in tooth enamel [212]. The inner of the two layers should be tough
and energy absorbent, like the bony region of the scale. In order to mimic this layer, a
ceramic-based composite with fibers resembling mineralized collagen, and a stiff ceramic
phase between the fibers needs to be synthesized and processed. The presence of tubules
would be desirable in order to promote toughening through crack deflection.
3.7 Summary of fish scales

In our work, we have investigated the armored scales of three large fish: the
Arapaima gigas (arapaima), Latimeria chalumnae (coelacanth) and Atractosteus spatula
(alligator gar). Each of these fish utilize a different class of scales for protection,
respectively cycloid, ctenoid, and ganoid. These finely tuned dermal armors have protected
these fish for millions of years, and barring direct or indirect human intervention, will likely
continue to do so. Like most armors, these scales are designed with a hard outer surface to
resist penetration and a tough inner foundation to accommodate excessive strains.
However, each type of scale owes its effectiveness to specific features which are related to
the fish's main predators:

e The elasmoid (cycloid) scale of the arapaima enables flexibility in spite of a highly
mineralized exposed surface and substantial overlap to effectively resist the
penetration of piranha teeth. The ridges on the surface enable the mineral to
effectively flex, minimizing the tensile stresses acting on it.

e Theelasmoid (ctenoid) scale of the coelacanth has a much lower stiffness but higher
ultimate strength (40-60 MPa) than that of the arapaima (30 MPa), with a
considerably higher work-of-fracture (9—10 MJ m~2 vs. 1-1.5 MJ m™). Although

the coelacanth scale uses similar mechanisms to the arapaima, the interfibrillar
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collagen struts between the collagen bundles in the structure contribute

significantly to the energy dissipation.

e The ganoid scale of the alligator gar resists the extreme bite forces of its predators
by having a highly mineralized, tough and strong foundation beneath a hard and
stiff ganoine outer layer. The wet gar scales dissipate energy as the water molecules
act as a plasticizer to promote ductility while in the dry scales the tubules provide
toughening through crack deflection and meandering.

Each type of scale has unique and fascinating features in its nano-, micro-, and
meso-structure which lead to its capacity to prevent failure when under attack by either
sharp teeth or crushing force of predators. If placed in alternative environments, each fish
would be likely to suffer as the minimally overlapped gar scales may provide regions where
a piranha's sharp teeth can penetrate into the fish's connective tissue and flesh, while the
cycloid scales of the arapaima may not resist the powerful bite of the alligator. The
understanding of these dermal armors and their effectiveness in protecting these three fish
may inspire the production of novel designs for flexible body armor which provides
superior safety and protection from physical threats.

Chapter 3, in part, is published as “Microstructural and geometric influences in the
protective scales of Atractosteus spatula” Journal of The Royal Society Interface, in press,
2016. This work was coauthored by N. A. Yaraghi, D. Kisailus and M. A. Meyers. The
dissertation author is the first author of this work.

Chapter 3, in part, is published as “Protective role of Arapaima gigas fish scales:
Structure and mechanical behavior” Acta Biomaterialia, vol 10, pp 3599-3614, 2014. This

work was coauthored by W. Yang, B. Gludovatz, M. Mackey, E. Zimmermann, E. Chang,
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E. Schaible, Z. Qin, M. Buehler, R. Ritchie and M. Meyers. The dissertation author is the
second author of this work.

Chapter 3, in part, is published as “A comparative study of piscine defense: The
scales of Arapaima gigas, Latimeria chalumnae and Atractosteus spatula” Journal of the
Mechanical Behavior of Biomedical Materials, in press, 2016. This work was coauthored
by H. Quan, W. Yang, R. Ritchie and M. Meyers. The dissertation author is the first author

of this work.



CHAPTER 4: RESULTS ON SKIN
4.1 Introduction

Vertebrates are covered with organ skin, which provides protection from the
environment, temperature regulation, camouflage, thermal energy collection and a host for
embedded sensors [213]. Skin consists of three layers, epidermis, dermis and endodermis,
with mechanical properties dictated primarily by the dermis, the thickest layer. Its major
constituents are type-1 collagen and elastin: collagen provides mechanical resistance to
extension, whereas elastin accommodates the deformation [214]. To fulfill its
multifunctional role, skin must possess a tailored mechanical response to accommodate the
body’s flexibility and movement coupled with damage minimization strategies to prevent
tearing.

Research into skin’s mechanical properties began in 1831 when Guillaume
Dupuytren [215] observed a patient who had stabbed himself over the heart three times
with a stiletto having a circular cross-section. Doubting the patient’s truthfulness due to the
elliptical shape of the wounds, Dupuytren found that perforations made from an awl may
either narrow or broaden depending on the tension of the skin across the wound. This led
to Langer’s proposal of lines representing the anisotropic nature of the skin that follow
directions where the skin is under most tension [216]. The existence of Langer’s lines is
well recognized; indeed, surgeons find that incisions made along the lines close easily and
heal rapidly, whereas incisions perpendicular to the lines tend to pull open, with prolonged
healing and scarring [217]. By using an awl to make multiple wounds in cadavers, maps of

Langer lines as shown in Figure 4.1 are created.
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Figure 4.1: Depiction of Langer lines. (a) Original depiction of Langer lines by Karl Langer [218] (b)
Schematics of Langer lines by Sophis inc. who offers “The Langer lines massage” [219].

Skin is often considered as a nonlinear-elastic material with low strain-rate
sensitivity [80, 106]. Most work on its mechanical deformation has focused on the
collagen, the main structural component of the dermis [198]. Deformation in collagen
involves several distinct stages [220]. In arterial walls, for example, collagen fibril
straightening, reorientation and elastic stretching have all been identified [197, 199, 221],
akin to their alignment on stretching in tendons [51, 222]. Constitutive models are based
on phenomenological curve-fitting [223], energy-based formulations [87] and physically
based relationships [61, 94, 224].

We have performed a variety of experiments on chicken and rabbit skin. These two
skins were chosen due to accessibility of material, and differences in functional
requirements. In rabbits, the skin provides protection from physical assault by its
surroundings such as sticks, brush and predatory attack. Additionally, the rabbit is an
athletic animal whose motion requires a large amount of stretch by the skin. Avian skin has

other unique characteristics and functional requirements; it is adapted to provide support
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for the feathers, and does not have sweat glands. The differences in function between the
skins lead to specialized structures and varying mechanical properties. These differences

are clearly conveyed in the characterization and experimental results which follow.

Figure 4.2: A cottontail rabbit running through snow. (a) As the rabbit runs, the skin must accommodate large
strains. (b) The skin in the non-stretched state while the rabbit runs.

4.1.1 Rabbit (Oryctolagus cuniculus)

Rabbit skin is a highly extensible, anisotropic and strain rate sensitive material.
Rabbits live in brush environments [225], and their skin must be capable of withstanding
the possibility of pulling, poking and rubbing from sticks and branches. In addition, rabbits
are prey of many animals, and natural selection favors animals with the best survival
characteristics-such as an effective and protective skin. Further functional requirements of
skin are due to the athleticism of rabbits [226]; as they run, their skin must be capable of
accommodating large deformations. Due to the ability to retrieve fresh rabbit skin
specimens, they were chosen as the subject for our studies which resulted in Section 4.2
and 4.3. However, some initial characterization was performed on the skin of the brown
chicken, and these results follow.

4.1.2 Brown Chicken (Gallus gallus)
Avian skin has evolved and specialized for different purposes than mammalian

skin. Birds avoid attack through flight, and their skin has a main purpose to support the
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feathers. Structural coloration is another common feature of avian skin which is, where
highly refined structures in the dermis create vivid colors in order to attract mates [227]. It
IS interesting that structural coloration is an important feature for many birds and a prime
example of convergent evolution; this mechanism of color production has evolved more
than 50 independent times within extant birds [228].

Preliminary tests and observations on chicken neck skin revealed large differences
in strength and extensibility compared to rabbit skin. These tests are shown in Figure 4.3.
The neck skin of the chicken was chosen as an ideal location from which to harvest skin,
in order to be able to effectively establish the direction of Langer lines. The two principal
directions chosen are transverse, or across the neck, and longitudinal, or in the axial
direction of the neck. Figure 4.3 shows that the total amount of strain before failure is
comparable in both directions: A~0.7-0.9. However, the stiffness and failure stresses are
different; the transverse direction has a stiffer linear region and fails at ~1.0 MPa. In
contrast, the longitudinal direction fails at only ~0.4 MPa. These results show clearly that
strength is not vital to the chicken skin, as it is for the rabbit.

In order to understand the lack of strength of chicken skin, it was observed using a
SEM. The behavior of the chicken skin in the tensile tests is clearly related to the
microstructure of the skin, shown in Figure 4.4. Observation shows that (a) chicken skin
which is made up of a dermis consisting of two parts: a thick spongy layer (labeled 1) with
a thinner compact zone of two layers (labeled 2 and 3) beneath. The porous spongey
structure is not dense with collagen fibers, and therefore makes minimal contributions to
the strength of the skin. The two layers in the compact zone of the dermis are clearly visible

in (a) and show two distinct and different orientations. Each layer is made of large fascicles
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(which are made of fibers and fibrils), and the layers are independent of each other so that
minimal interaction between layers is expected. This leads to the large differences in
maximum stress between the transverse and longitudinal orientations; in the transverse
orientation, the load is carried mainly by the lower (thicker) layer in the dermis while in
the longitudinal orientation, the load is carried mainly by the upper (thinner) layer in the
dermis. Therefore, the failure stresses are higher in the transverse direction. (c) and (d)
show a close up of the fascicles, and the clear distinction between layers. While fibers are
not immediately clear in these fascicles, by freezing and breaking the skin (e) we can see
that the fascicles are made of bundles of fibers. Upon closer inspection (f), each fiber is
made up of bundles of collagen fibrils. This structure is what leads to the anisotropic
response of the chicken skin.

Chicken Neck Skin Tests
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Figure 4.3: Tests on chicken neck skin at €=0.01. Longitudinal and transverse directions achieve similar
maximum strains (A=0.7-0.9), but the transverse direction has a failure stress more than double that of the
longitudinal direction.



157

Figure 4.4: SEM of chicken skin. (a): chicken skin cut cross section. On the bottom (labeled D), there is a
dense section of the dermis with two distinct layers. Above the thick section is a spongy region, which makes
up the majority of the thickness of the skin, and the epidermis. The spongy pores are detailed in (b). (c) and
(d) show the dense part of the skin. Both show large fascicles, and fibers are not distinguishable in these
fascicles. (d) highlights the two layers, composed of fascicles in different orientations. (e) is a resection of
the fracture surface of the skin. When fractured, the fascicles separate into fibers, and the fascicles are no
longer distinguishable. (d) Upon closer observation of the fibers, collagen fibrils are observed.
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4.2 Structure and mechanical response of rabbit skin
4.2.1 Background

Skin is an organ of utmost importance, and therefore has been the subject of in-depth
research for many years. In 1831, anatomist and surgeon Guillaume Dupuytren observed a
patient who claimed to have suffered elliptical stab wounds from a blade with a circular
cross-section (a stylet). Due to his disbelief that a circular blade could cause these wounds,
Dupuytren experimented on a cadaver and discovered that holes made with a circular knife
stretched or closed into ellipses [215]. Karl Langer expanded on this observation and used
an ice pick to perforate the skin of cadavers. From these results he proposed lines which
exist throughout our body, representing the direction of maximum tension in skin and
describing its anisotropy; these are known as Langer lines [216]. Maps of these lines are
currently used by surgeons to ensure that incisions heal quickly and with minimal scarring.
Multiple investigations have studied the skin of cat [82], frog [229], rhinoceros [105], and
rabbit [58]. Skin is also inspiring modern technology. Replication of certain properties of
the skin is highly desirable in many applications such as flexible electronics, soft robotics
and prosthetics. The physicochemical and mechanical design principles of an artificial skin
are described by Yannas and Burke [230]; Burke et al. [231] made successful use of a
physiologically acceptable artificial skin to treat burn injuries. Today there are a variety of
commercial skin substitutes which may be used for therapeutic and testing purposes [232].
Non-biological skins intended for other uses have also been produced; Tee et al. [233]
created the first electrically and mechanically self-healing, highly extensible skin for
electronics applications by using a composite inorganic nanostructured metal particles in

an organic supramolecular polymer host. One interesting constitutive model for the
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epimysium of muscle, somewhat resembling skin because of the collagen is in a wavy
configuration, is the one by Gao et al. [234] which assumes a sine shaped collagen fiber
integrated with the ground substance.

The objective of the investigation whose results are presented herein is to provide a
mechanistic understanding of the deformation of skin under uniaxial loading. In order to
accomplish this, experiments on rabbit skin are compared with a constitutive model based
on the straightening of fibers. This model is validated by experiments on idealized circular
segments, to which a viscoelastic component is added. This research extends recent work
that focused on the tear resistance of skin [58].

4.2.2 Experimental and computational methods
4.2.2.1 Natural skin and testing

Butchered and cleaned sexually mature female rabbits were obtained immediately
after slaughter from Da Le Ranch in Lake Elsinore, CA. The rabbits were then shaved and
skinned. Rabbits were chosen due to a lack of an estrous cycle, which affects the
mechanical properties of skin. The use of females reduced variation due to gender
differences, so that the effects of varying strain rates may be effectively quantified.
Specimens for characterization were frozen in water for preservation. Using surgical
blades, skin samples with dimensions of 20 x 5 x 0.6 mm were cut along directions parallel
and perpendicular to the backbone of the rabbit. Uniaxial tensile tests were carried out on
an Instron 3342 mechanical testing machine with a load cell of 500 N. The strips were
gripped by the load cell and allowed to hang, at which point the load was tared. Samples
were tested without preconditioning with a span of 12 mm at strain rates of 10! and

10735, and deformation was measured grip-to-grip. These strain rates were chosen so that
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they would span two orders of magnitude and provide insight into the viscoelastic effects
of skin, while remaining within the limitations of our equipment. To retain hydration during

tests, phosphate-buffered saline solution was sprayed on the samples periodically.

4.2.2.2 Scanning and transmission electron microscopy

For SEM observation, undeformed rabbit skin was immersed in 2.5%
glutaraldehyde for 3 h to fix the structure, and subsequently dehydrated with an ascending
ethanol series. Strips of skin were cut using a surgical blade. Some samples were fractured
by freezing in liquid nitrogen. The samples were then dried in a critical point dryer
(Tousimis Auto Samdri 815A). The surfaces were sputter coated with iridium using an
Emitech K575X and examined using a FEI SFEG ultra-high resolution SEM. For TEM
observation, the skin was cut using a scalpel into 5 mm strips. A primary fixation was
performed by immersing the tissue sections in 2.5% paraformaldehyde, 2.5%
glutaraldehyde in 0.1 M cacodylate buffer for 2 hours. Post-fixation was done for 12 hours
in 1% osmium tetroxide in 0.15 M cacodylate buffer. The specimens were then stained in
1% uranyl acetate for 12 hours and dehydrated with an ascending ethanol series, followed
by a 1:1 ratio of 100% ethanol and 100% acetone, and finally 100% acetone. Samples were
subsequently embedded in Spurr’s low-viscosity resin, polymerized at 48 °C for 48 hours,
and sectioned parallel and normal to the skin surface using a Leica Ultracut UCT
ultramicrotome and a Diatome diamond knife. Sections 70-100 nm thick were placed on
copper grids for TEM observation, and post stained with Sato lead for 1 minute.
4.2.2.3 Synchrotron X-ray characterization

Uniaxial tensile samples were prepared using a surgical blade and sprayed lightly

with phosphate-buffered saline to preserve hydration during testing. These samples were
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loaded in uniaxial tension at 25 °C, and data was collected throughout the experiment.
Biaxial tensile samples were stretched by hand using an embroidery hoop to ~50% biaxial
strain, measured optically using a grid drawn on the skin. This is consistent with studies by
Lanir and Fung [106], which showed that the heel region of a biaxially stretched sample
occurs at stretch ratio of ~1.5. The samples were then fixed in 2.5% glutaraldehyde in order
to preserve the stretched structure, followed by dehydration using a graded ethanol series.
A surgical blade was used to cut samples for observation from the stretched and fixed skin.
All samples were exposed to X-rays at beamline 7.3.3 at the Advanced Light Source
synchrotron at the Lawrence Berkeley National Laboratory. A Pilatus 2M detector was

used to collect data at a distance of ~ 4 meters from the sample.

4.2.2.4 Simulated tests

A beam of connected circular segments with a circular cross-section was used to
model the tensile behavior of a single collagen fibril. The response was verified using a
steel beam shaped into circular segments with radius, r, of 30, 60 and 120 mm and angle,
o, of 30°, 50°, 70°, 90°, 110° and 130°. The beams were tested in quasistatic tension to

verify the model. The geometry is observable in Figure 4.9.

4.2.2.5 Calculational techniques

Model geometry was drawn using Solidworks, and imported into COMSOL
Multiphysics. One face on the end of the wire was constrained to its initial location, but
rotation was allowed. A force was applied to the face on the other end of the wire and
pulled along the x axis, while allowing rotation of the face. These conditions avoided errors

due to singularities, and resulted in displacements which were converted to strains.
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Castigliano’s theorem was used in the derivation for the straightening of an initially circular
segment of a steel wire under tension. Results were plotted in MATLAB.
4.2.3 The hierarchy of the dermis

The dermis is the structural component of skin. It gives it the mechanical response
required for protection. Collagen (80-90% of dermis) and elastin (3-6%) are the principal
proteins responsible for the mechanical properties of the skin [235]. The dermis has been
described as an arrangement of wavy fibers, of 2-10 um in cross-section, which are made
of randomly oriented fibrils of ~100 nm in diameter, as shown in Figure 4.5a. However,
Figure 4.5b, which shows intact skin, reveals a well organized structure where the top
surface is what appears to be a single layer collagen fibers, aligned in a distinguishable
direction. Figure 4.5¢ shows one single layer being peeled from the dermis beneath,
illustrating that individual layers have some independence from the layers around them.
Figure 4.5d shows a skin cross-section, where the layers are observable, and Figure 4.5e
shows the ends of cut collagen fibers, revealing their shape and cross-sectional dimensions,
which are ~2 by ~10 pm.

The defining small scale features of collagen fibers are more closely observed in
Figure 4.6 by TEM. Figure 4.6a is a TEM of the highly ordered and aligned collagen fibrils
within a fiber, in which the characteristic banding present on collagen fibrils is clearly
visible. A cut nearly parallel to the skin surface (Figure 4.6b) reveals a variety of fibers
with fibrils in various orientations, and a cut perpendicular to the surface (Figure 4.6¢)

shows fibers of ~2um thickness stacked atop each other in the skin.



Figure 4.5: Observation of collagen in rabbit skin by SEM. (a) Fracture surface of skin frozen in liquid
nitrogen reveals wavy fibers in apparent disorder. (b) Skin prepared through fixation and peeling: single layer
of collagen fibers is observed in plane with the surface of the skin. (c) One single layer of collagen fibers is
peeled from the stack of collagen layers comprise the thickness of the skin. (d) Several layers of collagen
sheets atop each other. (e) Cross-section of single collagen fiber.
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Figure 4.6: The fibers in skin observed by TEM. (a) TEM shows aligned collagen fibrils in one fiber. (b)
TEM cross-section shows multiple collagen fibrils of different orientations. (c) TEM of three collagen fibers
stacked vertically.

A full hierarchical description of skin is presented in Figure 4.7. Our understanding
of the structure incorporates the presence of lamellae with preferred fiber orientations seen

in Figure 4.5b; adjacent to the renderings of the hierarchical levels are transmission and
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scanning electron microscopy images of each layer, down to the fibrillar level (Figure 4.7b-
d).

The smallest spatial scale is well understood for collagen. Fibrils, as seen in Figure
4.7b, are approximately 50 nm in diamiter and form fibers. However, the organization of
fibers into lamellae is less well characterized. We have identified that fibers assemble into
lamellae parallel to the surface of the skin. The approximate cross-sectional dimensions of
these ‘flat fibers’ or lamellae are ~2 um thickness and ~10 um in width. They form a wavy
pattern which we model in Section 4.2.5 as consecutively connected circular segments, but
it has also been described as sinusoidal and helical (although it is clear that these fibers are
not helical). Figure 4.7c shows an SEM image in which multiple fibers are parallel to each
other in the skin. These lamellae are arranged in distinct layers where each layer has a
specific orientation. In Figure 4.7d, a cross-section of the dermis reveals many flat collagen
fibers stacked upon each other. For the rabbit skin, the number of fiber/lamellae layers is
obtained by dividing the dermis thickness (500 um) by the thickness of each lamella: (2
um); it is approximately 250. Non-collagenous elements, the most prominent of which is
elastin, are not shown in Figure 4.7 because their relative contributions to the skin’s
mechanical properties is less important. Additionally, structural details of the elastin

network in skin are currently not well defined.
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Figure 4.7: The full hierarchy of collagen in the dermis. (a) Schematic which represents the hierarchy of skin.
The hierarchical order is: (i) Tropocollagen chains form right handed triple helices. (ii) Schematic of i. (iii)
The fibril is formed through the quarter-staggered arrangement of tropocollagen molecules which leads to a
gap region, an overlap region, and characteristic d-banding. (iv) Fibrils are long strands, and the d-banding
is clearly evident. (v) Many fibrils are arranged to form wavy parallel fibers, which are flattened in the plane
of the skin. (vi) Parallel fibrils form lamellae; these lamellae exist through the thickness of the skin. (b)
Transmission electron micrograph of collagen fibrils that are curved and parallel, and form a fiber. (c) Parallel
fibers in a single lamella of the skin. (d) Cross-section of skin with multiple lamellae

4.2.4 Deformation imaged by small angle x-ray scattering
Previous studies [58, 236] measured the degree of fibril orientation in rabbit skin
under uniaxial tension using Small Angle X-ray Scattering (SAXS). Both studies used an

orientation index and conclude that the fibrils align with the tensile direction under loading,
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but information regarding the initial orientation is inconclusive due to the waviness of the
skin which has a high influence on the initially recorded SAXS patterns. Therefore, two
deformation paths, shown in Figure 4.8, were applied to the skin and analyzed by SAXS:
uniaxial and biaxial extension. In uniaxial extension the progression of deformation was
characterized along the stress-strain curve at the points marked. Four mechanisms of
deformation were found to operate: straightening, rotation (toward the tensile axis), elastic
extension of fibers, interfibrillar sliding, and finally fracture [58].

Two positions in the uniaxial extension are marked by open circles on the stress
strain curve in Figure 4.8a. They correspond to the initial configuration and the one at the
maximum load. The original curved configuration of the collagen fibers and multiple
orientations of the lamellae result in an in-plane equiaxed structure, manifested in the
SAXS pattern by circular rings which have an intensity that is independent of orientation
(Figure 4.8b). As uniaxial deformation proceeds there is a gradual alignment of the fibers
with the tensile axis. This is shown in Figure 4.8c: the SAXS pattern exhibits a higher
intensity in the tensile direction (vertical axis).

Biaxial extension straightens the fibers and ideally should enable each lamella to
retain its original orientation. Although the progression of biaxial stretching was not
monitored, segments of skin subjected to biaxial stretch and then fixed were analyzed. Two
representative scattering patterns are shown in Figure 4.8d,e. The intensity of the SAXS
pattern across the circle corresponds to the fraction of the 250 (estimated) lamellae in this
orientation. This radial intensity variation is plotted in Figure 4.8f for the four SAXS scans
(b, ¢, d, e). The initial intensity is homogeneous and does not show much variation along

the orientations. Uniaxial stretching dramatically changes the pattern and shows the
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alignment of the collagen fibers with the tensile axis. Interestingly, biaxial stretching
introduces some asymmetry in the orientation of the collagen, with an increased intensity
in two directions. We attribute this to the preferential alignment of collagen fibers (shown
by the analysis and a simplified schematic in Figure 4.8g), which is manifested by the
Langer lines. Thus, similar to rhinoceros [105] and fish [237] skin, there is some anisotropy

in the initial orientations of collagen fibers in the lamellae of rabbit skin.
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Figure 4.8: SAXS Results show skin has two principal orientations of fibers. (a) Stress-strain curve of the
skin; (b) SAXS pattern of the natural skin before uniaxial stretching; (c) SAXS pattern of the skin at the
maximum stress (direction of tension shown by arrow); (d, €) SAXS pattern of two fixed skin samples
prepared by biaxial stretching; (f) Comparison of SAXS data showing two orientations with increased
intensity in biaxially stretched skin, corresponding to two preferred collagen orientations, as seen in
rhinoceros [105] and fish [237]. (f) Schematic showing two preferential lamellar directions; these are the two
most common of many orientations.
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4.25 The constitutive model

4.2.5.1 Elastic component: derivation

The stiffness of collagenous materials is a consequence of the arrangement of the
collagen structures and their geometric distribution. For example, the toe region
experienced by many biological materials corresponds to the straightening of the curved
arrays of fibrils; when the fibrils are straight the stiffness increases drastically, although it
rarely approaches that of the collagen constituents due to the sliding of collagen fibers and
fibrils.

The strength of collagenous materials is lower than that of collagen fibrils, which
are reported to vary from 200 MPa up to several GPa [238]. Because the strength of skin
is well below this, reaching at most ~50 MPa (in rhinoceros), failure in tension is the
consequence of interfibrillar and interfiber effects, namely the strength and viscoelasticity
of bonds between fibrils. The viscoelastic contribution to the failure of skin is readily
apparent when observing the fracture strength of rabbit skin measured at differing strain
rates: only ~8 MPa at a strain rate of 10 s™* compared to ~15 MPa at a strain rate of 10!

s1[58].
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Figure 4.9: Circular segment model of collagen. (a-b) Behavior of model under extension. Initial curvature
o decreases to o, Initial radius r. increases to r. Total length increases from lo to I. (c) A section of the circular
segment collagen model, showing relevant parameters which are required for the strain energy and
corresponding stress calculation using Castigliano’s theorem. (d) Free body diagram of a wire segment
showing P (applied force). The method-of-sections replaces the removed part with N (normal force), Q
(shearing force), and M (bending moment).
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In order to better understand the mechanical response of skin, we model the
response of a single collagen fibril. The underlying assumption of this model is that these
repeating units dictate the macroscopic material response; by quantitatively characterizing
the elastic response of one fibril and the viscous interactions with the matrix we gain an
understanding of the mechanical response. Materials consisting of collagen fibrils have
been modeled using different shapes including zig zags [93], helices [61, 96], and a sine
function [94, 95]. The limitations of these models were analyzed by Sherman et al. [238],
and a circular segment model was suggested as an improved representation of the in vivo
shape of collagen. Thus, these fibrils are modeled as circular segments, shown in Figure
4.9a.

In the circular segment model, adjacent segments connect with no discontinuities.
Under applied strain, the radius of curvature increases, leading to a decreased segment arc,
measured in degrees. One characteristic of these semicircular segments is that there are no
discontinuities at their junction, independent of extension. The mechanism of deformation
is graphically illustrated in Figure 4.9b. Based on the assumed shape and deformation
method, the tensile response of a fibril may be calculated using Castigliano’s theorem. The
problem that must be solved is the following: if a curved beam is subjected to a force P at
the ends; determine the load-displacement relationship. The required geometric
measurements are schematically described in Figure 4.9c,d; Table 4.1 shows the
parameters used in the derivation. In addition to these parameters, relationships between
the force, shear force, and bending moment applied to the beam are necessary. These
relationships are based on Figure 4.9d which shows a cut of the beam. Q is the shearing

force acting on the cross-section:
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Q = Psina (43)
N is the normal force acting on the cross-section:

N = Pcosa (44)
and M is the bending moment:

M =-P(y-rsing,) (45)

The strain energy is expressed as the sum of components due to bending, normal force, and
shear force, whose equations may be found in Beer [239]. The total strain energy is the
sum of the three components of the strain energy obtained from Equations A16, A18, and
A20 (details provided in Appendix A.3). From Castigliano’s second theorem, the
displacement at the point of application of an external force may be expressed as [239]:

LU _ay, au, au,
P P P P

(46)

The extension u in the direction of applied load P is determined using Equation 46. Since
|, =r. cosg,, strain is:

u u
E=—=
l, r.cosé,

(47)

From the definition of Young’s modulus, strain may also be expressed by the ratio of
stress/elastic modulus [240]. The modulus is replaced with a pseudo modulus, E’, as it is

not the material modulus, E, but the result of both structure and material modulus.

_P/A T, cos(6,)P/A
e u

E' (48)

Substituting Equation 46 into Equation 48:
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£ r,cos(g,)P/A

~aU, ou, au,
+ +

oP oP oP

(49)

Accounting for eccentricity and inserting the results into Equation 49 leads to a

. . . H
representation of the pseudo modulus in terms of various shape factors, where 6 =—,
r

ay=1.33, and E/G=2(1+v):

£ E-cosd,

a a E
$,(6,) +¢3(90)y?+¢1(90)

(50)

5% 14

L-303)

E’ is a function of the shape of the circular wire segment. Specifically, the shape parameters

required to calculate E” are thickness (H), the initial radius (rc), initial degree of curvature
(8, =90-a,), and the material modulus E. Holding arc length constant, the relationship

between the strain (&), current radius (r), initial radius (rc), current degree of curvature

(@), and initial degree of curvature (@) is:

B B r
“T l, r.sin () 1

- (r :
| rsm(‘:a)oj—rcsm(a)o)
0

After several additional steps, one arrives at the relationship:

G=IE' €D | pgin| L — T, cos < | | dr (52)
rr r ‘ r

Equation 52 is integrated from rc to r to produce a stress vs strain relationship based on the

initial circular shape.
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Table 4.1: Parameters used in derivation of constitutive equation

Symbol Parameter
o, initial angle of waviness
w current angle of waviness
ri inner radius of curvature
lo outer radius of curvature
re radius of curvature at the centroidal axis
I'n initial radius of curvature for the neutral axis
e eccentricity, €= re- I
A cross-section area
H height of the curved beam, H=r,- ri,
0. description of degree of curvature
0 description of location on the semicircular curve

4.2.5.2 Elastic component: comparison of experimental, analytical and computed
results

In order to validate the model, macroscale tests described in Section 4.2.2 were
performed. By comparing testing results to calculations, we confirm that our model is
accurate. The tension setup and stress mapping from a simulation are also shown in Figure
4.10a. The results are illustrated in Figure 4.10b for three curves with 30 mm radius and
wo=70°; one from calculations (solid line), one from tensile tests (dashed line), and one
from simulations (dotted line). There is excellent agreement among them. Figure 4.10c
shows the dramatic effect that varying the curvature can have on the elastic response, as
larger values of wo substantially increase strain achievable at low stresses. Similarly,
calculations with a constant degree of curvature but different radii are shown in Figure
4.10d, indicating the profound effect that radius (more precisely, ratio of beam thickness
to radius) can have on test results. In the biological context of collagen, this indicates the
substantial effect that the thickening of fibrils (often associated with ageing) may have on

the mechanical response of collagenous materials.
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Figure 4.10: Validation of elastic model. (a) Tests performed by mechanical testing (left) and finite element
analysis (right). (b) Comparison of results obtained by testing, calculations, and simulations for r=30 mm and
=60 show close agreement. (c) Calculation and testing results from various degrees of curvature while
holding r=30 constant show close agreement between calculations and tests, and illustrate the drastic effect
that increasing the degree of curvature may have on both stress and strain. (d) Calculation results showing
the effects increasing radius for wo=70° Increasing radius reduces the ration of beam thickness to radius,
which significantly reduces stress values.

4.2.5.3 Elastic component: application
The complete calculation of the elastic component of stress involves three stages:
1) Stress on a straightening circular segment is calculated. Fibril dimensions are
applied, as estimated from SEM images. Strain is calculated using Equation 51, and
stress is calculated using Equation 52.
2) The calculated strain from Equation 51 is divided by the cosine of the estimated
average degree of misorientation from the tensile axis, determined by comparing

the onset of the heel region of different orientations. This is based on the biaxial
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SAXS data which suggests two preferred fibril directions, as shown in Figure 4.8f.

This step accounts for the ability of fibrils to rotate.

Eemicireul
g — semicircular 53
cos (4 (®3)

misorientation )

3) A maximum stiffness is applied which reflects the physical response of the skin

[58], and is a property of collagen fibers in tension:

do -
_ - shape,orientation
O_shape,orientation, fiber—stiffness — _[ min [ d c ' Emax d & (54)

This effect may be due to the stretching of the bonds between fibrils and fibers, and
the continued recruitment of fibrils. These affect the true strength and stiffness of
collagen fibrils, which are not reached in the skin, and leads to the presence of a
linear region which is at a substantially decreased stiffness compared to that of a

collagen fibril.

4.2.5.4 Incorporation of viscosity into the elastic model

Uniaxial tests show clear differences from the models which are attributable to the
viscosity of skin [58]. The viscous effects of skin dissipate a large amount of energy, and
lead to lower failure strengths, due to the larger sliding time. Previous descriptions of the
elasticity and viscoelasticity of skin have resulted in a number of constitutive equations
and mathematical curve fits. However, no relationship which directly considers the
physical shape, viscosity, and orientation effects of skin has been successfully developed,
other than the model by Yang et al [58]; it approximates the tensile response of the skin
with circular segments in a Maxwell arrangement, and produces acceptable results for

curves with a small toe region. This relationship, representative of a spring and dashpot in
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series, leads to a large extension with low levels of stress at a sufficiently low strain rate,
and decaying stress when strain is no longer applied. However, Shaw and MacKnight [241]
suggested that the Maxwell model is a poor representation of viscoelastic bodies such as
polymers.

In the case of rabbit skin, a low strain rate leads to reduced maximum stress levels;
however, the amount of extension is not largely affected when the strain rate varies by a
factor of 100. Therefore, we apply a Kelvin-Voigt model, which is better suited for use in
a viscoelastic solid [241]. The spring, shaped as consecutively connected circular
segments, is in parallel with a dashpot. As the parallel spring and dashpot experience
equivalent strain, the total stress is equal to the sum of the elastic stress and viscous stresses.

The elastic stress is obtained from Equations 52 and 54. There are two regimes:
straightening of the fibers (Equation 52) and their elastic extension; both are incorporated
into Equation 54. For the viscous component, the general form is used (e. g., Meyers and
Chawla [242]):

n=Kg" (55)

Equation 55 adjusts viscosity based on strain rate; n<0 is shear thinning, n=0 is
Newtonian viscosity, and n>0 is shear thickening. Shear thinning is a reduction in viscosity
with increasing strain rate. Finlay [243] studied viscosity in human skin, and concluded
that viscoelastic models of skin should account for shear thinning phenomenon if the
theoretical results were to bear any relation to real life data under both static and dynamic
conditions. The viscous stress occurs within the ground substance that connects fibers and
fibrils of collagen. During the toe region of the curve, reorientation does not involve

viscous effects in a significant manner. In the heel and linear region, the fibers are stretched
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and the viscous effects become more prominent. Therefore, the viscous component of
stress is applied proportionally to the ratio of current strain (¢) to the strain at the onset of
the heel, (eneel), raised to the power of a; this is the fibril recruitment fitting parameter. Each
viscoelasticity parameter (a, K, n) has a unique effect on the response. The parameter a
effects the rate at which viscosity is applied to fiber recruitment; a value of 1 means that
the fiber recruitment (and application of viscous stress) is proportional to the strain. As a
increases above 1, low strain recruitment and corresponding viscous stress is reduced. K
assigns a conventional viscosity value, which is adjusted by n, in order to account for the
shear thinning. This describes the gradual recruitment of fibers which increases the viscous
contribution throughout extension. The resulting equation is:
a a
o(n)= (ij né = (i] Kemt (14)
Eheel Eneel

These required inputs are summarized in Table 4.2, which includes values from
literature (a), estimated from microscopy and experimental results (b), and parameters
which were estimated from fitting (c). Since there is so much variation in individual tests,
the fitting can only be approximate.

The four mechanisms of deformation—elastic straightening, stretching,
reorientation, and sliding are accounted for in the calculated response of the skin shown in
Figure 4.11. It can be seen that the model accurately describes the response of transverse
and longitudinal skin. These calculations show that the principal features of deforming skin
are captured by the constitutive equation proposed, and are directly related its

microstructure and mechanical response.



Table 4.2: Parameters used in elastic and viscoelastic models
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Engineering Stress (MPa)

Fitting parameters Values
Modulus of collagen fibril 1 GPa?
Thickness of collagen fibril 0.13 pmP

Radius of curvature of collagen 7 um®
Degree of curvature of collagen 70 degrees”
Average misorientation (from 70 degrees”
Emax (modulus) 10 MPa°
a (fiber recruitment parameter) 2°
K (viscosity coefficient) 25 Pa-s°
n (viscosity parameter) -0.6¢
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Figure 4.11: The model as applied to test results. Tensile engineering stress-engineering strain plots made
using the constitutive model are shown with the solid lines, while physical tests are shown with the dotted
lines. Experimental results on rabbit skin along two orientations: longitudinal (perpendicular to Langer lines)
and transverse (parallel to Langer lines) [58]. Note considerable variability among experimental results, a
characteristic of skin. The model is shown to match the experimental results reasonably well, and intrinsically
all values are based in the physical processes that are occurring in the skin.

4.2.6 Summary

This investigation connects the mechanical response of rabbit skin in uniaxial extension

to the changes in the structure by providing a new constitutive equation that captures the

most important processes. The following principal results are obtained:
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The dermis of the rabbit is composed of sheets or lamellae which are assemblages
of curved parallel collagen fibers. In these assemblages, each layer is comprised of
curved fibers with a preferential direction, different layers having different
orientations. It is estimated that 250 sheets with different orientations comprise the
dermis of rabbit. The fibers are, in turn, composed of fibrils.

In tension, the collagen in these sheets straightens and aligns with the tensile
direction. This requires considerable interfiber shear and sliding, and generates
viscous stress as alignment leads to high stress and strain values. The combined
elastic and viscous effects lead to the unique tensile response of skin, as well as its
strength, versatility, and tear resistance.

The presence of some extremely wavy fibrils is responsible for the large amounts
of strain that the skin can undergo before straightening. As the less curved fibrils
straighten and align, the more curved remain non-aligned. As stretching continues,
the previously straight fibrils break and misalign, transferring the load to the
straightening curvier fibrils. The variance between fibrils results in a large heel
region as certain fibers enter their linear region, and a large failure region due to
the successive breaking of the most highly stressed fibrils.

Processes that occur in the skin during tension are represented in a physically-based
constitutive equation in which the waviness is modeled as circular segments whose
radius increases with extension. By including the most important physical
processes in our calculations, namely straightening, stretching, reorientation and

sliding (through viscosity), the stress-strain response is successfully modeled.
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e This knowledge has the potential to affect the development of new hyperplastic
materials and synthetic skin. Biodegradable skin-like scaffolds are crucial for the
improvement of integration and quality of healing; the large influence that material
properties such as substrate stiffness can have on tissue growth is being increasingly
recognized. By more precisely understanding the wavy structure and how it
determines the stiffness of skin, biological elements of healing are likely to perform
their functions more effectively, while the potential discomfort of having an
inextensible or stiff synthetic skin attached to the body may be avoided.

e Our mechanical results are limited to uniaxial testing, in which most fibers reorient
parallel to the loading direction. A future possibility is to apply the model to biaxial
tension; this would reduce the tensile alignment, and result in a response dominated
by the straightening and sliding of collagen, but with limited reorientation.

Additionally, understanding of the layered structure which leads to the response
of skin may motivate the development of future engineering materials which mimic its
anisotropic response, large extensibility, or tear resistance.

4.3 On the tear resistance of rabbit skin
4.3.1 Introduction

Vertebrates are covered with organ skin, which provides protection from the
environment, temperature regulation, camouflage, thermal energy collection and a host for
embedded sensors [213]. Skin consists of three layers, epidermis, dermis and endodermis,
with mechanical properties dictated primarily by the dermis, the thickest layer. Its major
constituents are type-1 collagen and elastin: collagen provides mechanical resistance to

extension, whereas elastin accommodates the deformation [214]. To fulfill its
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multifunctional role, skin must possess a tailored mechanical response to accommodate the
body’s flexibility and movement coupled with damage minimization strategies to prevent
tearing.

Research into skin’s mechanical properties began in 1831 when Guillaume
Dupuytren [215] observed a patient who had stabbed himself over the heart three times
with a stiletto having a circular cross-section. Doubting the patient’s truthfulness due to the
elliptical shape of the wounds, Dupuytren found that perforations made from an awl may
either narrow or broaden depending on the tension of the skin across the wound. This led
to Langer’s proposal of lines representing the anisotropic nature of the skin that follow
directions where the skin is under most tension [216]. The existence of Langer’s lines is
well recognized; indeed, surgeons find that incisions made along the lines close easily and
heal rapidly, whereas incisions perpendicular to the lines tend to pull open, with prolonged
healing and scarring [217].

Skin is often considered as a nonlinear-elastic material with low strain-rate
sensitivity [80, 106]. Most work on its mechanical deformation has focused on the
collagen, the main structural component of the dermis [198]. Deformation in collagen
involves several distinct stages [220]. In arterial walls, for example, collagen fibril
straightening, reorientation and elastic stretching have all been identified [197, 199, 221],
akin to their alignment on stretching in tendons [51, 222]. Constitutive models are based
on phenomenological curve-fitting [223], energy-based formulations [80] and physically
based relationships [61, 94, 224].

Far less is known about the tearing of skin. Fracture-energy values have been

measured for rhinoceros [105] and rat [244] skin, and the adherence of skin grafts estimated
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during peeling from a wound surface [245]. Skin appears to have superior tear resistance
to natural materials, for example, hevea plantations [246, 247] and wheat gluten [248],
which are used in synthetic materials specifically to provide tear resistance. However,
although the importance of tear strength and its dependence on fracture energy has been
noted [230], there are few, if any, studies that directly relate tear resistance to the salient
micro-mechanisms of deformation and fracture in the skin.

This study addresses skin’s damage minimization strategies to prevent tearing. We
attribute skin’s tear resistance to the nano/micro-scale behavior of the collagen fibrils using
mechanical and structural characterization involving in situ tension loading with small-
angle X-ray scattering (SAXS) and scanning electron microscopy (SEM), together with
ultrahigh-resolution SEM and transmission electron microscopy (TEM). As ~60% of skin
is collagen [223], which is primarily responsible for its mechanical properties, the role of
elastin is not considered as it is only relevant at low strains [249, 250]. Consequently, we
validate our measurements using a constitutive equation derived from a physical analogue
of skin’s collagen fibrils, comprising steel wires shaped into a configuration that can be
analyzed analytically. The tear resistance is due to the synergistic activation of four
principal deformation mechanisms, which we identify and quantify the straightening and
stretching of collagen fibrils, reorientation of fibrils towards the force application direction,
and the sliding of fibrils by the deformation and reformation of bonds between them.
4.3.2 Results
4.3.2.1 Tensile Response of Skin

We first established the tensile stress-strain response of skin with hydrated edge-

notched specimens to demonstrate its dramatic resistance to tearing (Figure 4.12a—d),
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which we relate to synergistic structural changes occurring in the dermis during straining.
Our experiments show that a notch in the skin did not propagate or induce fracture, it
simply opened and blunted (Figure 4.12e). This response is distinct from that of bone and
tooth dentin, which are also collagenous materials but with mineral crystals [75, 251, 252],
where a notch can initiate cracking and failure (Figure 4.12f), and from natural rubber,
where again a small cut can readily cause fracture. This experiment pertains to the opening
of a tear at the edge of the skin. These experiments are done on hydrated specimens to
reflect reality. However, the mechanical response is significantly altered by decreasing the
water content, as described previously in Figure 2.11. The corresponding behavior of an
internal tear (Figure 4.12g-j), which is more likely encountered in surgery, illustrates how
an initially straight cut gradually deforms along a trajectory idealized by an ellipse that
decreases its major axis (2a) and increases its minor axis (2b) until inversion occurs, as has
been demonstrated computationally at the nanometer scale [253, 254]. This change in notch
geometry, shown in Figure 4.12k-1, acts to diminish the stress concentration at the tip, as
the local stress at the notch tip, atip, is related to the globally applied stress, oapp, by otip=0app
(1+2a/b). When the minor axis is zero, the local stress is infinite; as the minor axis 2b
increases and the major axis 2a decreases, this stress decreases. We show how this
extraordinary flaw tolerance of skin is related to the reorganization of the collagen at any

region of stress concentration.
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After tension

stance
m crack
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Figure 4.12: Tear resistance of skin in comparison to bone materials. (a—d) The sequence of events where
rabbit skin, containing an edge notch or tear (of a length half the lateral specimen dimension), is strained
under uniaxial tensile loading; the notch does not propagate but progressively yawns open under tensile
loading. (e) Schematic illustration of skin with a pre-crack under loading; the crack does not propagate but
instead blunts. (f) Corresponding schematic of bone (transverse orientation) with a notch under loading; the
crack (white line) often propagates in a zig-zag pattern with multiple crack deflections. (g—j) The deformation
of a central notch in skin loaded in tension. Distortion of a central notch as specimen of rabbit skin is extended
uniaxially. There is no increase in the initial length of the cut. (k,I) The notch root radius increases with axial
extension of the specimen, with a consequent decrease in stress concentration. This is enabled by local
straightening and stretching of fibers and by interfibrillar sliding. Scale bar in (a—d), (g—j) is 10 mm.
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Before testing, the collagen fibers show a disordered, curvy morphology (Figure
4.13a). Each fiber has a diameter of 5-10 um and contains hundreds of ~50-nm diameter
collagen fibrils (Figure 4.13b). TEM of the collagen fibrils reveals their principal
orientations: nearly parallel and nearly perpendicular to the plane of the foil (Figure 4.13c),
with a curved trajectory; their d-spacing, measured at 55 nm (Figure 4.13d), is lower than
the actual value because the fibrils are inclined to the plane of observation. Under load,
fiber straightening and reorientation occurs towards the direction of straining, as illustrated
in Figure 4.13g-j. After loading, the collagen fibrils are aligned parallel, straightened and
separated on the notched side, but relaxed from straightening and delamination on the
unnotched side (Figure 4.13e-f). SEM images demonstrate that the collagen fibers
straighten and reorient leading to their separation into fibrils from the action of the

interfibrillar shear and tensile stresses (shown later).



187

Figure 4.13: Evolution of fibril and fiber configuration during tensile extension. (a) Disordered arrangement
of curved collagen fibers (SEM). (b) High magnification of a, collagen fibrils (~50 nm diameter) comprising
each fiber (~1-10 um diameter; SEM). (c,d) Collagen fibrils in section plane parallel to skin surface including
detail of sectioned fibrils (inset in ¢) and wavy structure (TEM). (e) Collagen fibrils at notched side are
delaminated, aligning close to the tension direction after loading. The loading direction is shown by the arrow,
(f) collagen fibrils at unnotched side are delaminated/relaxed after loading/unloading. (g—j) Schematic of
mechanisms of fibril deformation and failure under tension: (g) original configuration; (h,i) straightening and
reorientation of fibers with projected length in tensile direction increasing from Lo to L1, and L, (j) separation
into fibrils; elastic stretching through the increase in collagen d spacing from do to ds, and sliding
(schematically shown by S), increasing length in tensile direction to Ls. Ro—R> are the radii of curvature of
collagen during stretching. Scale bars in a—f and the picture inset in ¢ are 50 um, 500 nm, 500 nm, 500 nm,
1 pm, 2 pum and 200 nm, respectively.
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4.3.2.2 Mechanisms of Deformation

The sequence of events can be analyzed in terms of four mechanisms (Figure
4.13g-j). One fiber with a reduced number of fibrils is used to schematically represent the
process of deformation (Figure 4.13g). The fiber stretches and reorients itself, increasing
its projected length in the tensile direction fromLo to L1 and L (Figure 4.13g-1). This takes
place by increasing the radius of curvature of the initially curved fibers from Ro to Ry and
R2; due to stretching, the angle with the tensile axis decreases from ao to a1, and a2 (Figure
4.13g-1). As the fibers are straightened, shear strains develop between the fibrils because
of kinematic requirements. At a critical juncture, the shear stresses at the interfaces exceed
the interfacial cohesive strength and the separation of fibrils ensues, leading to the last stage
of deformation in which extensive interfibrillar displacement occurs (Figure 4.13j). The
displacement between two adjacent fibrils is indicated as S and the length along the tensile
direction is now L3z (Figure 4.13j). By the end of deformation, the d-spacing of collagen
has increased from do to ds, as shown in Figure 4.13g—j. Separation of the fibers into fibrils
is shown in Figure 4.13].

Figure 4.14a shows the stress-strain curves of unnotched rabbit skin at two different
strain rates, differing by a factor of 100: 10t and 103s™*. The plots represent a number of
experiments (up to eight tests conducted for each condition) and the bands reflect the
variation among individual results. The principal effect of increasing the strain rate is to
increase the maximum stress, consistent with previous findings [80, 106], which we relate
to the viscous effects of the extracellular matrix, including the sliding of collagen fibrils.
Two orientations were tested: parallel and perpendicular to the backbone of the rabbit,

which are, respectively, perpendicular to and along the Langer’s lines [106]. The maximum
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strains are lowest along Langer’s lines, as expected. The tensile curves show three regions,
characteristic of many collagenous materials [222, 255]: |-toe, Il-heel and Ill-linear
region. For comparison, the tensile response of isotropic, latex rubber is plotted in the inset
of Figure 4.14a; this has a characteristic shape with an inflection point followed by a steep
slope increase associated with entropic effects. In the dermis, collagen does not display this
behavior; indeed, there are significant differences between the plots of the two materials.
In the skin, the slope increases monotonically with increasing strain, until the linear region
is reached. The skin shows higher strength (~15 MPa) at the strain rate of 102 s, than at
the strain rate of 10~3s"1(~8 MPa), the maximum stress decreasing from the prominence of
interfibrillar sliding at low strain rates. Polymeric chains in rubber, conversely, are
connected by strong bonds (for example, vulcanization) such that stretching of the structure
is dictated by other mechanisms. In collagen, higher strain rates leave less time for
interfibrillar sliding and owing to increased viscous forces, the fibers can carry more stress.
These results are consistent with human skin tested parallel and perpendicular to Langer’s
lines [217, 256, 257]; the strength was also higher (~17-28 MPa) and the maximum strain
lower (~0.5-0.6) parallel to the Langer's lines, compared with the corresponding strength

(~10-16 MPa) and strain (~0.4) perpendicular to the lines.
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Figure 4.14: Experimental and predicted tensile response of a wavy structure simulating collagen in skin. (a)
Stress-strain curves of rabbit skin in longitudinal (parallel to backbone, perpendicular to Langer’s lines) and
transverse (perpendicular to backbone) orientations, at strain rates of 107 (red band) and 1073 s (blue band).
Skin displays higher strength at higher strain rates. Inset shows tensile response of latex, with much higher
tensile strains determined by the degree of vulcanization. (b) Modelling of stress-strain curves of skin with
Castigliano's theorem (dashed lines) and by experiments using steel wire, composed of segments of circles
(full lines). (c) Steel wire before and after stretching. The wire curvature (shown in schematic drawing) is
defined by the central angle 8, (~30° to 130°), which determines the maximum strain. Experimental and
mathematical predictions indicate good agreement reflecting the characteristic response of skin.
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4.3.2.3 Constitutive response and modelling

We modelled the tensile stress-strain response of skin by using a steel wire
composed of circular segments. This new model is superior to the use of a sine-function
[94, 250], zig-zag [93] or a helical shape [61, 224] because opposite segments are always
continuous, independent of the radius; moreover, it enables analytical solutions to be
derived. Sections of semicircles were connected consecutively, a geometry which is
pertinent as there are no discontinuities in slope; this form accurately represents the in vivo
arrangement of collagen. This is preferable to previous approaches because of its ability to
control the maximum attained strain while maintaining an accurate representation of the
skin. The plot shown in Figure 2.14 further justifies the selection of the chosen shape.
Figure 4.14c shows one example of the collagen shape. The maximum strain is determined
by the angle @ that defines the circular segments, increasing with rising . For instance, the
maximum strain corresponding to a total rectification of the segments at an angle §=90° is
equal to 0.57. @ is the central angle of one quarter of the model; circular segments with
central angles of 30°, 50°, 70°, 90°, 110° and 130° for a radius r of 120 mm were used to
model the shapes of the collagen. Figure 4.14c shows the metal wire in the initial and fully
stretched configurations. We used Castigliano’s theorem [258] to derive the stress, oo
(normalized by the Young’s modulus, E), which we compare with the experimental results
from steel wires, shown by the solid lines in Figure 4.14b. Specifically, the extension of

the steel spring was analyzed assuming a purely elastic response of circular beam segments

r o,
% :ij‘ E-{CSC( O){rsm(i%j_ r.6, cos(rﬂ0 H}dr (56)
E E fe I’C~r r r

in tension:
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where E’is a pseudo-modulus (determined from the geometric shape of the wire), 6o is the
initial central angle of the 1/4 circular segments (Figure 4.14b) and rc is the initial circle
radius. The strain increment, de, can be obtained directly from the change in radius r as the

segment is stretched:

dgz{M{rsin(r—"Hoj—rﬁo cos(rcaO ﬂ}dr (57)
r-r r r

The dashed lines in Figure 4.14b show the model predictions from Equations 56 and 57.

The time-dependent component can be expressed by the Maxwell model, with the
elastic spring (Equations 56 and 57) and a dashpot in series. The viscous contribution is
due to hydrogen bonding between the fibrils, which, on being disrupted and reformed,
allows their time-dependent sliding.

To include the non-elastic terms from interfibrillar sliding, we assume a simple
spring/non-linear dashpot series model where the total strain & is given as the sum of the
elastic gel and viscous ey Strains: ei=eel+&y. The viscous term can be represented by a simple

Newtonian response: o =7¢,, where # is the Newtonian viscosity, such that the viscous

strain is given by:
& = 1 j odt (58)
n

It is simpler to use a polynomial fit to the elastic constitutive equation of the form

o= As, +Bg,?+Cg,* +Dg,*, Where A, B, C and D are fitting constants, leading to:

el !

g, = %I(A&# B’ +Cs’ + De“)g"ldg (59)
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where & is the strain rate. We should emphasize that the viscous component comes from
the breaking of interfibrillar bonds, which results in sliding between them. Thus, the
fractional area where viscous flow takes place is a small number; as such, the viscosity
used in equation 59 is an ‘effective’ viscosity. The resulting stress-strain response of the
wire is modified as a function of viscosity (at a constant strain rate) in Figure 4.15a, and
strain rate (at a constant viscosity) in Figure 4.15b. These calculations show in schematic
manner how the viscosity influences the mechanical response. As the samples dry, the
viscosity increases and the overall response is altered. This is predicted by the modelling

of Gautieri et al. [79], and is shown previously in Figure 2.11.
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Actual skin has a hierarchical structure spanning the nanoscale of twisted peptide chains to the microscale of
wavy collagen and elastin fibres. The proposed wire model only addresses structure at the ~50 nm to 10 pm

dimensions, as depicted by levels 11 and 111 in the schematic. Blue dots in Il represent hydrogen bonds and
water molecules.
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The wire model is a simple representation of almost two levels of the hierarchy of
the skin. Figure 4.15c shows four levels of such hierarchy (considering primarily collagen),
specifically: | (sub-nanometer) level—collagen molecule, Il (nanometer) level—collagen
fibrils, 111 (micrometer) level—collagen fibers, arranged in a ‘curvy’ geometry, and 1V
(mesoscale) level—collagen fibers with two orientations creating a fabric with orthotropic
response. More complex models can be developed [259] but for the purposes of this
analysis the one presented in Figure 4.15c suffices. The model focuses on levels Il and I11.
Translating this to the mesoscale in level 1V, and incorporating anisotropy, can provide the
orientation-dependent mechanical response between the orthogonal axes ¢=0 (direction of
the Langer's lines) to 90° (perpendicular direction) in terms of the strains in directionsxy

and x2 by:
o=cos’p- f,(&)+sin’ - f,(s,) (60)
where f; and f, are different functional dependencies of the stress. This leads to predictions

of the stress-strain response as a function of the orientation in the skin, as described in

Figure 4.16, which captures the essential features of the experimental data in Figure 4.14a.
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Figure 4.16: Calculated stress-strain curves incorporating anisotropy. Langer line orientation at ¢ = 90°;
perpendicular orientation at ¢ = 0°. Orientations of 30°, 45° and 60° have correspondingly intermediate
responses. Calculations used Equation 60 and best fit to experimental data for ¢ =0° and 90°

4.3.2.4 Synchrotron X-ray characterization

We used in situ SAXS [260] with a synchrotron X-ray source to investigate this
reorganization of the collagen fibrils in the skin during tensile loading, combining these
data with in situ structural observations of the collagen behavior in the environmental SEM
under stretching. SAXS has been used previously to study collagen [94, 261, 262],
specifically the uniaxial and biaxial directional stretch of bovine pericardium and the
collagen structure at different temperatures and degrees of hydration. Here, we determined
a stress-strain curve for skin exhibiting the three characteristic toe-, heel-, and linear-

shaped regions [198, 222, 263] (stages I-I11) with a stage IV representing failure (Figure
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4.17a—e). The first three stages display a characteristic J-shape, which has been seen for
collagen in other organs [198, 199, 221, 222]. Each point on the curve represents a SAXS
measurement during tensile loading with 13 points exposed to X-rays. The four data points
at the ends of the red dashed line arrows in Figure 4.17e are used to discuss the structural
changes shown in Figure 4.17a—d. In the diffraction patterns of the four points (Figure
4.17a-d), the arcs represent the distributions of orientation of the collagen fibrils; the radii
of the arcs indicate their d-spacing evolution. Figure 4.17f,g show, respectively, the
evolution of the central angle of orientation of the collagen fibrils and their d-spacing.
Evaluation of the results in Figure 4.17, combined with in situ SEM observations (Figure
4.18), permits the identification of the four salient mechanisms underlying the tear

resistance of skin during tensile straining—in four stages marked I-1V in Figure 4.17f,9.
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Figure 4.17: SAXS analysis of skin in tension. Variation in SAXS peak-intensity, orientation angle, collagen
fibril d-spacing and full-width-at-half-maximum (FWHM), from tensile tests on rabbit skin. (a—d) Diffraction
patterns: arcs show orientations of fibrils, images of the sample shown at top-right corners, (a) collagen fibrils
randomly oriented to tensile axis, shown by constant intensity of diffraction pattern circles, (b) fibrils become
gradually aligned in tension direction, (c) fibrils aligned along tensile axis, (d) fibrils fractured and relaxed.
(e) During tensile test, 13 stress-strain data points (black dots) were recorded at 5 s intervals; four stages were
identified. (f) Angle of normal to the tensile axis (black dots) versus intensity of fibrils (blue dots) as a
function of strain, and (g) d-spacing (black dots) and FWHM (blue dots) of fibrils as a function of strain.
Four stages: I-toe and Il-heel, curved collagen fibrils straighten, rotate, stretch (d-spacing increases), I11-
linear, fibrils continue to rotate and stretch, orienting completely along tensile axis (angle=0°), but also slide
and delaminate; IV-fracture, fibrils fracture and curl back (angle deviates from 0°, d-spacing, FWHM and
intensity decrease).
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4.3.2.4.1 Stage | and Il (toe and heel)

The skin was moderately stretched before loading because of the gravity acting on
the wet samples. No clear mechanistic distinction was observed in stages | and 11, since
due to the dose limit, only three data points were obtained. The diffraction pattern in Figure
4.17a (at the beginning of tensile testing) displays almost a continuous circle, suggesting
that the collagen fibrils are arranged at widely varying angles. During these stages, the
collagen fibrils straighten (Figure 4.18b,f) and rotate towards the tension axis (Figure 4.17f
and Figure 4.18a,e). The fibrils also stretch, as the collagen d-spacing increases (Figure
4.17g). Despite the increasing strain, the toe and heel stages show little increase in stress,
consistent with the wire model data, which suggest that during this period more strain is

taken up by straightening than by stretching.

Stretching, sliding
Rotating Straightening and delaminating Fractured and curled back
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Figure 4.18: Mechanistic stages of the tensile loading of skin. SEM images (a—d) and schematic drawings
(e—h) of the mechanisms during the four stages of tensile loading of rabbit skin, black arrows in a and e
represent the direction of tension testing. (a,e) Curved collagen fibrils are oriented along the tensile axis; (b,f)
collagen fibrils are straightening, larger and larger amount of the fibrils re-orient close to the tensile axis;
(c,g) collagen fibrils are stretching, sliding, delaminating and orientated completely along the tensile axis;
(d,h) collagen fibrils are fractured and curled back. Scale bars in a—d are 20, 20, 20, 50 pm, respectively.




200

4.3.2.4.2 Stage Il (linear)

The collagen fibrils continue to rotate, as « (fibril angle with the tension axis) drops
from ~10° to ~0°. The fibrils also become more uniformly aligned, with Herman’s
orientation factor increasing from 0.24 to 0.76 (data not shown). Herman’s orientation
factor defined as ¥4(3cos?®—1), where @ is the angle between the orienting entity and fibre
axis, quantifies orientation on a scale from 0 (random distribution) to 1 (perfectly
oriented/aligned). This is seen visually as the SAXS peak transforms from a circle to an
oriented arc (Figure 4.17a—c). This peak correspondingly grows in intensity (Figure 4.17f),
which also reflects the recruitment of greater numbers of fibrils into common alignment.
The realignment of the collagen fibrils possibly increases the modulus locally, which would
elevate local stress and precipitate failure at this stage. Simultaneously, the d-spacing of
collagen fibrils increases from 64.5 to 66.9 nm, indicating that the collagen is still
extending elastically. However, this small elastic strain of ~0.037 is not sufficient to
accommodate the applied strain, which can be as high as 0.5 in this stage. Hence, the
mechanisms of inter- and intrafibrillar sliding become major contributors to accommodate
the imposed strain. Delamination of collagen fibrils is observed (Figure 4.18c), consistent
with the SAXS peak becoming broader (full-width-at-half-maximum (FWHM) increases,
Figure 4.17g), owing to the defects introduced into the previously well-ordered fibrils. In
this stage, the main mechanisms are reorientation, stretching, sliding, and delamination of
collagen fibrils (Figure 4.18e,9).
4.3.2.4.3 Stage IV (fracture)

In stage IV, the collagen fibrils fracture and curl back upon unloading (Figure

4.18d). The fibrils return to a wider range of orientations, so that the SAXS peak
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concomitantly decreases in intensity, and the central angle of orientation drifts away from
the axis of tension. Owing to unloading, the collagen d-spacing (Figure 4.17g) and the
FWHM of the SAXS peak both decrease, as the fractured collagen returns to a shorter and
more well-ordered d-spacing.

Thus, multiple mechanisms operate in the collagen under tensile loading to provide
skin with its extraordinary tear resistance: rotation, straightening, stretching, sliding and
delamination. The first three mechanisms provide the strain to induce large shape changes
within the elastic regime; these mechanisms also permit the re-alignment of collagen
around any tear in the skin to ensure its blunting.

In conclusion, we have shown the remarkable tear resistance of skin to be
associated with specific mechanisms within the collagen. This behavior, especially the
ability of collagen fibrils to slide past each other, contrasts with natural rubber vulcanizate,
where ‘nicked’ specimens will readily tear at low loads [264]. Clearly, the role of collagen
fibrils varies significantly in biological materials. In bone [252, 265], sliding between the
collagen fibrils forms the basis of ‘plasticity’ and provides a bilinear uniaxial stress-strain
response; indeed, collagen fibrils interact with cracks contributing to toughness. In certain
fish scales [112, 153], the Bouligand-type structure, with collagen fibrils oriented in
different directions, acts as a tough foundation to the highly mineralized surface to provide
resistance to both penetration and fracture. In such biomaterials, the collagen fibrils are
mineralized and initially straight. In contrast, the collagen fibrils in the skin are initially
curvy and highly disordered. We have shown how these curvy collagen fibrils act to
enhance skin’s tear resistance through their rearrangement towards the tensile-loading

direction, with rotation, straightening, stretching, and sliding/delamination before fracture.
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The rotation mechanisms recruit collagen fibrils into alignment with the tension axis at
which they are maximally strong or accommodate shape change (for example, blunting a
tear); straightening allows strain uptake without much stress increase, sliding allows more
energy dissipation during inelastic deformation. Such reorganization and sliding of the
fibrils are responsible for stress redistribution (blunting) at the tips of tears and notches. It
is the synergy of these four mechanisms that confers the extraordinary resistance to tearing
in skin, which in itself is a requisite for the survival of organisms.
4.3.3 Methods
4.3.3.1 Materials

Sexually mature female New Zealand white rabbits (Oryctolagus cuniculus) were
obtained from a breeder in Lake Elsinore, California (Da Le Ranch), USA. The animals
were purchased and delivered as commercially available dead rabbits, in order to avoid the
ethical implications of working with live animals. The hair was shaved carefully on the
animal without damaging the skin before testing. The skin was pulled from the rabbit body
with a minimum of cuts. Skin samples along both the transverse and longitudinal
directions, with dimensions of 10—-15 mm in width and 25 mm in length, were taken from
the sides and back of the rabbit. The epidermis was not removed as it was presumed that
the mechanical properties of the skin would not be affected by the very thin epidermis
layer. Skin samples that were not tested immediately were stored in the frozen state, as
prescribed by Marangoni et al. [266].

In total, three separate rabbits were examined. At least three unnotched and notched
samples for each property measured were examined in both the longitudinal and transverse

directions, specifically in tension both ex situ and in situ inside the synchrotron X-ray
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source with real-time simultaneous SAXS measurements. For some conditions, up to eight

experiments were conducted.

4.3.3.2 Uniaxial tensile tests

Using surgical blades, skin samples with dimensions of 20 x 4 x 0.6 mm? were cut
along directions parallel and perpendicular to the backbone of the rabbit. Up to eight
samples were tested in each orientation. Uniaxial tensile tests were carried out on an Instron
3342 mechanical testing machine (Instron Corp.) with a load cell of 500 N using the span
of 12 mm at strain rates of 10 and 103 s™%. To keep the specimens hydrated during tests,
phosphate-buffered saline solution was sprayed on to the skin samples periodically. The
effects of dehydration are explored by reducing water content using a desiccator, and using

weight measurements to quantify water loss.

4.3.3.3 SEM sample preparation

Strips of the rabbit skin were cut using surgical blade and a steel ruler (the latter to
keep the cuts straight). The strips were first immersed in 2.5% glutaraldehyde for 3 h to fix
the structure, and dehydrated with an ascending ethanol series (30, 50, 70, 90, 95 and
100 vol.% twice) while preventing shrinkage due to dehydration. The strips were fractured
using forceps immediately after being immersed in liquid nitrogen. The fractured samples
were immersed in ethanol and dried in a critical point dryer (Auto Samdri 815A, Tousimis).
The dried fracture surfaces were then sputter coated with iridium using an Emitech K575X
sputter coater (Quorum Technologies Ltd.) and examined by FEI SFEG ultra-high
resolution SEM (FEI, Hillsboro).

Samples were also observed under wet conditions using an in situ SEM (Hitachi S-

4300SE/N SEM (Hitachi America) during the tension testing. However, owing to the wet
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condition of the skin sample, high resolution could not be obtained. Some stretched
samples in different tensile stages (toe, heel, linear and fracture) were prepared using the
similar SEM sample preparation procedure (structure fixing, dehydration and critical point
drying) and observed using FEI SFEG ultra-high-resolution SEM. All structure-fixed

samples, which were tensile tested, were subsequently characterized in the SEM.

4.3.3.4 TEM sample preparation

For TEM observation, the skin was cut using a scalpel into 5 mm thick strips. A
primary fixation was performed by immersing the tissue sections in 2.5%
paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer for 2h, and post-
fixation was done in 1% osmium tetroxide in 0.15 M cacodylate buffer for 12 h. The
specimens were then stained in 1% uranyl acetate for 12h and dehydrated with an
ascending ethanol series, followed by a 1:1 ratio of 100% ethanol and 100% acetone, and
finally 100% acetone. Samples were then embedded in Spurr’s low-viscosity resin and
polymerized at 48 °C for 48 h. Samples were subsequently sectioned parallel to the skin
surface, generating usable samples 70-100 nm thick using a Leica Ultracut UCT
ultramicrotome (Leica) and a Diatome diamond knife (Diatome). Ultramicrotomed
sections were then placed on copper grids for TEM observation, and post stained with Sato
lead for 1 min. The glutaraldehyde, which was used to prepare SEM and TEM samples, is
a cross-linking agent to fix the structure, which can alter the original orientation of the
collagen fibrils; however, the altered angle is within the standard error in this work and did

not affect the mechanisms involved.



205

4.3.3.5 Steel model tensile tests

Steels with a circular section (2.38 mm diameter) were used to model the tensile
behaviour of a single collagen fibril. The steel wires were shaped into circular segments
with radius of 120 mm; the maximum strain capability was prescribed by using different
angles of the segments (as shown in Figure 4.14b): 6=30°, 50°, 70°, 90°, 110° and 130°.
The macroscopic strain rate (crosshead velocity divided by total specimen length) was
103s,
4.3.3.6 Calculation method

Castigliano’s theorem was used in the derivation for the straightening of an initially
circular segment of a steel wire under tension. The strain can be obtained as a function of

the change in radius r, by simultaneously solving Equations 56 and 57.

4.3.3.7 Small-angle X-ray scattering

Skin samples with dimensions of 20 x 4 x 0.6 mm? were prepared using surgical
blade and sprayed by phosphate-buffered saline solution before testing. A minimum of six
hydrated samples were loaded in uniaxial tension at 25°C at a displacement rate of
40 um s~* with a span of 4 mm, and exposed to X-rays at beamline 7.3.3 at the Advanced
Light Source synchrotron at the Lawrence Berkeley National Laboratory. The mechanical
tests were performed with a custom-made rig using a 10-mm displacement stage and an
Omega LC703-10 load cell, calibrated to 45 N; this setup permits SAXS data collection to
be recorded in real time with the simultaneous measurement of the load-displacement
curve. The samples were sprayed by phosphate-buffered saline just before testing, and the

entire tensile procedure of one sample took ~4 min.
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Figure 4.19: SAXS analyzing process with pictures. 1) Image was obtained from Plilatus X-ray detector. 2)
The image was remapped from Cartesian plot to polar coordinates. The background intensity was subtracted.
The area between yellow cursors was integrated to create plot of integrated intensity vs. angle shown in Step
3. 3) Peaks are fitted with Gaussian functions to find the central angles of orientation (marked by red cursors).
Herman’s orientation parameter is calculated to quantify the degree of orientation. 4) Areas between yellow
cursors (+5° around orientation central angles found in previous step) are integrated to yield two curves of
intensity vs. . 5) The two scattering curves of intensity vs. g are added to create one curve. 6) The final curve
is fitted with an exponentially modified Gaussian and measurements are made of peak location, height,
integrated area and FWHM.
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A Pilatus 1 M detector (Dectris Ltd.), used to collect the SAXS data, was located at
the largest allowable distance from the sample (~4 m) to permit detection of the fine
changes in the collagen peak positions. The sample was exposed to 10 keV X-rays for 0.5 s
at ~5 s intervals during mechanical testing. The SAXS data reduction software Nika was
used to calibrate the sample-to-detector distance and beam center from an X-ray exposure
of a silver behenate standard sample. Following this, software written in Labview was used
to transform all exposures to polar coordinates (maps of azimuthal angle versus q). For the
analysis, the first-order peak of intensity versus q (q=2n/d) was analyzed, where d is the
spacing of the peak being diffracted.

Diffuse scattering near the beam center was removed by fitting a weighted spline
function to the scattering curve at each azimuthal angle (the area containing the first-order
collagen peak being weighted lightly, and the remainder of the curve weighted heavily),
and subtracting this fit from the curve. Azimuthal peaks were then detected and fitted with
Gaussian functions to locate the angle of orientation of the collagen. Herman’s orientation
factor, also known as P2, the second Legendre polynomial, and equal to ¥2(3cos?®—1),
where @ is the angle between the orienting entity and fiber axis, was used to quantify the
degree to which the azimuthal signal was oriented. Scattering curves were made by
integrating the data £5° from the angle of orientation. The first-order peak of collagen,
which had already had background scattering subtracted in a previous step, was then fitted
to an exponentially modified Gaussian function, from which peak location, height, area
and FWHM were measured. This procedure is given by the sequence of six steps (which
are given in Figure 4.19a—f): (i) image is obtained from Pilatus X-ray detector. (ii) The

image is remapped from Cartesian plot to polar coordinates. The background intensity is
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subtracted with a weighted spline fit. The area between yellow cursors is integrated to
create plot of integrated intensity versus angle shown in Step iii. (iii) Peaks are fitted with
Gaussian functions to find the central angles of orientation (marked by red cursors).
Herman’s orientation parameter, that is, the second Legendre polynomial coefficient P2, is
calculated to quantify the degree of orientation. (iv) Areas between yellow cursors (£5°
around orientation central angles found in previous step) are integrated to yield two curves
of intensity versus g, where q is defined (in units of A™%) as 2n/d, where d here is 67 nm,
the spacing of the peak being diffracted. (v) The two scattering curves of intensity versus
g are added to create one curve. (vi) The final curve is fitted with an exponentially modified
Gaussian and measurements are made of peak location, height, integrated area and
‘FWHM".

Chapter 4, in part, is under peer review for publication with coauthors Y. Tang, S.
Zaho, W. Yang and M. Meyers. The dissertation author is the first author of this work.

Chapter 4, in part, is published as “On the tear resistance of skin” Nature
Communications, vol 6, 2015. This work was coauthored by W. Yang, B. Gludovatz, E.
Schaible, P. Stewart, R. Ritchie and M. Meyers. The dissertation author is the second

author of this work.



CHAPTER 5: CONCLUSIONS

Collagen is a protein of crucial importance. Starting from the molecular level, a
complex and refined hierarchal structure leads to a plethora of natural and synthesized
materials with a broad range of mechanical properties. Through advanced characterization
methods these structures are becoming better understood, clarifying the essential
connection between structure and function. Nevertheless, in spite of many years of
research, there are still many aspects of this material which are not fully understood and
instances where conflicting views have not been resolved. This work aimed to provide
insight and clarification to the use of collagen in dermal protection, specifically with
mammalian skin and fish scales. This work presents constitutive equations based in
structural observations which fully incorporate anisotropy and viscoelasticity in skin. The
contributions of key features of naturally designed scales are understood and some features
are incorporated into a flexible armor.
5.1 Scales

In our work, we have investigated the armored scales of three large fish: the
Arapaima gigas (arapaima), Latimeria chalumnae (coelacanth) and Atractosteus spatula
(alligator gar). Each of these fish utilize a different class of scales for protection,
respectively cycloid, ctenoid, and ganoid. These finely tuned dermal armors have protected
these fish for millions of years, and barring direct or indirect human intervention, will likely
continue to do so. Like most armors, these scales are designed with a hard outer surface to

resist penetration and a tough inner foundation to accommodate excessive strains.

209
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However, each type of scale owes its effectiveness to specific features which are related to

the fish's main predators:

The elasmoid (cycloid) scale of the arapaima enables flexibility in spite of a highly
mineralized exposed surface and substantial overlap to effectively resist the
penetration of piranha teeth. The ridges on the surface enable the mineral to
effectively flex, minimizing the tensile stresses acting on it.

The elasmoid (ctenoid) scale of the coelacanth has a much lower stiffness but higher
ultimate strength (40-60 MPa) than that of the arapaima (30 MPa), with a
considerably higher work-of-fracture (9-10 MJ m~3 vs. 1-1.5 MJ m~3). Although
the coelacanth scale uses similar mechanisms to the arapaima, the interfibrillar
collagen struts between the collagen bundles in the structure contribute
significantly to the energy dissipation.

The ganoid scale of the alligator gar resists the extreme bite forces of its predators
by having a highly mineralized, tough and strong foundation beneath a hard and
stiff ganoine outer layer. The wet gar scales dissipate energy as the water molecules
act as a plasticizer to promote ductility while in the dry scales the tubules provide
toughening through crack deflection and meandering.

Each type of scale has unique and fascinating features in its nano-, micro-, and

meso-structure which lead to its capacity to prevent failure when under attack by either

sharp teeth or crushing force of predators. If placed in alternative environments, each fish

would be likely to suffer as the minimally overlapped gar scales may provide regions where

a piranha's sharp teeth can penetrate into the fish's connective tissue and flesh, while the

cycloid scales of the arapaima may not resist the powerful bite of the alligator. The
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understanding of these dermal armors and their effectiveness in protecting these three fish

may inspire the production of novel designs for flexible body armor which provides

superior safety and protection from physical threats.

Our research on the scales of the alligator gar reveals important features that can be

incorporated into synthetic scale-inspired flexible designs. The following are the principal

findings:

The arrangement of scales in the quasi-cylindrical body of the gar makes an angle
of y=55° with the longitudinal axis. Upon flexing, one side of the gar is stretched
while the other is compressed. Both sliding and rotation, necessary to permit the
length changes, are quantitatively expressed as a function of the flexing radius of
the fish. Calculations show that the angle y=55° is a compromise between coverage
area per tile and sliding/rotation on stretching.

The scale, placed on a muscle simulant, was subjected to the increasing force of an
alligator tooth. The scale resisted a bite force of 500 N, and the tooth broke. The
radius of the tooth and maximum bite force depend on the mass and nature of the
predator, but it is clear that the hard ganoine layer is effective in producing fracture
of the tooth. Bending tests show that the flexural strength shows a considerable
asymmetry; the orientation corresponding to attack (compressive force by an
external load) is significantly enhanced.

Toughening features exist in each layer of the scale. In the outer ganoine, twisted
cross-plied mineral enhances fracture toughness and arrests cracks. The

microstructural arrangement of the composite bone lengthens crack paths and
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utilizes the tough collagen fibrils. The saw-tooth interface between the two layers
is designed to deflect and arrest cracks.

The penetration response and tensile behavior of the Arapaima gigas scales were

investigated, with particular attention to the mechanisms of damage in the individual

collagen layers. This was achieved experimentally through the use of tensile tests on

hydrated scales and indentation experiments, analytically by predicting the various

mechanisms that retard damage in the scales, and computationally with MD calculations

performed to understand the response of collagen fibrils to tensile loading. Based on these

studies, the following specific conclusions can be made:

TEM and AFM confirm that the collagen fibrils have diameters of ~100 nm and
are parallel in one lamella. The d band spacing of the collagen is clearly revealed
by AFM and is equal to 67 nm, characteristic of type I collagen.

The scales act to efficiently resist bites from other fish. As a tooth attempts to
penetrate the scale, first the brittle external layer is placed under compression and
would eventually crack due to the stress concentration and gradients, exposing the
collagen layers beneath. As the penetrator enters more deeply into the scale, the
collagen fibrils are pushed apart and separated. Since it has to traverse several
lamellae with different orientations, no macroscopic cracks are formed. In an
extreme case, eventually, individual collagen fibers fail in tension, exhibiting
necking which is characteristic of considerable permanent deformation.

We confirm and quantify earlier conclusions by Zimmermann et al. [153], namely
that the stretching, rotation, delamination and fracture of collagen fibrils are the

principal mechanisms of energy dissipation in the flexible foundation. Under
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tensile loading, most of the collagen fibrils are stretched and rotate toward the
tension direction; the collagen fibrils with a large angle to the loading (closer to
90°) delaminate as portions can rotate away or towards the tensile direction. An
analytical model predicts the rotation of the collagen fibers toward the tensile axis;
the model is in good agreement with measurements by SAXS.

MD calculations of interfibril separations yield results that match quantitatively the
experimental measurements, with interaction energy between microfibrils of 1 J
m~2 being assumed. The calculations correctly predict the separation of fibrils and
angular rotation toward and away from the tensile axis for large angles, and rotation
of fibrils toward the tensile axis for small angles. Since only three lamellae are used
in the computation, their splitting is accompanied by significant load drops; the
drop at a stress of 26.4 MPa corresponds closely to the maximum stress of 30-40

MPa experimentally observed.

5.2 Skin

This investigation connects the mechanical response of rabbit skin in uniaxial

extension to the changes in the structure by providing a new constitutive equation that

captures the most important processes. The following principal results are obtained:

The dermis of the rabbit is composed of sheets or lamellae which are assemblages
of curved parallel collagen fibers. In these assemblages, each layer is comprised of
curved fibers with a preferential direction, different layers having different
orientations. It is estimated that 250 sheets with different orientations comprise the

dermis of rabbit. The fibers are, in turn, composed of fibrils.
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In tension, the collagen in these sheets straightens and aligns with the tensile
direction. This requires considerable interfiber shear and sliding, and generates
viscous stress as alignment leads to high stress and strain values. The combined
elastic and viscous effects lead to the unique tensile response of skin, as well as its
strength, versatility, and tear resistance.

Under tension, Herman’s orientation factor increases from 0.24-0.76, which
indicates that even at maximum stress (and maximum alignment) there remains a
significant degree of misalignment. This is due the presence of some extremely
wavy fibrils which can undergo large amounts of strain before straightening. As the
less curved fibrils straighten and align, the more curved remain non-aligned. As
stretching continues, the previously straight fibrils break and misalign, transferring
the load to the straightening curvier fibrils. The variance between fibrils results in
a large heel region as certain fibers enter their linear region, and a large failure
region due to the successive breaking of the most highly stressed fibrils.

A representation of what occurs in the skin during tension is presented in a
physically based constitutive equation. By including the most important physical
processes in our calculations, namely straightening, stretching, reorientation and
sliding, the stress-strain response is successfully modeled. However, there is a large
amount of variance between tests and in the microstructure of skin; numbers
included in our calculation are representative of what is found in the skin. In reality,
not all fibers are oriented in one of two directions, and the degree of curvature varies
among fibers and between different layers. Nonetheless, the essence of what occurs

in skin and how this leads to the mechanical response has been described.
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e Our mechanical results are limited to uniaxial testing, in which most fibers reorient
parallel to the loading direction. A future possibility is to apply the model to biaxial
tension; this would reduce the tensile alignment, and result in a response dominated
by the straightening and sliding of collagen, but with limited reorientation.

This knowledge of the structure of natural skin has the potential to affect the
development of new hyperplastic materials and synthetic skin. Biodegradable skin-like
scaffolds are crucial for the improvement of integration and quality of healing; the large
influence that material properties such as substrate stiffness can have on tissue growth is
being increasingly recognized. By more precisely understanding the wavy structure and
how it determines the stiffness of skin, biological elements of healing are likely to perform
their functions more effectively, while the potential discomfort of having an inextensible

or stiff synthetic skin attached to the body may be avoided.



APPENDIX
A.1 Matlab code for model integration

These results of the strain energy circular model derivation may be solved and
plotted using the following matlab functions. “splot” plots the stress versus strain
relationship, which based on inputs including initial radius, and initial degree of curvature.
Many other factors which are accounted for in the program include wire thickness, Young’s
modulus, shear modulus, and correctional area. The integration is performed using the built
in matlab function “quad”.

Function: splot

% splot plots a wire stress versus strain relationship. Inputs rc (initial radius of
curvature) and theta0. Other parameters are accounted for in functions called in splot.

function splot=splot(rc,w0)
%maxe is the maximum achievable strain using this method.
maxe=(wO0/sin(w0))-1

for n=a:b

r=rc*(1+(n/5)-(1/5));

% radius of curvature (r) is increased from original radius (rc)
strain(n)=e(r,rc,w0);

% strain is calculated from new r, and inputs rc, and theta0
stress(n)=sig(r,rc,w0);

% stress is calculated from inputs r, rc, and theta0

end

plot(strain,stress);
maxe

Y%stress/strain is plotted, and maximum strain level displayed.
end
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Function:sig

% sig defines remaining parameters, and calls a built in matlab function to
integrate the function myfun, which returns stress values.

function sig= sig(r,rc,w0)
E=1000;

G=400;

ay=1.33;

h=50;

sig = quad(@(r)myfun(r,h,rc,E,ay,G,w0),rc,t)

%integrate from rc (initial radius) to r (current radius) to determine stress levels,
using quad method and calling function myfun

end

Function: e

% e calculates strain level, based on inputs r, rc, and theta0.
function e=e(r,rc,w0)
e=((r*sin(rc*w0/r))-(rc*sin(w0)))/(rc*sin(w0))

end

Function: myfun

function [ y ] = myfun( r,h,rc,E,ay,G,w0)

%the following thetaO is for dr tang's E' calculation
thetaO=(pi/2-rc.*power(r,-1).*w0);

delta2=power(h,2).*power(r,-2);
box=(csc(w0).*power(r,-1).*power(rc,-1)).*(r.*sin(rc.*w0.*power(r,-1))-
rc.*w0.*cos(rc.*w0.*power(r,-1)))
triangle=power((1-(delta2.*power((8.*(1-power((1-delta2/4),.5))),-1))),-1)
term2=((1/2.*cos(theta0).*sin(theta0)-(theta0)/2+pi/4))
term3=((-1/2.*cos(theta0).*sin(theta0)-(theta0)/2+pi/4).*ay.*E/G)
term1=((-3/2).*cos((theta0)).*sin((theta0))-((theta0))/2-
power(sin((theta0)),2).*(theta0)-
pi/2.*power(cos((theta0)),2)+3.*pi/4).*(triangle)

y=(E.*(box).*cos(theta0)).*power(((term2)+(term3)+(term1)),-1)
end
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A.2 Strain energy derivation
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The derivatives of the strain energy (or Helmholtz free energy per unit volume, in

the case where the volume is constant) with respect to stretch is equal to:

ow
0, =—
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where 0y, 0,, 0, are the principal stresses and ﬂi /12, ﬂg are the principal stretches. Here,

assuming constancy of volume:

Adoly =1

(A4)

If ﬂi and /12 are considered independent variables (for a sheet being stretched in plane

OX1X2):
1
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Inserting the constancy of volume and equilibrium condition:

W = 0,4, 4504 + 0,4 h0%, + O3y Ao 0%

we obtain:
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When stretches change by aﬂl and 5/12 , the Helmholtz free energy changes by:

_OW(Ad) o OW (4 4)
oW = o, oA, + o, oA, (A9)
Comparing the two previous equations, we obtain:
W (A4
Ao =h o (A10)
O.—0 :%M (A11)
2 3 8/12

Equation A10 is Equation 2 in the text. It enables obtaining the difference in stresses
from the strain energy derivative with respect to the stretch ratios. This is the foundation

of hyperelastic macroscopic models based on strain energy.
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A.3 Complete derivation of circular segment elastic response.
These relationships are based on Figure 4.9d of the main text which shows a section
of the beam, and are presented. Q is the shearing force acting on the cross section:

Q =Psina (A12)

N is the normal force acting on the cross-section:

N = Pcosa (A13)

and M is the bending moment:

M =-P(y-rsing,) (A14)

For a circular beam with round cross-section, the strain energy is expressed as the
sum of components due to bending, normal force, and shear force, whose equations may
be found in Beer [239]. The strain energy due to bending is given by Gavin [267]. Applied

to our problem, it is:

S 2
U, = M s (A15)
o 2EAre
Substituting Equation Al4:
2 7l2 2,2
- ZEF;re [ 2 (sino—sing,y rp@:%(pl(eo) (Al6)
c 4
where:
@, (6,) = —gcos 0, sin 6, —%—00 sin® 4, —%cos2 0, +3T7[ (A17)

Similarly, the strain energy due to normal force is:
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P?r,

U,= 2EA¢2(6’0) (A18)

1 . 0,
¢2(00):§c05905|n90—?°+z (A19)

The strain energy due to shearing force is:
a,P°r,

U, = >GA ?,(6,) (A20)

1 . 0, r«
¢3(00):—5003005|n00—?°+z (A21)

The total strain energy is the sum of the three components of the strain energy obtained

from Equations. A16, A18, and A20:

U=U,+U,+U, (A22)

Based on Castigliano’s second theorem, the displacement at the point of application of an

external force may be expressed as [239]:

LU _ay, au, au,

=—= (A23)
oP oP oP 0P
The extension is u. Therefore, strain may be expressed by:
p=t=—— (A24)
l, r.cosé,

since |, =r, cosg, . From the definition of Young’s modulus, strain may also be expressed

by the ratio of stress/elastic modulus [240]. The modulus is replaced with a pseudo
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modulus, E’, as it is not the material modulus, E, but the result of both structure and

material modulus.

_P/A_T cos(6,)P/A

E (A25)
£ u
Substituting Equation A23 (defined by Castigliano’s second theorem):
. r.cos(6,)P/A
E'= ou, oU, dU, (A26)
+ -
oP oP OP

The eccentricity of a round cross-section beam is needed to calculate the strain energy due

to bending, and is expressed by [268]:

2
et - % (A27)
r.— NF

Inserting values into Equation A26 and simplifying leads to a representation of the pseudo

. . H .
modulus in terms of various shape factors, where ¢ = —, a,=1.33 for round cross-section,
r

and E/G=2(1+v):

E'— E.cosg,

a a E
$,(6,) +¢3(90)y?+¢1(90)

(A28)

)

E’ now is described as a function of the shape of the circular wire segment. Specifically,

the shape parameters required to calculate E’ are thickness (H), the initial radius (rc), initial



223

degree of curvature (6, =90—a,), and the material modulus E. Holding the arc length

constant, one arrives at the relationship between the decrease in curvature as the applied
strain straightens the circular segments, causing a corresponding increase in radius of

curvature.

W= (i a)oj (A29)

As described in Figure 4.9a-b of the main text, strain is applied by decreasing @ while

holding the arc length constant, and substitution of |, and |

l, =rsinaw, (A30)
l=rsinw (A31)

Through substitution of Equations A29-A31, strain is described as a function of current

radius (r), initial radius (rc), and initial degree of curvature (@, ).

(. :

|| rsm(ra)oj—rcsm(a)o)

g=—0 = _ (A32)
l r.sin(a,)

Relationships between strain and radius may be further described by solving the derivative

of strain with respect to the radius:

de= {M{rsin(ﬂj—g% cos(rcwO ﬂ}dr (A33)
r.r r r

But,

do=E'de (A34)
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thus:

do=Ede=FE' {Csf—r%[rsin ( rcf’o j— ra, cos( rci"o ﬂ}dr (A35)

integrating:

G:IE' BCD | rsin| L —TI.¢, cos < | | dr (A36)
rr r ¢ r

Equation A36 is integrated from rc to r to produce a stress vs strain relationship based on

the initial circular shape.
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