
Biomineralized Structural Materials with
Functional Optical Properties

by

Ling Li
B. S., Materials Science and Engineering, National University of Singapore (2008)

Submitted to the Department of Materials Science and Engineering
in partial fulfillment of the requirements for the degree of ARCaW4O

Doctor of Philosophy in Materials Science and Engineering MASSACHUSETTS INSE
a OF TECHNOLOGYat theI

MASSACHUSETTS INSTITUTE OF TECHNOLOGY JUN 10 2014
June2014

1. RRARIES

C Massachusetts Institute of Technology 2014. All rights reserved.

Signature redacted
A u th o r................................................... . ............... . . ..........................................

Department of Materi is Science and Engineering
n ' "A April 3 0, 2014

Signature redacted
C ertified by.......................

Christine Ortiz

Morris Cohen Professor of Materials Science and Engineering
Thesis Supervisor

Accepted by.........................................Signature redacted
Gerbrand Ceder

R. P. Simmons Professor of Materials Science and Engineering
Chair, Departmental Committee on Graduate Students

I



Biomineralized Structural Materials with
Functional Optical Properties

by

Ling Li
Submitted to the Department of Materials Science and Engineering

On April 30, 2014 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

ABSTRACT

Many biological structural materials exhibit "mechanical property amplification" through
their intricate hierarchical composite designs. In the past several decades, significant progress
has been achieved in elucidating the structure/mechanical property relationships of these
materials. However, the design strategies of structural biomaterials with additional functional
roles are still largely unexplored. This thesis, by selecting three unique mollusk shell model
systems, explores the fundamental design strategies of multifunctional biomineralized materials
with dual mechanical and optical functions: transparency, photonic coloration, and lens-mediated
vision. The model systems are the bivalve Placuna placenta, the limpet Patella pellucida, and
the chiton Acanthopleura granulata, respectively. By investigating the relationships between the
mechanical and optical properties and the structural characteristics, this thesis uncovers novel
design strategies used to integrate optical functions into mechanically-robust material systems.
The high transmission property of the P. placenta shells (~99 wt% calcite), for example, is
elucidated through experimental and theoretical analysis based on a light scattering model. This
armor utilizes deformation twinning and additional mechanisms at the nanoscale to enhance the
energy dissipation efficiency by almost an order of magnitude relative to abiotic calcite. 3D
quantitative analysis of the damage zone resulting from high load indentations was performed
via synchrotron X-ray micro-computed tomography, revealing the formation of a complex
network of microcracks. A unique structural motif, screw dislocation-like connection centers, is
identified to enable a high density of crack deflection and bridging. This thesis also leads to the
discovery of a unique biomineralized photonic structure in the shell of the blue-rayed limpet P.
pellucida. The photonic system consists of a calcite multilayer and underlying particles, which
provide selective light reflection through constructive interference and contrast enhancement
through light absorption, respectively. Lastly, this thesis presents a detailed investigation of the
biomineralized lenses embedded in the armor plates of the chiton A. granulata. The image
formation capability of these lenses is experimentally demonstrated for the first time. The optical
performance of the eyes is studied via comprehensive ray-trace simulations that take into account
the experimentally measured geometry and crystallography of the lens. Mechanical studies
illustrate that trade-offs between protection and sensation are present in the plates.

Thesis Supervisor: Christine Ortiz
Title: Morris Cohen Professor of Materials Science and Engineering
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Chapter 1 Introduction

Bio-inspired or biomimetic materials research is an emerging field that aims to develop
advanced functional materials by utilizing the design principles learned from natural material

1-3systems 3. Plants and animals, through hundreds of million years of evolution, have evolved a
vast variety of biological materials to fulfill diverse needs3 . These biological material systems are
usually very different from those used by engineers as they usually exhibit complex designs in a

4hierarchical manner

Biological structural materials has been one of the most active bio-inspired materials
research fields5 , and nature provides a multitude of different structural materials with specific
combinations of mechanical properties for a variety of biological functions, such as protection,
predation, locomotion, and body support. Particularly, biomineralization is perhaps one of the
most common strategies used to enhance mechanical properties, such as stiffness, strength, and
toughness. The amplified mechanical properties of biomineralized materials, in comparison to
their weak and brittle mineral constituents, are achieved through intricate hierarchical composite
designs. During the last several decades, the biomineralized shells of mollusk have provide many
insights into this "mechanical property amplification". Chapter 2 highlights the major
deformation mechanisms of mollusk shells discovered recently. This research has already
resulted in substantial progress in the development of artificial bio-inspired advanced structural
materials6'7.

Multifunctional structural materials with attributes beyond enhanced mechanical properties,
such as electrical, magnetic, optical, and power generative properties, provide some immediate
advantages such as size and weight reduction, cost and maintenance effectiveness, and possible
self-healing capabilities'. In particular, protective materials incorporated with optical properties,
such as transparency, photonic coloration, and photoreception, may find a wide range of
applications, such as transparent armor, windows/walls with display functions, and self-sensing
structural composites. Currently, this type of materials is still largely unexplored in engineering
fields, as design of such multifunctional materials faces new questions and challenges as
compared to conventional materials, in which a single primary function is usually considered.
Engineering strategies for achieving specific mechanical and optical properties of a material
system are usually exclusive from one another, which raises the barrier to establish effective
structure-property-function relationships for such multifunctional materials. For example, the
current design and fabrication of protective transparent materials "is done almost exclusively
using empirical, trial-and-error and legacy approaches". Therefore, the development times of
new transparent armor systems are long, the production costs are quite high and many
shortcomings of the systems become apparent only after they have been used in the fields8 .

Can we, again, solve this complex problem by adopting strategies used in natural materials
systems? Although biological materials are usually multifunctional so as to maximize organisms'
overall fitness, it appears that mechanical protection and optical functionalities are also
surprisingly exclusive from each other in natural world. As reviewed in Chapter 2, in nature, a
high level of mechanical protection usually relies on heavily mineralized structures, whereas
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optical functions, such as coloration, transparency, and photoreception, are usually achieved
through soft organic-based materials. Some primary design strategies for mechanical robustness
and optical functionality are inherently contradicting, such as presence of interfaces, degree of
crystallographic misorientations, heterogeneity, and geometry. In addition to the rareness of
appropriate model systems, other challenges, such as relationship and possible trade-offs
between the structure/mechanical- and structure/optical-property relationships in identified
systems, are largely unexplored.

In this thesis, by carefully selecting three exotic mollusk shell-based model systems, I
explore the underlying design principles of multifunctional biomineralized materials with
simultaneous mechanical and optical functions, including transparency, photonic coloration, and
lens-mediated vision. The model systems are the bivalve Placuna placenta, the limpet Patella
pellucida, and the chiton Acanthopleura granulata, respectively. By integrating the investigation
of the mechanics and optics, this research aims to elucidate the fundamental material design
strategies of multifunctional biomineralized materials. The strategies uncovered from this
fundamental research could provide effective solutions for engineering structural materials
integrated with similar optical functions. Moreover, by studying the multiple aspects of these
structural biomaterials, we may gain a more complete understanding of the evolutionary
development of these materials. It is well known that trade-off situations are often resulted from
the need of organisms to perform multiple tasks that contribute to their fitness. These trade-offs
have traditionally been discussed in the context of phenotype morphologies, e.g. the beak size
and shape of Darwin's finches. This thesis is focused on the multifunctional performance of
individual systems that could potentially test the hypothesis that trade-off situations are also
fundamentally present at the materials level in order to achieve multiple functions. As shown in
the following chapters, the results of this thesis support the validity of this hypothesis.

This thesis is organized according to the three model systems, i.e. P. placenta, P. pellucida,
and A. granulata, whose optical properties are optical transparency, photonic coloration, and
lens-mediated vision, respectively. Each model system is treated as an integrated materials
system, in which the mechanical and optical properties are intimately related together to their
corresponding multiscale structural characteristics.

Chapter 2 provides some relevant background information of this thesis. A brief summary of
the general characteristics of mollusk shell microstructures and their mechanical behavior are
first presented. This is followed by a literature review of our current knowledge of the multiscale
deformation mechanisms present in these protective systems. Additionally, as this thesis deals
with structural materials with functional optical properties, three common light-tissue
interactions in nature (coloration, transparency, and photoreception) are briefly reviewed with
emphasis on their biological functions, physical principles, and materials involved. Lastly,
information about the biology of the three study models is provided.

Chapters 3, 4, and 5 explore the structural, optical, and mechanical characteristics of the
transparent armor of P. placenta. In Chapter 3, the multiscale structural design of the shell is first
elucidated through a number of materials characterization techniques. Its unique high optical
transmission capability is then investigated through both experimental and theoretical
approaches, through which we demonstrate that P. placenta shells have special structural
features at multiple length scales to reduce light absorption and scattering. Chapter 4 presents a
detailed study of the nanoscale deformation behavior of P. placenta through instrumented
nanoindentation and electron microscopy. Pervasive nanoscale deformation twinning and
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additional nanoscale deformation mechanisms work synergistically to enhance the energy
dissipation efficiency by almost of an order of magnitude as compared to the shell's main
constituent, calcite. Chapter 5 focuses on the large scale deformation behavior of P. placenta
shell via macroindentation tests. Direct 3D visualization and quantitative analysis of the damage
zone is achieved through synchrotron X-ray micro-computed tomography. The outstanding
damage localization capability at macroscopic level is shown to be related to a unique structural
motif, i.e. screw dislocation-like connection centers, which enables a high density of crack
deflection and bridging within the damage zone.

Chapter 6 focuses on the structural origin of the bright blue stripes found in the shell of the
blue-rayed limpet P. pellucida. Using a combination of material characterization techniques, we,
for the first time, discovered a biomineralized photonic structure in nature. The photonic system
consists of a calcite-based multilayer and an array of underlying colloidal particles, which
provide selective light reflection through constructive interference and contrast enhancement
through absorption of the transmitted light. The synergistic combination of these two optical
elements results in distinct stripe patterns along the limpet shell, which ensures the organism's
visibility and conspicuousness with a large range of observation directions. Its unique structural
architecture and optical performance strongly suggest that these blue stripes have evolved to
serve a biological function, which is expanded upon in the chapter.

In Chapter 7, 1 present a comprehensive investigation of the third biological structural
armor, A. granulata, which contains hundreds of mineralized-lens eyes. First, the ultrastructural,
geometrical, and crystallographic characteristics of the mineralized lenses are investigated
through a combination of materials characterization techniques. I then provide a detailed
investigation of the optical performance of these eyes through both computational and
experimental approaches, which confirmed the image formation capability of the mineralized
lenses. The mechanical performance of the lenses in comparison to other sensory and non-
sensory structures in this protective armor is studied via multiscale indentation tests. Through
this combinational study, I show that as the size, complexity, and functionality of the integrated
sensory elements increases, the local mechanical performance of the armor decreases.

The last section of this thesis Chapter 8 summarizes the key findings for each model
systems with emphasis on the common design principles and their implications to design of
engineering multifunctional materials. Finally, several potential research directions are suggested
and their significance is briefly discussed.
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Chapter 2 Background

In Section 2.1, the general structural and mechanical characteristics of mollusk shells are
summarized. Emphasis is placed on recent developments in our understanding of mechanical
deformation mechanisms at multiple length scales. In Section 2.2, I briefly introduce the three
main forms of light-tissue interactions found in nature, coloration, transparency, and
photoreception. The physical principles, biological functions, and materials involved in these
interactions are discussed. In Section 2.3, the model systems used in this thesis are introduced.

2.1 Biomineralized mollusk shells

2.1.1 Structural characteristics

The phylum Mollusca comprises around 70,000 species, most of which have a very soft
body and a hard external shell for protection from predators. The natural habitats of mollusks
are extremely diverse, including both terrestrial and aquatic environments. Mollusk shells are
mainly composed of calcium carbonate, usually in the form of calcite or aragonite, and also
contain a small amount of organic material'0 . Over million years of evolution, mollusks have
evolved to produce strong yet tough protective shells with a vast diversity of microstructural
architectures, including nacreous, foliated, prismatic, crossed-lamellar, and granular

11,12structures1

Nacreous structures (Figure 2-la-b), or mother-of-pearl, consist of aragonite tablets
assembled in a "brick-and-mortar" manner. Tablets are generally arranged in a random
or column fashion (commonly referred to as sheet or columnar nacre, respectively). An
organic "mortar" phase holds the tablets together.

Prismatic structures (Figure 2-1c) consist of large elongated column-shaped
aragonite or calcite crystals. The cross sections of the prismatic structures usually
exhibit a polygonal arrangement. Calcitic prismatic structures are commonly found in
the outer layers of shells.

Crossed-lamellar structures (Figure 2-1d,e) have a lamellate arrangement with at
least three orders of hierarchy, which are made of aragonite.

Foliated structures (Figure 2-1f,g) consist of thin elongated calcitic crystals
arranged in a mosaic-like manner.

Granular structures (Figure 2-1g) consist of very small (- pim) aragonite crystals,
and usually found in the regions of muscle-shell interfaces as well as in the outer layer
of chiton plates.
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a b C

de

g h

Figure 2-11 A variety of microstructures observed in mollusk shells. (a) Top-viewed and (b) cross

section-viewed nacreous structure in the abalone Haliotis rufescens. c, Prismatic structure of Atrina

rigida. (d) Cross lamellar and (e) complex cross lamellar structure found in the limpet Cellana

testudinaria. Foliated microstructure of (f) the bivalve Placuna placenta and (g) the limpet Cellana

testudinaria (slightly demineralized). h, Granular structure found in the chiton Acanthopleura

granulate. i, Irregular lamellar structure of Cellana testudinaria. (b) is adapted from ref. 13.

Regardless of their specific microstructural features, mollusk shells share three main

structural and crystallographic characteristics: they are composites, hierarchical, and textured.

The composite nature

Mollusk shells are natural composites consisting of mineralized building blocks and organic

materials 4"14. The mineral content is usually very high (95-99 vol%), with few notable

exceptions, such as the hydrothermal vent gastropod1 5 and brachiopods with shells similar to

bivalves (note that they are not mollusks)1 6 '17 . The minerals are usually polymorphs of calcium

carbonates, primarily calcite, aragonite, or both. The organic materials distributed in biominerals

are generally categorized as two types, inter- and intra-crystalline (Figure 2-2). Intercrystalline
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organic materials are located along the interfaces of adjacent building blocks, e.g. the interfaces

between adjacent aragonitic nacre tablets or calcitic prisms 8"19. Intracrystalline organic materials

(commonly referred to organic inclusions), on the other hand, refer to materials trapped within

mineralized building blocks 9,20. This composite nature of biominerals is one of the most

significant characteristics in comparison abiotic minerals142 1 . A large number of studies have

shown that the organic materials play a critical role in controlling the formation of biominerals in

terms of building block geometry and size, crystallographic phase and orientation, and other

characteristics-2-4. Moreover, the composite nature of mollusk shells is also the fundamental
.4

structural origin for their remarkable mechanical properties .

a Mineral plates b

Ilntercrystalline
organic interfaces

ntracrystalline
organic inclusions

0 n00 nm

Figure 2-21 Inter- and intra-crystalline organic materials in mollusk shells. a, Schematic diagram

showing both two types of organics in a generic layered microstructure. Transmission electron

microscopy (TEM) images in (b) transverse and (c) horizontal cross sections of the bivalve Placuna

placenta, showing intercrystalline organic interlayer and intracrystalline organic inclusions,

respectively.

The hierarchical nature

The structural hierarchy from nanoscale to macroscale is perhaps the most prominent

characteristics of biological structural materials, such as bones 4, sponges 26, crustacean

exoskeletons , fish scales, and mollusk shells29 . Mollusk shells are constructed with minerals

and with small amount of organic materials in a hierarchical manner. Here I use nacre as an

example to illustrate this feature. As shown in Figure 2.3, the heavily mineralized abalone shell

consists of two macroscopic layers, which include a hard but more brittle calcite outer layer and

a tough inner nacreous layer (Figure 2.3b-c). As the primary structural component, the inner

nacreous layer provides compliance and toughness for the entire armor system. Mesolayers

(thickness ~20 pm) consisting of organic materials are found in the nacreous structure with

typical spacings of -300 ptm (Figure 2-3d-e)30'31. The basic building blocks of the nacreous

structure are the micro-sized polygon-shaped aragonite tablets (Figure 2-3f-g), which have a

diameter of -10 ptm and thickness of -0.5-1.0 ptm. These mineral tablets are closely packed

together with thin organic interlayers between them, which results in a "brick-and-mortar"

structure. On a smaller length scale, the surfaces of aragonite tablets contain nanoscale asperities

and mineral bridges (Figure 2-3h-i) 3 2,33 . The organic materials, as discussed above, are in two

forms, the intercrystalline interfacial layer (thickness -20 nm) between aragonite tablets and

intracrystalline inclusions (size, 30-40 nm)9,3 4,35 . The crystalline lattice of aragonite is slightly

distorted relative to abiotic forms 36, presumably resulted from the presence of intracrystalline

organic materials 37 ,3 8. This hierarchical structure design from the macroscopic to atomic level is
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responsible for multiple strengthening and toughening mechanisms operating at different length
scales, as discussed in next section.

a
Length scales

(m)

101 -

10-2 -

10- -

10-4 -

10-5 -

10*6

10-

10-8

10-9

10-10

rU b Macroscopic shell
b

Calcite-aragonite interface

Mesolayers

h
Aragonite tablets

i - A-

Nanoasperities and mineral bridges
k

Inter- and intra-crystalline organic materials

Atomic structure

Figure 2-31 Hierarchical structure of nacre. a, Photo of an abalone shell Haliotis rufescens. (b)
Photo and (c) light micrograph of the shell cross section showing the calcite-aragonite interface. d,
Light micrograph of mesolayers. e, SEM image of the demineralized shell with protruding mesolayers.
(f) Scanning electron microscopy (SEM) and (g) TEM images of aragonite tablets. h, Atomic force
microscopy (AFM) image of nanoasperities on the aragonite tablets. i, Scanning transmission electron
microscopy (STEM) image of mineral bridges. j, SEM of intercrystalline organic interfaces. k, TEM
image of intracrystalline organic inclusions within tablets. High-resolution TEM (HRTEM) images of
(i) aragonite tablets and (m) mineral bridges. Images in a, c, f, g, h, j, k, and I are adapted from ref. 13.
d and e are adapted from ref. 30. i and m are adapted from ref. 33
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The textured nature

The crystallographic characteristics of a variety of mollusk microstructures have been
extensively studied via a number of different techniques, such as X-ray diffraction 39, electron
backscattered diffractionOA, and X-ray photoelectron emission spectromicroscopy43 '4. In
general, the biomineralized structures of mollusk shells exhibit preferred global co-alignment of
crystallographic orientations39-42. One example of this is found in the calcite-based foliated
microstructure of the bivalve Placuna placenta (will be discussed in detail in Chapter 3). As
shown in Figure 2-4, the calcite c-axes are tilted along the longitudinal directions of elongated
building blocks by ~24'. Moreover, it appears that there is never a perfect alignment between
adjacent building blocks39-42. The degree of crystallographic misalignment varies amongst
different mollusk shells, and even among different locations in one specimen.

a .i,:; c

Figure 2-41 Observations of the crystallographic alignment of mollusk shells. a, An SEM image of
the freshly cleaved shell surface mapped with electron backscattered diffraction (EBSD). The white
arrow indicates the longitudinal direction of the elongated building blocks. b, A corresponding EBSD
map with color coded for all the three Euler angles (pl, qJ, 92). c, Pole density plots for the mapped
region in (a).

2.1.2 Mechanical properties and deformation mechanisms

Since Currey's pioneering work in 1970s'2 ' 45, the mechanical behavior of mollusk shells
have been investigated through numerous testing methods, including tension 45'46 , compression46,
three-point bending12,4 6,4 7, four-point bending 47, and indentation'3 2 47. Recent advances in
experimental and modeling techniques have enabled significant progress in understanding the
underlying deformation mechanisms. Here again, I take nacre, the most studied molluscan
microstructure, as a model system to summarize the key deformation mechanisms which have
been identified at multiple length scales and are responsible for its high toughness, stiffness and
strength.

Typical mechanical parameters for nacre include elastic moduli of 60-80 GPa12,45, tensile
strength of 35-168 MPal ,4', compressive strength of 100-540 GPa48, modulus of rupture of

2~270 MPa2. One key mechanical behavior of nacre is its significant amount of inelastic strain
(~1%) with slight strain hardening before fracture in tension47'49. This characteristic has been
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reported in numerous studies, although specific stress and strain values differ depending on
species and testing conditions 9 . The capability to undergo large inelastic deformation is also

47observed in flexural bending tests, which closely resembles physiological loading condition .
This inelastic deformation behavior makes nacre mechanically robust and tough; it has been
shown that nacre is orders of magnitude tougher than its main constituent, aragonites' 0

Considering its constituents, stiff but brittle ceramic tablets and soft but weak organics, the
remarkable mechanical behavior of nacre has long fascinated scientists. There is a continuing
effort to try to understand the underlying deformation mechanisms of nacre, with the aim of
applying these design principles to engineering structural materials. As we discussed in the
previous section, nacre has a hierarchical architecture with structural control from macroscopic
to atomic level, which has direct and profound influence on the fundamental deformation
mechanisms at multiple length scales (Figure 2-5). At a global level, it has been found that water
plays an important role in plasticizing the organic phases4 6 and residual stresses within the shell
also affects energy dissipation5 1 . At the macroscopic level, the development of diffuse whitening
zones on the tensile tested samples, indicating significant inelastic deformations for energy
dissipations45'47 . This is directly resulted from microscopic deformation mechanisms at the
individual tablet level (discussed in the next paragraph). At mesoscale, two primary toughening
mechanisms are plastic buckling and crack deflection by mesolayers48 .

At nano- and microscale, a number of deformation mechanisms have been identified and
proposed through experimental and/or theoretical approaches. Tablet pull-out and sliding were
among the first mechanisms elucidated, which directly lead to the formation of the
aforementioned whitening zones, corresponding to the process zones of inelastic
deformation47'49 . This process results in significant energy dissipation49 52 53 . A number of energy
dissipation mechanisms associated with this tablet-sliding process include crack
deflection/stopping47'54, viscoplastic deformation of the organic phase 5 , crack bridging by
ligaments of the organic phase 46, and unfolding of proteinaceous chains5 6 , fracture of mineral
bridges 57, and frictional strengthening from nanoasperties 47' 58. In particular, the surface waviness
at the individual tablet level has been identified as an effective mechanism that leads to

49,50,59hardening, spreading damage and dissipating energy over large areas ''. Moreover, numerous
studies have shown that the nano-/micro-sized aragonite tablets have optimal (length/thickness)
aspect ratios, which permits the energy dissipation through tablet pull-out while still maintaining
a high level of load transfer, leading to simultaneous high toughness and strength60,61 . Based on
both theoretical analysis and finite element simulations, Gao et al. suggest that the basic
mineralized building blocks are flaw insensitive due to their nano-/microscopic sizes 62,63,
although this mechanism remains controversial 64. In addition, Li et al. through a number of
studies, have demonstrated that the individual building blocks of nacre, albeit their apparent
single crystal nature, consist of nanosized grains65. These nanograins enable plastic deformation

66,67of individual tablets for energy dissipation through nanograin rotation and reorientation ' . The
periodic variation of moduli in the microscopic multilayered structure of nacre has also been
shown to be able to reduce the crack driving force6 8 . At the atomic level, the anisotropic lattice
distortion might also contribute to the intrinsic mechanical properties of aragonite37 ,69

The contribution of each specific mechanism summarized above is yet to be elucidated54,
which presumably depends on specific loading conditions. These mechanisms might work
synergistically so as to achieve the outstanding combinations of strength, stiffness, and energy
dissipation in nacreous structure. Most of the energy dissipation mechanisms, regardless of their
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length scales, operate at the interfaces between mineral and organic materials, which are again

intimately related to its hierarchical and composite nature. The intricate interface control is also

found to lead enhanced toughness and resistance to crack propagation in other molluscan

microstructures. For example, the aragonite-based cross-lamellar structure in the shell of the

conch Strombus gigas is able to resist catastrophic failure with two energy-dissipating

mechanisms: multiple microcracking in the outer layers at low mechanical loads, and crack

bridging in the shell's tougher middle layers at higher loads29 70 -72
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Figure 2-51 Summary of multiscale deformation mechanisms in nacre. Images in a, c, f, g, h, j, k,
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2.2 Light-tissue interactions in nature
In addition to mechanical functions, a variety of biological material systems have also

evolved to provide optical functions. Based on the physical principles involved, here we consider
three main optical interactions between biological tissues and light, which include coloration
(pigmentation 4'75, bioluminescence 7, and structural color77), transparency7 , and
photoreception7 9 (Figure 2-6). In this section, I present a brief overview and summary for each
interaction form with emphasis on their physical principles, biological functions, and materials
involved.

Examples Materials

Light-tissue
interactions -

in nature

Coloration

a Nb

Pigmentation

C d

Bioluminescence

e f

Structural color

g h Bathophilus sp.

Transparency

J
Vision

" Melanins
" Tetrapyrrole derivatives
" Isoprenoid derivatives
" N-Heterocyclic compounds
* Benzopyran derivatives
* Quinones

" Luciferin
" Enzymes (luciferase or
photoprotein)

. .. ..
" Chitin
* Guanine
" Collagen
" Keratin
" Reflectin
" Ptern

" Organic lissues
" Gelatin

" Cellular structures
" Proteins

Figure 2-61 Light-tissue interactions in nature: coloration, transparency, and photoreception. a,b,
Pigmentation. b, Pink coloration in the plumage of a flamingo (Phoenicopterus ruber) comes from its
diet (adapted from ref. 80). c,d, Bioluminescence. d, Live photo of anglefish Chaenophryne longiceps
with glowing bioluminescent bacteria inside its retractable lure (adapted from ref. 76). e,f, Structural
color. f, Photo of a Morpho rhetenor with bright blue structural color (adapted from ref. 77). g,h,
Transparency. h, Photo of the larva of deep-sea fish Bathophilus sp. (adapted from ref. 78) ij,
Photoreception via eyes with lens. j, Anterior view of the jumping spider, Hasarius adansoni, with four
eyes (adapted from ref. 81). The materials involved in each light-tissue interaction forms are based on
the following references: pigmentation: ref. 74, 75, 82; bioluminescence: ref. 76, 83, 84; structural
color: ref. 85-91; transparency: ref 78, 92, 93; photoreception: ref. 94-96.
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2.2.1 Coloration

One of the most stunning aspects of living organisms is their vast diversity of color, from
green leaves to vibrant flowers, fast color change in cephalopods, bright fireflies, and the
brilliant blue Morpho butterfly, natural organisms have developed countless ingenious ways to
interact with light in order to create unique visual displays for a variety of biological functions,
such as camouflage, signaling, mimicry, and thermal regulation8 4 . Here I discuss three principal
mechanisms, i.e. pigmentation, bioluminescence, and structural coloration 7.

Pigmentation empowers air-borne, terrestrial, and aquatic creatures to display mostly red,
orange, yellow, and more rarely green or blue hues in their skins, plumages, scales or shells9 8-00.
Coloration is achieved through absorption of specific wavelength range of visible light through
organic-based colored chemicals called pigments7 4 ,75 ,8 2 . Pigments are able to capture incoming
electromagnetic energy by exciting electrons from lower to higher energy states; the non-
absorbed energy is then reflected and/or refracted which can be perceived by eyes as color. The
fascinating camouflage and dynamic coloration control of cephalopods are also based on
pigment-containing cells called chromatophores 01, which can dynamically change their size to
vary the display of color.

Bioluminescence, similar to pigmentation-enabled coloration, is also based on organic
chemicals, although dynamic chemical reactions are taking place during light production76 ' 83.
Bioluminescence might serve as a communication pathway with nearby animals, but it may be
also utilized as tiny searchlights for feeding for some deepwater marine animals 4.

Nature's chromatic display does not end with chemicals, nano- and microscopic organic
structural architectures have evolved to interfere with light in circumstances where strong
metallic-like reflections and iridescent colorations are required or the pigmentation for a specific
hue is unavailable99" 2"0 3 . Structural colors have been found in the feathers of peacocks and
other birds 14-106, the wing scales of butterflies and moths 10709, the exoskeletons of beetles85'll0,
and even in the skins of birds and mammals 8, shedding light on a stunning diversity of structural
coloration in biological organisms. Common light manipulation mechanisms involved in these
structural colorations have been identified as scattering, multilayer interference, and
diffraction' 2,i1. Common structural morphologies include microporous scattering films, simple
multilayers, and 3D photonic crystals 2. The majority of these structurally diverse, functional
biophotonic architectures of different organisms have been shown to be comprised of highly

88687 88 .89ordered organic materials, including cuticle 5, chitin86, guanine , collagen , keratin '90, and
proteins such as reflectin91.

2.2.2 Transparency

In addition to coloration which requires manipulation of incoming light with materials
through special chemicals and/or intricate structures, nature also explores another extreme of
light-matter interaction, i.e. no interaction, transparency. Optical transparency has been shown to
be a successful form of camouflage to visual predation based on experimental and theoretical
studies in terrestrial, freshwater, and marine systems78'11' 14. The phylogenetic distribution of
transparent animals is surprisingly diverse and uneven, which is strongly affected by their

65habitats . As summarized in his review paper, Johnson pointed out that most transparent animals
are pelagic, where the open water has no surfaces to match or hide behind and transparency is
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one of the few forms of camouflage possible 5 . Transparency in terrestrial species is extremely
rare possibly due to the problem of reflections resulting from the low refractive index of air.

Transparency as a form of camouflage involves the entire body. Therefore, many or all the
tissues and organs must be modified and specialized for transparency. This requirement even
leads to special modifications of some organs that are inherently nontransparent, such as the
extremely thin retina of the hyperiid Cystisoma 6. From a physics point of view, high
transparency requires low reflection, absorption, and scattering. Both absorption and scattering
can be simultaneously reduced by decreasing the light path within an object, i.e. thickness. This
strategy is utilized by many transparent animals, such as macroscopic cetid ctenophores,
phylliroid nudibranchs, many freshwater cladocerans, hyperiid amphipods, and phyllosoma and
stomatopod larvae 65. An extreme example is the fish larva, leptocephalous, which are tens of
centimeters long but only one or two millimeter thick (Figure 2-6h)65

As transparency typically involves the entire body, the materials involved are predominantly
organic-based. Studies have shown special ultrastructural modifications of the organic tissues for
the purpose of transparency, including anti-reflection through surface texture control and
scattering reduction in the extracellular matrix through destructive interference65 . Moreover, a
large number of transparent animals are based on nonliving gelatinous materials which have very
high water contents92

2.2.3 Photoreception

The two optical signatures of coloration and transparency as discussed in the two sections
above are closely related to photoreception, which utilize optical sensory organs, that is, eyes or

79eyespots, to perceive the optical information from the environment both close up and far away .
Photoreception clearly provides significant advantages for the survibility and fitness of
organisms. During the Cambrian explosion ~530 millions years ago, a rich fauna of macroscopic
animals evolved, many of which had prominent eyes 9 . The evolutionary invention of vision-
guided predation during late Precambrian may have generated a profound selection pressure on
many prey species, triggering a great number of self-protective measures, such as producing
protective armor with shells, avoiding exposure by deep burrowing, or developing good vision
and mobility themselves. This visually-guided predation might have initiated the first stages of
an arms race between predators and prey79.

As the visual capabilities of different organisms are highly related to their specific
behavioral requirements, there are vast varieties of eye designs. According to the level of visual
performance, four classes of light-controlled behaviors exist 9 . Class 1 visual systems provide
non-directional monitoring of ambient light. This can be achieved with non-directional
photoreceptors, requiring one or a few photoreceptor cells. Visual systems from class 2 offer
directional light sensitivity, which is achieved by adding screening pigment or partly shading the
photoreceptor cells with other structures. Class 3 visual systems enable organisms with low
spatial resolutions, which include motion detection, habitat selection, and orientation to coarse
landmarks or major celestial objects such as the sun or moon. Visual systems within this class
typically have resolution around 5-30', which is achieved by simultaneously monitoring
different directions with different photoreceptors. Class 4 visual systems are more advanced than
Class 3 as they require much higher spatial resolutions, usually smaller than a few degrees. This
high spatial resolution is achieved by equipping visual systems with special components, such as
lens or other focusing optical elements. The stages of eye evolution also generally follow these
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four levels of visual capability, from the simple unidirectional photoreception to advanced eyes
with lenses.

As compared to other eye designs, addition of a lens clearly provides functional advantages,
as it sharpens the images, maintains light intensity, and reduces the size needed for a given
resolution. The primary function of the lens is to form a sharp focused image without distortion
onto photoreceptors. Several material requirements have to be fulfilled, such as high
transparency, refractive index control, and structural integrity. Animals develop extremely

95intricate lens microstructures so as to achieve desired optical performance . Animal lenses are
primarily made of fiberous cells (comprising more than 95 vol%), which are packed with high
levels of proteins, known as crystalline94 . Several significant structural characteristics emerge for
this special optical element. First, nulcei and other light-scattering organelles from the cells
within the lens are eliminated during the early stage of eye development95,96. Secondly, adhesive
proteins, some of which are found only in lens, are sandwiched in between the fiber cells to
minimize optical scattering9 5'115 . Thirdly, scattering is further minimized by matching refractive
indices between lens membranes and cytosol 95. Lastly, complex suture-like structures are found
at the surface of the lens fibers, which are believed to provide mechanical integrity during the
change of lens geometries (so as to vary focusing power)' 16 .

Although most lenses are exclusively made of organic materials, nature also explores
mineralized materials in constructing this demanding optical structure in a very few species. The
classic example is the group of ancient arthropods called tribolites, which possess calcite-based
compound eyes' 7-120. Another example of biomineral-based photoreception system is the
calcitic lenses distributed across on the dorsal arm plates of brittlestars 2 1 . Both systems have
been shown to possess controlled lens geometry and crystallographic orientation for better image
formation performance117 121 . The third example is the mineralized lens structures found in the
two lineages of chitons, which possess hundreds of aragonite-based lens eyes embedded in their
eight armor plates

2.3 Combining optics and mechanics: inherent materials conflicts

As discussed in the previous two sections, prior knowledge has suggested that the biological
tissues with mechanical protection and optical functions are highly exclusive, because the
material requirements for these two types of functions are extremely conflicting from each other.

We can take the design of transparent structural materials as the first example to illustrate
this conflict. Composite design with heterogeneous material phases (minerals and organic
materials) with corresponding different mechanical properties is an effective strategy in order to
achieve high stiffness, strength, and toughness, which have been found in many biological
structural materials (as discussed in Section 2.1.1). The intricate interface control at multiple
length scales directly governs the underlying deformation mechanisms for robust mechanical
integrity and effective energy dissipation (as discussed in Section 2.1.2). However, introduction
of multiple material phases and interfaces inevitably causes light absorption and scattering,
which causes significant loss in light transmission. This is probably the underlying physical
constraint why the majority of biological structural materials are opaque. The same physical
constraint is also faced by us to design engineering transparent structural materials8" 23

Homogeneous materials with low light scattering and absorption are excellent in providing high
optical transparency; however, high mechanical performance can only be achieved with high
intrinsic mechanical properties in these homogeneous materials, where all the extrinsic
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strengthening and energy dissipation mechanisms are absent'2 . This is essentially impossible for
biological materials as they are usually based on intrinsic weak organic and brittle ceramic
materials.

Similar design conflict is also present for biological lens structures. As compared to organic-
based lens, minerals pose several design barriers as resulted from their intrinsic material
properties. First of all, many minerals, due to their crystalline structure, are optically anisotropic
(such as calcite125 and aragonite' 26), that is, the refractive indices are dependent on the angle of
incident light relative to the crystallographic axes. This property leads to light scattering
whenever light encounters an interface between two misaligned grains. Moreover, inorganic
materials are rigid, which provides little accommodation capability for the lens to adjust the
focus dynamically 9 . Other design barriers might be related to the biomineralization process for
production of lens structures with optically desired geometries, as inorganic crystals usually tend
to adopt their favorable shapes in order to achieve the lowest energy state.

2.4 Model systems

Despite the conflicts and constrains for achieving simultaneous mechanical and optical
functions, Nature does provide a few unique model systems which incorporate optical functions
with their mineralized protective armor materials. In this thesis, three model systems were
chosen to investigate the use of biological ceramic-based (calcite or aragonite) armor systems
with integrated optical functions of the three aforementioned light-tissue interaction forms. The
systems include the bivalve Placuna placenta (transparency), the limpet Patella pellucida
(structural color), and the chiton Acanthopleura granulata (photoreception), whose optical
functions are transparency camouflage (hypothesized), biomimicry (hypothesized), and vision
(experimentally demonstrated127), respectively (Figure 2-7). Table 2-1 briefly summarizes some
basic information about the three model systems, including taxonomy, geographic distribution,
habitat, general morphology, and other related information.

Transparency: Placuna placenta

The bioceramic material system from Placuna placenta (Linnaeus, 1758; Mollusca:
Bivalvia; commonly known as window pane oyster) has two highly light-transmissive, circular-
shaped flat mineralized shells (Figure 2-7h). P. placenta lives unattached on the surfaces of
muddy or sandy flats in shallow water (depth < 100 m) of the tropical Indo-West Pacific 28 . Due
to the high optical transparency of their shells, P. placenta are widely collected and
commercially cultured in large quantities for shellcrafts, and local people are known to use the
shells as a substitute for window glass in houses 28 . While it is unclear whether or not the
transparency plays a biological role such as transparency-enabled camouflage7 8 , the materials
design strategies leading to a combination of mechanical robustness and optical transparency in a
single system holds great potential for the development of bio-inspired engineering transparent
structural materials. Previous study has only focused on the crystallographic texture of the
shell40, and the optical and mechanical properties are not reported in the literature.
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Figure 2-71 Light-tissue interactions in mollusks. a,b, Pigmentation. b, Pigment-based red colored
pattern in the shell of Entemnotrochus adansonianus adansonianus
(http://www.caledonianseashells.com/product.php?idproduct=3370). c,d, Selective diffusive
transmission of bioluminescent green light from the shell of Hinea brasiliana. d, adapted from ref. 129

e,f, Structural color. f, iridescent blue stripes from the blue-rayed limpet Patella pellucida. g,h,
Transparency. h, Highly translucent shells from the bivalve Placuna placenta. ij, Photoreception via
eyes with lens. j, Biomineralized lenses in the chiton Acanthoperura granulata.

Structural color: Patella pellucida

Although many mollusks are colored with beautiful Patterns (Figure 2-7b), the majority of
these colorations are resulted from pigment chemicals 0. Very few mollusk species utilize
structural coloration in their protective shells, presumably because of the hash marine
environment, possible compromise of mechanical protection performance, and high energy cost
to produce intricate photonic structures with biominerals. There are two previous reports on the
study of the iridescent green/blue spots in the limpets of Helcion pruinosus131 and Patella
grnatina32. The authors have provided in-depth characterization of the optical performance of
the iridescent spots of these limpets and attributed the observed coloration to the "thin-film
stack" structures embedded in the shells1 31,132. Here in this thesis I will present a comprehensive
investigation of a related species, i.e. the blue-rayed limpet Patella pellucida, which has a

localized, highly sophisticated, structurally complex, but entirely mineralized localized photonic
system embedded within the continuum of its translucent mollusk shell that lies at the origin of
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the striking optical appearance (Figure 2-7f). This organism displays a dramatic array of thin
bright blue stripes along the length of its translucent shell. Ranging from coastal Norway and
Iceland south to Portugal and west to the Canary Islands 133,134 , this species occupies the lower
intertidal and subtidal zones of rocky shores (depth < 27 m), where it populates the fronds and
stipes of Laminaria 17 and other species of large macroalgae. The limpets, occurring both
solitarily and in groups, feed on the kelp leaving distinctive circular feeding marks. It is
unclear at this point about the biological functions of these blue stripe patterns; however, we
have provided some in-depth discussions about this topic based on their intriguing optical
performance (Chapter 6).

Photoreception: Acanthopleura granulata

The last model system is focused on the photoreception system of a chiton based on the
biomineralized lens structures in the chiton A. granulata (Figure 2-7j). Chitons are the only
known group of extant mollusks to have living tissue integrated within the outermost layer of
their mineralized protective shells136. The tissue fills a complex network of channels that
terminate dorsally as sensory organs known as aesthetes137 . In two lineages, the aesthetes include
hundreds of single chamber lens eyes122,138. Less than 10 million years old, the eyes of chitons
are likely one of the most recently evolved animal eyes 136. Unlike the protein-based lenses of
most animal eyes 139, the lenses of chitons, like their shells, are principally composed of
aragonite 27. In stark contrast to the few other known eyes that contain calcium carbonate-based
lenses, including those found in the shells of trilobites 40 and podocopid ostracodes141 14 3 , the
eyes of chitons are integrated within the entire dorsal shell surface rather than localized to a
specific shell region. Recent behavioral experiments found that the intertidal, eyed chiton A.
granulata responded to dark circular targets with an angular size of 9' equally well in air and
when submerged in seawater, but did not react to equivalent uniform decreases in
illumination 127, suggesting that its eyes are capable of spatially resolving objects. However, the
small size of chiton eyes' 36, which range in diameter from -25-75 pm in the genus
Acanothopleura 44, and the large curvature of the lenses145 have cast doubt on their ability to
form images. Additionally, critical factors controlling image formation capacity, such as the 3D
geometry and crystallography of the lens, are unknown, and the optical mechanism granting the
eyes of A. granulata equal angular resolution in air and seawater is not well established.
Moreover, the trade-offs in the design of mechanical robustness and optical sensation
simultaneously in the same material system is not yet addressed previously. In this thesis, the
structural, optical, and mechanical characteristics of this unique biomineralized material system
will be studied in detail, and the interplay between these characteristics sheds light on the designs
of multifunctional structural materials.
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Table 2-1 Comparison of three model systems studied in this thesis, Placuna placenta, Patella pellucida, and Acanthopleura granulata.

Placuna placenta Patella pellucida Acanthopleura granulata

Common names Windowpane oysters Blue-rayed limpet West Indian fuzzy chiton

Kingdom Animalia
Phylum Mollusca

Class Bivalvia Gastropod Polyplacophora

Taxonomy Order Ostreoida Patellogastropoda Neoloricata

Family Placunidae Patellidae Chitonidae

Genus Placuna Patella Acanthopleura

Species P. placenta P. plellucida A. granulata

128  Norway and Iceland south to Portugal Southern Florida to Mexico, south
Origin Indo-west Pacific and west to the Canary Islands 133,134  to Panama, West Indies

the lower intertidal and subtidal zones of

Sandy, shallow waters (<100 rocky shores (depth < 27 m), where it Intertidal zone, live on rock, a lot
Habitat 1y 2al 8 populates the fronds and stipes of of sun

m) Laminaria and other species of large

macroalgae177

Light condition Good Good Good

Morphology Circular, flat Cone Eight plates, flexible

Optical features High translucency Iridescent blue stripes Vision via lenses

Size Up to 150 mm Up to 15 mm Up to 70 mm

Composition Calcite Calcite and aragonite Aragonite

Mineral content -99 wt% >95 wt% (estimated) > 95 wt% (estimated)

Locomotion No Little once settled Slow movement
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Chapter 3 Materials design and optical properties of the

shell of R placenta

This chapter was published as a regular article: Li, L. & Ortiz, C. Biological Design for
Simultaneous Optical Transparency and Mechanical Robustness in the Shell of Placuna
placenta, Advanced Materials 25, 2344-2350 (2013)146

3.1 Introduction

The phenotype of biological systems can be represented by a space of traits, for example,
macroscopic morphology, physiology, behavior, and, more recently, material properties, which
are governed by natural selection through the adaptations to species-specific habitats in order to

147- 149achieve multiple functions . Biological exoskeletons, for example, need to simultaneously
satisfy requirements of protection from predators, hydration and thermal regulation, locomotion,
reproduction and etc. Such systems exhibit a hierarchical (length-scale dependent) set of
structural features including molecular structure, chemical composition, and spatial distribution
and crystallographic orientation of building blocks, which are coupled to larger length-scale
morphology in order to achieve desired mechanical, optical, thermal, and other relevant
properties4'"5'5 . A significant amount of research has focused on the structural origins of the
unusual combination of superior mechanical properties of a variety of biological exoskeletal

15,26,28,32,151
systems, . Recently, a number of mollusk species have been shown to possess shells
that exhibit both mechanical and optical functions, including selective light diffusion 129, photonic
coloration131 ,132 and vision 27

In this chapter, through a combination of experimental and theoretical methods, I investigate
a highly mineralized biological exoskeleton, Placuna placenta, which simultaneously achieves
high optical transparency and mechanical robustness. While it is unclear whether or not the
transparency plays a biological role, the design leading to a combination of these characteristics
in a single system holds great potential for the development of bio-inspired engineering
transparent structural materials for both commercial and military applications, including, for
example, soldier eye/face protection, windows and windshields, blast shields, and combat
vehicle vision blocks" "4.

3.2 Methods

3.2.1 Experimental methods

Samples: Edge-trimmed P. placenta shell specimens (diameter: ~50 mm) were purchased
from Seashell World (FL, United States). Intact P. placenta shells were purchased from
Conchology, Inc (Philippines).
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Microscopy (optical microscopy, scanning electron microscopy, transmission electron
microscopy and atomic force microscopy): Optical images were taken with a Nikon ECLIPSE
LV100 microscope (Tokyo, Japan). Samples were imaged using Helios Nanolab 600 Dual Beam
(FEI, OR) at the acceleration voltage of 5 keV and working distance of 4 mm. TEM observations
were obtained using a JEOL 2011 operated at 80 and 120 keV, and a JEOL 2010F operated at
200 keV. The image magnification and camera constants were calibrated using a standard sample
(MAG*I*CAL, Electron Microscopy Sciences, PA, USA). A Digital Instruments Multimode
SPM IIIA (Veeco, Santa Barbara, CA) was used with AS-130 "JV" scanners. Tapping mode
AFM (TMAFM) imaging was conducted with NANOSENSORS Si TMAFM cantilevers (PPP-
NCHR-10).

Size measurement of intracrystalline inclusions: Top-viewed bright-field TEM images were
used directly for the size measurement, and the relative frequency of inclusions in a certain size
group counted in a unit area (fA) was first obtained. The frequency of inclusions in a certain size
groups counted in a unit volume (fr) was then calculated from stereological correction, which is
further fitted with the following log-normal distribution:15 5

(In r-In r 2

f(r) - e 2 Equation 3-1
12 a-r,e2

Structural analysis: Powder X-ray diffraction spectrums were obtained using Rigaku
powder diffractometers with a rotating anode generator and 180 mm Bragg-Brentano
diffractormeter, operating at 250 kV and 50 mA between 20 and 900 (20). Electron backscattered
diffraction analysis was carried out using a FEI Helios FIB/SEM system equipped with the HKL
Technology "Channel 5" EBSD system.

Thermogravimetric analysis: The shells were first ground with a pestle and mortar. Samples
were then vacuum dried at 11 C overnight to remove residual water. TGA was carried out from
100 to 500'C at 2.5 0 C/min on a TA Instruments TGA Q50 (New Castle, DE).

Total and in-line transmission and Microspectroscopy: Macroscopic optical in-line
transmittance of samples with different thickness was measured using a Cary 5E UV-Vis-NIR
Dual-Beam spectrophotometer in the wavelength range of 200-800 nm. The total forward
transmission was measured using the spectrophotometer equipped with an integrating sphere. A
modified Leica DMRX microscope was used to carry out parallel optical imaging and
spectroscopic spatial optical mapping (reflection and transmission) at microscopic level.

3.2.2 Theoretical methods: light scattering model

The optical performance of P. placenta shells was investigated theoretically by modeling
the light scattering which results from a combination of mechanisms15 6 ,15 7. Firstly, the in-line
transmission (T, [-]) can be expressed by the Lambert-Beer Law:

T =(1- R) exp(-C t) Equation 3-2
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where R is the reflection [-], Csa [m-] is the effective scattering coefficient, and t [in] is the
sample thickness.

Nanoscopic intracrystalline inclusions contribute to the light scattering, as the refractive
index of organic inclusions and surrounding mineral matrix have different refractive indices.
Additionally, calcite is a highly birefringent material, which means the refractive indices vary

125with the crystal orientations . The misorientation of the calcitic building blocks leads to a
discontinuity of the refractive indices, which further causes scattering of incident light. Thus the
effective scattering coefficient is the sum of the scattering caused by the inclusions and by the
birefringence:

Cs a n + hire Equation 3-3

The scattering coefficient for the inclusions (Cinc) can be expressed as follows

n,. nencl Qnci Equation 3-4

where Nincl is inclusion number density [m-3], Gined is the geometrical cross section of the
inclusion ([in 2 ]; = 7rr2; r is average radius of inclusions), and the Qinel [-] is the scattering
efficiency factor, which can be numerically calculated using classic Mie scattering theory58 . The

159,160refractive index of proteinaceous inclusions was assumed to be 1.35

The birefringent scattering model applied was developed by Apetz et al. and successfully
used to predict the optical properties of polycrystalline transparent birefringent A120 3

156. The
model approximates a polycrystalline material as a system with mono-sized spheres distributed
in a homogeneous matrix such that the absolute refractive index difference between the spheres
and the matrix (An) equals the average birefringence of the system. Similar to inclusion
scattering, the birefringence scattering coefficient can thus be expressed as:

iire =NireGireQire Equation 3-5

where Qbire [-], the birefringence scattering efficiency factor, can be expressed as

, 8r 2r 2 (
Vbire ~- bre - Equation 3-6

All

where rhire [M] is the average radius of the grains (half of the thickness of calcitic building
blocks was used), An [m] is the wavelength of incident light in the medium, and n is the average
refractive index of the matrix.
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3.3 Results

3.3.1 The hierarchical structural characteristics

The natural transparent structural material system from Placuna placenta (Linnaeus, 1758;
Mollusca: Bivalvia; commonly known as window pane oyster) has two highly transparent,
circular-shaped flat mineralized valves (Figure 3-1). P. placenta lives unattached on the surfaces
of muddy or sandy flats in shallow water (depth < 100 m) of the tropical Indo-West Pacific128

Due to the high optical transparency of their shells, P. placenta are widely collected and
commercially cultured in large quantities for shellcrafts, and local people are known to use the
shells as a substitute for window glass in houses 128. The entire shell is highly transparent except
the posterior adductor scar (PAS) regions (the whitish regions indicated by the red circles,
Figure 3-1b), which are used for adductor muscle attachment.

b

Figure 3-11 Highly transparent shells of P. placenta. a, Live P. placenta in their natural habitat
(Kampong Pasir Ris, Singapore, May 2011). Green seaweed behind the shells can be seen (red arrow).
Picture was used with permission from Ria Tan. b, P. placenta shell specimens with edges trimmed.
"PAS" = posterior adductor scar (red circles). White arrow indicates the growth lines. c, Square-shaped
tiles cut from P. placenta shell specimens.

With the exception of the PAS regions, where a thin layer (~20 tm) of a prismatic
microstructure is present on the inner side of the shell, the entire shell is composed of the foliated
microstructure (will be discussed in detail later), as both top and bottom shell surfaces exhibit
similar elongated building blocks (Figure 3-2). This single-microstructure design is consistent
with Taylor's hypothesis of the microstructural evolution trends in bivalves, where the outer
prismatic layer is completely absent in Pectinacea, Limacea, and Anomiacea16 1 . Additionally,
unlike most other bivalves, no organic periostracum layer was found on the exterior side of the
P. placenta shell. Detailed mapping of the entire cross-section of the shell reveals a relatively
constant thickness profile of the foliated structure (294 ± 84 nm, n = 1748), although a slight
decrease to -50 nm towards the PAS prismatic/foliated interface was observed (Figure 3-2d).
Tapping mode atomic force microscopic (TMAFM) imaging of finely polished shell cross
sections (Figure 3-2e) and scanning electron microscopic (SEM) imaging of cryo-fractured
surfaces (Figure 3-2g) showed that the P. placenta shell is composed of a mineralized lamellar
microstructure with a crystallographic phase of calcite (as shown later).
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Figure 3-21 The foliated microstructure in the P. placenta shell. Scanning electron microscopy

(SEM) images of (a) PAS area, (b) inner, and (c) outer surface of the foliated microstructure. d,

Thickness mapping across the entire shell of P. placenta. Top, merged SEM images (~60 images).

Bottom, corresponding thickness profile of the mineralized building blocks in the foliated

microstructure. AFM images of (e) primary foliated layer and (f) the interface region between PAS and

foliated structure. g, SEM image of a cyro-fractured surface, revealing the multilayer structure. h, A

top-viewed SEM image of a freshly cleaved shell surface, revealing the elongated diamond-shaped

building blocks of the foliated microstructure. Geometrical parameters, i.e., length, width and tip angle,

are defined as indicated in the image.

Top-viewed SEM images of freshly cleaved samples reveal the mosaic-like organization of

the elongated diamond-shaped building blocks, which have arrow-point endings and coalesce
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laterally to form laminae or sheets (Figure 3-2h). This is the primary feature of the foliated
microstructure commonly observed in bivalves and some limpets0,162. The characteristic length,
width, and tip angle of the building blocks as defined in Figure 3-2h are 141.8 ± 43.4 Pm (mean

standard deviation, n = 40), 5.54 ± 1.36 pm (n = 49), and 10.45 ± 2.95' (n = 71), respectively.

Tapping mode atomic force microscopic analysis of freshly cleaved building block
interfaces reveals a subtle surface tomographic feature: microridges with inclination angles of
1.4 + 0.40 (Figure 3-3a-c). Imaging of the two opposed shell surfaces immediately after
cleavage clearly shows that adjacent contacting mineral surfaces have conformal topologies
(Figure 3-3d-f). This structural feature may enhance the shell's mechanical strength and

59toughness by restricting the sliding of building blocks upon deformation
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Figure 3-31 Microscale ridges at the surface of elongated diamond shaped building blocks. a,b,
AFM height image of the surface topology of foliated microstructure, demonstrating the microridges of
the building blocks. c, Height profiles along line 1 and 2 as indicated in (b). Inclination angle and
maximum height are also indicated. d,e, AFM height images of two corresponding opposed surfaces of
P. placenta shell immediately after cleavage, demonstrating conformal surface topologies. f, Height
profiles along the two lines with the same location and orientation (as shown in (d) and (e), which
further quantitatively shows the conformal surface topologies between two adjacent mineral layers.

4
Biological materials are usually composites consisting of biopolymers and minerals , as

discussed in Chapter 2. Thermogravimetric analysis shows that the P. placenta shell is highly
mineralized; its mineral content is 98.90 ± 0.19 wt% (n = 3, Appendix A, Figure A-1), which is
higher than gastropod nacre, coral skeleton, and chiton plates.[2,23] Similar to nacreous structure,
both inter- and intra-crystalline organics are present in the foliated microstructure of P. placenta
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shell (Figure 3-4a). Both AFM and transmission electron microscopy (TEM) imaging were used

to investigate the characteristics of the inter-crystalline organic materials, i.e. the organic

interfaces between adjacent mineral layers (Figure 3-4). TEM cross-sectional examination of the

foliated microstructure revealed ultra-thin organic interfaces (-2 nm, Figure 3-4b-c). Multi-

mode AFM imaging shown in Figure 3-4d-f further shows the presence of organic materials

after the shell was cleaved. The thickness of organic interfaces quantified from the height

information is 1.19 ± 0.22 nm (n = 98). Moreover, nano-sized asperities similar to structures in

nacre were observed at the surface of the calcite laths (Figure 3-4d-e).
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Figure 3-41 Inter-crystalline organic interfaces. a, Schematic diagram showing both intra- and inter-

crystalline organics present in the mineralized foliated structure (not in scale). b, Cross-sectional TEM

images of the foliated microstructure. c, High-resolution TEM image revealing the ultra-thin organic

interfaces (- 2 nm) between two adjacent mineral layers (marked by dotted lines). The lattice fringes

match with {104} planes of calcite. d,e, Representative amplitude images of freshly-cleaved surface,

showing the presence of organic materials. f, Top: height (left), amplitude (middle), and phase (right)

images of the organic interface. Bottom: height and phase profiles across the organic along the lines as

indicated in the height and phase images.

In addition to intercrystalline organic interfaces sandwiched between mineralized building

blocks, nanoscopic intracrystalline inclusions are distributed within them (Figure 3-5a). These

inclusions are believed to consist of organic macromolecules trapped during the

biomineralization process, which is a common phenomenon observed in a variety of biogenic

minerals, including nacre and sea urchin teeth and spines 34 ,163-165. Through a quantitative

dimension analysis using stereological correction methods166, I determined the average diameter
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and total volume fraction of the intracrystalline inclusions to be 25.2 nm and 0.45%, respectively
(Figure 3-5b).

a b
0.3

a f, Frequency

-- fv, Frequency

- LogNormal Fit of fV0.2 R 2=0 98

Cr

L.
U.

0.1

0.0~
0 0 W 10 20 30 40

Radius (nm)

Figure 3-51 Intra-crystalline organic inclusions. a, A top-viewed TEM image of the intracrystalline
nanoscopic inclusions within the mineralized building blocks. "N" = normal direction of shell. b,
Quantitative analysis of the intracrystalline inclusion size through stereological correction 6 '. fii: the
relative frequency of inclusions of a certain size group counted in a unit area based on TEM images;f/:
the calculated frequency of particles of a certain size groups counted in a unit volume from
stereological correction, which is further fitted with a log-normal distribution (see methods)"':

3.3.2 The crystallographic texture

Determining the crystallographic organization of the calcitic building blocks is critical in
order to understand the optical and mechanical performance of the shell due to the inherent
anisotropic optical12 5  and mechanical16 7 properties of calcium carbonate. X-ray diffraction
measurements of P. placenta shells show characteristic peaks corresponding to calcite
(Appendix A, Figure A-2). Crystallographic orientation and distribution at the building block
level were studied using electron backscattered diffraction (EBSD, Figure 3-6). Figure 3-6a
displays an SEM image of an area in a freshly cleaved P. placenta shell which was mapped with
EBSD. The similar green color in the corresponding Euler angle mapping in Figure 3-6b
indicates that there is a strong crystallographic co-orientation among the calcitic building blocks
(referenced to the hexagonal unit cell of calcite, a = 4.99 A, c = 17.06 A). The corresponding
pole figures with well-defined diffraction spots further demonstrate the alignment (Figure 3-6c).
The distribution of tilting angles of the calcite c-axes with respect to the shell normal extracted
from the {001} pole figure is 24.43 ± 3.46' (Figure 3-6d). A similar result has been reported
previously40, and the top surface of the calcitic building blocks is close to {108} planes of calcite
(the inter-planar angle between {108} and {001} planes is 26.27 ). In addition, the tilting
direction is towards the longitudinal direction of the building blocks, which is evident by the
horizontal shift of {00l} diffraction spot in its pole figure, consistent with the longitudinal
direction of the building blocks in Figure 3-6a. The variation in c-axis tilting angles is mainly
due to the crystallographic misalignment among different building blocks, as shown by the high
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misorientation angles (typically > 50) in the misorientation profile along the transverse direction

of the building blocks (Figure 3-6e). In contrast, the profile along the longitudinal direction

generally exhibits small misorientation angles (typically < 10) due to its lower probability of

crossing the boundaries of building blocks as compared to the transverse direction.
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Figure 3-61 Crystallographic organization of the foliated microstructure in P. placenta at building

block level. a, An SEM image of the freshly cleaved shell surface mapped with electron backscattered

diffraction (EBSD). The white arrow indicates the longitudinal direction of the elongated building

blocks. b, An corresponding EBSD map with color coded for all the three Euler angles (q1, p, p2). The

red and blue lines (perpendicular and parallel to the longitudinal direction of building blocks) are

indicated for plotting the misorientation profiles along them as shown in (e). c, Pole density plots for

the mapped region in (a). d, Distribution of tilt angle of the calcite c-axis with respect to the shell

normal direction. The red curve represents a fit to a normal distribution to the data. e, Crystallographic

misorientation profiles along the transverse (red line) and longitudinal (blue line) directions of the

building blocks as shown in (b).

The misalignment among adjacent building blocks was further studied using selected area

electron diffraction (SAED) in TEM (Figure 3-7). Diffraction patterns from two adjacent intact

building blocks were indexed with calcite with the zone axis of [1 11]. The { I 10} diffraction

spots are perpendicular to the corresponding longitudinal direction of the building blocks, which

indicates that the c-axis is tilted in this direction, consistent with the EBSD results. The exact
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tilting angle cannot be determined in this case since the angle between the top surface of the
sample and the electron beam might not be exactly perpendicular. Moreover, the rotation angle
between the two diffraction patterns for these two adjacent building blocks (6.9') is consistent
with the angle between their longitudinal axes (-6.0).

Area 2

0N0 nm'

Figure 3-71 Electron diffraction at building block level. a, TEM image showing two adjacent intact
building blocks. The longitudinal directions of the building blocks are indicated by the white arrows.
Selected area electron diffraction (SAED) patterns corresponding to area (b) 1 and (c) 2 in (a). Zone
axis = [I].

3.3.3 The multiscale structural model

The quantitative measurements of structural features of P. placenta shells at multiple length
scales from mm to nm are summarized in Table 3-1. The hierarchical structural model is also
schematically illustrated in Figure 3-8.Very briefly, the calcitic P. placenta shells are primarily
composed of the foliated microstructure which has basic building blocks with elongated diamond
geometries. The thickness of the mineral laths and inter-crystalline organic interfaces are ca. 300
and 2 nm, respectively. Similar to aragonitic nacre, each lath diffracts as a single crystal,
although crystallographic misorientations are present among adjacent building blocks. the c-axis
of these calcitic laths are tilted by 24.4 ± 3.5' relative to their surface normals, resulting in a lath
surface close to the { 108} planes of calcite. Nano-sized intra-crystalline organic inclusions are
also distributed with the calcitic building blocks.
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Table 3-1 Quantitative analysis of structural features of the P. placenta shell. Measurements are based on scanning electron microscopy

(SEM), atomic force microscopy (AFM), transmission electron microscopy (TEM), thermogravimetric analysis (TGA), X-ray diffraction (XRD),

and electron backscattered diffraction (EBSD). "N" = normal of the shell, "L" = longitudinal direction of the elongated diamond-shaped building

blocks in the foliated structure.

Length
Q 'ale Feature (orientation) Mean ± Standard Deviation (n)

Total Thickness (// to N) ~0.5 -1 mm Micrometer and SEM

Total number of layers (// to N) ~1500-3000 SEM

mm Mineral content 98.93 ± 0.09 wt% (n=3) TGA

Crystallographic phase Calcite XRD, TEM, EBSD

Length of foliated building blocks (- to N) 141.8 ±43.4 pm (n=40) SEM
Width of foliated building blocks (I to N) 5.54 ± 1.36 gm (n=49) SEM

pm Tip angle of foliated building blocks (- to N) 10.45 ± 2.950 (n=71) SEM
C-axis tilting angle (relative to N) 24.43 ± 3.460 EBSD

Crystal misorientation among adjacent building blocks 13.52 ± 6.63' (n=25) EBSD

Thickness of foliated building blocks (// to N)
Maximum height of micro-ridges (// to N)

Inclination angle of micro-ridges (Ito N)
Diameter of the nano-asperities (J to N)

Height of the nano-asperities (// to N)

Height of inter-crystalline organic interfaces (// to N)

Diameter of intra-crystalline organics inclusions (I to N)

294 ± 84 nm (n=1748)
67.0 ± 37.2 nm (n=100)

1.4 ± 0.4' (n=50)
54.8 ± 17.9 nm (n=71)
4.3 + 2.4 nm (n=71)
1.2 ± 0.2 nm (n=98)

46.6 ± 24.7 nm (n=313)

SEM and AFM
AFM
AFM
AFM
AFM
AFM
TEM
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Figure 3-81 Schematic diagram (not in scale) of the foliated microstructure in P. placenta.
Dimensions of structural features are also indicated. "L" refers to the longitudinal direction of the laths.

3.3.4 Optical properties

I performed a systematic investigation of the optical properties of P. placenta shells using
both experimental and theoretical approaches. The macroscopic in-line transmissions
(illumination area, -1 mm 2, collection cone, -2') were measured via a double-beam
spectrophotometer using wavelengths between 250-800 nm. The total forward transmission was
also measured with the spectrophotometer by equipping it with an integration sphere. Typical
transmission and reflection spectrums of the shells (thickness ~0.5 mm) are presented in Figure
3-9a. The shell exhibits high total transmission in the visible light range (up to -80%), and
summation of total transmission and reflection leads to -95% of the incident light intensity,
indicating this biocomposite absorbs a very small amount of visible light. The typical in-line
transmission is about one half of the total transmission, and the positive correlation between the
intensity and wavelength suggests the possible presence of light scattering. Figure 3-9b shows a
series of photos of an intact P. placenta shell (thickness, -0.5 mm) which was placed at different
distances between the shell and the background. The shell is highly "transparent" when it is
directly placed on top of the background, allowing to perceive the objects directly behind.
However, due to the strong scattering of light, the degree of transparency dropped dramatically
as the distance was increased between the shell and the background. Therefore, the shell is not
intrinsically transparent, but translucent' 2 3,168. However, we should note that as the animal lives
on sandy sea floor12 8, this high translucency might already be enough in allowing successful
transparency camouflage.

Interestingly, the in-line transmission intensity for the PAS area is very low (<5%) in
comparison to the majority of the shell, which suggests that the single macroscopic layer with the
same microstructure (foliated in this case) is beneficial for high optical transparency.
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Figure 3-91 Macroscopic optical behavior of P. placenta shell. a, Macroscopic optical performance
of the as-received P. placenta shell with thickness of ~0.5 mm. a, Photos of an intact P. placenta shell
placed on top of background with increasing distance: 0 cm, 0.5 cm, 1.0 cm, 2.0 cm from top to
bottom.

The microscopic optical performance of P. placenta shell at building block level was
determined using a micro-spectrometer, through which the local transmission and reflection of
samples was collected confocally via one of the microscope ports and guided through an optical
fiber to a spectrometer (typical step size: I jpm). The shell exhibits homogeneous transmission
(-85%) and reflection (~13%) at the building block level (Figure 3-10).

a b C

ON -10pm Intensity 4 i 9o Intensity 1 b \0 \- .0

Figure 3-101 Microscopic optical behavior of P. placenta shell. Microscopic optical mappings at
wavelength of 600 nm for transmission (b) and reflection (c) measured in the area of sample
(thickness, ~ 100 pim) shown in the optical reflection image (a). The maps were generated from arrays
of 50x50 individual spectrum measurements with a step size of I pm using a micro-spectrometer.
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The experimentally measured in-line transmission intensities of samples with different
thicknesses show good agreement with the predictions of the theoretical scattering model
(Figure 3-11a). The decrease in transmission level with increasing sample thickness is a direct
result of the Lambert-Beer Law. Using the measured size distribution of intracrystalline
inclusions has a minimal effect in providing an improved prediction of the in-line transmission
profiles as compared to the case of using the average inclusion size 5 . The scattering coefficients
for both inclusion and birefringence scattering decrease with increasing wavelength (Figure
3-11b), which is responsible for the increase of in-line transmission with the wavelength. More
importantly, the birefringence scattering dominates the scattering loss in the visible light range;
the contribution of inclusion scattering ranges from 31% at 250 nm to 7% at 800 nm. Scattering
losses from inclusions are low because their small sizes are just below the critical dimension
(-100 nm) to cause significant scattering (Figure 3-11c). Parallel simulations (assuming the
same volume fraction of inclusions) with the largest inclusions (-97 nm in diameter) only result
in a scattering efficiency factor of -0.02 at 600 nm, corresponding to the scattering coefficient
-0.14 mm- (-16.8% of total scattering). The low contribution of inclusion scattering is also due
to the fact that calcite is a highly birefringent material. At wavelength of 600 nm, the refractive
index is 1.6576 for the ordinary ray (polarization perpendicular to the c-axis) and 1.4858 for the
extraordinary ray (polarization parallel to the c-axis), which results in a refractive index
difference of 0.1718125. Using the distribution of crystallographic orientations measured from
EBSD, the average refractive index difference (in) is typically 0.02-0.03 (full width at half
maximum after fitting the distribution of refractive indices to a normal distribution), as compared
to in < 0.008 (corresponding to -2.8% of the birefringent scattering for calcite) for a typical
engineering transparent birefringent material, polycrystalline A120 3  (assuming the
crystallographic orientation of each grain is random)-.
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Figure 3-111 Theoretical analysis results of the optical performance of P. placenta shell. a,
Predictions based on the light scattering model (dotted) and measurement (solid) of the in-line
transmission intensities as a function of wavelength for samples with different thicknesses. b,
Scattering coefficients of inclusion scattering (black), birefringence scattering (red), and total scattering
(blue) as calculated from Equation 3-2, Equation 3-3, and Equation 3-4, respectively. c, Experimentally
measured size distribution of the intracrystalline inclusions after stereological correction (black line),
and the scattering efficiency factor for wavelengths of 400, 500, 600 and 700 nm as a function of
inclusion sizes.

3.4 Discussion and conclusion

To the best of our knowledge, this work is the first detailed study that explicitly examines
the optical performance and mechanical properties of a natural mineralized transparent structural
material system in correlation with its microstructural and crystallographic features. The shell
exhibits an intricate control of its structure at multiple length scales which allows it to
simultaneously achieve high optical transparency and mechanical robustness. Macroscopically,
the single foliated microstructure design leads to increased optical transparency relative to
opaque mollusk shells which usually have multiple layers of mineralized microstructures in a
single shell. Even an extra 20 pm thick prismatic layer in the PAS regions reduces the optical
transmittance from ~40% to 5%. Moreover, the absence of a usually-pigmented, exterior
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periostracum layer on P. placenta shells is also beneficial to transparency, although it is a
common shell component in other bivalves 69" 70 . The shells are also thin and flat, which
enhances the transparency by reducing light scattering, absorption, and distortion. The
nontransparent shells from a congeneric species, Placuna ephippium (Philipsson, 1788) are much
thicker and highly curved (Appendix A, Figure A-3) 1. It appears that the transparent P.
placenta does not compromise its modulus and hardness to achieve the transparency as
compared to the nontransparent P. ephippium at the length scale of the nanoindentation
measurement (depth ~150 nm, Appendix A, Figure A-3). The geometric disadvantages of the
shell of P. placenta are likely compensated by its high stiffness in order to maintain its rigidity
upon potential predatory attacks15 . Microscopically, the variation of crystallographic orientations
of the calcitic building blocks is responsible for the majority loss of the in-line transmission due
to the birefringence of calcite. This design, on the other hand, likely also contributes to the
shell's remarkable capabilities of crack localization, damage tolerance, and multi-attack
resistance as compared to its main constituent, calcite, possibly by disrupting dislocation motion
and deflecting microcracks' 71 . The presence of the nanoscopic organic inclusions is believed to
improve the shell's fracture toughness and hardness relative to its pure mineral constituents
possibly by preventing the dislocation of aligned slip planes38"7 2, while still maintaining low
light scattering due to their small sizes.

Mechanical protection is usually considered the primary task or function for mollusk shells,
which are usually opaque. Although, at this point, we cannot fully rule out the possibility that the
observed transparency may merely be a secondary consequence of the special microstructure of
the mineralized shell in P. placenta, transparency as a camouflage strategy for anti-predation has
been found in several pelagic mollusk groups, including pterotracheid and carinariid heteropods,
pseudothecosomatous pteropods, and phylliroid nudibranchs 7, some of which exhibit
miniaturized transparent calcium carbonate based shells (e.g., Clio pyramidata and Limacina
helicina, unpublished data). Optical transparency has been shown to be a successful form of
camouflage to visual predation based on experimental and theoretical studies in terrestrial,
freshwater, and marine systems78',11' 14. As discussed above, the highly mineralized shell of P.
placenta displays an intricate control of the material system at multiple length scales in order to
achieve both optical transparency and mechanical robustness. Optical transparency induced
camouflage might act as another driving force in the evolutionary development of the
materials/microstructures of this mollusk species in order to maximize the organism's
survivability. The juvenile P. placenta shells are usually more transparent as compared to adult
shells, and the transparency-induced camouflage might be more effective as compared to
mechanical protection from the small and thin shells at this stage. However, we do not imply that
being mechanically strong and optically transparent are the only desired functions for mollusks
shells. Other possible functions include mobility 73, thermal protection 5 , and other types of
optical roles (e.g., biophotonic coloration 131,132, selective light diffusion 1 ,and vision 27.

In conclusion, I have presented a detailed study of a highly mineralized mollusk shell that
controls its microstructural/crystallographic features at multiple length scales in order to achieve
high optical transparency as well as mechanical robustness. Whether or not this optical
transparency is biologically utilized as camouflage, this biological structural material system
represents an excellent example of nature's remarkable capability of engineering materials in
order to achieve a desired set of diverse properties. In addition, the material design concepts
reported here might lead to bio-inspired improvements in the design and application of
engineering structural transparent materials.
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Chapter 4 Pervasive nanoscale deformation twinning as a

catalyst for efficient energy dissipation in P. placenta

This chapter was published as a regular article: Li, L. & Ortiz, C. Pervasive nanoscale
deformation twinning as a catalyst for efficient energy dissipation in a bioceramic armor, Nature
Materials, 13, 501-507 (2014)174.

4.1 Introduction

Biological exoskeletons achieve mechanical robustness and penetration resistance through
exquisite and diverse structural designs that incorporate, for example, hierarchy, heterogeneity,
multilayering, anisotropy, functionally graded interfaces, and sacrificial
bonding 6 26 27 ,29 ,62,70, 7 , 176. While the energy dissipation mechanisms arising from these
structural features are beginning to be elucidated with numerous studies, only recently has
attention begun to focus on the simultaneous need for spatial localization of damage28.
Generally, biological structural materials exhibit increased penetration resistance and energy
dissipation with increased volume of deformation29 49 70 177 . Conversely, deformation localization
is essential to avoid degradation of the structural and mechanical integrity of the entire structure,
in order to maintain multi-hit capability28 . Particularly, in transparent armor systems,
deformation over large areas increases light scattering and reduces visibility'5 2 . Biological
exoskeletons offer important potential insights and designs for how to achieve multi-hit
capability via increased energy dissipation density and damage localization - a key challenge in
engineered armor materials, which are often made of ceramics and prone to radial cracking and

152catastrophic fracture2. In Chapter 3, the hierarchical structural features and optical performance
of the Placuna placenta shells were studied in detail. Here in this chapter, I focused on the
mechanical behavior of this fascinating nanocomposite bioceramic armor, in particular at nano-
and micro-scale.

The specific goals of this study were: 1) to quantify of the penetration resistance of the shell
of P. placenta relative to its mineral constituent calcite using instrumented nanoindentation, 2) to
identify the detailed nanoscale deformation mechanisms in relation to the shell's unique
crystallographic and micro-/nano-structural characteristics as compared to single crystal calcite
through electron microscopy and 3) to explore how P. placenta balances spatially-driven energy
dissipating deformation mechanisms with preservation of the structural, mechanical, and optical
integrity of the overall system (providing multi-hit capability and visibility) via increased energy
dissipation efficiency (per unit volume of material). Design of such penetration-resistant
materials, which have amplified energy dissipation efficiency resulting in more localized
deformation, hold great potential in the development of bio-inspired engineering structures with
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improved multi-hit capability and preserved optical transparency under impact, which is
desirable for a variety of both commercial and military applications15 2' 178

4.2 Methods

Samples. Edge-trimmed and intact P. placenta shells were purchased from Seashell World
(Florida, USA) and Conchology, Inc. (Philippines), respectively. Samples of single crystal
geological calcite (origin, Mexico) were obtained from Pisces Trading Company, LLC.
(Portland, USA).

Nanoindentation. P. placenta shells were cleaved using a razor blade and tested
immediately. Single crystal calcite samples were sectioned using a diamond saw (Buehler,
Isomet 5000 Lake Bluff, IL) along one of its {108} planes, and polished on a polishing wheel
(South Bay Technology, Model 920) with aluminum oxide pads stepwise (15 pm, 6 Pim, 3 Pim,
and 1 pim), and finally with 50 nm silica nanoparticles on a microcloth (South Bay Technology).
Nanoindentation experiments were conducted in ambient conditions using a Tribolndenter
(Hysitron, Inc., Minnesota, USA). Load-controlled nanoindentation was performed using
Berkovich (trigonal pyramid, semi-angle = 65.3') and conospherical (tip radius = -1 pim, semi-
angle = 30') diamond probe tips. The piezoelectric transducer was first allowed to equilibrate for
105 s (the last 45 s with digital feedback) and another 40 s for calculating drift automatically
prior to each indent. Typical load functions included loading (10 s), holding (20 s), and
unloading (10 s). Maximum loads varied from 1 to 10 mN. The Oliver-Pharr (O-P) methodology
was used to quantify material properties, i.e. indentation modulus (Eo-p) and hardness (Ho-p)1 79.
The probe tip area function A(he), which is the projected area of the indentation tip as a function
of the contact depth he, and frame compliance were calibrated prior to each set of experiments
using a fused quartz sample. Indentation experiments with maximum loads higher than 10 mN
were carried out using a Micro Materials microindenter (Wrexham, UK).

Electron microscopy. Samples were coated with ultra-thin carbon to reduce charging
effects prior SEM imaging. Samples were imaged using a Helios Nanolab 600 Dual Beam
electron microscope (FEI, OR) at an acceleration voltage of 2 and 5 kV and a working distance
of -4 mm. Cross-sectional samples and TEM samples were prepared using ion beam milling
with the same instrument. A detailed TEM sample preparation procedure is as follows: 1) A
platinum protective layer (-0.5 pim) was first laid down on top of the desired region; 2) Another
platinum protective layer (-1.5 pim) was further deposited on top of the region where the TEM
slab was to be milled out; 3) Two trenches, one on each side of the platinum protective stripe,
were milled by FIB, leaving the slab of specimen (thickness: ~1.5 pm); 4) The slab was then cut
through by FIB and transferred to a copper TEM grid by an Omniprobe and welded securely
with platinum deposition; 5) The lift-out lamellar of specimen was sequentially thinned by FIB at
30, 16, 5, and 2 kV ion beam voltages. Final cleaning at 2 kV and 28 pA is important to obtain a
clean surface and minimize damage. TEM imaging with typical bright-field, dark-field, and
SAED techniques was carried out using a JEOL 2011 operated at 120 kV. The image
magnification and camera constants were calibrated using a standard sample (MAG*I*CAL,
Electron Microscopy Sciences, PA, USA). HRTEM imaging was carried out using a field
emission JEOL 2010F at 200 kV. A gold foil standard (Lattice plane resolution test-646, Pelco,
USA) was first used to align the instrument prior to P. placenta and calcite samples. To
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minimize electron beam damage, the correct zone axis was first found using areas away (-2-3
pm in distance) from the twin boundary but on the same lath using Kikuchi patterns, taking
advantage of the fact that each lath in P. placenta diffracts as a single crystal. Once the correct
zone axis was found and imaging conditions were optimized, the twin boundary was brought into
the field of view with the beam spread. The beam was then focused and an image was taken
immediately (typical exposure, ~0.5 s). Usually only two images could be taken at one boundary
before the region was damaged.

Atomic force microscopy. Tapping mode AFM (TMAFM) imaging in ambient conditions
was carried out using a Digital Instruments Multimode SPM IIIA (Veeco, Santa Barbara, CA)
with an AS-130 "JV" scanner. TMAFM imaging was conducted with NANOSENSORS Si
TMAFM cantilevers (PPP-NCHR- 10). Typical scan speed was 1-5 pim/s; other parameters were
optimized upon tuning.

Electron backscattered diffraction. The pre-cut square-shaped specimens from P.
placenta shells were cleaved, fixed onto steel plates, and subsequently coated with ultra-thin
carbon. EBSD analysis was carried out using a FEI Helios FIB/SEM system equipped with the
HKL Technology "Channel 5" EBSD system. The sample was mounted on a 700 pre-tilted
EBSD stage and the working distance was 6 mm. SEM images and EBSD patterns were
generated using an accelerating voltage of 20 kV and a beam current of 2.7 nA. Typical scanning
step size was 1 pm and EBSD patterns with a mean angular uncertainty of 10 and above were
discarded. Scans with at least 80% of points indexed were further analyzed using HKL software.

4.3 Results

4.3.1 Summary of hierarchical structure

The shell of P. placenta (mineral content: 98.9 ± 0.1 wt%) possesses the unique optical
property of -80% total transmission of visible light which is enabled by its single foliated
nano/microstructure composed of elongated diamond-shaped calcitic laths (thickness ~300 nm)
arranged in a tiled assembly with -2 nm organic interfaces (Figure 4-la), small intracrystalline
organic inclusions (-25 nm), a low overall shell thickness (0.5-1 mm) and curvature, and lack of
an external organic periostracum 46. Similar to aragonitic nacre, each calcite lath diffracts as a
single crystal, although crystallographic misorientations are present among adjacent building
blocks14 6. The c-axes of these calcitic laths are tilted by 24.4 ± 3.5' relative to their surface
normal, which makes the surfaces of the laths close to the {108} planes of calcite (the angle
between the { 108} and {001} lattice planes is 26.3' in calcite, Figure 4-lb-e)40 ,146.
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Figure 4-11 Microstructural/crystallographic features and mechanical behavior of biogenic

calcite in Placuna placenta in comparison to single crystal geological calcite. a, Schematic diagram

(not in scale) of the foliated microstructure in P. placenta. "L" refers the longitudinal direction of the

laths. b,c, Rhombohedra enclosed by {104} and {108} planes of calcite, respectively. d, Schematic

diagram showing the orientation of (104) and (108) planes in the calcite crystal structure. e, Tilting

angles of c-axes of the calcitic laths with respect to the surface normal in the shell of P. placenta

(black, as reported in ref. 14). A single crystal calcite sample was sectioned and polished along one of

the {108 } planes (red). Standard interplanar angles between {00 1} and { 104 }, and 100 1} and {108}

planes in calcite are also indicated.

4.3.2 Quantitative mechanical properties

Quantification of the mechanical properties of freshly-cleaved P. placenta shells in

comparison to single crystal geological calcite was carried out via instrumented nanoindentation

with the loading axis perpendicular to their { 108} planes (see 4.2 Methods). Using an obtuse

Berkovich diamond tip, it was determined that P. placenta retains the modulus (E,1,) of calcite

(P. placenta: 71.1 ± 4.2 GPa, calcite: 73.4 ± 1.7 GPa), while its hardness (H,/,) is increased by

-50% (P. placenta: 3.5 ± 0.3 GPa, calcite: 2.3 ± 0.1 GPa), demonstrating its enhanced resistance

to plastic deformation (Figure 4-2)'79.
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Figure 4-21 Quantification of the mechanical properties of P. placenta in comparison to calcite
based on nanoindentation experiments (Berkovich tip). The calculated (a) modulus (Eo.p) and (b)
hardness (Ho.p) based on Oliver-Pharr analysis as a function of maximum load (Pmax) from 10 pN to 10
mN. Stable Eop and H0 are achieved when Pmax > 2 mN, and the averaged values with Pa,, higher
than 2 mN are obtained (Eo-p: 71.1 4.2 GPa (P. placenta, n = 241), 73.4 ± 1.7 GPa (calcite, n = 159);
Ho-p: 3.5 ± 0.3 GPa (P. placenta, n 241), 2.3 ± 0.1 GPa (calcite, n = 159)). Eo.p and Ho.- for the two
samples are statistically significant through non-parametric Mann-Whitney test (p < 0.05).The increase
in E0.p and Ho.p with Pniax below 2 mN might be due to the imperfectness of tip geometry. c, Averaged
indentation curves with maximum loads of 2 and 8 mN (n > 30 for each averaged curves).

Fracture and cracking was induced by indentation with a sharp axisymmetric conospherical
diamond indenter, which also provides a better approximation of the geometry of predatory
loading 180 and avoids potential complications due to the anisotropic mechanical response of
single crystal calcite 1 . Load-depth curves of P. placenta and abiotic calcite using the
conospherical indenter reveal displacement bursts with almost no increase in load ("pop-in"
events) associated with discrete fracture events, although noticeable differences are present
(Figure 4-3). Compared to calcite, the fractures of P. placenta are initiated at lower loads, Fi, (P.
placenta: 2.10 0.58 mN, calcite: 5.34 ± 1.35 mN, and depths, di, (P. placenta: 256.5 ± 72.6 nm,
calcite: 675.2 167.0 nm). However, the average "pop-in" depth, Ad, for P. placenta is much
smaller than that for calcite (P. placenta: 38.7 ± 35.1 nm, calcite: 129.0 + 192.1 nm), indicating
that P. placenta fractures in a more graceful way. By integrating the area under load-depth
hysteresis, the single crystal calcite was found to dissipate slightly higher total energy, AEdiss,
relative to P. placenta during one indentation cycle (P. placenta: 6.04 ± 0.48 nJ, calcite: 8.77
1.71 nJ)32,1s2
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Figure 4-31 a, Loading portions of multiple individual load-depth curves (conospherical diamond

tip, semi-angle = 30', tip radius = -1 pm, maximum load = 10 mN). F, and di are the load and depth

corresponding to the initial fracture event detected, and Ad represents "pop-in" depth. Distributions of

Ad (b), F, and d (c). Asterisks suggest statistical significance through non-parametric Mann-Whitney
tests (p < 0.05).

Representative scanning electron microscopy (SEM) images of the indentation residues of

the two samples are shown in Figure 4-4a (P. placenta) and b (single crystal calcite). The single

crystal calcite shows an anisotropic distribution of large radial cracks and fractured regions,
while the P. placenta shell exhibits a more isotropic, localized deformation with multiple small
deflected cracks and nano-sized fractured pieces. Three parameters were defined in order to

quantitatively compare their fracture patterns: R;, the radius of inner indentation crater that was

directly in contact with the tip during the test; R0 , the radius of the entire fracture pattern by
fitting it with a smallest-possible circle; C, the distance between the centers of inner and outer
circles (Figure 4-4a). Despite exhibiting similar Ri values (P. placenta: 1.11 ± 0.06 ptm, calcite:
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Figure 4-41 Quantitative measurement of the fracture patterns for P. placenta and single crystal
calcite. SEM images of indentation residues of (a) P. placenta and (b) calcite. Three dimensional
parameters are defined: Ri, radius of inner indentation crater; R, radius of entire fracture pattern by
fitting it with a smallest circle; C, distance between the centers of two fitted circles. The indentation
experiments were performed with a conospherical tip (tip radius =~1 tm; semi-angle = 300; maximum
load = 10 mN). c,d, Quantitative dimensional measurement of the fracture patterns (calcite, n = 24; P.
placenta, n = 28). All parameters for the two samples are statistically significant through non-
parametric Mann-Whitney test (p < 0.05). Schematic diagrams of the averaged fracture patterns for (e)
calcite and (f) P. placenta. The inner and outer circles are based on average values of R; and R. The
square-shaped data points represent the centers of R, for each individual test. L represents the
longitudinal direction of the calcitic laths.

1.36 ± 0.06 p1m), P. placenta shows much smaller overall fracture size, R0, (P. placenta: 3.37
0.37 tm, calcite: 5.94 ± 0.88 tm), indicating its more localized deformation behavior (Figure
4-4c). In addition, the fracture patterns of P. placenta are more isotropic, indicated by its low
C/IR ratio (P. placenta: 0.24 ± 0.10, calcite: 0.54 ± 0.06, Figure 4-4d). For an ideally isotropic

48

b

T
8-

E 6-
=L

1 4 -
.2 4.
0

E

d

U)
.2

*

0.6-

0.5-

0.4-

0.3-

0.2-

0.1-

0.0-
CR, R,

*,
T



material, the centers of the inner and outer circles should coincide; C, and hence C/IR, approach
to zero. Figure 4-4e,f schematically compare the averaged size and orientation of the fracture
patterns of the two samples on the same scale.

Through cross-sectional transmission electron microscopy (TEM) analysis of the
indentation zone (as discussed in detail later), it is possible to directly determine the depth to
which the material has undergone permanent deformation (hdJ, Figure 4-5). Hence, the total
volume that was permanently deformed, Vde; can be estimated using Vdef = 7Rhdef/3,

approximating the deformed volume as a conical shape. The energy dissipation density, edi, (i.e.
energy dissipation per unit volume) can then be estimated for P. placenta as 0.290 ± 0.072
nJ/pim 3, which is approximately an order of magnitude higher than that of calcite (0.034 + 0.013
nJ/pim 3, Figure 4-5). This finding indicates that P. placenta, although it only incorporates ~1
wt% of organic materials, is much more efficient in dissipating energy upon penetration as
compared to its primary mineral constituent, calcite.

a

b Calcite P placenta

R0  5.94 0.88 pm (n = 24) 3.37 0.37 pm (n = 28)

he 6.96 ± 1.29 pm (n = 3) 1.75 ± 0.20 pm (n = 5)

Vdet 257.2 ± 94.2 pm3 (Calculated) 20.8 ± 5.4 pm 3 (Calculated)

AE dI. 8.77± 1.71 nJ (n = 32) 6.04± 0.48 nJ (n = 36)

e, 0.034 ± 0.013 nJ/pm 3 (Calculated) 0.290 ± 0.072 nJ/pm3 (Calculated)

Figure 4-51 Quantitative measurement of the permanent deformed depth (hdef) and volume (Vdef).

The permanently deformed volume is approximated as a cone with the radius of the base R, and the
height of hdief. The indentation was carried with a conospherical tip (semi-angle = 30'; tip radius = ~1
ptm) with maximum load of 10 mN.

Figure 4-6 compares the key mechanical parameters of P. placenta and abiotic calcite by
setting the values of calcite as the reference; it is observed that the biogenic calcite of P. placenta
is mechanically superior in almost every aspect.
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Figure 4-61 Comparison of the mechanical parameters of P. placenta and calcite. The values
corresponding to calcite are normalized to 1. EO-p, 1 = 73.42 ± 1.74 GPa; HO-p, 1 = 2.34 ± 0.10 GPa;
hmax, 1 1.53 ± 0.13 gm; hdef, 1 6.96 i 1.29 gm; RO, 1 = 5.94 + 0.88 pm; C/R,, 1 = 0.54 ± 0.06; F, I
= 5.34 1.35 mN; di, 1 = 675.2 167.0 nm; Ad, 1 = 129.0 ± 192.1 nm; AEsi, 1 = 8.77 ± 1.71 nJ; Vd,;
1 = 257.2 ± 94.2 pm 3; esi, 1 = 0.034 ± 0.013 nJ/pm3.

4.3.3 Nanoscale deformation twinning in P. placenta

In order to identify the underlying deformation mechanisms, cross-sectional TEM imaging
of indentation residues of P. placenta was carried out (Figure 4-7a & Appendix A, Figure A-4,
Methods). The permanently deformed region surrounding the indentation site can be clearly
distinguished from the undamaged region (as marked by the dashed line) by image contrast and
the disruption of the organic interfaces between adjacent laths (Figure 4-7b). This permanently
deformed region also follows the V-shaped profile of the conospherical indenter with a semi-
angle of -60' and extends beyond the maximum indentation depth by ~0.4 pm (less than two
mineral layers) without any vertical cracks. Close to the boundary of the inelastic deformation
zone I observed planar defects with two closely-spaced parallel flat boundaries (Figure 4-7b,c).
These defects were identified as deformation twins by electron microscopic imaging and
diffraction as described below in detail. The twin bands are -50 nm in width and propagate
through the entire dimensions of each mineral lath at an angle of -20-30' arrested by the organic
interfaces (Figure 4-7c). The twin bands in the same mineral lath are typically parallel to each
other due to their single crystal nature, while those from different laths are usually not parallel
due to crystallographic misorientations. Additionally, local enlargement or opening of the
organic interfaces without catastrophic delamination is usually observed at the terminations of
twin bands due to displacement mismatch between adjacent laths (Figure 4-7c, white arrows).
These local interface opening lead stretching deformation of inter-crystalline organic materials
present in the interfaces, forming fibrillar structures (Figure 4-7e-f). Selected area electron
diffraction (SAED) patterns obtained from the untwinned ("matrix") and the twinned regions
clearly reveal e-type deformation twinning (twin boundaries: {018}) associated with the
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rhombohedral crystal structure (space group, Rc) of calcite (Figure 4-7d) . Such twin

bands are not observed in undeformed regions.

a

Zone axis: [6811

C y

Irganic nterface

Zone axis: [(881

ef

Figure 4-71 Nanoscale deformation twinning in P. placenta. a, top-viewed SEM image of the
original indentation residue. The yellow solid line indicates the location and orientation of the TEM
sample prepared by FIB. b, TEM image of the entire cross-section of the indentation zone

(conospherical tip; semi-angle = 30'; tip radius = ~I pm; maximum load = 10 mN). The yellow dashed
line marks the boundary between the plastically deformed region close to the indentation tip and

surrounding undeformed regions. White arrows indicate the location of deformation twins. c, TEM
image showing deformation twinning bands with parallel boundaries running across the laths. White

arrows indicate the interfacial openings associated with the twinning bands. d, Corresponding SAED

patterns in the matrix (top) and twinned (bottom) regions with zone axis = [881]. "Matrix" in (c,d)
refers to untwinned regions of the calcitic laths which maintain the original crystallographic
orientation,20 e,f, TEM image of P. placenta showing the stretching deformation of organic interfaces
where the interface opening are generated due to the deformation twinning in the mineral layers. "Pt"

in (a) refers the protective platinum layer. "L" refers the longitudinal direction of the laths.
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Figure 4-8 shows a high-resolution TEM (HRTEM) image of a twinning boundary
corresponding to the [100] zone axis and further illustrates the mirror symmetry between the
twinned and the untwinned region at atomic resolution.

Figure 4-81 HRTEM image of the twinning boundary of {018}.

With the indentation loads increased to 500 mN and even 2.5 N, P. placenta is still able to
confine the large inelastic deformation to a small volume without any radial cracks (Figure 4-9).
TEM analysis of the deformed region again reveals a large population of {018} deformation twin
bands that were present in the majority of calcite crystals (Figure 4-9) and which are believed to
play a primary role in mitigating severe local deformation, especially in the region close to the
tip of the indenter. The twinning-induced interface opening causes significant light scattering,
thus reducing light transmission in the deformation region.
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Figure 4-91 Damage localization through deformation twinning for higher indentation loads. Top-
viewed (a) and cross-section viewed (b) SEM images of micro-indentation residue (conospherical tip;
semi-angle = 30'; tip radius = 2 prm; maximum load = 500 mN). c, TEM image of multiple
deformation twinning bands within the deformed zone shown in (b). d,e, SEM images of indentation
residues at higher loads (conospherical tip; semi-angle = 30'; tip radius = 2 pm; maximum load = 2.5
N). "L" refers the longitudinal direction of the laths.

Manual grounding of the shell using a mortar and pestle can be also used to induce
pervasive deformation twinning bands (Figure 4-10), which suggests that deformation twinning
is not only induced by the high local stresses generated by an indenter tip 85 . Three equivalent
twinning systems with twinning boundaries of (118), (018), and (108) were observed,
intersecting with the longitudinal direction of the laths by 0', 42.6', and 90', respectively, as
illustrated in the crystallographic configuration in Figure 4-10. With the TEM samples prepared
perpendicular to the longitudinal direction of the laths, the twinning boundaries of (018) and
(1 18) create angles of 23.10 with the lath-organic interface, consistent with experimental

observations (Figure 4-10c).
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Figure 4-101 Multiple equivalent deformation twinning systems in P. placenta. a,b, SEM images of
deformation twinnings in multiple orientations induced by manually compressing the shell with a
mortar and pestle. c, Schematic model of the three crystallographically equivalent {018} twinning
systems in calcite. "L" refers the longitudinal direction of the laths.

4.3.4 Additional nanoscale deformation mechanisms in P. placenta

In addition to deformation twinning, a series of other nanoscale inelastic deformation
mechanisms at the building block level were observed (Figure 4-11). The bright-field TEM
image of Figure 4-11a shows that the deformed zone (containing area "b") has a fractionated
brightness, in stark contrast to the more homogeneous featureless brightness of the undeformed
region (containing area "c"), suggesting the formation of nano-sized grains. SAED patterns
reveal that the deformed and undeformed regions exhibit polycrystalline-like (Figure 4-11b) and
single crystal like (Figure 4-11 c) patterns, respectively. Thus, deformation induces the formation
of nanograins with crystallographic misorientations. The dark-field TEM image of Figure 4-11d,
obtained using selected diffraction spots from Figure 4-11b (indicated by the red circle),
selectively lightens up some of the deformation-induced nanograins (-50 nm in diameter). The
HRTEM image of Figure 4-1le further reveals misoriented nanoscopic grains, all of which were
indexed to calcite, within the plastically deformed zone. Amorphous regions were also observed
along the boundaries of grains or occasionally entirely encapsulated within grains, suggesting
that individual calcite laths are capable of undergoing ductile deformation.
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Figure 4-11 Nanoscopic inelastic deformation in individual calcitic layers of P. placenta. a,
Bright-field TEM image of the permanently deformed region close to the indentation crater. Inset, top-
viewed SEM image of the original indentation residue. The yellow line indicates the location and
orientation of the TEM sample. SAED patterns acquired in the deformed (b) and surrounding
undeformed (maintaining original single crystal structure, c) regions indicated by the circles in (a). d,
Dark-field TEM image of the deformed region (corresponding to the region in the white box in (a))
with the corresponding selected diffraction spots indicated in (c) with the red circle. e, HRTEM image
of misoriented calcite nanograins in the permanently deformed region. Tapping mode AFM amplitude
(f) and height (g) image of an indent corner (Berkovich tip) showing the flattening of nanoscopic
asperities within an indentation crater. "L" refers the longitudinal direction of the laths.
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This capability is further demonstrated by the significant flattening of nanoscopic asperities
within the residual indentation area (Figure 4-11f,g). In addition, crack deflections within
individual building blocks were observed (Figure 4-12). These experimental results indicate that
the calcite laths, despite their single crystal-like nature, do not fracture catastrophically, but
rather dissipate considerable energy through a series of nanoscopic inelastic deformation
processes62 6

a

bc d

Figure 4-121 Crack deflection within individual building blocks. a, The SEM image of the FIB-
milled cross-section of the indentation zone after P. placenta was microindented (conospherical tip; tip
radius = 2 prm; semi-angle = 30'; maximum load = 500 mN). b, High-resolution SEM image of the
deformed mineral laths, which shows multiple sites of crack deflection within individual layers (white
arrows). c-d, Bright-field TEM images showing crack deflection within individual laths (white arrows).

4.3.5 Nanoscale deformation mechanisms in calcite

It has long been known that calcite deforms plastically via deformation twinning and slip
primarily at elevated temperatures and confined hydrostatic pressures, whereas at room
temperature and atmospheric pressure, calcite readily fractures upon compression, tension, and
particularly indentation 83 ' 184. Bright-field and corresponding dark-field TEM imaging of the
indentation zone of calcite samples, which had undergone the same indentation loading
conditions as P. placenta, reveal large fractured pieces (size > 2 pm) and cracks (Figure 4-13),
consistent with top-view SEM observations (Figure 4-4b). At the bottom of indentation craters,
a primary vertical crack is produced downwards (~1 -2 pm deep) and multiple lateral cracks are
formed. As the load increases, the vertical cracks advance further downwards and the lateral
cracks propagate nearly parallel to the surface to form large chipped pieces, similar to other
brittle ceramic materials 86
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Figure 4-131 Formation of large microcracks in single crystal calcite after indentation tests
(conospherical tip; tip radius = 1 tm; semi-angle = 30'; maximum load = 10 mN). a, Top-viewed SEM
image of the original indentation residue. The yellow line indicates the location and orientation of the
TEM sample prepared through FIB. b, Bright field TEM image of indentation zone, revealing multiple
microcracks and micro-sized fractured pieces (yellow arrows). c, A corresponding dark field TEM
image reveals the deformation-induced large-sized misoriented piece which propagates to the bulk
surface with a very shallow orientation. Inset, the corresponding SAED pattern with the selected
diffraction spot used for the dark field image in c. d, High-magnification bright field TEM image at the
tip of the indentation residue. It reveals a vertical crack (yellow arrow) which is brunched with multiple
lateral cracks propagating to the bulk surface (white arrows).

In contrast to P. placenta, extended dislocation arrays were also developed underneath
indentation crater (Figure 4-14b). These events result in the large penetration depth (hdef), "pOp-
in" depth (Ad), fracture size (R,), and volume of permanent deformation (Vdet) observed (Figure
4-6). TEM samples prepared along the longitudinal direction reveal a very limited number of e-
type deformation twins with only (108) twinning boundaries under this loading condition
(Figure 4-14). The width of the twin bands (~200 nm) is usually much larger than those in P.
placenta, inducing large cracks because of large local displacement incompatibilities. Due to the
absence of effective crack arrestors and deflectors, such as the organic interfaces in P. placenta,
these cracks propagate to the surface, generating large chipped blocks.
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Figure 4-141 Deformation twinning in single-crystal calcite observed in the TEM sample
prepared parallel to the longitudinal direction (conospherical tip; tip radius = 1 pm; semi-angle =
300; maximum load = 10 mN). a, Top-viewed SEM image of the original fracture pattern. The yellow
line indicates the location and orientation of the TEM sample prepared by FIB. b, Bright field TEM
image of the entire cross-section of the deformation residue. The red dotted lines show one-to-one
correspondence between the ridges and cracks from the top-viewed SEM image and corresponding
twinning boundaries and cracks in the TEM cross-sections. The white arrows indicate the extended
dislocation arrays generated from indentation deformation. c, Enlarged TEM image of the deformation
twinning as shown in the area in (b). The twinning boundaries are marked by the yellow dashed lines.
Matrix and twin regions are labeled by M and T. Note that the matrix was rotated (~ 130) from the bulk
matrix (Bulk-M) due to fracture (indicated by the white solid lines to the dotted lines). d-f, SAED
patterns obtained in regions indicated in (c) (zone axes: [010]). Note the mirror symmetry between the
twin and matrix region with respect to the twin boundary (TB) of (108).

4.4 Discussion and conclusion
A summary of the entire progress of deformation mechanisms in P. placenta compared to

those of single crystal calcite is provided in Figure 4-15. Upon indentation, the calcitic laths in
P. placenta shells first undergo e-type twinning in all three crystallographically equivalent
orientations [(018), (118), and (108)], while only one orientation (108) is primarily activated in
single crystal calcite (Figure 4-15a-b, Figure 4-14). This is possibly facilitated by the
nanoscopic thickness of the calcitic laths in the shell. Such grain-size effects for deformation
twinning have been observed in some metallic nanocrystalline materials, although further
reducing the grain size below certain critical size may also lead to increased resistance to
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deformation twinning1 8 7' 18 8 . Whether the thickness of the calcitic laths (~300 nm) is optimal to
facilitate deformation twinning remains a question; further investigations, especially theoretical
modeling, may provide more insights8 9 . The nanoasperities on the surface of laths might also
assist the initiation of multiple deformation twinning bands with nanoscale spacing due to
roughness-induced stress concentrations during loading. The as-formed twin bands make
inclination angles with the surface normal and longitudinal direction of the laths by 260/430,
260/00, and 52'/90' for (018), (118), and (108) twin bands, respectively (Figure 4-10), which
allows the biogenic calcite to mitigate stress concentrations more effectively in comparison to
abiotic calcite, leading to a more isotropic deformation response (Figure 4-15c, stage 1). The
variation of the thickness and crystal orientation of the calcitic laths allows a sequential
activation of deformation twinning bands depending on the specific loading conditions, which is
expected to result in a work hardening effect 90 . Unlike the growth twins, these deformation-
induced twins only activate when and where they are needed, i.e., ahead of the impact region
upon penetration. Moreover, deformation twinning in P. placenta is activated upon quasi-static
deformation conditions, in contrast to the recentlr observed deformation twinning in aragonitic
nacre under high strain rate deformations (~10 s-1)116.The twin boundaries surrounding the
penetration region act as effective barriers for dislocation motion and catastrophic crack
propagation, leading to enhanced penetration resistance (Figure 4-15c, stage 2)191. While the
twinning bands mainly act as barriers in the horizontal direction (Figure 4-16), the organic
interfaces play a similar role in the vertical direction, resisting dislocation motion and crack
propagation from one layer to another (Figure 4-17).
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Figure 4-151 Nanoscale deformation mechanisms in P. placenta and single crystal calcite under indentation. a, Schematic of the deformation

zone close to the indenter for (a) P. placenta and (b) single crystal calcite (conospherical tip; semi-angle = 30'; tip radius =~-1 pm; maximum load

= 10 mN). The diagrams are drawn in scale based on microscopic dimensional measurement. Dislocation arrays in calcite are not shown in (b). c,

TEM images illustrating the progression of nanoscale deformation mechanisms of P. Placenta (listed below the images) with decreasing distance

from the indenter. All scale bars represent 100 nm.
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The nanoscale twinning bands and organic interfaces increases energy dissipation density by
acting as catalysts to promote other nanoscopic deformation mechanisms, including interfacial
and intracrystalline nanocracking, organic viscoplastic stretching, as well as nanograin formation
and reorientation. The relatively small amount of organic material (-1 wt%) present in the shell
is expected to contribute to energy dissipation in a variety of ways. The nanoscopic openings
associated with the ends of twin bands result in fibrillar viscoplastic stretching of intercrystalline
organic material bridging neighboring calcite laths (Figure 4-7), leading to increased energy
dissipation (Figure 4-15c, stage 2), which has been previously observed in nacre 6 . It is also
hypothesized that the nanoscopic intracrystalline organic inclusions, in addition to twinning
boundaries, contribute to deflecting and arresting intracrystalline cracks, which leads to
fragmentation of the regular single-crystalline laths into irregular micro-/nano-sized pieces
(Figure 4-15c, stage 3)191. Interactions between the accumulated dislocations and twinning
boundaries might also contribute to this fragmentation process 90"191. Further compressive
deformation leads to formation and reorientation of nano-sized grains (in contrast to the
observation of inherent nanograined structure in nacre66), and formation of amorphous regions.
At this stage, the deformed material is transformed to an isotropic homogeneous nanocrystalline
material, as the original laths and organic interfaces are destroyed (Figure 4-15c, stage 4).

a C

b d

Figure 4-161 Crack deflection by twinning boundaries. a, SEM image of closely-spaced deformation
twins in P. placenta. b, Corresponding cross-sectional TEM image of the same region which clearly
shows the cracks were deflected multiple times at the twin boundaries. c, Corresponding SAED pattern
in (b). d, TEM image showing a crack running across one mineral layer was deflected by the twinning
boundaries.
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Figure 4-171 Deformation confinement by organic interfaces (conospherical tip; tip radius = 1 pm;
semi-angle = 30'; maximum load = 10 mN). (a) Bright-field and (b) corresponding dark-field TEM
image of the region close to the tip of the indentation residue. c, The SAED pattern with the diffraction
spot selected for the dark-field image in (b). Two deformation-induced misoriented blocks of materials
underneath the indentation tip (yellow arrows) were stopped by the organic interface. d, High-
magnification TEM image showing high density of the dislocation developed in Plate i due to
deformation was confined by the organic interface and the mineral layer underneath (Plate ii) was
almost free of dislocations.

It is noted that the microscopic structural features responsible for pervasive nanoscale
deformation twinning in P. placenta also exist in other calcitic bioceramic structural materials
including other bivalve shells 40, brachiopod shells' 92, and sea urchin spines and teeth 93' 194.
Therefore, it is possible that this phenomenon may also play a similar role in these systems. In
addition, some aragonite-based mollusk shells possess basic building blocks densely packed with
nanoscale { 11} growth twins' 95'196. These pre-existing twinning boundaries may play a similar
role in constraining the dislocation motions and deflecting the propagation of micro-/nano-
cracks91 . However, the displacement incompatibilities resulted from the formation of
deformation twinning bands will not be prevalent in aragonite structures with growth twins;
therefore, they are not expected to effectively catalyze other nanoscopic energy dissipation
processes in a fashion similar to P. placenta.

Energy dissipation enhancement resulting from spreading the deformation zone over a large
area/volume has been observed in a variety of biological structural material systems through
different mechanisms, such as the tablet interlocking of nacre49, crack deflection and bridging of
crossed-lamellar structure 9,70, and nanoscale heterogeneity of bone 77 . In addition to maximizing
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the total energy dissipation upon deformation, maintaining the structural and mechanical
integrity of the entire structure is also critical to the performance of biological exoskeletons
during predatory attacks. Damage localization in the protective scales of a "living fossil"
Polypterus senegalus is achieved through preferential circumferential cracking rather than more

28damaging radial cracking, which results from the complex quad-layered design of the scales . In
this work, I demonstrated that the bioceramic armor of P. placenta, despite its very high mineral
content and relatively monolithic composition and structure, is able to achieve a great balance
between energy dissipation and damage localization by efficient energy dissipation in a confined
volume via pervasive nanoscale deformation twinning surrounding the deformation zone. A
series of additional nanoscopic deformation mechanisms, including interface opening and
viscoplastic stretching of organic materials, crack deflection within individual building blocks,
fragmentation, nanograin formation and reorientation, and amorphization, work synergistically to
increase the energy dissipation density by almost an order of magnitude relative to pure calcite.
The nanoscale structural and crystallographic architecture in this biological nanocomposite
determine the activation and control of these efficient energy dissipation mechanisms. Aside
from deformation localization, which maintains the structural and mechanical integrity of the
entire system (multi-hit capability), the optical properties (~80% total transmission of visible
light) are also preserved at distances away from the penetration site. The findings in this work
may provide design principles for engineering lightweight structural materials with efficient
energy dissipation, in particular transparent armor, through control and design of the material
systems at the nanometer scale.
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Chapter 5 Macroscopic deformation behavior of P placenta

shell and its related ultrastructural features

5.1 Introduction

A diverse number of unique deformation mechanisms of biological structural materials have
been discovered at a variety of length scales 4'197-2 00. In particular, many previous studies have
focused on the mechanical behavior at nanometer scale, primarily because the basic building
blocks of most biomineralized structural materials are nanometer-sized. At this length scale, a
variety of energy dissipation mechanisms have been identified, for example, viscoplastic
stretching of organic materials in interfaces55,56, nanograin rotation in nacre tablets66, flaw
insensitivity 62,63, and nanoscale deformation twinning as discussed in the Chapter 4 of this thesis.

These nanoscale deformation mechanisms are usually material specific, which hinders the
potential transfer of design principles to bioinspired engineering structural materials. For
example, the nanoscale deformation twinning discovered in P. placenta cannot be used as an
energy dissipation mechanism for non-crystalline materials like glass, which is still the most
common component of the majority of current transparent armor materials8 . Additionally,
understanding deformation mechanisms only at the nanometer scale does not give us the whole
story since biological structural materials are, similar to engineering counterparts, also subject to
large scale deformations with high loads during predatory attacks 0" 80. Study of deformation
mechanisms at larger length scales is not only necessary to understand the biological materials'
performance with respect to real-life threats, but also provides us with a direct comparison to
engineering structural composite materials, in which deformation behavior above the nanometer
scale usually plays a dominant role in energy dissipation and damage tolerance201

Due to the system-specific hierarchical structural designs in biological materials, it is
experimentally challenging to directly link the structural features and deformation mechanisms at
different length scales. Specific structural characterization and mechanical testing techniques
with appropriate resolutions should be applied as an integrated approach.

In this chapter, I present a detailed analysis of a unique nanoscale structural motif, i.e. screw
dislocation-like connection centers, and their distribution at the macroscopic level (~15 mm 2) in
the foliated microstructure of P. placenta. Large scale deformation behavior was investigated
through a customized macroindentation technique with loads high enough to penetrate intact
shells, ~80 N. Moreover, the mm-sized three dimensional damage zone resulted from
macroindentation tests was quantitatively studied via synchrotron X-ray tCT. Combining these
results with high-resolution electron microscopy, I show that the connection centers act as
anchoring centers for the formation of ligament bridges, which resist crack opening behind crack
tips and retard crack propagation. Through this unique structural motif, the highly mineralized P.
placenta shell is able to form an isotropic deformation zone, within which a three dimensional
complex interconnected microcrack network is formed. In addition, in the vicinity of connection
centers, nanoscale plastic deformation (as discussed in the previous chapter) is initiated due to
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the local multi-axial loading conditions. This enhances the interface fracture toughness by almost
two orders of magnitude, as evident from both a simple theoretical analysis and experiment-
based calculations.

5.2 Materials and Methods

Samples. Edge-trimmed and intact P. placenta shells were purchased from Seashell World
(Florida, USA) and Conchology, Inc. (Philippines), respectively. The specimens were stored in
dry conditions prior to experiments.

Instrumented macroindentation. P. placenta shells were first cut into square-shaped samples
(~2 cm in size) with a diamond saw. High load indentation experiments were performed on a
Zwick Mechanical Tester (Zwick Z010, Zwick Roell, Germany), and the load-displacement
curves were recorded. The indenter was a customized tungsten needle with a conical tip (full
angle, -310; tip radius, ~ 21 pm; base diameter, 0.5 mm). All indentation experiments were
conducted under displacement control (displacement rate: 0.02 mm/s).

Electron microscopy. Samples were coated with ultra-thin carbon prior to SEM
observations. Samples were imaged using a Helios Nanolab 600 Dual Beam (FEI, OR) using
acceleration voltages of 2 and 5 kV, and a working distance of 4 mm.

Atomic force microscopy. Tapping mode AFM (TMAFM) imaging in ambient conditions
was carried out using a Digital Instruments Multimode SPM IIIA (Veeco, Santa Barbara, CA)
with an AS-130 "JV" scanner. TMAFM imaging was conducted with NANOSENSORS Si
TMAFM cantilevers (PPP-NCHR-10). Typical scan speeds were between 1-5 pm/s, and other
parameters were optimizcd upon tuning. The imaging modes include height (i.e., Z-piezo
movement), amplitude (i.e., cantilever oscillation amplitude), and phase (i.e., cantilever phase
lag).

X-ray Micro-computed tomography. Pre-cut P. placenta shells (~3 mm in size) were first
tested with macroindentation experiments as described above. Next, the indented shells were
scanned with an energy of 18 keV and a resolution of 2.84 pm/voxel at beamline 2-BM of the
Advanced Photon Source of Argonne National Laboratory. Mimics (Materialise, Belgium) was
used for image segmentation and construction of three-dimensional triangulated surface meshes
(binary STL format). The surface area of the interfaces generated by the indentations was
measured using netfabb (www.netfabb.com). For generation of 3D illustrations and movies, STL
meshes were directly imported into and rendered using Blender (www. blender.org).

5.3 Results

5.3.1 Screw dislocation-like connection centers

Examination of cleaved surfaces of P. placenta shell reveals one unique microstructural
feature, i.e. the screw dislocation-like connection centers, as shown in Figure 5-1. These
connection centers, similar to screw dislocations, join two adjacent mineral layers as an
integrated structure (Figure 5-1a). In addition, connection centers with opposite signs, i.e. up
and down (right-hand rule), were observed. AFM height images further reveal that the extra
layers induced by connection centers are merged gradually so that there is no discontinuity
between the additional and original mineral layers (Figure 5-1b). The additional layer associated
with connection centers gradually increases its thickness to the normal value (-300 nm) in over

65



distance of ~3 pm. This leads to inclination angles of about 30 in the transition regions. The
presence of connection centers can be also visualized through polished cross-sectional surfaces
(Figure 5-1c), where extra interfaces are associated with insertion of additional mineral layers
via connection centers.

a bC

N

0m

10 pm

Height 0~n

Figure 5-11 Screw dislocation-like connection centers in the foliated structure of P. placenta. a,
SEM image showing two connection centers with opposite signs, i.e., up and down (defined according
to the right-hand rule and indicated by the blue and orange markers, respectively). b, AFM height
image of two connection centers with opposite signs. c, SEM image of a polished cross section
showing two half-ended interfaces (indicated by white arrows), which are due to the presence of
additional mineral layers resulted from connection centers.

Associated connection centers pairs with opposite signs which are located in the same
mineral layer can be visualized through large-area imaging of cleaved surfaces, as shown in
Figure 5-2. The two connection centers with opposite signs are linked through a common line of
fractured interface in one mineral layer (top layer, Figure 5-2a,b). This line of fractured
interface is denoted as the "fracture line" in following discussions. The formation process of
fracture lines is as following: 1) a crack initiates via interface opening along the bottom layer; 2)
interface opening is stopped by the connection centers; 3) the top mineral layer is fractured in
between the two connection centers so that the crack can continue to propagate (Figure 5-2e).
This interface cleavage technique thus provides us an effective method to expose connection
centers over large areas.I also notice that the fracture line joining connection center pairs is
roughly perpendicular to the longitudinal direction of building blocks.

The above interface cleavage technique was then used to prepare samples with large-area
fracture surfaces, from which the distribution of connection centers over large length scales was
investigated (Figure 5-3). As shown in the high-magnification representative region in Figure
5-3a, the fracture lines on the cleaved surface were manually traced and connection centers were
marked with specific signs. Figure 5-3b shows a large area SEM image (~5.7 mm 2) with spatial
resolution (~21 nm) high enough for identifying the fracture lines and connection centers. Figure
5-3c shows the traced fracture lines over the entire region. The colors represent different types of
fracture lines according to their ending characteristics (Figure 5-3f):

Full (black): the fracture lines are completely within the mapped area, with both up- and
down-signed connection centers at the two ends of lines.
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Bottom (yellow): the bottom-right portions of the fracture lines are cut off by the bottom
boundary of image, with only down-signed connection centers.

Top (green): the top-left portions of the fractured lines are cut off by the top boundary of
image, with only up-signed connection centers.

Left (orange): the right portions of the fracture lines are cut off by the left boundary of
image, with only up-signed connection centers.

Right (blue): the right portions of the fracture lines are cut off by the right boundary of
image, with only down-signed connection centers.

Long (red): both left and right portions of the fracture lines are cut off by the image
boundary, without any connection centers within the image.
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Figure 5-21 Associated connection centers with opposite signs. (a) SEM image and (b)
corresponding schematic diagram of two associated connection centers with opposite signs located at

the same mineral layer, which are linked through a common fracture line. c,d, High-magnification

SEM images of the two associated connection centers. e, Formation process of fracture lines via

connection centers. The blue and pink layers represent the mineral layers and organic interfaces,
respectively.
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Figure 5-31 Large scale mapping of the distribution of connection centers. a, SEM image of a

cleaved interface, from which fracture lines and connection centers are traced and marked,
respectively. The image is artificially colored to further highlight adjacent mineral layers. Two

dimensional parameters are defined: ,, the distance between two adjacent fractured lines; d, the

distance between two associated connection centers with opposite signs. b, Large-area SEM image of a

cleaved surface and corresponding images with traced fracture lines (c),connection centers marked (d),
and full fracture lines with both opposite-signed connection centers located within image area (e). f,

Quantitative measurements of the number of fracture lines and connection centers for the region shown

in (b-e).
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Figure 5-3d depicts the corresponding distribution of connection centers, which includes
483 down-signed and 504 up-signed connection centers. Figure 5-3e shows the traces of the full
fracture lines with two associated opposite-signed connection centers in the analyzed region. As
shown in (Figure 5-3a), two dimensional parameters were defined for further quantitative
analysis: {, the spacing between two adjacent fracture lines, and d, the distance between two
associated opposite-signed connection centers.

Figure 5-4a plots the statistical distribution of the distance between an associated pair of
opposite-signed connection centers (d). The distribution can be well fitted with the logarithmic
distribution,

p = PO + Ae Rod. Equation 5-1

55.9% of measurements of distance d were below 0.5 mm, and the average was 574 ± 509 pm (n
= 270). Some fracture lines are longer than the entire mapped region (-2.4 mm). Note that this
statistical distribution of d might be skewed towards the lower end, as there are long fracture
lines which are not completely contained within the analysis region and are not counted in this
statistical measurement. Hence, I expect that the actual average distance between two associated
opposite-signed connection center pairs should be greater than the current value.

Moreover, I studied the relative positions of the connection centers along a given profile, as
shown in Fi2ure 5-4b-d. Crack propagation lines (line 1-3 in Figure 5-4b) are defined along the
cleavage direction, which is perpendicular to the direction of fracture lines. Two distances were
defined: 1, the distance between the crack propagation line and connection centers on fracture
lines encountered by the crack propagation line, and ', the distance between connection centers
associated with two adjacent fracture lines (Figure 5-4c). The signs of these values are
illustrated in Figure 5-4c. Figure 5-4d shows the profile of I and ' along three arbitrary crack
propagation lines highlighted in Figure 5-4b. Both parameters exhibit an approximately equal
number of positive and negative values within the range of ±2 mm. This indicates that, along a
crack propagation line, the distance between adjacent connection center (1') is roughly 2 mm. In
addition, the profiles of / periodically shift between two signs, which suggests that cracks
propagating along organic interfaces must periodically shift to left and right to circumvent
connection centers. This process inevitably increases the "sampling area" during crack
propagation along interfaces, which increases interfacial strength and toughness.
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Figure 5-41 Further structural characteristics of connection centers. a, Distribution of the distance

between one associated connection center pairs with opposite signs, as shown in Figure 5.3e. The red

line represents a logarithmic fit ( p = po + AeRod ). b, Map with fractured lines traced. Lines 1-3

represent arbitrary crack propagation lines. c, Schematic diagram showing that the crack propagation

line crosses four fracture lines. Two parameters are defined: 1, the distance between the crack

propagation line and connection centers; ', the distance between connection centers associated with

two adjacent fracture lines along the crack propagation line. d, Profiles of 1 and 1' along lines 1-3.

The density of connection centers was further investigated through a simple geometrical
analysis. As shown in the schematic diagram in Figure 5-5, I define the thickness of mineral
layers as t, and the length and width of an arbitrary area of the shell as a and b, respectively. The
areal density of connection centers, parea, which can be directly measured from experimental
mapping as shown in Figure 5-2, is related to the volumetric density of connection centers

(Pvolume) by considering of the area and volume involved in the cleaved surface:

Parea 2Atb (a), volume ab 2 tovolume
Equation 5-2

where 2Atb a-) and a b are the volume and area associated with this cleaved surface.
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Figure 5-51 Relationship between the density of connection centers and spacing of fracture lines.
a, Simplified schematic diagram showing the cleaved surface with fracture lines. The blue and pink
layers represent the mineral layers and organic interfaces, respectively. t, thickness of mineral layers. b,
The areal density of connection centers (Parea) as a function of the inverse of the fracture line spacing
(1/' ).

From Equation 5-1, using the experimentally measured areal density (~100-400 mm-2), I
can estimate the volumetric density of connection centers, pvolume, to be between 1.7 - 6.7x 10 5

mm-3. The total volume of a typical P. placenta shell is about 4x 10 3 mm 3 (circular shape;
thickness, -0.5 mm; diameter, -10 cm). The total number of connection centers within the entire
shell can then be estimated as -2 x 109, which corresponds to ~106 connection centers distributed
within each mineral layer (-2000 layers throughout the entire shell). Through this large-area
imaging analysis and the experiment-based calculations, I hypothesize that the foliated
microstructure of P. placenta shell has, instead of a simple laminate structure with typical
mineral-organic organization, a complex three dimensional integrated composite laminate
structure, where all the mineral layers are connected together through screw dislocation-like
connection centers.

Moreover, since the connection centers directly induce the formation of fracture lines, the
number of fracture lines within an area is directly proportional to the number of connection
centers. Therefore, we have

a 1
Parea C -x C-. Equation 5-3

This inverse relationship is clearly supported by the linear fit between the density of connection
centers and the spacing of fracture lines (Figure 5.5b).

In addition to integrating all mineral layers together to form a three dimensional
interconnected nanocomposite, the specific distributions of connection centers are also able to
control the orientation of building blocks within individual mineral layers. As we discussed in
Chapter 3, the basic building blocks in the foliated microstructure of the shell of P. placenta are
the elongated diamond-shaped laths, which are tiled together, forming layers. Since cracks
usually propagate parallel to the longitudinal direction of laths, the fracture lines of each mineral
layer are usually perpendicular to the longitudinal direction of laths. As shown in Figure 5-6a-b,
the orientation of fracture lines varies in different regions. Close examination of the boundaries
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between two misorientated regions reveal the presence of excessive connection centers with one

particular sign (Figure 5-6c-f). As shown in Figure 5-6c-d, an excess of up-signed connection

centers creates a clockwise rotation of the orientation of fracture lines (from blue to red). On the

other hand, an excess of down-signed connection centers leads to a counter-clockwise rotation of

the orientation of fracture lines (from blue to red, Figure 5-6e-f). High magnification SEM

images shown in Figure 5-6g-h confirm that the corresponding orientations of building blocks

rotate accordingly with the fracture lines.
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Figure 5-61 Distribution of connection centers as a pathway to control the orientation of building

blocks. Traced fracture lines (a) and corresponding distribution of connection centers (b). Regions

with an excess of up-signed (c-d) and down-signed (e-f) connection centers. The longitudinal

orientations of building blocks (indicated by red and white arrows) change across the boundaries which

are formed by an excess of connection centers with one particular sign. g,h, SEM images showing

local variations of the orientations of building block and fracture lines. Scale bars: a-b, 200 pm; c-f,

100 pm; g-h, 20 pm.
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5.3.2 Large-scale deformation behavior via macroindentation

I next investigated the mechanical behavior of P. placenta shells at large length scales to
establish its relationship to the structural features discussed above. Intact shells were penetrated
through their entire thickness using a customized indentation instrument with a tungsten tip and
high load capabilities (Figure 5-7a-c). The as-obtained load-depth curves reveal two regimes
(Figure 5-7d):

Regime 1: the indentation tip gradually indented into the shell until a maximum load (Fax)
was reached when the shell was fractured (a single sound of "cracking" could be clearly heard);

Regime 2: this is the post-fracture penetration process during which the indentation tip
continuously pushed out the fractured shell pieces and penetrated deeper until the load dropped
to approximately zero.

Before Fnax was reached, the nanocomposite underwent extremely localized deformation
without any radial crack formation (Figure 5-7e). For shells with thicknesses of 0.68 ± 0.03 mm,
the maximum fracture loads were 64.6 ± 12.3 N (n = 7). As a comparison, similar
macroindentation experiments were performed on calcite samples with similar thicknesses (red
profiles in Figure 5-7d), which exhibited brittle catastrophic fracture behavior without a post-
fracture inelastic deformation regime as observed in P. placenta. Moreover, the maximum
fracture loads for calcite (17.8 ± 6.6 N; thickness, 0.76 ± 0.09 mm; n = 4) were much lower
compared to P. placenta, even though the average sample thickness was more than 10% greater
The fractured pieces of calcite samples after indentation tests had little visible inelastic
deformation close to the indentation site (Figure 5-7i). The bending deformation of the shells
was very small (~0.5%) according to a finite clcmcnt simulation analysis (Appendix A, Figure
A-5) and its contribution to total displacement was therefore neglected.

The graceful penetration behavior exhibited by the shell of P. placenta maintained structural
integrity even after multiple indentation experiments that fully penetrated the shell (Figure 5-7e-
g). Thanks to the unique high optical transmission of the shell, the damage zone after indention
tests can be directly visualized via optical microscopy in transmission mode (Figure 5-7e, f, g).
The decrease in optical transmittance in the damaged zone results from the generation of
interface openings and disruption of the original intact densely-packed structure, which causes
light scattering and reduces transmission. The damage zone is isotropic and circular, which is
dramatically different as compared to the brittle cleavage fracture of calcite. The localized
damage behavior of the shell enables multi-hit capability without complete failure.
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Figure 5-71 Macroindentation of P. placenta shells. a, Schematic diagram of experimental setup. The
cylindrical substrate underneath the sample has a central hole (diameter, 5 mm) aligned with the
indentation tip. b-c, Optical images of the tungsten indentation tip (full angle, ~310; tip radius, -22
pm). d, Representative macroindentation curves for P. placenta (thickness, 0.68 ± 0.03 mm; n = 7) and
calcite (thickness, 0.76 0.09 mm; n = 4). e, A residual indent in regime 1 before final fracture
(maximum load, 30 N). f, A P. placenta shell after multiple macroindentation tests with complete
penetration. g-h, optical images of one macroindentation residue in P. placenta. i, Multiple pieces
resulting from brittle fracture of a calcite sample (thickness, ~ 0.8 mm) after an indentation test. Inset,
an indentation residue of calcite before final fracture. Images in e, f, g, and i were taken in transmission
mode. Image in h was taken in reflection mode.
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The transmission optical images shown in Figure 5-7e-g allow us to visualize the damage
zone after macroindentation tests in 2D; however, quantitative 3D information of the entire
deformation zone cannot be obtained with this technique. In order to probe the resulted damage
zone in 3D, so as to investigate the underlying deformation mechanisms which lead to damage
localization and isotropy, high resolution synchrotron pCT was used (Figure 5-8). As shown in a
typical three dimensional reconstruction with a transparency effect (Figure 5-8a), the entire
indentation damage zone (dark regions) resembles a conical frustum geometry (please see Movie
2 in Appendix B for 3D visualization). The diameter of the top penetration hole of the conical
frustum is ~0.5 mm, close to the base diameter of the tungsten indentation tip, and the diameter
of the bottom of the conical frustum is ~1.5 mm, which results in the slant angle of the side
edges close to 45'. Figure 5-8b shows a typical virtual slice of the indentation zone, which
clearly reveals the complex interconnected networks of microcracks within the localized damage
zone. Moreover, within the conical frustum damage zone, mineral layers have undergone shear
failure with local breakages, and the resulting laminate orientation has rotated along the
indentation direction. Please note that the three large horizontal cracks were generated during
diamond saw cutting after indentation testing in order to fit the sample within the field of view of
the synchrotron X-ray beam. Figure 5-8c shows a series of horizontal slices of the damage zone;
the corresponding locations are indicated by the red dashed lines in Figure 5-8b. Small radial
cracks originating from the central indentation hole are enclosed by multiple circumferential
cracks, leading to confined damage behavior.

Figure 5-8d-e are three dimensional renderings of the microcrack network within the
damage zone, corresponding the vertical section shown in Figure 5-8a. Note that the blue
surface mesh is a negative of the indentation residue, i.e. it represents cracks between the mineral
layers. A large number of microcracks were formed surrounding the central indentation hole, and
they branched and linked together to form a complex three dimensional interconnected network.
This allows enhanced energy dissipation via increased interface opening area within this
confined volume. In addition, this complex interconnected network of microcracks also
maintains the overall structural integrity of the shell by eliminating catastrophic large interface
failures. Moreover, the orientation of microcracks was rotated away from the original horizontal
direction by -20' due to the large scale deformation. This rotational deformation of mineralized
layers results in large amount of energy dissipation through local nanoscale inelastic
deformations, as will be discussed later.
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Figure 5-81 Three dimensional analysis of the macroindentation damage zone via ACT. a, 3D
reconstruction of the entire damage zone using a transparency effect. b, A vertical slice of the damage
zone with the orientation similar to the purple slice shown in (a). c, Five horizontal p-CT slices of the
damage zone from top to the bottom of the damage zone, as indicated by dashed lines 1-5 in (b). d,e,
3D negative rendering of the microcrack network generated within the damage zone.

I next provide direct experimental evidence of the formation mechanism of the complex
interconnected microcrack network in the macroindentation damage zone. As shown in the pCT
cross section of Figure 5-9a, multiple ligament-like bridges were formed along a crack. A
representative three dimensional reconstruction of such ligament-like bridges shown in Figure
5-9b further demonstrates that these bridges are able to hold the two fractured pieces together
even though the interface opening is greater than ~50 pm and the ligament itself undergoes local
bending deformation. Since the resolution of pCT imaging (voxel size, ~2.84 pm) is much larger
than the thickness of individual mineral layers, direct correlation of such bridge structures with
connection centers is not possible. I then conducted electron microscopy imaging of finely
polished cross sections of indentation residues to investigate this interface bridging mechanism at
the building block level. Figure 5-9c and d show an SEM image of a horizontally propagated
crack and corresponding schematic diagram with individual mineral layers highlighted. In this
example, the crack was originally propagating horizontally from left to right along one organic
interface. After encountering the connection center through which the two mineral layers are
merged together, the crack was deflected to the top interface, forming a ligament-like bridge.
Through this mechanism, the materials at the two sides of a propagating crack can be bridged
together through this ligament. Clearly, the connection center plays a critical role in forming
these ligament structures. We believe this is the primary mechanism responsible for forming the
complex 3D interconnected microcrack network within the damage zone, which enables both
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efficient energy dissipation through interface opening and maintains structural integrity of this
highly mineralized bioceramic armor under large penetration loads.

C

d

Figure 5-91 Crack bridging via connection centers. Vertical cross sectional pCT image (a) and 3D
reconstruction based on pCT data (b) showing ligament-like bridge structures formed along cracks.
SEM image (c) and corresponding schematic diagram (d) showing the crack was deflected by the
presence of a connection center.

In addition to the formation of bridging ligament structures, the presence of connection
centers also directly activates deformation mechanisms at smaller length scales, which are much
more effective in energy dissipation relative to simple interface openings. As discussed in the
previous chapter, P. placenta undergoes pervasive deformation twinning and other additional
inelastic deformation mechanisms at the nanoscale, which results in a remarkably high energy
dissipation per unit volume. As shown by a more commonly observed fracture surface (Figure
5-10a-b), many nanoscale inelastic deformations are observed along fracture lines, such as
deformation twinning, nanocracking, and fragmentation. The crack front fractured the mineral
building blocks once it encountered connection centers. This led to the formation of an
inelastically deformed zone, which was characterized by its width, XineI, associated with each
fracture line (Figure 5-10c). The multi-axial stress conditions surrounding the vicinity of the
connection centers during crack propagation facilitates the generation of deformation twinning
and promotes other nanoscopic energy dissipation deformation mechanisms. The cross sectional
SEM image of the damaged zone clearly reveals a large number of deformation twinning bands
(Figure 5-10d), which is also related to the rotation of mineral layers (Figure 5-8).
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Figure 5-101 Nanoscale deformation mechanisms activated by connection centers. a, SEM image

of a fractured surface where the fractured interfaces have regions which have undergone nanoscale

deformations, such as nanocracking, fragmentation, and deformation twinnings. b, A high resolution

SEM image showing nanoscale deformations surrounding a connection center (red arrow). c,

Schematic diagram (revised from Figure 5.5a) including the nanoscale deformations associated with

fractured layers. d, Deformation twinning bands observed in a polished cross section of a

macroindentation residue.

5.3.3 Theoretical analysis of interface fracture toughness

A simple theoretical analysis of interface fracture toughness with the effects of connection

centers can be formulated by considering the energy dissipation terms involved". Here, I

consider two laminate composite structures: 1) a simple laminate structure without connection

centers, and 2) a modified laminate structure with connection centers. As illustrated in the

schematic model in Figure 5-10c, the region of material which has undergone the permanent

inelastic deformation has a characteristic width Aine. Other parameters are defined as following,

ein,: interface energy between two adjacent mineral layers (J/m 2);

einel: energy dissipation density of the mineral layers (J/m 3);

ecal: surface energy along the cleavage plane of calcite (J/m 2);

For the simple laminate composite structure without connection centers, the interface

fracture toughness is simply the interface energy between two adjacent mineral layers, i.e.

e, = ei . Equation 5-4
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For the laminate composite structure with connection centers, extra energy is dissipated
through three additional mechanisms, 1) the inelastically deformed zone (ineI); 2) extra vertical
surfaces generated along the fracture lines, and 3) extra interface opening associated with
inelastically deformed zone. This can be represented as

e, = e±in + t '" e einei + t-ec1 + "" ein, Equation 5-5

By assuming A ne 2 (Figure 5-10a-b), I can further approximate the interface fracture

toughness of the laminate composite with connection centers as

e., = 2e±, + teinel + e a. Equation 5-6

The magnitudes of the interface fracture toughness for the two composite structures can then
be estimated with previously reported values of ein,, eca!, and eine,. The interface energy between
two adjacent mineral layers (ein) is approximated as that in nacreous structure (~A J/m 2)03 , and
the surface energy of calcite crystal along a cleavage plane is ~0.2 J/m 2 204,205. The energy
dissipation density of the calcitic mineral layers is 0.29 ± 0.07 x 109 JiM3 as determined in the
previous chapter. The interface fracture toughness are then estimated as

el = -1 J/m2;
2

e 2 = ~100 J/m2

Here we see that by incorporating the connection centers the highly mineralized shell of P.
placenta is able to enhance the interface toughness by almost 30 times. We can roughly compare
this number with the contribution from interface opening to the total energy dissipation. With the
3D information acquired from ptCT data, we can estimate the total surface area generated
through interface opening during one indentation cycle (Table 5-1). The total energy dissipation
during one indentation cycle can be obtained by integrating the area under indentation curves.
Thus, the contribution from interface opening for the total energy dissipation is about 0.5%. This
number is broadly consistent with the theoretical estimations that the connection centers, through
the activation of nanoscale deformation mechanisms with more efficient energy dissipation, are
able to boost the total energy dissipation by ~100 times.

Table 5-1 Quantification of interface area generated and energy dissipation from macroindentation
pCT data. "Total interface opening area generated" was calculated based on pCT data. "Interface energy"
is taken from a literature value2 03. "Total energy dissipated by interface openings" is the product of "Total
interface opening area generated" and "Interface energy". "Total energy dissipated" is calculated by
integrating the area under the load-displacement curves of macroindentation experiment.

Parameters Sample 1 Sample 2 Sample 3

Total interface opening area generated (mm 2) 51.3 73.7 88.8
Interface energy (J/m 2) 1 1 1

Total energy dissipated by interface openings (mJ) 0.05 0.07 0.09
Total energy dissipated (mJ) 13.96 13.96 13.96

Percentage of energy dissipated via interface opening (%) 0.37 0.53 0.64
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5.4 Discussion and conclusions

The "brick-and-mortar" layered design consisting of nanoscale building blocks in the form
of tablets, plates, and rods is one of the most common structural motifs of mollusk shells (e.g. the
sheet and columnar nacreous, cross-lamellar, and foliated microstructures) 12. A few studies also
discovered out-of-plane interconnecting structures among adjacent mineral layers in some of
these microstructures, including nanoscale mineral bridges 33 and screw dislocation-like
structures in nacre 206-208 .The mineral bridges, due to their small sizes (~10 nm in diameter), are
proven to play a marginal role in the overall mechanical behavior of the shells 209. The screw
dislocation-like structures in nacre are believed to primarily function to provide
biomineralization pathways for the formation of nacreous structures206 208 . The screw
dislocations allow the spiral growth of the orderly lamellar nacre and maintain the "levels of
terraces of adjacent growth pyramids"206 which leads the final closely packed lamellar structures.
Yao et al suggested connection centers may contribute to the overall mechanical properties,
although to date this hypothesis has not been tested 207 . We believe that the screw dislocation-like
connection centers in nacre could play an important role in enhancing strength, but possibly not
the fracture toughness. Due to the relatively small hexagon-shaped building blocks in nacre (-5-
8 pim), cracks can simply bypass the connection centers by fracturing along the vertical
boundaries of tablets without plastically deforming individual mineral tablets. In this process,
only minimal extra energy is dissipated because the more efficient volumetric deformation
mechanisms in the mineral tablets are not activated. This argument is supported by many
electron microscopic images of the fractured surfaces of nacre, which are usually characterized
by smooth and sharp vertical fracture surfaces along the boundary of adjacent tablets and little
plastic deformation within mineral tablets3 32

In this work, I analyzed the large-scale distribution and mechanical behavior of the
nanoscale screw dislocation-like connection centers in the highly optical transmissive shell of the
bivalve P. placenta. Using electron microscopy mapping over large areas (15 mm 2), I, for the
first time, revealed that the foliated microstructure composed of calcitic elongated building
blocks is integrated and reinforced as a three dimensionally interconnected architecture through
screw dislocation-like connection centers. This result is in stark contrast to the previously
assumed simple laminate structure of foliated microstructures like that of P. placenta. Moreover,
associated pairs of connection centers with up and down signs were identified, and the distance
(d) between them was fit well with a logarithmic distribution (number average: 574 ± 509 Pim, n

270, largest observed value -3 mm).

Using a customized high load macroindentation experiment, I probed the mechanical
behavior of the shell of P. placenta at the macroscopic scale, which provided deformation
characteristics at an appropriate length scale to correlate with the distribution of connection
centers. Synchrotron pCT scanning of the resulting damage zone demonstrated that the
indentation residue was isotropic and circular without any radial cracking. This is a remarkable
behavior for this biocomposite with fibrous building blocks (Chapter 3), because most of fiber-
reinforced engineering composites typically exhibit anisotropic damage patterns directly related
to their fiber orientations. This is true even when multiple laminae are stacked together with
different directions to form the so-called plywood composites20 2 . The pCT data clearly
revealed that a complex 3D interconnected network of microcracks was formed within the
isotropic damage zone, which not only produced a large area of interface opening for energy
dissipation, but also maintained the structural integrity of the shell within the damage zone. This
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process enabled effective damage localization and multi-hit capability. Moreover, both pCT and
high resolution electron microscopy provided direct evidence that the interconnected network of
microcracks was facilitated by the formation of micro-sized ligament bridges, which were
directly associated with the screw dislocation-like connection centers.

Tablet pull-out has been identified as one of the key mechanisms which leads to the high
49,50,53,61toughness of the nacreous structure4 . Theoretical analysis based on the shear force

transfer from a continuous soft polymer matrix to the stiff tablets suggests that the aspect ratio
between lateral dimension and vertical thickness, s, plays a critical role in determining the
strength and toughness of the composites. Larger aspect ratios provide efficient load transfer to
tablets and thus increase strength, while the fracture toughness may be reduced due to possible
premature fracture of tablets. Therefore, aspect ratios slightly below the critical value as
determine by scritical = Gf/ 71 are considered to be optimal in providing both high strength and
toughness. Indeed, structural measurements of various nacreous structures suggest a good

60agreement with this analysis . Quantitative measurement of the building block geometry in P.
placenta indicate that their aspect ratio is ~500, (length: ~140 ptm; thickness: ~ 0.3 tm), which is
more than one order of magnitude higher than the optimal value for the "pull-out" deformation
mode (scritical: -25, Gf: ~ I GPa; r7 : ~40 MPa). This analysis indicates that, unlike nacre, fiber
pull-out is not the primary toughening mechanism of the foliated microstructure of P. placenta.
Instead, the large aspect ratio of the building blocks, in conjunction with screw dislocation like
connection centers, allow the formation of ligament bridges, which leads to high energy
dissipation.

Considering both the nanoscale deformation mechanisms elucidated in Chapter 4 and the
macroscopic deformation behavior in this chapter, we are now able to draw a full hierarchical
picture of the mechanical behavior of the P. placenta shell. At macroscopic length scales (-mm),
the laminate composite is able to form an interconnected complex network of microcracks
surrounding the damage zone, which still maintains overall structural integrity while dissipating
energy via a large amount of interface openings. Through these unique screw dislocation-like
connection centers, the bioceramic armor is able to directly activate much more efficient
pathways in dissipating energy at smaller length scales. As cracks have to fracture/break the
mineral layers whenever crossing connection centers, local multi-axial stress fields are generated
around the vicinity of connection centers. This initiates a series of nanoscale deformation
mechanisms, such as deformation twinning, nanocracking, fragmentation, grain formation and
reorientation, and amorphization. As suggested by our theoretical analysis, such direct activation
of nanoscopic volumetric energy dissipation mechanisms via connection centers is able boost the
interface fracture toughness by ~100 times. This is also broadly consistent with our surface area
measurement-based energy dissipation analysis of the resulting macroindentation damage zone.

In-plane delamination failure along interfacial layers is one of the key issues for engineering
laminate composite materials, which greatly affects the fracture energy adsorption capability and
damage tolerance, particularly under out-of-plane impact loading conditions202 21 1,212. A number
of interfacial control strategies have been proposed and developed to enhance fracture toughness
while still maintaining a relatively high out-of-plane strength. In particular, placing
reinforcement structures along the thickness direction of laminate composites, such as stitching
fibers, steel wires, or whiskers, has been shown to improve the interfacial toughness and reduce
delamination 212-214. Moreover, improved out-of-plane strength can be also achieved with this
three-dimensional composite structure. However, addition of these vertical delamination resistors
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typically results in damage of the original laminate structure, entrapment of voids, and formation
of regions with local stress concentrations 212

Delamination is also one of the major problems of laminate-based transparent armor
materials. Common low-velocity impacts and environment degradation often result in
delamination.8. Moreover, reinforcement along the vertical direction through structures such as
stitching fibers is simply impossible since most of transparent armors materials are made from
brittle ceramic materials, for which drilling is generally not a good idea! Even if we succeeded in
placing vertical reinforcement structures, optical transparency would certainly be compromised
due to light scattering and/or absorption by the addition of secondary phases and generation of
additional interfaces.

The unique screw dislocation-like connection centers discovered in this work provides an
effective solution to minimize delamination by interconnecting the entire laminate structure in
three dimensions. Unlike stitching with additional fibers or wires in a discrete manner, this type
of out-of-plane reinforcement via connection centers utilizes the same material as the original
laminate structure, minimizes local structural discontinuities, and introduces minimal structural
modifications to the original layered structure. We believe this unique structural design principle
is particularly relevant to transparent armor systems. With these connection centers, the anti-
delamination performance can be improved while still maintaining high optical transparency
with minimal alternation to the laminate structure.

In addition to delamination resistance, distribution of connection centers with specific
densities and/or signs allows one to control the composite structure locally without sharp
discontinuities. One possible application is related to edge delamination, which is induced by the
3D inter-laminar stresses developed at stress-free edges of discontinuities. Edge delamination is
one of the main failure modes for ceramic coatings deposited on metal substrates due to their
large thermal mismatch after cooling down to room temperature2 1 5 . As shown in this work, the
interface fracture toughness is directly related to the density of connection centers; therefore, it is
possible to minimize edge delamination failure by placing more connection centers around edges.
Another possible application of controlling density and signs of connection centers is local
thickness control. Currently, variation of local thickness in laminate composite materials is
usually achieved by simply removing lamina in the area of thickness reduction, so-called ply
drop-off". This configuration produces interface discontinuities which can further lead to edge

211delamination . This problem can be potentially minimized by placing connection centers with
specific signs so that the local thickness can be controlled without generating sharp interface
discontinuities.

In this chapter, I presented a detailed investigation of a unique structural feature, i.e. screw
dislocation-like connection centers, in the foliated structure of the P. placenta shell. Large area
(-15 mm 2) mapping and analysis indicated that this structural motif integrates the entire laminate
shell to form a 3D interconnected structure, as opposed to a simple laminate with discrete layers
as was previously thought. Experiment-based analysis of the total interface fracture toughness
showed that the connection centers are able to improve the interface fracture toughness by
approximately two orders of magnitude as compared to simple laminates without connection
centers. High-resolution synchrotron pCT scanning of macroindentation residues allowed us to
visualize the damage zone in 3D. Combining these results with electron microscopy studies, we
confirmed that connection centers play a critical role in bridging and deflecting microcracks,
maintaining the entire structure as an integrated system and forming a complex 3D network of
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microcracks to dissipate energy. Moreover, quantitative measurements of the surface area
generated by the interface opening process allowed me to decouple the contributions of energy
dissipation from two sources, interfacial energy dissipation via interface opening (debonding)
and volumetric energy dissipation via plastic deformation. I found that ~1-5% of the total energy
dissipation results from interface opening, which was consistent with my theoretical analysis.
The total energy dissipation can be improved by up to ~100 times through connection centers
distributed in interfaces. This two-order of magnitude enhancement results from the activation of
nanoscale plastic deformation mechanisms, which are much more efficient in energy dissipation,
as revealed in last chapter.

The direct linkage between the macroscopic and nanoscopic scales provides unique and
effective pathways for toughness enhancement. As compared to nanoscale deformation
mechanisms, the formation of interconnected microcrack network through ligament bridges via
connection centers is more material-independent. The activated nanoscale deformation
mechanisms certainly rely on the specific materials used in the system. Nevertheless, this design
strategy can be potentially applied for novel composite structure designs, possibly future
laminate-based transparent armor systems, to enhance fracture toughness and damage tolerance.
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Chapter 6 Functional structural color in the mineralized

shell of the blue-rayed limpet, Patella pellucida

This chapter is based on a collaborative work and is now under review for publication: Li,
L.*, Kolle, S.*, Kolle, M., Weaver, J. C., Ortiz, C. & Aizenberg, J. Functional structural color in
the mineralized shell of the blue-rayed limpet, Patella pellucida. (*Equal contribution).

6.1 Introduction

Through the course of evolution, many species have developed ingenious ways to interact
with light in order to create unique visual displays102,107,108,112,2 16,217. Pigment-based spectrally
selective absorption empowers air-borne, terrestrial, and aquatic creatures to display mostly red,
orange, yellow, and more rarely green or blue hues in their skins, plumages, scales or shells9 8 00.
In contrast, nano or micro-periodic organic structural architectures have evolved to interfere with
light where strong metallic reflections and iridescent colorations are required or the pigmentation

99,103for a specific hue is unavailable9 ' . Most natural occurrences of blue color, for example, are
due to the interaction of light with such biological photonic systems. Structural colors have been
found in the feathers of peacocks and other birds 104-106, the wing scales of butterflies and
moths 07'108109, the exoskeletons of beetles" 1' 0 , and even in the skins of birds and mammals 8 8,
shedding light on a stunning diversity of biologically evolved light manipulation mechanisms.

Despite the fact that structural color is also extremely common in marine ecosystems, with
representatives including algal, invertebrate, and vertebrate species, few examples have been
well characterized, and in-depth investigations have been limited to metallic fish scales 87,2 18,2 19,
the reflecting setae of crustaceans 220 and polychaetes 221,222 and, most notably, the camouflage
and coloration control mechanisms of cephalopods that rely on the intriguing interplay of
localized dynamic light-absorbing chromatophores, iridescent iridophores, and strongly
scattering leucophores 1,223,224

The majority of these structurally diverse, functional biophotonic architectures of different
organisms have been shown to be comprised of highly ordered organic materials, including

85 86 87 88 89,90 9cuticle 5, chitin , guanine , collagen , keratin ' , and proteins such as reflectin91 . Being the
most prominent example of a biologically produced inorganic iridescent material, nacre's diverse
color palette originates from light interference within its layered composite structure of
microscopic aragonite tablets. The structural color is only apparent in the interior of the shell
with little to no external visibility. Most likely mechanical robustness45 is the primary biological
purpose of this laminated microstructure.
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Figure 6-li The blue-rayed limpet Patella pellucida. a, Two blue-rayed limpets in their natural
habitat on the stipe of a macroalgae. The surrounding light-yellow regions show exposed algal tissue
eaten away by the limpets. b, Optical (left and middle panels) and scanning electron micrographs
(SEM, right panel) showing the reflection and transmission of light from the shell exterior and interior
and the surface topography of the shell's exterior and interior. All the scale bars in (b) are 2 mm. c,
Reflection optical micrograph of a single stripe.

In this chapter, I describe a localized, highly sophisticated, structurally complex, but entirely
mineralized localized photonic system embedded within the continuum of a translucent mollusk
shell that lies at the origin of the striking optical appearance of the blue-rayed limpet, Pate/la
pellucida. This organism displays a dramatic array of thin bright blue stripes along the length of
its translucent shell (Figure 6-la). Ranging from coastal Norway and Iceland south to Portugal
and west to the Canary Islands 33 ,134, this species occupies the lower intertidal and subtidal zones
of rocky shores (depth < 27 in), where it populates the fronds and stipes of Laminaria7 7 and
other species of large macroalgae. The limpets, occurring both solitarily and in groups, feed on
the kelp leaving distinctive circular feeding marks' 35(Figure 6-la). The blue stripes first appear
as a spotty, interrupted pattern in juvenile limpets (shell length, ~2 mm), and become more
continuous as the animal grows, although the width of the stripes remains relatively constant (0.1
- 0.2 mm, Figure 6-lb-c). The stripe patterns appear to be unique from limpet to limpet, and the
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stripe color varies from deep blue to turquoise among different individuals. Scanning electron
microscopy (SEM) analysis of the exterior and interior surfaces of the shell reveal no distinctive
morphological features coinciding with the blue stripes, suggesting that the source of the color is
subsurface (Figure 6-1b). Immersion of a mechanically partially damaged stripe in water or
index-matching oil results in a variation of the color towards higher wavelengths or a complete
disappearance or the reflected hue, respectively (Figure 6-2), indicating a color of structural
origin.

Figure 6-21 Experimental evidence indicating the structural origin for the blue stripes. a, A single,
partially mechanically damaged stripe shows a pronounced variation of the reflected hue from blue in
air towards green when immersed in water. b, Infiltration of index-matching oil into the interstitial
spaces of the multilayer suppresses the blue reflection and reveals the underlying absorbing particles
(Experiments by Mathias Kolle).

6.2 Methods

6.2.1 Experimental methods

Limpet specimens were collected along the coastlines of St. Abbs (Scotland), the Farnes
Islands (North England), Rhosneigr, and Fishguard (Wales) in the United Kingdom and were
stored under either dry conditions or in 40% ethanol.

For SEM studies using a Helios Nanolab 600 Dual Beam (FEI, OR), the shells were coated
with an ultra-thin carbon layer to reduce charging effects prior to imaging. Cross-sectional
samples and TEM samples were prepared using Focused Ion Beam (FIB) milling with the same
system. Final polishing using the ion beam at 2 kV was critical for obtaining a clean surface with
a minimum amount of damage. TEM imaging with typical bright-field, dark-field, and SAED
techniques was carried out using a JEOL 2011 operated at 120 kM High-resolution TEM
imaging was performed on a JEOL 201 OF operated at 200 kM

AFM imaging was performed with a Digital Instruments Multimode SPM IIIA (Veeco, CA)
(NANOSENSORS Si TMAFM cantilevers, PPP-NCHR-10).

X-ray nanotomography was performed at Beamline 32-ID (8.381 keV, APS, Argonne
National Laboratory, US) with samples prepared from FIB cutting (~25x25xl0 pIm). The
projection slices (pixel resolution, ~13.4 nm) were reconstructed using Xradia
TXMReconstructor.
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Spectrally resolved intensity maps were acquired for single stripes in a modified Leica
DMRX optical microscope with a 20x objective where an additional photoport allowed for the
collection of light reflected from the specimen into an optical fiber of 50ptm diameter. Spectra
were collected from a spot of 2 pm diameter with collection cone half angle of 330 and the
corresponding maps were obtained by laterally scanning the sample in 2 pim steps while
maintaining the specimen in constant focus.

Quantitative spectral measurements for the determination of the stripes reflectivity in water
were performed by using a 63x water immersion objective with numerical aperture NA = 1.0
allowing for the collection of spectra from spots of ~ 2 ptm diameter in a polar angular range of

0 to 500.

Optical diffraction of the samples was studied using a modified Olympus BXFM
microscope, where by incorporation of a Bertrand lens, scattering of a specimen under quasi-
plane wave illumination, achieved via an additional photo-port, was analyzed by focusing on the
backfocal plane of the objective. A high numerical aperture oil immersion objective (Leica PL
APO 100 x / 1.4 - 0.7 OIL) was used to increase the observable angular range.

6.2.2 Theoretical methods

Theoretical calculations of the blue stripes' reflectivity were based on an iterative technique
for the determination of the reflection coefficients of planar stratified media2 25 implemented in a
custom-made MatLab script. In order to account for the illumination and collection conditions
resulting from the use of a water immersion lens with numerical aperture 1.0, for each of the 500
calculation runs we determined the average reflectivity (R) of non-polarized light as the

weighted average (R) = 10,=0.0 NAi -NA_ 1  NA)) + (

&(NAi) = sin-1 NAi and the reflectivities R11 of parallel and R1 of perpendicularly polarized
nwater

light. We also factored in the Gaussian intensity distribution of incident light in the back focal
plane of the objective that we mapped prior to the spectroscopic experiments and calculations.

The reflection curve (shown in blue in Figure 6-12a) is the dataset re-plotted from Figure
6-8d. The absorption curve of water (black curve) was calculated from spectroscopic data
reported in the literature (reference 54 in the paper). In Figure 6-12b, the spectral irradiance at
sea level (0 m depth) is the ASTM standard, (ASTM G173 - 03, 2012). All other irradiance
curves for lower depths were calculated based on this dataset taking into account the water
absorption (black curve in Figure 6-12a). For each depth the reflected irradiance of the limpet's
blue stripes was calculated by multiplying the corresponding incident irradiance data with the
average reflectivity spectrum shown in Figure 6-12a (blue curve).

6.3 Results

6.3.1 Ultrastructural features of the entire shell

The P. pellucida shell consists of at least four different microstructural types in addition to
the unique photonic multilayer as discussed in detail in the following sections (Figure 6-3). As
shown in Figure 6-3d, on top of the photonic multilayer, an outer layer (~20-30 pim) composes
of laminate-like structures with their boundaries much more irregular as compared to structures
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like nacre and cross-lamellar structure. Below the photonic multilayer and colloidal particles, the
majority of the shell is made of cross-lamellar layer (>100 tm, Figure 6-3c,e). As compared to
typical cross-lamellar structures which have straight boundaries between corresponding
hierarchical orders, the boundaries between regions with different crystal orientations are
irregular in this case (Figure 6-3c,e). In addition, prismatic and complex cross-lamellar layers
are observed further towards to the interior of the shells (Figure 6-3c,fg).

a d Outer layer

0.5 mm

b e Cross-lamellar layer

0.5 mm

Prismatic layer

9 Complex cross4amellar layer

Figure 6-31 Microstructures observed in the shell of blue-rayed limpet. SEM image (a) and
corresponding schematic diagram (b) of the entire shell cross-section. (c) Enlarged SEM image of the
shell cross-section showing six observed microstructural types: from shell exterior to interior, irregular
lamellar layer, photonic multilayer, colloidal particles, cross-lamellar layer, prismatic layer, and
complex cross-lamellar layer. Corresponding high magnification SEM and TEM images for the four
non-photonic microstructural types are shown in (d-g).

6.3.2 Ultrastructure of the photonic components

In the zones where blue stripes are present, a distinct multilayered structure (Figure 6-4a,b)
with regular gap spacing between individual lamellae (Figure 6-4c) is located at a depth of 10-
20 pm beneath the outer irregular lamellar layer, where the mineralized building blocks are
closely packed without any detectable spacing. The maximum thickness of this multilayer region
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is ca. 7-10 ptm at the center (corresponding to 40-60 layers) and gradually decreases in thickness
towards the edge of each stripe (Figure 6-4a). Beneath this multilayer region, a disordered array
(~ 5 ptm in thickness) of colloidal particles is observed (Figure 6-4a-b and Figure 6-5). Its
lateral width (x-direction in the reference coordinate system) is found to be just short of
matching that of the multilayer, leaving the stripe edges free of particles underneath. This
distinctive combination of structural features specifically coincides with the location of the blue
stripes and is clearly visible in SEM images of fractured shells prepared from freshly collected
specimens, excluding the possibility that these features represent polishing-induced artifacts
(Figure 6-4d). The width of the multilayer region (ca. 100 pm) is consistent with the width of
the blue stripes observed in optical microscopy, further indicating that this is the structure
responsible for the optical effects.

Transmission electron microscopy (TEM) imaging of thin sections from the multilayer
structure prepared using focused ion beam milling (FIB) reveals that the individual lamellae in
the multilayer microstructure have a thickness of 113 ± 11 nm (Average ± SD, n = 52) with the
inter-lamella gap spacing measuring 53 ± 7 nm (n = 29) (Figure 6-4c-e). Under physiological
conditions the space between lamella is likely occupied with water only or a low density heavily
hydrated organic material. The constant thickness and spacing of the lamellae are maintained
throughout the entire multilayer region. In particular, the thickness of the multilayer region
decreases toward its edges by reducing the number of lamellae rather than the thickness of
individual lamella or the spacing between them.

In general, the multilayer lamellae do not adopt a single global orientation parallel to the
shell surface. Instead, the multilayer structure exhibits a complex zig-zag-like architecture with
the multilayer surface normal spanning a polar angle 0' of about 160 - 180 with respect to the
overall shell surface normal (Figure 6-4b, Figure 6-9c-d and explanations below). This is in
contrast to most of the photonic multilayer systems found in nature, including the layered
morphologies observed in jewel and scarab beetles226-229. When viewed in cross-section, the
characteristic angle between lamellae forming the zig-zag pattern is 144.4 3.0' (n = 52).
Edge-dislocation-like interconnecting junctions and nanoscopic bridges linking adjacent lamellae
observed within this complex zig-zag structure appear to reinforce the mechanical stability of
this porous layered architecture (Figure 6-4fg) 4,200. Please see Movie 2 in Appendix B for the
illustration of the hierarchical structure of the photonic multilayer.

Figure 6-41 The photonic architecture in the shell of the blue-rayed limpet. a,b, SEM images after
sectioning and polishing along the white line of the limpet shell in the upper left inset (the center part of
the polishing line marked in red represents the area of the cross-section shown in (a)). The two different
structural components - a regular nanoscopic multilayer on top of a disordered array of colloidal particles
(marked with the white dashed lines) - are embedded within the normal densely-packed lamellar
microstructures (which lack the detectable gap spacing present in the multilayer region). The
characteristic angle 0' between the local multilayer surface normal and the shell surface normal is marked
in two positions (b). c, Transmission electron microscope (TEM) image showing the regularity in width
and spacing of the mineralized lamellae in the multilayer region. d, SEM image of a fractured cross
section of the multilayer structure. e, Distribution of calcite layer thickness and gap width within the
photonic multilayer. TEM images of dislocation-like connections (f) and small inter-layer mineral
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bridges, marked by white arrows (g), which might contribute to the structural integrity of the photonic

multilayer architecture.
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Another unique feature of the blue-rayed limpet's photonic system is the presence of

disordered arrays of colloidal particles immediately beneath the multilayer structure (Figure
6-4b, Figure 6-5) with an average particle diameter of 300 ± 100 nm (n = 349, Figure 6-5b).
Using X-ray nanotomographic reconstructions (see Methods), the colloidal particle array was
segmented in the z-direction and the location of each colloidal particle was spatially mapped
relative to its neighbor. Using this technique, a flattened z-stack that showed the plan view
distribution of the colloidal particles suggested almost complete areal coverage (Figure 6-5a).
Atomic force microscopy performed on intact colloidal particles in fractured shell cross-sections
revealed a complex surface morphology, resembling the agglomeration of smaller granules (-50
nm in diameter, Figure 6-5c).

a

b , 2 (313+1o1) nm C
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Figure 6-51 Morphology of colloidal particles underneath the photonic multilayer. a, Plan-view z-

stack overlay showing the distribution of colloidal particles underneath the multilayer, based on X-ray
nanotomography reconstructions. b, Size distribution of the colloidal particles. c, AFM height image of
the intact colloidal particles, demonstrating the non-faceted fused-granules surface morphology.

6.3.3 Crystallographic characteristics of the photonic components

In most mollusk shells, crystalline calcium carbonate (either in the form of calcite, aragonite

or a combination thereof) is the primary building material 4,24. In particular, a variety of limpet

species demonstrate the co-presence of both calcite and aragonite in their shells230,21. This is the

case for the blue-rayed limpet as confirmed by whole shell powder X-ray diffraction (Appendix
A, Figure A-6). Local crystallographic characteristics in the multilayer and surrounding regions

were studied using selected-area electron diffraction (SAED) and high-resolution TEM imaging

(Figure 6-6 and Figure 6-7). Diffraction patterns acquired from multiple adjacent multilayer
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lamellae reveal well-defined single crystal-like diffraction patterns consistent with the calcite
polymorph. Multiple closely-matched electron diffraction patterns acquired in the transition zone
between the multilayer and the top irregular lamellar microstructure indicate that the photonic
multilayer not only preserves the crystallographic phase but also the orientation from the
surrounding non-photonic regions, despite the presence of 50 nm wide gaps in the multilayer and
300 nm sized particle beneath, it (Figure 6-6a,b). This conservation of crystal orientation across
multiple types of microstructures is known from other mollusk shells 39; however, most of these
microstructures are densely packed with the respective building blocks without such gap spacing
or spherical particles being incorporated in the crystals.

Lattice imaging of the calcitic lamellae using high-resolution TEM further illustrates their
crystalline nature (Figure 6-6c), and corresponding Fast Fourier Transforms (FFT, Figure 6-6c,
inset) were indexed to the [010] zone axis of calcite. In some regions, a thin amorphous layer
with thickness of ca. 10 nm was observed on the surface of the crystalline lamellae (Figure
6-6c), whereas in other areas, the lamellae are entirely crystalline (Figure 6-6d,e). High-
resolution TEM images and corresponding FFT patterns obtained from two neighboring lamellae
further confirm the local crystallographic co-alignment in the multilayer region (Figure 6-6fg).
This crystallographic continuity across lamellae is also manifested by the continuous lattice
fringes running across the mineral bridges between adjacent lamellae (Figure 6-6h).
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Figure 6-61 Crystallographic composition of the photonic architecture. a, TEM image of the upper
transition zone between the dense lamellar matrix and the photonic multilayer. b, Selected area electron
diffraction (SAED) patterns acquired from the areas marked in (a), which are all indexed to calcite
with zone axis of [142]. This demonstrates that both the crystallographic phase and orientation are
conserved across the transition zone. c, High resolution TEM image of the calcite crystal lattice in a
single lamella. The top ~10 nm of the lamella appears to be amorphous while the remainder is
crystalline. The inset shows the corresponding Fast Fourier Transform (FFT) pattern of the crystalline
region (calcite with zone axis, [010]). d,e, High-resolution TEM images and corresponding FFT
patterns (insets) of the crystalline plates in the photonic multilayer structure, where the crystalline
regions fully extend to the surface of the plates. A small amorphous region in A is indicated. f, Parts of
two lamellae from the photonic multilayer that are separated by a gap. FFT patterns of the adjacent
edges (i, ii) are displayed in the (g), showing that the crystal orientation is preserved across the gap. h,
High resolution TEM image showing a mineral bridge connecting two lamellae within the photonic
multilayer, with the crystal lattice translating from one lamella to the next via the connection.
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The crystalline mineral phase continues to be conserved in the matrix surrounding the
disordered array of particles beneath the multilayer structure (Figure 6-7a,b). In contrast,
electron diffraction measurements on single colloidal particles reveal a characteristic amorphous
diffraction halo, confirming their non-crystalline nature (Figure 6-7a,c).

a b

C

Figure 6-71 a, TEM image of the transition zone between multilayer and colloidal particle array. (b and
c) SAED patterns of the surrounding crystalline matrix and amorphous colloids obtained from areas
indicated in (a).

6.3.4 Optical properties of the photonic multilayer

To understand the optical interplay between the multilayer architecture and the underlying
colloidal particle array, we investigated several blue stripes using optical microscopy, micro-
spectroscopy, and diffraction microscopy. All optical measurements were performed with the
shells being immersed and equilibrated in water to emulate the organisms' natural environment.
The reflection of a typical stripe observed from the shell exterior was imaged and spectrally
mapped with a resolution of 1 ptm (Figure 6-8a). The stripe was strongly reflecting and very
conspicuous in the wavelength range of 450-570 nm as compared to the surrounding region
(Figure 6-8a, middle) and was indistinguishable from the neighboring areas at higher
wavelengths (600-800 nm, Figure 6-8a, right).
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Figure 6-81 Optical properties of the photonic multilayer. a,b, Reflection optical micrograph of a
single stripe (left) in comparison with two intensity maps of light reflected in the range of 450-570 nm
(middle) and 600-800 nm (right) wavelength. The experiment was carried out from (a) the exterior and
(b) interior side of the shell. c, Transmission optical micrograph of a single stripe (left) in comparison
with two intensity maps of light transmitted in the range of 450-570 nm (middle) and 600-800 nm
(right) wavelength. The experiment was carried out from the interior of the shell. d, Reflection
spectrum of a stripe in water, referenced against a 97% reflective silver mirror. The blue line represents
the average reflectivity with the standard deviation being visualized by the blue shaded area (7 limpets,
10-20 measurements on each). The black dashed curve represents theoretical calculations of the blue
stripes' reflectivity that results from 500 calculation runs of a multilayer stack with 40 calcite lamellae
(n = 1.59) and water filling the interstitial gaps (n = 1.33) with an average lamellae thickness of 113
I I nm and a spacing of 53 ± 7 nm determined from TEM images

Under water, the reflectivity of the blue stripes amounts to 55% ± 10% (average and
standard deviation, 7 limpets, 10-20 measurements on each, Figure 6-8b), as compared to a
silver reflector (>97% reflectance in the spectral range of interest). The observed spectral
distribution is very well correlated with the theoretical reflectivity calculations that were
performed based on a multilayer consisting of calcite lamellae in water with the average
thickness, spacing and standard variations experimentally measured in the limpet's layered
architecture. This observation further supports the hypothesis that the main constituent in the
multilayers interstitial space is aqueous. In extreme cases, a local reflectivity exceeding 75%
could be observed.
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The stripes scatter blue and green light over a broad angular range. Angle-dependence and
wavelength-selectivity of the scattering was further elucidated by imaging a stripe's angular
scattering profile under normal light incidence using diffraction microscopy (Figure 6-9a).
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Figure 6-91 Optical properties of the photonic multilayer. a, Diffraction microscopy image
visualizing the scattering upon light reflection from a single stripe, where each pixel represents the
intensity of light as a function of its propagation direction after reflecting off the stripe as characterized
by the polar angle 0 (measured from the sample normal) and the azimuthal angle p. b, Domains in the
zig-zag multilayer architecture. Two different multilayer normal orientations of 0' z -16' (pink) and 0'

160 (yellow) with respect to the shell normal surface are visualized in this scanning electron
micrograph. c, Schematic representation of light reflection from the limpet's photonic zig-zag
multilayer structure for light normally incident on the shell surface. According to Snell's law, the angle
of highest reflectivity in water (0,z 400) corresponds to an angle of z 320 (with respect to the incident
light) in the calcite shell suggesting an inclination of the reflecting multilayer of 0' z 160 with respect
to the shell surface, which matches well with the observed characteristic angle of around 144' between
the multilayer lamellae. d, Polar plot of reflection intensity showing that each stripe reflects light in a
broad angular range of up to more than 600 cone angle. Due to the different orientations of the stripes
along the curved shell, part of the stripe pattern can be seen from almost any direction.

Each individual pixel in the resulting diffraction image captures the intensity and hue of
reflected light that is observed from a specific direction defined by the polar angle 0 (measured
from the sample surface normal) and the azimuthal angle p. Three different effects are apparent:
(1) The rotational symmetry of the scattering pattern as characterized by the even intensity
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distribution along qp; (2) an annulus of high reflection intensity corresponding to 0,f 400; (3) the
variation of hue with increasing 0.

The rotational symmetry in the stripes' diffraction pattern results from local in-plane
rotational variations of the multilayer lamellae across the stripe, as will be discussed in detail
later (Figure 6-10e). The annulus of higher intensity at polar angle 0 40' in water suggests that
the layered architecture has a predominant inclination of 6' = 1/2 - sin-(nwater/ncaco 3 "
sin 0) 16' with respect to the shell's surface normal (Figure 6-9b-c), which correlates very
well with the major inclination observed in the zig-zag pattern. Overall, the observed scattering
increases the visibility of each individual blue stripe in water, which can be perceived in a range
of polar angles of up to more than 60' measured from the stripes' surface normal (Figure 6-9d).
Taking into account the macroscopic curvature of the limpet's shell, at least a part of the blue
stripe pattern can be seen from any direction on the top of the shells (see supporting movie Ml).

The change of color with increasing polar angle 0 is an effect inherent to reflection of light
from a multilayer where the reflection peak wavelength depends on the angle of observation.
This color variation is evident in a series of spectra obtained by micro-spectroscopy from a
single stripe at increasingly larger collection angles using an oil immersion objective (Appendix
A, Figure A-7).

6.3.5 Optical properties of the colloidal particles

Knowing that the mineralized multilayer in the stripe region serves as an optical interference
filter to produce the strong blue reflection, we will now discuss the role of the disordered array of
colloidal particles. Using optical transmission microscopy, we can identify the locations of high
colloidal particle abundance, which corresponds to dark areas in the stripe micrographs (Figure
6-10a). The same regions also appear dark upon reflection of light from the shell interior (Figure
6-10b). A direct correlation of high-resolution optical images (Figure 6-10c) and scanning
electron micrographs (Figure 6-10d) at the interior growth front of the stripe close to the shell
edge reveals different morphological regions with distinct optical signatures: At the end of the
stripe closest to the shell's growth edge, the emergence of the multilayer lamellae is observed
("M" in Figure 6-10c, d, & e). The gap spacing among adjacent lamellae can be clearly
observed in the M region (Figure 6-10e, inset). The rotational variation in the planar orientation
of the multilayer stacks (Figure 6-10e) is responsible for the rotation symmetry observed in the
reflection pattern in Figure 6-10c. Further away from the growth edge (i.e. towards older regions
of the shell), the lamellae appear to be covered by exposed colloidal particles ("C" in Figure
6-10c, d, &f) with a corresponding decrease in reflection intensity. Even further away from the
growth edge, densely packed cross-lamellar structures cover the colloids ("CL" in Figure 6-10c,
d, &g) and a very low reflection intensity is observed.
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Figure 6-101 Micro-morphology at the growth edge. a,b, Transmission and corresponding reflection
optical micrographs of a stripe at a shell's growth edge imaged from the shell interior. c,d, High-
resolution optical micrograph and SEM image acquired in the transition zone (marked in (b)) between
the blue reflecting and non-reflecting areas. Three different regions are apparent: the multilayer region
with high blue reflection "M"; the region covered with colloidal particles with decreased reflection
intensity "C"; a cross-lamellar region with very low reflection intensity "CL". (e-h) High magnification
SEM images of regions of "M", "C", and "CL", respectively. f shows the gaps (yellow arrows)
between the lamellae in region M.
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The increase of colloidal particle density also leads to reductions in the transmission
intensity across the edge of stripes (Figure 6-11a). This is further evident by the quantitative
negative correlation between the density of colloidal particles (data deduced from FIB cross-
sectional images from the stripe edge to its center) and the transmission intensity (Figure 6-11 b,
c).

While the attenuation of light of complimentary color transmitted through the multilayer in
the regions of high colloidal particle abundance could in principle result from light scattering by
the particles, our experiments reveal that it is primarily due to absorption. This becomes apparent
when considering the limpet's shell with its underlying soft body together. The color of a live
limpet's body is typically off-white. To imitate this natural situation during optical
characterization, we partially painted the interior of a limpet shell white (Figure 6-11d). The
blue stripes can be clearly seen in the unpainted part as well as the whitened part without any
decrease in intensity or change in hue, which would be observed when placing a simple dielectric
multilayer mirror on a white background. On a dark background (or with no background at all as
is the case in the unpainted part), the reflection of a stripe appears bright blue (Figure 6-11e, the
region with multilayer (M) is marked by the dashed line). Imaged with transmitted light, the
stripe shows up in the complementary color (orange-red), and the dark areas correspond to the
locations where the colloidal particles are present (Figure 6-11f, areas with colloidal particles
underneath the multilayer (C) are marked with dotted lines). After the interior of the shell is
painted, the blue reflection remains prominent only in regions with particles underneath the
multilayer (Figure 6-11g, regions marked M+C). In areas deprived of colloidal particles (regions
marked M), the light of complementary color is scattered by the white paint beneath the
multilayer and recombines with the blue reflection, resulting in a drastic desaturation of the
perceived color. We deduce therefore that when present underneath the multilayer, the colloidal
particles, which absorb the majority of the transmitted light, provide enhanced contrast for the
blue reflection against the white scattering soft limpet body below. Additionally, the arrangement
of the colloidal particles appears to be optimized to ensure complete areal coverage beneath the
majority of the multilayer, thus maximizing the absorption of transmitted light (Figure 6-5a).
The size and separation of the colloidal particles are comparable to other systems that favor
multiple scattering232 , which could increase the number of interactions of incident light with the
absorbing colloidal particles through multiple scattering and thereby lead to an increased
absorptivity233 of the thin layer in which the particles are located. A similar interplay between
photonic structure and absorbing particles has been observed in the feathers of birds 3.
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Figure 6-111 Optical function of the particles beneath the multilayer. a, Light transmission along a

path from particle-free zones to particle-covered regions beneath a blue stripe. b, High-resolution

optical micrograph acquired in reflection of the transition area from the edge of a blue stripe (no

particles, left) towards the center (dense particle coverage, right). c, Correlation of transmitted light

intensity averaged over the wavelength range of 400--750 nm and particle density deduced from SEM

cross-sections along a path from left to right of (b). d, Optical image of a limpet shell with its right

interior side painted white. e,f, Reflection and transmission optical image of a single stripe before paint

application. The circumference of the stripe, i.e. the area where the multilayer (M) is located is marked

with a white dashed line. The locations of colloidal particles (C) beneath the multilayer are marked

with white solid lines. g, Reflection optical image of the same stripe after painting. The areas with

multilayer and colloidal particles (M+C) maintain a strong blue coloration while areas where particles

are missing below the multilayer (M) display only a faint blue.

6.4 Discussion and conclusions

The combination of two mineralized structural elements, i.e., the photonic multilayer and

the light-absorbing colloidal particles in a calcite matrix beneath, that enables a strong blue

reflection with enhanced color contrast, together with the macroscopic localization of those

structures in the form of stripes along the shell, indicate that the photonic system in the blue-

rayed limpet might have evolved to serve a purpose in visual communication. Individual stripes

on a limpet shell reflect light in a cone of more than 120' opening angle. Due to the curvature of

the shell, each stripe has a distinct orientation on the shell surface. Consequently, for most

observation positions above the limpet's shell there is a set of stripes that can be clearly seen.
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Besides the wide angular visibility range, the highest intensity of reflection from the stripes
is found in the spectral domain that coincides with the absorption minimum of seawater (Figure
6-12a). Blue and green light travels farthest in seawater before being attenuated completely and
therefore lends itself as the optimum color range for visual communication in the marine
environment (Figure 6-12b). At water depths of 10m and 20m the intensity of blue light
reflected from a limpet's stripes still amounts to 77% and 60% of its original value at the water
surface respectively, providing a good color fidelity therefore allowing the organisms to appear
highly conspicuous and identifiable even at deeper water levels within its habitat. A diver can see
the blue color reflected by limpets on the kelp from over five meters distance. By contrast, other
limpet species such as Helcion pruinosus131 and Patella granatina13 2 display only subtle hints of
green iridescence on the exterior of their shells.
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Figure 6-121 Optical performance of the blue stripes in seawater. a, The stripes' reflectivity (blue,
dataset of Figure 6-8d) and the linear absorption coefficient of sea water (black, data adapted from ref.
235). b, Spectral irradiance at 0 m (ASTM G173-03, 2012), 2 m and 10 m depth below sea level before
(light grey, grey and black) and after (light blue, blue and dark blue) light is reflected from a blue stripe.

The limpet P. pellucida occurs as two distinct morphotypes. Individuals found on the
visually exposed parts of the host kelp, including the fronds and stipes, belong to the pellucida
morph and display the bright blue stripes over the entire shell (Figure 6-13a, top). On the
contrary, the laevis morph is usually found in concealed cavities of the kelp holdfast, where the
environment is darker with low ambient light intensity and is full of visual obstructions. This
morph has a stronger, non-transparent shell with pronounced growth lines (Figure 6-13a,
bottom).

Provided the mineralized photonic structure has indeed evolved for visual communication,
what would be the message and to whom would it be addressed? Intraspecific communication
seems unlikely. The blue-rayed limpet has very primitive pit eyes just underneath the shell's
apex 236, which are not well positioned or sufficiently well developed to recognize the blue stripes

101



of conspecifics. What about interspecific communication? For an herbivorous, slow-moving,
largely exposed organism like the blue-rayed limpet that relies on reproduction through
broadcast spawning, the largest benefit in interspecific communication would lie in preventing
predation from other species. This can be achieved by either blending itself into the environment
or hiding in concealment as observed for the laevis morph. Moreover, the laevis morph's thicker
and stronger shell also provides further mechanical protection from potential predators. The thin
colorful shell of the highly exposed pellucida morph found on the kelp fronds does not blend in
at all and is clearly visible. We speculate that to protect the limpet from potential predators, the
stripe patterns and color might serve to mimic toxic or otherwise distasteful organisms in its
habitat that use similar visual features to advertise their unpalatability, a strategy known as
Batesian mimicry 237. Indeed, very similar bright blue features are found on toxic nudibranchs,
including Polycera elegans and Facelina auriculata (Figure 6-13b) whose habitats overlap with
the limpet distribution along the East Atlantic coast Figure 6-13c). Alternatively, instead of
potentially enabling predator evasion through mimicry, the blue stripes could provide
camouflage through disruptive contrast. The coloration of the limpet's non-striped body regions
matches the appearance of its kelp habitat and the presence of bright blue stripes running across
the shell could dramatically disrupt the limpet's body shape or outline to help it eluding
predators. This type of camouflage through disruptive contrast has been observed in a vast
variety of animals, and it has been shown that the presence of the contrasting patterns provides

238survival advantages . In addition, from field studies, the pellucida morph seems to have
developed effective means for keeping the shell surface above and in proximity of the stripes
free from fouling so as to maintain the bright blue iridescence while the laevis morph usually
appears to suffer substantial overgrowth from smaller organisms (compare the images in Figure
6-13a). The latter observation further highlights the potential importance of the unique photonic
system for the survival of this small and highly conspicuous marine snail.
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Figure 6-131 Hypothesis for the functional significance of the blue stripes. a, Comparison of the
two morphotypes of Patella pellucida. Limpets of the pellucida morph (top left) live visually exposed
on the kelp fronds, while members of the laevis morph (bottom left) are usually found concealed in
cavities of the kelp's holdfast. Top left photograph, acquired with the help of Larry Friesen. b, The
toxic and unpalatable nudibranches Polycera elegans, Facelina auriculata, Trinchesia caerulea, and
Felimare cantabrica (from left to right) with similar blue features and overlapping habitats around the
coast of Great Britain and Ireland. c, Overlapping geographical distribubutions of the blue rayed
limpet, Patella pellucida and four toxic nudibranch species (Polycera elegans [red circle], Trinchesia
caerulea [blue triangle], Facelina auriculata [green triangle], and Felimare cantabrica [yellow
square]) which exhibit similar color patterns. Limpet and nudibranch photographs were kindly
provided by Larry Friesen, Josep Lluis Peralta, Jim Anderson, and Joao Pedro Silva.

In summary, we show that a composite mineralized structure is responsible for the striking
appearance of the blue iridescent stripes on the shell of the limpet P. pellucida. Our study clearly
identifies various components of the complex photonic system and their role in creating a
profound optical effect. We show that the blue color arises from the combination of a
microscopic mineralized multilayer with regular lamella thickness and gap spacing that creates
blue color by light interference, and a disordered array of absorbing colloidal particles
underneath that provide enhanced contrast for the blue hue. The incorporation of this photonic
architecture within the continuum of the mineralized shell offers visibility in a broad angular
range, high conspicuity due to enhanced color contrast and the highest spectrally selective
reflectivity observed in any marine animal so far. Prior to our work, a diverse range of biological
photonic structures composed of organic materials has been reported. It is also well known that a
number of species demonstrate high control over microstructure, crystallography, and
macroscopic geometry in the formation of mineralized tissues thereby constructing materials
with superior mechanical behavior. Our discovery of the mineralized hierarchical photonic
system localized in the translucent shell of the blue-rayed limpet now shows for the first time
that a species is capable of taking advantage of complex photonic design principles commonly
realized with exclusively organic materials in other organisms while concurrently exploiting the
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superior mechanical properties of inorganic materials employed for mechanical protection in
many other mollusk shells. This structure likely has evolved to satisfy an optical purpose without
compromising overly on the shell's mechanical performance. Our findings could inspire the
design of transparent, mechanically robust optical surfaces with incorporated, controllable
display capacity. A more detailed investigation of the morphogenesis of the limpet's photonic
architecture could provide new ideas for the technological realization of inorganic photonic
materials.
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Chapter 7 Multifunctional design of a biomineralized armor

with an integrated visual system

This chapter is based on a collaborative work and is now in submission for publication:
Connors, M. J.*, Li, L.*, Kolle, M., England, G., Speiser, D., Xiao. X., Aizenberg, J. & Ortiz, C.
Multifunctional design of a biomineralized armor with an integrated visual system. 2014 (*
Equal contribution).

7.1 Introduction

The design of material systems with multiple functionalities is an emergent direction of
materials research1 . In particular, multifunctional structural materials with both improved
mechanical performance and other functions, such as sensing 239, power generation and
storage, 240, and self-healing capabilities 24 1 holds great potential for a diversity of engineering
applications. In Chapter 3-6, I have presented two biomineralized structural materials with
optical transparency and photonic coloration in their protective armor systems. Photoreception is
another important light-tissue interaction in nature, and there are a variety of visual designs from
simple photoreceptive cells to complex eyes, as discussed in Chapter 2. Understanding of
biological vision systems allows us to design better navigation systems, specialized detectors,
and surveillance cameras 242,243.

As discussed in Chapter 2, the majority of animal eyes are organic-based tissues. Direct
integration of visual systems with protective armor exoskeletons is rarely found in biological
organisms. In this chapter, we select a unique mollusk species, the chiton Acanthopleura
granulata, as the model system to explore the interplay between mechanical protection and
vision, as it possesses hundreds of mineralized lens-based eyes directly integrated in its
protective armor plates (Figure 7-1).

Chitons are a special group of mollusks which possess eight highly mineralized armor
plates, providing mechanical protection and flexibility simultaneously 173. Moreover, chitons are
the only known extant mollusks which have living tissue integrated within the outermost layer of

136their mineralized shells . The tissue fills a complex network of channels that open on the dorsal
surface as sensory organs known as aesthetes. A variety of functions have been proposed for the
aesthetes, although observations of the phototactive behavior of a number of species suggest that
photoreception may be a predominant role 37 . Two lineages of chitons have evolved to make a
another step further towards the sensory functionality by developing hundreds of single
chambered lens eyes which have been shown to have spatial resolutions based on behavioral
studies122,13'. Less than 10 million years old, the eyes of chitons are likely one of the most
recently evolved animal eyes 136. Unlike the protein-based lenses of most animal eyes 39, the
lenses of chitons, like their shells, are principally composed of aragonite27 In contrast to the few
other known eyes with calcium carbonate-based lenses, including those of trilobites 40 and
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podocopid ostracodes 1 43 , the eyes of chitons are integrated with the entire dorsal surface
rather than localized to a specific exoskeletal region. Although the calcitic lenses of brittlestars
are also non-localized across many dorsal arm plates, it is unclear whether they enable spatial
vision in a fashion similar to chiton.

The objective of this research include: 1) to to investigate how the nano/microstructure and
morphology of aragonite is modified within the shell to achieve multifunctionality, 2) to
understand the material and geometric origins of A. granulata's ability to spatially resolve
objects equally well in air and seawater environments, 3) to experimentally demonstrate that the
lens is capable of forming images, and 4) to explore possible trade-offs between mechanical
protection and sensation in local regions of integrated functionality.

ab

Figure 7-11 The model system: the chiton A. granulata. a, Photograph of A. granulata on the rocks
of Macao Beach, Dominican Republic in May, 2013. b, Photograph of an A. granulata sample. Red
arrows indicate regions of the shell that contain eyes, corresponding to the dark spots.

7.2 Materials and methods

7.2.1 Sample collection and preparation

A. granulata were collected from Tavernier, FL in August of 2011 and stored in a 70%
ethanol solution until experimentation. To create samples for polarized light microscopy,
nanoindentation, and electron backscattered diffraction, dried valves were first embedded in a
room temperature curing epoxy. After curing for ~24 hours, the specimen was sectioned with a
diamond saw (IsoMet 5000, Buehler, Lake Bluff, IL), polished (Model 920, South Bay
Technology, CA) stepwise with aluminum oxide pads (15 pm, 5 pim, 3 pin, and 1 pm), and
finely polished with 50 nm silica nanoparticles on cloth (MultiTex, South Bay Technology,
CA).

7.2.2 Materials characterization

Micro-Computed Tomography (pCT) & Morphometric Measurements: Dried fractured
pieces, approximately 1 mm in size, of A. granulata valves were scanned with an energy of 18
keV and a resolution of 0.74 pm/voxel at beamline 2-BM of the Advanced Photon Source of
Argonne National Laboratory. Mimics (Materialise, Belgium) was used for image segmentation
and construction of three-dimensional triangulated surface meshes (binary STL format). Cross-
sectional meshes were created using the cut function of the simulation module Mimics. For
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figure creation, meshes were reduced in file size as needed via the smooth, reduce, and remesh
functions of 3-matic (Materialise, Belgium) and rendered using Blender (www.blender.org).
Open-source image analysis software ImageJ was used to make all morphometric measurements.
The table in Figure 7-5 represents the averages and standard deviations of measurements of 7
eyes. The curvatures of the top and bottom surfaces of the longitudinal and transverse cross
sections of the lens region were fit from the aggregation of data from 7 lenses. 29 points were
collected from each surface of each lens, for a total 203 points/surface.

a b c
OMNI probe

Side view

d e f
OMNI probe W needle

TE

Side view W needle Side view

Figure 7-21 Preparation method of TEM samples from the lens region of eyes from the chiton A.
granulata.

Focused Ion Beam (FIB) Milling & Electron Microscopy: Dried fractured pieces of A.
granulata valves were fixed on a scanning electron microscopy (SEM) aluminum holder with
carbon tape. Samples were coated with carbon to minimize charging effects. A Helios Nanolab
600 Dual Beam (FEI, OR) was used for SEM imaging at acceleration voltage of 2-4 kV and
working distance of ~4 mm. Several cross-sectional and transmission electron microscopy (TEM)
samples were prepared with focused ion beam (FIB) milling using the same system. Do to the
large and complex geometry of the eyes, a protocol for preparing TEM samples (Figure 7-2) was
developed: 1) A platinum protective layer (-0.5 pm) was first deposited on top of the lens region
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of an individual eye; 2) A second platinum protective layer (~3 Pm) was deposited on top of a
rectangular region of interest (~20 pm x 100 ptm), which was to be milled out; 3) Four trenches
surrounding the rectangular region were milled by FIB (30 kV, 9.5 nA), creating a cross-
sectional slab of the lens region (Figure 7-2b); 4) The slab was attached to an in situ OMNI
probe via platinum deposition and lifted out (Figure 7-2c); 5) The slab transferred via FIB and
platinum deposition from the OMNI probe to a tungsten needle that was fixed to an SEM holder
with carbon tape (Figure 7-2d); 6) Multiple TEM samples of the lens region with a variety of
orientations were prepared using the procedure (Figure 7-2e,f): 6.1) deposition of a protective
platinum layer (~3 pm); 6.2) Stepwise FIB milling from 30 kV to 2kV; 6.3) Lift-out via an in
situ OMNI probe via platinum deposition; 6.4) Attachment to a copper TEM grid and final FIB
thinning and polishing (2 kV, 28 pA). Bright field TEM imaging and SAED were carried out
using a JEOL 2011 operated at 120 kV to minimize beam damage. The image magnification and
camera constants were calibrated using a standard sample (MAG*I*CAL, Electron Microscopy
Sciences, PA, USA). A field emission JEOL 2010F, operated at 200 kV, was used for HRTEM
imaging.

Energy-Dispersive X-ray Spectroscopy (EDX): EDX measurements of the lens region were
conducted on FIB-polished cross sections with a Helios Nanolab 600 Dual Beam (FEI, OR)
equipped with an INCA EDX system (Oxford Instruments) at an accelerating voltage of 20 kV.

Electron Backscattered Diffraction (EBSD): Finely polished cross-sectional samples were
coated with an ultra-thin layer of carbon and mounted on 70' pre-tilted stage. EBSD was carried
out using a Helios Nanolab 600 Dual Beam system (FEI, OR) equipped with the HKL
Technology "Channel 5" system. EBSD patterns were generated using a working distance of 6
mm, a step size of 1 pm, an accelerating voltage of 20 kV, and a beam current of 2.7 nA.

7.2.3 Optical measurements

Valves of A. granulata were carefully fractured with tweezers to obtain small fragments of
the outer shell layer in which the bottom surfaces of lenses were revealed. These fragments were
mounted on a small needle on a 3-axis stage positioned underneath a 63x water immersion
objective. A chrome mask containing printed objects of known size derived from the 1951 USAF
resolution test chart (http://www.efg2.com/Lab/ImageProcessing/TestTargets/#USAF1951) was
placed below each sample. Each sample was oriented such that the dorsal shell surface was
facing and parallel to the surface of the underlying chrome mask. Next, a small drop of water
was placed on the chrome mask, and then the sample was lowered into the water. To locate the
ventral surface of individual lenses, the 63x immersion objective was brought into focus using
illumination from the microscope. To create objects, the chrome mask was illuminated from
below through a 10x objective using a ThorLabs (Newton, NJ) L2-1 source. Images of these
objects formed by individual lenses were brought into focus using the 63x immersion objective.
To calculate the focal length of each lens, the object distance was varied using the "z"-translation
stage of the sample. At each object distance, the image size was measured independently by 3
authors, and an average image size was calculated. Since the object sizes were known, we were
able to calculate the magnification, M= (hi/h,), where hi and h, are the heights of the image and
object, respectively. The object distance and magnification data were fit to the linear thick lens
equation:

1 z z +P
M f f
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where z, is the initial object distance, z is the object distance away from z0 , and P* is the front
principal point distance. The focal length,f, was calculated from the slope.

7.2.4 Ray-trace simulations

The ray tracing program was written in IGOR Pro (WaveMetrics). As shown in fig. S11,
each 2D simulation was repeated for each cross section of the lens region (longitudinal and
transverse), refractive index of the lens (ordinary and extraordinary rays), and external
environment (air and seawater). Thus, eight (2 x 2 x 2) measurements were made for each
optical quantity.

The refractive indices used for air and seawater were 1 and 1.336, respectively. Since the
cornea is continuous with granular microstructure of the non-sensory regions, which has a weak
texture, it was given a refractive index of 1.632, the average of the three indices of aragonite.
Although aragonite is a biaxial crystal, the pseudo-hexagonal symmetry about its c-axis allows it
to be approximated as uniaxial with no = 1.683 and n, = 1.530244. The optical properties of
uniaxial crystals are only dependent on the polar angle 0 that the incident wave vector forms with
the optical axis, and not on the azimuthal angle24 s. While no does not vary with 0, n, is given by:

ne (0) -nn
[ng s(0) + n sin2 (0)]1/2

Since the c-axis is oriented ~45' below the surface normal, the refractive indices of the lens
were approximated as no = 1.683 and ne(4 5 ') = 1.601, assuming normal incidence. The thin
organic layer underneath the lens, L1, was modeled as chitin (n = 1.435 246), a major component
of the organic matrix of chiton shells. Since L2 contains is calcified and amorphous, it was given
a refractive index of 1.58, a value which lies in the experimentally determined range of ACC,

247 2481.579-1.5832 , and has been used to calculate the focal lengths of ACC microlenses . The
photoreceptive region was given a refractive index of 1.36, which has been used to model the
retinal receptors of jellyfish eyes 249.

7.2.5 Mechanical tests

Nanoindentation: Nanoindentation experiments on finely polished cross-sectional samples
were conducted in ambient conditions using a TriboIndenter (Hysitron, MN, USA). Blunt
Berkovich (trigonal pyramid, semi-angle = 65.3') and sharp conospherical (tip radius ~1 tm,
semi-angle = 30') diamond probe tips were used to obtain quantitative material properties (Eo.p
and Ho-p) and investigate fracture behavior, respectively. Typical load functions included loading
(10 s) to the maximum load (5 mN), holding (20 s), and unloading (10 s). The Oliver-Pharr (0-P)
methodology was used to quantify material properties, i.e. indentation modulus (Eo-p) and
hardness (Ho.p). The probe tip area function, A(he), which is the projected area of the indentation
tip as a function of contact depth, he, and frame compliance were calibrated prior to each set of
experiments using a fused quartz sample.

Microindentation: Microindentation experiments on intact shell plates were conducted in
ambient condition using an instrumented microindenter (MicroMaterials). A flat punch tip
(diameter of bottom surface, ~80 ptm) was used to compress the eyes, megalaesthetes, and
protruding non-sensory regions. Typical load functions included loading (30 s) to a maximum

109



load (~I N), holding (5 s), and unloading (30 s). The post-indentation residues were imaged via
SEM using a Helios NanoLab 600 Dual Beam (FEI, OR).

7.3 Results

7.3.1 Geometrical features of the sensory system

The two main sensory structures of the shell of A. granulata appear on the surface as small
bumps ~50 pm in diameter (Figure 7-3). The more numerous megalaesthetes, which are
common to all chitons, are capped with a pore and maintain the same color as non-sensory
regions, which are characterized with the large protrusions (~200-300 tm in diameter, Figure
7-3a,b). The eyes are distinguished by their circular translucent lens, which is encircled by a dark
pigmented area (outer diameter 86 ± 3 pm, Figure 7-3a). Scanning electron microscopy (SEM)
images revealed that the surfaces of the eyes are much smoother than those of the neighboring
megalaesthetes and non-sensory protrusions (Figure 7-3b, inset). Both sensory structures are
located within the valleys formed by non-sensory protrusions, as revealed by the 3D
stereographic reconstruction of the shell surface (Figure 7-3c,d).

ab

Figure 7-3| Surface morphology of the chiton A. granulata. a, Light micrograph of a region of the
dorsal shell surface containing multiple sensory structures: eyes and megalaesthetes. Megalaesthetes
are sensory organs common to all chitons. b, SEM image corresponding in position to (b). Inset, a high

magnification SEM image of an eye, showing its much smoother surface as compared to surrounding
megalaesthetes. c,d, 3D reconstructed topography of the dorsal shell surface using a stereographic pair
of SEM images.

Synchrotron pCT was used to investigate the 3D morphology of the megalaesthetes and
eyes, and the results are summarized in Figure 7-4. The megalaesthetes have cylindrical
chamber with a relatively constant diameter of ~40 pm, although a reduction in chamber
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diameter to ca. 20 tm towards to the dorsal surface (Figure 7-4c). In contrary, the specialized
eye structure, in addition to the lens structure on the surface (will be discussed in detail later),
has a much enlarged pear-shaped chamber, which has a depth and width of -55 ptm and 75 Pim,
respectively (Figure 7-4a,b). We have carried out a detailed morphometric measurements of the
chamber, and results are summarized in Figure 7-5. This expansion results in an eye chamber
volume that is ~5x greater than that of the megalaesthete. In addition to these two primary
sensory structures, numerous small sensory channels, known as micraesthetes, were observed
branching from the chambers of the eyes and megalaesthetes to the shell surface (Figure 7-4fg).
The diameter of these micraesthetes is 5 pm. Please see Movie 3 and 4 in Appendix B for the
3D visualization of the eye chamber and megalaesthete.
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Figure 7-41 Synchrotron ptCT reconstructions of the sensory structures integrated with the outer
shell layer. a,b, Transverse and longitudinal, respectively, cross-sectional tomographic slices of an
eye. c, Longitudinal cross-sectional slice of a megalaesthete. Highly X-ray absorbent material is clearly
visible inside the chambers of both sensory structures. This material was found to be calcified, so we

refer to it throughout this paper as intra-chamber calcified material (ICCM). d,e, 3D reconstructions of
a megalaesthete and an eye, respectively. f,g, 3D reconstructions of the non-calcified (minimally X-ray
absorbent) volumes of the megalaesthetes and eyes, respectively. These volumes represent the

chambers which contain soft sensory tissues. Numerous small sensory structures, micraesthetes, branch
from these chambers to the shell surface.
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Description
Thickness of Cornea

Thickness of Cornea and Lens
Thickness of Layer LI
Thickness of Layer L2

Depth of ICCM Below Lens
Distance from Bottom of Lens to Back of Chamber
Maximum Width of Chamber in "L" Cross Section
Maximum Width of Chamber in "T" Cross Section

Width of Bottom of Lens in "T" Cross Section
Width of Lens Region in "T" Cross Section
Width of Lens Region in "L" Cross Section

Measurement (pm)
~5

38± 2
~2
~2

8 1
56 7
108 + 7
76 5
35 2

-52
-56

Method
OM

pCT
SEM
SEM
gCT
gCT

pCT
ptCT
pCT

pCT and fitting
ptCT and fitting

Figure 7-51 Morphometric measurements of the eyes of the chiton A. granulata. a, Schematic
diagram defining the morphometric dimensions. b, Table displaying the average (± standard deviation)
values of measurements from 7 eyes. Abbreviations: T, Transverse; L, Longitudinal; ICCM, Intra-
chamber calcified material.

Highly X-ray absorbent structures were discovered within the chambers of the
megalaesthetes and eyes (Figure 7-4a,b,d,e). These structures were found contain calcium
(Figure 7-7b), so we denote them as intra-chamber calcified material (ICCM). In
megalaesthetes, the ICCM consist of rod-shaped structures. The long axes of the rods are
approximately parallel to the long axis of the megalaesthete chamber (Figure 7-4e). In eyes, the
ICCM forms a "c"-shaped pocket that likely encircles the retina (Figure 7-4d). ICCM was
probably not uncovered earlier for two reasons. First, prior studies of the interior structure of
megalaesthetes and eyes focused on living tissues, so samples were decalcified. Secondly, ICCM
is easily destroyed by polishing (Figure 7-8a), and perhaps other common sample preparation
techniques. SAED revealed that the ICCM is amorphous (Figure 7-9f, will be discussed in detail
later). Therefore, we hypothesize that the ICCM is composed primarily of amorphous calcium
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carbonate (ACC). Although to date the only mineral component found in chiton shell plates has
been aragonite, ACC is an established precursor to crystalline CaCO 3 in other groups of
mollusks250 .

The geometry of the lens was studied in detail by quantifying the pCT data. The lens region
of each eye is ~38 pm thick and slightly elongated in the direction of the optic canal, which we
denote as the longitudinal direction (Figure 7-6a). This anisotropic geometry was consistently
observed, and hence we conducted measurements in both longitudinal and transverse directions.
Figure 7-6b,c summarizes the average cross-sectional shapes of the lens region in the two
orientations based on seven sets of pCT data. Both top and bottom surfaces were generally best
fit with parabolic curves (Figure 7-6c), which may function to reduce spherical aberration.

a b T L
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.tExperimental Data
-Parabolic Fitting
-Spherical Fitting
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Fitting
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eOrientation r (Avn

ic Top Longitudinal 38.4±10.4 0.926 -0.0145 + 0 000163 0.939
C one/ curvature Transverse 25.6±0.2 0.931 -0.0259±0.000271 0.951

N tBottom Longitudinal 24.6t 0.2 0.731 0.0339oa0.00058 0.870
L |" Curvature, Transverse 21.210.2 10.8951 0.0298±0.00049 10.891

Figure 7-6 Geometry of the mineralized lens region of the eyes of the chiton in A. granulata. a,
Bottom view of the lens region showing the axially asymmetric lens. b, Contours (dotted-lines, 29

points per line) of the top and bottom surfaces of the transverse (left) and longitudinal (right) cross

sections of the lens regions from 7 eyes measured via synchrotron pCT. Parabolic and spherical fittings
are superimposed with the dotted-contours. The encircled area includes the cornea and the lens. c,

Spherical and parabolic fittings of the cross-sectional curvatures of the top and bottom surfaces of the

lens region.

7.3.2 Ultrastructural, compositional, and crystallographic features

Having studied the geometrical features of the eyes and megalaesthetes, we next carefully
compared the ultrastructures, chemical compositions, crystallographic textures of the lens region
of the eyes to granular microstructure which comprises the bulk of calcified portion of the outer
shell layer.

Sectioning an eye by focused ion beam (FIB) milling revealed the presence of additional

two layers, L1 and L2, underlying the lens (Figure 7-7a). In contrast to the smooth curved

bottom surface of the lens, the boundaries between LI and L2 and the bottom surface of L2 have

local variation in curvatures. This feature is also consistent to the uneven thickness of these two

layers, which are gradually thinned towards to the circumferential regions close to the side

chamber walls. In addition, LI had a much lower image contrast whereas the lens and L2 are
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similar in greyscale, indicating that Li may high amount of low atomic weight elements and L2
might be mineralized. Energy-dispersive X-ray spectroscopy (EDX) indicated that Li is indeed
mainly composed of organic materials as indicated by its high carbon content, whereas calcium
and oxygen contents are minimal (Figure 7-7b). In the contrary, L2 has similar chemical
composition as the primary lens region.

In addition, strut-like structures were observed which dorsally branch from L2 to the
chamber walls (Appendix A, Figure A-8). This ICCM corresponds in size, shape, and location
to the aforementioned X-ray absorbent structures observed in the chamber with pICT (Figure
7-4d).

a b

Figure 7-71 Fine structural features and chemical compositions of the lens region of the eyes of
the chiton A. granulata. a, SEM image of a FIB-cut cross section of the lens region of a single eye,showing two additional layers underneath the lens, Li and L2. b, EDX mapping of a FIB-polished
cross section of the lens and underlying layers LI and L2.

Crystallographic information is critical in understanding the optical performance of this
mineralized lens structure. Viewing polished cross sections of eyes under cross-polarized light
(Figure 7-8a) showed that the lenses have a relatively uniform grayscale level compared to the
surrounding granular microstructure, which is known to have no preferred grain orientations in
the chiton Tonicella marmorea7 3 . This suggested that the lens is either a single crystal or is
polycrystalline with highly aligned grains. The clear boundaries between the lens and granular
microstructure in Figure 7-8a indicate a delicate control of crystallography in the lens region. A
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thin (~5 ptm thick) concavo-convex corneal
surrounding granular microstructure.
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Figure 7-81 Crystallographic features of the lens and surrounding granular microstructure
regions of the chiton A. granulata. a, Polarized light micrograph of a polished transverse cross section
of the shell containing two adjacent single chamber lens eyes. b, EBSD pole figures of the lenses and
granular microstructure of the non-sensory regions. c, Integration distribution of the tilt angle of the

aragonite c-axis from the region of lens 1 (black) and adjacent non-sensory (blue) region with respect
to the normal of the cross section The red curve represents a Gaussian fit of the data from the lens

(average, 55.80; SD, 1.70; FWHM, 4.10). d,e, EBSD maps from the lens and non-sensory regions the
outer shell layer, showing large (-10 pm) and small (-1 pm) grains, respectively. fg, SEM images

from a polished cross section of the outer shell layer for the lens and granular microstructure region,
respectively. Yellow arrows indicate the faint grain boundaries.

The crystallographic pole figures obtained with electron backscattered diffraction (EBSD) in
Figure 7-8b confirmed that the lens has a strong crystallographic texture, indicated by the
regions of localized intensity, which is in stark contrast to the weak texture of the surrounding
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granular region. The good crystallographic alignment can be quantitatively measured by
integrating the c-axis from the pole figure of the lens and granular region, as shown in Figure
7-8c. The result shows that the full width at half maximum is ~4' for the lens region, whereas the
surrounding granular region has relatively uniform intensity across all the polar angles.

EBSD of the two multiple lenses and electron diffraction results demonstrated that the polar
angle 0 between the c-axis and optical axis was consistently ~45', while the orientations of the a-
and b-axes were inconsistent (Figure 7-8b). Since aragonite is a pseudo-uniaxial crystal, the
non-normal orientation of the c-axis should generate double refraction, which is consistent with
observations that the lenses are birefringent when viewed with polarized light.

In addition, EBSD mapping showed that the lens has an average grain size of roughly 10 pm
(Figure 7-8d), which is approximately an order of magnitude greater than that of the
surrounding granular microstructure (Figure 7-8d). High resolution SEM images of polished
cross sections display faint and clear grain boundaries in the lens and surrounding granular
regions, respectively (Figure 7-8fg). These grain boundaries were produced by partial selective
etching during polishing. As the crystallographic orientations in the lens region are highly
aligned, the polished surface revealed relatively uniform roughness, and the boundaries between
adjacent grains are not as obvious as those in the granular region. In addition, the size of grains
in the granular region as revealed by SEM (Figure 7-8f) is on the order of 1 Pim. The likely
function of the large grains is to reduce the number and area of grain boundaries in the lens
region, which will minimize light scattering.

Further ultrastructural characteristics were revealed using transmission electron microscopy
(TEM, Figure 7-9). High resolution TEM images easily revealed the atomic lattice planes of the
aragonite lens (Figure 7-9a). Moreover, grain boundaries with small crystallographic
misorientations were identified (Figure 7-9b). In the contrary, low magnification TEM images
clearly showed the aragonite grains in the granular microstructure region, and the corresponding
selective area electron diffraction pattern confirms the large crystal misorientations among the
grains (Figure 7-9c). Moreover, inclusions with size of several tens of nanometers were
observed within the individual grains in the granular region ((Figure 7-9d), which are believed
to be intracrystalline organic materials trapped during biomineralization process. These organic
inclusions are anisotropic in shape, and exhibit different preferred alignments in adjacent grains.
This is probably due to the crystallographic misorientations in the grains. However, such organic
inclusions were less observed in the lens region, as indicated by the continuous lattice fringes.
This reduction in the amount of organic inclusions in the lens region may serve to reduce light
scattering, as discussed in Chapter 2.

TEM imaging and corresponding electron diffraction indicate that both Li and L2 are
amorphous, despite some fine structural difference (Figure 7-9e,f). In contrast to the relatively
uniform greyscale (suggesting its uniform chemical composition) in LI, L2 exhibits striations
which follow the contours of the bottom boundaries (Error! Reference source not found.f).
Moreover, SAED pattern in L2 revealed an amorphous diffraction ring corresponding to the
lattice spacing of 0.296 nm, which was not observed in Li.
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Figure 7-91 TEM analysis of the ultrastructural features of the lens and granular microstructures
in A. granulata. a,b, HRTEM images of the lens region. (b) shows two aragonite grains with small

misorientations (~4.7'). Inset, corresponding FFT pattern with zone axis of [112]. c, TEM image and

(inset) corresponding SAED pattern of the granular microstructure of non-sensory regions. d, High

magnification TEM image of the non-sensory region, which shows distributed nanoscopic inclusions

within the crystalline grains. Notice that the orientations of the inclusions are different in adjacent

grains, probably related to their crystallographic misorientation. e,f, TEM images of the two layers

underneath the lens, LI and L2, respectively, and their corresponding SAED patterns (insets).
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7.3.3 Optical performance of the lenses

The optical performance of individual eyes of A. granulata was investigated via both
theoretical modelling and experimental measurements. First, key elements of the geometry,
composition, and crystallography of the lens were combined in 2D ray-trace simulations to
investigate the locations of rear focal points, F. For each possible external environment, air and
seawater, F of the ordinary and extraordinary rays were calculated in two orthogonal extremes,
the transverse and longitudinal cross sections (Figure 7-10).
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Figure 7-10 2D ray-trace simulations of an eye of the chiton A. granulata. "Air" and "Water"
indicate external environments of air and seawater, respectively. "T" and "L" indicate transverse and
longitudinal cross-sectional geometries, respectively.

The key results of the ray-trace simulations are summarized in Figure 7-11a, which also
includes the experimentally measured geometry of the eye chamber. The ranges of the F in air
and seawater, 8-28 tm and 25-51 pm below L2, respectively, lie within the maximum allowed
photoreceptor range, -4-52 pm, which is constrained above by ICCM and below by the end of
the chamber. Interestingly, if 0 were 0' or 90' instead of 45', the maximum values of F in
seawater would be 35 pm or 71 pm, which means the chamber would be unnecessarily large or
small, respectively. Thus, the geometry of the chamber is highly consistent with 0 ~ 45'. The
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positions of F within the allowed range of photoreceptors suggests that chitons are not required
to use different polarizations of light to form images in air and seawater as was previously
hypothesized, unless the actual photoreceptor range is much smaller than that which is
geometrically permitted. In this context, since birefringence would not increase functionality, it
is puzzling why 0 is not 0', which would eliminate double refraction aberrations as in
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Figure 7-11l Focal length and image formation capacity of the lenses of the eyes the chiton A.
granulata. a, Illustration of the positions of the rear focal points obtained from 2D ray-trace
simulations (left) and experiments (right). The red or blue color of the points signifies an external
environment of air or water, respectively. "T" and "L" indicate which cross-sectional geometry
(transverse or longitudinal, respectively) was simulated. The square and circle symbols represent focal
points formed by the ordinary and extraordinary rays, respectively, of the birefringent lens. b,
Experimental measurements of the focal length, f of five individual lenses derived from the inverse
slope of inverse magnification, 1/M, vs. object distance, z. c, Image formation ability of an individual
eye. Top, the object used, which represents the side profile of a predatory fish. Middle, image formed
by the lens region of an eye. Bottom, physiological image resolution in which each hexagonal pixel
corresponds in size to a single photoreceptor. d, Double image of the number "4" produced by the
birefringent lens of an eye of the chiton A. granulata.
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Since the small size and perceived curvature' 4 5 of the chiton lenses have cast doubt on their
ability to form images, we decided to experimentally investigate the image formation capabilities
of the eyes by projecting objects representative of potential predators through individual lenses
(Figure 7-11b, top). The middle image of Figure 7-11b demonstrates that the lenses can indeed
form clear images. This image is analogous to that which would be generated by a 20 cm long
fish that is 30 cm away. However, the bottom pixelated image of Figure 7-11b represents what
the eye is physiologically capable of resolving, since image quality is constrained by the size of
the photoreceptors, s -7 ptm. This suggests the maximum distance at which A. granulata can
spatially resolve a 20 cm object is ~2 m, since at this object distance the image will be
approximately the size of a single photoreceptor.

The clear images produced by individual lenses allowed us to test the accuracy of our
simulations. We determined f of individual eyes by measuring the dimensions of images
produced from a known object at a number of object distances (Figure 7-11c). Submerging the
lenses in water, we obtained f= 72 ± 17 pm, which is comparable to maximum value off, 65
jim, determined from ray-trace simulations (Figure 7-11a). This allowed us to quantify the
resolution of an individual eye, dy, using 4 y = tan-I(s/j) 79. We determined z2q to range between
8-13' in air and 6-9' in seawater. These results explain the outcome of behavioral experiments in
which A. granulata responded to dark targets with angular size of 9' in both air and seawater.

Double refraction was clearly observed during image formation experiments (Figure 7-11d;
Appendix B, Movie 5), but not consistently, which may be because the optical axes of the lens
and microscope were not aligned parallel in each trial. Similarly, the extent of astigmatism
observed was variable, presumably because we did not know the orientation of the transverse
and longitudinal directions of each lens relative to the horizontal and vertical lines of our test
objects (Figure 7-11c, inset). However, the maximum astigmatism observed, AF = 19 Pm, is
consistent with the maximum, AF = 17 pm, predicted by our ray-trace simulations.

7.3.4 Mechanical properties

As the mechanical protection is another function which clearly contributes to the chitons'
survavibility, the mechanical properties of the mineralized plates are also important to
investigate. In addition, relative to the solid non-sensory regions of the outer shell layer, the
integration of sensory structures introduces large, localized volumes of soft sensory tissue, and
modifies the aragonite-based microstructure at the intrinsic material level. We hypothesized
these changes might affect the mechanical robustness of the shell, which is surely critical to
survivability.

To test this hypothesis, we first investigated the intrinsic mechanical properties of the lens
and surrounding granular region via instrumented nanoindentation (Figure 7-12). Indentation
with a blunt Berkovich tip allows us to quantify the mechanical properties of the two regions.
The two regions exhibit similar indentation hardness (lens: 4.87 ± 0.18 GPa; 5.08 ± 0.29 GPa),
and the indentation modulus in the granular region is slightly higher than that in the lens region
(lens: 66.41 ± 1.73 GPa; granular: 78.92 ± 1.84 GPa).

Moreover, we used a sharp conospherical indentation tip to probe their fracture behavior. As
shown in Figure 7-12c,d, indentation induced radial cracking which originated from the
indentation site in the lens region, while the damage in the granular region was very localized
without any radial cracks. The more brittle fracture behavior in the lens region can be attributed

120



to its single crystal-like structure, where the large grains are highly aligned. In addition, less
amount of organic inclusions within the lens region might also result less resistance to inelastic
deformation, such as crack propagations.
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Figure 7-121 Nanomechanical properties of a lens and non-sensory region of the outer shell layer
of the chiton A. granulata. a, Force-depth curves through nanoindentation tests using a Berkovich tip.
b, Indentation modulus and hardness derived from the nanoindentation tests of (c) using the Oliver-
Pharr method.,d, SEM images of residual indents in the non-sensory and lens regions, respectively,
after nanoindentation with a sharp conospherical tip (semi-angle = 30'; tip radius = ~1 pm; maximum
load = 4 mN).

To probe the mechanical behavior on the scale of the entire sensory structures, we used a
flat punch tip to perform "crush" experiments on the eyes, megalaesthetes, and solid non-sensory
regions (Figure 7-13a). As illustrated by the load-depth curves in Figure 7-13b, compression of
eyes first induced gradual fracture of the protective corneal layer (Figure 7-13b, inset), and
eventually led to catastrophic failure by pushing the entire lens into the chamber, as shown in the
post-test SEM image (Figure 7-13c). The average load for the catastrophic fracture of lens is
slightly less than I N (0.84 ± 0.11 N). With a maximum load of IN, the megalaesthetes exhibited
step-wise micro-fracture up to the maximum load without catastrophic failure (Figure 7-13d).
Similar indentation on the solid non-sensory protrusions induced a relatively small amount of
permanent deformation, demonstrating its greater mechanical integrity (Figure 7-13e).
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Figure 7-131 Trade-offs between mechanical protection and sensory integration. a, Schematic
diagram of the three superficial areas of the outer shell layer: non-sensory regions, megalaesthetes, and
eyes. b, Microindentation force vs. depth curves for the non-sensory, megalaesthete, and eye regions of
the outer shell layer. The approximate size and geometry of the indenter relative to surface features is
shown in (a). The SEM inset shows the onset of plastic deformation in the eye region, where the cornea
fractures radially. c-e, SEM images of residual indents in the non-sensory, megalaesthete, and eye
regions of the outer shell layer, respectively.
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7.4 Discussion and conclusions

Organisms often need to perform multiple tasks that contribute to their fitness, resulting in
trade-off situations 147. These trade-offs have traditionally been discussed in the context of
phenotype morphologies, e.g. the beak shape and size of Darwin's finches. Our study of the
structure/property/performance relationships of the shell of A. granulta demonstrates that trade-
offs are also fundamentally present at the materials level within a single organism. The shells of
chitons have evolved to satisfy two conflicting design requirements, protection and sensation.
Three design aspects are fundamental to the functional integration of the sensory structures
within the armor, and trade-offs this integration creates: 1) the incorporation of soft sensory
tissue (creation of a porous network), 2) modification of the geometry of the armor material, and
3) the material-level adjustment of the armor material.

Sensory integration necessitates the incorporation of a living tissue, which creates porosity.
This degrades the mechanical robustness of the armor, which can be seen by comparing the
mechanical performance of megalaesthetes to the solid non-sensory region. Depending on the
species, megalaesthetes may serve a variety of functions including mechano-, chemo-, and/or
photoreception. Increasing the integrated optical functionality from simple photoreception to
spatial vision (in other words, advancing from megalaesthetes ("eyespots") to eyes) requires a
much larger volume of sensory tissue per sensory unit, as well as the modification of the local
geometry of the armor material to form a lens. Although the eyes provide distinct optical
advantages over megalaesthetes, e.g. the ability distinguish dark objects from uniform decreases
in illumination, they further degrade the penetration resistance of the armor. This is demonstrated
by the microindentation experiments, in which the megalaesthetes exhibited step-wise micro-
fractures while the eyes failed catastrophically at less than 1 N. Furthermore, at the material-
level, increasing the grain size and alignment in the lens relative to the granular microstructure of
non-sensory regions reduces scattering and improves its ability to focus light. However, this
causes the lens the fracture radially upon nanoindentation, which is in stark contrast to the
relatively isotropic, localized damage observed in the non-sensory regions. These mechanical
disadvantages may constrain the size of the eyes, which could improve in both resolution and
sensitivity if larger. In summary, as the size, complexity, and functionality of the integrated
sensory elements increases, the local penetration resistance decreases.

Although functional integration decreases the overall mechanical performance of the outer
shell layer, A. granulata has developed strategies to compensate for its vulnerabilities. First, the
mechanically weak sensory regions are strategically located in the valleys created by the
protruding, robust non-sensory regions. This likely protects the delicate sensory structures from
blunt impacts. These protrusions may also discourage fouling to make sure the sensory regions
are not covered. Secondly, it's possible that chitons compensate for the mechanical weakness of
the entire outer layer by having thick, hard underlying layers. This is consistent with
observations of living chitons which had oyster-drill scars that penetrated the outer layer, but did
not pierce the inner layers. Lastly, the apparent redundancy of the eyes will help to reduce the
impact of partial shell damage. Eyes in older parts of the shell are often damaged by erosion, and
replacements are continually grown at the shell margin. From a visual performance perspective,
redundancy also ensures that A. granulata can simultaneously monitor the entire hemisphere for
threats, which is important since the eyes are static structures and chitons can take several
minutes to turn around. Additionally, redundancy can improve sensitive, signal-to-noise ratio,

252and can help to distinguish false alarms from real threats
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Chapter 8 Summary and future directions

8.1 Summary

In this thesis, I studied three biomineralized structural material systems from three exotic
mollusk species, each with unique functional optical properties: transparency, photonic
coloration, and lens-mediated vision. The intimate interplay between mechanical and optical
properties in relation to their distinctive multiscale structural features was elucidated through a
combination of experimental and theoretical approaches. The purpose of this section is to
summarize the key findings of each model system.

The first part of Chapter 3 investigated the hierarchical structure of the highly transparent
bioceramic armor of the bivalve Placuna placenta. The heavily mineralized shell of P. placenta
(-99 wt%) has a single foliated microstructure, which is composed of calcitic building blocks
with elongated diamond geometries. The crystallographic orientations are generally aligned by
tilting the c-axes by ~24' along the longitudinal directions of building blocks, despite the
presence of crystallographic misorientations amongst adjacent building blocks. Both
macroscopic and microscopic optical measurements indicate that the shell is able to transmit
~80% of total incident light, although more than half of the transmitted light is scattered. The
structural and crystallographic information at the building block level were directly incorporated
into a light scattering model to further investigate the optical properties of the shell, as discussed
in the second part of the chapter. The predictions of the model were highly consistent with
experimental results. Decoupling the major contributions to scattering suggests that the most
important factor is birefringence scattering due to the crystallographic misorientations amongst
the building blocks.

Chapter 4 presented a detailed study of the deformation behavior of the shell of P. placenta
at the nanometer scale using primarily instrumented nanoindentation and electron microscopy.
Quantitative mechanical measurements allowed a direct comparison of key mechanical
parameters between the P. placenta shell and its abiotic counterpart, i.e. single-crystal calcite.
The bioceramic armor of P. placenta, despite being 99% chemically similar to abiotic calcite, is
superior in almost every mechanical aspect, including enhanced resistance to penetration,
localized and isotropic deformation, graceful failure, small permanent damage zone, and high
energy dissipation efficiency. With comprehensive electron microscopy analysis, we, for the first
time, revealed that pervasive nanoscale deformation twinnings are produced surrounding
indentation sites. These deformation twins not only provide damage localization with the
twinning boundaries, but also catalyze a series of additional nanoscale energy dissipation
mechanisms, such as organic interface opening, fragmentation, grain formation and reorientation,
and amorphization. These nanoscale deformation mechanisms work synergistically to enhance
the energy dissipation efficiency by almost of an order of magnitude in comparison to single-
crystal calcite.

Chapter 5 further explored the deformation behavior of P. placenta on a larger length scale
via a number of novel techniques. In the first section, I presented a detailed analysis of the
distribution of a unique structural motif, i.e. screw dislocation-like connection centers, over large
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cross-sectional areas of the shell. Quantitative structural analysis revealed that the density and
signs of the connection centers play a critical role in controlling the fracture surface and
orientation of building blocks, respectively. In the second part of this work, a customized
macroindentation testing method was developed to investigate the mechanical response of this
bioceramic armor under high loads. P. placenta shells exhibited localized deformation without
catastrophic failure even when the shells were entirely penetrated with maximum loads of ~65 N.
Similar indentation experiments on calcite plates with a similar thickness easily led to brittle
fracture without noticeable inelastic deformation. The post-macroindentation sites were then
visualized in 3D by means of synchrotron X-ray pCT analysis, which revealed the formation of a
complex interconnecting network of microcracks within the damage zone. This network allows
the generation of a large interfacial opening area for energy dissipation while still maintaining
structural integrity. In addition, combined with high resolution electron microscopy studies, we
provided direct evidence that the connection centers serve as structural holding points for crack
deflection and bridging. Moreover, quantitative analysis of the interfacial opening area generated
within the damage zone allowed us to estimate its contribution to total energy dissipation, which
is consistent with a simple theoretical analysis based on the measured density of connection
centers.

The work on the highly transparent shell of P. placenta presented in this thesis is the first
systematic investigation of the structure-function relationships in a biomineralized armor system
with a high optical transmission capability. As a bivalve shell, this bioceramic exoskeleton
utilizes material designs similar to those of other common opaque mollusk shells, for example, a
layered structure with mineralized building blocks. However, several key structural
modifications emerge for achieving high optical transmittance, such as the extremely thin
organic interfaces and small intracrystalline organic inclusions. Reducing the amount of
secondary phase for high optical transparency is also a common effective design strategy in
engineering transparent materials; however, this strategy inevitably compromises the mechanical
integrity, especially for laminate-based transparent structural materials. In the bioceramic armor
of P. placenta, we observe unique deformation mechanisms operating at different length scales
in order to counteract these mechanical degradations, including nanoscale deformation twinning
and macroscopic damage localization. Although the efficient energy dissipation through
nanoscale deformation twinning is material specific, design strategies for facilitating effective
activation of these processes, such as building block size, geometry and crystallographic
orientation, may be applicable to engineering ceramic systems. Most notably, the remarkable
capability of damage localization at the macroscopic level through crack bridging and deflection
via the special structural motif of screw dislocation-like connection centers is material generic,
which should be applicable to a variety of engineering materials. In particular, with the
continuous development of additive manufacturing methods, the effects of this material-generic
design strategy can be further explored and refined in order to produce specific structural
materials for different loading conditions.

Chapter 6 focuses on the structural origin of another form of light-tissue interaction, i.e.
photonic coloration, in the biomineralized shell of the blue-rayed limpet Patella pellucida. We,
for the first time, described a composite mineralized photonic structure, which is responsible for
the striking blue iridescent stripes on the limpet's shell. We showed that the blue color arises
from the combination of a microscopic mineralized (calcite-based) multilayer with regular
lamella thickness and gap spacing for constructive interference of light, and a disordered array of
light-absorbing colloidal particles underneath for enhanced contrast. As discussed in Chapter 2, a
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diverse range of biological photonic structures have been reported previously. However, our
discovery of the hierarchical photonic system localized in the shell of P. pellucida shows for the
first time that a mollusk species is able to utilize complex photonic design principles, commonly
realized exclusively with organic materials, for producing special mineralized protective shells
with functional optical properties. This structure has likely evolved to satisfy an optical purpose
(possibly biomimicry) without negatively influencing the shell's mechanical performance, which
could improve the organism's overall fitness. This study is an excellent example which shows
that mollusks are able to tailor the local composition, structure, and crystallography of their
mineralized shells to create and integrate optical elements into their protective shells.

In Chapter 7, I presented a comprehensive investigation of a biomineralized armor system
with the third form of light-tissue interaction, i.e. photoreception via a biomineralized lens, in the
chiton Acanthopleura granulata. Despite some authors' doubts concerning the size and curvature
of the lenses, we experimentally demonstrated that the lenses are capable of forming images.
These images were used to measure the focal length of the lens, which is consistent with 2D ray-
trace simulations in which most of the modelling parameters, including the geometry and
crystallography of the lens, were experimentally determined. Finally, microindentation
experiments revealed that as the size, complexity, and functionality of the integrated sensory
elements within the armor increases, the local mechanical performance of the armor decreases.
This type of materials-level trade-off may be fundamental to natural multifunctional materials.

This thesis research explored the material designs for achieving optical effects
(transparency, color, and vision) with biomineralized materials in three biological systems
Although similar optical phenomena are predominately achieved with organic-based materials in
nature, the biological species described in this thesis are able to engineer mineralized materials at
multiple length scales in order to achieve desired optical properties. These three systems utilize
the same set of design parameters, including the size/geometry of building blocks, interfaces, and
composition and crystallography. These parameters are the exactly same ones used for
controlling the mechanical properties of biomineralized armor materials. With the same tools in
the toolbox, biological systems use them in different ways for mechanical and optical purposes.
For example, slight crystallographic misorientations are present in the P. placenta shell for
enhanced penetration resistance, while highly aligned crystal orientation is preferred in the lens
of A. granulata to minimize aberrations. The intricate multilayered structure is necessary for
photonic coloration in the shell of P. pellucida, while well-controlled parabolic surface
curvatures of the lens are extremely valuable to achieve focused images in A. granulata. I
observed that the integration of optical functions degrades mechanical performance to a certain
extent. However, each system develops its own unique measures to counteract these
degradations, such as the interconnection structure in P. placenta to reduce interface
delamination, effective integration of the photonic multilayer in P. pellucida to reduce interfacial
stress concentrations, and strategic placement and redundancy of the lens in A. granulata to
avoid and compensate for damage.

In addition to elucidating the structure-function relationships and providing material design
strategies, this thesis research also paints a relatively more complete picture for this special
group of multifunctional biomineralized materials by considering both mechanical and optical
properties. These systems might have been evolved under multiple selection pressures (not
limited to mechanics and optics as discussed in this thesis) during the hundreds of millions of
years of evolution. Identifying the primary biological functions might be the first task for
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biomimetic materials research, as it is often assumed that the structure is "optimized' through
evolution to achieve one presumed function. If we fail to identify the correct or complete set of
biological functions, the material design strategies that we find in biological systems might not
work effectively to achieve desired properties.

8.2 Future directions

8.2.1 Theoretical study of deformation twinning at building block level of P. placenta

Pervasive nanoscale deformation twinning has been shown to be the primary mechanism
leading to efficient energy dissipation in the shell of P. placenta by activating a number of
additional nanoscale processes. Experimental approaches with instrumented nanoindentation and
electron microscopy are excellent tools to collect direct evidence of these underlying nanoscale
mechanisms. However, several limitations of this approach are obvious. Firstly, it is difficult to
study the mechanical behavior in a parametric and systematic manner. For example, we cannot
vary the mineral layer thickness of P. placenta to investigate its effect on the deformation
mechanisms. Secondly, it is challenging to infer direct dynamic in-situ information during
deformation from post-indentation analysis.

Recently, there have been significant development in computational simulations of the
mechanical deformation behavior of engineering materials due to the improvement of algorithms

189,253-255and computing power,-2 . In particular, simulations at the atomic level are capable of
providing direct information of the dynamic deformation mechanisms. Using atomistic
simulations to investigate the deformation twining in P. placenta could provide a more in-depth
understanding of the system. For example, by parametrically varying the thickness of the calcite
layers, it is possible to explore the effect on twining and potentially answer the question of
whether or not the thickness is optimized for twinning. Moreover, a parametric study on the
crystallographic misorientation among calcite layers may provide insights on its effect on the
progression of activation deformation twinning. These simulations will all provide the temporal
information of the entire deformation process. This approach will be able to provide us further
design strategies to apply to advanced engineering structural materials.

8.2.2 3D structural characterizations of photonic multi-layer in P. pellucida

In this thesis, the biomineralized photonic multi-layer structure in P. pellucida was
investigated primarily with electron microscopy techniques. These methods provide 2D
information of the nanoscopic structure; however, detailed information about the 3D architecture
is still lacking. Special reinforcing structures, such as dislocation-like connections and mineral
bridges, were observed and are believed to enhance the structural integrity. However, their 3D
architecture and distribution is not clear. Since this photonic multilayer is also an integrated
structure within the armor, mechanical protection should also be a major design constraint of this
multifunctional material system.

Conventional X-ray pCT does not provide enough resolution to resolve such nanoscopic
structures; therefore, other techniques should be considered. For example, two approaches might
be appropriate: focused ion beam-based tomography using a slice and view technique, and
synchrotron X-ray based nanotomography. Once the detailed 3D information is obtained, their
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mechanical properties can be investigated through finite element analysis by directly using the
reconstructed 3D structure.
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Appendix A. Additional supporting figures
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Figure A-11 Thermogravimetric analysis of P. placenta shell. A) Full scan and B) enlarged portion

from 100-600'C. Organic content is calculated using two methods: 1) weight loss below 500'C (1.07

0.09 wt%); 2) the final weight of CaO at 850'C (1.10 ± 0.19 wt%).
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Figure A-21 Powder X-ray diffraction spectrum of P. placenta with standard calcite peaks (PDF #01-

075-6049).
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Figure A-31 A) Picture of transparent P. placenta and its cogeneric species, non-transparent P.

ephippium. B) Averaged load-depth curves for P. placenta and P. ephippium. C) Distribution
of reduced modulus and hardness.

b

Figure A-41 SEM images showing TEM sample preparation of the indentation residue by FIB. a,
An indentation residue before FIB-milling. b, An overall platinum protective layer was deposited first
(thickness ~ 0.5 ptm); another thick protective platinum layer was then deposited (thickness ~ 1.5 pm).
The orientations were chosen either parallel or perpendicular to the longitudinal direction of the laths.
c, In-situ pick-up and transfer the slab to a TEM copper grid using the OMNI probe after FIB milling.
d, The slab was ion milled step-wisely to final electron transparent.
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Figure A-51 Finite element simulation to investigate the bending effects during a
macroindentation test. a, The axisymmetric simulation model. The indentation tip and
substrate were modeled as rigid, and the sample is elastic with modulus of 71 GPa (based on
nanoindentation results). All interfaces are frictionless. b, Simulation result at maximum load
of 65 N, the maximum load to fracture determined experimentally. Bottom left, Von Mises
stress field close to the indentation tip. Bottom right, opening (0.0037 mm) between sample
and substrate resulted from bending at the maximum load. The magnitude of opening is only
~0.5% of the sample thickness, and was neglected in the discussion.
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Figure A-61 X-ray powder diffraction spectrum of a hand-ground limpet shell, showing the

characteristic signatures of calcite and aragonite. Experiment by Mathias Kolle.
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Figure A-71 Spectrally resolved reflectivity of a stripe for successively increasing light incidence

and collection cone angles, referenced against a >97% reflective silver mirror. Measurements were

taken with a Leica 100x oil immersion objective with variable aperture. 0 signifies the corresponding

maximum collection angle for each curve, if measurements would have been taken in water instead of

oil.
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Figure A-81 SEM image of a FIB-prepared cross section of the lens region of an eye of the chiton
A. granulata. Intra-chamber calcified material ("ICCM") is abundant below the lens.
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Appendix B. List of supporting movies

1. 3D visualization of damage zone after macroindentation test.

2. Multiscale structures of the biomineralized photonic structure in the blue-rayed limpet

Patella pellucida.

3. 3D visualization of the eye chamber of the chiton Acanthopleura granulata.

4. 3D visualization of the megalaesthetes of the chiton Acanthopleura granulata.

5. Astigmatism in the image formation of the chiton Acanthopleura granulata.

The above movies are available upon request (linglikmit.edu or linglil985@gmail.com).
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