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ABSTRACT OF THE THESIS

Microstructure and Mechanical Property Comparison of Different Keratinous Horns

by

Yuchen Zhang
Master of Science in Materials Science and Engineering
University of California, San Diego, 2017

Professor Joanna M. McKittrick, Chair

This thesis investigates the microstructure and mechanical properties of horns from
the bighorn sheep, domestic sheep, mountain goat and pronghorn, which are all composed
of keratin. Microstructural similarity is found where disk-shaped keratin cells attach
edge-to-edge along the tubule (medullary cavity) growth direction (longitudinal direction)
forming a lamella, and the lamellae are layered face-to-face along the impact direction
(radial direction), and forming a wavy pattern surrounding the tubules. Differences include

the number and shape of the tubules, lamellae aligned direction and shape of keratin cells.

xi



Water absorption test reveals that the pronghorn horn has the largest water absorbing
ability due to the presence of nanopores in the keratin cells. Stress direction and hydration
dependent anisotropic mechanical behavior is found as common characteristics of horns.
The differences in the mechanical properties between horns of different species can be
explained as facilitating their different fighting behaviors. Fracture surface examination
proves similar deformation and fracture mechanisms, with microbuckling and
delamination mechanism under compressive stress and fiber breakage mechanism under

tensile stress, while crack length and fiber-to-fiber adhesion affect strength of the horns.

xii



1 Introduction

The study of biological materials, including the study of chemical composition and
structural organization, paves the road to invent new materials. Especially, biological
materials with a simple chemical constituent but possessing excellent mechanical
properties have drawn attention to scientists for some time. The toughness of a material is a
measurement of its resistance to the propagation of cracks [1]. The Young’s modulus is the
stiffness of a solid material. The relationship between toughness and Young’s modulus of
natural materials is shown in the Wegst-Ashby map [2] (Figure 1). Being one of the
toughest biological material, keratin also process a relatively high modulus, even though it
is solely constituted of a biopolymer, some with a small mineral presence [3]. Keratinous
materials are formed by hierarchical organized keratin cells with fibrous keratin as the
main constituent of the cell [4]. The hierarchical structure of keratinous materials from the
nanoscale to centimeter scale is: polypeptide chain structure [5, 6], filament-matrix
structure [7-12], lamellar structure [13-17], and sandwich structure [18, 19]. Wool, feathers,
claws, and beaks of birds and reptiles, and hooves and horns of mammals are all constituted
of keratinous materials, and each of them serves functions such as protection (e.g.

waterproof feathers), defense (e.g. pangolin scales) and predation (e.g. claws).
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Figure 1. Toughness versus Young’s modulus map showing mechanical properties of
biological materials. Keratin is shown in the red oval. Taken from [2].

Keratinous horns of mammals, found mainly in the Bovidae family (e.g. cattle,

sheep, goats, buffalo, antelope) and Antilocapridae family (e.g. pronghorn) act as attack

and defense weapons during combat. Given the lifespan of mammals and the inability of

most horns to regrow (the pronghorn is an exception), the horns must be resistant to

fracture. As a main protection feature of the head during fights, the horns should be energy

absorbent and impact resistant [20]. With the superior mechanical properties and durability,



the study of hierarchical structure of keratinous horns can provide principles and
mechanisms for inventing novel safety and impact resistant materials.

Previous research has investigated microstructure and mechanical response under
different stress state of bighorn sheep (Ovis canadensis [21]) horn [17, 22, 23]. However,
the investigation of other horns in the Bovidae and Antilocapridae families has not been
performed. Therefore, the horns investigated in this thesis are from four individual species:
bighorn sheep, domestic sheep (Ovis aries [24]), mountain goat (Oreamnos americanus
[25]) and pronghorn (Antilocapra americana [26]). Domestic sheep and bighorn sheep are
close relatives with similar fighting behavior. The mountain goat has a relatively far
relationship to the sheep and with a different fighting style. The pronghorn evolved a
similar horn structure and fighting style with the Bovidae family.

The microstructure, mechanical properties and fracture mechanism of the different
horns are studied to find structural influence on mechanical performance, further making
correlation to their fighting behavior. The influence of hydration on mechanical properties
is also investigated, to give guidance for future tuning of the mechanical performance of

impact resistant materials.



2 Background

2.1 Keratin

Keratins are a group of insoluble and filament-forming proteins belonging to the
superfamily of intermediate filament (IF) proteins [27]. Keratins are mainly produced in
certain epithelial cells of vertebrates [28]. With the properties of being inert to the outside
environment, long-lasting and tough, the main function of keratins is to give protection to
epithelial cells from mechanical and non-mechanical stresses [28]. Based on X-ray
diffraction, four patterns of keratins can be identified, which are a-pattern, B-pattern,
feather pattern and amorphous pattern [9, 29-31]. The feather pattern keratin has been
accepted to be considered as the B-pattern keratin, having same characteristic reflections as
the B-pattern [32]. The amorphous pattern is found both in a- and B-keratinous tissues.
Among the four patterns, a- and B-pattern distinguish the differences between keratinous
materials. Associated with a- and - keratins, there are two regular secondary structures,
which are o-helices and B-sheets. Since a- and B-keratin mainly exist in its specific

secondary structure, a-helices and B-sheets can be used to classify keratins [33].
2.1.1 Structure of Keratin

The monomeric unit of a-keratin is heterodimer, which is formed by a left-handed
coiled-coil assembling of two isolated right-handed a-helical chains, by disulfide
crosslinks [28], shown in Figure 2 (a). An a-helical chain contains a central a-helical rod
and non-helical N- and C-terminal domains. The N- and C- terminal domains have the

function of bonding with other IFs and the matrix. There are also three non-helical links on



the central rod, which are termed L1, L12 and L2 [34]. A schematic diagram of the
heterodimer is shown in Figure 2 (b). A single heterodimer has a length of 45 nm,
excluding non-helical terminals [35]. The diameter is about 2 nm [36]. There is a high
content of glycine and alanine in heterodimer, and the high content of cysteine and
half-cysteine provides disulfide cross-linked bonds. The disulfide bonds form sulfur cross
links between two a-helical chains, making the heterodimer stiff and insoluble [17].
Heterodimers link each other with non-helical N- and C-ends to form protofilaments and
then the protofilaments polymerize to form the IFs [37] (Figure 3). The IFs are embedded
in an amorphous keratin matrix. The amorphous keratin contains two types of proteins, one
is high-glycine-tyrosine protein and the other is high sulfur protein. The high
glycine-tyrosine proteins contain high glycyl residues and the high sulfur proteins contain
more cysteinyl residues [38]. The matrix can be described as an isotropic elastomer [39]. A
transmission electron microscope (TEM) image (Figure 4) exhibits an IF and the
surrounding amorphous matrix. In the figure, the dark thread is the IF and the lighter region

is the amorphous matrix [40].
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Figure 2. (a) Two a-helical chains coiled-coil assemble, forming a heterodimer. (b)
Schematic drawing of a heterodimer, taken from [27, 41]. Non-helical N- and C-terminal
domains bond with matrix or other intermediate filaments. The central region is a-helical
coiled coil assembled with L1, L12 and L2 short links. 1A, 1B, 2A, 2B are a-helical coiled

coil regions.
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Figure 3. Schematic diagram of the hierarical structure of intermediate filaments. Taken
from [37]. Two keratin polypeptides assemble to form a coiled coil to form a heterodimer.
The heterodimer is assembled head to tail to form the protofilament. Protofilaments
bimerize to form a protofibril and eight of protofibrils form an intermediate filament (IF).
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Figure 4. Transmission electron microscopy image of a ram horn [37]. The dark strand is
an intermediate filament and the lighter part is the amorphous matrix.

The molecular component of B-keratin also contains three domains. Shown in
Figure 5, the central domain is the section forming B-sheet and the N- and C-terminal
domains are attached at the end of the central domain [9]. The central domain is formed by
the central part of a polypeptide chain. The polypeptide chain folds several times forming a
pleated sheet structure. The lateral parts of the chain form the N- and C-terminals [32]. The
length of the central region is about 2.3 nm with a diameter about 2 nm [9]. The IFs of
B-keratin are formed by a pleated sheet arrangement and the matrix is formed by N- and
C-ends. The matrix surrounds the central domain, forming the -keratin [32]. A summary
of molecular units, dimensions and keratin assemblies of a- and B-keratins is shown in

Table 1.



C-terminal

central domain

N-terminal

Figure 5. Molecular component of B-keratin [9, 32]. The central domain forms a B-sheet
and N- and C-ends forms the matrix. The central domain is formed by a polypeptide chain
folding several times forming a pleated sheet structure.

Table 1. Summary of the molecular units, dimensions and keratin assemblies of a- and
B-keratins. (IF = intermediate filament)

Category a-Keratin B-Keratin
Molecular unit Dimer Distorted pleated sheet
Length of central 45 nm [35] 2.3 nm [9]
molecular unit
Diameter of molecular unit | 2 nm [36] 2 nm [9]

Assembling method Dimers organize into IFs; IFs are formed by pleated
N- and C-terminal domains | sheet arrangement; N- and
link to matrix proteins or C-terminal domains form
other IFs; matrix surrounds | matrix; matrix surrounds
around IFs to form keratin | around IFs to form keratin
[42]. [32].

The X-ray diffraction patterns of a- and B-structures are shown in Figure 6. The
diffraction pattern of a-keratin (Figure 6 (a)) has an equatorial reflection of spacing 0.98
nm and a meridional reflection of spacing 0.515 nm, which correspond to a 0.98 nm
distance between a-helical axes and an a-helix pitch along the coiled coil axis contributed
by side-chains configurations. The X-ray diffraction pattern of B-keratin is shown in Figure

6 (b). The pattern has equatorial reflections of spacing 0.97 nm and 0.47 nm, which



represent the distance between [-sheets and the distance between chains in one B-sheet,
respectively. The meridional reflection of spacing 0.31 nm in B-keratin pattern represents
the distance between residues (single amino acids) along a chain in the B-sheet [9, 31, 43,
44]. a-Keratin is the main component of wool, hair, horns and hooves and is mostly found
in mammals. B-keratin is the main component of feathers, reptilian claws and scales, avian
beaks and claws. Reptilian epidermis and pangolin scales have both a-keratin and -keratin

[45]. The keratin type and its main distribution are listed in Table 2.

Figure 6. X-ray diffraction patterns of (a) a-keratin and (b) B-keratin [9].

Table 2. Keratin type and its distribution.

a-Keratin Horns, hooves, wool, hair, fingernails, hagfish slime
B-Keratin Feathers, reptilian claws and scales, avian beaks and claws
a- and B-Keratin | Reptilian epidermis, pangolin scales

2.1.2 Humidity Sensitivity of Keratin

Keratinous materials are highly sensitive to moisture. As the water content

increases, the strength and stiffness decrease but the failure strain increases [46]. Previous
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studies reveal that matrix is the main media absorbing water and since the IFs are
crystalline, they are not affected [47]. Other studies show that hydrated IFs are quite soft,
probably due to the elastomeric IF protein terminal domains in series with stiffer coiled
coils [48]. Considering the matrix as the main component of water absorption, there are
three ways how water molecules can connect to matrix proteins, illustrated in Figure 7. As
shown in Figure 7 (1), the first way is that water molecules cross-link the a-chains. The
water molecules act as a swelling agent and extend the space between chains, thus reducing
the interaction between chains [47]. The second way (shown in Figure 7 (II)) is that water
molecules may replace the secondary hydrogen bonding thereby increasing the protein
mobility [49]. The final way (shown in Figure 7 (III)) is that water molecules and matrix
proteins connect to form a network that acts as a plasticizer, thus the stiffness is reduced
and mobility increased [47]. However, without the amorphous matrix, the IFs have been
shown to be water sensitive from studies on hagfish slime. This implies that water affects

structural bonds or the disordered region in IFs [50, 51].
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Figure 7. Water interaction with matrix proteins. Taken from [46]: (I) water act as a
cross-linker and swelling agent to increase the space between chains, (II) water molecules
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proteins forming a network.
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2.1.3 Mechanical Properties of Keratin

General information of mechanical properties of a- and pB-keratins is summarized in
Table 3. As shown, a-keratin is less stiff than B-keratin [52] and when a-keratin is under
tensile stress, it will transform into B-sheets [53]. By mineralization with calcium and other
salts, the stiffness of keratins increases [54]. The fraction and alignment of IFs vary among
the materials and have an influence on mechanical properties. Hydration is also a factor
affecting mechanical performance. When increasing humidity or water content, the
strength and Young’s modulus of both a-keratin and -keratin decreases. For a-keratin, the
Chapman/Hearle model has been considered fairly realistic [55]. In Chapman/Hearle
model, the matrix is assumed to be a highly cross-linked swollen rubber and the IFs are
considered as ideal a-helical crystals. The matrix has been modeled as an elastomer [56]
and serves as a softer component to transfer stress to the stiffer fibers and therefore it can

prevent crack propagation [57]. For B-keratin, there has been no model developed.

Table 3. Mechanical properties of a- and p-keratins.

a-Keratin is less stiff than B-keratin.

The a-helices with transform to B-sheets under tensile stress.

Mineralization increases the stiffness of a- and B-keratins.

Hydration decrease the strength and Young’s modulus.

Orientation, packing and volume fractions of IFs affect mechanical properties.

The amorphous matrix is assumed to be elastomer while IFs are considered to be
crystalline.

No common model has been developed for -keratin.

Figure 8 shows the a-helix to B-sheet transformation under a tensile stress. Figure 8
(a) and (b) shows the X-ray diffraction pattern changes of hagfish thread under tension [48].

When the strain is > 30%, the IFs transform from the a-helix into the B-sheet. In the X-ray
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diffraction pattern, the space between equatorial reflections changes to 0.97 nm and 0.47
nm, which obeys a typical B-keratin pattern. As shown in Figure 8 (¢), the hydrogen bonds
rearrange and the a-helix changes into B-sheet. When the IFs are unloaded, the space
between central point and first equatorial reflection point is 0.98 nm and the space between
central point and first meridional reflection point is 0.515 nm, which indicate the a-keratin
pattern. There are three related regions exhibited in the stress-strain curve (Figure 8 (d)). At
first at 2%-5% strain, a linear Hookean region exists, which refers to a change in bond
arrangement of a-helices but without substantial structural changes. When strain is larger
than 2%-5% but smaller than 30%-50%, a yield region is generated, which indicates a
gradual transition progress from the a-helix to B-sheet by unraveling of the coiled coils.
When strain is larger than 30%-50%, the curve steepens, which indicates that a large
number of B-sheets are formed. The transformation from o-helix to B-sheet allows
keratinous materials to absorb a large amount of energy without fracture. The energy
absorbing ability, which is calculated by measuring the area under the stress-strain curve, is
obviously enhanced. When the load is released, part of the energy (elastic) will be

recovered [46].
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Figure 8. The transformation from a-helix to B-sheet when applying tensile stress to
a-keratin, taken from [48]. (a) and (b) are X-ray diffraction pattern of hagfish thread before
and after tension. (¢) Schematic drawing showing the transformation of the a-helices into
B-sheets. (d) Schematic diagram of the corresponding stress-strain curve.
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The deformation behavior of a-keratin has been simulated at molecular scale [58].
The simulated tensile force-displacement curves of a heterodimer and truncated tetramers
(formed by two heterodimers) [58] are shown in Figure 9. The curves are divided into three
regions. In the low stress region, the force increases linearly with displacement (region I)
due to stretching of the heterodimer, prior to cleavage of the hydrogen bonds and the
a-helices uncoil. In region 11, the a-helices starts uncoiling and the tensile force fluctuates.
In region III, the tensile force increases significantly with displacement due to stretching of
covalent bonds of the polypeptide chain backbone. The heterodimer will keep stretching
until all a-helices are fully extended [58]. Since the cysteine and half-cysteine residues
existing at the N- and C-terminals provide sufficient disulfide cross-linked bonds in keratin
proteins, the study of mechanics of disulfide cross-links is important. Figure 9 (b) and (c)
simulate tetramers without and with disulfide bonds, respectively. Region I is similar to the
response of heterodimer, where the force increases linearly with displacement. But when
the tetramer is without disulfide bonds, the force decreases in regions II and III. This
phenomenon can be explained as the sliding and cleavage of hydrogen bonds in the
tetramer. For a tetramer with disulfide cross-links, there is a peak in the force with the
increasing of displacement, which indicates the rupture of disulfide cross-links between

two dimers. The result exhibits the strengthening effect of the disulfide cross-links [58].
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Figure 9. Atomic simulation of the tensile force-displacement curves for (a) heterodimer,
(b) tetramer without disulfide cross-links and (¢) tetramer with disulfide cross-links. Taken

from [58].

Keratinous materials exhibit viscoelastic behavior, which is the combination of

elastic and viscous components [59]. This viscoelastic behavior provides mechanical

support and impact resistance for keratinous materials and is also related to energy

absorption [59]. The viscoelasticity increases the strain rate sensitivity, which indicates a

possible transition from ductile to brittle behavior with increasing of strain rate [59]. The

energy absorption of horns and hooves is expected to have a profound relationship with
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viscoelasticity. Viscoelasticity will attenuate elastic waves generated by impact on the

horns from fighting and on the hooves from galloping [60].

2.2 Impact Resistant Natural Materials

Biological materials such as bones, teeth and tusks, hooves and horns are all energy
absorbent natural materials. These materials are strong but lightweight, and they are
capable of absorbing impact shock and sustaining repeated compressive loading. These
structural biological materials are mainly composed of biopolymers (structural proteins
such as keratin and collagen) with or without a mineral phase (calcium carbonate,
carbonated hydroxyapatite or silica) [40]. Their hierarchical structure enhances the impact
resistant ability. Table 4 lists several structural biological materials with the biological

purpose, chemical composition, hierarchical structure and mechanical properties.
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Table 4. Chemical composition, hierarchical structure, mechanical properties of several
structural biological materials and their biological functions of some natural materials.

Material Cheml.c?l Hierarchical structure | Mechanical properties Blologlcal
composition functions
Bone Collagen fibrils: | Cancellous (trabecular or | Cancellous bone resists | Sustain
tropocollagen spongy) bone has a high impact loads and large
molecule (a triple | porous, lamellar ensure a flexural compressive
helix of the structure, composed of strength-to-weight ratio. | stress and
collagen platelets and rods. It also provides spaces resist
molecule) Cancellous bone is for bone marrow and fracture.
Mineral phase: surrounded by compact | vessels [40]. Compact
calcium bone [40]. Compact bone | bone is stiff but brittle,
phosphate is composed of osteons, | with a high Young’s
Water content: which have concentric modulus of ~20 GPa but
15-25 vol.% [61] | lamellae with alternating | low strain to failure. The
oriented collagen fibrils | energy absorbing ability
dispersed inside and the | is low compared to
lamellae surround a main | keratinous materials
vascular channel. [62].
Tooth Outer: enamel In the enamel a woven Enamel has a high Tearing,
and tusk | layer: 92 vol.% structure presents. The hardness of 1.5 GPa and | gnawing,
hydroxyapatite, 2 | tubule density increases | an elastic modulus of 80 | fighting,
vol.% collagen, 6 | in the enamel region GPa [63]. slicing,

vol.% water.
Core (dentin): 50
vol.% mineral,
30 vol.%
collagen and
other proteins, 20
vol.% water [63].

(4900 mm™) to the
interior region (57000
mm'z) [64]. In dentin, the
mineral phase surrounds
tubules, which generate
perpendicularly to the
pulp. Tubules are filled
with fluid.

biting [40].

Hoof a-keratin Keratin cells organize The maximum fracture Absorb
into ~250 um diameter toughness is 22.8 KJ/m®, | forces
tubules along the hoof which is an order of generated
length. The tubule is a magnitude higher than with the
hollow cavity of ~50 fresh bone. Hydration ground and
pm. Intertubular has an influence on its transfer it to
materials form angles to | mechanical properties. skeleton
the tubule direction [65]. [46].

Horn a-keratin IFs are embedded in an | Horns are significantly A weapon to

amorphous matrix that
forms a single keratin
cell. Longitudinally
aligned keratin cells
form lamella and the
lamellae are layered
along the radial
direction, with tubules
dispersed between the
lamellae. Tubules have a
elliptical shape.

tough, resilient and
highly resistant to
impact forces [46].
Mechanical properties
are highly depended on
humidity. The stiffness
and strength has a
gradient along the length
of horn sheath.

protect from
predators, a
shield to
catch blows,
a weapon to
fight with
other males
to win
mating
privilege
[23].
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The structural biological materials listed in Table 1 have many structural
similarities. Multiple, distinct reinforcing lamellae are found in bone, tooth, hoof and horn,
all of which have unique deformation mechanisms to absorb energy. The lamella is
assembled by strong and tough protein fibers (collagen or keratin) that are reinforced by
minerals (bone, teeth) or are non-mineralized (hoof and horn). Tubules are a common
structure in these materials. In bone, the tubules are present as vascular channels that are
surrounded by concentric layers of a collagen/hydroxyapatite composite (osteons). In teeth,
the tubules are surrounded by a highly mineralized collagen/hydroxyapatite peritubular
layer. In hooves and horns, the tubules are long and extend along growth direction,
surrounded by the keratin lamella. These hierarchical structures provide high energy
absorption capability. Deformation mechanisms such as delamination and microbuckling
of the lamellae can provide energy absorption without material fracture. In bone and teeth,
an increase of mineral content increases strength but decreases the work of fracture. There
is a tradeoff between toughness and strength. The horn has the highest work of fracture
value with a zero content of minerals, while enamel has a nearly zero work of fracture with
the highest mineralization. Also, enamel has the highest strength while the horn processes
the lowest [40]. The diameter and density of the tubules also have an influence on the
mechanical properties. The tubules can provide toughening mechanisms by squeezing
closed, preventing extended regions of microbuckling and also deflecting cracks [40].
Hydration and location also play an important role in affecting mechanical properties [23].

With the increase of water content, stiffness decreases while toughness increases.
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2.3 Horn Structure and Mechanical Behavior

Horns are used as a weapon to defend themselves or for combat with other males
for mating rights, as a shield to catch blows, and possibly as an apparatus to regulate body
temperature [23, 66]. The majority of horns are a lifelong appendage and cannot grow back
once broken, therefore they should be tough, resilient and resistant to fracture [17, 67]. The
morphology and hierarchical structure of a bighorn sheep horn is shown in Figure 10 [17].
Figure 10 (a) shows the morphology of the horn it grows in a spiral fashion with ridges on
the surface due to seasonal growth spurts. It has a hollow interior, which at the base is filled
with a porous bone. Three orthogonal directions are defined: the longitudinal direction is
parallel to the tubule direction (growth direction), the radial direction is the impact
direction and the transverse direction is perpendicular to both the longitudinal and radial
directions. Figure 10 (b) shows the microstructure of the horn along transverse section. It
has a three-dimensional laminated structure with tubules interspersed between lamella.
The tubules are elliptically shaped with a major axis of ~100 um and a minor axis of ~40
um. The complete hierarchical structure is shown in Figure 10 (c) and (d). At the lowest
level, the o-keratin helices assemble to form the IFs. The IFs are embedded in an
amorphous matrix forming a single keratin cell. The keratin cell has a disk morphology
with a large radius-to-thickness ratio. Keratin cells attach each other with their edges
forming a single lamella with a thickness of 2-5 um. These thin lamellae are layered along
radial direction with their large faces attaching each other, forming a lamellar structure

with tubules interspersed between the lamellae. The tubule density in the bighorn sheep
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hors has a gradient along the radial direction from 8% ~ 12% at the outer surface to 0% at

the inner surface [17].
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Figure 10. (a) Photograph of the bighorn sheep horn showing the spiral shape, ridges and
the hollow interior; (b) microstructure of the horn (perpendicular to growth direction)
showing laminated structure with tubules interspersed; (¢) hierarchical structure of the
horn. (d) schematic diagram of single keratin cell and cell arrangement. Adapted from
[17].
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The mechanical properties of various horns have been examined in the past.
Experiments revealed that along the length of fresh waterbuck horns, the work of fracture
(the area under the stress-strain curve of a pre-notched sample in three-point bending test)
ranged from 10 to 80 kJ/m” [51]. Taking into account the specific gravity of different
materials, the specific work of fracture of the horn is 32 kJ/m?, which is greater than most
other biological and synthetic materials (antler 6.6 kJ/m?, bovine femur 1.6 kJ/m?, glass 5
kJ/m?®, mild steel > 26 kJ/m?) [68, 69]. Three-point bending tests of the cattle horn shows
the mechanical properties are position dependent, shown in Figure 11. From the distal to
the proximal region of the horn, the stiffness and strength decrease. This is likely due to the
age of the horn. The distal region is the oldest while the proximal region is the youngest.
This may help with the fighting behavior. During fights, the distal part needs to be hard
enough to stab the opponent, whereas the proximal part should be tough to absorb energy.
The gradient of mechanical properties is also due to water content and keratinization
degree [70]. For the bighorn sheep, the gradient of porosity along growth direction would

also alter the strength [17].
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Figure 11. Three points bending stress-strain curves of samples obtained from different
parts along the cattle horn. Taken from [70].
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The mechanical properties are also highly dependent on water content. The
Young’s modulus and tensile strength decrease when hydration increases. The tensile
strain-stress curves of cattle horn under different hydration level show highly hydration
dependence, shown in Figure 12. When the water content increases, both Young’s modulus
and strength decrease [70] but the fracture strain increases. This dependence also applies to
sheep horn [71] and oryx horn [72]. The hydration reliance of horns can be explained by

water-matrix interaction, which was described in Section 2.1.2.
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Figure 12. Stress-strain curves of cattle horn under tensile test; three hydration levels of
sample were tested. Taken from [70].

Figure 13 shows the fracture surface of a bighorn sheep horn after three-point
bending test. The sample was fractured along transverse direction. Fibrous and lamellar
structure of the horn can be seen on the left image. IF bundles appear as small fibers
embedded in the lamella. Delamination together with fiber fracture is evident. It appears
that from the work of Kitchener on horns from gemsbok (Oryx g.gazella) [73] and
Tombolato from horns from the bighorn sheep [17], horns have a delamination toughening

mechanism and fiber bridging to further enhances the fracture resistance.
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Figure 13. Scanning electron micrographs of the fracture surface of ambient dry bighorn
sheep horn after three-point bending test. The sample was fractured in the transverse
direction. Fibrous and lamellar structures are shown on the left; delamination and fiber
breakage are shown on the right. Taken from [17].

2.4 Fighting Behavior

Each species has its unique fighting style. Horns should evolve specific structure to
accommodation their fighting behavior. Figure 14 (a) shows the fighting behavior and
external horn morphology of bighorn sheep. During clashes, the horns are used in a
combination of karate chop, sledgehammer and shield [74]. The ram that attacks another
ram will focus the impact on the combat edge of one horn, as shown in the figure, and clash
into the other ram, while the defending ram will use its two horns to catch the attacking
horn and dissipate the force. The force generated in clash is tremendous and can even cause

shattering of the skull [74].
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Figure 14 (b) shows the fighting behavior and external horn morphology of the
domestic sheep. This horn is curlier than the bighorn sheep. It also has ridges on the surface
due to seasonal growth spurts. The domestic sheep has a similar fighting behavior as the
bighorn sheep but the opponents stand closer to each other and the clash has a lower speed
than bighorn sheep. In both two species, the impact direction is along radial direction of the
horn [75].

The mountain goat uses a different fighting style, which is stabbing, shown in
Figure 14 (c). The opponents whirl in anti-parallel position of each other at the beginning,
and then stab the opponents rear and belly using the tip of the horns. The fights between
rams are rare and usually cause severe injuries [76]. This horn is short and straight, with an
arc at the distal part. Growth ridges are only on the surface of proximal part. The central
and distal parts of the horn are smooth.

There are two fighting modes engaged by the pronghorn. The first one is that two
bucks suddenly clash together and the other one is that two bucks gradually approach each
other and lower their head and then slowly engage their horns [77]. Fights involve thrusts
and counterthrusts with the horns. When the horns are interlocked, the opponents use their
body strength to twist the others neck and push him back to make the opponent lose
balance. Figure 14 (d) shows engagement of two pronghorn horns. Unlike the other species,
the horn is branched, and sheds and regrows every year. The horn has a sharp end and only
becomes curved at around one-third from the distal point. It has two branches with one
main branch growing from frontal to distal and a much smaller branch [77]. No ridges are

observed on the surface of the horn.
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Figure 14. Combat style and external horn morphology of four species: (a) bighorn sheep,
(b) domestic sheep, (¢) mountain goat and (d) pronghorn.



3 Hypotheses

Horns from the bighorn sheep, domestic sheep, mountain goat and pronghorn all
have a short boney core and a longer keratin sheath surrounding the core. However, the
microstructure and mechanical properties of these horns have not been fully investigated.
This thesis aims to examine the microstructure and perform compression, tensile and
impact teat of four horns and make comparisons. There are four hypotheses to be tested in
this thesis:

(D Keratinous horns should share similar microstructure but also have differences,
given that two families are chosen and in one family, three species are
represented.

(I)  Difference in microstructure should affect the mechanical properties.

(II)  Hydration has the influence on mechanical properties.

(IV) The microstructures and mechanical properties have been optimized to

accommodate the various combat styles of each species.
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4 Materials and Methods

Four pairs of bighorn sheep, domestic sheep, mountain goat and pronghorn horns
were purchased from Wilderness Trading Company (Pinedale, WY). All horns were stored

in air at room temperature.

4.1 Optical Microscopy

The microstructures were characterized by optical microscopy and scanning
electron microscopy (SEM). A Leica Ultracut UCT Ultramicrotome (Leica Microsystems,
Wetzlar, Germany) was used to get fine-polished ultra-thin horn slices (procedures are
described in Appendix I). Samples were obtained from central region of the horn and in the
middle from central line to surface along radial direction. Two samples of each horn were
prepared with one cross-section parallel and one cross-section perpendicular to the
longitudinal direction. The thickness of horn slices was 1 pm to 1.5 pm. Slices were stained
by toluidine blue (a basic thiazine metachromatic dye with high affinity for acidic tissue
components). Optical micrographs of stained horn slices were taken from a Zeiss

Axiolmager M1 optical microscope (Zeiss, Oberkochen, Germany).

4.2 Scanning Electron Microscopy (SEM)

Compressive deformation microstructures and tensile fracture surface morphology
were obtained using scanning electron microscopy with an ultra-high resolution scanning
electron microscope (FEI, Hillsboro, OR, USA) For compressive deformation

characterization, surfaces were obtained from ambient dried and rehydrated samples

28
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compressed along the longitudinal direction for a final deformation of 70%. A water-jet
cutting machine was used to obtain the samples. Four sections were obtained from each
compressed sample. The cutting position and loading direction are shown in Figure 15.
Excess water was wiped off by water-absorbent paper tissues and sections were air-dried
for 24 hours. For tensile fracture surface characterization, the fracture surfaces were
directly examined. Samples were mounted on aluminum sample holders with fracture
surfaces up. Surfaces were sputter-coated with iridium at 85 pA for 15 seconds by Emitech
K575X Sputter Coater (Quorum Technologies Ltd, East Sussex, UK). Surfaces were then

observed under the SEM in the secondary electron (SE) mode at 5 kV accelerating voltage.

Compressive Load

“-- Cut position

Longitudinal

Radial

Compressive Load Transverse

Figure 15. Compressed sample and the cutting position. Compressive load was applied in
the longitudinal direction. After compression, samples were prepared by cutting samples
parallel to the longitudinal direction.

4.3 Water Absorption Test

To investigate the water absorbing ability of different horn and evaluate the effects
of moisture content, water absorption tests were performed. Two samples from each

species were prepared. The samples had dimensions 6 mm x 6mm x 6mm. Samples were
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air-dried for 24 hours before weighing. The samples were then soaked in purified water and
weighed every 4 hours. The water was changed every 24 hours. After 126 hours, samples
were taken out and the surface water was removed. The samples were then placed into
pre-heated oven for 5 days to fully dehydrate. The temperature of oven was kept as

constant at 60°C. During dehydration, the samples were weighed every 12 hours.

4.4 Porosity Measurement

The porosity measurements were based on optical microscopy images of ultra-thin
slices images taken perpendicular to the longitudinal direction. The software used to
identify and measure the pores was ImageJ (a public domain, Java-based image processing

program developed at the National Institute of Health, Bethesda, MD).

4.5 Compression Test

The three orthogonal orientations describing horns are longitudinal, radial and
transverse. The longitudinal direction is parallel to the growth direction (proximal distal).
The radial direction is perpendicular to growth direction and points from central line to
surface (medial lateral). The transverse direction is perpendicular to both radial and

longitudinal directions [17]. The three directions are shown in Figure 16.
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Figure 16. Three orthogonal orientations defining the horns. Longitudinal direction is
parallel to grow direction (proximal distal), radial direction is perpendicular to growth
direction and from central line to surface, and transverse direction is perpendicular to both
longitudinal and radial directions. All compressive test samples were cut from the central
region.

Cubic samples with dimensions of 6 mm x 6mm X 6mm were prepared. A section
saw with circular diamond blade was used to cut the samples to obtain the most parallel
surfaces. All samples were cut from the central region of the horn (shown in Figure 16).
For each species, three sets of samples were prepared with the loading direction along
longitudinal, radial and transverse directions. For each species, a total of 30 samples were
prepared. Within these samples, 15 were tested in ambient dried condition and the others in
fully rehydrated condition. For each condition, five each were tested in longitudinal, radial
and transverse directions. The rehydrated samples were pre-soaked in purified water four
days before testing [51] with the water changed daily and kept wet until testing.
Compression test experiments were conducted on a universal testing machine equipped

with a 50 kN load cell (EM Model 5869, Instron, MA, USA). The testing crosshead speed

was controlled at 6 x 10™* mm/s, which corresponds to a 1x10™* /s strain rate. The machine
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automatically stopped when strain reached 0.7. The stress (MPa) and strain (mm/mm) data
were converted from the load-displacement data, obtained from software embedded in
machine and stress-strain curves were drawn by OriginLab 2017 (OriginLab Corporation,

Northampton, Massachusetts, USA) based on the raw data.

4.6 Tensile Test

Samples for tensile tests were cut from the central region of the horns. Rectangular
samples with dimensions of 15 mm x 3 mm X% 0.3 mm (length x width x thickness) were
prepared using a water-jet cutting machine. Care was taken to cut the samples such that
tubules were aligned parallel to the longitudinal direction [23]. Then the two ends of the
samples were attached to 800 grit sandpapers to make dog-bone shaped samples. These
samples had a gage length of 10 mm. For each species, a total of seven samples were
prepared. The samples were kept under ambient conditions for one day until testing.

Tests were conducted on a universal testing machine equipped with a 30 kN load
cell (Instron 3367 Dual Column Testing Systems, Instron, MA, USA). The crosshead
speed was controlled at 0.001 mm/s, which corresponds to a 1x10™* /s strain rate, same as in
the compression tests. The machine was stopped manually when sample fractured.
Load-displacement data from the machine were converted to stress-strain data by

OriginLab 2017.
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4.7 Impact Test

The ASTM standard D7136/D7136 M-07 [78] is applied for drop weight impact
test of layered multidirectional polymer composite matrix, and the standard requires the
test machine having a rectangular free-standing (unclamped) area with the dimension of
125 mm x 75 mm (length % width). Since it is difficult to get such large testing samples
from the horns, a modification of the standard apparatus was applied. A lab built drop
weight test machine built by Lee et. al. [22] (Figure 17) was used with a 1:5 scale of the
ASTM standard test machine. The tip of the impactor has a hemisphere shape with a
diameter of 3.2 mm. The freestanding area has a circular shape with a diameter of 12.69
mm, which is accomplished by drilling a circular hole in the center of the upper clamp. The
drop weight is fixed at 1.2 kg and drop height varied from 0 to 0.74 m. Relating the

potential to kinetic energy, the following equations were used:

v =gt (1)
1
—mv = mgh (2)
2
E =mgh 3)

where E is the impact energy, 4 is the drop height, g is the gravitational acceleration, and ¢
is the drop time. Since the maximum drop height is 0.74 m, the maximum drop velocity is

3.81 m/s. With a fixed drop weight, the maximum impact energy is 8.70 J.
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Figure 17. Schematic diagram of the modified impact test machine, showing the sizes of
each component, taken from [22].

With a preset round free-standing area (a diameter of 12.69 mm), for this apparatus
the optimal test sample dimensions to be clamped firmly are 20 mm % 20 mm (length x
width). The bighorn sheep and domestic sheep have a cross-sectional diameter of horn ~70
mm and a thickness of keratin sheath of an average ~12 mm, so the diameter-to-thickness
ratio is 5.83. Given consideration of best simulating natural dimensions of the horn and the
ability to obtain adequate testing samples, the optimal thickness of the bighorn and
domestic sheep samples is around 3.5 mm, which correlated to a length-to-thickness ratio
of 5.72, close to the real ratio. For pronghorn, the average cross-sectional diameter of horn

is ~40 mm and the average thickness of keratin sheath is ~6.5 mm, which corresponds to a
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thickness of testing samples of 3.25 mm. But given the oval shape and the very rough
surface of the horn, as well as the limited thickness of keratin sheath, adequate samples (an
amount more than 35) were extremely hard to obtain. For mountain goat, the size of the
horn is much smaller than the others (a length of 20 cm and a maximum diameter of 4.5
cm). Due to the existing of bony core, at the proximal part of the horn, the thickness of
keratin is < 2 mm. Given the circular shape of the horn, it is impossible to get the testing
samples from that part without cutting into bony core. While at the distal part, the bony
core disappears, but the diameter of the horn is less than 20 mm, which the length and
width requirements of the sample cannot be met. Therefore, only samples from the bighorn
and domestic sheep were prepared. Since these two species have similar clashing fight
style and the impact stress is mostly in the radial direction of the horns, the most impact
resistance direction is hypothesized to be in the radial direction. All samples were impacted
parallel to radial direction to mimic their natural condition. Samples with dimensions of 20
mm % 20 mm X 3.5 mm (length x width x thickness) were prepared by hacksaw. A total of
44 samples of bighorn and 36 samples of domestic sheep were prepared. All samples were
cut and kept in air at room temperature until testing.

The normalized impact energy was calculated based on the equation [22]:

E, = @)

Here E, is the impact energy normalized to specimen thickness, d; is the diameter of

free-standing area, 7 is the thickness of the specimen. The specimens of bighorn sheep
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were sorted into eight groups and each group had the same normalized impact energy
ranging from 20 kJ/m* to 80 kJ/m”. The specimens of domestic sheep were divided into

five groups with normalized impact energy ranging from 30 kJ/m” to 60 kJ/m”.



5 Results and Discussion

5.1 Structural Characterization

Low magnification optical micrographs of ultra-thin horn slices cut perpendicular
to longitudinal direction are shown in Figure 18. Figure 18 a-d are the transverse sections
of the bighorn sheep, domestic sheep mountain goat and pronghorn, respectively. As
exhibited in figures, the shape and size of the pores (cross-section of the tubules) vary
among different species. Elliptically-shaped pores exist in bighorn sheep and pronghorn.
For the bighorn sheep, pores are more evenly distributed and similar in size (70 um x 35
um). For the pronghorn, the pores tend to disperse stochastically between lamellae and
have a wider range of size (from 28 um x 10 pm to 97 um x 37 pm). The pronghorn horn
has several large pores (only one shown in the image), with a major and minor axis
dimension of 152 uym and 121 pm. These large pores were not observed in the other three
horns. Pores from the domestic sheep show a deformed oval shape with a large length to
width ratio of 5.7 (a major axis dimension of 80 um and a minor axis dimension of 14 pm).
For the mountain goat, the tubules were not identified.

SEM micrographs of the fracture surface from pronghorn sample after fracture in
LN, are shown in Figure 19. Hair-like fiber bundles fill this pore. When fractured, the fiber
bundles appear to have pulled out, leaving behind a hollow pore. Another possibility is that
the fiber bundles remain in the pore, but are far longer than the residual length of tubules.
This may indicate a loose adhesion between fiber bundle and tubule inner surface. Another
hypothesis is that fiber bundles are stronger than the matrix since fiber bundles are

minimally fractured and more likely pulled out thorough the tubule. The porosity of

37
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thehorns is given in Table 5. The bighorn sheep horn has the largest porosity of 11.3%.
Domestic sheep and pronghorn have the second the third porosity of 7.7% and 5.8%. The

mountain goat horn has nearly 0% porosity.

transverse

(a) Bighorn Sheep (b) Domestic Sheep

(c) Mountain Goat (d) Pronghorn

Figure 18. Low magnification optical micrographs of horn slices perpendicular to the
longitudinal direction. (a) Bighorn sheep horn have elliptically shaped pores. (b) Pores of
domestic sheep horn have a deformed oval shape. (¢) Pores are hardly seen in mountain
goat horn. (d) Pores in the pronghorn horn are of similar shape and size to those in the
bighorn sheep. A large pore is also observed.
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Figure 19. Fracture surface of pronghorn horn broken in LN». A tubule with fiber pulled
out is shown in the left and hair like fiber bundle is shown in the right.

Table 5. Porosity and average pore size of the different horns.

. Bighorn Domestic Mountain
Species Pronghorn
sheep sheep goat
Porosity (%) 11.3 7.7 5.8 ~0
Average pore size
(major axis x 70 x 35 80 x 14 72 % 23 Not found
minor axis, um)

Higher magnification optical micrographs of the transverse sections from different
horns are shown in Figure 20. The lamellae layering manner can be seen from these images,
showing a high similarity between the different horns. The lamellae layered in the radial
direction with their faces attached each other and creating a wavy pattern surrounding the
tubules (if the horn has tubules) [17], as illustrated in Figure 10 (d). This result indicates

there is a common layering pattern of the lamellae in the different horns.
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transverse

———radial

) R !
(c) Mountain Goat (d) Pronghorn

Figure 20. High magnification optical micrographs of horn slices perpendicular to the
longitudinal direction. Keratin cells are shown for (a) bighorn sheep, (b) domestic sheep,
(¢) mountain goat and (d) pronghorn. The lamellae are layered in the radial direction and
form a wavy patten around the tubules.

Micrographs of the longitudinal sections reveal the keratin cell morphology and
relationship between keratin cell alignment and tubule growth direction (Figure 21 (a)-(d)).
Keratin cells have a disk-shaped morphology [70], roughly spherical with the radius much
larger than the thickness of the disk. In the longitudinal direction, the cells are attached
edge-to-edge, forming a lamella, as shown in Figure 10 (d). For horns that have tubules, the

tubules extend along longitudinal direction with no termination observed. However,

diversities exist among the species. In the bighorn sheep (Figure 21 (a)), the parallel
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lamellae form a 41° angle to the tubule direction. In the domestic sheep (Figure 21 (b)), the
lamellae are layered in a more disorderedly manner than in other horns. The lamellae that
are close to the tubules tend to be layered parallel to the tubules, whereas away from the
tubules, the lamellae form an acute angle to the tubule growth direction. As shown in
Figure 21 (c) and (d), in the mountain goat and pronghorn, the lamellae are layered parallel

to each other and to the tubule direction.

(c) Mountain Goat (d) Pronghorn

Figure 21. Optical micrographs of longitudinal sections of the horns. For all horns, the
keratin cells have large length (cell diameter)-to-width (cell thickness) ratio. (a) Bighorn
sheep lamellae form a 41° angle to tubule direction, (b) domestic sheep lamellae arrange
more disorderedly, (¢) mountain goat lamellae and (d) pronghorn lamellae are layered
parallel to each other and to the tubule direction.
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Higher magnification micrographs of the longitudinal cross-section are shown in
Figure 22 (a)-(d). Slight differences between species can be observed. For the bighorn
sheep (Figure 22 (a)) and domestic sheep (Figure 22 (b)), as for the morphology of single
keratin cell, the cells are more irregular and tend to have sharp arcs and some
protuberances. For the mountain goat (Figure 22 (c)) and pronghorn (Figure 22 (d)), the

cells are more uniform and have a larger length to width ratio compared to the sheep.

/ Single keratin cell

O === Sharp arc Iongitudinal Q G Sharp ar¢

20 ym
> radial

(a) Bighorn Sheep (b) Domestic Sheep

# s
\[#‘
.

longitudinal

(c) Mountain Goat (d) Pronghorn

Figure 22. High magnification optical micrographs of the longitudinal sections. Keratin
cells of (a) bighorn sheep and (b) domestic sheep turn to have more sharp arcs and
protuberances. Cells of the (¢) mountain goat and (d) pronghorn are thinner with a more
regular oval shape.
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Water absorption test results are shown in Figure 23. In the ambient condition, the
water content of different species shows only slight differences, ranging from mountain
goat (3 wt.%) to pronghorn (8 wt.%). After submersion in purified water for over 126 hours,
the pronghorn shows the largest water absorption (44 wt.%). Figure 24 indicates that there
are numerous nanopores inside the pronghorn cells, which is not found in other three
species. Therefore, both tubules and the nanopores should be considered as a medium to
hold water, since the water content of rehydrated samples from mountain goat, domestic
and bighorn sheep is positively related to their porosity. Nanopores in the keratin cells also
have an obvious effect on water content. Water can be stored in the nanopores; therefore,

pronghorn horn absorbs significantly more water than other horns.

& Ambient Saturated

40% P

30% |
36%

20% P

1 26%

Water Content (wt.%)

24%
21%

10% J

8% 0
5% 6%
0% _% — -

Mountain Goat Pronghorn Domestic Sheep Bighorn Sheep

Figure 23. Water content (wt.%) of horns both in the ambient and fully rehydrated
conditions. Water content of different horns is similar under ambient environment. When
fully rehydrated, the pronghorn has a significantly larger water content than the other
horns.
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(c) Bighorn Sheep (d) Domestic Sheep

Figure 24. Scanning electron micrographs of the longitudinal cross-sections. (a) There are
nanopores in pronghorn keratin cells. No obvious voids are observed in the cells of the (b)
mountain goat, (¢) bighorn sheep and (d) domestic sheep. Water can reside in these
nanopores, therefore the pronghorn has a large water containing capability.

5.2 Mechanical Properties

5.2.1 Compression Test

The strain-stress curves of the ambient condition horns are shown in Figure 25.
Strain-stress curves in all directions exhibit the same trend, which is a linear elastic
deformation region followed by a long plastic region and ended with a crushing

densification region. All horns present high strains with a deformation of ~70% without
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failure. However, anisotropic behavior is evident when comparing the curves loaded in the
longitudinal, radial and transverse directions. When compressed along longitudinal
direction, shown in Figure 25 (a), the horns show a long plastic region with nearly constant
stress. The tubules extend along longitudinal direction and when compressed, the tubules
can delaminate and microbuckle, facilitating a large deformation. When compressed along
other directions, where tubules extend perpendicular to loading direction, the tubules can
more easily close and less space is provided for the lamellae to deform. Therefore, the

compressive stress increases more rapidly, as shown in Figure 25 (b) and (c).
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Figure 25. Compressive stress-strain curves comparison of different ambient dry horns in
(a) longitudinal direction, (b) radial direction and (¢) transverse direction. (n = 5)
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The mechanical properties of ambient dry horns in compression tests are listed in
Table 6. The yield strength is taken as the point on the strain-stress curve separating the
elastic region and plastic region (where the slope of the curve begins to change). The
resilience is calculated as the under area under the strain-stress curve up to the yield
strength. The toughness is measured as the area under the strain-stress curve up to a strain
of 70%. For all horns, the longitudinal direction has the highest Young’s modulus and yield
strength while the radial direction has the highest resilience and toughness. Since in the
longitudinal direction the tubules are aligned parallel to loading direction, the tubules may
strengthen the structure during elastic deformation. The lamellae also have their thin edges
facing the longitudinal direction, which give more support to resist deformation. While in
the radial direction the lamellae are stacked with their faces along the loading direction,
which increase the difficulty to deform the lamellae, therefore the horn can be more
resilient and tough along this direction. The yield strength of pronghorn and mountain goat
is larger than bighorn and domestic sheep, which may correspond to their fighting styles.
The fights of pronghorn and mountain goat involve stabbing and thrusting, and the high
yield strength makes the horns strong enough to maintain structural integrity during the
stabbing. The parallel layering of the lamellae in the longitudinal direction may contribute

to a high yield strength.
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Table 6. Young’s modulus, yield strength, resilience and toughness of ambient dry horns

in three directions.

direction, MJ/m”)

. Bighorn | Domestic | Mountain
Species Pronghorn
sheep sheep goat
Young’s modulus (longitudinal | - ¢ ), 17405 | 2.0£02 2.140.6
direction, GPa)
Young’s modulus (radial 0.9+0.3 1.2+0.2 1.340.5 1.540.2
direction, GPa)
Young’s modulus (transverse | 5 05 | 13,06 | 09403 1.440.4
direction, GPa)
Yield strength (longitudinal | o550 1 | (7679 | 6434135 | 81.6+22.2
direction, MPa)
Yield Strengt&gggllal direction, | (o5 45 | 573453 | 63.1489 | 82.349.8
Yield strength (transverse 50.047.0 | 493490 | 59.546.1 | 76.142.5
direction, MPa)
Resilience (longitudinal
Jircotion, M) 2.3+0.4 1.8+0.5 1.6+0.2 2.140.6
Resilience (radial direction, 2.440.5 2.0£0.4 | 2.5+0.9 2.840.7
MJ/m’)
Resilience (transverse
direction, M) 1.9+0.5 13405 | 2.6+0.6 24403
Toughness (longitudinal
direction, MJ/m’) 725425 | 921495 | 83.5+5.1 | 103.4+5.8
Toughness (radial direction, | ¢) 5 ¢ | 1170045 | 98.145.6 | 141.0+16.0
MJ/m’)
Toughness (transverse 78.145.7 | 98.4454 | 85.2+43.0 | 120.148.8

The deformation microstructures for each horn after 70% strain in the longitudinal

direction were observed under SEM. After deformation, the samples were cut parallel to

the tubule direction to examine more clearly the deformation inside the samples. Figure 26

shows the inner section of a deformed bighorn sheep horn. Figure 26 (a) shows a section

near the side of the sample. Delamination around the tubules occurred, which generated a

large crack. Figure 26 (b) shows the same cross-section taken towards the center. Similar to

the sample edge, delamination is along the direction where maximum shear stress
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generates, 45° to compressing direction [23]. A close up of a delaminated region is shown
in Figure 26 (c) and fiber bridging is shown in Figure 26 (d). Fibers bridging between two

lamellae appears to prevent further separation of the two detached lamellae.

Figure 26. Scanning electron microscopy images showing inner sections of the bighorn
sheep horn after 70% compression. (a) near the side surface of the sample and (b) near the
mid-section of the sample. (¢) Close up view of a delamination and (d) fiber bridging
between two lamella are shown.

The domestic sheep shows similarity to the bighorn sheep, but there are some
differences. An inner section of compressed sample from the domestic sheep is shown in
Figure 27. Delaminated regions are observed near the top of the side surface and small,
discontinuous cracks are observed near the bottom of the side surface (Figure 27 (a)). As

opposed to the bighorn sheep, the extent of delamination is much reduced in the

mid-section of the sample (Figure 27 (b)). Again, delamination is observed on the top and
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small, discontinuous cracks are observed on the bottom of the middle surface (Figure 27
(b)). Two detached lamella are connected by fibers and similar to the bighorn sheep are

shown in Figure 27 (c).

Figure 27. Scanning electron microscopy images showing inner sections of domestic
sheep horn after 70% compression. (a) Image near the side surface of the specimen and (b)
near the mid-section of the specimen. (¢) Delamination and fiber bridging are shown.

For the mountain goat, extensive cracking is observed along with delamination
near the side surface of the sample (Figure 28 (a)). In the mid-section (Figure 28 (b)),
cracks are short and discontinuous, which are similar to the domestic sheep. Delamination
and microbuckling are shown in Figure 28 (c). Fibers connecting two lamellae are thicker

and longer than the other horns, which may be an aspect leading to the high compressive

strength compared to the others.



50

Figure 28. Scanning electron microscopy images showing inner sections of the mountain
goat horn after 70% compression. (a) Large cracks are shown on the section near the side
surface of the specimen, and (b) along the mid-section the cracks turn to be short and
discontinuous. (¢) Delamination and buckling is observed between lamella.. (d) Fiber
bridging is more extensive than in the other horns.

Pronghorn micrographs are shown in Figure 29. On the inner section near the side
surface of the specimen, shown in Figure 29 (a), delamination that is similar to the sheep
horns is observed. In the mid-section (Figure 29 (b)), the direction and length of the
delaminated region is very similar to the bighorn sheep, but the distance between

delaminated regions is slightly larger. Microbuckling and fiber bridging are observed in

Figure 29 (c).
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Figure 29. Scanning electron microscopy images showing inner sections of pronghorn
horn after 70% compression. (a) Near the side surface of the specimen and (b) near the
mid-section. (¢) Delamination and fiber bridging are observed.

Comparing the four horns, the energy absorption mechanisms can be concluded.
Delamination and microbuckling are the two main methods absorbing compressive stress.
Fiber bridging restrains the separation of two detached lamella, preventing the generation
of large cracks that may propagate to cause the failure. Due to this energy absorption
mechanism, horns can deform 70% from its original size without failing. When species
fight with each other, the large energy absorption prevents not only the horns from fracture,
but also protects the skull from injury. The evolution of the horns from the Bovidae family

makes them sophisticated impact resistant structures, to accommodate their fighting

behaviors.
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In contrast to the ambient dry horn stress-strain curves, Figure 30 shows the
compressive strain-stress curves in the rehydrated state. The maximum compressive stress
drops severely for all orientations and has a negative relationship to increasing water
content. The mechanical properties of the rehydrated horns are shown in Table 7. Given the
significant decrease of all mechanical properties over those of the dry horns, hydration is
demonstrated to significantly influence the mechanical response. Comparing the four
horns, the strength, stiffness, resilience and toughness drop more conspicuously in the

pronghorn, which has the highest water content in the rehydrated condition.
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Figure 30. Compressive stress-strain curves comparison of rehydrated horns in the (a)
longitudinal, (b) radial and (c) transverse directions. The yield and ultimate strength of the
pronghorn horn is much smaller than the other horns. (n = 5)
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Table 7. Water content, Young’s modulus, yield strength, resilience and toughness of fully
rehydrated horns.

. Bighorn Domestic | Mountain
Species Pronghorn
sheep sheep goat
Water content (ambient
condition, wt.%) 44 32 29 24
Young’s modulus (longitudinal | 11604 | 0144008 | 0.26£0.13 | 0.5040.23
direction, GPa)
Young’s modulus (radial 1 )71 607 | 0.0920.04 | 0.1120.03 | 0.14+0.03
direction, GPa)
Young’s modulus (transverse | ) 47003 | 0.16£0.05 | 0.1540.06 | 0.23+0.14
direction, GPa)
Yield strength (longitudinal 16409 | 34408 | 49411 | 13.9+44.1
direction, MPa)
Yield strength (radial direction, | 5,05 | 57106 | 54£05 | 8.6£0.8
MPa)
Yield strength (transverse 10203 | 32404 | 36+11 | 7.2+17
direction, MPa)
Resilience (longitudinal 0.03£0.02 | 0.08£0.03 | 0.0940.04 | 0.3+0.08
direction, MJ/m”)
Resilience (radial direction, | he1 004 | 024003 | 0240.04 | 0.3£0.07
MJ/m”)
Resilience (transverse direction, | 01601 | 0.07£0.02 | 0.06£0.02 | 0.2+0.1
MJ/m”)
Toughness (longitudinal
direction, MJ/m) 35407 | 133417 | 16.7+3.6 | 18.4+2.7
Toughness (radial direction, |, 5 | 501411 | 215453 | 27.142.6
MJ/m”)
Toughness (transverse direction, | ¢ ¢\ | 155011 | 154435 | 26.542.0
MJ/m”)

The amount of the energy absorbed during the compressing process was taken as
the area under the strain-stress curves up to 70% strain. As shown in Figure 31, for the dry
horns (solid lines), the radial direction can absorb more compressive energy than in the
longitudinal and transverse directions. This is because the lamellae are layered face-to-face
along radial direction (shown in Figure 10 (d)), which allows them to be withstand more

compressive stress without overly deforming. The radial direction is also the orientation in
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which the sheep horns clash during the combat. In all directions, the mountain goat horn
exhibits the largest energy absorption compared to the other horns. The nearly zero
porosity in the mountain goat horn and parallel alignment of the lamella in the longitudinal
direction may be the factors influencing the energy absorption ability. Bighorn sheep also
possess high energy absorption capability, especially along the radial direction. During
combat, the bighorn sheep tend to clash into each other’s horns with a high speed. The high
energy absorption ability prevents horns from cracking and crushing when subjected to
high impact loads. When the horns are fully rehydrated, the energy absorbed decreases
dramatically (Figure 31 dashed lines), which is probably due to the seriously softening of
the matrix. Also, the difference of energy absorbing ability between different loading

directions diminishes, which indicates a matrix dominant property for rehydrated horns.
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Figure 31. Energy absorption with the compressive strain of dry and rehydrated horns in
the (a) longitudinal, (b) radial and (c¢) transverse directions. (n = 5)

The relationship between hydration level and mechanical properties in three
loading directions are shown in Figure 32, with each water content corresponded to a horn
from the four species (in an order of mountain goat, domestic sheep, bighorn sheep and
pronghorn) in either ambient or fully rehydrated status. For ambient dry horns, when
comparing the different loading directions, the longitudinal direction has the highest
Young’s modulus (Figure 32 (a)) and yield strength (Figure 32 (b)), which indicates the
strongest direction of the horn. The radial direction has the largest resilience (Figure 32 (¢))
and toughness (Figure 32 (d)), which indicates the most energy absorbing direction of the

horn. For all orientations, the mechanical properties decrease dramatically with increasing
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water content. With an increased hydration level, the differences of the mechanical
properties between directions is significantly reduced, which suggests that hydration
severely degraded the matrix phase that dominates the deformation behavior. This is in
accordance with the plasticizing effect of increasing water content in the matrix [73]. It can
be concluded that the change between hard (dry) and ductile (hydrated) horns can be
manipulated by changing the water content of the structure. All species present hydration
dominated mechanical properties of their horns, which indicates a common characteristic

for the horns.
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Figure 32. (a) Young’s modulus, (b) yield strength, (c) resilience and (d) toughness as a
function of water content of horns from mountain goat, domestic sheep, bighorn sheep and
pronghorn (each water content corresponded to a certain kind of horn from four species) in
the longitudinal, radial and transverse directions.
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5.2.2 Tensile Tests

Tensile test was performed only along longitudinal direction because it is the most
likely direction to undergo tensile stress when impact occurs. Only ambient dried horns
were tested. The stress-strain curves are shown in Figure 33. As shown in the figure, the
mountain goat has the largest failure strain (14.7%), while the domestic sheep has the
smallest (5.9%). The failure strain in tension is much smaller than in compression, which
indicates a different fracture mechanism. The mechanical properties of the horns under the
tensile stress are listed in Table 8. Among the four horns, the mountain goat is the stiffest
(1.54 GPa), strongest (yield strength of 88.0 MPa and ultimate strength 107.3 MPa),
toughest (11.9 MJ/m’) and most resilient (2.75 MJ/m>). This may be linked to mountain
goat stabbing combat style. The horns may be subjected to tensile stresses when the goat
tries to pull its horns out from others body [76]. When pulling the horns out, a friction force
is generated between soft tissue and horn. A high yield strength maintains structural
integrity while stabbing and avoids large plastic deformation. The pronghorn has the
second strongest (yield strength of 69.6 MPa and ultimate strength of 78.3 MPa) and
toughest (6.1 MJ/m’) horn. Since the pronghorn performs two methods of combat, one
involving thrusting and twisting where tensile stress will be generated. To avoid neck
injury, this would be an important property. For bighorn and domestic sheep, since they do
not involve in stabbing behavior, the yield strengths are lower (38.9 GPa for bighorn and
41.9 GPa for domestic sheep) compared to the mountain goat and pronghorn. The bighorn
sheep horn also has a small fracture strain of 6.5%, while domestic sheep horn shows

similar property — a fracture strain of 5.9%.
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Table 8. Longitudinal tensile mechanical properties of ambient dry horns.

Tensile Strain (mm/mm)
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7) longitudinal tensile stress-strain response for the horns.
Specimen are in the ambient dry condition.

. Bighorn Domestic Mountain
Species Pronghorn
sheep sheep goat

Young’s modulus (GPa) 1.06+0.2 1.15+0.1 1.33+0.1 1.54+0.2
Yield strength (MPa) 69.6+12.3 38.9+7.3 41.9+£9.9 88.0£12.5

Resilience (MJ/m’) 2.40+1.2 0.78+0.2 0.75+0.2 2.75%0.5
Ultimate Strength (MPa) | 78.3+14.9 45.1+10.5 47.9+11.5 107.3+9.8
Failure Strain (%) 11.9£1.5 6.5+1.2 59+1.4 14.7£1.8
Toughness (MJ/m’) 6.1£1.6 2.3+0.7 2.1+0.9 11.9+1.7

Since the lamellae of mountain goat and pronghorn have the lamella faces parallel
to the tubule growth direction (Figure 21 (c) and (d)), while bighorn sheep horn and
domestic sheep horn have the lamellae arranged at angles to tubules (Figure 21 (a) and (b)),
it appears that the mechanical properties increase as the lamellae align more parallel to
tubule direction. In addition, the keratin cell shape may also influence the yield strength.

The keratin cells of mountain goat and pronghorn horns are thinner and more regularly
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shaped, while cells from bighorn sheep and domestic sheep have sharp arcs and
protuberances.

Compared to compressive tests at same hydration level (ambient dry) and load
direction (longitudinal), the tensile failure strain and stress decrease significantly. Under
compressive stress, the horn can have a deformation of 70% without failure. However,
under tensile stress, the horn fractures when the strain is > 15%. The horns can be subjected
to a compressive stress of 500 MPa without failure while the ultimate tensile strength of the
horn is four times lower. The energy absorption ability also decreases due to the decreasing
of failure strain and stress, indicating a more brittle characteristic when the horn is under
tensile load.

SEM images of fracture surfaces under tension are shown in Figure 34. For all
horns, tubule pull-out is rarely observed, which indicates a high tubule-to-matrix adhesion.
However, fiber-to-fiber adhesion may be one factor that influences the tensile properties.
For horns having a relatively low yield strength (bighorn sheep) (Figure 34 (a) and (b)) and
domestic sheep (Figure 34 (c) and (d))), detachment of the fiber bundles from the matrix is
observed. The detached fibers are thin with a small diameter of 1-1.5 um. High stresses
applied on those thin fibers causes fiber fracture at a relatively low tensile load. For horns
having a high yield strength (mountain goat (Figure 34 (e) and (f))), detached fibers are not
observed, thus a good fiber-matrix adhesion is expected. For the pronghorn, which also has
a high yield strength, there is separation between the fiber bundles and the matrix, but the
detached fiber bundles have a larger diameter (> 10 pum). Compared to thin fibers observed
the bighorn sheep and domestic sheep, these thick fibers are stronger under the same load

and can withstand more tensile stress.
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Figure 34. Scanning electron microscopy images of tensile fracture surfaces of the horns.
The left are low magnification images and the right are high magnification images. (a,b)
bighorn sheep, (¢,d) domestic sheep (e,f) mountain goat and (g,h) pronghorn.
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5.2.3 Impact Tests

Since the size and keratin sheath thickness limitation of pronghorn and mountain
goat, only bighorn sheep and domestic sheep samples were prepared and tested. According
to ASTM standard D7136/D7136 M-07 [78], there are four externally visible damage types
and two internal damage types appearing in drop-weight test, shown in Figure 35. Dent
(depression), splits (cracks), combined splits and delamination, and puncture are four
externally visible damage types. Internal damage types are sorted into two categories:
delamination and splits (cracks). Dimpling is the main damage mode on the impact surface
for both sheep horns. With an increase in the impact energy, the diameter and depth of
dimple increases. On the bottom surface, from low to high impact energy, the domestic
sheep horn shows all external damage types. For bighorn sheep, on the bottom surface only

split/crack, delamination and puncture were observed.

Externally

Visible Y
Types S

Dent/Depression Splits/Cracks Combined Spiits/ Combined Large Cracks
Delamination (common with Fiber Breakage,
for tape surface plies) Indentation/Puncture
Internal -
Damage ~
Types
NDI NDI
Indications. Indications.
Delamination Splits/Cracks

Figure 35. Commonly observed damage modes after a drop tower test. External damage
modes: dent/depression, splits/cracks, combined splits/delamination, combined large
cracks with fiber breakage, indentation/puncture, which are applied to both impact surface
and bottom surface. Internal damage modes: delamination, splits/cracks. NDI represents
for non-destructive inspection method. Taken from [78].
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The typical damage modes under low and high normalized impact energy (E,) of
bighorn and domestic sheep is shown in Figure 36. At low E, (30 kJ/m?), shown in Figure
36 (a) and (c), for both horns there is a shallow dimple on top (impact) surface with an area
same as the size of the hemispherical impactor tip (3.2 mm). On the bottom, the domestic
sheep has a minor crack (crack length of 3 mm), while the bighorn sheep horn exhibits a
longer crack (crack length of 10 mm), which indicates that domestic sheep can sustain
more stress and exhibit a lighter damage when E,, is small. At high E, (60 kJ/m®), for both
horns a number of samples failure and the typical failure modes are exhibited in Figure 36
(b) and (d). On the bottom, for the domestic sheep, circular and thin chips fractured away
from the surface, while for the bighorn sheep thin chips were only punched out but not
fractured away. Also, there is a delamination combined with the dimple revealed on the top
of domestic sheep, which means that at high £, level, bighorn sheep reveals a higher
capability to suffer the impact load. The number of each damage mode under the same E,, is
shown in Figure 37. The bighorn sheep begins to fail when E, = 40 kJ/m*, whereas there is
no failure damage for domestic sheep at this energy level, which also indicates a higher
impact resistance of domestic sheep under low impact speed. According to definition of
failure impact strength given by Lee, et. al [22], failure impact strength is defined when 50%
of the samples fail (with failure defined when the bottom surface of the sample shows
puncture damage). The failure impact strength of domestic sheep is 55 kJ/m”. The bighorn
sheep has a higher failure impact strength of 75 kJ/m?, 36% more than domestic sheep. The
failure impact strength reveals that the bighorn sheep has better impact resistance when the
impact speed is high. Domestic and bighorn sheep have similar fighting styles, but with

different fighting speeds. When fighting, domestic sheep stand closer to each other than
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bighorn sheep, thus generating a lower speed for clashing. The impact test results suggest

that the evolution of horn properties are to fit fighting behavior.

Domestic Sheep
(@) E;=30 kd/m?  (b) E,= 60 kJ/m?2

Top (Impact):

Dimple Dimple/Delamination
Bottom:

Minor crack  Chips fractured away

Bighorn Sheep
(d) E,= 60 kJ/m?

(¢) Ex= 30 kd/m2

Top (impact):

Dimple Dimple

Bottom:

Crack Chips punched out

® radial 20 mm

Figure 36. External damage modes of (a) and (b) domestic sheep and (¢) and (d) bighorn
sheep with associated normalized impact energy (E,). Radial direction points out of the
page. Black lines are from a pen.
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Domestic Sheep Horn, Ambient (n=36)
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Figure 37. Damage types (bottom surface) with different normalized impact energy from
the (a) domestic sheep and (b) bighorn sheep horn.



6 Conclusions

The Bovidae family (sheep and goat) and Antilocapridae family (pronghorn) do not
share the same origin, but the two families have similarities in their behavior and horn
microstructures [26]. The microstructure and mechanical properties of bighorn sheep horn
have been studied in the past. However, the investigation of horns from other artiodactyl
members is lacking. Domestic sheep and bighorn sheep are close relatives from same
genus [79]. The mountain goat is from the same family but a different subfamily. The
pronghorn is the only existing species in Antilocapridae family and share similar
characteristics with the Bovidae family [26]. This thesis compared the microstructures and
mechanical properties of keratin horns from four different species—bighorn sheep,
domestic sheep, pronghorn and mountain goat. Microstructural analysis was accomplished
by optical and scanning electron microscopy. Mechanical properties comparison was
performed by quasi-static compression tests (dry and rehydrated conditions), quasi-static
tension tests and drop tower impact tests.

Optical microscopy characterized the keratin cell alignment and tubule distribution.
Elliptically-shaped tubules (major axis ~ 70-80 pm, minor axis ~ 10-20 um) that extend in
the growth direction are present in the sheep and pronghorn; whereas tubules were not
identified in the mountain goat. The bighorn sheep horn has the highest porosity (from the
presence of the tubules) of 11.3%. The porosity of domestic sheep horn is 7.7% and the
tubules have a deformed oval shape. The pronghorn horn has a porosity of 5.8% and the
porosity of mountain goat horn is nearly 0. In all horns, keratin cells (disk-shaped) align

along longitudinal direction with their edges, forming a lamella, and the lamellae layered
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along radial direction with their faces forming a wavy pattern surrounding the tubules. The
pronghorn and mountain goat horn lamellae align parallel to longitudinal direction and
show a high tensile strength. The bighorn sheep horn lamellae arrange 41° to tubule
extending direction and the domestic sheep horn has a more disordered alignment,
resulting in lower tensile strengths for the sheep compared to the pronghorn and mountain
goat. The cell shape is also slightly different and may have an influence on the mechanical
properties. Some cells in the bighorn and domestic sheep have an irregular shape with
sharp arcs, while cells in the mountain goat and pronghorn have a larger length to width
ratio. Further experiments are needed to verify this hypothesis.

The pronghorn horn has the largest water containing ability with a maximum of
44%, that may be caused by the additional water stored in the nanopores inside the keratin
cell. The maximum water content of the bighorn sheep, domestic sheep and mountain goat
are similar at 32%, 29% and 24%, respectively. This high water absorption ability shows
that horns, even without the presence of tubules, absorb water in the keratin matrix.

Compression tests (to 70% strain) reveal similar mechanical properties in the horns.
All the horns have anisotropic behavior related to loading direction: longitudinal (direction
of tubules), radial (direction of impact) and transverse (perpendicular to both). In the dry
condition, the longitudinal direction has the highest Young’s modulus and yield strength,
since the tubules and lamella align parallel to loading direction. The radial direction has the
largest resilience and toughness, facilitated by lamellae layered parallel to the radial
direction. No obvious difference is found for the Young’s modulus and resilience of
different horns, which indicates they are matrix-dominant properties. The water content of

the horns has a significant influence on the mechanical properties. With increasing water
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content, all mechanical properties decreased. The pronghorn has a significantly lower
ultimate strength compared to the other horns in the rehydrated condition. This may be
attributed to (a) nanopores in the keratin cells, (b) the large aspect ratio of the cells and (c)
the pronghorn is from a different family from the others. The results prove that the
anisotropic behavior and hydration-dominated mechanical properties are common
characteristics of keratin horns. Scanning electron microscopy analyses deformation and
failure mechanisms. Buckling and delamination are main deformation modes under
compressive stress. Cracks propagate along maximum shear stress direction. Cracks in the
bighorn sheep, pronghorn and domestic sheep horns are long and wide, while in mountain
goat cracks are short and narrow.

Under compressive stress, the mountain goat horn has highest stiffness and energy
absorption in all directions, both in ambient condition and rehydrated conditions. Tension
tests also reveal these horns have the highest tensile strength. This stiff and tough horn is
optimal for its stabbing combat style. Bighorn sheep also possess high energy absorption
capability under compressive load, especially along radial direction, which makes them
suitable for absorbing energy generated by clashing, giving protection to the skull. The
relatively low tensile strength of bighorn and domestic sheep indicates that their horns are
mostly subjected to compressive rather than tensile stress. The pronghorn horn shows
relatively high energy absorption in compression tests and large tensile strength. This
mechanical response is optimal for clashing combat and interlocking horn fighting
behavior. Scanning electron microscopy images of fracture surfaces under tension reveals
that fiber-fiber adhesion is one factor influencing the tensile mechanical properties of the

horns.
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Drop weight impact tests compared the impact resistance of the bighorn and
domestic sheep horns. At low normalized impact energy (< 40 kJ/m?), dimpling exists as a
damage mode on the bottom surface of the domestic sheep samples, but no dimpling
occured on the bottom surface of the bighorn sheep samples. With increasing normalized
impact energy, the domestic sheep horn exhibits delamination damage mode combined
with large cracks, while bighorn sheep horn exhibits only delamination and small cracks.
Under low normalized impact energy, the domestic sheep has higher impact resistance than
the bighorn sheep. At high normalized impact energy (> 55 kJ/m?), the bighorn sheep has
better impact resistance. The failure impact strength of domestic sheep is 55 kJ/m” and the
impact strength of bighorn sheep is 75 kJ/m’. The result indicates that bighorn sheep have
developed horns to survive large impact forces.

Revisiting the hypotheses of the thesis, it has been found that similarities exist in
different horn microstructures while cell alignment and tubule distribution differ from each
other, and the variations can explain their mechanical properties differences. Keratin horn
is a hydration-dominated material. Relationships between structure, mechanical properties

and fighting behavior were elucidated.



7 Recommendations for Future Research

Since this is the first time comparing four keratin horns from different species, there
is much more to understand about the similarity and differences of horns from different
species. How the microstructure and mechanical properties of horns accommodate to their
fighting behavior is also an interesting area to investigate. Work that can be performed in
the future include:

e  Determine the orientation of intermediate filaments inside keratin cell, which
could be observed under transmission electron microscopy. This may help
explain differences in mechanical properties.

e Study the microstructure of mountain goat horn under nano-computed
tomography that could possibly verify the existence of tubules, which are not
observed in the present study.

e  Confirm the keratin cell shape using nano-computed tomography to obtain 3D
images.

e  Perform compression tests in-sifu in the scanning electron microscope to fully
understand the crack propagation and delamination mechanisms.

e  Equip present drop machine with force and displacement detector, to obtain

strain-stress curves of impact tests.
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Appendix

Appendix I. Optical Microscopy Sample Preparation Protocol

1.

Use a section saw to cut horns into 2 mm x 2 mm x 4 mm cuboids. Choose one cross
section with a 2 mm x 2 mm area as the designated surface and 4 mm is the
thickness of the sample.

Use the side surface of the saw to polish the designated surface. This is to smooth
the surface so that it will be easier to cut in the Ultramicrotome.

Mix epoxy and hardener by a volume proportion of 4:1 in a plastic container. Leave
overnight to let the epoxy harden.

Tear the plastic container off and use section saw to cut epoxy into 4 mm x 4 mm x
10 mm cuboids.

Use 409 Liquid Glue to tight the opposite surface of designated surface onto the
cross section of epoxy cuboids. Stand in air for 5 min to dry the glue.

Fix the epoxy into sample holder of Ultramicrotome, with the designated surface on
the top and parallel to the surface of sample holder. Install sample holder on cutting
machine. Then install triangle-shape glass blade on blade holder. Place blade
holder on cutting machine.

Use manual control mode to cut thin slices off the horn surface until no scratches
are seen on the surface.

Prepare a glass slide. Add 4 to 5 purified water drops to slide. Change into rolling
feeding mode. Set feeding distance per rolling to 1200 nm. Slowly and smoothly

roll the handle one circle to cut one slice off. Use pointed tweezer gently
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11.
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transferring slice onto one water drop. Repeat the cutting and transferring
procedure several times until all water drops have a slice on it.

Preheat hot template to 200°C. Put glass slide on hot template until water fully
evaporate. Take the slide off and add Toluidine blue stain ((a basic thiazine
metachromatic dye with high affinity for acidic tissue components)) drops on each
thin slice and stand in room temperature for 2 to 3 min, depending on different
horns. Gently wash the stain off using purified water. Put the glass slide back on hot
template until the slide is fully dried.

Take the slide off and let it cool down to room temperature.

Observe the slide under optical microscope.
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