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Spines of the Porcupine Fish:

Structure, Composition, and Mechanical Properties
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This thesis explores the structure, composition, and mechanical properties of the
porcupine fish spine for the first time. The spine was found to be composed of
nanocrystalline hydroxyapatite and protein that is most likely mainly type I collagen
using X-ray diffraction, energy-dispersive X-ray spectroscopy, and thermogravimetric
analysis. Microstructure that includes mineralized fiber sheets in the longitudinal
direction and radial orientation of the sheets in the transverse direction were observed

using light microscopy and electron microscopy. Mechanical properties were calculated
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using nanoindentation and a cantilever beam test. Finally a tapered cantilever beam
model was developed and compared to that of a uniform cantilever beam. The tapered
beam model showed that while the stresses experienced were similar, the location of the

maximums stress in the beam is near the tip of the beam rather than the base.
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1 Introduction

Spines are stiff tapered structures that protrude from an organism and can be found
in mammals (e.g. porcupine, echidna, etc.), plants (e.g. cacti, roses, etc.) insects, reptiles,
birds, echinoderms, and fish. While spines can be used offensively, for instance in bees
and wasps, many organisms use spine structures as a form of defense. Organisms that use
spines for defense include porcupines, hedgehogs, cacti, and sea urchins. Spines are used
to deter predators by piercing and irritating predators. This introduction will introduce the
differences in materials and structures of different spines found throughout a diverse

range of organisms across the planet.

Figure 1. Various organisms with spine structures. (a) Sea urchin [1], (b) lionfish [2], (¢)
stingray [3], (d) porcupine [4], (e) echidna [5], (f) cactus [6], (g) scorpion [7], and (h)
honey bee [8]. Figures are adapted from cited sources.

Spine structures can be made of a variety of biological materials. Sea urchin
(Figure 1a) spines are composed of single crystal magnesium calcite with the
crystallographic c-axis oriented longitudinally with the length of the spine [9, 10].
Lionfish (Figure 1b) dorsal spines are made of dentine, which is a composite of

hydroxyapatite and collagen [11-13]. Stingray (Figure 1c¢) stings are also composed of



dentine [14, 15]. Spines and quills found in hedgehogs, porcupines (Figure 1d), and
echidnas (Figure 1e) are made of keratin and are believed to have evolved from hair [16,
17]. Cactus (Figure 1f) spines are made almost equal parts of crystalline cellulose and
amorphous hemicellulose, both of which are polysaccharides [18, 19]. Meanwhile,
scorpion (Figure 1g), bee (Figure 1h), and wasp stingers are made of chitosan, which is
also a polysaccharide [7, 8]. Structures and mechanical properties of different spines are

described in Table 1.
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Spine structures have a variety of internal structures depending on their other
functions. Hedgehogs, old world porcupines, and sea urchins all have material alignment
in the radial direction (first row of Figure 2). Both the lionfish and sea urchin spines
incorporate cyclic, concentric magnesium into the structure in the transverse direction [9].
The chitosan based structures of the honey bee, paper wasp, and scorpion have a hollow
tube structure (second row of Figure 2). The internal structure of the cactus and Old
World porcupine are cellular (third row of Figure 2).

It is important to note the multifunctionality that is intrinsic to biological materials.
Spines can be useful to an organism for a variety of reasons. For example, in addition to
protection, the cactus uses its spines, which are modified leaves, to prevent water loss in
its native desert habitat. Hedgehogs use their quills to not only deter predators, but also to
absorb energy when they fall from high places [17]. The lionfish, stingray, bee, wasp, and
scorpion all use venom to supplement their stings, but the structures of their stingers are
quite different. The lionfish and stingray stings have venom glands that line the sides of

the spine, while in bee, wasp, and scorpion stings venom flows through the stingers.
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Figure 2. Cross-sections of various spine structures found in nature: (a) hedgehog spine
[17], (b) Old World porcupine quill [21], (c) sea urchin spine [1], (d) honey bee sting [8],
(e) paper wasp sting [8], (f) scorpion sting [7], (g) cactus spine [19], (h) New World
porcupine quill [23].



2 Background

2.1 General Information and Life Cycle

Porcupine fish belong to a unique family within the order Tetraodontiformes
called Diodontidae [24]. While the order Tetradontiformes is an extremely diverse group
that includes the boxfish and triggerfishes, the porcupine fish is most closely related to
the families Tetraodontidae and Molidae, which include pufferfish and ocean sunfish,
respectively [24]. Porcupine fish are characterized by their ability to inflate, as well as
their long spines that become erect when threatened. Leis [25] divides the family Diodon
into two groups: The slender-bodied group, which consists of the D. eydouxii and D.
hystrix, and the round-bodied group, which includes D. holocanthus, D. liturosus, and D.
nicthemerus (all shown in Figure 3). The two species used in this study are the round-

bodied D. holocanthus and the slender-bodied D. hystrix.



D. nicthemerus
e

B o tm" T
vy M

Figure 3. Fish from the family Diodon: from top to bottom, D. eydouxii, D. hystrix, D.
holocanthus, D. liturosus, and D. nicthemerus. Figure adapted from Leis [25].

Porcupine fish are found in tropical and temperate marine waters and feed on
hard-shelled invertebrates [25, 26]. The following life cycle of the porcupine fish consists
of four stages: egg, larval, juvenile, and adult [25]. The eggs and larvae are pelagic,
meaning that they live near the surface of the ocean and away from land [25].

Metamorphosis to the juvenile stage occurs when the porcupine fish reaches about 3-5



mm in length and lasts for an unknown amount of time. Juveniles are characterized by the
spines that develop on the body [25]. Adults separate themselves from juveniles through
the body proportions. Spines elongate and the body becomes more elliptical. For the D.
holocanthus the pigment changes and results in the formation of spots on the belly of the
fish. Porcupine fish can live up to 10 years and the largest sample recorded had a length
of 90 cm [25]. They are also commonly kept as pets in saltwater aquariums.

Porcupine fish are nocturnal predators that feed on mollusks and shellfish. Their
strong teeth can crack mollusk shells [25]. These teeth are one of the characteristic traits
of the order Tetraodontiformes and form a beak-like structure that is actually multiple
teeth fused together. These teeth continually grow, so it is important for them to feed on

shelled animals to grind their teeth down.

2.2 Porcupine Fish Defense Mechanisms

During the egg and larval stages, plankton feeders eat porcupine fish. Juveniles are
preyed upon by pelagic predators including tuna, dolphinfish, and wahoo [27]. Once
porcupine fish reach the adult stage the number of predators decreases significantly,
because the fish becomes too large swallow. The main predator of the adult porcupine
fish is the tiger shark, which appears to be immune to the toxin (discussed in Section

2.2.2) that porcupine fish produce.

2.2.1 Inflation

Porcupine fish, like their pufferfish relatives from the family Tetraodontidae, can
inflate their bodies up to three times their original volume when threatened [28]. It is

believed that the inflation mechanism developed from coughing, which is present in



almost all fish, to water-blowing that is found in certain species in the tetraodontiformes
order, and finally to inflation [29]. This progression is shown in a phylogenic tree in
Figure 4.

During inflation, water or air is pumped into the stomach. Breder, et al. [30] stated
(as cited from Brainerd [28]) that the stomach function has been divided into the dorsal
“inflatable sac,” and the ventral “stomach proper.” Inflation is also an energy intensive
process that fatigues the fish if done too many times in a short time period. Brainerd [28]
found that porcupine fish could no longer inflate after inflating 5-8 times in short

succession.
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2.2.2 Toxin

In addition, members of the family Diodontidae and Tetraodontidae can be
poisonous and contain a toxin called tetraodotoxin. The toxin is mainly found in the
ovaries and liver of pufferfish [32], but can also be found in the skin of some puffers [33].
Tetrodotoxin has also been found in newts in the family Salamandridae [34, 35] as well
as shellfish, starfish, and the blue-ringed octopus [32]. Mines, et al. [36] argue that
tetrodotoxin, rather than being a metabolic byproduct, is actually produced by bacteria
ingested by the fish from food sources such as starfish. There are three main reasons why
this may be true: 1) Tetrodotoxin is found in such a wide variety of organisms that it is
unlikely that its production evolved independently so many times, 2) laboratory raised
porcupine fish and newts do not produce the toxin [32], and 3) common marine bacteria
from the genus Vibrio have been found to be part of pufferfish microflora [37] and have
been proven to produce tetrodotoxin [38]. Sugita, et al. [37] also found that the bacteria
population depends on the temperature of the water that pufferfish live in, which may
explain why the amount of toxin in the fish can vary based on the season [32] and habitat.

Tetraodotoxin has been studied extensively, because it is an amino
perhydroquinazoline, a compound that binds to the surface of voltage gated sodium ion
channels. This prevents the voltage threshold necessary for sensory and motor signal
propagation from being reached or extends the time it takes to reach the threshold [39].
Tetrodotoxin has been studied as a compound with potential to alleviate symptoms of
heroin withdrawal [40] and painful conditions such as neuralgia and gastralgia [33].

The first signs of tetrodotoxin poisoning to exhibit themselves are tingling

sensation in the mouth, nausea, and dizziness [36, 39]. Later symptoms include weakness,
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numbness, and impaired speech [36, 39]. Excess salivation and sweating has also been
observed [35]. If severely poisoned, symptoms progress to impaired breathing,
bradycardia, and hypotension [36, 39]. Symptoms normally manifest themselves
anywhere from 15 minutes to hours after ingestion of tetrodotoxin, depending on the
amount of toxin ingested [36].

The fatality rate is approximately 50% for those who ingest the toxin, and those
who survive the first 24 hours have a good chance at recovery [32]. Since there is no
antidote for tetrodotoxin, recommended treatment is symptom-based and usually includes

cardiorespiratory support [33, 39].

2.2.3 Spines

Despite the fact that tetrodotoxin is fatal to many organisms, porcupine fish are
still preyed on by sharks and other marine predators. In addition to inflating their bodies,
porcupine fish also have long spines across their body that are erectile when the fish
inflates [26]. These spines serve to increase the effective volume of the porcupine fish,
making it harder for predators to swallow, and are actually modified scales [26, 41, 42].
Leis [26]counted the number of spines in certain regions of members of the Diodon
family and then counted the number of rows of spines on other areas of the body. The D.
hystrix has approximately 29-38 spines from the snout to dorsal fin base (S-D) and from
the lower jaw to the anus (S-A). In addition, between the pectoral fins over the dorsum
(P-D-P) there are 15 rows of spines, and between the pectoral fins over the ventrum of
the fish (P-V-P), there are 25 rows of spines. For the D. holocanthus, there are 12-16 S-D

spines, 12-15 S-A spines, 11 rows of P-D-P spines, and 24 rows of P-V-P spines.
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Apart from general observations, little to no work has been done on the
composition and microstructure of the porcupine fish spine. However some work has
been done to understand the spine structure and potential function of puffers in the family
Tetraodontidae, which are closely related to porcupine fish. Hertwig, et al. [43] observed
that the dermal spines inTetraodon steindachneri have bilateral symmetry and have a
laminated longitudinal cross-section. The spines of the 7. steindachneri and Takifugu
obscurus can be stained using alizarin red-S (Figure 5), a histological dye that indicates
the presence of calcium [41, 43]. Of note, spines have a dense outer layer of collagen
around the mineralized core [43], as well as many concentric circles in the transverse

cross-section of the spines [41].

Figure 5. Fugu (Takifugu obscurus) spines in larvae stained with alizarin red-S, which
indicates the presence of calcium. Arrows point at spines with more than two lateral
processes. Figure adapted from [41].

The composition of porcupine fish spines is largely unknown, since alizarin red
only signifies the presence of calcium but does not specify whether the spines contain
calcium carbonate, hydroxyapatitite, or both minerals. However, since spines are

modified scales, it can be expected that the composition of porcupine fish spines should
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be similar to that of other fish scales. In general, many scales are composed of highly
aligned type I collagen, hydroxyapatite, and in some cases, calcium carbonate [44, 45].
Sire, et al. [46] note that the dermal plates in tetraodontiformes are composed of only
bone. However, the order tetraodontiformes is so diverse in morphology that it is unlikely
that every modified scale across the order is compositionally identical.

In the porcupine fish, Brainerd [28] identified three different regions of the spine
shown in Figure 6: the spinous process, the lateral processes, and the axial process. Leis
[25] refers to these regions as the spine shaft, the lateral arms of the base, and shaft
extension, respectively. Spines generally have bilateral symmetry with two lateral
processes, one spinous process, and one axial process. However, Leis [25] notes that
there can be more than two lateral processes. This can also be seen in the 7. obscurus

spines (Figure 5).

PROCESS

SPINOUS

PROCESS AXIAL

7= PROCESS

LATERAL
PROCESS

Figure 6. Porcupine fish spine drawing from Brainerd [28]. The lateral processes and
axial process are embedded in the skin of the porcupine fish, while the spinous process
extends out of the body of the fish.



3 Hypothesis

This thesis aims to characterize the composition, structure and mechanical
properties of the porcupine fish spine. The spines of the porcupine fish, which are
modified scales, must be able to withstand the force of a predator’s jaw in order to not
break. Therefore there are two main hypotheses this thesis aims to prove:

(D The composition of the spines will be similar to that of other scales, meaning
that the spines will most likely contain collagen and hydroxyapatite.
(II) The morphology and microstructure of the spines helps prevent the spine

from failing.

4 Materials and Methods

One of each D. holocanthus (Museum ID: SIO 65-679) and D. hystrix (Museum
ID: SIO H52-415) were received from the Scripps Institution of Oceanography. Samples
had been fixed with 10% formalin and post-fixed in 50% isopropyl alcohol and deionized
water. Spines were extracted from the right lateral side of the fish using a scalpel and
surgical scissors to cut away skin and other connective tissue until the spine could be

pried loose. Individual spines were stored in 50% isopropyl alcohol and deionized water.

4.1 X-ray Diffraction

For X-ray diffraction (XRD), one spine sample of D. hystrix was deproteinized by
placing sample in 2.6% sodium hypochlorite solution for two days. Sample was then split

into sections A, B, and C as shown in Figure 7 and ground to a powder using a mortar

15
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and pestle. XRD was then performed on the sample powders using a Bruker D2 Phaser
XRD (Bruker, Billerica, MA, USA) with 0.15406 nm wavelength. Sample analysis was

done using DIFFRACplus software (Bruker, Billerica, MA, USA).

Figure 7. Colorized porcupine fish spine where A is the spinous process (red), B are the
two lateral processes (pink), and C is the spine base (blue), which includes the axial
process and the connection between sections A and B.

4.1.1 X-ray Diffraction Analysis

XRD patterns were matched using standard data from a PDF card. Crystallite size

was found using the Scherrer equation

o _ 0942
~ B cosH

(4.1)

where D is the average crystallite size, A is the X-ray wavelength, f is the full width at

half of the maximum intensity, and 6 is the Bragg angle. Three of the peaks with highest
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intensity were used to calculate average crystallite size. These values were then averaged

to find a better approximation of crystallite size.

4.2 Thermogravimetric Analysis

Six samples of D. holocanthus spines prepared for thermogravimetric analysis
(TGA) were first step-wise rehydrated by putting samples in solutions of 25%, 12.5%,
and 0% isopropyl alcohol and deionized water for 10 minutes in each solution. Samples
were then put in deionized water again and left overnight. Samples were cut into three
sections A, B, and C (Figure 7), and were dabbed with a tissue to remove excess water
before testing. Samples were then heated in the SDT Q600 Simultaneous TGA/DSC (TA
Instruments, New Castle, DE, USA) from room temperature to 800°C at a rate of

10°C/min in air. All calculated values are given as mean =+ standard deviation.

4.2.1 Data Analysis

Values of mass were taken from the temperature closest to those given by Bigi, et
al. [47] and described in Section 5.3. Percentage of mass lost was calculated by dividing

leftover mass by original mass of the sample.

4.3 Micro-Computed Tomography & Nano-Computed Tomography

For micro-computed tomography (u-CT) the whole D. holocanthus sample was
kept in a jar of 50% isopropyl alcohol and deionized water and imaged using a Skyscan
1076 p-CT scanner (Bruker microCT, Kontich, Belgium) with a voxel size of 12.56 um.
Spine samples for nano-computed tomography (nano-CT) were first rehydrated, stained

with osmium tetroxide, dehydrated, and embedded in Spurrs resin (protocol for sample
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preparation in Appendix C). Spurrs resin was used because of its low viscosity and ability
to infiltrate mineralized samples better than other resins. Samples were then imaged with
Xradia 510 Versa (ZEISS, Jena, Germany). p-CT and nano-CT results were processed

using Amira® (FEI, Oregon, USA).

4.4 Scanning Electron Microscopy and Energy Dispersive X-Ray

Spectroscopy

D. hystrix spines were step-wise dehydrated with 75%, 90%, 95%, and 100%
isopropyl alcohol for 10 minutes each. Samples were then critical point dried using an
Autosamdri-815 critical point dryer (tousimis, Rockville, MD, USA) (protocol described
in Appendix C) or chemically dried using hexamethyldisilazane (HMDS) (protocol
described in Appendix E). Samples were sputter coated with iridium at 85pA for 7
seconds to reduce charging using an Emitech K575X Sputter Coater (Quorum
Technologies Ltd, East Sussex, UK). Spines were then imaged using an FEI/Philips XL-
30 Environmental Scanning Electron Microscope (FEIL, Hillsboro, OR, USA). Energy
Dispersive X-Ray Spectroscopy was performed using an FEI SFEG ultra-high resolution

scanning electron microscope (FEI, Hillsboro, OR, USA).

4.5 Histology and Transmission Electron Microscopy

Spine samples used for histology were first rehydrated and stained with osmium
tetroxide. After staining, samples were washed and rehydrated with deionized water.
Samples were then embedded in Spurrs resin using the protocol described in Appendix C.
For histology and transmission electron microscopy (TEM), spines were sectioned using

a Leica Ultracut UCT Ultramicrotome (Leica Microsystems, Wetzlar, Germany) into 250
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nm slices and 80 nm slices, respectively. Histology samples were stained with Toluidine
blue and imaged using a Nikon Eclipse E600FN (Nikon, Tokyo, Japan) with a Nikon
D300 DX digital single-lens reflex camera (Nikon, Tokyo, Japan) TEM samples were
placed on a copper grid, stained with lead to increase contrast, and imaged using JEOL

1200EX TEM (JEOL Ltd. Tokyo, Japan).

4.6 Demineralization and Deproteinization

Demineralization was done by submersing a spine sample in a solution of 12%
hydrochloric acid, 0.07% EDTA, 0.014% sodium tartrate, 0.8% sodium and potassium
tartrate, and deionized water, using the protocol as described by Castania, et al. [48].

Deproteinization was achieved by placing the spine in a 2.6% sodium
hypochlorite solution for two days. The solution was changed each day. Samples were
then rinsed gently with deionized water to get rid of excess sodium hypochlorite solution.
After rinsing, samples were dehydrated using hexamethyldisilazane using the protocol

described in Appendix E.

4.7 Cantilever Test

Samples were rehydrated with the same method as used for TGA and the spine
base was embedded in EpoxiCure 2 resin and hardener (Buehler, Lake Bluff, IL, USA).
The samples were left to cure at room temperature overnight. The samples were then
sanded down to dimensions to fit in the mechanical testing clamps that are 7.7 mm in
thickness, 25.6 mm in width, and 25.4 mm in height. The orientation of the sample is

shown in Figure 8. An Instron 3342 (Instron, Massachusetts, USA) instrumented load
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frame was used to perform cantilever test with a 500 N load cell. The rate of deflection

was 0.003/s.

load

spine

Figure 8. Schematic of spine cantilever test. The clamp is 25.5 mm in width, epoxy is
about 3.5 mm in thickness and 8 mm in width. Spines are approximately 5-6 mm in
length.

4.7.1 Cantilever Test Data Analysis

Since data was taken for the cantilever test before the deflector was in contact with
the sample, the first section of data before the load begins to increase was removed. The
deflection at which the load begins to increase was set to 0 to calculate proper tip

deflection values. Stress and strain were evaluated using models described in Section 4.7.

4.8 Nanoindentation

Nanoindentation was performed on dried samples of porcupine fish spines using a
TI-950 Tribo-Indenter (Hysitron Inc., Minneapolis, MN, USA). Samples were first
embedded in epoxy and the surface was polished to a mirror finish using the steps

described in the protocol in Appendix G. Nanoindentation maps were made for three
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cross-sections: two in section A and one in section C (Figure 20). Only the mineralized
regions were tested because dehydration of the collagen-rich areas created an uneven
testing surface. A cube corner tip was used to make indentations that were 5 microns
apart, with a maximum indentation depth of 300 nm. The displacement function consisted

of a 5 second loading step, a 3 second hold, and a 5 second unloading step.

4.8.1 Nanoindentation Data Analysis

Nanoindentation data was analyzed using the Oliver-Pharr method [49], which is
described in this section. Parameters measured by the nanoindentation machine are time,
depth of indent, and load on the material. In order to find elastic modulus £ and hardness
H, the following parameters shown in Figure 9 are used.
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Figure 9. A schematic representation of a material being nanoindented, showing the load
P, radius of indent a, residual hardness impression /4y, contact depth 4., total displacement
of sample 4, the displacement of the surface of the perimeter of the contact 4. Figure
adapted from Oliver, et al. [49].

The reduced modulus E,, which accounts for the effects of non-rigid indenters on

load-displacement behavior, can be calculated using the following expression:
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E, = g\/iz (4.2)
where S is the slope of the upper portion of the unloading data, 4 is the projected area of
the elastic contact. In the case of a cube-corner tip, the expression for the projected area,
which is a function of indenter depth, is

A(h,) = 2.5981h,2 (4.3)
where /. is contact depth of the experiment. Contact depth for a cube corner tip can be

calculated using the maximum load Py, corresponding indenter depth 4,4, and

unloading stiffness S.

3P
hc = hmax - ;t;ax (44)
The reduced modulus is also defined as
1 1-v2 1-—v?
— = + 4.5)

where E is the elastic modulus of the specimen, v is the Poisson’s ratio for the specimen
(taken to be 0.3), and E; is the elastic modulus for the indenter (1,140 GPa), and v; is the
Poisson’s ratio for the indenter (0.07). Rearranging Equation (4.5), elastic modulus of the

specimen can be expressed as the following:

1—v? (4.6)

P
H — max (4.7)



5 Results and Discussion

Images of the D. holocanthus and D. hystrix are shown in Figure 10. The number
of spines on the D. holocanthus and D. hystrix specimens was approximately 222 and 410,

respectively.

Figure 10. Photographs of the specimens used in this study, (a) Diodon holocanthus
(slender-bodied) and (b) Diodon hystrix (round-bodied) samples received from the
Scripps Institution of Oceanography.

5.1 Material Characterization

5.1.1 Energy-dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX) was used to identify elements in
two regions of the spine: the spinous process and the central part of the spine base. The

results of EDX are shown in Figure 11.

23
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Figure 11. Energy dispersive X-ray spectroscopy spectrums for (a) the central region of
the spine base and (b) the spinous process. In (a) the unlabeled peak is for aluminum left
over from the polishing process.

Values in Table 2 were calculated with the Iridium Ultra software (eumeX
Instrumentebau GmbH, Heidenrod, Germany) using the ZAF algorithm, which calculates
the mass and atomic percentages using the area under the spectroscopy curves, atomic
number, absorbance and fluorescence of the sample. From the high carbon content and
extremely low calcium content, it is reasonable to assume that the center of the spine base
is mostly, if not completely, composed of organic material. However, it is unclear why
there are high concentrations of phosphorus, which is generally not present in collagen
amino acids. The composition of the spinous process implies that it has a mixture of

organic and mineral material. The organic component of the porcupine fish spines is most
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likely collagen, which is found in many other fish spines, as mentioned in Section 2.2.3.
Given the high atomic percentage of phosphorus in the region with high concentrations of
calcium, the porcupine fish spine most likely contains hydroxyapatite (Ca;o(PO4)s(OH),).

Table 2. Comparison of elemental composition between spine base center and spinous
process.

A) Spine Base Center (B) Spinous Process
Element W lzatomic %) (gtomic %)
C 57.85 16.32
O 29.74 40.08
P 12.06 19.68
Ca 0.35 23.91

5.1.2 X-ray Diffraction

XRD was used to confirm the presence of hydroxyapatite in the porcupine fish
spine. As seen in Figure 12, the peaks of each region of the spine match the standard
XRD pattern for hydroxyapatite (PDF 01-076-0694). The broad peaks in the pattern
indicate that the sample is nanocrystalline. Crystallite sizes were calculated using
Scherrer’s equation (Equation (4. 1)) using peaks (221), (-380), and (242). The average
values for the crystallite sizes are ~20.1 nm, ~20.4 nm, and ~20.8 nm for the spinous
process, lateral processes, and spine base, respectively. These crystallite sizes are similar
to that of bovine femur bone [50]. It is of note that while other fish scales have been
known to contain calcite as mentioned in Section 2.2.3, no calcite was found in the

porcupine fish spines.
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Figure 12. X-ray diffraction pattern of different sections of the D. hystrix spine. From top
to bottom: XRD pattern for sections A, B, and C of the spine and the standard XRD
pattern for monoclinic hydroxyapatite.

5.2 Micro-Computed Tomography & Nano-Computed Tomography

u- CT was performed on a D. holocanthus specimen and show mineralized spines.
In addition, spines create a layer of subdermal armor as a result of lateral processes that
extend beneath each other (Figure 13). The mouth of the porcupine fish is also highly

mineralized (Figure 13b).



27

B

St 17
)

-

Figure 13. Micro-computed tomography of porcupine fish D. holocanthus showing (a)
lateral and (b) anterior view. Voxel size of 12.56 pm was used.

Nano-CT (Figure 14) shows that each spine is composed of three distinct parts
and corroborates previous results [28]. As described in Section 2.2.3 and shown in Figure
6, the axial process is significantly shorter than the lateral processes, which allows the
spine to be erected during inflation. The spine seems to start from the axial and lateral
processes and slowly combine into the spinous process. It can also be that the spine tip is
much denser than the rest of the spine. However, there appears to be a layer of less dense
material surrounding the dense spine mineral.

Front View J Left Side Longitudinal A £
Cross-Section

Figure 14. Nano-computed tomography of porcupine fish spine. Each scale bar is 500
um. Spine coloration represents density of the sample. Red symbolizes regions of highest
density and blue represents regions of lowest density. The front view and left side view of
the spines show different sections A, B, and C of the spine.
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5.3 Thermogravimetric Analysis

Thermogravimetric analysis revealed that each section of the spine has a different
composition of mineral, protein and water. Figure 13 shows three representative TGA
curves for the spinous process, the lateral processes, and the spine base, which includes
the axial process. Mass loss between room temperature and 250°C corresponds to water
loss [47, 51], and during mass loss from 250°C to 700°C protein decomposition and
combustion occurs [47]. Compositions of sections A, B, and C are summarized in Table 3,
where values are given as mean + standard deviation. Variations in protein and water
content are attributed to limitations of sample preparation. Excess tissue was difficult to
completely remove from sections B and C. Section C has the largest amount of protein
and water, while section A has the most mineral. This confirms the results from the nano-
CT, since the denser regions in the nano-CT correspond to the more mineralized section
A. The weight percentage of mineral in section A is similar to that of bovine femur (67
wt%) [23].

Table 3. Average water, protein, and mineral (wt.%) in D. holocanthus spine. Values are
given as average + standard deviation.

A B C
Water 18+1.2 36 £15.2 59+6.2
Protein 19+ 0.6 25+4.2 23 +£2.7
Mineral 63+1.4 39+ 15.0 17+£7.2




29

Protein Protein Leftover

Water Loss decomposition combustion Mineral
100 T T — - r - ;

80r

60
50
40¢

Weight Percentage (%)

30
20r

100 200 300 400 500 600 700 800
Temperature ('C)

Figure 15. Representative thermogravimetric curves for different sections of porcupine

fish spine A, B, and C. Water loss occurs between room temperature to approximately

250°C. Protein decomposition and combustion occurs from 250°C to 700°C. The
remaining mass after the sample has reached about 700°C is mineral.

5.4 Light Microscopy

A concentric ring pattern can be seen in the transverse cross-section of the spine
(Figure 16 inset) and is represented in Figure 16. These growth rings have widths that
range from 2 to 3.5 um per ring. Growth rings are commonly seen in many other fish
scales and have been often used to distinguish the age of a fish by correlating mass
increase per year with width of growth rings [52]. However, no work has been done to

determine the age of porcupine fish using the growth rings in the spine.
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Figure 16. Representation of D. hystrix spine transverse cross-section showing
concentric ring structure. (Inset) Light microscopy image of spine cross-section that was
embedded in epoxy and polished.

After staining thin sections with toluidine blue, a radial pattern was observed
(Figure 17). Toluidine blue stains acidic components such as nucleic acids and proteins,
meaning that the dark lines are more mineralized than the blue-stained areas. Radiating
mineral columns have been observed in a variety of fish scales including elasmoid scales
of the goldfish [53]. The radial and concentric structures observed in the spine cross-
sections may benefit the spines mechanically by deflecting cracks and strengthening the

spine during bending.
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Figure 17. Light microscope image of toluidine blue stained transverse cross-section of
D. hystrix spine in section A (shown in Figure 4). A radially aligned pattern of mineral
can be observed. Inset image shows the portion of the transverse cross-section that main
image is taken from.

5.5 Scanning Electron Microscopy

5.5.1 Macrostructure and Layers

Figure 16a shows a freeze-fractured D. hystrix spine surface, where the tip of the
spine is pointing to the right. Figure 16b shows the layered structure of the porcupine fish
spine. Figure 16¢ shows the outer connective tissue, which attaches the spine to the
outermost layer of skin. From XRD, it is known that there is hydroxyapatite in the sample
and from EDX done on the spine longitudinal cross-section (Section 5.1.1), there is high
calcium and phosphorous content, which indicates that the core is mineralized (Figure

18d). This core also shows the step-like fracture surface, which implies a layered internal
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structure. Finally, a porous and fibrous layer sandwiched between the mineral core and
connective tissue is shown in Figure 18e. This porous and fibrous layer was stained a
deep blue in histology results (Section 5.4), which could imply the presence of cells and
that the growth front of the spine is at the interface between the mineralized core and the
fibrous layer. Overall, the structure is layered as shown in Figure 18f.

The transverse cross-section of a deproteinized spinous process is shown in
Figure 19. The empty center implies that the spinous process may not be completely
mineralized near the center. This would explain the results from nano-CT cross-section
shown in Figure 14 (Section 5.2), which shows a yellow-orange color in the middle of the
spine. This implies a less dense spine core, but one that is denser than the protein packed

base, which is colored blue in the micro-CT.

Connective
Porous, Fibrous Tissue
Layer

Mineralized
Core

Figure 18. Scanning electron micrograph of freeze-fractured D. hystrix spine layered
structure. (a) shows the freeze-fractured surface of the spine where the tip is pointing to
the right. (b) is the boxed area B in (a) that shows the combination of layers that make up
the spine. Boxed areas in (b) correspond to images shown in (c), (d) and (e). (c) is
connective tissue (d) is the mineralized core, and (e) is the porous fiber layer. (f) is an
overall schematic of the layers in the spine.
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Figure 19. Transverse cross-section of deproteinized spinous process. (a) shows radial
cracks and an empty spine center. (b) shows the cross-section imaged at a 45° angle to
show the empty space in the center of the spine.

5.5.2 Microstructure Observed through Cross-Sections

Fibers from the base of the spine have banding that appear to match that of
collagen (Figure 20), however calculated values of the d-spacing of approximately 60 nm,
whereas the d-spacing of collagen should be 67 nm. This mismatch may be a result of
improperly calibrated working distance when capturing the image or fibers being tilted

from the beam.

Figure 20. Scanning electron microscopy image of banded fibers located in the spine
base. The banded structure is indicative of collagen.
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From the histology results in Section 5.4, it is known that there is radial symmetry
and patterning in the transverse cross-section of the spine. This is corroborated and

clearly seen in the untreated and demineralized spine SEM images in Figure 21.

Figure 21. Transverse cross-sections of (a) the deproteinized spine and (b) untreated
spine showing radial material alignment. (¢) is a schematic of the spine, with the dotted
line indicating where the spines were cut.

The polished longitudinal cross section of the tip of the porcupine fish spine
shows that mineralized fibers are aligned longitudinally (Figure 22). Observing that there
are both longitudinally aligned fibers and radially symmetric material in the transverse
axis, it can be concluded that the longitudinal fibers form sheets of fibers with widths of
1.7 £ 0.3 pm that are aligned radially. Sheets of mineralized collagen fibers have been
observed in other fish scales as well [53]. Figure 23 shows that the longitudinally aligned
fibers are connected by mineral bridges. The mineral bridges are reminiscent of those in
nacre, which are believed to prevent crack propagation and sliding between aragonite
plates [54, 55]. The mineral bridges in the porcupine fish spine may serve a similar

purpose, by preventing the fibers from sliding.
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Figure 22. Longitudinal cross-section of D. holocanthus spine showing aligned
mineralized fibers. Inset diagram shows where spine was cut (along dotted line) and
location on spine that image was taken (boxed area).

Figure 23. Polished, longitudinal cross-section of deproteinized spine showing mineral
bridges between fiber sheets.

The growth rings in the porcupine fish spine can also be seen using SEM (Figure

24). The widths of the rings matched those found in optical microscopy described in
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Section 5.4. The combination of the concentric rings and radial sheets may contribute to
increasing the toughness of the spine through crack deflection, which is observed in

Figure 25.

Figure 24. Scanning electron microscopy image of concentric ring structure. The width
of one ring is outlined in dotted yellow lines.
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Figure 25. Cross-section of D. hystrix spine, showing crack deflection through the spine.
5.6 Transmission Electron Microscopy

Spine thin sections of the transverse cross-section stained with osmium tetroxide
and lead confirmed the presence of radially aligned mineral structures inside the
porcupine fish spine. The mineral is embedded within a fibrous matrix and forms sheets
with widths of about 2 pm (Figure 26). Measurements from SEM show that the
demineralized spine radial sheets seen in Figure 21a are approximately 1.7 um. The
slightly larger width of the TEM imaged sheets are a result of the presence of

hydroxyapatite nanocrystals that extend beyond the fiber.
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Figure 26. Transmission electron micrograph of spine transverse cross-section. Dark
columns are mineral embedded a fibrous matrix. Arrow points toward the center of the
cross-section.

Putting together all of the microstructural information, it can be seen that the
spine has the structure described in Figure 27. In the longitudinal direction, mineralized
fibers are connected by mineral bridges to form sheets that align radially. In between

these sheets, there are fibers that are aligned in the transverse direction.
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Figure 27. Schematic diagram of the hierarchical structure of a showing orientation of

mineralized sheets and radially aligned fibers.

5.7 Nanoindentation

Nanoindentation was performed on three transverse cross-sections of the D.

holocanthus spine (shown in Figure 28 and Figure 29). Two cross-sections were taken in

section A near the spine tip, and one cross section was taken in section C. Young’s

modulus and hardness values were calculated using the values from the force-
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displacement curves of each indent (representative force-displacement curve shown in
Figure 30) and the equations described in Section 4.8.1. As a result of the symmetric
nature of the spine cross-sections, partial nanoindentation maps were made across
transverse cross-sections of the spine. Points with extremely low modulus and hardness
represent an indentation in the epoxy surrounding the sample and were removed. Since
no distinct patterns or abrupt changes in modulus and hardness were found across the
tested area, the remaining values from nanoindentation were averaged across each cross-

section.

Figure 29. Locations nanoindented for (a) section Al, (b) section A2, and (¢) Section C.
The cracks in (b) are due to dehydration.
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Figure 30. Representative load-displacement curve for nanoindentation on a transverse
sample from a D. holocanthus spine. S is shown as the initial slope of the unloading curve.
Pmax is the maximum load and 4, is the displacement at Pmax. hyis the residual
hardness impression.
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Figure 31. Average Young's modulus and hardness values from nanoindentation of
sections Al, A2, and C. *, ** and *** represent p<0.05, 0.01, and 0.001, respectively
using a two-tailed t-test. n.s. represents p values greater than 0.05, for which the
difference between two sets of data is not significant.
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Table 4. Number of indents for samples A1, A2, and C.

Al A2 C
Number of Indents 76 296 200

Results of nanoindentation are shown in Figure 31 with number of indents per
sample listed in Table 4. The large standard deviations are typical of biological materials.
A two-tailed t-test was used to determine whether values are significantly different.
Young’s modulus values across the different sections were found to be significantly
different. The Young’s modulus of section A2 was higher than both A1 and C even
though the A2 cross-section is located between the two other points. The lower stiffness
in section C is reasonable since the base of the spine is less dense and mineralized than
the sections on the spinous process. Hardness values of A1 and C were found to be
significantly different from the hardness of section A2. However the hardness of section
A1 was not significantly different from the hardness of section C. Nanoindentation
results imply that the area near the tip of the spine is more mineralized, which matches

what was found in the nano-CT results.

5.8 Modeling Mechanical Behavior and Mechanical Tests

Using basic mechanical engineering equations, mechanical models were developed
and used to calculate, maximum tensile strength, maximum strain, elastic modulus, and
elastic energy for spines tested using a cantilever test. Two models of the porcupine fish
spine are compared: the spine as a uniform cylindrical beam and the spine as a tapered
beam with a circular cross-section (both shown in Figure 32). P is a point load at the end

of the cantilever beam, d is the diameter of the cylindrical beam, and L is the length of the
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beam. In order to better represent the shape of the porcupine fish spine, the spine is

represented as a tapered beam as shown in Figure 32. Equations for the two models are

derived in Appendix A and Appendix B and summarized in Table 5.

Figure 32. (Left) Uniform cylindrical cantilever beam with a constant diameter d.
(Right) Tapered cylindrical cantilever beam where dg is the larger diameter of the beam,
d4 1s the smaller diameter of the beam. L is beam length and P is the point load at the end
of the beam for both models.

Table 5. Equations of mechanical properties for uniform cylinder and tapered cylindrical
beam models. For the D. holocanthus spines,  ~ 0.2.

= lindrical
Uniform Cylindrica Tapered Beam
Beam
Maximum Tensile _32PL B 128PL
Stress Imax = "3 Omazx = 27rdp°B2(1 - B)
. __64PL° . 64PI3
Elastic Modulus = 31TV A7 e 8 dB4 U
Strain at Maximum _ 3Vmaxd _ 2Vmaxdp
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Using the equations for maximum tensile stress listed in Table 5, the maximum
tensile stress at the top surface of the spine o,,,,, was plotted with distance away from the
fixed end x (Figure 33). P, L, dp, and 8 values used to create the plot are averages of
values found from tested specimens. The diameter d of the uniform cross-section beam
was calculated by equating the volumes of the two types of beams. The volume for the

tapered beam Vigpereq 1s the same as that of a truncated cone

Th
Vtruncated cone = ? (T.Z + 7R + RZ) (51)

where /4 is the height of the truncated cone, 7 is the radius of the small circular area, and R
is the radius of the large circular area. Inputting the parameters for the spine, it follows

that

L (d,? d.ds dgp*
__<A+AB B

L 2 2
Vtapered = Vtruncated cone — 3 4 4 4 = E(dA + dAdB + dB )

L
Vtapered = E (dA2 + dAdB + dBZ) (52)

The volume of the uniform cross-section beam Viform 18

d 2
Vuniform =T <E> L (53)

Setting Equation (5.2) equal to Equation (5.3),

d\* L
T <§> L= %(dAZ + dady + dp?) (5.4)

Rearranging the equation yields the following expression

> 1, , 5
T=E(dA +dydp +dg°)
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2 2
Y ijdA +d,dg + dg (5.5)

where the value of d must be positive.

From Figure 33 it can be seen that the maximum stress in the tapered beam is
slightly higher than that of the uniform beam. However, the location at which the
maximum stress occurs changes from the fixed end of the beam for a uniform cross-
section beam to a distance close to the tip of the beam for a tapered beam. This may be
beneficial so that if the spine in the porcupine fish does break, it breaks near the tip, and
most of the spine material will be conserved. It is also important to note that the results
from nanoindentation show that the area near the tip is stiffer and harder, which may

indicate that the spine is reinforced where the stress is largest.
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Figure 33. Stress at top of beam as a function of x from 0 to the length of the beam L,
where the red curve represents the stress in a uniform cylindrical beam and the blue curve
represents the stress in a tapered beam with circular cross-section. Values used for P, L,
dp, and f are averages from experiments. Volumes of the two beams are equal.
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After testing five D. holocanthus spine samples, the equations for the two
different models were applied to the data (representative load-displacement curve shown
in Figure 34. Diameter of the uniform beam d was calculated using Equation (5.5) so that
volumes were kept constant between models. It can be observed from Table 6 that for an
average tapering ratio f of approximately 0.2, the average maximum tensile stress
increases for a tapered beam, Young’s modulus decreases, and strain at failure increases
when compared to that of the uniform beam. The Young’s modulus of the tapered beam
model also corresponds well with values found in nanoindentation (E~11~17 GPa).
Values from nanoindentation are likely higher than those calculated from mechanical
tests, since the nanoindented samples were dried and cantilever test samples were

hydrated. It is well known that dehydrated samples have higher stiffness [56].



47

2.5

Load (N)

0 0.5 1 1.5 2 25 3 3.5 4 4.5 5

Displacement (mm)

Figure 34. Representative load-displacement curve for the D. holocanthus spine for
which stress and strain can be calculated using equations described in the text.

Table 6. Comparison of mechanical properties of the spine calculated using the

cylindrical beam model and the tapered circular beam model. Values are given as average
+ standard deviation.

Mechanical Property Uniform Beam Tapered Beam
Maximum Tensile Stress
12 + 81 760 + 286
(MPa) 6 8
Young’s Modulus
12.9+3.2 11.1+34
(GPa)
Strain at M?(;l)mum Stress 48404 6.8+ 1
0




6 Applications and Bioinspiration

Bioinspiration is field that aims to study designs in nature that have been
developing for millions of years through evolution and use them to inspire human
engineering applications. In recent years, bioinspiration has been gaining more attention.
Scales in particular have been studied extensively because they help protect an animal
while still maintaining flexibility and mobility. The erectile spines of the porcupine fish
increase the size of the fish, making the fish difficult for predators to swallow, but allow
the fish to become streamlined and smooth when not being attacked. These spines also
serve to irritate the predator with their sharp tapered ends, while being lightweight
allowing the porcupine fish to stay buoyant.

Many researchers who study spine structures argue that the design of the spines
can be used for biomedical applications such as more efficient needles. However many of
the spines studied, such as those of the stingray, bee, and cactus, have serrated or barbed
edges . This design makes it easy for spines to penetrate the skin, but difficult to take out
and are meant to inflict as much damage as possible to deter predators. While the spine of
the porcupine fish does not have serrated edges, it is mean to pierce predators that attempt
to eat it. Instead of studying it for needles, it may be more worthwhile to study the spines
for their resistance to breaking as well as their ability to act as a deployable defense that
can be compacted after use. In fact, porcupine fish spines have already been used for
helmets in Polynesian island natives (Figure 35) to defend against weapons made of

shark teeth [57].
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Figure 35. Porcupine fish helmet worn by Gilbert and Ellice Island natives for defense in
warfare [58].



7 Conclusion

This thesis explores the structure, composition, and mechanical properties of the
porcupine fish spines from D. holocanthus and D. hystrix for the first time. There were no
striking differences between the morphology of the spines of the two species. The main
difference in between the two species is the size and number of spines on the fish. X-ray
diffraction (XRD), energy dispersive X-ray spectroscopy (EDX), and thermogravimetric
analysis (TGA) were used to determine the composition of the spine. Micro- and nano-
computed tomography (CT), light microscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) were used to observe the macro- and
microstructure of the spine. Mechanical properties were assessed using both
nanoindentation and a cantilever test.

* The spines of both species were found to contain different ratios of mineral, protein,
and water in different sections of the spine. The mineral component was identified as
nanocrystalline hydroxyapatite with crystallite sizes of approximately 20 nm. Protein
in the spine was found to likely be collagen from the banding structure seen in SEM
as well as the fact that type I collagen is found in many other fish scales.

* The porcupine fish spine is a fairly complex structure, composed of multiple layers
and intricate microstructure. Using p- and nano-CT the structure of the spine was
confirmed to have a spinous process, two lateral processes, and an axial process as
mentioned in other literature. The spine is composed of five main layers: a protein

core sheathed in a mineralized layer, a porous fibrous layer, an outer connective
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tissue, and a layer of skin that is outside of the connective tissue. Transverse and
longitudinal cross-sections show that the spine is made of sheets of connected fibers
that are aligned longitudinally and radiate outward. In between these sheets are plies
of fibers that are aligned radially. The microstructure of the spine most likely helps to
prevent the spine from breaking by deflecting cracks that may propagate through the
spine.

* Nanoindentation showed that the spine has a Young’s modulus that ranges from 11 to
17 GPa and a hardness that ranges from 330 to 363 MPa depending on the section of
the spine. Young’s modulus and hardness were found to vary with location on the
spine.

* Cantilever tests were performed and a mathematical model for a tapered beam was
compared to a model using a uniform beam. The comparison showed that while the
maximum stress between the two configurations was similar, the location of the
maximum stress for the tapered beam is near the tip of the spine rather than at the
spine base, which is the location of maximum stress for a uniform cross-section beam.
This change in location may be beneficial for the fish so that if a spine breaks, it
breaks at the tip and the fish doesn’t have to regrow a whole spine, which is energy
intensive.

Revisiting the hypothesis of this thesis, it was found that the spines were
composed of hydroxyapatite and protein that is most likely collagen, which is what is
found in other fish scales. The The tapered morphology of the spine did not improve the
mechanical properties of the spine, but it changed the location of the maximum stress,

making it easier for the fish to conserve resources in the situation that its spine does break.
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The microstructure of the spine was shown to prevent crack propagation, which improves

the toughness of the spines.

7.1 Recommendations for Future Research

Since this work is only a first foray into the structure of the porcupine fish spine,
there is a lot more to understand about the structure and how it relates to the mechanical
properties of the spine. Future work includes:

* Confirming that the fibers found in the spine are collagen.

* A full histological analysis, which can identify the presence of other proteins as
well as cells to confirm the growth front of the spines.

* TEM of demineralized spines, which can help provide insight on the
microstructure of the spine and the alignment of the fibers, confirming what was
described in this thesis.

* Compression tests to understand the buckling behavior of the spines.

* Development of a more detailed mechanical model to describe mechanical

behavior of the spine.



Appendix

Appendix A. Derivation of Equations for a Uniform Circular Cross-section
Consider a cantilever beam with uniform circular cross-section as shown in

Figure 32. The moment at any location when there is a point load at the end of the
cantilever beam is given by

M(x) = —P(L — x) (A1)
where M is the moment at position x, L is the length of the beam, and P is the point load
at the end of the beam. Using the moment curvature relation, where E is elastic modulus,
v is vertical deflection, and / is second moment of inertia,

d?v(x) (A2)
dx?

—M(x) = EI

d’v(x) -M(x) P(L-x)
dx2~ El ~  EI

Integrating twice, the resulting expression is

P(L—x) 1 (—Px® PLx?
v(x)szdedxzﬁ c + > + Cix + G,

with constants C; and C,. Using the following boundary conditions:

v(0)=0=C,=0
dv(0)
dx

0=(¢=0

The equation for vertical deflection can then be simplified to

P -1 1 ) (A3)
I

— _ [—— 43 _ 2
v(x) E<6x +2Lx
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Since experiments only give measurements for the end deflection of the beam where

x = L, maximum deflection vy, 18

Pr1, 1
vmax:v(L):E<?L +§LL>

Therefore the expression for vy, is

PL3 (A4)
Vmax = ﬁ

The second moment of area / for a circular cross-section is

_ md* (A5)
64

Substituting, the second moment of area and rearranging the expression for vy,

64PL3 (A6)

4
3V d

Stress across the beam can be described using the following equation

M(x)y (A7)
I

G(xry) = -

Since the porcupine fish spine is mostly mineral, it is expected to fail under
tension rather than compression. Therefore, the maximum flexural stress of a cantilever
beam is the tensile stress on the top surface of the spine and is given by

M axYmax (AS)

Umax = I

In the case of failure under tension, the neutral axis is at y = 0 for a circular cross-section,

) ) d . )
which means that for the maximum stress, V0 = . Maximum stress across the beam is
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at x = 0 so that M,,,,,, = PL. Substituting the second moment of inertia for a circular
cross-section and the value for x and y into the expression for the maximum stress results
in the following equation

32 PL (A9)

Omax = d3

As part of Euler-Bernoulli bending theory, it is assumed that plane sections
remain plane. Therefore, strain at maximum tensile stress &,,,, 1S the maximum stress
divided by the elastic modulus

Omax 317maxd (AlO)
Emax = E = 2]2
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Appendix B. Derivation of Mechanical Property Equations for a Tapered Beam with
Circular Cross-Section

Referring to the diagram shown in Figure 32, the expression for strain energy (U)

is used
f L m2?(x) (A10)
= dx
o 2E I1(x)
where M(x) = —P(L — x) and I is the second moment of area of the beam, which in this

case is a function of x. For a tapered beam with a constant diameter change and circular
cross-section with d4 smaller diameter at the end of the beam and d the larger diameter

at the base of the beam,

ndy* @¢-1 \ (A11)
I(x) = - (1 + X
where 3 = d4/dp < 1.We can simplify this to
-1 \* (A12)
I(x)=13<1+('8L )x>

since Iy is the second moment of area of the end of the beam with diameter d.

The maximum displacement of the tip of the tapered beam v,,,, is given by Castigliano’s
Theorem

(A13)

oM
U 0 (¥ M%(x) LM(x) 55
v, =—=—f—x=f—apdx
max = 9p 9P ), 2E I(x) o EI(X)



Taking the derivative of M (x) with respect to P

oM (x) L
aP - ( x)
Substituting (A12) and (A14) into (A13),
fL P(L — x)? p
Vmax = | —=——dx
max o E I(x)
Pt L? 2L x N x?
TR _ 4 _ 4 — 4
o \(1+ 50 (1850 (14670,

L L L

Using substitution, let
-1
(1+(ﬁL )x>=1+ax=1+w
where,
az(ﬁL;l) and w=ax = dw = adx
With substitution, the range for integration is changed from 0 - Lto 0 = (f — 1).
P fﬂf—l) L2 2Lbx 2 \1,

Vmax = F ) A+w)r A+w)i d+wr)a™”
- . L LW 1 GBw? +w+ D)V
CELa\3(14+w)3 3a(1+w)® 322 (1+w)3
_ P —L2+L2+L<3ﬁ—2 1) 1 /(BBE-1D*+@B-1)+1 1
~ Elga\3B3 3 3a\ pB3 3a2 (1+w)3
Substituting o with

_PL (Lz(ﬁ—1)> PL3 64PL3

v = = =

From this, an expression for Young’s modulus £ is found
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64 P L3 (A15)
T 3nBdy Vmax
The maximum stress for the tapered beam can be derived using Equation (A7).
While the moment on the beam stays the same, both y and / become functions of x,
changing along the length of the beam. Assuming a linear change in diameter along the
length of the spine, y can be represented as a function of the diameter of the beam cross-
section d(x) divided by 2

dy—d Al6
d(.X') = dB + (AL—B)X ( )
where d4 is the smallest diameter of the tapered beam, dj is the largest diameter of the

tapered beam, and L is the length of the beam. Let dy = fdp so that Equation (A16)

becomes

d(x) =dg (1 + B-D x) (A7)

L

Equation (A17) can then be placed into expressions y (x) to yield

y) :@:%(H(ﬁzl)x) (A18)
Substituting Equations (A18) and (A11) into Equation (A7),
o) = M(;c()xy)(x) _ PG~ ? < <1j B 241) x)
(14 L7 1y)

which reduces to



59

32P(L —x)

ndy? (14 WL;%)B (A19)

o(x) =

In order to find g,y the roots for o(x) must be found by taking the derivative of o(x)

with respect to x and setting it equal to 0
do(x) 32P 96P(L —x)(f — 1)

ax ndg® <1 + (’Bll;l)xf nldg® <1 + (,811;1))0

4

Simplifying results, the following expression is found

_ —32PL[-2x(B— D) +1(36 — 2)]
ndg® (L + (B — Dx)*

= (=2x(B —1) + L(38 —2)) = 0
= —2x(f —1) = —L(38 — 2)

L3R -2)
*TR26-D

where 0 < f < 2/3. Plugging the expression for x back into Equation (A19)

o 32P <L - %) _ 32PL (1 - %)3
way? (14 CT DU =DV 1514 BE22)

Simplifying this expression, the following expression for maximum stress is found

_ 128PL
 27mdg B2(1 - B)

(A20)

Um ax

where 0 < f < 2/3.

The maximum tensile strain can be found using Equation (A9)



gmax

Then

128PL

377::8 dB * Umax

" 27mds B2 (1 B)

64 P L3

emax -

2dB Umax

98(1 = B)L?

60
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Appendix C. Nano-computed Tomography, Histology, and Transmission Electron

Microscopy Sample Preparation Protocol

1.

Rehydrate sample with deionizd (DI) water: Discard half of the post-fixative
solution (50% isopropyl alcohol and DI water) and fill with add DI water. Place
vial on agitator for 5 minutes. Repeat once. Replace vial contents with DI water
and place vial on agitator for five minutes. Repeat last step again.

Submerse sample in 1% osmium tetroxide for at least 5 hours and place on
agitator to ensure osmium tetroxide penetrates the spine. Make sure to perform
this step in a fume hood.

Wash sample of osmium tetroxide by replacing liquid in vial with DI water,
placing vial on agitator, and waiting five minutes between rinses. Repeat 5-6
times.

Acetone dehydration: Stepwise dehydrate the sample with 20%, 50%, 70%, 90%,
and 100% ethanol for 10 minutes each. Submerse sample in 100% ethanol again
for 10 minutes. Replace vial liquid with 50/50 ethanol and acetone solution and
leave for 10 minutes. Repeat with 100% ethanol twice.

Embed sample in Spurrs resin by covering sample with 50/50 acetone and Spurrs
resin and leave overnight on agitator. Repeat for 90/10 Spurrs to acetone mix and
leave overnight on agitator. Cover sample with 100% Spurrs resin for three days
and replace resin each day. Transfer sample to a small metal dish and cover

sample with 100% Spurrs resin. Let sample cure in 60°C oven for two days.
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Appendix D. Critical Point Drying Protocol

Protocol is for operation of Autosamdri-815 critical point dryer (Tousimis, Rockville,

MD, USA).

1.

Sample must be stepwise dehydrated using 25%, 50%, 75%, 90% and 100%
ethanol or isopropanol with DI water for 10 minutes each step. Ethanol is
recommended.

Open valve of CO, gas tank.

Unscrew screws on metal cylinder and remove cylinder.

Fill bomb with enough ethanol/isopropanol to cover sample.

Turn on power and refasten the cylinder by screwing the screws in evenly so that
there is even pressure on the cylinder.

Adjust purge timer based on size of sample and amount of ethanol/isopropanol in
bomb. Timer numbers are in 5-minute increments. Set to level to 5 for a full
chamber.

Press the “Cool” button and wait for the indicator on the temperature dial to drop
to 0°C. When the dial reads 0°C, press the “Fill” button.

Machine will automatically step through “Purge,” “Heat,” “Bleed,” and “Vent”
steps. During the “Purge” step, you should see vapor leaving the “Purge/Vent
Exhaust.” If you cannot see vapor leaving, adjust the “Purge-Vent” knob until you
see vapor leaving.

After all steps are over, wait for the pressure dial to fall to 0, before removing

sample.

10. Turn off machine and close CO, tank.
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Notes:

* If during the “Fill” step, liquid sprays out of the chamber, this means that the
vacuum is not sealed. Press “Vent,” check that the O-ring is secure, and start over.

* During “Heat” step, pressure must be at least 1072 psi and temperature should be
at least 31°C for ethanol to sublimate.

* If machine lights are flashing wildly after the “Heat” step, press the “Bleed”

button to continue the process.



Appendix E. Chemical Drying with Hexamethyldisilazane Protocol

1.

Sample must be stepwise dehydrated using 25%, 50%, 75%, 90% and 100%
ethanol or isopropanol with DI water for 10 minutes each step. Repeat step for
100% alcohol.

After alcohol dehydration, stepwise switch to hexamethyldisilazane (HMDS)
using 25%, 50%, 75%, 90%, and 100% HMDS and isopropanol for 10 minutes
each. Repeat step for 100% HMDS.

Pour enough HMDS to cover your sample and leave in fume hood to dry

overnight. When liquid is gone from container, sample is ready to use.
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Appendix F. Cantilever Sample Preparation Protocol
1. Spines were first stepwise rehydrated using the same method as described in Step
1 of Appendix C.
2. The spine base was then potted in epoxy by stabilizing the spine vertically with a
bit of Play-Dough.
3. Potted spines were then removed from their containers. Epoxy was cut and sanded

to have flat edges and cut to a size that fits in the mechanical tester.
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Appendix G. Polishing Protocol

1.

2.

Embed samples in epoxy and leave overnight.

Cut samples to suitable cross-sections using a saw.

Using medium grit sandpaper (1200 grit) on a rotating lap, smooth the edges of
the sample so that there are no ridges on the sample and so that the sides are
square with each other and opposite surfaces are parallel. This is so that your
sample will lie flat when being imaged.

After using the lap, rinse sample in DI water and use compressed air to blow off
grit or particles.

Using a finer grit sand paper (2400 grit), sand the sample back and forth in one
direction. Use a microscope to check that all of the large scratches have been
sanded away. Rinse sample with DI water and put into sonicator for 5 minutes to
remove excess particles. Use compressed air to dry.

Using 3um aluminum oxide polishing liquid and the corresponding polishing pad,
Polish sample perpendicular to the direction from the last step. Once you see no
scratches in the previously sanded direction, sonicate for another 5 minutes to
remove excess particles.

Use the 0.05pm diamond polishing media with the corresponding polishing pad to
polish samples. Polish in circular directions until scratches from the previous step

have disappeared. Sonicate sample for 5 minutes and dry with compressed air.
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