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Preface

Material designs by nature are quite different from traditional engineering concepts, and offer
a vast reservoir of elegant solutions to engineering problems. Nature uses ingenious methods
to create a large variety of materials with outstanding physical and mechanical properties.
These materials are built at ambient temperature and pressure from a fairly limited selection
of components. Thus, their extraordinary properties stem not from what or how they are made,
but from their unique microstructures. Mimicking these biological materials designs and
processes could create advanced engineering materials useful for various applications ranging
from portable electronics to airplanes. However, natural designs of biological materials have
proven difficult to mimic synthetically mainly because of a lack of knowledge of materials
structure—property relationship and process methods. As aresult, there is a growing requirement
for the academic, research, and industrial communities to understand biomimetic materials
design principles and look for innovative ways of addressing these issues.

This book explores novel biomimetic materials design concepts and materials structure—
property relationships, as well as their implementation from a materials science and engineering
perspective. It starts by understanding the microstructures of natural materials (e.g., squid
beak, gecko footpad, butterfly wings, etc.) and then extracts biomimetic strategies on how to
create advanced structural and functional materials though examining the microstructure
relationship of these biological materials. These bioinspired design concepts and strategies,
together with examples of how they are implemented, are then applied to synthetic materials.
It is believed that considerable benefits can be gained by providing an integrated approach
using bioinspiration with materials science and engineering.

This book was initiated when I attended the ASME conference as the session chair of the
Bioinspired Materials and Structures Program in November 2012. I acknowledge that the
topics covered in this book only scratch the surface of a considerable amount of both completed
and ongoing research in a wide variety of disciplines. Yet, efforts have been made to provide
fundamental understanding of the biomimetic principles and draw general viewpoints across
the different topics. I hope this book will empower the reader to think beyond the current
paradigms of biomimetic materials science and engineering when translating bioinspired
design concepts to engineering reality.
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1

General Introduction

1.1 Historical Perspectives

Living organisms in nature have evolved over billions of years to produce a variety of unique
materials that possess extraordinary abilities or characteristics, such as self-cleaning, self-
healing, efficient energy conversion, brilliant structural colors, intelligence, and so on. These
biological materials are made by nature using earth-abundant elements at ambient tempera-
ture, pressure, and neutral pH. Mimicking these biological materials structures and processing
could lead to the development of a new class of advanced engineering materials useful for
various applications ranging from transportation (e.g., aircraft and automobiles) to energy
production (e.g., turbine blades, artificial photosynthesis), to biomedical products (e.g.,
implants, drug delivery). Some of these solutions provided by nature have inspired humans to
achieve outstanding outcomes. For example, artificial dry adhesives mimicking gecko foot
hairs have shown strong adhesion, 10 times higher than what a gecko can achieve,' and the
strength and stiffness of the hexagonal honeycomb have led to its adoption for use in light-
weight structures in airplane and other applications.?

The idea of mimicking nature’s materials design has been around for thousands of years. Since
the Chinese attempted to make artificial silk over 3000 years ago? there have been many examples
of humans learning from nature to design new materials and related products. One of history’s
great inventors, Leonardo da Vinci, is well known for his studies of living forms and for his inven-
tions, which were often based on ideas derived from nature.® Although the lessons learned by da
Vinci and others were not always successful, as seen in the countless efforts throughout the ages
by humans to fly like a bird, these explorations provided some clue for the Wright brothers, who
designed a successful airplane after realizing that birds do not flap their wings continuously, rather
they glide on air currents.* Perhaps the most common and successful product developed based on
bioinspiration is Velcro, a fastener. In the 1940s a Swiss engineer, George de Mestral, noticed how

Biomimetic Principles and Design of Advanced Engineering Materials, First Edition. Zhenhai Xia.
© 2016 John Wiley & Sons, Ltd. Published 2016 by John Wiley & Sons, Ltd.



2 Biomimetic Principles and Design of Advanced Engineering Materials

the seeds of an Alpine plant called burdock stuck to his dog’s fur. Under a microscope, he saw that
the seeds had hundreds of tiny hooks that caught on the hairs. This unique biological material
structure inspired him to invent the nylon-based fastener that is now commonly used.

Although the idea of learning from nature has been around for a long time, the science of
biomimetics has gained popularity relatively recently. This approach, which uses nature’s
blueprints to design and fabricate materials, dates back to the 1950s, when the term
“biomimetics” was first introduced by Schmitt in 1957.5 Biomimetics is derived from bios,
meaning life (Greek), and mimesis, meaning to imitate.® The term “bionics” was introduced by
Steele” as “the science of systems, which has some function copied from nature, or which
represents characteristics of natural systems or their analogues”. The term “biomimicry”, or
imitation of nature, coined by Janine Benyus in 1997, refers to “copying or adaptation or
derivation from biology”.® From a materials science and engineering perspective, the science
of biomimetic materials is thus the application of biological methods and principles found in
nature to the study and design of engineering materials. This “new” science is based on the
fundamentals of materials science and engineering, but takes ideas and concepts from nature
and implements them in a field of technology. While the term “biomimetic” is frequently used
in this book to describe mimicking the microstructure of biological materials, “bioinspired” is
also employed to describe more general inspiration from nature.

The variety of life is huge; many things fascinate us. Leaves use sunlight, water, and carbon
dioxide to produce fuel and oxygen. Geckos keep their sticky feet clean while running on
dusty walls and ceilings. Some kinds of bacteria thrive in harmful environments by producing
enzymes that break down toxic substances. Materials scientists are increasingly interested in
how these phenomena work, and applying this knowledge to create new materials for clean
energy conversion and storage, reusable self-cleaning adhesives, cleaning up pollution, and
much more. Once the biomimicking succeeds, the impact is enormous.

1.2 Biomimetic Materials Science and Engineering
1.2.1 Biomimetic Materials from Biology to Engineering

Applying materials design principles taken from nature’s design to engineering materials can
create a new paradigm in materials science and engineering. The term “biomimetic materials
science and engineering” is defined here as the study and imitation of nature’s methods,
mechanisms, and processes for the design and engineering of materials. Materials science,
also commonly known as materials engineering, is a vibrant field creating various materials
with specific properties and functions, and applying the materials to various areas of science
and engineering. The knowledge, including physics and chemistry, is applied to the process,
structure, properties, and performance of complex materials for technological applications.
Many of the most pressing scientific problems that are currently faced today are due to the
limitations of the materials that are currently available. As a result, breakthroughs in this field
are likely to have a significant impact on the future of human technology. While humans make
great efforts to look for better materials for technological applications, nature has already
provided a vast reservoir of solutions to engineering problems, ready for us to exploit. Thus,
it is necessary to extend materials science into biomimetic fields where scientists and engi-
neers create materials with properties and performance beyond those of existing materials by
mimicking nature-designed structures, and discover new routes for manufacturing materials
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Biology

science

Figure 1.1 Scope of biomimetic materials science and engineering, and its relationship with other
disciplines.

by imitating biological processes. The integration of biology, material sciences, chemistry,
and physics together with nanotechnology and information technology has brought the subject
of biomimetic materials to the science and engineering frontier (Figure 1.1); it represents a
major international competitive sector of research for this new century.

1.2.2  Two Aspects of Biomimetic Materials Science and Engineering

Biomimetic materials science and engineering advocates looking at nature in new ways to
fully appreciate and understand how it can be used to help solve problems related to materials
design and processing. This is achieved by considering nature as model, measure, and mentor
in two ways (Figure 1.2). The most obvious and common type of biomimetic materials is the
emulation of natural material structures or functions. In this aspect, artificial materials that
mimic both the structural form and function of natural materials are designed and fabricated
using modern technology. With better understanding of the microstructure, chemistry, and
function of biological systems, artificial materials with more precisely controlled microstructure
and better function can be designed and produced by following biomimetic principles. With
advances in nanotechnologies, biological materials can now be characterized at the level of
atoms and molecules, and the biomimetic design of materials can be carried out on the same
atomic and molecular scale. Computer modeling and simulations can further optimize the
biomimetic design and even create new materials based on biological prototypes.

Emulating nature in the process is another aspect of the biomimetic design of engineering
materials, which involves learning from the way nature produces things or evolves.
Traditionally biomimetics has involved making artificial materials that replicate biological
systems by conventional methods, but now it is possible to utilize biomolecules (nucleic acids,
proteins, glycoproteins, etc.) and microbes (archaea, bacteria, fungi, protista, viruses, and
symbionts) to actually fabricate artificial materials. This development has the potential to
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Bio-prototype
(sternum and raphe-sternum valves)

Structure mimicking Processing mimicking

Protein-mediated
biomineralization

Toughing i ifyi Biomineralizin . o
mechanism ﬁ identifying protein 9 identifying

Strong and tough

Supertough Eco-friendly
biomimetic ceramics materials process

Figure 1.2 Two aspects of biomimetic materials science and engineering: structure and process
mimicking. Image shows the structure of sternum and raphe-sternum valves of Cocconeis scutellum var.
scutellum (scale 5 pm). Source: De Stefano et al. (2009).° Reproduced with permission of Elsevier.

revolutionize materials processing because biosystems synthesize inorganic materials like
apatites, calcium carbonate, and silica with nanoscale dimensions.> Unlike the traditional
materials processes that involve high temperature and high pressure with emission of toxic
substances, biological systems produce materials under ecofriendly environments. Beyond the
synthesis of nanomaterials, biological systems possess the ability to assemble nanoparticles
into larger structures (e.g., bones and shells), effectively performing large-scale integration of
nanoparticles. As opposed to the traditional engineering approach, biological materials are
grown without final design specifications, using the recipes and recursive algorithms contained
in their genetic code.? This provides new approaches for materials scientists and engineers to
scale up nanoparticles into bulk materials or large structures with desired properties or
functions, although this is more challenging than making nanoparticles. Mimicking these bio-
assembly processes promises to be an enormously fruitful area of biomimetic manufacturing
for advanced engineering materials.

1.2.3  Why Use Biomimetic Design of Advanced Engineering Materials?

Although tremendous progress has been made in the field of advanced materials beyond
traditional materials, there still remain technological challenges, including the development of
more sophisticated and specialized materials, as well as the impact of materials production on
the environment. Many scientists and engineers, whether mechanical, civil, chemical, or
electrical, will be looking for new and better designs involving materials. Over some 150 million
years, nature has created and tested materials structures from nano and micro to macro and
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mega, using the principles of physics, chemistry, mechanics, materials science, and many
other fields that we recognize as science and engineering. These materials, or “products”, have
been ruthlessly prototyped, market-tested, upgraded, refined, and otherwise improved as the
world around them changed. Each of these fragile specimens is a package of innovation
waiting to be understood and adapted as a biological prototype for advanced engineering
materials. This evolution produced sophisticated materials and structures which rarely overlap
with the methods and products made by humans.

In addition to new materials that could be fabricated based on biological design principles,
biomimetic materials could be created that are better than the biological prototypes them-
selves in some aspects since the bioprototypes are optimized based on the elements available
in their environments. Compared to nature, a multitude of synthetic materials with diverse
properties are available for selection. Nature has achieved various functions or performances
via microstructures restricted to limited kinds of biological materials, mainly collagen and
minerals. In contrast, there are abundant artificial materials, including metals, ceramics, and
polymers, with various properties facilitating the design and fabrication of microstructures.
For example, artificial materials can provide refractive indexes of up to 2.0 and higher for
building optical structures while most biomaterials are restricted to an index below 1.5.1°
Besides refractive index contrast, metamaterials with properties that do not exist in nature can
be employed to create unique optical effects. To transfer the sophisticated design in nature,
materials scientists need to design a broad range of fabrication approaches and adopt various
artificial materials to fabricate microstructures with desirable features based on biological
design principles.

Many biological materials have remarkable properties that cannot be achieved by
conventional engineering methods, for example a spider can produce huge amounts (com-
paring with the linear size of his body) of silk fiber, which is stronger than steel, without
access to high temperatures and pressures. Through biomimetics, it is possible to produce
synthetic fibers with properties similar to those of natural fibers. These properties are
achieved by mimicking the composite structure and hierarchical multiscale organization of
the natural fibers.!!

Biological materials are different from traditional engineering materials in a number of
interrelated ways (Table 1.1). These differences may provide excellent opportunities
for biomimetic materials science and engineering to create advanced engineering materials
for various engineering applications. In terms of structures, the differences include the
following:'?

1. Hierarchy. Biological materials with different organized scale levels (nano to macro)
exhibit distinct and translatable properties from one level to the next. A systematic and
quantitative understanding of this hierarchy could provide a new route to building more
complex synthetic materials with desirable properties and functions.

2. Multi-functionality. While many synthetic materials are designed for one function, most
biological materials serve more than one purpose. For example, feathers provide flight
capability, camouflage, and insulation, whereas the coating on moth eyes provides anti-
reflection, self-cleaning, and protection functions.

3. Self-healing capability. Unlike synthetic materials in which damage and failure occur in an
irreversible manner, biological materials often have the capability to heal damage or injury
because of the vascular systems embedded in the structure.
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Table 1.1 Comparison between biological materials, traditional engineering materials, and biomimetic
materials (adapted from Fratzl (2007)'2).

Materials Biological materials Engineering materials

Chemical Mostly earth-abundant elements: Large variety of elements: Fe,

compositions C,H,O,N, Ca,P, S, Si, etc. Cr, Ni, Al, Si, C, N, O, etc.

Formation/ Growth by genetically guided Fabrication from melts, powders,

fabrication self-assembly (approximate design) solutions, etc. (exact design)

Processing Ambient temperature, pressure, Involve high temperature, high
neutral pH pressure, strong acid/base

Microstructure Hierarchical structures at all length Mostly microstructures at single
scales length scale

Functions Adaption of form and structure to Selection of materials according

Design criteria

Failure prevention
Environmental
impact

the function, multifunctionality
Modeling and remodeling
capability of adaption to changing
environmental conditions
Healing: capability of self-healing
Biodegradable

to function
Secure design (consider large
safety factor)

Component replacement
Biodegradable/
non-biodegradable

. Evolution. Biological structures are not necessarily optimized for all properties but are the
result of an evolutionary process leading to satisfactory and robust solutions. “Living”
materials (e.g., bone) have evolved in response to their environments during their lifetime.

. Environmental constraints. Biological materials are limited in the elements they are
composed of (e.g., C, H, O, N, Fe, etc.) and the availability of these elements dictates the
morphology, properties, and functions of the materials.

The differences in processing between biological materials and traditional engineering

materials could include the following:

. Self-assembly. In contrast to many synthetic processes, most biosystems assemble structures
from the bottom up, rather than from the top down.

. Mild synthesis conditions. The majority of biological materials are synthesized at ambient
temperature and pressure as well as in an aqueous environment, a notable difference from
synthetic materials fabrication.

. Macromolecule-mediated processes. Most biological processes involve macromolecules as
templates, transporters, and catalysts for templating, guiding, and catalyzing the nucleation
and growth of biomaterials, especially biominerals.

Biomimetic materials science and engineering also contribute to economy. Some examples

found in nature that are of commercial interest include self-cleaning materials, drag reduction
in fluid flow, energy conversion and conservation, high and reversible adhesion, materials
and fibers with high mechanical strength, biological self-assembly, and antireflection.
The applications of these biomimetic materials could generate an enormous market for new
products. It is estimated that activity in the field of innovation based on nature increased
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seven-fold from 2000 to 2013, and papers published around the field increased eight-fold.
Between 2012 and 2013, biomimetic patent issuance increased by 27% and scholarly articles
jumped by 28%. By 2030, bioinspiration will generate $425 billion of US GDP and $1.6 trillion
of global GDP.? Several universities have launched biomimicry disciplines and design courses,
and biomimicry design challenges are also gaining popularity.'?

1.2.4  Classification of Biomimetic Materials

Materials science encompasses various classes of materials, each of which may constitute a
separate field. Materials can be classified in several ways, for instance by the type of bonding
between the atoms or functions. Traditionally, materials are grouped into ceramics, metals,
polymers, and composites based on atomic structure and chemical composition. Although
biomimetic materials can also be classified in a traditional way, it is more convenient to
divide them into classes according to materials properties, as follows: (1) structural materials,
(2) functional materials, and (3) process (or procedure). This book follows this classification
for biomimetic materials. The typical biomimetic materials described in this book are
summarized in Table 1.2.

Structural materials are materials whose primary purpose is to transmit or support a force.
The key properties of materials related to bearing load are elastic modulus, yield strength,
ultimate tensile strength, hardness, ductility, fracture toughness, fatigue, and creep resistance.
Unlike traditional structural materials, biomimetic materials could simultaneously have high
strength and high toughness. On the basis of nature’s design, for example gecko footpads with
strong adhesion and controllable friction, biomimetic materials could be fabricated to have the
ability to generate controllable friction and reversible adhesion. In addition, these materials
could possess adaptive capabilities that could change their mechanical properties and/or self-
shaping under external stimuli, or have self-healing capabilities that can recover their
mechanical properties upon damaged.

Functional materials display particular native physical properties and functions of their
own. There is a huge range of functional materials, including optical (e.g., structural color and
antireflection), stimuli-responsive (e.g., electromechanical, photomechanical, mechanical
induced and photomechanical materials), self-cleaning (wet, dry, and under water), catalytic
(oxygen reduction, oxygen evolution, hydrogen evolution and artificial photosynthesis), tissue
engineering materials, etc.

1.3 Strategies, Methods, and Approaches for the Biomimetic
Design of Engineering Materials

Materials scientists and engineers usually take biological materials with remarkable properties
or functions as a source of inspiration for the design of advanced engineering materials. While
in most cases it is not possible to directly borrow solutions from living nature and to apply
them in engineering, it is often possible to take biological systems as a starting point and a
source of inspiration for engineering design. Biomimetic engineering materials do not result
from the observations of natural structures alone but require a thorough investigation of
structure—property relationships in biological materials, and the application of these relation-
ships to engineering materials.
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Table 1.2 Typical biomimetic materials, their prototypes, properties, and applications.

Materials Properties/ Biological Biomimetic Potential
functions prototypes materials applications
Structural Strength, Spider silk, Strong and tough Super-tough
biomimetic toughness abalone shell, materials CNT yarns,
materials bone tough ceramic
composites
Hardness, wear Enamel, DEJ Tough ceramic Cutting tools,
resistance composites wear-resistant
coatings
Impact Horns, hoof Damage-tolerant Impact
composites resistance
Adaptive Sea cucumber Adaptive Self-shaping,
(stiffness, shape) dermis, squid nanocomposites morphing
beak with reversible structures
stiffness change
capability
Self-healing Soft tissue, Self-healing Self-healing
bone, plants composites, composites,
concretes roads
Friction and Gecko, tree Dry adhesive, low Surface friction
adhesion frogs, pitcher friction surface control, drag
plant, shark skin reduction
Functional Stimuli- Muscle, nastic Artificial muscle, Actuator,
biomimetic responsive action, smart materials control, sensing
materials sun-tracking
plants
Self-cleaning Lotus leaf, Self-cleaning Self-cleaning
gecko feet, materials, and anti-fouling
pitcher plant, anti-fouling coating
shark skin coating
Photonics Beetle, butterfly, Structural color Monitoring,
moth eye, materials, sensing,
feather anti-reflective anti-reflectivity
materials
Catalysis Leaf, Catalyst for Fuel cells,
hydrogenase oxygen, hydrogen metal—air
enzyme, blood evolution, oxygen batteries, water
cells evolution splitting
Biomimetic Biomineralization Protein- Processing at Formation of
materials mediated ambient ceramic, metal
process mineralization temperature and nanoparticles

neutral pH
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1.3.1 General Approaches for Biomimetic Engineering Materials

A successful biomimetic transfer of technology from nature to actual engineering materials
can be broken down into four steps, as schematically shown in Figure 1.3. Each step must be
brought to a reasonable level of completion to ensure a successful technology transfer.'*

1. Identify a high-performance natural model. At this initial stage, the structure and function
of biological systems are studied as prototypes for the design and engineering of materials
and structures, but it is not always obvious which should serve as models for manmade
designs. In fact, the most successful biomimetic designs have a similar function in nature
and in the engineering application. To identify an appropriate model from a great variety of
natural materials, one must keep in mind structure—performance—function relationships, in
particular multifunctionality.

2. Abstract key mechanisms, structures, and design principles. At this stage, the principles
and abstract ideas of natural phenomena and model systems are extracted. Mimicking is
not copying. The intrinsic relationship between the features of natural materials and their
attractive properties should be identified, understood, and abstracted from the natural
model so they can be successfully implemented into engineering designs. However, this
process is not always straightforward: natural materials are usually extremely complex and
hierarchical over several length scales.

Biology T *» Engineering
1
]

(1) 2) (3) (4)

Find ' Study ! Design Fabricate and apply
aninteresting |  microstructure and | microstructure biomimetic
property in structure-property using synthetic materials with
nature relationship materials desired properties

B T T S

Figure 1.3 From interesting observation to advanced engineering materials and devices. Examples
of transfer routes. (a) From abalone shell to super-tough engineering ceramics.!>!¢ Source: Barthelat
et al. (2007)" and Launey et al. (2010).'® Reproduced with permission of Elsevier. (b) From butterfly
to structural color-based flat panels. Source: Vukusic & Sambles (2003).!” Reproduced with permission
of Nature Publishing.
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3. Transfer and design biomimetic materials structures. The principles and abstract ideas of
natural phenomena and model systems are applied to technical applications and design.
This technology implementation includes the choice of proper synthetic materials for the
biomimetic structures and often computer modeling is useful to determine and optimize
the synthetic systems based on the biomimetic design principles.

4. Fabricate and implement biomimetic materials. Once the previous three steps are achieved
to a reasonable degree, an actual biomimetic material can be fabricated. However, there is
a reason that nature is always one step ahead: we often find that cost or resources limit our
ability to exactly replicate nature’s efficiency. Nevertheless we are able to come close
enough to produce some very interesting things.

As an example, scientists developed super-tough ceramics, drawing their inspiration from
abalone shells, which are composed of 95% mineral calcium carbonate (CaCoO,), but are a
thousand times tougher than their components. They followed the process delineated in
Figure 1.3a. After recognizing the shell’s outstanding toughness, in step 2 above, the scientists
took a closer look at the chemical compositions and structures at micro/nanoscale, learning
how they integrate hierarchically. They uncovered how these different features in the shell
interacted with one another to produce its unique toughness. This included looking at how the
thin mineral layers pile up and the role of organic molecules in the mineral tablets, and how
these hard and soft materials work together to resist to brittle crack growth and increase energy
assumption. This understanding of how the structure properties of shells work allowed the
scientists to form a basis from which to design a synthetic version. It was the interplay of these
complex structures that inspired the scientists to formulate super-tough ceramics. In step 3,
synthetic ceramic (Al,O,) thin tablets and polymers were used to fabricate the brick-like
structures. In the end, the scientists were able to develop biomimetic ceramics that leverage
the super-tough and super-strong capabilities borrowed from the abalone shells.

Similar approaches have been taken for functional materials. Structural color butterfly
wings are one example of a biological structural design that has been successfully transferred
into products (Figure 1.3b). Brilliant iridescent coloring in male butterflies enables long-range
conspecific communication and it has long been accepted that microstructures, rather than
pigments, are responsible for this coloration. Although the final products are not a “material”,
rather a structure (display), the principles used in creating high-performance electronic color
displays are the same: actively varying the interspatial distances of light-interacting layers
(e.g., for cell phones), which can change colors rapidly. These flat panels show vivid colors
even under low-light conditions, and require less energy than other electronic display methods.

1.3.2  Special Approaches for Biomimetic Engineering Materials

In practice, the biomaterials (steps 1 and 2 in the previous section) and synthetic materials
fabrication and characterization (steps 3 and 4) are usually done by biologists and materials
scientists, respectively. A systematic approach of biomimetics is to store the biomimetic
solutions, once they have been uncovered in the analysis of biological materials (steps 1 and 2),
in large databases, from where they can be retrieved by engineers in search of technical
solutions. Similar to the selection of engineering materials and processes,'® initial attempts
have been made to establish a system into which all known biomimetic solutions can be
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placed, classified in terms of function.® Such tools would be extremely valuable for the
development of bioinspired materials and processes. With the documentation, the biological
mechanisms can be verified by following biomimetic manufacture and characterization. This
will lead to an iterative process between biology and engineering in which the understanding
gained from engineering may be fed back into biology. This mostly unexplored pathway offers
the possibility that engineers can also contribute to biological sciences."

Finally, computational methods could play an important role in developing biomimetic mate-
rials. Biological materials usually have distinct hierarchical levels in their structure, which leads
to an increased diversification in microstructures and multifunctionalities, and enhancement in
material properties.” A highly controllable assembly strategy can be applied using relatively
simple building blocks to create complex structures. It is therefore possible tailor functional
materials to match relevant requirements by designing the hierarchical structures using the basic
blocks. Computational techniques have been developed to allow us to simulate the material
structures and properties at the length scale from nano to micro and macro scales. At each level
of hierarchy, computational methods can be applied to simulate the structure—property relation-
ship, while multiscale modeling approaches can be used to link the properties at the macroscale
to the phenomena at the nanoscale, outlining an overall picture over whole levels of hierarchy.
In addition, computational concept generation is an effective route to generate several conceptual
design variants to optimize biomimetic structures. With computer-based design tools such as
interactive evolutionary algorithms based on the de novo design concept in drag design,?! it is
possible to carry out, based on biomimetic prototypes, a full search of the chemical space and
fine optimization of biomimetic molecular structures with targeted properties/functions.

Bioinspired materials can also be designed for specific applications by fine tuning multiple
design variables in materials synthesis and processing that pertain to the functional outcomes
required.”® With the aid of computer design and simulation, such an approach would produce
a more rationally directed design based on model predictions. More cost- and time-efficient
design processes could be achieved by controlling structural features on multiple hierarchical
levels via integrated computational modeling and processing in the early stages of the material
design.?
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Strong, Tough, and Lightweight
Materials

2.1 Introduction

Strength and toughness are the two most important mechanical properties for engineering
structural materials. Strength (or hardness) measures the resistance of a material to failure,
given by the applied stress (or load per unit area), whereas toughness (or damage tolerance) is
the resistance of a material to fracture or the energy needed to cause fracture. The attainment
of both strength and toughness is a vital requirement for most engineering structural materials,
and stronger and tougher materials are demanded because of increasingly severe service
conditions and environments. However, the strength and toughness of structural materials are
two conflicting mechanical properties of materials. The traditional strategies to strengthen
materials are to inhibit polymer chain motion in polymeric materials through controlling the
second-phase and rigid particles, and to impede dislocation motion in metallic materials by
decreasing microstructural length scales (e.g., the spacing between second-phase particles,
grain size, etc.). It has been demonstrated empirically that monotonically changing micro-
structural length scales often leads to an imbalance between the strength and toughness of
materials, that is, high strength is achieved at the cost of the lowered toughness, or vice versa.
How to make an effective tradeoff between strength and toughness, or find ways to increase
material strength while maintain toughness has become one of critical issues for the design of
advanced structural engineering materials.

Natural designs of materials can be extremely efficient in terms of fulfilling specific
functions, and offer a vast reservoir of solved engineering problems.' Nature uses ingenious
methods to activate various strengthening and toughening mechanisms at levels ranging from
the nanoscale to the macroscale, thereby increasing both strength and toughness. Biological
materials can exhibit remarkable combinations of stiffness, low weight, strength, and toughness,
which are in some cases unmatched by synthetic materials. For this reason engineers and
researchers are increasingly turning to nature for novel designs and inspiration. In particular,
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high-performance structural materials produced by nature are appealing in their design
principles for their high performance. Using materials commonly found in the environment
(e.g., aragonite in abalone shell), nature is able to build biomaterials several orders of magnitude
tougher than the minerals they are made from. While the mechanical properties of biomaterials
cannot compare one-on-one with engineering materials (except for a few extreme cases such
as spider silk), what makes them attractive is how they combine the building blocks and
amplify properties.>

Biological materials can be classified into two broad groups: (1) soft (polymeric) materials,
which consist of fibrous constituents (collagen, keratin, elastin, chitin, lignin, and other
biopolymers) that exhibit widely varying mechanical properties, and (2) hard (mineralized)
materials, composed of hierarchically assembled composites of minerals (e.g., hydroxyapatite,
calcium carbonate, and amorphous silica). In the area of soft materials, spider silk has drawn
attention from all sections of engineering on account of its superior properties compared to
existing fibrous materials. Silk fibers have tensile strengths comparable to steel, and some
silks are nearly as elastic as rubber on a weight-to-weight basis. In combining these two prop-
erties, silks display a toughness that is two to three times that of synthetic fibers like Nylon or
Kevlar while keeping high strength. In addition, spider silk is antimicrobial, hypoallergenic,
and completely biodegradable. In the area of hard tissues, abalone shells, teeth, and bone are
known for their high stiffness and hardness; the most impressive property, however, is their
fracture toughness, which is two to three orders of magnitude higher than the minerals they are
made of. In particular, these biological ceramics are highly mineralized tissues (at least 95%
mineral content); toughness is critical here, so that cracks emanating from initial defects in the
shell can be resisted, effectively making the material damage tolerant.

Biological materials are quite diverse in nature. In addition to the soft and hard tissues
mentioned above, many biological materials are composites with many components that are
hierarchically structured and can have a broad variety of constitutive responses. Below, the
structures of selected biological materials are discussed to reveal the design principles that
nature uses to achieve exceptional mechanical properties and functionalities. Examples are
given of how to utilize these bioinspired strategies to design and build engineering materials
with the desired strength and toughness.

2.2 Strengthening and Toughening Principles in Soft Tissues
2.2.1 Overview of Spider Silk

Silk is an amazing natural fiber produced by various species such as silk months, silk worms,
bees, wasps, ants, and spiders. Although silk from the silk moth is ideally suited for fashion
textiles, and has been produced commercially and traded in China for at least 4000 years,
because of its high yields, achieved via breeding the silk-producing larvae on large farms,
spider silk stands out among the various silks owing to its higher toughness and tensile
strength, as well as better chemical resistance.® In particular, spider silk is of practical interest
in engineering applications for its unique combination of high strength and rupture elongation.
It is incredibly tough and remains unbroken after being stretched to two to four times its
original length. Whilst this is unlikely to be relevant in nature, dragline silks can hold their
strength below —40°C and up to 220 °C. Quantitatively, spider silk is five times stronger
than steel of the same diameter. A spider silk fiber is finer than a human hair (most threads
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Figure 2.1 Schematic of a spider web showing major ampullate (MA) gland silk and viscid
silks from the spider. Source: Gosline et al. (1999).* Reproduced with permission of the Company of
Biologists Ltd.

are a few microns in diameter), designed by nature using subtle changes in chemical compo-
sition and, more importantly, morphological structure at a nanometer scale. Its outstanding
mechanical properties, light weight, and biocompatibility render spider silk a very attractive
target for material science, and an excellent model for the biomimetic design of high-
performance fibers.

In nature, spiders produce various types of silk to construct their webs, wrap prey, and
protect their offspring, and use silk as a lifeline to escape from predators. Among these silk
fibers, frame and capture spiral are the most interesting. In an orb web (Figure 2.1), the frame
and radii are made of strong and rather rigid silk, which is produced in the major ampullate
glands and therefore named MA silk.* Spiders also use this particular silk as a lifeline (or
roping thread), which has to always ready to escape predators — it is therefore always dragged,
hence the nickname “dragline silk.” The capture spiral of an orb web comprises fibers that are
produced in the flagelliform (Flag) gland of spiders. Flag silk is highly elastic (up to 300%)
and perfectly dissipates the impact energy of prey. For example, a typical honeybee with a
body weight of 120 mg and a maximum flight velocity of about 3.1 m/s crashes into a spider’s
web with a kinetic energy of approximately 0.55 mJ.° Flag silk with a diameter of only 1-5 pm
can withstand that massive impact. The enormous resilience of these threads is crucial for
catching and holding prey that is sometimes bigger than the spider itself.

2.2.2  Microstructure of Spider Silk

Spider silk fibers, like many other biomaterials, are natural polymeric composites with a
hierarchical structure, as schematically shown in Figure 2.2. At the macroscale, spider silk has
a skin-core structure with a weak skin and a number of filaments. These micro-sized filaments
with a circular cross-section are stuck together and aligned parallel to the filament axis
(Figure 2.2b). On the nanoscale structure level (Figure 2.2c), each microfilament consists of
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Figure 2.2 Schematic of hierarchical spider silk structure that ranges from macro to nano. (a) The web
thread consists of (b) multiple filaments bonded together, while each filament is composed of (c) small
crystalline (-sheet rich subunits (see close-ups), which are embedded into an amorphous structure. The
crystalline and non-crystalline parts are covalently connected. (d) Inside the p-crystal peptide strands are
held together by hydrogen bonds. Source: Adapted from Romer & Scheibel (2008) and Keten et al. (2010).5°

strong nanometer-sized crystals and soft disordered chains filling up the remaining volume of
the micron-sized fibrils. The crystals have a length/width ratio of approximately 5, with
approximately 10—12% of the volume of the hydrated silk. In B. mori silk, these protein crys-
tals occupy 40-50% of the total volume of the silk fiber. The remainder is occupied by protein
chains having a much less ordered, and amorphous structure. While the crystals form the
intermolecular connections between the fibroin molecules, they also act as reinforcing filler
particles to stiffen and strengthen the network. Less-ordered but amorphous alanine-rich
crystalline regions have also been identified, which connect the blanine-rich crystalline
regions. The amorphous chains, which interconnect the crystals, are mostly 16—-20 amino acid
residues long. The rubber-like elasticity of the hydrated network arises from the large-scale
extension of these coiled amorphous chains.’

At molecular level, the silk crystals consist of peptide strands held together by individually
weak, but collectively strong, hydrogen bonds (Figure 2.2d). The crystalline regions are very
hydrophobic, which aids the loss of water during solidification of spider silk. This also
explains why the silk is so insoluble: water molecules are unable to penetrate the strongly
hydrogen-bonded structures. The short side chain alanine is mainly found in the crystalline
domains (f sheets) of the nanofibril, and glycine is mostly found in the amorphous matrix,
which consists of helical and p-turn structures.®” The glycine-rich spiral regions of spidroin
aggregate to form amorphous areas. Other compounds are used in silks to enhance their prop-
erties. Pyrrolidine is found in especially high concentrations in glue threads. This substance
has hygroscopic properties and helps to keep the thread moist. Potassium hydrogen phosphate
releases protons in aqueous solution, resulting in a pH of about 4, making the silk acidic and
thus protecting it from fungi and bacteria that would otherwise digest the protein. Potassium
nitrate is believed to prevent the protein from denaturing in the acidic milieu.’

Different types of silk have different structural distributions (e.g., different compositions of
crystalline and hydrogel parts). MA silk, which is used for constructing the frame of the web,
contains a large number of crystalline (B-sheet) structures. In contrast, the much more flexible Flag
silk consists almost exclusively of amorphous hydrogel-like regions. Thus, for spider silk function is
closely related to structure.’ Overall, the generalized structure of spider silk is a composite of
crystalline regions in an amorphous matrix. It is the interplay between the hard crystalline segments
and the strained elastic semi-amorphous regions that gives spider silk its extraordinary properties.?
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2.2.3 Mechanical Properties of Spider Silk

Spider silk exhibits exceptional mechanical properties, such as high tensile strength and great
extensibility. The most outstanding property of spider silk is its balance of high strength and
high toughness. Among all natural and synthetic fibers, spider silk demonstrates maximal
resilience — the ability of a material to absorb energy when it is deformed elastically, and
release that energy upon unloading. The distinct spider silk threads are able to absorb three
times more energy than, for example, Kevlar, one of the sturdiest man-made materials on a
weight-to-weight basis (Figure 2.3). In contrast, most synthetic materials typically show a
higher stiffness and strength compared to natural fibers, but they are much less elastic than
natural fibers (Table 2.1).* As engineering fibers have an extremely rigid molecular structure
that virtually excludes the possibility of large-scale molecular motion, their high stiffness and
strength are achieved at the expense of extensibility. Synthetic carbon fibers, for example,
have a yield point at approximate 4 GPa, which is more than three times higher than the best
insect silk. The elasticity of carbon fibers, however, is only marginal. Spider silk shows a
well-balanced combination of strength and elasticity, and therefore mechanically outperforms
other natural fibers as well as synthetic threads under certain circumstances. In addition to its
outstanding resilience, spider silk shows a torsional shape memory that prevents the spider
from twisting and turning during its descent on a silk thread.'® Because of its high damping
coefficient, MA silk needs no extra stimulus for total recovery after being turned from its
initial position; unlike synthetic fibers, it barely oscillates after twisting.

Spider silk also shows a high supercontraction rate. Absorbed water leads to significant
shrinkage in an unrestrained dragline fiber and reversibly converts the material into a rubber.
This process is known as supercontraction, a distinctive feature of MA and Flag silk tension
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Figure 2.3 Tensile stress—strain behavior of N. clavipes spider silk compared to other textile fibers.
Source: Shao & Vollrath (2002).!* Reproduced with permission of Nature Publishing Group.
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Table 2.1 Average values of the mechanical properties of silk fibers and high-performance synthetic
fibers (adapted from Romer & Scheibel (2008)%).

Fiber type Density  Young’s modulus  Tensile strength ~ Breaking strain ~ Resilience
(g/em®)  E (GPa) o, (GPa) g, (%) (MJ/m?)

Spider silk

Argiope trifasciata 1.3 1-10 1.2 30 100
Nephila clavipes 1.3 1-10 1.8 30 130
Silkworm silk 1.3 5 0.6 12 50
Nylon 66 fiber 1.1 5 0.9 18 80
Kevlar 49 fiber 14 130 3.6 3 50
Carbon fiber 1.6 300 4 1.3 25
High-tensile steel 7.8 200 3 2 6

in a wet web. Supercontraction will occur in water or in air if the relative humidity reaches
a level of approximately 90% or more,'' therefore likely that the silk fibers in the webs of
spiders may experience conditions for supercontraction in their normal use. At high humidity
spider dragline silk “supercontracts” — unrestrained silk will shrink up to 50% in length
whereas restrained silk generates stresses in excess of 50 MPa.!> Absorption of water leads to
shrinkage and tightens the thread, which is important to ensure the rigidity of the spider’s web
during its lifetime. This process is caused by the organization and arrangement of individual
silk proteins.'?

2.2.4  Strengthening and Toughening Mechanisms of Spider Silk

The incredible properties of spider silk originate from its unique hierarchical structure that
spans multiple levels from molecular (amino acid sequence, proteins), to nanoscale (nano-
composite), microscale (fibrils), and macroscale (fibers) (Figure 2.2). These hierarchical
levels are a manifestation of how the biochemical information that defines the protein sequence
directly affects the behavior of the silk. Each level in the material contributes to the overall
properties; the remarkable properties of the entire system emerge because of a series of syner-
gistic interactions across the scales." But how do these constituents contribute to the mechanics
of silk fiber? What precisely are their functions? These fundamental questions are the key to
the bioinspiration and rational design of strong and tough engineering materials.

As shown in the last section, at the 1-10nm scale the molecular structure of dragline spider
silk repeat units consists of semiamorphous and nanocrystalline -sheet protein domains. The
crystalline-semiamorphous domains in silkworm (Bombyx mori) respond to loading in a quite
complex way.” At the low-stress region, the protein strands uncoil and straighten, followed by
entropic unfolding of the amorphous strands, and then stiffening due to load transfer to the
crystalline P sheets. The p-sheet crystals crosslink the fibroins into a polymer network with
great stiffness, strength, and toughness. Upon tensile loading, the amorphous areas can partially
deform, contributing to the elasticity and flexibility of the thread, whereas the nanocrystals
provide fiber strengthening. Such an arrangement permits toughness while being strong.’

[B-sheet nanocrystals that universally consist of highly conserved poly-(Gly-Ala) and poly-
Ala domains, embedded in a rubbery protein matrix at the nanometer scale, are considered to
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be critical to the mechanical and biological performance of spider silk. This seems counter-
intuitive because the key molecular interactions in B-sheet nanocrystals are hydrogen bonds,
one of the weakest chemical bonds known. In fact, B-sheet nanocrystals confined to a few
nanometers can achieve higher stiffness, strength, and mechanical toughness than larger
nanocrystals. Large-scale molecular dynamics simulations revealed that an energy dissipative
stick-slip shearing of the hydrogen bonds occurs during failure of the p sheets, as shown in
Figure 2.4.° For a stack with height L<3 nm (Figure 2.4c), the shear stresses are more substan-
tial than the flexure stresses, and the hydrogen bonds contribute to the high strength obtained
(1.5 GPa). Through nanoconfinement, a combination of uniform shear deformation that makes
most efficient use of hydrogen bonds and the emergence of dissipative molecular stick-slip
deformation leads to significantly enhanced mechanical properties. However, if the stack of
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Figure 2.4 Tensile stress—strain relationships in spider silk. (a) Variation of pull-out strength as a
function of p-sheet nanocrystal size L. (b) Toughness and resilience as a function of f-sheet nanocrystal
size L. Molecular dynamics simulation of silk: (c) short stack and (d) long stack of pB-sheet crystals.
Source: Keten (2010).° Reproduced with permission of Nature Publishing Group.
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f sheets is too high (Figure 2.4d), it undergoes bending with tensile separation between adja-
cent sheets. The nanoscale dimension of the § sheets allows for a ductile instead of brittle
failure, resulting in high toughness values of silk. Thus, size affects the mechanical response
considerably, changing the deformation characteristics of the weak hydrogen bonds. Bone and
other biomaterials also demonstrated similar structures,'® where sacrificial hydrogen bonds
between mineralized collagen fibrils contribute to the excellent fracture resistance. This may
explain how size effects can be exploited to create bioinspired materials with superior
mechanical properties in spite of relying on mechanically inferior, weak hydrogen bonds.
Thus, the geometric confinement of the silk fiber diameter to <100 nm is critical to exploit the
full potential of the material behavior endowed from the molecular scale.

Apart from the typical nanocomposite structure — crystals embedded in an amorphous
matrix — that makes up the fibrils, the fibril morphology at the hundreds of nanometers scale
is also considered important to mechanical behavior and dissipation of energy. At this length
scale, the core region of a spider silk fiber consists of braided bundles of 200nm diameter
fibrils (Figure 2.5) that align in the direction slightly off-axis (~10°) with respect to the overall
fiber.!” The fibrils are not smooth, but rather are characterized by globular protrusions
approximately 100nm wide and 150 nm long with respect to the fibril direction. Collagen
and tendon show a similar interlocking structure. Under normal conditions, this morphology
creates nonslip fibril kinematics, restricting shearing between fibrils, yet allowing controlled
local slipping under high shear stress, dissipating energy. The local slipping dissipates energy
without bulk fracturing. This mechanism provides a relatively simple target for biomimicry
and, thus, can potentially be used to increase fracture resistance in synthetic materials."”

At fiber level, the deformation of the silk to tensile forces is very interesting because of its
unique set of molecular and submicroscale configurational conformations. Silk fibers typically
soften at the yield point to dramatically stiffen during large deformations until the point of
failure. Viscid (catching spiral) spider silk, for example, has a stress—strain curve (so-called

Figure 2.5 AFM image of fibril structure across a range of size scales. Fibrils in the core region
of spider silk fibers. The clear globular/banding patterns can be seen in each fibril and the interlocking of
the globules/bands between the fibrils. Source: Brown et al. (2012)."7 Reproduced with permission
of ACS Nano.
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J-shaped curve) where molecular uncoiling and unkinking occur with considerable deforma-
tion under low stress.!® This stiffening as the chains unfurl, straighten, stretch, and slide past
each other can be represented analytically in one, two, and three dimensions. Thus, the stress—
strain curves of the silk can be divided into two regimes: (1) unfurling and straightening of
polymer chains and (2) stretching of the polymer chain backbones. Such stress—strain behavior
is what allows for localization of deformation upon loading, and is what makes spider webs
robust and extremely resistant to defects, as compared to a hypothetical linear-elastic or
elastic-plastic silk fiber. To achieve high strength and toughness, the initial work performed on
extension should be small, to reduce energy expenditure, whereas the material should stiffen
close to the breaking point, to resist failure.!

Other soft biological materials, for example wool, whelk eggs, and silks, have more complex
responses, marked by discontinuities in modulus.'® Several mechanisms are responsible for
this change in slope, including the phase transition from a- to f-keratin and entropic changes
with strain. When the materials are subject to tensile loading, the transformation from
a-keratin helices to § sheets occurs. Upon unloading, the reverse occurs, and the total reversible
strain is, therefore, extensive. This stress-induced phase transformation is similar to what
occurs in shape-memory alloys, therefore this material can experience substantial reversible
deformation (up to 80%) in a reversible fashion when the stress is raised from 2 to 5MPa,
ensuring the survival of whelk eggs, which are continually swept by waves.!” With distinctive
deformation characteristics at different length scales and synergetic effects between the length
scales, these biopolymers show distinct properties that allow them to be strong and highly
extensible.

2.3 Strong and Tough Engineering Materials and Processes
Mimicking Spider Silk

2.3.1 Biomimetic Design Principles for Strong and Tough Materials

Spider silk represents an excellent prototype for the biomimetic design of super strong and
tough materials. Considering its mechanical and physico-chemical properties, spider silk is
perfectly suited to many industrial applications. One strategy for producing the silk is with
recombinant protein using engineered host organisms.”> Many prokaryotic and eukaryotic
hosts have been employed but this strategy has been limited because few full gene sequences
for spider proteins are available.

Alternatively, synthetic materials are used to produce silk-like fibers based on biological
models. The key properties of web silks that emerge from the analysis of web function involve
a balance between strength and extensibility, giving enormous toughness and a high level of
internal molecular friction, and consequently high levels of hysteresis. At the 1-10nm scale in
spider silk, a combination of high strength and high toughness can be achieved by coupling
crystalline with amorphous regions and manipulating the size of crystals, sacrificial bonding
behavior, interaction between amorphous and crystalline domains, fraction of order, and
strength of bonding between constituents. As alluded to above, spider silk has distinct micro-
structures: very stiff and strong crystals (hydrophobic) and more disorganized, labile, and very
soft regions (hydrophilic). Using such a biological model advanced engineering materials
could be designed by combining these building blocks to achieve very diverse mechanical
signatures for different purposes.
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The controlled sliding between fibrils and the spread of local dislocations over a large
volume of material that result from this fibril morphology could potentially provide an
additional toughening mechanism in synthetic materials. The repeated, interlocking globular
morphology of spider silk fibrils in the range of hundreds of nanometers could be replicated
in fibrous materials to combine high strength and stiffness with high toughness, in terms of
energy to failure, which will act at high strains. Because of the larger scale (hundreds of
nanometers) features on which this energy dissipating mechanism acts, control over this
morphology will be a relatively simple target for the biomimetic design of tough materials.
Rather than relying on the basic material properties of a fiber or fibril, it requires only morpho-
logical manipulation or design.!’

2.3.2 Bioinspired Carbon Nanotube Yarns Mimicking Spider Silk Structure

Biomimetic approaches have been demonstrated in which lessons from nature can be incorpo-
rated into the design of spider silk-like super-tough composite yarns consisting of carbon
nanotube and polymer.?! In spider silk, an extensive network of hydrogen bonds and flexible
proteins link stiff, “nanocrystalline” protein domains. As the material deforms, the hydrogen
bonds break and reform, allowing the unfolding of the flexible protein regions.?? In addition,
fibrils are aligned along the fiber directions, and this controlled deformation allows fibrils to
slide and dissipate energy. Carbon nanotubes (CNTs) have extremely high strength, very high
stiffness, low density, and good chemical stability, and are an ideal one-dimensional nanoma-
terial building block as “nanocrystalline” in silk. To mimic the microstructure and toughening
mechanism of spider silk, the nanotubes can be integrated into macroscopic composites
with silk-like microstructures with a high degree of nanotube alignment. The soft mediates
optimize the interactions between neighboring nanotubes to achieve hydrogen-bond breaking
and reforming under the loading.

The load transfer mechanisms in natural materials can be reproduced by poly(vinyl alcohol)
(PVA). As the polymer coating on the carbon nanotubes contains both hydrogen-bond donor
and acceptor groups, nature’s design strategy, in which stiff components can be linked together
through a network of weak hydrogen bonds that can break and reform with deformation, can
be implemented with the addition of a small amount of flexible polymer. The introduction of
PVA, which mediates a dense network of hydrogen bonds between the CNT bundles, provides
high stiffness, strength, and energy to failure to macroscopic nanotube-based yarns.?* These
hydrogen bonds work cooperatively to transfer loads, and break and reform with deformation,
thus providing a mechanism for increased energy to failure.

Nanocomposite yarns are synthesized by spinning. After the chemical vapor deposition
(CVD)-grown high-quality single-walled or double-walled carbon nanotubes have been func-
tionalized with short polymer chains possessing carboxylic acid and ester functional groups,
they are spun into composite fibers with PVA. Single-walled carbon nanotube (SWNT)-PVA
composite fibers up to 100 m long have been fabricated, which are tougher than spider silk and
any other natural or synthetic organic fibers reported previously. The superior toughness of
SWNT-PVA composite fibers is attributed to the presence of PVA between SWNTs and the
slippage between individual nanotubes within bundles, which results in the combination of
high strength and high strain to failure. Through hydrogen bonding to this inherent coating,
the flexible PVA chains link the adjacent stiff nanotube bundles, providing a structure that is
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Figure 2.6 (a) Biomimetic carbon nanotube yarn, (b) schematics of hydrogen-bond interactions
between the intrinsic organic coating containing carboxylic acid and ester functionalities and the
polymer (PVA) containing donor-acceptor hydroxyl groups, and (c) representative stress—strain curves
for DWNT-PVA composite yarns with 0 and 9wt% PVA. Source: Beese (2013).>' Reproduced with
permission of ACS Nano.

functionally similar to spider silk and collagen (Figure 2.6). By varying the ratio of PVA to
nanotubes, the density of hydrogen bonds can be adjusted to achieve the best mechanical
performance. Multiwalled carbon nanotube (MWNT)-PVA composite yarns have also been
prepared by introducing twist during spinning.?' These yarns can retain their strength and
flexibility after heating in air. High creep resistance and high electrical conductivity were
retained after polymer infiltration, which substantially increases yarn strength.

2.4 Strengthening and Toughening Mechanisms in Hard Tissues
2.4.1 Nacre Microstructure

Nacre is one of the most appealing hard tissues in biomimicry because of its exceptional
mechanical properties, especially toughness. In nature, nacre exists in the inner layer of the
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Figure 2.7 The multiscale structure of nacre (red abalone): (a) inside view of the shell, (b) cross-
section of a red abalone shell, (c) schematic of the brick-wall-like microstructure, (d) optical micrograph
showing the tiling of the tablets, (¢) TEM showing tablet waviness, (f) schematic of the nanograin micro-
structure, (g) TEM images showing single aragonite crystal with some nanograins, (h) high-resolution
TEM of aragonite asperity and bridge, (i) calcium carbonate unit cell, and (j) chitin molecule structure. Source:
(a—h) Espinosa et al. (2009)*' and (i—j) Meyers et al. (2011).>* Reproduced with permisson of Elsevier.

structure of some shells that protect the soft body of the mollusk against attack from predators,
debris, and rocks moved by the current. Figure 2.7 shows the nacre structure over several
length scales.”* The characteristic structure of nacre at the microscale (Figure 2.7c—e) is a
composite made of “brick and mortar”, which is composed of 95% mineral calcium carbonate
(CaCO,) in the aragonite form. This mineral is in the form of polygonal microscopic platelets
5-15 pm in diameter and 0.5—1 pm in thickness. These platelets are tightly arranged into three-
dimensional brick walls. The crystallographic ¢ axis of the platelets points approximately
perpendicular to the shell wall, but the direction of the other axes varies between groups.
Adjacent platelets have dramatically different c-axis orientation, generally randomly oriented
within ~20° of vertical. On the nanoscale level (Figure 2.7f-h) the platelets are composed of
nanograins with a uniform crystal orientation and separated by a fine network of organic
materials within the nacre layers. Platelets with such a consistent crystallographic texture act
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as a single crystal rather than a group of similarly oriented crystals. This unusual phenomenon
has been described as the pseudo-single-crystal effect.” A significant waviness can be
observed; its wavelength is in the order of one half to one tablet length, and its amplitude is
about one quarter of the tablet thickness. Such waviness is important to the mechanical
properties of nacre.

The remaining 5% of nacre is sheets of organic matrix composed of elastic biopolymers
(Figure 2.7j) (such as chitin, lustrin, silk-like proteins, and polysaccharides) mostly located at
the interface between platelets. This organic layer of nacre has a laminar structure consisting
of a fibrous chitin core between layers of macromolecules. Chitin is identified underlying the
interlamellar layers and is found to be present in high concentration in the intertabular matrix.
The intertabular matrix is also rich in carboxylates and sulfates. The proteins have modular
structures resembling the silks of spiders and silkworm cocoons, which bind to chitin or
control the nucleation and growth of the aragonite on organic sheets.’®?’ As discussed in the
previous section, the fundamental protein structures with modular repeating hydrophobic
crystalline and hydrophilic domains adopt various conformations depending on the presence
of water. Although having 5% of total volume, the soft organic phase plays an important
role in enhancing strength and toughness by maintaining the cohesion of the platelets over
large separation distances and forming tough ligaments. This high extensibility is the result
of the uncoiling of modules along the chain of some proteins.?

There are other features at the interface between platelets. One of them is nanoasperities,
which form a nanoscale roughness on the surface of the platelets, providing a frictional resis-
tance to sliding. Mineral bridges are another feature that connect platelets across the interfaces
to reinforce them. All these features, together with basic platelet structures and thin polymer
layers, account for mechanical characteristics such as strength, elasticity, and toughness.”
Because of the complexity of the structure of nacre, it is necessary to identify which features
should be transferred to a successful biomimetic material.*

2.4.2  Deformation and Fracture Behavior of Nacre

Nacre has different mechanical responses depending on its hydration condition. While dry
nacre exhibits a typical brittle behavior similar to bulk aragonite — linearly elastic up to brittle
failure — hydrated nacre displays a totally ductile response (Figure 2.8a).***? Nonelastic defor-
mation or “yielding” occurs at tensile stresses of 60—70 MPa, and strain hardening develops up
to failure at almost 1% strain and a tensile strength of ~100 MPa. Although this strain at failure
is not impressive compared to many engineering metals, it is ten times the strain at failure of
aragonite. This makes a significant difference in the area under the stress—strain curve, which
is related to the energy required to break the material. Overall, the balance of strength and
toughness in nacre is comparable to that of metals and polymers.

The non-elastic deformation and relatively large strains in hydrated nacre stem mainly from
its unique platelet-layered structure and polymer interface. As schematically shown in
Figure 2.8b, the applied tensile load is transmitted through the material by tensile stress in the
platelets and shear stresses at the interfaces. At the initial loading, the platelets are interlocked
firmly during the linear deformation. When the applied load is increased, these stresses
increase accordingly, until one of several possible failure modes is activated, resulting in non-
linear deformation or yielding. The first failure mode is interfacial debonding and sliding
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Figure 2.8 (a) Stress—strain curve in tension along the platelets for pure aragonite, dry nacre and
hydrated nacre. (b) The relatively large strains measured in the hydrated case are the result of collective
tablet sliding at the microscale. Source: Espinosa et al. (2009).3! Reproduced with permisson of Elsevier.

along the interface between the platelets. As the sliding proceeds with loading, large strains
with strain hardening are generated in the loading process. Interestingly, this sliding mechanism
is also observed in bone and tendon in tension. Finally, the platelets are pulled out completely,
causing a macroscopic fracture. Obviously, the organic phase between the platelets plays
an important role in controlling the interface sliding behavior. As the gel-like organic phase
is susceptible to water content, the interface properties are changed with nacre’s hydrated
condition, thereby influencing the macroscopic mechanical response of the nacre. The
hydrated organic phase acts as a lubricant at the interface and controls interface shear sliding,
but the dehydrated organic phase stiffens and loses flexibility and fluidity.** The dehydration
results in strong bonding of the interface that brings about higher macroscopic strengthening
but causes brittleness.

Dried nacre is quite brittle, but its fracture surface shows that the fracture is not the unstable
crack propagation through the platelets from a defect, but rather the pullout of the platelets, as
in hydrated nacre. Thus the catastrophic failure of the dried nacre is due to abrupt unlocking
of the platelets at the maximum load after firm interlocking during the linear deformation
(Figure 2.8a). There are several origins of the interlocking and frictional resistance, including
mineral bridging, platelet waviness, and nanoasperity on the platelet surface.*

Sliding-induced platelet interfacial hardening is considered as the primary mechanism
leading to an increase in both strength and ductility. In nacre platelets sliding spreads
throughout the material so that all of the sliding sites are “activated” at failure. Each of the
local extensions generated at the sliding site add up, contributing to the relatively high strains
measured at the macro scale. Greater distribution of sliding across the material translates to an
increase in dissipated energy and toughening, which contributes to the outstanding crack-
arresting performance of nacre. In order to activate an increasing number of sliding sites, a
hardening mechanism must take place at the interfaces to make it increasingly difficult to slide
platelets further. Without hardening, sliding would lead to localization, that is, the platelets
would only slide along a single band perpendicular to the loading direction, leading to small
failure strains. The work hardening is caused by progressive platelet locking generated by the
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waviness of the platelets.> The waviness in some areas makes the platelets thicker at their
periphery, effectively generating geometric “dovetails” (Figure 2.9¢,d). Upon sliding, the end
of the platelet is pulled out and the dovetail generates progressive locking and hardening.
As aresult, the spreading of these deformations over large volumes increases toughness.

The size of platelets or aspect ratio is well defined in nacre, which maximizes both composite
strength and fracture toughness.***” During platelet sliding, the forces are transferred through
shear from a continuous polymeric matrix to a stiff discontinuous reinforcing element under
tensile loading conditions. A simple shear-lag analysis on laminar structures with a platelet
length L and thickness 7 can yield a critical aspect ratio, s=#/L, which is equal to the ratio of
fracture strength of platelets (o) to the shear strength (z)) of polymer between the platelets
(sczaf/r)_).37 Based on the shear-lag analysis, large s allows for the transfer of progressively
higher stresses to the platelets and thus increases the strength of composite (Figure 2.9b).
However, when s> s , the transferred stresses are high enough to fracture the stiff platelets and
thereby cause catastrophic failure of the composite (Figure 2.9a).” Conversely, If s<s, several
toughening mechanisms are enabled, including platelet pullout, inelastic and viscoelastic
deformation of the polymer matrix, interfacial hardening, microcracking, and crack bridging.
Composites combining both high strength and high toughness should therefore be achieved if
the aspect ratio of the reinforcing platelets is selected to be slightly below the critical value.*
Experiments have shown that the selection of platelets with aspect ratio slightly below the
expected critical value for different biological composites is indeed a design principle used
in nacre to achieve the highest strength and toughness levels possible with the initial set of
building blocks available in the natural environment.>* This quantitative design principle
provides an effective approach for fabricating high-performance bioinspired composites using
stronger synthetic building blocks, as is discussed in section 2.5.

The waviness of the platelets is also critical to strength and toughness, and the angle
of waviness in nacre also seems optimal during its long evolution.* Figure 2.9¢ shows a
parametric map of failure modes for natural and artificial nacres as a function of tablet geometry.
With no dovetail (0) there is almost no hardening after yielding and peak stress is relatively
low because of the lack of an interfacial hardening mechanism. With a small dovetail angle
(#=1°, and maintaining the same dovetail overlap length), the degree of sliding, the failure
stress, and strain are all improved significantly, and the energy dissipation per unit volume
increases by more than 100% compared to the 0° sample. The interfacial hardening effect was
clearly seen in the stress—strain curves. With shorter dovetail lengths, softening and platelet
pullout occurred at lower stresses and strains, resulting in dramatically less energy dissipation
because of shorter sliding distance of platelets over each other. For larger dovetail angles, the
interfacial hardening strength was greater than that of the tablets themselves, and localized
brittle tablet failure was observed. Interestingly, the platelet geometry of the artificial sample
exhibiting the greatest energy dissipation falls directly within the range of tablet geometries
found in natural nacre, indicating that the same design principle is applied to artificial nacre
(Figure 2.9¢).%

2.4.3  Strengthening Mechanism in Nacre

The basic function of shells is to protect the soft body of the mollusk against attack from preda-
tors, debris, and rocks moved by the current. A mollusk shell loaded from the exterior will
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Figure 2.9 Platelet pullout and interfacial hardening in nacre. (a) Schematics showing the effect of the
platelet aspect ratio on the failure mode of reinforced composites. (b) The aspect ratio of CaCO, platelets
in the nacreous layer of different mollusk shell species, suggesting that the platelet aspect ratio (s) is
optimized to be slightly lower than the expected theoretical critical value s_(the solid line, T, is the shear
strength of the organic matrix around the platelets). Source: Studart (2012).3* Reproduced with permis-
sion of John Wiley and Sons. (c) SEM image of a few dovetail like features at the periphery of the tablets.
(d) Outline of the tablets contours, showing some of the stresses involved when nacre is stretched along
the tablets. In addition to shear the interface is subjected to normal compression (black arrows), which
generates resistance to tablet pullout. Equilibrium of forces at the interfaces requires tensile tractions at
the core of the tablets. Source: Barthelet & Espinosa (2007).* Reproduced with the permission of
Springer. (e) Failure mode diagram suggesting that the optimum dovetail geometry found in the synthetic
composites matches with the shape of platelets in nacre. Source: Espinosa et al. (2011).* Reproduced
with permission of Elsevier.

experience bending, which translates into tension in the inner nacreous layer. More severe loads
may lead to the cracking of the outer brittle layer from contact stresses. In that case it is the
nacreous layer that will ensure the integrity of the shell. For these two situations tensile stresses
along the platelets are prominent in nacre, and nacre is probably constructed to maximize strength
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along that direction.? When platelets are subject to tensile stress, flaws in the platelets will cause
stress concentration and crack propagation, which reduce the strength from the theoretical value
(~E/30). According to fracture mechanics, the maximum stress (¢, ) that a material can sustain
when a pre-existing crack of length a is present is given by the Griffith equation:

2qu YK,

O-max \/7

where E is Young’s modulus, y_ is the surface (or damage) energy, Y is a geometric parameter,
and K__is the fracture toughness. The Griffith fracture criterion (Equation 2.1) can be applied
to predlct the flaw size (a_) at which the theoretical strength o, is achieved. For certain mate-
rials, material strength scales inversely with the flaw size a: smaller is stronger. This is a
rational for pursuing nanomaterials. With typical values for the fracture toughness (K ), ¢,,
and E, the critical flaw size is in the range of tens of nanometers. Based on mechanics analysis
on various biomaterials, Gao et al.*' proposed that at sufficiently small dimensions (less than
the critical flaw size), materials become insensitive to flaws, and the theoretical strength
(~E/30) should be achieved at the nanoscale. This may explain why the size of platelets is
small, reaching the nanoscale. However, the strength of the material will be determined by
fracture mechanisms operating at all hierarchical levels.

2.1)

2.4.4 Toughening Mechanisms in Nacre

In a composite material, the most successful toughening mechanism is crack deflection around
reinforcements with weak interfaces, with “bridging” of the crack by the unbroken reinforce-
ments restraining growth. Macroscopic toughness is set by the work required to pull apart
these restraining ligaments and is thus enhanced at crack sizes larger than the microstructural
scale. Fracture toughness K| _is a function of both microstructure and crack growth. For a fiber
of radius r and embedded length /, the work per unit area to pull the fiber out against a inter-
facial friction zis W [%¢/ r,*? increasing as the fiber sizes rand / increase together. Nanomaterials
may therefore naturally have high strength but can only have high toughness if nanocomposite
toughening mechanisms can be activated.

The toughening of shells is attributed to at least ten mechanisms,* and most of them are
applicable to nacre. Based on the compositions, these toughening mechanisms can be
organized into three categories: (1) submicrometer interactions of platelets (e.g., interfacial
delamination, crack deflection, plate interlocking, mineral bridging, and plate pullout),
(2) energy dissipation induced by the organic phase (e.g., organic bridging between plates,
ligament formation, chain unfolding, and breaking of crosslinks), and (3) nanostructural
toughening (e.g., rotation and sliding of nanograins, and organic bridging between nanograins).
Among the mechanisms acting at the submicrometer scale within the brick and mortar
structure, energy-dissipating sliding of the platelets at the submicrometer scale plays a
predominant role in contributing to significant toughening of nacre.* Nano-order mechanisms
are, however, important in controlling the platelet sliding behavior. Figure 2.10 illustrates the
mechanisms classified according to the components involved and the dimensions at which
the mechanism operates.
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Figure 2.10 Hierarchical toughening mechanism of nacre. (a) An inter-platelet mechanism operating
at the submicrometer scale, (b) an intra-platelet mechanism of the order of several tens of nanometers,
and (c) individual organic molecules (nm scale).*

2.4.4.1 Toughening due to submicrometer interaction of platelets

There are three hallmarks of toughening mechanisms, interfacial debonding, plate bridging
and pullout, which are well known in conventional laminar composites and fiber-reinforced
composites, but these microfracture-accumulating mechanisms occur at two orders of magnitude
lower in nacre than in synthetic composites. For example, in laminar composites, when the
layer thickness is decreased 100 times, a hundredfold increase in the interface is introduced
within the material.** Much more energy is dissipated in accumulating microcracks, delamina-
tion, and crack deflection during platelet sliding. The advantages of a segmented, that is, brick
and mortar, structure over a continuous layer structure have been demonstrated in a large-scale
model composite.*

In these mechanisms, interfacial interlocking plays an important role in toughening nacre.
In conventional laminar composites, the sliding resistance decreases monotonically due to the
decrease of contact area by pullout and the decrease of frictional coefficient by wear. However,
in nacre, the platelet thickness is nonuniform and dovetail-shaped platelets are observed.
During the sliding, the interface sliding resistance increases as the sliding proceeds. When
the frictional resistance at a sliding interface becomes larger than the resistance for another
interface, the sliding interface stops and the other interface starts to slide instead. This mechanism
causes macroscopic work hardening, and more and more load is needed for further deforma-
tion. This mechanism is unique in nacre and significantly enhances the energy dissipation of
platelet pullout and macroscopic work-hardening behavior.

2.4.4.2 Toughening contributed by the organic phase

The unique organic phase in nacre itself dissipates energy by viscoelastic deformation or
redistributes the stress near the crack tip. The mechanical characteristics of the matrix at
the molecular level are attributed to proteins with modular structures. When platelets are
separated during tensile loading, the organic matrix ligaments between separating platelets
are stretched and then subsequently fail and recoil. The organic phase shows nonlinear
saw-tooth load—displacement curves due to unfolding of the domains, which increases energy
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dissipation during the deformation. Viscoelastic reversible behavior was observed and attrib-
uted to unfolding and refolding protein domains similar to those in silkworm and spider silks.*

2.44.3 Toughening via nanograin deformation

The platelet is composed of nanograins, as described in section 2.4.1. Although it is adequate
to treat platelets as single crystals in macroscopic mechanical tests, the fracture behavior of
platelets at the nanoscale may also contribute to the overall toughness of nacre. In platelets,
organic matter is trapped inside the tablet in both an islet-like and sheet-like manner. More
interestingly, the crystal structure of aragonite scaffold is continuous and homodromous
throughout the whole tablet even in this case.* Nanoindentation showed that single platelets
exhibit ductility and viscoelastic behavior, suggesting that the interaction between nanograins
and organic material occurs at the nanoscale.*’ In situ tension and bending tests revealed rota-
tion and deformation of nanograins.*® It is now believed that these toughening mechanisms,
such as nanograin rotation, separation, shearing, and bridging by organic material within the
platelets (Figure 2.11), contribute to overall damage tolerance of nacre.

2.4.4.4 Toughening over hierarchical structure levels

Hierarchical structures responsible for mechanical protection of shells occur at various scales.
The reason for this is that the origin of the intrinsic (plastic deformation) mechanisms tends to
be on the smaller, submicrometer length scales, akin to the nanometer scale of dislocation
Burgers vectors in metals, whereas the processes of extrinsic toughening and fracture occur on
much coarser length scales typically well into the micrometer range.>*>! On a macroscopic
level (from millimeters down to tens of micrometers), the whole shell itself has a hybrid
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Figure 2.11 (a) Atomic force microscopy image of surface nanograins on an individual nacre platelet
from California red abalone and (b) schematic of nanograin rotation under tension.* Source: Li (2006).%
Reproduced with permission of the American Chemical Society.
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structure consisting of several layers, such as prismatic, cross-lamellar, foliated and nacreous
layers. Each layer has a different role against external mechanical actions, for example a
columnar layer provides a hard protective layer on the outer side of the shell and nacre
provides a tough structural component on the inner side.>! On the smaller scale (from tens of
micrometers down to nanometers), the cross-lamellar layer consists of three- or four-order
lamella,>>>* which provides damage tolerance behavior by accumulating multiscale fractures.

2.4.5 Strengthening/Toughening Mechanisms in Other Hard Tissues

Apart from seashells, there are many mineralized tissues that exhibit high strength and toughness.
Typically these tissues form a protective shield or structural support, for example bone, deep
sea sponge Euplectella species, the exoskeleton of an arthropod, radiolarians, diatoms, antler
bone, tendon, cartilage, tooth enamel, and dentin. Most hard biological materials incorporate
minerals in soft matrices, mostly to achieve the stiffness required for structural support or
armored protection.® Universal building blocks, including the triple helical tropocollagen
molecule or the occurrence of collagen fibrils in various types of collagenous tissues (e.g.,
bone, tendon, and cornea), can be found in these hard tissues although other features are
highly specific to tissue types, such as particular filament assemblies, B-sheet nanocrystals in
spider silk, or tendon fascicles (Figure 2.12).>° Approximately 60 different minerals have
been identified in biological processes, but the most common ones are calcium carbonate
(found in mollusk shells) and hydroxyapatite (present in teeth and bones). The occurrence of

Polypeptide }t
Tropocollagen
Triple helix
c
=]
__ 5‘
Collagen fibril 3
Staggered _— S S— n__:
molecules _l l_ _\ <
We— w—  ssssssssscesss ———
= ——— Il — —
e cesscccssss css HEER
SessBsBEBRORES :—:
Bone )
C""(m:;z':ggms SIS Tendon @
Cornea Fascicle &
Highly ordered @\

fibril assemblies

Figure 2.12 Universality and diversity in the structure of collagen-based biological materials.’! Beyond
the fibril scale, structural features vary significantly, here shown for bone, cornea, and tendon. This analysis
reveals how biological materials with diverse properties are created through the use of universal features,
a materials design paradigm that could be exploited also for the use synthetic materials.”® Source:
Espinosa (2009).*! Reproduced with permission of Elsevier.
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hierarchical structures is crucial to combine seemingly disparate properties such as high
strength and high robustness.>

Bone is a typical biological material with an excellent balance of strength, stiffness, toughness,
and light weight. Skeletal bone is composed of hierarchical assemblies of tropocollagen
molecules, tiny hydroxyapatite crystals and water. On a volumetric basis, bone consists
of ~33-43 vol% minerals, 32—-44 vol% organics, and 15-25vol% water. The strength and
toughness of bone strongly depend on the interplay between different structural levels — from
the molecular/nanoscale interaction between crystallites of calcium phosphate and an organic
framework, through the micrometer-scale assembly of collagen fibrils, to the millimeter-level
organization of lamellar bone.’”*® In human cortical bone, there are a number of toughening
mechanisms across different length scales, as shown in Figure 2.13.5% Intrinsic toughening,
that is, plasticity, derives from a fibrillar sliding mechanism on the scale of tens to hundreds
of nanometers, the length scales associated with mineralized collagen fibrils. Molecular
uncoiling and intermolecular sliding of collagen, fibrillar sliding of collagen bonds, and
microcracking of the mineral matrix are identified at this length scale. At the microscale, the
principal source of toughness in bone is extrinsic and arises from crack bridging and crack
deflection as a growing crack encounters the more mineralized interfaces of the osteonal
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Figure 2.13 (a) Hierarchical structure of human bone and (b) the mechanisms of toughening (both
intrinsic and extrinsic), which are directly related to a specific structural scale.>*® Source: Balasubramanian
et al. (2013).%® Reproduced with permission of Nature Publishing Group.
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structures.” Collagen fibril bridging, uncracked ligament bridging, and crack deflection and
twisting occur at this length scale.’*®! As the size and spacing of the osteons are in the range
of tens to hundreds of micrometers, the characteristic length scales for these events approach
millimeter dimensions. The toughening effect in antlers has been estimated as crack deflec-
tion 60%, uncracked ligament bridges 35%, and collagen as well as fibril bridging 5%.!
A particularly important feature in bone is that the fracture toughness increases as the crack
propagates. This occurs by the activation of the extrinsic toughening mechanisms. In this
manner, it becomes gradually more difficult to advance the crack.

Another example of tough hard tissue is the highly sophisticated, nearly purely mineral
skeleton of glass sea sponges (Euplectella aspergillum) (Figure 2.14a). Glass is widely used
as a building material in the biological world, despite its fragility. Sea sponges have evolved
to effectively reinforce this inherently brittle material. Hexactinellid sponges can synthesize
unusually long and highly flexible fibrous spicules for their skeletal systems. These spicules
consist of a central core of monolithic hydrated silica, surrounded by alternating layers of
hydrated silica and organic material (Figure 2.14c). This biological silica is amorphous and,
within the spicules, consists of concentric layers, separated by an organic material, silicatein.%

Figure 2.14 Silica sponge and the intricate scaffold of spicules. (a and b) The skeleton of Euplectella
aspergillum and (c) fracture surface. Each spicule is a circumferentially layered rod: The interfaces
between the layers assist in arresting crack propagation. Source: Woesz et al. (2006).° Reproduced with
permission of Cambridge University Press.
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This material exhibits exceptional flexibility and toughness compared with brittle synthetic
glass rods of similar length scales.®* The flexure strength of the spicule notably exceeds
(by approximately fivefold) that of monolithic glass.®® The principal reason for this is the
presence of interfaces, which can arrest and/or deflect the crack. Under loading, fracture of
this laminated structure involves cracking of the constituent silica and crack deflection
through the intervening thin organic layers, leading to a distinctive stair step-like fracture
pattern (Figure 2.14c). Crack deflection mitigates the high stress concentration that would
otherwise be present at the crack tip, resulting in high spicule strength and toughness. A larger
number of individual glass layers protect the spicule more effectively from this type of
damage. Thicker inner layers help to enhance the mechanical rigidity of the spicule, whereas
the thinner outer layers effectively limit the depth of crack penetration. This design strategy
thus prevents the structure from failing catastrophically, as one would expect for a non-
laminated glass rod.

Apart from the remarkable mechanical properties of their individual spicules, hexactinellid
sponges are also known for their ability to form remarkably complex hierarchically ordered
skeletal systems (Figure 2.14b). Seven hierarchical levels in the sponge skeleton are identified
as major fundamental construction strategies, such as laminated structures, fiber-reinforced
composites, bundled beams, and diagonally reinforced square-grid cells, etc. The resultant
structure could thus be considered as a textbook example in mechanical engineering. Using
the information gained from the study of these structures, it is possible to develop new design
strategies for the synthesis of robust lightweight scaffolds for load-bearing applications and
architectural designs of more cost-effective and energy-efficient buildings.5

2.5 Biomimetic Design and Processes for Strong and Tough
Ceramic Composites

2.5.1 Biomimetic Design Principles for Strong and Tough Materials

As discussed above, there are various strengthening and toughening mechanisms in biological
materials. Some of strengthening and toughening mechanisms found in nature and used in
synthetic materials are listed in Table 2.2. In many biological materials such as mollusk shells,
bones, and sea sponges, layered structures are common, consisting of strong inorganic platelets
embedded in a soft, ductile organic matrix. The nano size of the platelets ensures the limited flaw
size and thus high strength of the materials. Although the inorganic constituents (e.g., silica,
calcium carbonates, and phosphates) are inherently weak, the high strength of the inorganic
building blocks is ensured by limiting at least one of their dimensions to the nanoscale.’” These
tiny building blocks are usually organized into a hierarchical structure spanning over many
length scales. Changes in the fraction of the inorganic phase (i.e., degree of mineralization) lead
to hybrid materials ranging from soft tissues, such as calcified tendons, to strong, hard structures,
such as bone and nacre. A good balance of strength and toughness is achieved by activating
various toughening mechanisms at different length scales. These high-performance materials
designed by nature provide a spectrum of materials design blueprints for advanced engineering
materials.

Unusually long and highly flexible fibrous spicules are synthesized by hexactinellid sponges
for their skeletal systems. These spicules consist of a framework made of a central core of
monolithic hydrated silica, surrounded by alternating layers of hydrated silica and organic
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Table 2.2 Some biomimetic design strategies for strengthening and toughening in hard materials.

Mechanisms Strategies Biological Illustrations Examples of
prototypes possible application
Strengthening Use nano-platelet/ Nacres, — Reinforcement in
nano-fibers bones =) composites
BE=EE=
=] ]
Stiffening/ Hierarchically ordered Silica Strong and
lightweight skeletal framework sponge ultra-lightweight
materials
Stiffening/ Introduce two Nacres, Laminates,
toughening continuous tooth composites,
interinfiltrated phases enamel wear-resisting
Toughening Introduce soft polymer ~ Nacres, s . & Laminates,
thin layers to generate teeth, bone ;:‘a?-,’u;'g:j composites
weak but tough 'a,e? :
interface
Dovetail: waviness of Nacres ——— Laminates,

platelets composites

for interfacial composites
interlocking

Reinforcing phase Nacres
bridging

Laminates,
composites

Micro/nano-asperities Nacres — Laminates,

material, which may inspire the design of stiff, tough, ultra-lightweight materials. A network
of nearly isotropic microscale unit cells with high structural connectivity and nanoscale fea-
tures, similar to sponge skeletal structures, has been designed and synthesized.®” These micro-
lattices can be produced with polymers, metals, or ceramics as constituent materials by
projection microstereolithography (an additive micromanufacturing technique) combined
with nanoscale coating and postprocessing. These materials exhibit ultrastiff properties across
more than three orders of magnitude in density, regardless of the constituent material.
Interface structures, such as interfacial roughness, bridging by either soft polymer or
ceramic, dovetails etc., are found to be effective in enhancing the toughness of biological
structural systems. These surface nanoarchitectures on the aragonite tablets in nacre increase
the contact area between organic and inorganic materials, resulting in higher magnitude of
plastic strains after yield, while the morphology of the interdigitation of cranial bones was
found to play an important role in determining the mechanical properties of the suture joints.%®
Introduction of these surface nanoarchitectures into the synthetic materials systems could also
significantly increase the toughness of the materials. The following examples demonstrate
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how the principles found in natural composites are applied to fabricate high-performance
biomimetic composites combining high tensile strength and ductile behavior.

2.5.2 Layered Ceramic/Polymer Composites

A high-performance nacre-like platelet-reinforced polymer composite has been developed by
replicating the biological design principle of layered composites.*® As described in section 2.4.2,
one of the design principles of nacre being strong and tough is to ensure platelets with
nanoscale thickness and an aspect ratio slightly smaller than the critical aspect ratio s , which
is given by the ratio between the fracture strength of the platelet and the shear yield strength
of the polymer matrix (s,=6,/7,).”” Considering that synthetic alumina platelets are estimated
to be fivefold stronger than the aragonite platelets in nacre, the critical aspect ratio in an
alumina-reinforced synthetic system also increases by a factor of five in comparison to the
biological material for polymeric matrices of comparable strengths. As a result, replication of
nacre’s design principle requires that the aspect ratio of synthetic alumina platelets is five
times higher than that of the aragonite counterparts. Guided by these design principles, alumina
platelets with an estimated o, of 2 GPa and a chitosan polymer with T, around 40 MPa were
chosen for the artificial hybrid materials. With a high aspect ratio of 50, the combination of
these materials should lead to strength values higher than that of nacre while ensuring that
fracture occurs by platelet pullout.

The layered hybrid materials were fabricated by layer-by-layer assembly that sequentially
deposits inorganic and organic layers at ambient conditions (Figure 2.15).%® First, a smooth
and perfectly oriented monolayer of platelets was formed at the surface of water on ultra-
sonication. The two-dimensional assembled platelets were transferred to a glass substrate by
dip-coating and were then spin-coated with an organic layer of chitosan solution. The thickness
of the polymer layer was controlled by changing the chitosan concentration in the spin-coating
solution. Repetition of these steps in a sequential manner led to multilayered inorganic—
organic films with a total thickness typically less than a few tens of a micrometer. Free-standing
films were obtained by peeling them off the substrate with a razor blade.

Similar to nacre, the mechanical behavior of the biomimetic layered alumina platelet/
polymer composites strongly deviated from the linear elastic regime, when the yield tensile
strength of the organic matrix was reached. At this stress condition, yielding of the polymer
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Figure 2.15 Surface modified platelets are assembled at the air—water interface to produce a highly
oriented layer of platelets after ultrasonication. The two-dimensional assembled platelets are transferred
to a flat substrate and afterwards covered with a polymer layer by conventional spin-coating. Source:
adapted from Bonderer et al. (2011).%
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phase between the inorganic platelets led to a pronounced plastic deformation of the composite
film. Because of load transfer to the platelets, the tensile stresses required for plastic yielding
increased from 50 MPa to values as high as 300 MPa when the volume fraction of platelets v,
was increased from 0 to 0.15. Most remarkably, films containing inorganic volume fractions
up to 0.15 fractured at a total strain (€up) typically between 4 and 35% as a result of extensive
plastic yielding of the polymeric matrix before rupture. Flexible composite films that are
simultaneously strong (tensile strength o ~300MPa) and ductile (empl~ 20%) were success-
fully produced at rather low V. values (V. =0.15).%

Similar layer-by-layer assembly approaches were used to fabricate clay/polyelectrolytes
nanocomposites® and alumina microplatelets—graphene oxide nanosheet—poly(vinyl alcohol)
(A1,0,/GO-PVA).” The clay/polyelectrolyte nanocomposites with alternating organic and
inorganic layers exhibited the unique saw-tooth pattern of differential stretching curves
attributed to the gradual breakage of ionic crosslinks in polyelectrolyte chains. The tensile
strength approached that of nacre, whereas their ultimate Young’s modulus was similar to
that of lamellar bones. Structural and functional resemblance makes clay/polyelectrolyte
multilayers a close replica of natural biocomposites. In the (Al,0,/GO-PVA artificial nacre,
AlO, and GO-PVA act as “bricks” and “mortar”, respectively (Figure 2.16a-c). The artificial
nacre has a hierarchical “brick-and-mortar” structure and exhibits excellent strength
(143 + 13 MPa) and toughness (9.2 +2.7 MJ/m?) (Figure 2.16d), which are superior to those of
natural nacre (80—135MPa, 1.8 MJ/m?). It was demonstrated that the multiscale hierarchical
structure of ultrathin GO nanosheets and submicrometer-thick Al O, platelets can deal with
the conflict between strength and toughness, thus leading to excellent mechanical properties
that cannot be obtained using only one size of platelet.”” This provides a strategy for the
biomimetic design of new composites with excellent strength and toughness.

Bulk nacre-like composites were also fabricated by the so-called cold finger method.”
Using controlled directional freezing of the suspension placed on a copper cold finger, large
cylindrical porous ceramic scaffolds (50 mm diameter and 50 mm high) were produced with
architectures that were templated by ice crystals.”"” Directional freezing was first employed
to promote the formation of lamellar ice with prescribed dimensions; this then acted as the
“negative” for creation of the layered ceramic scaffolds, which were subsequently freeze-
dried and sintered (Figure 2.17). First, ceramic nanoparticles were dissolved in water. Under
directional cooling conditions, the water started to crystallize directionally and nanoparticles
stuck between crystals formed lamellar structures. After the solution had completely frozen,
the structure was freeze dried, and then a heat treatment was used to bond the particles and
the polymer resin was infiltrated into porous areas. In the last step, additional hot pressing is
applied to change the lamellar structure to a brick-and-mortar structure and decrease resin
content. Figure 2.18a shows the microstructure of the fabricated nanocomposites. In the
process, cellulosic polymer was selected and dissolved in the water to form nacre-like inter-
laminar connections. The polymer makes interconnections between platelets.

The mechanical properties of such composites with different fabrication conditions are
shown in Figure 2.18c,d. Whereas grafting to improve Al,O,/PMMA interface adhesion
resulted in a mildly higher strength and initiation toughness for lamellar structures, a very
significant increase was seen for the brick-and-mortar structure. However, the most notable
feature of the synthetic composites is that they replicate the mechanical behavior of natural
materials (Figure 2.18b). Specifically, the brick-and-mortar structures with ~80% alumina
display a remarkable 1.4% strain to failure. There is exceptional toughness for crack growth
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Figure 2.16 Microstructure and mechanical properties of hierarchical Al,0,/GO-PVA artificial
nacre.” (a) SEM image of sample cross-section, showing the highly oriented layered structure, (b) the
assembled Al,O, monolayer onto GO —PVA layer, (¢) schematic of layer-by-layer bottom-up assembly
of multilayered Al,0,/GO-PVA artificial nacre, and (d) comparison of mechanical properties of
hierarchical Al,0,/GO-PVA artificial nacre with those of layered GO/PVA and Al,O,/PVA with the
same volume fraction of inorganic platelets, indicating that the nacre-like hierarchical structure helps
to achieve a good balance of strength and toughness. Source: Wang ef al. (2015).° Reproduced with
permission of the American Chemical Society.

(Figure 2.18c). The bulk hybrid ceramic-based materials have high yield strength and frac-
ture toughness (~200 MPa and ~30 MPa - m'?), comparable to those of aluminum alloys. The
toughness values of the best hybrid materials are an order of magnitude higher than standard
homogeneous nanocomposites consisting of 500nm Al O, particles dispersed in PMMA
with the same nominal composition. This unique processing and model materials can be
used for the synthesis of bioinspired ceramic-based composites with balanced strength and
toughness.
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Figure 2.17 Schematic diagram of the ice-templating principles. While the ceramic slurry is freezing,
the growing ice crystals expel the ceramic particles, creating a lamellar microstructure oriented parallel
to the direction of the freezing front. A small fraction of particles are entrapped within the ice crystals by
tip splitting, leading to the formation of inorganic bridges and roughness on the walls. Source: Deville
(2013).7 Reproduced with permission of Cambridge University Press.
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Figure 2.18 (a) Structure of ice-templated materials brick-and-mortar architectures, the structure and frac-
ture of which is similar to (b) natural nacre. (c) Mechanical response and toughening mechanisms in the
synthetic hybrid composites. These materials show exceptional toughness for crack growth, similar to
natural composites, and display significant rising R curve behavior. (d) Fracture toughness of the lamella and
brick-and-mortar AL,O,~-PMMA composites, showing their exceptional fracture toughness as compared to
that of their constituent phases. Source: Launey et al. (2009).” Reproduced with permission of Elsevier.
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2.5.3 Layered Ceramic/Metal Composites

The cold finger freeze-casting method has been extended to fabricate nacre-like layered
ceramic/metal composites.”* After lamellar alumina scaffolds were fabricated in bulk form,
the porous ceramics were subsequently infiltrated with molten Al-Si eutectic alloy by fitting
the scaffold in an alumina crucible with pieces of Al-Si on top. This alloy was selected for the
infiltration because of its low melting point, viscosity, and contact angle of Al-Si on alumina,
which facilitate infiltration at relatively low pressures. The assembly was heated to 900 °C in
a 10~ Pa vacuum, and then gaseous argon gas was admitted into the furnace up to a pressure
of approximately 70 kPa to force the molten alloy into the scaffold porosity. The final com-
posites consisted of a fully dense Al-Si-infiltrated Al,O, scaffold.

The nacre-like ceramic—metal hybrid materials have excellent combinations of strength and
toughness, and can operate at elevated temperatures. In particular, the lamellar Al,O,/Al-Si com-
posites with 36 vol% ceramic content display strengths of approximately 300MPa and fracture
toughness values that exceed 40 MPa.m'2.* The fracture surface of the ceramic—metal hybrids
shows nacre-like fracture mode—platelet pullout. However, a refinement of the microstructure leads
to a brittle behavior owing to a transition from a high-toughness “multiple-cracking” fracture mode
to a low-toughness “single-cracking” mode. Nevertheless, the natural design concept of a hard
ceramic phase with optimal volume fraction providing material strength, separated by a softer
“lubricant” phase to relieve high stresses in order to enhance toughness, can be successfully used
to further develop new structural materials with unprecedented damage-tolerance properties.

2.5.4 Ceramic/Ceramic Laminate Composites

A bioinspired approach was developed based on the cold finger processing techniques for the
fabrication of bulk ceramics without a ductile phase (e.g., metals, polymers) and with a unique
combination of high strength (470 MPa), high toughness (22MPam'?), and high stiffness
(290 GPa).* Inspired by the nacre structure, researchers fabricated nacre-like ceramic mate-
rials with five structural features, spanning several length scales. As shown in Figure 2.19, the
artificial nacre consists of long-range structural order at the macroscale; closely packed
ceramic platelets of dimensions identical to that of nacre at the microscale, ceramic bonds

Crystals, Local crystal Aligned alumina Alumina Glass-phase
long-range order alignment platelets nanoparticles precursors

Figure 2.19 Design strategy describing the control at multiple scales of structural self-organization
and densification strategy.** Self-organization of all the structural features occurs during the freezing
stage. The growth of ordered ice crystals triggers the local alignment of platelets. Alumina nanoparticles
and liquid-phase precursors are entrapped between the platelets. Source: Bouville et al. (2014).%
Reproduced with permission of Nature Publishing Group.
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(bridges) linking the platelets, nanoasperities at the surface of the platelets, and a secondary
phase with lower stiffness ensuring load redistribution, crack deflection, and delamination.

The process is based on ice-templating, similar to that discussed in the previous section.
The first step of the process is the preparation of an aqueous colloidal suspension containing
all the required building blocks and processing additives, followed by ice templation of this
suspension and a pressure-assisted sintering step at 1500 °C. The elementary building blocks
of the structure are the platelets, with the same dimensions as nacre platelets (500 nm thick-
ness, 7pm diameter). When the suspension is directionally frozen, the metastable growth of
the ice crystals repels and concentrates the particles present in the suspension.”” The
concentration of the particles occurs at a length scale where self-assembly of platelets can
occur. Alumina nanoparticles (100 nm) incorporated in the initial suspension serve as a source
of both inorganic bridges between the platelets and nanoasperities at the surface of the
platelets, similar to what is observed in nacre. Finally, instead of polymer resin infiltrated as
interlaminar connections, smaller nanoparticles (20 nm) of liquid-phase precursors (silica and
calcia) are added to help fill the remaining gaps during the sintering stage. The material is thus
composed of 98.5vol% alumina, 1.3vol% silica, and 0.2vol% calcia. This simple strategy,
where all the constituents are incorporated in the initial suspension and self-organized in one
step, allows precise and easy tailoring of the final material composition. The long-range order
of the ice crystals is obtained through freezing under a flow method. After the porous samples
are preformed, they are simply pressed and sintered by field-assisted sintering. The preformed
materials are 86% porous, but almost all of the macroporosity was removed after the pressing
at 100 MPa prior to sintering.” During the sintering, the platelets are rearranged by a liquid
phase formed by nanometric silica through capillary forces, facilitating platelet packing
under the applied load by lubricating the contact points and filling the pore space between
them. At the same time, the nanometric alumina particles form strong bridges by sintering to
the platelets.”

The microstructure of the resulting synthetic material is very similar to that of natural nacre
at several length scales; almost all the characteristic features of nacre can be found in the
synthetic materials. The packing of platelets presents short-range order, compared to the micro-
structure of nacre, although the long-range order is not as perfect. The waviness of the stacking
in the nacre-like ceramic, estimated at +15° around the main orientation, comes from the
organization of the ice crystals. The secondary phase between platelets mimics the organic
layer in nacre. In the synthetic materials there are some alumina bridges between adjacent
platelets, and nanoasperities on the platelets, analogous to those in nacre.

The nacre-like alumina is stiffer, with a flexural modulus of 290 GPa, compared to 40 GPa
for nacre. Although the material lacks tough phases such as metals and polymers, more than
50% inelastic strain to failure is observed. This mechanical response is similar to that observed
in ductile metallic or organic materials. During the loading nacre-like ceramic experiences
ceramic platelet pullout, and crack deflection and delamination at the platelet interface
(Figure 2.20a).* The reinforcement mechanisms are extrinsic, which means that no true duc-
tility (plastic deformation without crack propagation) is observed. The nacre-like alumina
exhibits a flexural strength of 470 MPa at room temperature and 420 MPa at 600 °C, a value
essentially similar to that of the reference alumina. The properties are retained at relatively
high temperature (600 °C, Figure 2.20c,d), with a stress intensity factor for crack initiation
(K,) of 47MPam' and a maximum toughness K, of 21 MPam'2. The maximum toughness
is extremely high, around 22 MPam'?, if the local deflection as well as the other dissipation
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Figure 2.20 Mechanical properties of nacre-like alumina and nacre. (a) Detail of the fracture surface
in nacre-like alumina, showing the crack deflection and delamination at the platelet interface. (b) Flexural
strength of three different compositions: liquid phase (5 vol%) and platelets, nanoparticles (3 vol%) and
platelets, and nacre-like alumina (1.5 vol% and 3 vol% of liquid phase and nanoparticles, respectively).
The dotted line corresponds to an equiaxed fine-grain alumina. Error bars indicate standard deviation.
(¢, d) Comparison of toughness for crack initiation (K, ) and stable crack propagation (K,.) in nacre-like
alumina and reference alumina at room temperature (25°C) and high temperature (600 °C). Source:
Bouville et al. (2014).* Reproduced with permission of Nature Publishing Group.

mechanisms with a J-integral are taken into account, and using the equivalence in the stress
intensity factor. This corresponds to a 350% increase compared to the K, toughness (600%
increase with respect to the reference alumina). This far exceeds that of nacre and is equivalent
to the best brick-and-mortar polymer/ceramic composites developed previously.”! Because
only mineral constituents are needed, these ceramics retain their mechanical properties at high
temperatures (600 °C). This material and process verify the material-independent design prin-
ciples from nacre and provide an excellent example of the bioinspired design of strong and
tough ceramic materials for various applications.

Layered ceramic composites with shell architecture at the micrometer level were also
fabricated on the macroscopic scale by different processes.”””® One example is the larger-scale
segmented layered SiC composites with ceramic platelets, which make use of the toughening
mechanism of nacre to overcome the brittleness of ceramics. Nacre-like ceramic composites
were fabricated by using thin square tiles (50 mm x50 mm x 200 pm) of SiC doped with boron.”
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The tiles were coated with graphite to retain a weak interface after sintering. Under a three-
point bending test, the crack is deflected along the weak interfaces, preventing catastrophic
failure. The load-deflection curve shows the load continuing to rise after crack growth starts.
The laminated composite exhibited a toughness and an increase in work of fracture by factors
of 5 and 100, respectively, over monolithic SiC.
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3

Wear-resistant and Impact-resistant
Materials

3.1 Introduction

Surface contacts and relative motion are commonly seen in our daily lives and are essential to
technological applications with moving parts. When two surfaces in contact are moving,
friction and wear occur. While contact friction leads to the force resisting the relative motion,
the progressive removal of material from a surface in sliding or rolling contact results in wear
of the surfaces. As a serious consequence, wear may result in performance degradation and/or
damage to components. Direct and consequential annual loss to industries in the United States
due to wear is estimated to be approximately 1-2% of GDP.! Currently, various methodologies
have been used to minimize wear. In addition to the traditional method of lubrication, various
methods have been developed, including soft or hard film coating, multiphase alloying, and
composite structuring on contact surfaces. Since the impact of wearing on the economy is
significant, better solutions for protecting surfaces from wear are needed to enable further
advances in materials surface engineering.

Biological systems also involve friction and wear. Teeth, jaws, and mandibles, for example, are
subjected to intense cyclic mechanical loading during feeding and mastication, and must sustain
a high tolerance to contact forces and wear in order to fulfill this critical function.? To protect these
important organs against wear and abrasion for survival, many living organisms, after billion-year
perfection, have developed unique materials and mechanisms to minimize the loss of material in
their armor or protective structures from wear. From the engineering perspective, mimicking
these hard tissues that have evolved to fulfill functions demanding a high wear tolerance many
lead to the design of novel wear-resistant materials.

Among numerous mineralized tissues in the mammalian body, enamel stands out as the
tissue with the most robust mechanical properties.> Mature enamel is the hardest material that
vertebrates ever form and is the most highly mineralized skeletal tissue, comprising 95-97%
carbonated hydroxyapatite (HA) by weight with less than 1% organic material.* Although
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enamel is hard tissue like bone, it has distinct architecture, pathology, and biological
mechanisms mediating its formation. In addition to enamel, there is a dentin—enamel junction
(DEJ) between dentin and enamel, which provides a unique crack-arrest barrier for flaws
formed in the brittle enamel.* Inspired by the unique enamel, DEJ, and dentin structures,
synthetic materials have been fabricated to enhance wear resistance and damage tolerance.
In this chapter, the structures and biomimetic design principles of enamel, dentin, and DEJ are
discussed to understand how these materials achieve exceptional mechanical properties and
functionalities, and how to utilize these bioinspired strategies to design and build engineering
materials with the desired wear properties.

Mineralized tissue and non-mineralized biological composites with high impact and energy
absorbance fulfill protection tasks or act as body armor. Some well-known examples of such
composites are hooves, turtle shell, ram horn, and armadillo shell. All of these materials are
composed of the same protein, keratin, which is also found in many other tough materials, for
example skin, hair, fur, claws, and hooves.’ The unique material structures and mechanical
deformation behavior of the materials result in an excellent ability to resist penetration and
absorb energy. These lessons from nature can be used as inspiration for the development of
lightweight armor systems. Some remarkable materials in terms of energy absorption and
impact resistance are discussed in this chapter, with examples of biomimetic materials with
enhanced energy absorption and impact resistance.

3.2 Hard Tissues with High Wear Resistance

Dental friction and wear is an inevitable lifetime process due to normal oral function. As an
important masticatory organ, human teeth are subjected to friction and wear every day. Thus,
anti-wear properties are critical for both human teeth and dental restorative materials.®
The human tooth is a hierarchical structure consisting of two major layers, enamel and dentin.
Enamel, the outer layer, must retain its shape as well as resist fracture and wear during load-
bearing functioning, ideally for the entire life of the individual. Unlike bone, damage to teeth
is not repairable. Teeth are subject to a range of loading conditions: (1) direct contact with
other objects and/or opposing teeth and (2) normal and sliding contact that results in wear.
During mastication of food, teeth can generate masticatory forces ranging from 28 N to more
than 1200 N, and the contact area can be as small as a few square millimetres.” The outer layer,
enamel, is exposed to both normal and shear forces due to oblique contact with opposite teeth
and external objects during mastication. It is amazing that the tooth, a multilayer structure
with an outer coating of less than 2 mm, can sustain and survive such high cyclic stresses for
a long period of time. The outstanding performances of teeth in wear and fatigue are closely
related to their compositional and hierarchal microstructural characteristics, and they can
serve as a role model for the biomimetic design of high wear-resistant materials.

3.2.1 Teeth: A Masterpiece of Biological Wear-resistance Materials

Teeth are among the most distinctive (and long-lasting) structures of mammal species. While
their primary function is mastication of food, some species use them for attacking prey and for
defense. Tusks are very similar to teeth in many aspects among various taxa. A tooth consists
of four distinct tissues: pulp, dentin, cementum, and enamel.® As schematically shown in
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Figure 3.1 Structure of tooth, schematically illustrating enamel, dentin, cementum, pulp, and dentino—
enamel junction. Source: Zhou & Zheng (2006).!° Reproduced with permission of SAGE Publications Ltd.

Figure 3.1, the uppermost 1-2mm of the tooth crown is enamel containing a high mineral
content, whereas underneath the enamel is dentin, which tightly connects and supports enamel.
The composition of dentin is different from enamel but similar to that of bone. The cementum,
the mineralized layer, surrounds the root of the tooth covering the dentin layer and some of the
enamel layer. The tooth is anchored to the alveolar bone (jawbone) through the periodontal
ligament between the cementum and the alveolar bone. Within a tooth, tubules extend perpen-
dicularly from the pulp and are surrounded by the mineral phase. These tubules are filled with
fluid in the live animal. At the very center is the pulp and a vascular, nerve-containing core that
connects to the body’s main vascular and nervous systems.?

The macroscale architecture with specific zones of enamel and dentin, with transition layers
between them, contributes to whole-tissue functioning for mastication. Enamel is the hardest
material in our body while dentin is less mineralized and less hard than enamel. The DEJ
transition region exhibits a gradual transition from dentin to enamel. This region is considered
to be a primitive area of the tooth that serves as a toughening mechanism because of its
flexible nature.>® These components work together to give rise to a tough, damage-tolerant,
and abrasion-resistant tissue through their unique architectures and mineral compositions.

3.2.2  Microstructures of Enamel, Dentin, and Dentin-enamel Junction

Dental enamel is a masterpiece of bioceramics, secreted by cells known as ameloblasts,
which differentiate at the DEJ and migrate outward towards what becomes the surface of the
crown. The prominent hierarchy of enamel structure is achieved through the highly precise
regulation of the biomineralization procedure. As shown in Figure 3.2, the highly orga-
nized hierarchical structure can be divided into several different levels ranging from



52 Biomimetic Principles and Design of Advanced Engineering Materials

(b)
(’"‘ EXAA /\

\ ,._A
r\"'\/-\

/L\?\ A 2|
(a)
Enamel
\/ 3
Enamel s
prisms 838,
Dentin Pulp
i ] 1 1
1nm 10nm 1pm 10pm 1mm

Figure 3.2 Computer-generated images of a posterior tooth showing the hierarchical structure of
tooth enamel on the micro- to nanoscale levels. (a) Enamel is the external tooth layer protecting the
softer underlying structures (dentin and pulp). (b) Enamel consists of prisms bands, “keyhole”-shaped
structures, packed together. (c) A single “keyhole”-shaped structure is made up of enamel prisms.
(d) Each enamel prism is composed of multiple CAP nanocrystals. (e) The atomic composition of a
single CAP nanocrystal. Source: Eimar (2012).!2 Reproduced with permission of Elsevier.

nanoscale to microscale: HA nanocrystals, nanofibrils, fibril/fiber bundles, microscale
prisms, keyhole shaped structures, and prism bands.!!'? The smallest structural units are
needle or plate-like HA crystallites (Figure 3.2e), which have a roughly rectangular shape
in cross-section with a mean width of 68 nm and a mean thickness of 26 nm. These parti-
cles are bonded together by enamelin and assemble into nanofibrils (Figure 3.2d). These
mineralized nanofibrils are further assembled into larger-scale fibers, which are further
organized and bundled together by organic molecules into larger-scale structures known as
“keyhole-shaped” enamel rods (Figure 3.2c¢). Within the rods, the orientation of the HA
crystallites varies, depending on the location of the minerals. In the central part of the rod,
the crystallite plates are parallel to the rod axis while those near the edge of the rods usu-
ally have an angle of nearly 45° to the longitudinal axis of the rods.!* The next level of the
teeth is the arrangement of rods that determines the enamel type. Human enamel consists
of ~5 pm diameter rods encapsulated by thin protein-rich sheaths that are arranged parallel
in a direction perpendicular to the DEJ from dentin to the outer enamel surface (Figure 3.2b).
In some areas, rods may twist together or change their direction slightly to reinforce the
whole structure.'* The mechanical properties of these rod units and surrounding organic
interrod sheath structures are different in the orientation of HA crystals: the rod contains
aligned crystallites, whereas the mineral in the interrod is less ordered and rich in protein.'
The hardness and elastic modulus of the sheaths are 74% and 53% lower, respectively, than
for the rods." In addition to rods and interrods, there is a structure called aprismatic enamel
that contains HA crystals that show no mesoscale or macroscale alignment.
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The enamel represents the highest mineralized biological material. Overall, human tooth
enamel is composed of mineralized crystal with 92-96% inorganic substances, 1-2% organic
materials, and 3-4% water by weight.!>!” The enamel crystals are hexagonal and contain
relatively large amounts of carbonate ions (~2—5wt%) and small amounts of incorporated
trace elements such as F, Cl, Mg, K, and Fe. Enamel carbonated apatite (CAP) is divided into
two types, type A and type B. Type A (~11% of overall enamel CAP) is formed when the
carbonate ion replaces the hydroxyl ion (OH™), whereas type B (~89% of overall enamel CAP)
is formed when the carbonate ion replaces the phosphate ion within the crystal. The proteins
and collagen lying between crystallites bond HA crystallites together level by level, forming
the hierarchical structure of enamel. Moreover, with special nanomechanical properties, these
proteins may introduce unique strengthening and toughening mechanisms to regulate in bulk
the mechanical responses of enamel. These basic units are organized hierarchically by proteins
to form the tough tissue of enamel, which can withstand high forces and resist wear.?

Similar to enamel, dentin is also a hierarchical structure with 45vol% apatite, 30 vol%
collagen, and 25vol% fluid (Figure 3.3). At the nanoscale, dentin consists of a carbonated
nanocrystalline apatite mineral phase (~50vol%) and a felt-work of type I collagen fibrils.
The collagen fibrils (~30vol%, roughly 50-100nm in diameter) are randomly oriented in a
plane perpendicular to the direction of dentin formation. Within this collagen scaffold, the
mineral locates at two sites: intrafibrillar (inside the periodically spaced gap zones in the
collagen fibril) and extrafibrillar (in the interstices between the fibrils). The mineral crystallites,
~5nm in thickness, are needle-like near the pulp; the shape continuously progresses to plate-
like with proximity to the enamel.'®

The distinctive feature of dentin is the distribution of cylindrical tubules (1-2 pm diameter)
that run from the soft, interior pulp to the DEJ. The tubule density varies between 4900 and
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Figure 3.3 (a) SEM image of fully mineralized dentin specimens showing the tubule lumens with
surrounding cuffs of peritubular dentin. Source: Kinney et al. (2001)®. Reproduced with permission of
Springer. (b) SEM image of a fixed, demineralized dentin specimen showing the collagen fibrils that are
randomly oriented in the plane perpendicular to the tubule lumens. Source: Marshall et al. (1997).”!
Reproduced with permission of Elsevier. (c) A higher-resolution AFM image of an unfixed specimen
obtained in water. The AFM image shows the periodic 67-nm hole and overlap zones characteristic of
the type I collagen fibrils found in dentin and bone. Source: Habelitz er al. (2002).2> Reproduced with
permission of Elsevier.



54 Biomimetic Principles and Design of Advanced Engineering Materials

57,000 mm~ increasing from the enamel region to the interior.’ These tubules are surrounded
by a collar of highly mineralized peritubular dentin (~1 pm thick) and are embedded within a
matrix of mineralized collagen, called intertubular dentin.!® At this length scale, dentin can be
considered a continuous fiber-reinforced composite, with the intertubular dentin matrix and
the cylindrical fiber reinforcement composed of the tubule lumens with their associated cuffs
of peritubular dentin (Figure 3.3b). The tubules run continuously from the DEJ to the pulp in
coronal dentin, and from the cementum-dentin junction to the pulp canal in the root. The reg-
ular, almost uniaxial, aligned tubules could play an important role in enhancing the mechanical
properties of teeth.

The DEJ also plays an essential role in enhancing the toughening properties of the teeth.
This component is a complex structure that unites the brittle overlying enamel with the dentin
that forms the bulk of the tooth. The DEJ itself has a hierarchical microstructure with a three-
dimensional scalloped appearance along the interface. Although very thin, the DEJ is a
functionally graded zone where the structure and properties transfer gradually from the enamel
to dentin, making it a truly functionally gradient material. This property gradient stems from
the morphology of the collagen, in which type I fibrils emanate from the dentin and project
fibrils (~100nm in diameter) perpendicular to the DEJ, and directly into the enamel across the
DEJ and porosity gradually increases from dentin to enamel. In contrast, collagen fibrils in
bulk dentin are either parallel or at an angle of less than 90A to the plane of the junction.?
With these complex structures, the DEJ possesses at least three levels of microstructure:
scallops with varying size and location, microscallops housed within each scallop, and a finer
nanolevel structure within each microscallop.”® This unique structure appears to confer
excellent toughness and crack-arresting properties to the tooth, and is considered to be an
excellent biomimetic model of a structure uniting dissimilar materials.

3.2.3 Mechanical Properties of Dental Structures

Teeth have widely varying functions, from crushing food to fighting. Although their functions
are quite different, all teeth have similar structures (e.g., hard outer sheath mitigated by a soft
but tough interior) and mechanical properties (e.g., strong, tough, and hard). Since the porosity
gradient starts low at the surface and increases into the interior, the elastic modulus inversely
changes. The mechanical properties of enamel, dentin, and DEJ are summarized in Table 3.1.
Basically, enamel has a hardness (~1.5GPa) that is three times higher than that of dentin
(Figure 3.4). The elastic modulus of enamel is characteristically 60-80 GPa,?* whereas the
Young’s modulus of dentin is highest for the highly mineralized peritubular dentin and is
lower for the less mineralized intertubular dentin. Human dentin is strong hard tissue (its

Table 3.1 Mechanical properties of enamel, dentin, and DEJ (adapted from Imbeni ez al. (2005),
Xu et al. (1998),%® Elmowafy & Watts (1986),%' Chen et al. (2008),%*> and Chun et al. (2014).3

Tissue Young’s Hardness Compressive Fracture toughness

modulus (GPa) (GPa) strength (MPa) (MPa.m'?)
Enamel 60-90 2.8-3.7 95-140 0.44-1.55
Dentin 18-22 0.53-0.63 230-370 3.0

DEJ 3.38
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Figure 3.4 Vickers hardness number data across teeth for various taxa. The high values are for enamel
and the lower values for dentin. Source: McKittrick (2010).> Reproduced with permission of Elsevier.

ultimate compressive strength is 250-350 MPa). Although elastic deformation prior to failure
is relatively low (<2%), dentin does show some plasticity after elastic deformation under
compression.”>?® Under loading, the main crack grows by joining with satellite cracks, and
with such a fracture mechanism dentin can demonstrate considerable plasticity, just like the
plastic metals silver, nickel, and gold.?**

The DEJ is a critical structure that combines hard and brittle enamel with tougher and softer
dentin. The fracture toughness of human enamel typically ranges from ~0.7 MPam'? in the
direction parallel to the enamel rods to ~1.3MPam'? in the perpendicular direction.?®
Conversely, dentin, as a biological composite, is tougher than enamel and similar at the nano-
structural level to bone. The anisotropic dentin has a K_ toughness ranging between 1.0 and
2.0MPam'? in directions perpendicular and parallel to the tubules.?* It was noticed that the
work of fracture of the dentin increases near the DEJ. The measured fracture of DEJ is about
3.38MPam'?, very close to dentin. In spite of this, studies on the fracture process of the DEJ
have suggested that the DEJ appears to have greater functional width than anatomic appear-
ance; it probably undergoes plastic deformation during crack propagation. In other words, the
DEJ most likely serves as a crack deflector and blunter to microstructurally distinct and
mechanically tougher. Cracks tend to penetrate the (optical) DEJ and arrest when they enter
the tougher mantle dentin adjacent to the interface due to the development of crack-tip shielding
from uncracked-ligament bridging.?

Teeth are subject to intense cyclic mechanical loading during feeding and mastication. It is
thus important to maintain the structural integrity of “hard” mineralized tissues since these
tissues make up the primary load-bearing structures in the body. In general, these mineralized
tissues display S/N (stress/number of cycles) curves similar to ductile metals, with N, increasing
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Figure 3.5 Traditional stress-life (S/N) fatigue data for human dentin at two different cyclic frequencies,
tested in 25°C Hanks’ Balanced Salt Solution (HBSS). Source: Nalla et al. (2003).** Reproduced with
permission of John Wiley and Sons.

with decreasing stress, ¢, (Figure 3.5).** Among the microstructural features, tubule orienta-
tion can significantly affect fatigue life. When the tubules in human dentin are orientated
parallel to the longitudinal beam axis, the fatigue life is significantly lower than when the
tubules are oriented parallel to the loading direction, indicating that the tubules enhance
mechanical properties, like traditional fiber-reinforced composites.® In addition to the micro-
structures, testing and environmental conditions also affect the fatigue life. S/N fatigue studies
on human dentin have shown that by changing the frequency from 20 to 2 Hz, the fatigue limit
and fatigue lifetimes (in terms of cycles) were both lowered, although when such S/N data
were plotted on the basis of time, this frequency effect was reduced.?® This suggests that the
fatigue in dentin may be predominantly time, rather than cycle, that is, there may not be a true
cyclic fatigue mechanism. When the teeth were exposed to lactic acid the fatigue strength
significantly reduced, with nearly a 30% reduction in the apparent endurance limit (from
44 MPa to 32 MPa).* The reduction in pH also caused a significant decrease in the threshold
stress intensity range required for the initiation of cyclic crack growth, and a significant
increase in the incremental rate of crack extension. The reduction may be caused by deminer-
alization of the tooth structure when exposed to lactic acid.”’

3.2.4 Anti-wear Mechanisms of Enamel

Enamel is one of the best anti-wear and damage-tolerant biomaterials. Although cracks and
craze lines are often observed in enamel, they rarely cause tooth fracture. The excellent wear-
resistance of human tooth enamel stems from its unique microstructure. As shown in
Figure 3.2, human tooth enamel has a hierarchical structure running from macroscale to
nanoscale. The fundamental structure of enamel is the aligned microscale rods that have a
unique arrangement (Figure 3.6a).° Between these rods is the tougher interrod enamel, which
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Figure 3.6 Schematic diagrams of enamel microstructure and wear process: (a) enamel microstructure,
(b) wear process at low loads, and (c) wear process at high loads. Source: Zheng et al. (2003).6
Reproduced with permission of Elsevier.

is richer in organic matter. The organic matter within the enamel can spread the damage later-
ally over a much larger volume and allow limited differential movement between adjacent
rods to protect the enamel from catastrophic damage.*® At low compressive loads the wear is
mainly due to the collapse of nanofibrils and fibers, and plastic deformation (Figure 3.6b).
During the process, the HA particles bonded together by enamelin are debonded by the
external action of the normal load, causing a decrease in the size of the particles.® Under the high
compressive load, HA particles would be detached from the surface of the enamel by the
load, resulting in material removal and then particle packing, as shown in Figure 3.6¢.°
However, cracks are difficult to form even under high loads because of the voids between
nanofibers within rods and the rich-in-protein interrod enamel between rods, therefore brittle
delamination rarely occurs in enamel.
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The importance of hierarchical structure on mechanical behaviors has also been verified by
the fracture behavior of enamel. Because of its anisotropic microstructure, such as rod orientation,
and organic components, cracks in the enamel axial section were significantly longer in the
direction perpendicular to the occlusal surface rather than parallel. Moreover, the macroscale
architecture includes specific zones of enamel that have unique characteristics that contribute to
the whole tissue. Aprismatic regions of enamel have been proposed to be primitive areas of the
tooth serving as a toughening mechanism due to their flexible nature.>® While it is difficult to
express resistance to mechanical wear in the same detail, it is clear that enamel hardness (com-
pared to that being contacted) and toughness are the critical properties that resist damage.*

3.2.5 Toughening Mechanisms of the DEJ

The DEJ has a functionally graded microstructure that durably unites dissimilar hard brittle
enamel and tough flexible dentin, and serves as a crack-arrest barrier for flaws formed in the
brittle enamel. Unlike the interfaces in traditional ceramic composites, which are either too
strong or too weak, the DEJ rarely fails other than in inherited disorders. Figure 3.7 shows
typical values of Young’s modulus E and hardness H across the DEJ along with the atomic
force microscopy (AFM) image showing the indentations.*’ The values of E and H in enamel
and dentin were essentially the same as in the bulk tissues at a distance of about 10 pm from
the DEJ region (£ =20GPa and H=0.7 GPa for dentin, E=65 GPa and H=3.5 GPa for enamel).
Within the DEJ region from dentin to enamel both E and H increase from bulk values of dentin
to those of enamel. The toughness of the DEJ, measured by indentation, has a value between
those of enamel and dentin (~5 to 10 times higher than enamel but ~75% lower than dentin),*!
indicating that a smooth transition occurs between the harder and stiffer enamel and the softer
dentin. This transition appears to be a monotonic decrease from the enamel side of the DEJ to
the bulk dentin. In fact, within the thickness of the DEJ the elastic modulus and hardness of
enamel from its functional load-bearing direction are found to exist in exponential
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Figure 3.7 (a) Nanoindentation measurements of Young’s moduli of dentin, dentino-enamel junction,
and enamel. (b) Atomic force microscopy image of indented enamel, dentino-enamel junction, and
dentin. Source: Marshall et al. (2001).* Reproduced with permission of John Wiley and Sons.
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relationships with its normalized thickness.*> The creep ability of enamel was also observed to
increase towards the DEJ, therefore, in addition to porosity, there may also be a gradient in
mineral volume fraction across the interface because the mineral fraction of the calcified
tissue is closely related to its mechanical properties, such as modulus and hardness. The
graded properties of the biocomposite are the result of both microstructural and compositional
changes across the DEJ.

The DEJ zone is not a weak mechanical interface, but has a fracture toughness of 0.8
MPa.m'2.% Although some delamination occurs at the optical DEJ interface, damage is spread
over a wide area and the cracks are arrested at the DEJ (Figure 3.8b). There are distinct tough-
ening mechanisms at the DEJ interface.”® The primary toughening mechanism involves the
specialized aprismatic enamel close to the DEJ interface, which prevents catastrophic interfa-
cial failure through multiple convoluted branching, cracks spread and diffuse damage over a
wide area of adjacent enamel. A second toughening mechanism involves short microcracks in
the DEJ adjacent to dentin with possible crack bridging. A third toughening mechanism
involves plastic deformation of the DEJ without delamination.”® These specific toughening
mechanisms combine to control, diffuse, and spread damage over the DEJ zone, protecting the
teeth from catastrophic failure.

The graded mechanical properties of DEJ are considered a major source of toughening.
Finite element analysis showed that compared with no-graded interface, the smooth transition
in mechanical properties of DEJ leads to the reduced development and distribution of stress at
a lower level, along with lower peak stress at the DEJ under the loading point and smoother
stress distribution along the DEJ. Because of smaller differences between the maximum and
minimum principle stresses, the multilayer structure with the graded coating is more reliable,
and these features ensure the integrity of the enamel and DEJ under functional cyclic loads.*
Thus, the graded properties of enamel have an important role in maintaining the integrity of
the multilayer tooth structure.

The concept of functionally graded materials (FGMs) derived from biomaterials such as
DEJ provides a new approach for the improvement of dental post-material performance
compared to traditional homogeneous and uniform materials. This technique allows the
production of very different characteristics within the same material at various interfaces.®
The functionally graded biomaterials for implants in medical and dental applications integrate
dissimilar materials, without severe internal stress, by combining diverse properties in a single
material. The toughening mechanisms related to the FGM can therefore be introduced in the
materials. More broadly, the concept of FGMs can be extended to the biomimetic design of
other engineering materials.

3.3 Biomimetic Designs and Processes of Materials
for Wear-resistant Materials

3.3.1 Bioinspired Design Strategies for Wear-resistant Materials

Wearing is a complex, multifactorial process involving breaking, chipping, or cutting, and is
strongly system dependent: the materials surface structures, contact stresses, contact time,
wear environments (e.g., temperature and humidity), and the presence of a third body (lubri-
cating layer) all strongly affect the wear response.? The importance of these various factors
in contributing to wear damage may be different. From a materials science point of view, the
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Figure 3.8 (a) Typical profiles of the Vickers hardness and the indentation toughness. Profiles taken
normal to and across the DEJ region from the enamel to the dentin in a human molar. (b) EM examples
of arrested cracks. Shown are cracks from the enamel that are normally incident on the optical DEJ and
are arrested after propagating less than ~10 um beyond the interface into the mantle dentin. Behind the
arrested crack tip, numerous uncracked-ligament “bridges” can be seen; these are regions of uncracked
material that oppose the opening of the crack and sustain load that would otherwise be used for crack
growth. Such bridging, which is a form of cracktip shielding and is a prominent toughening mechanism
in dentin and bone, acts to reduce the effective driving force for crack extension, thereby arresting the
crack. Inset shows the lack of such bridging for cracks in the enamel. Cracking can also be seen near, and
nominally parallel, to the optical DEJ. Source: Imbeni et al. (2005).> Reproduced with permission of
Nature Publishing Group.
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wear damage depends on a combination of materials properties, such as hardness, elastic
modulus, or fracture toughness, and on the type of wear mechanisms. In fact, even for
engineering materials, predicting the tribiological performance of a material remains rather
elusive,* so “the harder the better” is not always true.? For example, a tool steel and chrome
carbide iron with the same 600 BHN hardness are different in an abrasion application by as
much as 5 times. Enamel materials have quite different structures and wear environments,
and their wear response strongly depends on the biological function, for example food
grasping, attacking prey and feeding, or shielding of a soft body, and whether the function
occurs in a hydrating environment. These environments have a fundamental influence on the
evolution of the chemistry and structural organization of these materials, so what can we
learn from them and what characteristics contribute to the superb mechanical behavior of
enamel coating?

One design principle that contributes to enamel’s wear properties is its hierarchical structure.
Unlike traditional ceramics, which usually consist of grains at micron level, enamel has a
hierarchical microstructure and inelastic functions of organic components inside the structure.
This unique structure is believed to be responsible for the long-lasting performance of teeth.*
In teeth, high volume percent minerals are deposited in the biocomposites, which results in
high hardness. In addition, reinforcement is achieved from nanocrystalline carbonated HA
crystals, which have a platelet morphology with a large aspect ratio. This yields a higher
Young’s modulus than that of spherical particles. Finally, in mineralized tissues the mineral
phase is nanocrystalline, therefore it does not fracture, but strengthens the matrix. There is a
high degree of interaction between the mineral phase and the biopolymer, an interlocking that
is chemical and mechanical in nature, which strongly enhances the mechanical properties.*
As a result, biological composites have orders of magnitude higher toughness than single-
phase minerals.

A second design principle that contributes to enamel’s wear properties is its layered struc-
ture where the enamel as a hard coating deposits on soft dentin. In enamel, prism bands,
“keyhole”-shaped structures, are packed together and interlocked with each other. Comparing
the two-layer tooth structure (enamel and dentin) with other multilayer systems, such as dental
porcelain-fused-to-metal or all-ceramic crowns, teeth seldom have chipping or cracking
problems.*

The third design principle is the DEJ, which perfectly combines the enamel and dentin.
Although very thin, the DEJ unites the two quite different tissues and serves as a key compo-
nent of the crack-arrest barrier. The DEJ is an FGM: it can distribute loads and protect the
substrate better than non-graded coatings.*’ If a crack is generated in the enamel, it propagates
along the interface of the prism bands and stops at the junction, preventing the chipping or
failure of entire tooth. Thus, the DEJ is one of the key designs in nature that contributes to the
long lifespan of heavily loaded tissue.

3.3.2  Enamel-mimicking Wear-resistant Restorative Materials

In restorative medicine, wear damage is recognized as a major reason for implants loosening
and failing,*® for example metallic alloys give rise to large elastic incompatibilities at articular
joints, whereas many synthetic polymers suffer from biocompatibility issues or from exces-
sive abrasion damage, leading to rapid degradation of the prostheses.? It is therefore highly
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desirable that the Young’s modulus of dental materials should be close to that of dentin, their
hardness should be between that of enamel and dentin, and the wear of the material itself and
the antagonistic tooth should be minimized. Most importantly the new material should be very
thin to preserve sound tooth structure.

Emulating the structure and properties of natural teeth, an artificial enamel material, named
polymer-infiltrated-ceramic-network (PICN), was developed.* This material consists of a
hybrid structure with two interpenetrating networks of ceramic and polymer, a so-called
double network hybrid (DNH), mimicking the interlocking of prism bands in natural teeth. In
contrast to traditional composites, which have one continuous phase filled with inorganic
particles, PICN consists of two continuous interpenetrating networks. One network is a
ceramic material and the other is a polymer (commonly methacrylates in dental applica-
tions).* In the first step of the PICN application process a porous pre-sintered feldspar ceramic
with adjustable densities is fabricated by compressing the ceramic powder into blocks and
then sintering these to a porous network. Ceramics with different porosities can be produced
by manipulating the initial ceramic particle size and utilizing different firing temperatures.
Resin is then added to the porous ceramic network structure. The ceramic network is treated
by a coupling agent prior to resin infiltration so that the polymer network is chemically cross-
linked to the ceramic network to form an interpenetrating network system with strong bonding
interfaces between the polymer and ceramic. The chemically conditioned porous inorganic
network is infiltrated with a crosslinking polymer by capillary action. Finally, the PICN
material is obtained by inducing heat polymerization to form a polymer network within the
interstitials of ceramics particles.*

The PICN material combines the properties of ceramic and polymer. Due to the interpene-
trating/interlocking structure of feldspar ceramic and the acrylate polymer network, this
material has a similar abrasion, high flexural strength, and elasticity to dentin because of its
continuous ceramic phase. Wear is comparable to common dental ceramic, while antagonistic
tooth wear is also lower. The material can be milled very thinly (0.2—-0.5 mm) to preserve the
enamel structure. The Weibull modulus, which measures the reliability and strength of a
material, is surprisingly high, which can probably be attributed to its continuous polymer
phase. The Vickers hardness test on a single ceramic showed that a typical crack line is clearly
visible, while in similar tests the crack line in the hybrid ceramic is stopped by the interpene-
trating polymer within the hybrid network.® This behavior is an indication of the damage
tolerance of PICN.

3.3.3 Biomimetic Cutting Tools Based on the Sharpening Mechanism
of Rat Teeth

Some biological cutting systems, such as animal teeth, use abrasive wear in order to form
sharp cutting edges. This approach is completely different to that of industrial cutting tools.
Rat teeth, for example, have an extremely wear-resistant material, dental enamel, in the
horseshoe-shaped outer zone. The cutting face, however, consists of soft, bonelike dentine.
There is an extremely strong connection between the two materials, which is achieved by a
three-dimensional interlocking structure, combined with an organic membrane. As the soft
dentine surface wears during use, the underlying hard enamel is exposed at the cutting edge,
sharpening the rat’s tooth (Figure 3.9a).
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Figure 3.9 (a) Rodent incisor of a vole (Arvicolinae), colored SEM picture. (b) Rat tooth-mimicking
cutting tool. (c) Cross-section of duplex-treated PM-X63CrMoV5-1, 52 HRC after 1638 m total cutting
length. (d) Specific wear volume plotted against cutting length. Source: Rechberger et al. (2013).5!
Reproduced with permission of Elsevier.

Inspired by the unique structure and sharpening mechanism of rats’ teeth, highly wear-
resistant cutting tools were developed.’® To emulate the dentin body of rodent incisors, a
biomimetic cutting tool was made of tool steel with sufficient toughness that the rake surface
of the tool is able to wear in a controlled way, like dentin. To mimicking the dental enamel,
a hard ceramic layer is deposited, but only the flank surface is thinly coated. This layer
provides high abrasive resistance by combining enough toughness and hardness to avoid
brittle failure of the cutting edge. In this way the design principle of the rat tooth’s hierarchic
structure is transferred into the architecture by combining ductile and hard phases on the
nanoscale (Figure 3.9b).%!

The biomimetic cutting tools were fabricated using cold work tool steels by powder
metallurgy (PM). To construct a hierarchically laminated coating that mimics enamel’s
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hierarchic structure, a ternary Ti—-B—N multilayer coating of thickness 4 pm was formed on the
cutting tool by combining plasma diffusion treatment and the plasma-enhanced chemical
vapor deposition (PECVD) coating process. This was generated by controlling the PECVD
process atmosphere, which allows the assembly of a special multilayer design with repeated
gradients in material composition. In this way, wear-resistant and high-wearing zones were
formed at the edge of the tool flank (Figure 3.9¢). Unlike conventional cutting tools, which
show continuous wear at the cutting edge during use, after a short time of use the biomimetic
blade exhibits a near-zero wear rate (Figure 3.9d). This can be attributed to the fact that the
wear on the flank and on the rake faces is well adjusted, which leads to a self-sharpening
effect. Since this bioinspired sharpening mechanism has been introduced, dissipated cutting
work has reduced significantly for biomimetic tools. Thus the mechanical and tribiological
properties of the steel body in combination with laminated hard coatings enable much lower
wear rates compared to conventional hard-phase rich cold work tool steels. The biomimetic
cutting tools have several benefits, including low energy consumption in the cutting process,
stable characteristics of the cutting process over time, and an ultralow wear rate, resulting in
higher endurance and efficiency.*!

3.3.4 DEJ-mimicking Functionally Graded Materials

In dentistry, ceramic dental restorations are generally used to reconstruct an impaired tooth.
In most cases, ceramic crowns are directly glued to the dentin layer using dental cement after
the enamel and DEJ layers are removed. However, these flat-layered structures have relatively
high failure rates within the first 5-10 years of service in the oral cavity. Radial cracking
usually occurs in the top ceramic layer of ceramic crowns. These cracks initiate in the
vicinity of the dental cement that attaches the dental restoration to the dentin/dentin-like
ceramic filled polymers.

To improve dental restorations, lessons can be learnt from the natural tooth. As discussed in
the previous sections, natural teeth consist of two distinct materials: hard enamel (Young’s
modulus E ~65 GPa) and relatively soft dentin (E ~20GPa), which are bonded together at the
DEJ. The Young’s modulus across the DEJ gradually decreases from enamel to dentin.
Because of the graded transition, the stress in the enamel is dramatically reduced.** Inspired
by the DEJ structure, a new dental crown restoration structure has been designed and fabri-
cated using an FGM layer at the bottom of the ceramic.? In this layer, E gradually decreases
from that of the dental ceramic to a lower value. The structure is bonded with the dentin-like
polymer by dental cement. If E for the FGM layer is high, the stress concentration will occur
in the FGM layer at the interface between the FGM layer and the cement. Otherwise, high
stress will present at the interface between the dental ceramic and the FGM layer. The optimal
design is to ensure that the stress is uniformly distributed in the FGM layer and is continuous
at the interface of the ceramic and FGM layer such that the overall stress concentration is
reduced. Based on this design criterion, the Young’s modulus in the FGM layer should decrease
from that of the ceramic at the interface of the ceramic and FGM layer to a lower value at the
interface of the FGM and cement layer.>

Finite element simulations were used to examine a range of dental ceramics (Figure 3.10a).
In all of these cases the graded architecture reduced the maximum principal stresses by ~30%.
Such a reduction in stress is likely to improve the durability of dental multilayers with graded
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Figure 3.10 (a) Maximum principal stress in the ceramic and FGM layer predicted by finite element
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interlayers between the dentin and crown layers, therefore functionally graded interfaces
mimicking the DEJ structure offer a new approach that can be used to engineer reductions in
the interfacial/layer stresses.

To validate the biomimetic design concept of FGMs, micron-scale bioinspired structures of
dental restorations were fabricated.” To obtain gradient stiffness in the adhesive layer, the mass
of ceramic (zirconia/alumina) was determined using a simple rule of mixtures to determine
how much powder was needed to achieve the desired Young’s modulus for the layer. The
samples contained three layers: zirconia forming a hard surface, polymer matrix composite
(PMC) as substrate, and FGM between them. The thicknesses of the zirconia, FGM, and
polymer matrix layers were 1.0mm, 100—150 pm, and 3.0 mm, respectively. The graded struc-
ture FGM consisted of 10 distinctive layers. The moduli of each of the layers in the FGM were
varied linearly to produce an FGM layer with a modulus that varied between that of zirconia at
the top to adhesive at the bottom. The samples were examined by Hertzian contact testing, in
which the loads were increased continuously until failure occurred by the pop-in of radial
cracks to the ceramic layer. It was observed that radial cracks propagated from the interface
(between the ceramic and the dental cement) towards the contact surface between the glass and
the indenter. The stresses significantly reduced with an improvement of ~32% in the pop-in
loads. A three-point bend test was performed on graded glass—zirconia sandwich beams and
their ungraded zirconia counterparts.>* Specifically, graded sandwich and homogeneous zirconia
beams (1.2x4x25mm) were prepared and tested using a similar method. The graded beams
have a higher fracture strength with an increase of ~28% compared to homogeneous zirconia
beams. Modulus gradations also enhance the flexural fracture resistance of fine-grained
alumina infiltrated with coefficients of thermal expansion (CTE)-matched silicate glass.>

Mimicking tooth contact and loading, various cyclic flexural tests have also been carried
out to evaluate the long-term load-bearing capacity of graded and ungraded zirconia.> In one
experiment, thin plates (d=0.55 mm), representing thin restorations or connectors of bridges,
were bonded to dentin-like composite supports with dental cement. To simulate the loading
conditions on tooth wear, the specimens were mounted at an angle of 30° and flexural load
applied at the ceramic top surface in water. Experimental results showed that radial cracks
initiated at the cementation surface and this crack propagated, resulting in failure. S/N curves
were obtained for graded glass—zirconia and homogeneous zirconia on compliant sub-
structures (Figure 3.10b). The graded glass—zirconia showed a significantly higher number of
cycles to failure than the pure zirconia plates, demonstrating an improved fatigue flexural
damage resistance from surface grading. Similar beneficial effects of modulus gradients on
fatigue fracture resistance have been demonstrated in fine-grained alumina infiltrated with
CTE-matched silicate glass.®® These results suggest that the bioinspired functionally graded
architectures can significantly reduce stress concentrations and thus pop-in loads, and can
therefore be used to improve the fatigue lifespan of the materials.

3.4 Biological Composites with High Impact and Energy Absorbance

Nature has developed some remarkable solutions using impact-resistant materials that show
superior armor behavior against environmental threats. These biological materials can be
divided into two categories: mineral-based and protein-based composites. Some examples of
mineral-based composites are hard tissues such as antler, bone and seashells. Among them,
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the dactyl club of the smashing predator stomatopod (specifically, Odontodactylus scyllarus)
is outstanding. This crustacean’s club can withstand the thousands of high-velocity blows that
it delivers to its prey. The endocuticle of this multiregional structure is characterized by a
helicoidal arrangement of mineralized fiber layers, an architecture that results in impact
resistance and energy absorbance.’’ Protein-based impact-resistant materials include hooves,
turtle shell, ram horn, and armadillo shell, and comprise the same protein: keratin. Keratin is
also found in many other tough materials, for example skin, hair, fur, claws, and hooves.’
Keratin is classified as either a- or f-keratin, depending on its molecular structure. The unique
material structures and mechanical deformation behavior of these materials give them excellent
penetration resistance and energy absorption. These lessons from nature can be used as the
inspiration for the development of lightweight armor systems. Some of the most remarkable
materials in terms of energy absorption and impact resistance are discussed in the following
sections.

3.4.1 Mineral-based Biocomposites: Dactyl Club

The brick-and-mortar structure of nacre in the inner layer of mollusk shells is considered to be
an ideal model system for toughened biological composites, as described in Chapter 2. It was
recently shown, however, that the nacreous structure is vulnerable to attack from a smashing
predator known as the stomatopod or mantis shrimp. This aggressive marine crustacean uses
a hammer-like strike to destroy the shells of mollusks to expose the soft body of the animal.*®
In captivity some larger species are capable of breaking through aquarium glass with a single
strike. The dactyl club of one smashing species, Odontodactylus scyllarus (Figure 3.11a), for
example, delivers high-velocity blows reaching accelerations up to 104 m/s? and speeds of
23 m/s, generating instantaneous forces of 1500N against the surface being attacked.® The
striking is so rapid that it generates cavitation bubbles between the appendage and the surface.
The collapse of these cavitation bubbles produces measurable forces on their prey in addition
to the striking force, so the prey is hit twice by a single strike: first by the claw and then by the
collapsing cavitation bubbles that immediately follow.*

The shells of the prey (e.g. mollusks), consisting of characteristically tough biological
composites, are destroyed by a strike. The dactyl club itself, however, survives and can withstand
thousands of repeated impacts without experiencing catastrophic failure.”®*® To withstand
these high impacts, the club must be hard and stiff, but also strong and tough enough to deliver
momentum to its prey and resist damage from an equal and opposite impact force.

Microstructural analysis shows that the stomatopod dactyl club is a multiregional biological
composite that consists of fibers of the long-chain polysaccharide a-chitin mineralized in the
exocuticle by oriented crystalline HA.*® The most heavily mineralized and hardest portion of
the club is its impact region (outlined in dark line in Figure 3.11b) where the club impacts the
prey. Underlying this hard outer layer is the endocuticle, which is mineralized with amorphous
calcium carbonate and calcium phosphate. The endocuticle can be divided into two zones:
striated and periodic regions. The striated region is located on either side of the endocuticle
(bright lines in Figure 3.11b). This region prevents lateral expansion of the club during a strike
through aligned mineralized fiber layers that form a circumferential band around the club. In
the periodic region, the fibers exhibit a regular pattern of laminations with a characteristic
nested arc pattern in each laminated region (Figure 3.11c). This nested arc appearance results
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Figure 3.11 (a) Photograph of Odontodactylus scyllarus, along with an image of a dactyl club that has
been removed and sectioned (as indicated by the dashed line marks). (b) Optical micrograph of a transverse
section of the stomatopod dactyl club revealing the exocuticle (dark line), striated (bright line), and
periodic region (remainder of club). (c) SEM image of a polished section through a single period, depicting
a characteristic nested arc pattern. (d) SEM image of a fracture surface through multiple periods, revealing
a helicoidal organization of fibers. (¢) Schematic of Bouligand geometry, clarifying the origins of the
nested arc pattern, a consequence of the helicoidal arrangement of aligned fiber layers. Source:
Grunenfelder et al. (2014).5” Reproduced with permission of Elsevier.

from a helicoidal stacking of aligned fiber layers (Figure 3.11d). The relationship between a
rotated stacking of fiber layers and the nested arc pattern is schematically shown in Figure 3.11e.
The sheets stack with each layer rotated by a small angle from the layer below, eventually
completing a rotation of 180°. The helicoidally arranged a-chitin fibers are mineralized at the
nanoscale with crystalline and/or amorphous mineral. Thus, the cuticle can be considered as a
fiber-reinforced structure, with polymer fibers embedded in a ceramic matrix.%’

The periodic region is important to energy dissipation and impact resistance.’"® A small
rotation angle between consecutive layers can lead to large change in the properties of the
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helicoidal composite, especially the isotropic response to in-plane loading at the macroscale.®
This rotated fiber architecture increases the toughness of the composites when loaded in
tension, with the lamellae reorienting to adapt to the loading conditions and thus resist defor-
mation.®! In addition to rotated fiber stacking, each cuticle region has specific properties with
variations of the degree of mineralization as well as the stacking density of the Bouligand layers.
The combination of these regions with different composite structures of the cuticle provides the
stiffness, strength, and hardness required to protect the animal and allow for movement and
predation.’” This structure of the dactyl club provides an excellent model for building strong
and tough engineering composite materials for impact-protection applications.

3.4.2  Protein-based Biocomposites: Horns and Hooves

In nature, unmineralized biological materials are also designed to resist impact and can absorb
a large amount of impact energy. Bighorn sheep (Ovis canadensis) horn is an example that
shows excellent stiffness and strength under the impact loading that occurs during sparring
between males. Rhinoceros horn also demonstrates high impact resistance. Similar to turtle
and armadillo shell, ram horn is a hierarchical material, made up of a core of cancellous bone
surrounded by a keratin sheath. Rhinoceros horn does not have a bony core.®> The keratin
sheath, a fibrous structural protein, is the primary impact load-bearing material in horns,
hooves, hair, furs, claws, and fingernails.

Ram horn is composed of the hierarchical structure shown in Figure 3.12.%> At the molecular
level, a horn comprises helical, a-keratin protofibrils, which assemble into rope-like crystalline
intermediate filaments, orienting along the growth direction and coiling up into hollow, ellip-
tically shaped tubules (~20-100 pm in diameter). These tubules resemble hollow reinforcing
fibers and are embedded in an amorphous keratin matrix. In the matrix keratin fibers are
randomly distributed, forming a structure that is akin to a short fiber reinforced composite.
There is also a porosity gradient across the thickness of the horn, with the porosity increasing
from outer surface to the interior.® Like reinforcement in traditional composites, the keratin
fibers strengthen and stiffen the structure by forming long, hollow, fiber-like tubules, but
tubules, as discussed later, may provide an additional toughening mechanism for the horn.
This dispersed tubule microstructure has been observed in other tough biological materials
such as hoof, bone, antler, and dentin.> At the macroscale, a horn takes the shape of a logarithmic
spiral. The porosity of the keratin sheath in ram horn was found to be approximately 6%. The
keratin fibers are parallel to the growth direction and are stacked in a lamellar fashion through
the thickness of the horn. This fiber distribution through the cross-section resembles that
in a unidirectional fiber composite, and thus material behavior in the other two directions
(transverse and radial) is nearly identical. Horn is therefore a transversely isotropic composite
material, that is, it is isotropic in the transverse and radial directions.

The tubules are one of the key structural characteristics that determine the energy dissipation
and impact resistance of materials. In horn and similar materials, keratin surrounds a closed-
cell, foam-like core. The porous outer layer introduces toughening mechanisms such as crack
deflection, crack arrest, and penetration resistance, whereas the central core functions to absorb
large amounts of energy during collapse with a low cost in weight.’

Sheep horn materials were tested under high impact conditions. Figure 3.13 shows the
compressive behavior of the horn at quasi-static rates and under high strain rates in the split
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Figure 3.12 Optical micrographs of ambient dried horn. (a) Cross-section showing the dark elliptical-
shaped tubules, (b) longitudinal section showing the outline of the parallel tubules (arrow points to a
tubule), and (c) orientation of the samples in the horn. Source: McKittrick et al. (2010).> Reproduced
with permission of Elsevier.

Hopkinson bar.’ The horn loaded in the radial direction provides more energy absorption
than in the longitudinal direction. Similar to the typical behaviors of polymers, the Young’s
modulus, the yield strength, and the toughness increase with increasing strain rate in both
directions. In general, as the strain rate increases, the polymer chains do not have time to align
and thus behave more as a polymer network. However, the strains to failure can reach up to
80%, which is an order of magnitude higher than in a typical network polymer. Such high
strain is the result of dissipative microdeformation processes such as compression of the
tubules (Figure 3.13c). The horn has a higher Young’s modulus and yield strength in
the longitudinal direction than in the radial direction. This is attributed to the alignment of the
lamellae in the longitudinal direction. The toughness is lower in this direction because of
microbuckling and delamination of the lamellae (Figure 3.13d).

Similar to horn, hooves are also composed of a-keratin fibers that are wound into circular
lamellae that surround a hollow, empty channel. These tubules only serve mechanical functions
and are not used to keep the hoof hydrated because all the tubules are empty.* The tubules have the



Wear-resistant and Impact-resistant Materials 71

1601 c10 sec! Radial

100 1 0.001 sec™!
0.0001 sec™!

40 Longitudinal

Compressive stress
[o2]
o

Radial

20 40 60 80

—
O
-

160 1 Longitudinal
140

120 1
100 1
80 1
60 -
40 1
20 1

0.0001 sec™!

Compressive stress (MPa)

20 40 60 80
Compressive strain (%)

(d)

60% deformation 60% deformation

Figure 3.13 Effect of strain rate on the compression stress—strain curve for big horn sheep horn in the
(a) radial and (b) longitudinal directions. (c) Micrograph showing tubule collapse after a compressive
load and (d) micrograph showing microbuckling of the lamellae. Source: McKittrick er al. (2010).°
Reproduced with permission of Elsevier.

highest density at the outer surface and a lower density towards the inner part, resulting in a
gradient of porosity through the thickness of the hoof wall, with the highest porosity at the outer
surface. However, the elastic modulus is highest at the outer surface because of the gradient distribu-
tion of tubules, resulting in an increase in the volume fraction of crystalline a-keratin filaments.®
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3.4.3 Bioinspired Design Strategies for Highly Impact-resistant Materials

Both mineral-based and protein-based biocomposites have been designed by nature for resisting
impact. For mineral-based biocomposites, such as enamel and dactyl club, the structures are
intended to sustain the contact impact. These tissues contain as high a level of minerals as
possible (e.g., over 98%) and a small amount of polymer to enhance the hardness and Young’s
modulus. At the same time, various toughening mechanisms are promoted by introducing
unique structures. For dactyl club, which needs to deliver large momentum to its prey, the
deposited minerals between the protein fibers in combination with the cuticle structure provide
stiffness and hardness as well as strength and toughness, which are needed to protect the
animal and allow for movement and predation. Thus, cuticle structure is an effective biological
model that can be mimicked to fabricate strong and tough composite materials.

Protein-based biocomposites such as horn and hoof are composed of keratin fibers that
strengthen and stiffen the structure. These materials have several design similarities in their
microstructures:’

* the presence of long tubules (vascular channels in the case of skeletal bone) that extend in
the longitudinal (growth) direction

* a density gradient and Young’s modulus gradient in the transverse direction due to the
presence of tubules and oriented structural protein fibers

* an amorphous polymer matrix reinforced by crystalline polymer tubules that are assembled
from strong, tough high aspect ratio crystalline protein fibers (collagen or keratin)

* a multiscale, hierarchical material structure comprising a sandwich composite structure
with a high-porosity, foam-like interior region and denser exterior region.

Although some mineral-based biomaterials such as dentin and bone also have tubule-like
structures, some differences do exist. For example, the tubules within bones and teeth contain
fluid, but no fluid is present in hooves or horns. The tubules in hooves and horns are believed
to be important in increasing elastic hysteresis and energy absorption, and also serve to prevent
microbuckling of the lamellae. Compared with mineralized components, the biological
materials are tougher but more compliant.

The high-energy absorption of these protein-based materials can be attributed to microde-
formation mechanisms such as delamination and microbuckling of the lamella.’ Among
many structural characteristics, the tubule distribution is a primary factor that determines
the deformation mechanisms. Each lamella is composed of fibrous proteins that form the
tough base material. This design for energy absorption can be considered as another excellent
model for bioinspiration for amour and other energy-absorbing materials. In addition, the
design of protein-based biocomposites is quite similar to spider silk structure, which consists
of crystals embedded in an amorphous matrix, although the structures are quite different.

According to the biological models described above, several bioinspired design strategies
can be considered based on the unique structures of the high-energy absorption materials. One
possible approach is to encase a central porous core with an impact-resistant polymer containing
tubules oriented perpendicular to the loading direction.’ To resist high impact, ideally the
materials for the central core should have a higher elastic modulus than those chosen for the
outer sheath. In the outer sheath, the tubules and matrix materials should have similar prop-
erties and very good bonding between them. There should be a high degree of interaction and
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synergism between the protein skin and the foam-like core, which will strongly enhance the
mechanical properties. For example, to develop a lightweight armor system, a bio-inspired
design strategy involves encasing a metallic foam core with a fiber-polymer composite laminate.
This sandwich structure mimics the structure found in natural energy-absorbent materials. The
skin of this design resists penetration whilst the central core absorbs large amounts of energy
at a low cost in weight. Good adhesion between the skin and the metallic core is crucial for
this design to succeed and is an excellent opportunity for future research. This strategy has
been shown to be very effective in resisting high-speed impact for drastic ballistic shock
mitigation, weight savings, and significant reductions in penetration and load transmission
under ballistic loading conditions.®

3.5 Biomimetic Impact-resistant Materials and Processes
3.5.1 Dactyl Club-Biomimicking Highly Impact-resistant Composites

The dactyl club of the smashing predator stomatopod (Odontodactylus scyllarus) is designed
by nature to withstand the thousands of high-velocity blows that it delivers to its prey. The
endocuticle of this multiregional structure is characterized by a helicoidal arrangement of min-
eralized fiber layers, an architecture that results in impact resistance and energy absorbance.”’
Mimicking the design of the dactyl club, a bioinspired corollary to the Bouligand structure has
been achieved using fiber-reinforced composites. Traditionally in fiber-reinforced composites,
fibers are unidirectionally aligned or cross-aligned. These layups form unidirectional and quasi-
isotropic controls. Unidirectional composites consist of aligned fiber layers, similar to those
observed in the crustacean exoskeleton, while quasi-isotropic layups are an aerospace industry
standard design and a robust baseline architecture. Through the stacking of unidirectional layers
(plies), a helicoidal composite can be readily obtained, as shown in Figure 3.14a,b.5’
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Figure 3.14 (a) Schematic representation and (b) SEM image of a helicoidal rotation of fiber layers
(shown here for a medium-angle composite). (c) Residual strength calculated from compressive data,
with percentage change listed for helicoidal samples. Source: Grunenfelder et al. (2014).5” Reproduced
with permission of Elsevier.



74 Biomimetic Principles and Design of Advanced Engineering Materials

The bioinspired helicoidal architecture has been demonstrated to enhance the mechanical
properties of the composites under static loading conditions. The toughness and strength of
composite materials can be changed by changing the ply orientation, which alters the damage
mechanisms and propagation, for example the flexural stiffness and shear strength of glass-
fiber-reinforced helicoidal composites are better than those of a quasi-isotropic control
sample.®® The fracture toughness of a glass-fiber-reinforced helicoidal composite architecture
is also better than that of a unidirectional control.’’

The impact performance of bioinspired helicoidal carbon-fiber-reinforced polymer compos-
ites with different helicoidal rotation angles was examined and compared with unidirectional as
well as quasi-isotropic controls.” Samples of size 100x 150 mm were subjected to high-energy
(1007J) impact using a drop tower. Following impact testing, the residual strength of the
samples was determined through compression testing. The high-energy impact produced
catastrophic failure in the unidirectional control samples, resulting in a splitting of the panels,
whereas for the quasi-isotropic controls the impact event resulted in puncture through the
backside of the panels, accompanied by fiber breakage. The helicoidal samples, in contrast, did
not show indentation puncture, but rather splits on the back surface, depending on the heli-
coidal angle. According to dent depth measurements, the medium angle composites showed
the greatest reduction in external indent damage, with an average depth reduction of 49%."
The internal damage field caused by impact was also investigated using a non-destructive
pulse—echo ultrasound technique. The ultrasound data reveal that the quasi-isotropic control
samples have the smallest internal damage field. The damage spread in the control samples is
also symmetric. The helicoidal samples, however, show a more widespread and asymmetric
damage field. The extent of the lateral spread of damage is most pronounced in small-angle
composites and decreases with increasing ply rotation angle.”” Finally, the measurements of
compressive residual strength show that small-angle panels have the lowest residual strength
while medium- and large-angle panels show a marked increase in residual strength when com-
pared to the quasi-isotropic controls (16% and 18%, respectively) (Figure 3.14c).”’

3.5.2 Damage-tolerant CNT-reinforced Nanocomposites Mimicking Hooves

Mineral-based (e.g., human tooth, bovine femur) and keratin-based (e.g., elk antler, sheep horn)
impact-resistant biocomposites show striking similarities in their cross-sections: circular or
elliptically shaped pores that arise from the tubules aligning in the longitudinal direction. The
size of the tubular structures in the femur and antler are the same: osteons are ~200 pm with
vascular channels around 30pm in diameter, whereas hooves have smaller channels of 24 pm
diameter and a much lower porosity of ~3%. The antler has a higher density of osteons due to
itsrelatively young age compared with the femur. The tubules in horn are elliptical (~40x 100 pm).
The density of tubules in dentin is much higher than that of bone and the diameters are much less
than in bone, around 1 pm, resulting in an areal porosity of 12%. The similarities in microstruc-
ture provide direct evidence of the importance of tubules in an energy-absorbent materials
design. The tubules provide toughening mechanisms such as crack deflection and energy to
collapse tubules, and prevent extended regions of microbuckling of the laminates.

Similar toughening mechanisms were observed in synthetic Al,O, ceramic nanocomposites
reinforced with aligned carbon nanotubes (CNTs). As shown in Figure 3.15, this material has
ordered CNTs of about 55nm diameter, with similar morphology with the biomaterials.®
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Figure 3.15 SEM photographs of deformation around indent in thin-wall CNT nanocomposites show-
ing (a) indent marker without cracks generated, (b) array of shear bands formed, and (c) close-up of
lateral buckling or collapse of the nanotubes in one shear band. SEM photographs of deformation around
indent in thick-wall CNT nanocomposites showing (d) crack induced by top indentation and (e) the
detail of the crack intersection with the successive CNT/matrix interfaces and deflection around the
CNTs along the interface. Source: Xia et al. (2004).% Reproduced with permission of Elsevier.

Two nanocomposites with thin wall (4.5nm) and thick wall (12.5nm) CNTs were fabricated
by chemical vapor deposition in anodic alumina with nanopores. For the thin wall CNT
composites, top indentation onto the porous material did not cause cracking. Insted, in addition
to the indentation mark, the deformation was accommodated by shear collapse of rows of
CNTs. Figure 3.15a—c show the deformation at various scales. At large scales, as shown in
Figure 3.15a, a deformation ring is observed around the indentation mark. Upon closer obser-
vation, this ring is caused by the scattering from short bands of collapsed CNTs, as seen in
Figure 3.15b. Further inspection shows the occurrence of shear cracks between opposite sides
of neighboring collapsed CNTs, as seen in Figure 3.15¢c. However, when the wall of CNTs is
thick, no shear band or CNT collapse was observed. Instead, a crack was formed at the corner
of the indenter, indicating that the nanocomposites are brittle (Figure 3.15d,e).

The CNT collapse deformation mode is similar to shear band formation and to deformation
modes observed in large-scale porous metals and polymers.” In this case, however, the matrix
material is an amorphous alumina with a hardness of about 5GPa and modulus 140 GPa. The
deformed shapes of the sheared pores indicate that the shear cracks have formed only after
substantial CNT deformation. To accommodate the shear deformation some flow of the
alumina matrix is required. Although the anodized alumina is not well characterized, such
flow is not normally expected in similar materials at macroscopic scales, room temperature,
and under the expected loads around the indent mark. These results demonstrate similar design
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principles in that tubular structures enhance the toughness of high-impact biomaterials. The
deformation behavior for loading in transverse directions, which is normally very weak and
brittle in a larger-scale composite, can be controlled by the composite microstructure, i.e.
the diameter and wall thickness of the CNTs, and possibly their organization. In particular,
non-cracking deformation modes can be activated to accommodate aggressive contact loading.
Although the nanocomposite itself was not fabricated based on the biological model, the
observed toughening phenomena have indicated that the biomimetic design principles can be
applied to various synthetic materials with tubule structures. Coupled with the existence of
CNT crack-bridging toughening mechanisms for cracking perpendicular to the axial direction,
these results indicate that nanotube ceramic composites can be engineered to exhibit multiaxial
toughness or damage tolerance by adjusting the composite geometry and constituent properties.
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4

Adaptive and Self-shaping
Materials

4.1 Introduction

Adaptive materials are those able to spontaneously modify their physical properties (shape,
color, conductivity, humidity, pH, etc.) under natural or provoked stimuli. The self-shaping or
mechanical property change that adaptive materials exhibit on exposure to a predefined
stimulus in a highly selective and reversible manner is useful in numerous engineering
applications, including deployable space structures, drug-delivery systems, and morphing
wings. In engineering materials for self-shaping, shape-memory alloys are a class of materials
that have the ability to “memorize” or retain their previous form when subjected to certain
stimulus such as thermomechanical or magnetic variations, and represent a design approach
that relies on phase transitions at the molecular and/or atomic scale.! Similarly, piezoelectric
and electrostrictive ceramics undergo dimensional change under external stimuli (voltage).
Other classes of widely investigated mechanically adaptable materials include temperature-,
photo-, electro- and chemo-responsive polymers.* In addition to these adaptive materials with
inherent phase transitions, composite structures, in which the components display different
responses to certain external stimuli, may also exhibit a stimulated shape change. Such a
concept has been extensively exploited to produce micro-scale multilayered objects with self-
folding properties using mostly photolithographic techniques.*

In contrast to the aforementioned adaptive material systems, nature utilizes completely
different strategies to accomplish property/shape changes on external stimuli. Instead of
molecular phase transitions or combinations of dissimilar materials, many biological materials
contain certain architectures with controlled local volume fraction, distribution, and orienta-
tion of stiff fibers embedded in a soft matrix. Such fiber architectures result in differential
swelling/shrinkage or growth of the surrounding matrix to generate mechanical deformations
that lead to well-defined macroscopic changes in shape.* For example, sea cucumbers and
other echinoderms have the fascinating ability to rapidly and reversibly alter the stiffness of
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their inner dermis when threatened. These animals can reversibly switch the modulus of their
skin between “soft” and “rigid” within microseconds. This dynamic mechanical behavior is
achieved through a nanocomposite architecture in which rigid, high-aspect ratio collagen
fibrils reinforce a viscoelastic matrix.’

In natural adaptive materials, the deformation is controlled at different levels of tissue
hierarchy by geometrical constraints at the micrometer level (e.g., cell shape and size) and cell
wall polymer composition at the nanoscale (e.g., cellulose fibril orientation). This type of
natural shape-changing effect does not stem from phase transitions at the atomic/molecular
level, therefore bioinspired self-shaping materials can be potentially made with a wider variety
of components by properly designing their constituent building blocks at the microscale.*
These material design principles may provide new routes to create synthetic materials with
unique adaptive capabilities. Inspired by nature, various mechanically adaptive materials have
been developed, including nanocomposites with modulus changes of several orders of
magnitude and self-shaped composites with shape changes of several hundred percent. The
bioinspired design of adaptive microstructures provides a new pathway to control shape
changes in synthetic materials.

In this chapter, typical self-shaping/reversible property change mechanisms in animals and
plants are discussed, and biomimetic design strategies and synthetic materials with control-
lable property- and/or shape-changing capability are examined. Particular attention is paid to
microstructural mimics and the design principles of fiber architectures and reversible interac-
tions. The design principles may be particularly useful for a biomimetic translation into active
composite materials and moving devices.

4.2 The Biological Models for Adapting and Morphing Materials

4.2.1 Reversible Stiffness Change of Sea Cucumber via Switchable
Fiber Interactions

Many echinoderms (e.g., sea cucumbers, starfish, etc.) are highly distinctive, with a number
of features found nowhere else in the natural world. Most prominent is a skeleton made of
calcite crystals. It is well known that sea cucumbers can alter, rapidly and reversibly, the
stiffness of their collagenous connective tissues, commonly referred to as mutable connective
tissues (Figure 4.1a). This stiffness change occurs within seconds and creates significant
survival advantages. The dermis of the Cucumaria frondosa (and other sea cucumber species)
represents a compelling model of a chemo-responsive material in which a 10-fold modulus
contrast (ca. 5-50MPa) is possible.

The structure of the inner dermis of sea cucumbers is complex but unique. In the collage-
neous inner dermis of these invertebrates there is a nanocomposite structure consisting of
rigid, high-aspect ratio collagen fibrils organized within a viscoelastic matrix of fibrillin
microfibrils (Figure 4.1b).” These collagen fibrils are isolated from each other in the relaxed
state but can be linked into a strong network. These interactions between the collagen fibrils
are regulated by soluble molecules that are secreted locally by neurally controlled effector
cells. The aggregation of the isolated fibrils is induced by a constitutive glycoprotein of the
extracellular matrix, stiparin, which was initially identified as a tissue-stiffening factor. There
is another glycoprotein, stiparin inhibitor, which can bind to stiparin, thereby inhibiting
its ability to induce fibril aggregation. A third component, tensilin, not only induces
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Figure 4.1 The stiffening response of sea cucumbers triggered by chemical stimuli. (a) A sea cucumber
in its soft (top) and stiff (bottom) states, and (b) hypothetical architecture of collagen fibers and other
biomolecules in the dermal tissue of sea cucumbers, highlighting the reversible cross-linking molecules
presumably involved in the stiffening process. Source: Studart & Erb (2014).* Reproduced with
permission of the Royal Society of Chemistry.

collagen—fibril aggregation in vitro, but also increases tissue stiffness and appears to play an
important role in stiffness change.”® However, a detailed molecular mechanism of how the
collagen—fibrils are regulated in sea cucumber dermis has yet to be developed.

The stiffness of the sea cucumber tissue depends on the ability of adjacent collagen fibrils
to transfer stress via transiently established temporary bonding.’ The stress transfer among the
adjacent collagen fibrils is regulated by locally secreted proteins through either non-covalent
or covalent bonds. The reversible tuning of fiber interactions in the dermal tissue of sea
cucumbers is promoted by chemicals that are released from cells present in the outer and inner
dermis of the animal. When glycoprotein stiparin inhibitor is secreted by the cells and appears
on the surface of adjacent reinforcing fibrils in dermal tissue, weak bonds are formed between
the fibrils, leading to bond breaking and consequently low stiffness. The crosslinking is on
when the covalent bonds are established between the collagen fibrils by glycoprotein stiparin
(Figure 4.2).° This leads to the rapid formation of a percolating network of collagen fibrils that
significantly increases the elastic modulus of the dermal tissue. However, the crosslinking
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Figure 4.2 Mechanism of the soft-to-hard change in the dermal tissue of sea cucumbers. Source:
adapted from White ef al. (2013).°

bonds are revisable, and they can be disrupted again in the presence of a stiparin inhibitor,
eventually resulting in softening of the tissue.

The rapid stiffness change mechanism of sea cucumbers provides an intriguing biological
model for the biomimetic design of artificial polymer nanocomposites that exhibit similar
architecture and chemo-mechanical behavior. To mimic the natural adaptive materials,
synthetic microfibers could be used to form the frame in a soft matrix. In the soft-to-hard
cycles, the elastic fibers need to link up, making a tough, resilient network that runs through
the entire composite, stiffening it.> In softening process, the bonding between the fibers is
removed through a mediator. Thus, the key point for the biomimetic design is how to establish
revisable bonds between the fibers, like those in the inner dermis of sea cucumbers.

4.2.2  Gradient Stiffness of Squid Beak via Gradient Fiber Interactions

The squid beak is another interesting biological model for the biomimetic design of adaptive
materials with gradient stiffness change. The beak of the Humboldt squid Dosidicus gigas
represents one of the hardest and stiffest wholly organic (i.e., non-mineralized) materials
known.!'® Although the tip of a squid’s beak is hard, the base is as soft as the animal’s jelly-like
body. To bridge these two mechanically dissimilar parts of the squid, there is a mechanical
gradient material between them. This stiffness gradient runs from the relatively compliant
wing edge (elastic modulus ca. 50 MPa) to the razor-sharp rostrum (elastic modulus ca. 5 GPa)
in the natural wet state.!! This connector acts as a shock absorber so the bird can bite a fish
with bone-crushing force yet suffer no wear and tear on its fleshy mouth. The squid’s beak (the
wing) performs the remarkable function of insulating the soft buccal envelope from the high
interfacial stresses generated at the rostrum during feeding.

In fact, gradients are found frequently in nature at the interface of two mechanically
dissimilar materials such as crustacean exoskeletons, polychelate jaws, teeth, and in the
mussel byssus. It is now known that mechanical gradients in materials can lead to increased
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distribution of interfacial mechanical and thermal stress, improvements in the bonding of
dissimilar mechanical components, reduced contact deformation and damage, elimination of
stress singularities, and improved fracture toughness.!?

Like the inner dermis of sea cucumbers, the beak is also a natural nanocomposite
(Figure 4.3.a).!° The nanocomposite is composed of a fibrous (ca. 30 nm fiber diameter) chitin
network (Figure 4.3b)!° embedded within a biopolymer matrix. The mechanical gradient
correlates with a change in the crosslinking density along the length of the material
(Figure 4.3c). Crosslinking is established in the composite between the imidazole function-
ality of peptidyl-histidine residues and both low molecular weight and peptidyl (via L-DOPA
residues) catechol moieties. Hence, the crosslinking occurs predominantly within the bioma-
trix phase.!®* Because of the existence of di-, tri-, and tetra-histidine-catecholic adducts in
the composite, there is a high degree of crosslinking in the mature squid beak. However, the
mechanical gradient disappears on dehydration of the beak. In its natural hydrated state, the
Dosidicus beak biocomposite possesses a stiffness (elastic modulus, E) of 5GPa at the distal
tip that decreases incrementally to S0 MPa in the proximal wing, which is tightly embedded
within the muscular buccal mass."* In this biocomposite, high covalent crosslink densities
at the rostrum correspond with a high stiffness and, not coincidentally, the least water of

(a)

Rostrum

Stiff

Matrix Filler Crosslinks
(His-rich (Chitin) (Histidine-
protein) catechol)

Figure 4.3 Images of (a) a split beak of the Humboldt squid Dosidicus gigas after removal from the
buccal mass showing the relation of the wing to the rostrum and (b) a high-magnification scanning elec-
tron image of the chitin fiber network in the rostrum after alkaline peroxidation of the beak. (c) Schematic
representation of water-enhanced mechanical gradient nanocomposite in the squid beak biomodel.
Source: Fox et al. (2013)."> Reproduced with permission of the American Chemical Society.
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hydration (ca. 15 wt%). Conversely, the wing of the beak (i.e., the base) contains fewer cross-
links, more chitin fibers, and consequently significantly more water (ca. 70 wt%). The stiff-
ness gradient in the nanocomposite is therefore induced by the composition gradients of water
content in combination with the chemical bonding gradient of crosslinking.' It is known that
the composition gradients cause stiffness, as seen in other biological tissue and engineering
materials, but it is quite unusual that the chemical bonding is used to generate stiffness. The
microstructure of gradient nanocomposites provides design principles for attaching
mechanically mismatched materials in engineering and biological applications.

4.2.3 Shape Change in Plant Growth via Controlled
Reinforcement Redistribution

Many climbing plants, such as cucumbers, grapes, passion flowers, pumpkins, and gourds,
have moving tendrils that search for stable support by changing their shapes. Among many
shapes, chiral twisting is commonly seen in tendrils (Figure 4.4). A tendril of the cucumber
plant, for example, grows straight until it contacts and attaches to a support. Once the tendril
has contacted the support, one side of the coil exhibiting a ribbon of gelatinous fiber cells
undergoes tissue morphosis in the form of lignification, water removal, and development of
oriented cellulose microfibrils.!® This leads to an asymmetric distribution of reinforcement
(e.g., lignin) within the fiber ribbon, and consequently a frustrated geometry forms due to the
differential local growth of the cell layers with different reinforcement levels. As the tendril
grows, it minimizes the length of the more reinforced portion of the ribbon while maxi-
mizing the length of the less reinforced side, resulting in morphing by chirally twisting.'®
Sometimes this twisting can begin before a tendril contacts a support (Figure 4.4a). However,
if the twisting conformation initiates only after the tendril contacts an opposite point of
support, there must be zero net twist in the whole length of the tendril. To accommodate this
fixed boundary condition, the tendril develops a perversion that is a point of helix reversal

Figure 4.4 Tendrils of climbing plants. (a) Unbound tendrils. Source: Godinho e al. (2010)."
Reproduced with permission of the Royal Society of Chemistry. (b) Tendrils that are initially bound
between two points prior to twisting must maintain zero net twist and develop perversions (region
enclosed by the circle). Source: Godinho et al. (2009)."” Reproduced with permission of the Royal
Society of Chemistry.
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where the tendril changes from left-handed to right-handed chirality (Figure 4.4b)."” This
formation of twisting cucumber tendrils in a series of right- and left-handed helices draws
the stem of the plant closer to the support. The spring-like tendril also provides a cushion
between the support and stem.

Similar asymmetric distribution of reinforcement occurs during the growth of tree branches.
As a tree grows in response to applied stresses induced by gravity, wind, or erosion, to gain
exposure to more sunlight cellulose microfbril (CMF) orientation is actively regulated in plant
stems and tree branches to achieve shape change. When the stem is programmed to restrict
expansion in all directions, the plants generate a random fibril orientation.'® To promote one-
dimensional expansion (growth), coordinated restructuring of fibril architectures is produced
to align the reinforcement perpendicular to the stem (Figure 4.5a,b).* For example, the conifer
pine branch transitions its CMF orientation along the length of a branch from low angles to
higher angles. This heterogeneous architecture leads to the natural bending of conifer tree
branches to overcome gravity and regulate the stress in the branch (Figure 4.5¢,d).”® In tree
growth, active responses are necessarily complex, requiring signal pathways between biomol-
ecules to enable the creation or redesign of the CMF architecture. Understanding the rich
mechanisms that drive these CMF architectures in plant systems may allow us to develop
novel biomimetic designs and processes for actively controlling material shape changes in
synthetic analogues.

(d) 40-50° 30-40° 15-30° 0-15°

e

Branch

- Trunk

Figure 4.5 Biological systems that use fiber orientational control to enable structural bending and
twisting include the plant stem (a, b) and the tree branch (c, d). Source (a, b): Foster et al. (2003)."
Reproduced with permission of Elsevier. Source (c, d): Fratzl and Barth (2009).° Reproduced with
permission of Nature Publishing Group.
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4.2.4  Self-shaping by Pre-programed Reinforcement Architectures

While animals and live plants actively regulate property/shape changes through either neural
systems or chemical signals, there are adaptive materials that control this process by local
orientation of the reinforcement in composites. Plant cell walls are composites of reinforcement —
stiff cellulose fibrils and matrix — pliant and highly swellable organics consisting of hemicel-
luloses, pectin, structural proteins and/or lignin. Apart from reinforcement to increase the
mechanical strength of the composites, one of the major functions of cellulose microfbrils
is to build specific architectures to restrict swelling or growth in certain directions, thus
achieving pre-programed macroscopic self-shaping.?! This mechanism has been observed in
many plants, for example wheat awns that can dig their way into soil, and pinecones and other
seedpods that cleverly open to release seeds under optimum conditions. While live plants
actively regulate the fiber orientation and volume fraction during growth in response to stresses
and other growth restriction, their seed dispersal units, such as pinecones, wheat awns, and
seedpods, must have pre-designed fibril architecture to achieve pre-programmed shape change
in their dead state before disconnection from their nutrient source. Although these seed
dispersal units are passive systems, self-shaping systems predominantly rely on the reinforce-
ment architecture — the local orientation, volume fraction, and distribution — rather than the
intrinsic molecular/atomic scale properties of the plant constituent materials.*

The principle of self-shaping is simple in a composite: the (partially crystalline) cellulose
fibrils do not swell, while the amorous matrix experiences significant expansion on taking up
moisture. As a result, the extension on water uptake becomes extremely anisotropic; swelling
will occur preferentially in the direction perpendicular to the fibrils due to the restriction of the
fibrils in their axis direction. This pre-programed macroscopic morphing can be achieved by
controlling the type, orientation, volume friction, and distributions of cellulose fibrils in
cellulose nanocomposites. Because of the high swellable nature of matrix, the influx and
efflux of water in the cell walls is considered to be the external stimuli that cause changes in
cell and tissue geometry. Different cellulose alignments in subsequent tissue layers result in a
substantial and directed bending of organs.*

Among many passive actuation systems with reversible shape change capability, pinecones
possess an elegant pre-programmed fibril architecture in their scales. This architecture com-
prises two unique regions of different predominant fibril alignments in each pinecone scale. In
the upper region of the scale, sclerenchyma fibers predominantly run along the length of the
scale to form a laterally unidirectional composite, whereas sclereids are oriented perpendic-
ular to the plane of the scale in the lower region (Figure 4.6a,b).”> On drying, the lower region
with perpendicular fibril distribution will shrink much more than the upper region with lateral
fibrils. Since the two regions are tightly connected, the entire scale will bend downward to
minimize internal stresses.”® This fibril architecture allows the cones to close under wet con-
ditions and open and release seeds upon drying.?* A similar actuation mechanism was observed
in the spore capsules of some mosses, but these systems are even more moisture sensitive than
the conifer cones. In analogy, these systems can be considered as a kind of bimetal, but they
have two substantial differences: (1) the actuation is mediated by humidity not temperature
and (2) instead of different elements in bimetals, pinecones use the same chemical composi-
tion to achieve the pre-programmed deformation.*

A more interesting example of fibril architecture predesigned for plant actuation is the loco-
motion of wheat dispersal units — wheat awns that drive ripe grains into the soil. This action is
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Figure 4.6 Biological systems can use fiber orientational control to enable structural bending and
twisting in the pine cone. Source: Erb et al. (2013).?2 Reproduced with permission of Nature Publishing
Group.

powered solely by the daily change in humidity, which induces a curvature of the awns depend-
ing on moisture (Figure 4.7).2! Similar to pinecones, awns have tissues with different fibril
architectures on the inner side, facing towards the other awn (called the cap), and the outer
side, facing outwards (called the ridge). In the cap, the cellulose fibrils are oriented almost
parallel to the awn axis, which makes the axial direction less sensitive to moisture changes. In
this part, unidirectionally aligned fibrils mostly along the awn resist the axial contraction of the
matrix with drying and a stable awn structure. In the lower section of the ridge, cellulose fibrils
are distributed randomly and are more sensitive to moisture than the cap. These different
orientations lead to different preferred axes of expansion and contraction. There is an
intermediate unit between the active (ridge) and the resistance (cap) parts, which is composed
of soft tissues of chlorenchyma and parenchyma. This part probably optimizes the movement
and the connection between the two parts. Such a structure leads to cyclic movements during
the day and night. In the dry daytime air, the wheat awn will bend its two stalks apart from each
other while at night, dampened by dew, they move towards each other, driving the awn to move
forward during the movement of two stalks. When humidity is high during the night, the awns
of the spikelet become erect and draw together, and this action pushes the grain into the soil.
During the daytime when the humidity drops, the awns slacken back again, but fine silica hairs
on the awns act as ratchet hooks in the soil and prevent the spikelets from reversing back out
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Figure 4.7 A schematic illustration of wheat awns. On the left is the general structure of the dispersal
unit, showing the awns and the seed case. The actuating part of the awn is shown in the box. The outer
active part (a) shrinks on drying. The resistance part (r) faces inwards. The chlorenchyma is represented
in black. On the right is a map of the cross-section, showing the three components required for hygro-
scopic movement: the active part (a), the resistance part (r), and an intermediate gap (g) separating the
two.” Source: Fratzl et al. (2008).% Reproduced with permission of the Royal Society of Chemistry.

again. Hence, over several days, this unidirectional movement, similar to the swimming strokes
of a frog, drills the spikelet as much as an inch into the soil.?

4.2.5 Biomimetic Design Strategies for Morphing and Adapting

As discussed above, there are strategies in nature that can actively and reversibly change the
properties or generate movement in the materials in response to external stimuli, even for dead
tissues. The movement in the materials can be pre-programmed through adjusting fiber orientation
and/or volume fraction. Table 4.1 lists some of extensively studied adaptive mechanisms based on
nanofiber distribution and connection. These strategies could be applied to many fields, including
transient implants, drug-delivery carriers, tissue-engineering scaffolds, thermo-responsive hydro-
gels, self-healing materials, cell cultures, bioseparation membranes, sensors, and actuators.

The intriguing feature exhibited by the dermis of sea cucumbers, that is, their ability to
change mechanical properties “on command”, provides an approach for the design of adaptive
materials relying on the interactions between fibers in polymer nanocomposites. In these com-
posites reinforcing nanofiber interactions (interfiber bonding) are stimuli-responsive and the
mechanical properties of the bulk material are regulated by forming/breaking the bonding
between the fibers. The high stiffness in the dry state and the ability to tailor the mechanical
contrast via composition and processing makes the materials particularly useful as a basis for
adaptive biomedical implants.”’ Unlike shape-memory polymers and metallic alloys, the
shape-changing capabilities in these biological materials originate at the microstructural level
rather than the molecular scale. This enables the creation of predefinable shape changes using
building blocks that would otherwise not display the intrinsic molecular/atomic phase transi-
tions required in conventional shape-memory materials. This provides an excellent biological
prototype for the biomimetic design of adaptive materials using conversational fibers.

Squid beak provides another interesting model for creating gradient fiber reinforced com-
posites. The mechanical gradient in this tissue is established by simply introducing different
amounts of crosslinking along a direction. This provides new approach to fabricating
mechanical gradient fiber-reinforced composites. Mechanical gradients in materials have
been seen in many biological tissues such as tooth, and they can lead to better distribution of
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interfacial mechanical and thermal stress, enhanced bonding of dissimilar mechanical compo-
nents, reduced contact deformation and damage, and improved fracture toughness.'? Squid
beak is unique in its formation of the mechanical gradient by fibers with different amounts of
crosslinking, which is relatively easy to implement in biomimetic applications.

Swelling by adsorbing moisture in cell walls is one of the major mechanisms for plants to
change their shape. These configuration changes are controlled by the architecture of stiff
cellulose fibrils embedded in a swellable matrix. Thus, the main biomimetic strategy for an
adaptive/morphing composite mimicking plant cells is to control the distributions of stiff
fibrils in a swelling matrix (e.g., a gel). When the bonding between the matrix and the fibrils
is strong (e.g., by covalent bonding), the fibrils, essentially undeformable elements, can
restrict the matrix swelling, resulting in an anisotropic deformation of composites. There are
two ways to regulate the local deformation of the composites. One way is to make the distri-
bution of the stiff fibrils uneven in the matrix, and the other is to control the orientation of the
fibrils. This reveals a general design principle that active gels can be directed in their swelling
behavior by stiff fibers distributed in a suitable way. From a materials science viewpoint, this
actuating mechanism by controlling microstructures provides new approaches for materials
design because the actuating movements occur without the need for an active metabolism,
unlike molecular motors in the human muscle, for example. This makes humidity-based
actuation systems in plants particularly interesting for biomimetic materials research.*

4.3 Biomimetic Synthetic Adaptive Materials and Processes

4.3.1 Adaptive Nanocomposites with Reversible Stiffness
Change Capability

Sea cucumbers can actively and reversibly change the stiffness of their dermis using switch-
able interactions between reinforcing building blocks. This adaptive behavior of materials has
been successfully mimicked in a new family of stimuli-responsive polymer nanocomposites
made of cellulose nanowhiskers as reinforcing elements in combination with different
polymeric matrices.>’ In these nanocomposites, the nanowhiskers are connected to each other
through hydrogen bonding to form a stiff percolating network throughout the composite.
When water is added to the nanocomposites, the materials are softened via the formation of
competitive hydrogen bonds that disrupt the initial percolating network. The elastic modulus
of the composites can thus be changed by switching the hydrogen bonding between reinforc-
ing whiskers on and off. The variations in modulus can be achieved by a factor of ~10 if the
volume fraction of reinforcement is sufficiently high to ensure percolation of the fibers
(Figure 4.8). The elastic modulus of water-free samples can be reasonably described by a
percolation model (Figure 4.8b), indicating that the stiffening effect is indeed a result of the
onset of crosslinking interactions between the cellulose nanowhiskers. When the crosslinks
are removed by adding water to the composites, the elastic modulus reduces to values close to
the level expected from the Halpin—Kardos model for noninteracting whiskers (Figure 4.8).
While the stiffness of the nanocomposites is regulated by water, nanocomposites based on
poly(vinyl acetate) (PVAc) and cellulose whiskers display a “dual” responsive behavior, that
is, it is triggered by both water and cerebral spinal fluid.?® On exposure to physiological
conditions (e.g., water or artificial cerebral spinal fluid), the materials slowly take up aqueous
fluid, which plasticizes the PVAc and reduces the glass transition temperature (Tg) from above
to below physiological temperature. In addition, the whisker—whisker interactions are switched
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Figure 4.8 Tensile storage moduli £ of neat polyurethane and polyurethane/cellulose nanowhisker
nanocomposites as a function of volume fraction of cellulose nanowhiskers in the dry state at 25°C and
water-swollen state (after immersion in deionized water at 37°C for 5 days). Data points represent
averages (N=3-7)+standard deviation. Lines represent values predicted by the percolation (solid) and
Halpin—Kardos (dashed) models. Source: Mendez et al. (2011).%® Reproduced with permission of the
American Chemical Society.

off due to competitive hydrogen bonding with the water. This leads to a dramatic mechanical
contrast between the dry state at room temperature and the water or artificial cerebrospinal
fluid swollen state. These composites are sensitive to two stimuli and two different effects,
plasticization of the PVAc matrix and disruption of the whisker network to manifest a dynamic
change in modulus, and the mechanical contrast changes from ca. 5 GPa in the stiff state to ca.
5MPa in the soft state, compared to the 50-5 MPa observed for the sea cucumber.

Built on the success of the above biomimetic nanocomposites with stiffness change on
demand, the reversible formation of an elastic network of percolating fibers was further used to
create composites exhibiting shape-memory effects.” These new biomimetic, stimuli-responsive
mechanically adaptive nanocomposites are triggered by water stimulus, and the percolating
network of reinforcing fibers was used to temporarily store a large amount of elastic energy that
is initially applied to the surrounding polymer matrix of the material. On-demand rupture of the
stiff percolating network activated by exposing it to water eventually releases the elastic energy
stored within the system, causing a significant shape change in the entire composite.

Shape-memory materials are produced by introducing rigid cotton cellulose nanowhiskers
(CNWs) into a rubbery polyurethane (PU) matrix. Figure 4.9a,b schematically illustrates the
steps required to obtain the initial temporary shape and to eventually change it into the final
stress-free state for the composites. In the first step, the composite is exposed to a wet environ-
ment to switch off the interactions between the reinforcing whiskers. The composite is then
stretched on losing the crosslinking between cellulose whiskers. In this stage, the composite
could be uniaxially stretched up to 200% strain due to the strong elastic 