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Abstract

BIOMIMETICS is an engineering design approach to create new structures, by reproduc-
ing characteristics found in nature. Indeed, in nature it is possible to find many smart
solutions, which can be mimicked to build new materials, with potential applications

to various engineering fields. Research in biomimetics has led to the development of a large
number of innovative materials and technological solutions, such as gecko-like adhesives, self-
repairing materials, self-cleaning materials, lightweight wood-like composites, and new bio-
inspired nanocomposites. Nature is the largest producer of composite materials: wood, bone,
nacre, all of them are examples of composite materials. Wood is a natural composite made of
cellulose fibers and a resinous matrix, the polysaccharide lignin. Bone, teeth, mollusc shells,
are all made of organic-inorganic composite materials, consisting of hard ceramic reinforcing
phases embedded into natural organic polymer matrices. The latter biocomposites, also known
as bone-like materials or biominerals, are characterized by a hierarchical structure, consisting
of a highly controlled organization at different levels, with characteristic structural dimensions
at each level, ranging from the nanometer to the macroscopic length scale. This results in a
complex architecture, which provides the material with multifunctional properties. The con-
trolled growth and the specific size of the components of the biocomposites, resulting from the
biomineralization process, play a crucial role in determining the mechanical performance of
the whole composite; hence, there is an increasing interest among researchers to understand
the mechanisms behind the controlled biomineralization. Among biocomposites, an intriguing
material is the human bone, a composite of collagen and hydroxyapatite. Bone is considered
as a biomineral, due to the high content of calcium-phosphate minerals, which make it hard
and stiff. However, a common characteristic of bone is the incredible toughness, in spite of its
brittle mineral components; in fact, bone toughness is about three to five orders of magnitude
more than that of the mineral it is made of. Until now, no conventional man-made compos-
ite material has reached such an amplification in toughness, compared to the raw components;
for this reason bone is considered as a biomimetic model material. The reasons of the tough-
ness and ductility of this materials have to be seek in the hierarchical organization. The key
mechanisms, which make it a quasi-ductile and damage-tolerant material, with an increased
toughness, are different and act at various length scales. The simultaneous operation of tough-
ening mechanisms, acting at different length scales, provides the bone with its enduring strength
and toughness. Hence, to understand the effects of the hierarchy on the mechanical response
of bone, and the structure-property relationship, it is worthwhile to use a multi-scale approach.
In this work, after a deep study of the bone hierarchical structure, an atomistic approach is
used to get an insight into the mechanical properties of the bone building blocks, the collagen
organic fibers and the hydroxyapatite (HAP) mineral crystals. Full atomistic simulations are
carried out to get information about the mechanical behavior of the bone basic components,
their interactions and the size effect on their mechanical performance, and in particular on the
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II ABSTRACT

fracture behavior of the brittle mineral components. Indeed, the mechanical response of HAP
crystals in presence of a defect is studied, by means of an atomistic approach, and the effect of
confinement on their fracture behavior is investigated. A systematic variation of the crystal size
allows to identify a critical size, below which the material becomes flaw tolerant, approaching
a constant level of strength, regardless the presence of the defect. The concept of size-driven
flaw tolerance is very common for natural materials, confirming the importance of characteristic
size in smart natural systems. A further study of the confinement effect is carried out, by per-
forming molecular dynamics simulations, on bone nanocomposites, made of HAP crystals and
collagen fibers. This study confirms the hypotheses of a positive size-effect on the mechanical
performance of these material at the sub-nanoscale. At the meantime, a biomimetic approach
is used to create a new material, with the aim of replicating some of the toughening mecha-
nisms operating in bone and harnessing them in engineering materials. Hence, by observing the
bone structure, selected structural features of bone, the osteons, characteristic of the secondary
haversian structure of bone at the micro-scale (i.e. µm to mm), are implemented in a new glass-
carbon/epoxy synthetic composite, which could replicate the toughening mechanisms of crack
deflection and twisting. The osteon-like structure is chosen for the simple geometry and the for
the role played in enhancing the toughness, by deflecting and twisting the crack. Conventional
structural materials, widely used in the field of composites, such as glass fibers, carbon fibers
and epoxy matrix, are chosen for the new structural materials. The initial design is simplified to
make it feasible, with respect to the available manufacturing process. The material is manually
laminated and characterized, by performing experimental tests (i.e. tensile, compression, three
point bending, fracture toughness) according to ASTM standards. Also, microscopic analyses
are performed to get an insight into the fracture process. Moreover, in order to assess if the bio-
inspired composite could really offer improved mechanical properties, compared to existing
structural materials, a classical laminate, with the same type and amount of fibers and resin of
the osteon-like composite, is created and tested, to allow a direct comparison. The new concept
of bio-inspired material is not meant to be a mere copy of what is found in nature, but instead it
should provide a smart solution for engineering problems. Until now, it is only a first solution,
which could be optimized, by adding reinforcing nano-structural elements with proper shapes
and characteristic sizes, as suggested by the results of full atomistic simulations. This work is
carried out jointly at the LAMM (Laboratory of Atomistic and Molecular Modeling) of MIT,
where molecular dynamics simulations are carried out under the supervision of Prof. Markus
J. Buehler, and the Department of Mechanical Engineering of Politecnico di Milano, under the
supervision of Prof. Laura Vergani, where the design and the experimental characterization of
the new bio-inspired material and of the comparative laminate are performed. The manufactur-
ing process of the materials is carried out at the Technical University of Clausthal (Germany),
thanks to a collaboration with the laboratory directed by Prof. Ziegmann.
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Chapter 1

Biomimetics: learning from Nature

Biomimetics is an engineering design approach to create new structures, by reproducing charac-
teristics found in nature. Indeed, in nature it is possible to find many smart solutions, which can
be mimicked to build new materials, with potential applications to various engineering fields.
This thesis work is focused on bio-inspired materials: the first part covers a deep study of bone
structure, which provides the basis for the development of a bone-inspired design. The second
part deals with numerical modeling of bone, from an atomistic point of view, by means of a
molecular dynamics approach. In the third part, a new bone-inspired materials is presented,
from its first concept to the final design and realization; an experimental characterization of
the material follows. The last part contains a critical discussion of the obtained results and
introduces new perspectives on future work.

1.1 Introduction

Nature has developed materials, objects and structures with multiscale functions and adapta-
tion, from the macroscale to the nanoscale. By quoting J. Aizenberg, a pioneer in the rapidly
developing field of bio-inspired materials science and engineering:

"Stealing from nature is a very rewarding business."

Indeed nature has a lot of beautiful technological solutions, with the advantage of not being
protected by intellectual property. Therefore, it is possible to find something amazing in nature,
and try to understand the mechanisms behind the smart natural systems to mimic them.

Biological materials are highly organized at different scale levels, from the nano to the
macroscale, often in a hierarchical manner with intricate nanoarchitecture, enabling multifunc-
tion and adaptation characteristics [1–7]. Nature uses commonly found materials, whose prop-
erties result from an interaction between the structure-level organization and the physical and
chemical properties. Examples found in nature that are of commercial interest are molecular-
scale devices, superhydrophobicity, self-cleaning, drag reduction surface in fluid flow, energy
conversion and conservation, high and reversible adhesion, aerodynamic lift, materials and
fibers with high mechanical strength, biological self-assembly, antireflection, structural col-
oration, thermal insulation, self-healing materials [6–14].

Mimicking natural structures does not mean to create a mere copy of those, such as synthetic
materials. But, by observing a smart system, it is possible to get inspired by that, ending up with
a new material with novel properties. Nature makes a great job in designing and manufacturing
materials and systems. However, man can observe nature and try not to simply copy the natural
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4 Biomimetics: learning from Nature

materials, but combine them to create smarter systems, to solve different kinds of engineering
problems. An example is plywood, a wood-like composite designed to overcome the major
drawbacks of natural wood (e.g. the limited transversal size and the marked anisotropy).

The interest of biomimetics is to examine biological phenomenology with the hope of gain-
ing insight and inspiration for developing physical or composite bio-physical systems in the
image of life. Therefore nature is considered as a ’model’, a ’measure’ or a ’mentor’ in the
bio-inspired design. The biomimetic approach has led, in the past, to different solutions, either
by creating a copy of natural structures (in terms of shape and functions) or by choosing specific
functions of some natural organisms to be replicated in artificial systems, providing innovative
technological solutions.

1.2 The History of Biomimetics

The name biomimetics, derived from the Greek word biomimesis, was coined by Otto Schmitt
in the 1960s to transfer ideas from biology to technology. In the past 50 years it has led to
many discovers, successful devices and innovative materials, becoming a real branch of sci-
ence, though purely empirical. A first idea of Biomimetics appeared in 1957, with the name of
biophysics. According to Schmitt, biophysics is a point of view, an approach to solve problems
of biological science, by using the theory and technology of physical sciences. Later, in 1969
he labeled this concept with the word biomimetics, which appeared for the first time in the title
of a paper [8], then in the Webster’s Dictionary in 1974 with the following definition:

The study of the formation, structure, or function of biologically produced sub-
stances and materials (as enzymes or silk) and biological mechanisms and pro-
cesses (as protein synthesis or photosynthesis) especially for the purpose of syn-
thesizing similar products by artificial mechanisms which mimic natural ones.

Biomimetics, which is also considered as synonymous of ‘biomimesis’, ‘biomimicry’, ‘bionics’,
‘biognosis’, ‘biologically inspired design’, has the meaning of copying, adaptation or derivation
from biology. Started as an approach to problem solving, today it has become an empirical
and inter-disciplinary branch of science, which aims to solve problems arisen in engineering,
chemistry or design, by getting inspired by nature.

Historically we have many examples of biomimetic approach. For instance, Leonardo Da
Vinci, who studied - in the late 1511 - birds flights and designed machines to reproduce this
characteristic found in nature. Indeed, according to Leonardo da Vinci, in order to copy nature
we have to understand the reasons behind such smart systems, by looking at experience and try
to learn from it:

"Although nature commences with reason and ends in experience it is necessary
for us to do the opposite, that is to commence with experience and from this to
proceed to investigate the reason."

In the past 50 years, biomimetics has led to many innovative inventions and solutions. Vel-
cro, the brainchild of a Swiss engineer, George de Mestral, derived from the action of the hooked
seeds of the burdock plant, which caught in the coat his dog when they were out on a walk. By
observing this phenomenon with a microscope, he realized that the hooking system consisted in
the tiny crochet-like ends of the burdock burrs, that could easily bind to most organic textures.
He saw a great potential in this simple fastening device and he proposed it as an alternative to
the zip fastener. De Mestral reproduced the natural attachment with two strips of fabric, one
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with thousands of tiny hooks and another with thousands of tiny loops and he named his in-
vention Velcro, a combination of the words ’velvet’ and ’crochet’, and formally patented it in
1955 [15]. The structure and the most common application of velcro are shown in Figure 1.1.

(a) (b)

Figure 1.1: (a) SEM image of the structure of velcro, with tiny hooks and loops [6]. (b) A
commercial application of velcro as a fastening device.

Another bio-inspired invention, dated to the mid 80s, is a coating able to indicate the im-
pact damage, by means of a paint mixed with microcapsules (1-10 mm in size) and a certain
chemical reagent. This invention was inspired to the human skin, which is sensitive to impact,
leading to purple marks in the hit areas [16]. This coating was used in the aircraft industry
to identify damage to components made of composite materials. Indeed, these materials are
generally impact-sensitive, experiencing a significant loss in strength, without visible structural
damage; hence, the change of color of the coating can give an indication of a damage, poten-
tially dangerous for the aircraft.

A recent example of bio-inspired design is the new swim suit, the Fastskin bodysuit, de-
signed by Speedo R© and made of a new fabric, which mimics the shark scales, previously
observed by means of a microscope. The new textile, made of a polyurethane woven fabric
with a texture based on shark scales, allows the friction to be reduced and the water flow to
be increased, making it suitable to improve the agonistic performance [6, 9], as resulted by all
the records broken in the 2008 Olympic games. Also boat, ship and aircraft manufacturers are
trying to mimic shark skin to reduce friction drag and minimize the attachment of organisms
on their bodies. For instance, to reduce friction drag, transparent sheets with a ribbed structure
in the longitudinal direction have been used on the commercial Airbus 340 aircraft [6]. An
example of the structure of the shark scale under microscope is shown in Figure 1.2.

Another great invention is the gecko foot dry adhesive, based on the idea of mimicking the
gecko skin, which can generate high dry adhesion. The gecko skin has a complex hierarchi-
cal structure, consisting of lamellae, setae, branches and spatulae [6]. At the larger level there
are the lamellae soft ridges (1-2 mm long), located on the attachment pads (toes) that easily
compress, to allow contact with rough bumpy surfaces. An extension of lamellae are the se-
tae, which appear as tiny curved hairs, 30-130 µm long. Each seta terminates with 100-1000
spatulae, which represent the points of contact with the surface. This three-level hierarchical
structure allows adaptability to surfaces with different magnitudes of roughness; then, to unstick
itself, the gecko uses a peeling action. The problem of gecko-like adhesives has been studied
for years, intriguing many scientists. Different biomimetic solutions have been developed; the
last one, known as Geckskin in May 2012, by researchers of UMass Amherst [13], has revealed
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Figure 1.2: Scale structure of a Galapagos shark [6].

to be a great success, since unprecedented force capacities have been reached, through an inte-
grated design with inextensible draping fabrics, inspired by the skin-tendon morphologies found
in the Tokay Gecko. Figure 1.3 shows an example of a gecko foot and of the above mentioned
Geckskin.

Beyond the above described examples of biomimetic solutions, there are many other bio-
inspired solutions developed in the last decades, and the number is ever increasing, with the
success of the emerging field of biomimetics. Most of the commercial biomimetics applica-
tions include new nanomaterials, nanodevices and processes. Hence, the rising trend towards
miniaturization and the ever-increasing use of nanotechnology, whereby it is possible to repro-
duce tiny materials and surface patterns, has opened new frontiers of science to bio-inspired
nanomaterials, able to reproduce nanopatterns characteristics of the small level structures of
biological materials.

1.3 Biomimetic Approach

Nature develops biological objects by means of controlled growth (e.g. mineralization in bone).
Generally this process can be seen as a self-assembly, resulting in hierarchical structuring at
all levels in order to adapt form and structure to the function [4, 6]. This self-assembly hier-
archical organization with multi-scale dimensions of features, ranging from the macroscale to
the nanoscale, are extremely common in nature and provide interesting properties, in terms of
adaptation.

It is apparent that nature uses hierarchical structures, mostly consisting of nanostructures,
to achieve the required performance needed for a specific function [6]. Understanding the role
of hierarchical structure and development of low cost and flexible fabrication techniques would
facilitate commercial applications. Since the properties of those materials and surfaces result
from a complex interplay between surface morphology and physical and chemical character-
istics at different levels, an interdisciplinary and multi-scale approach like the biomimetic is
needed, to get a deep understanding of biological hierarchical materials. To mimic interesting



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 7 — #25 i
i

i
i

i
i

1.4 Biological Materials and Bio-inspired Materials 7

(a) (b)

Figure 1.3: (a) Example of a gecko foot. (b) A new gecko-foot adhesive: the Geckskin (image
via U.Mass Amherst).

hierarchy-induced properties found in nature, biomimetic materials research follows either a
top-down or a bottom-up approach, allowing all the scale levels to be investigated [17].

Top-down approach. Engineers work together with biologists to observe nature, identify the
most promising solutions with additional structural and functional analyses, then deduce
the functional principles, and create a modified and appropriate technical solution. Fi-
nally they look for an optimal translation into techniques with the appropriate manufac-
turing methods and materials. This strategy is also used for the optimization of existing
biomimetic systems.

Bottom-up approach. Engineers follows the research of biologists, who look into nature’s
structures, processes, and functional modes of operations; then work together to abstract
insight from nature and use them for the design of new technical solutions and new bio-
inspired materials.

The former is an approach of problem solving, the latter is a creative approach, which leads
to the design of innovative bio-inspired solutions. A bottom-up approach allows one to get a
deep understanding of materials and processes, started from a description of its small units,
or building blocks. This approach is followed: i) experimentally, by means of structural and
mechanical nanotechniques, such as microscopy (e.g. TEM, SEM, AFM, LM, confocal laser-
microscopy), micro-tomography, synchrotron X-ray diffraction, Raman-spectroscopy, nanoin-
dentation, micro- nano- and cell-mechanical testing; ii) numerically, by means of computational
methods and techniques operating at the atomistic scale. For instance, atomistic modeling pro-
viding a fundamental description of materials behavior. This is an interdisciplinary approach,
allowing to get an insight into the material behavior, finding a connection among physical,
chemical, and mechanical properties of small scale systems. This method, used in this thesis
work to study the building blocks of bone, is described in Chapter 3.

1.4 Biological Materials and Bio-inspired Materials

Most of biological materials are composites with a hierarchical structure. Among the large
variety of composite materials offered by nature, wood, nacre, and bone are considered very in-
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teresting structural materials for their great combination of mechanical properties, and they are
often object of study to get inspiration for the design of new materials. Except for wood, which
is predominantly a polymer composite made of cellulose fibers in a lignin matrix, the other
two are organic-inorganic composites, consisting of hard ceramic reinforcing phases embedded
into natural organic polymer matrices [18]. The latter biocomposites, also known as bone-like
materials or biominerals, are characterized by an intricate hierarchical structure, consisting of
a highly controlled organization at different levels, with characteristic structural dimensions
at each level, ranging from the nanometer to the macroscopic length scale. This results in a
complex architecture, which provides the material with multifunctional properties. The con-
trolled growth and the specific size of the components of the biocomposites, resulting from the
biomineralization process, play a crucial role in determining the mechanical performance of
the whole composite; thus, there is an increasing interest among researchers to understand the
mechanisms behind the controlled biomineralization.

Among biominerals, an interesting material that is recently object of large study, is nacre,
also known as mother of pearl. Nacre is strong, iridescent with changeable colors, used for
decorative purposes; it is found in nature as the thick inner layer of the seashells. Seashells are
biominerals, which appear as natural nanocomposites with a laminated structure. As artificial
composites, they exhibit superior mechanical properties to their constituents [6, 7, 19–21]. This
is also due to the organic-inorganic nature of this material, where the inorganic mineral part pro-
vides the strength, and the organic part provides the ductility. Seashells are composed of a large
fraction of inorganic minerals (typically calcium carbonate, calcium phosphate and amorphous
silica with a concentration of the order of 95 %) and a small amount of organic biopolymers
(typically keratin, collagen and chitin in the range of 1-5 %). This mixture of brittle platelets
and thin layers of elastic biopolymers provides the material with strength and toughness, in-
hibiting transverse crack propagation. The multiple length sizes further increase its toughness,
making it equivalent to silicon [6]. Figure 1.4 shows a mussel shell with the nacre layer and the
composite microstructure of nacre.

(a) (b)

Figure 1.4: (a) A mussel shell showing the nacre or mother-of-pearl layer. (b) SEM image
showing the composite microstructure of nacre, adapted from [22].

Among those biocomposites, an intriguing material is the human bone, a composite of
collagen and hydroxyapatite. Bone is considered as a biomineral, due to the high content of
calcium-phosphate minerals, which make it hard and stiff. However, a common characteristic
of bone is the incredible toughness, in spite of its brittle mineral components [3, 23–27]; in
fact, bone toughness is about three to five orders of magnitude more than that of the mineral
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it is made of. Until now, no conventional man-made composite material has reached such an
amplification in toughness, compared to the raw components (see Figure 1.5); for this reason
bone is considered as a biomimetic model material. The reasons of the toughness and ductility
of this materials have to be seek in the hierarchical organization. The key mechanisms, which
make it a quasi-ductile and damage-tolerant material, with an increased toughness, are differ-
ent and act at various length scales. The simultaneous operation of toughening mechanisms,
acting at different length scales, provides the bone with its enduring strength and toughness.
Hence, to understand the effects of the hierarchy on the mechanical response of bone, and the
structure-property relationship, it is worthwhile to perform a multi-scale study, with a bottom-
up approach, starting from a fundamental description of the material. Various microstructural

(a)

(b)

Figure 1.5: Comparison between artificial and natural materials in terms of stiffness and tough-
ness. (a) Stiffness and toughness values for biological materials. (b) Stiffness and toughness
values for synthetic materials; the green region represents the region with the best combina-
tion in terms of stiffness and toughness, which may be reached by designing new bio-inspired
materials (adapted from [7]).

aspects of bone and bone-like materials have provided inspiration for the design of new bioma-
terials, but also bio-inspired materials. Then, investigations of the individual aspects, related to
the microstructure and the length scale, and the resulting properties have led to the improvement
of existing biomaterials and to the design of new biomaterials and bio-inspired materials [18].
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Being this thesis project focused on the study of human bone and on the development of a
bone-inspired material, we provide a more detailed description of bone structure and properties
in Section 1.5.

1.5 Bone

Bone is one of the most intriguing materials found in nature. It is an important structural com-
ponent of the human body and the primary structural element of the skeletal system, providing
support to many organisms. In bone family it is possible to recognize different types of struc-
tures, intended for diverse functions: long bones, such as femur or tibia, provide stability against
bending and buckling, whereas short bones, such as vertebrae, are intended to support compres-
sion loads; the plate-like bone, as those forming the skull, ensures protection for organisms
instead.

The exceptional combination of strength and stiffness with a low weight, makes it an out-
standing material, where its behavior is mainly due to its composite structure. In fact, from an
engineering point of view, bone can be considered a composite material, consisting of an inor-
ganic (mineral) phase and an organic phase, which are intricately organized on different scales,
allowing a multitude of functions under the various loading conditions, experienced during the
daily activities. Like all natural materials, the mechanical properties of bone are determined by
its structures, which are in turn inspired by its principal mechanical functions [4, 25, 28, 29].

What makes bone a unique material is its living, growing and dynamical structure, able
to self-repair, regenerate and adapt its architecture, to maintain the mechanical properties and
continue providing its functions. This is due to the combined activity of specialized cells, in
particular the osteoclasts and the osteoblasts. Of particular interest are two characteristics of
bone, the remodeling and the adaptation. Bone remodeling is ensured by the simultaneous
activity of osteoclasts and osteoblasts. The former control the bone resorption, by digesting
aged or damaged bone; the latter, instead, are responsible of the formation of new bone tissue,
in order to replace the damaged one, caused by ageing or fracture. In normal physiological
conditions, this continuous cellular activity is coordinated, so as to keep constant the bone mass
and strength, ensuring the bone load-bearing capacity. During normal physiology, bone cells
can also repair fractures that occur [30]. In this case, the remodeling process, also known as
fracture healing, primarily depends on the mechanical forces applied to bone [29, 31]. Bone
adaptation also occurs as a response to mechanical stimuli, where continuous variations of
bone mass and architecture follow changing mechanical environments. The fundamental rules,
governing bone adaptation, are three: i) the stimulus given by dynamic loads, ii) a short duration
of mechanical loading necessary to initiate the adaptive response, and iii) the capacity of bone
cells to accommodate to a regular mechanical loading environment, becoming less responsive
to repetitive loading signals [32].

The complex architecture of bone strongly affects its mechanical response, with different
effects at each length scale, from the sub-nanoscale to the macroscale. The study of structure-
property relationship is crucial in order to get a deep understanding of the material behavior,
with the aim of replicating the structure and properties in the design of new biomaterials, or
mimicking part of its complex architecture in the design of new bio-inspired materials.

The following sections provide a detailed description of the structure and the properties of
bone. Section 1.5.1 contains a description of the composition of bone, along with its basic
features. Section 1.5.2 discusses the fascinating process of bone formation. In Section 1.5.3
we describe the bone hierarchical structure, level by level, whereas Section 1.5.4 focuses on the
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mechanical properties of bone. Finally Section 1.5.5 is dedicated to a critical issue concerning
bone, the effect of aging and disease, with a special focus on Osteogenesis Imperfecta Disease,
a genetic disorder, which causes weak and fragile bones.

1.5.1 Bone Composition

Bone can be considered, as a first approximation, a ceramic-polymer composite consisting of
collagenous matrix, reinforced with calcium-phosphate platelets. The former represents approx-
imately the 35% of the total mass of bone and consists of collagen fibers (90%), noncollagenous
proteins (NPCs), water lipids, and cells. The latter, which constitutes approximately the 25%
of the total volume of bone and the 50% of its mass, is a mineral phase, mainly composed of
calcium and phosphorus in the form of hydroxyapatite (HAP) crystals. The structure and the
mechanical properties of bone depend on the characteristics of each phase, on the structural
organization and on the physical interactions between them [29].

Collagen and HAP are considered the basic building blocks of bone. HAP, the brittle and
stiff part, is mainly responsible for carrying out the load, providing stiffness and strength; the
collagen fibers instead, confers flexibility to bone, and the possibility of dissipating energy
under large deformation. A brief description of bone basic building block follows (Section
1.5.1.1-1.5.1.2).

1.5.1.1 Collagen

Collagen is a ubiquitous protein, which constitutes the fundamental matrix of all connective
tissues. More than 27 different types of collagen are present in biological tissues, though the
most abundant one are two: i) collagen type I, which is present in the extracellular matrix of
various tissues, such as tendons, ligaments, bone, dentine, skin, blood vessels, and muscles; ii)
collagen type II, which is an important component of soft tissues, such as articular cartilage and
cornea. Collagen type I provides the tissues with different mechanical functions: in tendons
and ligaments it transmits the force from muscles to bone and stores elastic energy, in bones
and dentine it provides yielding and toughness properties, in muscles ensures the contractile
functions [33].

Collagen, like all natural materials, has a hierarchical structure, which confers a large ver-
satility on it, with capability of adaptation to different functions, resulting in a large variety of
properties. The tropocollagen unit is the basic structural unit of collagen and consists of three
polypeptide strands (α-chains), right-end twisted together to form a coil known as triple helix,
stabilized by H-bonds between different residues [34]. It is also characterized by a repeating
amino acid sequence consisting of glycine molecules (GLY), every third residue, and amino
acids (e.g. proline and hydroxyproline). Triple-helical collagen molecule are generally 1.5 nm
in diameter and 300 nm long, and have short non-helical regions, called telopeptides at each
end, known as amino (N) and carboxyl (C) telopeptides, to facilitate later assembly into fibrils.
Intermolecular cross-links are formed between the helical and non-helical domains of adjacent
collagen molecules, which are then staggered to each other in the fibrillar configuration, and
stabilized by covalent cross-links and hydrogen bonds between neighboring molecules. De-
pending on the collagen type, the triple helix can be homotrimeric, consisting of three identical
α-chains (e.g. type III collagen), or heterotrimeric, where at least one of the polypeptides is
not identical to the others (e.g. type I collagen). The predominant form of collagen in bone
is type I collagen ([α1(I)]2α2(I)); however type II or III ([α2(I)]3) is also present, in case of
genetic disease (e.g. Osteogenesis Imperfecta) [33]. The homotrimer form generally character-
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izes pathological conditions, though it is also found in physiological conditions in dentine and
dermis [35].

1.5.1.2 Hydroxyapatite

Hydroxyapatite (HAP) is the principal component of biomineralized hard tissues, as dentine,
enamel and bone, and it is considered, together with the collagen molecules, the fundamental
building block of bone, universally present in all bony tissues [7, 24, 25, 36–38]. It strongly
affects the properties of bone in terms of stiffness and strength, carrying most of the tensile load.
Hydroxyapatite belongs to the family of apatite, calcium-phosphate compounds (Ca5(PO4)3X),
existent in nature in several different forms, depending on the replacing anion (X), which can
be fluorine, chlorine, or hydroxide. The latter is the case of bone [39]. Compared to the calcium
phosphate called hydroxyapatite, bone mineral contains various impurities. In particular, it
contains about 4-6% of carbonate replacing the phosphate groups, making the mineral more
similar to a carbonate apatite (dahllite). The overall shape of the mineral platelets is usually not
known, also because it is different depending on bone types. Regarding the size, those crystals
are generally tens of nm wide and long, and about 2-4 nm thick [25, 40]. The small size in one
direction may have, as we will see in Chapter 5, interesting mechanical implications.

Still object of debate among researchers is how the minerals interact with the collagen;
the interactions between the basic building blocks are thought to have a large effect on the
mechanical behavior of the bone tissue at nanometer level and are currently object of study
[41–48]. A more detailed description of HAP is given in Chapter 5, whereas Chapter 4 discusses
the interactions between collagen and hydroxyapatite, and the mechanical behavior of their
nanocomposites.

1.5.2 Biomineralization

The process by which living forms precipitates mineral materials is known as mineralization or
biomineralization, when it involves biological tissues. This process consists in the nucleation
of mineral components, starting at the organic phase, followed by their growing until a specific
size has reached, and results in biomineralized inorganic/organic composite [49–51].

Biomineralization is also the process responsible of bone formation, which occurs by pre-
cipitation of HAP mineral crystals, within (intrafibrillar HAP) and between (extrafibrillar HAP)
the collagen fibrils. Collagen fibers (CFs) are generally aligned and organized in a staggered
configuration, with gap regions; these are filled up by HAP at the end of the biomineralization
process, leading to the formation of mineralized collagen fibers (MCFs), which combine with
the extracellular matrix (ECM) to form the mineralized tissue [33, 52, 53]. These structures,
found at small scale, are considered as the main building blocks of bone, and are found univer-
sally among the organisms, maintaining their organization, whereas the bone structure at larger
scales shows a wide variety among the organisms and tissues [43, 54]. A schematic representa-
tion of the staggered arrangement of collagen and HAP in mineralized fibrils is given in Figure
1.7a.

It has been demonstrated, in experimental studies, that the interaction between the organic
matrix and the mineral crystals controls the growth process of HAP in bone, determining the
final morphology of the mineral platelets [55–57]. Though researchers agree to that the mineral-
matrix interactions play a crucial role in controlling the biomineralization, the mechanism be-
hind that, is still unknown. Also, it is not yet possible to study, by experiments alone, the
mechanism and fast reactions involved in the biomineralization process; hence, to overcome
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these problems, different simulation techniques have been developed and applied to a wide
range of problems in biomolecular science [48, 58, 59].

1.5.3 The Hierarchical Structure of Bone

Bone, as most of the natural materials, shows a complex hierarchical structure, which consists
of different organization levels, ranging from the atomistic to the macroscale, with adaptation
to local needs and functions. Each level is characterized by its building blocks, and a specific
organization between them, optimized to meet specific functions. The resulting properties of
the bone composite systems are far superior than those of the individual building blocks.

The structure of bone can be described as a 7-level hierarchy, as shown in Figure 1.6:

Level 0. This is the ultrastructural level, characterized by the basic units of the fundamen-
tal building blocks of bone, collagen and HAP. As described above (in Section 1.5.1),
the tropocollagen molecule consists in a triple helical arrangement of collagen fibers,
which are made of a sequence of amino-acids in polypeptide chains, the non-collagenous
proteins, which are made of amorphous ground substances, and the HAP is a calcium-
phosphate mineral crystal, with a hexagonal (HCP) lattice.

Level 1. The collagen protein filaments and the HAP mineral crystals are the main components
of level 1. These two components, together with a small amount of non-collagenous
protein and water, form the basic structural units of bone.

Level 2. At larger length-scale (∼1 µm) tropocollagen molecules assemble in a hydrated envi-
ronment, to form bundles called collagen fibrils, also including non collagenous proteins;
the collagen fibrils (CFs) are then organized in a staggered configuration. This arrange-
ment shows some gap regions, which are filled by HAP crystals during bone formation,
resulting in mineralized collagen fibrils (MCFs). The latter are highly conserved building
blocks of bone, universally present in all bony tissues.

Level 3. This level (∼10 µm) is characterized by fibrils arrays, where fibrils are held together
by a protein phase, with additional dissipative functions.

Level 4. It is possible to recognize different fibril array patterns (∼50 µm), with parallel, ran-
dom, woven, or tilted orientations. At the upper level, the fibril arrays, with their charac-
teristic patterns, form the lamellae (between 3-7 µm thick).

Level 5. This microstructural level is characterized by the typical cylindrical structure (with a
diameter up to 200-300 µm and a length of 1-2 cm), called osteons or Haversian systems,
made of a concentric lamellar structure and an internal vascular canal (∼50-90 µm in
diameter). Beside the concentric lamellae, there are also interstitial lamellae, placed in
between different osteons. The outer boundaries of osteons are then surrounded by the
so-called "cement lines", about 1-5 µm thick, resulting from a remodeling process.

Level 6. At this level the structure is not highly conserved as at the nanostructural level, but
starts to differentiate, in trabecular (also known as spongy or cancellous) and cortical (or
compact) bone. The two bone types show different structures (i.e. higher porosity in
spongy bone), and consequently different mechanical properties, since they are intended
to meet different functions.

Level 7. This large-scale level show the overall structural shape of bone.
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Figure 1.6: Hierarchical structure of bone, showing 7 levels of hierarchy [7].

Cortical bone can also show a woven-fibered structure. In this case, it is known as woven
cortical bone, and is the only type of bony tissue which can be formed ex novo. It is often found
in young growing skeletons (under the age of 5), but it can also be found in adult skeletons
in cases of trauma or disease, forming around bone fracture sites. Woven bone is essentially
an SOS response by the body to place a mechanically stiff structure within a needy area in a
relatively short period of time. For this reasons it is the most disorganized type of bone tissue,
without an osteon structural organization, nor a lamellar one [60]. Figure 1.7 schematically
shows the two hierarchical levels that are object of this study, the nanoscale and the microscale
levels.

1.5.4 Mechanical Properties of Bone

Bone is an incredible material, with a low density and a great combination of mechanical prop-
erties, which are not possible to be found in a unique conventional material. Although made of
weak and brittle constituent materials, bone results in a very strong material with an excellent
resistance to fracture, as shown by Ritchie et al. [23–26]. Indeed, among the most fascinating
properties of bone is its toughness, which results from the combination of different mechanisms,
acting at different organization levels. Many factors, such as the hierarchical organization of
bone, the characteristic size of its building blocks, the porosity are considered to affect the bone
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(a) (b)

Figure 1.7: Structures of level 2 and level 5 of bone. (a) Level 2: staggered arrangement
of collagen and HAP in mineralized collagen fibrils (adapted from [61]). (b) Level 5:
schematic representation of the microstructure (i.e. Haversian system) of cortical bone
(adapted from [40]).

toughness. The discussion about the origin and the mechanisms of toughness in bone is covered
in Chapter 6, providing a direct link with the description of the design of a new biomimetic
material. An indication of bone toughness and stiffness is given in Figure 1.5, providing also a
direct comparison with artificial and natural materials (in terms of stiffness and toughness).

The bone behavior greatly varies according to the length scale at which it is assessed, de-
pending on the characteristic structure of the corresponding hierarchical level. For this reason,
a multi-scale approach has been widely used to investigate the mechanical properties of bone
at different length scales, getting a fundamental understanding of its behavior. Thanks to a
multi-scale study, now it is possible to distinguish the whole bone mechanical behavior, typi-
cal of the macroscale structures, from the tissue-level mechanical behavior, typical of smaller
scales, from the micrometer to the atomistic scale. While the large scale behavior can be ex-
perimentally determined, for the small scale tissues it is not always possible to perform ex-
perimental testing, especially at sub-nanoscopic levels. In these cases, simulation techniques
are revealed to be a powerful tool to assess the mechanical performance of the bone building
blocks, getting an insight into the structure-property relationship. At each scale, bone can be
considered as an anisotropic, heterogeneous, nonlinear material. The mechanical response and
the failure mechanisms of bone are strongly influenced by the mechanical behavior of the con-
stituents at the nanoscale. In particular, the mechanical properties of the bone building blocks,
and their interactions play a crucial role in determining the overall mechanical performance of
bone [7, 24, 25, 40, 62–64]. At larger scales, the properties of bone depend on a large extent
on the density. Indeed, the density of bone varies with the position in the body. Generally,
the trabecular one is among the most porous type in the body, whereas the cortical one has the
highest density [25, 40, 65–67]. A literature survey on the elastic properties of bone is given in
Table 1.1. To describe bone at a large level (e.g. level 6) two parameters are commonly used:
the bone quality and the bone quantity. The former is a loosely defined parameter to describe
the microstructure of the bone matrix, such as stiffness, strength, and toughness. Bone quan-
tity instead, is a largely used parameter, known with the acronym BMD (bone mass density or
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Table 1.1: Literature survey of methods for determining the elastic properties of bone and
corresponding values.

Study Property Value [GPa] Test method Bone type

McNamara et al. [68] Elastic modulus 2.81 ± 2.09 Tensile Trabecular (Rat proximal tibia)
Townsend et al. [69] Elastic modulus 14.1 (dry) Compression Trabecular (Human patella)

11.3 (wet)
Runkle and Pugh [70] Elastic modulus 8.69 ± 3.17 Buckling Trabecular (Human subchon-

dral bone)
Ashman and Rho [71] Elastic modulus 13.00 ± 1.47 Ultrasound Trabecular (Human distal fe-

mur)
Mente and Lewis [72] Elastic modulus 7.8 ± 5.4 (dry) Cantilever beam Trabecular (Human femur)
Choi et al. [67] Elastic modulus 5.44 Three-point bending Trabecular (Proximal tibia)
Turner et al. [66] Elastic modulus 18.14 ± 1.70 Nanoindentation Trabecular (femur)

17.50 ± 1.12 Acoustic-microscopy
Rho et al. [65] Elastic modulus 13.5 ± 2.0 Nanoindentation Trabecular (Human vertebrae -

transversal direction)
22.5 ± 1.3 Cortical (Tibia-longitudinal di-

rection)

bone mineral density), and defined as the amount of bone mineral per cross sectional area. This
parameter is mainly related to the fracture behavior, and to problems arising with the age (i.e.
osteoporosis or aging-related diseases are connected to a bone mass loss, which is in turn related
to an increased fracture risk) [25]. Nevertheless, BMD is not the unique cause of aging-induced
fracture risk; also, being the fracture risk a common problem among elderly, there has been
recently a renewed and increasing interest in studying the mechanical properties of bone, to
better understand the mechanisms behind the aging-related fracture risks and provide a method
to predict the risk of bone fracture.

1.5.5 Aging and Disease

An important aspect of bone is the effect of aging and disease on its properties, being bone the
main component of the human skeleton. Aging and disease introduce changes in the collagen
and HAP structures, with consequences on the mechanical behavior of bone tissues at all levels.
Generally aging-related changes in bone tissue tends to deteriorate bone, causing a loss of bone
mass (Osteoporosis), thus the risk of fracture. Indeed is has been experimentally demonstrated
that aging cause a 40% reduction of crack-initiation toughness and a total elimination of the
crack-growth toughness [73].

Aging effects act at various scales, leading to internal changes in the bone structure, thus
affecting the nano- to macroscopic properties: at the nanoscale, changes occur in the structure
of collagen, due to the reduction of the cross-link density; at the submicrometer scale, a gen-
eral deterioration of collagen fibrils and mineralized fibrils occurs, with decrease in stiffness,
strength and toughness; at the microscale, an increase in the number of osteons, which are
proved to have the largest effects on the macroscale fracture toughness [24], alters the structure.
At the larger scales, both in the case of cortical and spongy bones, the reduction in bone mineral
density (BMD) can be seen as the main consequence of the age-induced fracture risk [74].

Beyond the effects of aging, in case of disease the structure of bony tissues can undergo
further changes. Examples of common diseases are the Osteoporosis and the Osteoarthtritis: in
the former, the collagen is characterized by a reduced level of the immature cross-links, which
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makes the collagen fibrils closer to each other and more disorganized; in the latter case, the
age-related effects are on the cartilage collagen. Also, a homotrimer type is present in larger
amount than usual, resulting in narrower CF, less stable and more disorganized [75].

Osteogenesis Imperfecta

Osteogenesis Imperfecta (OI), also known as Brittle Bone Disease (BBD) is a heritable dis-
order of collagen type I, which results in skeletal deformities and weak and brittle bones [31].
This phenomenon is studied through mice OI models (oim), which seem to have a similar phe-
notype to the severe OI in humans. The consequences of this OI have been largely seen in exper-
imental studies on mice, with reduced post-yield deformation and brittle fracture mode [76,77].
However, the mechanisms are still not clear, and these models includes only modifications of
the collagen, though OI is thought to affect the mineral crystals as well. Indeed, a deranged
collagen could affect the biomineralization process, in the early stages of bone formation, lead-
ing to an altered biomineralization process, and to a different size, shape and distribution of the
HAP platelets [78]. This can in turn affect the mechanical response of the platelets, and the
whole mineral-matrix composite (i.e. mineralized tissue). The effects of OI-related diseases
on the protein domain have been largely studied by means of simulation techniques, with a
molecular and mesoscale approach [79, 80].

1.6 Outline

In this work, after a deep study of the bone hierarchical structure, we use an atomistic approach
to get an insight into the mechanical properties of the bone building blocks, the collagen organic
fibers and the hydroxyapatite mineral crystals. We carry out full atomistic simulations to get
information about the mechanical behavior of the bone basic components, their interactions and
the size effect on their mechanical performance. Moreover, we study the mechanical response
of HAP crystals in presence of a defect, by means of an atomistic approach, and investigate
the effect of confinement on their fracture behavior. At the meantime, we use a biomimetic
approach to create a new material, with the aim of replicating some of the toughening mecha-
nisms operating in bone and harnessing them in engineering materials. Hence, by observing the
bone structure, we select structural features of bone, the osteons, characteristic of the secondary
haversian structure of bone at the micro-scale (i.e. µm to mm), and implement them in a new
glass-carbon/epoxy synthetic composite, which could replicate the toughening mechanisms of
crack deflection and twisting. After designing and manufacturing the new bio-inspired material,
we perform an experimental characterization of both the new material and a classical laminate,
chosen for comparison. We also provide optimization techniques to further improve the newly
designed material. The new concept of bio-inspired material is not meant to be a mere copy of
what is found in nature, but instead it aims to provide a smart solution for engineering problems,
with potential applications in structural fields (e.g. automotive).
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Chapter 2

Introduction to Composite Materials

This chapter is dedicated to a discussion of composite materials. The purpose of this chapter
is to provide an introduction to composites. We describe structural composites, including the
description of the basic constituents (i.e. reinforcement and matrix), the most common manu-
facturing techniques, and the wide range of applications. We conclude the chapter with a brief
section on bio-inspired composites, topic covered in detail in Chapter 1.

2.1 Introduction

The word composite has a Latin origin, as it comes from the word componere, which means to
put something together. In material science, a composite is a material made of two or more ma-
terials with significantly different physical, chemical and mechanical properties. Although the
properties of the constituents remain the same, the combination of them leads to a new material,
whose properties are better than those provided by the individual constituents. Composites can
be either engineered or naturally occurring materials. Examples of naturally occurring compos-
ites are wood, bone and nacre, whereas examples of engineered composites are fiber reinforced
plastics (i.e. FRP), ceramic/metal composites, and ceramic/ceramic composites, such as con-
crete.

The aim of creating composites is to get materials with better performances, taking advan-
tage of the best properties of the constituents. For instance, in case of fiber reinforced com-
posites (i.e. FRC), or simply fiber composites (i.e. FC), stiff and strong fibers are combined
with a flexible matrix, which transfers the load between the fibers, protecting them from direct
damage. In this way, it is possible to get high mechanical properties, especially if compared
with the weight. Moreover, the use of polymer matrix can provide corrosion resistance. Other
advantages can be the thermal stability, the thermal and acoustic insulations, and a good fatigue
behavior.

Composites are generally designed for a specific application, and manufactured at the same
time as the component (e.g. a pultruded profile). This is a large difference with conventional
materials, such as steels, metals and polymers, whose products are generally produced on a large
scale, by different mechanical techniques (e.g. extrusion, foundry, die-casting, blow-molding,
rolling). Also, the constituent materials, the proportion of each, the direction of the reinforce-
ment are chosen to meet the design requirements, to be suitable for a particular application.
Indeed, the possibility of tailoring them to meet specific requirements for the chosen applica-
tion is probably the best feature of composites. However, to fully exploit this characteristic, it is
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important to accurately predict the behavior of the structure they are designed to, based on the
material characteristic and design. On the other hand, the recycling is a critical aspect of those
materials, especially in case of a polymer matrix.

The most advanced examples of composites perform regularly on spacecraft in demanding
environments. However, recently the need of reducing CO2 emissions, either for the increas-
ing fuel costs and for the environmental impact, has pushed the research forward to produce
lightweight structures in the automotive field as well. Therefore, due to their high strength-to-
weight ratios, in the last decades there is a larger use of composite materials in different fields,
such as building constructions, aviation and automotive industry, replacing the conventional
materials (i.e. steel); hence, an increasing need of studying their mechanical and damage be-
havior. Generally, theoretical methods and numerical modeling provide the basis to predict the
behavior of composites, hence those are largely used in the design process [1–5]. Nevertheless,
due to the complexity of those materials, experimental testing are always carried out to vali-
date the predictions. Besides, nondestructive techniques are becoming more and more useful to
study the damage behavior, either in the design phase, and for in-service monitoring.

Natural composites have been described in the previous chapter (Chapter 1), with a partic-
ular focus on bone and bone-like materials, which are the key topics of this thesis project. In
this chapter, an overview of composites materials is given: first of all a description of structural
composites, together with their basic components, the manufacturing techniques and applica-
tions. The last part of this chapter (Section 2.4) is dedicated to bio-inspired composite materials,
an emergent topic in the field of composites.

2.2 Composites for Structural Applications

Composites for structural applications are generally known as FRC, because of the shape of
the reinforcement, and consist of fibrous materials embedded into a polymer based matrix. The
choice of the fiber and matrix type is due to different reasons: fibers are generally chosen so as
to give the desired properties to the material, whereas the matrix is chosen to meet compatibility
requirements with the matrix. In addition to fiber composites, other types of composites, made
of different components and with different reinforcement shapes, are also used for structural
applications, to satisfy diverse requirements. In this section, a description of the various types
of reinforcement and matrix is given. Figure 2.1 shows a classification of composite materials
on the basis of the reinforcement type, and schematic examples of structural composites.

2.2.1 The Reinforcement

The most common types of reinforcement for composites can be divided into three main groups,
depending on their shape: i) spherical particles, ii) platelets, iii) fibers.

The first type is mainly used in ceramic/ceramic, metal/metal and ceramic/metal compos-
ites; however, it is also used in case of polymers, where particulate reinforcements are chosen
with the aim of improving the matrix properties (e.g. stiffness, toughness, electrical conductiv-
ity, surface hardness) and reducing the total cost of the system. For instance fly ash, an industrial
waste with good properties, is used as filler in epoxy with the effects of increasing the compres-
sive properties of the resulting composite [6, 7]. Also, since the increasing use of composites
has raised the problem of recycling, recycled particles, obtained by mechanically breaking old
composite materials into finer elements, are used, together with other reinforcement types, such
as fibers, to replace the filler and part of the reinforcement, taking over the reinforcing func-
tions [8]. In some cases, particles, which are less rigid than the matrix, are used to improve the
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Figure 2.1: Schematic of the classification of composite materials on the basis of the reinforce-
ment type; schematic examples of structural composite (on the right).

matrix toughness, with a consequent reduction in stiffness; it is the case of rubber particles into
a glassy polymer matrix [9].

Reinforcement with platelets or flakes is a type of reinforcement used to gain two-dimensional
stiffening [10]. Platelet size and aspect ratio are very important, as they affect the platelet/matrix
load transfer, hence the mechanical behavior of the composite itself. Beyond platelet-reinforced
composites, flakes are also used in hybrid composites, together with a fibrous reinforcement.

Fibers represent the most spread type of reinforcement, especially for structural composites.
Their widespread use for structural applications is mainly due to the consistent improvement
they bestow to the matrix material. Their shape also contributes to further increase their me-
chanical performance (e.g. the stiffness) with respect to the bulk material, thanks to the fiber’s
small diameter, which strongly reduces the probability of the presence of critical defects, and to
the alignment or preferential orientation of molecular crystal structures [11]. Reinforcing fibers
belong to three main categories: i) inorganic, ii) carbon, and iii) polymeric.

2.2.1.1 Fiber Reinforcement: Inorganic Fibers

Inorganic fibers, such as glass, boron, alumina, and silicon carbide are mostly isotropic. The
most used ones for FRP are glass fibers, also known as fiberglass. Though their high density,
compared to the other types of fibers, the low tensile modulus, the low fatigue resistance, and the
poor adhesion properties, they show other advantages, such as low cost, high tensile strength,
chemical resistance and insulating properties, which justify the large use of this material as re-
inforcement. Among the fiberglass, the most widely used for structural applications are E-glass
and S-glass, with a slightly different chemical composition; the former are generally cheaper,
but with lower properties, the latter are used for applications with higher requirements, since
they have a higher quality, in particular higher thermal stability and the highest tensile strength
among the industrial fibers, and a higher price as well. Beyond these fibers, there is also another
type, C-glass, with higher corrosion resistance. Glass fibers are produced by rapidly drawing
molten glass down to get fine filaments, of the order of ten microns (10 µm) in diameter. The
confined diameter size considerably reduces the probability of finding any defects of a size,
comparable to those found in bulk glass. Glass fibers are often subject to surface treatments to
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increase the resistance to corrosive environments, and the compatibility with the matrix.
Among inorganic fibers, boron f. are also very common. They are produced, in diameter

size ranging from 100 to 200 µm, by chemical vapor deposition (CVD) on a tungsten filament,
heated up to 1260 ◦C, from the reduction of boron trichloride (BCl3) with hydrogen. These
fibers are generally chosen for their high tensile strength, though their elevated cost.

A good combination of high stiffness and strength with resistance to elevated temperature
and environmental corrosion, is given by inorganic ceramic fibers, like alumina Al2O3 or sil-
icon carbide (SiC). The former are obtained by wet spinning, and the latter ones, by CVD or
controlled pyrolysis of a polymeric precursor.

2.2.1.2 Fiber Reinforcement: Carbon Fibers

Carbon fibers are used for applications with high requirements, since they provide the best com-
bination of high stiffness and strength. Recently they are produced in different types, varying
the degree of microstructural orientation, thus the strength and tensile modulus. The chemical
structure of carbon fibers accounts for their elevated strength and modulus and their marked
anisotropy, showing considerably higher mechanical properties in the longitudinal direction
with respect to the transversal one; in particular, the graphitic form, with carbon atoms arranged
in crystallographic planes. Indeed, carbon atoms are covalently bonded in the graphite basal
plane, bestowing high longitudinal rigidity and strength, whereas van der Waals interactions,
between neighboring planes, are responsible of the lower transversal modulus.

Carbon fibers are well known for their mechanical performance; moreover, the high fatigue
resistance and the low density of these fibers make them suitable for manufacturing lightweight
structures. Some drawbacks are the high electrical conductivity, the low impact resistance, and
above all, the elevated cost, which limits the large use of these fibers for commercial applica-
tions, restricting it to the aerospace field, where weight saving is a priority. The manufacturing
process of carbon fibers consists of pyrolysis of a precursor, such as polyacrylonitrile (PAN),
followed by hot-stretching and chemical surface treatment to improve their compatibility with
the matrix in a composite. Resulting fibers have diameters ranging from 5 to 10 µm.

2.2.1.3 Fiber Reinforcement: Polymeric Fibers

Polymeric or organic fibers include fibers obtained from liquid crystalline polymers, such as
aramid fibers (i.e. Kevlar), and fibers obtained by extended chain flexible polymers, such as
ultra high molecular weigh polyethylene (UHMWPE). Highly oriented aramid fibers are pro-
duced by wet-spinning polymer liquid solutions, containing highly-ordered chain domains. The
most common type of organic fibers are aramid f., which have high tensile properties but low re-
sistance in compression. In fact, the compressive strength is one-eighth of the respective tensile
value.

Aramid fibers are also strongly anisotropic. When embedded into a resin matrix, aramid
fibers confer high toughness and impact resistance to the final composite. Hence, owing to their
resistance to impact damage, they are often combined with other fiber types, to get hybrid com-
posites. UHMWPE fibers are produced by gel-spinning and, thanks to their low density, they
have the highest specific strength. The main disadvantages are the low melting point, which
limits their use at temperatures higher than 80 − 90 ◦C, the creep ratio, and the poor adhesion
with polymer matrices. Then, besides the excellent mechanical properties, such as the elevated
strength and the elastic modulus comparable to that of glass and aluminium, these fibers differ
from the inorganic ones because they are not brittle.
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Fibers are generally produced in continuous rowing. However, in composite materials they can
be used as continuous or discontinuous fibers, depending on the application of the final compos-
ite. Continuous fibers can be used as unidirectional reinforcement, bestowing high anisotropy
to the composite, or bidirectional, such as in textiles (i.e. wowen, noncrimp, braided). Short
fibers, which constitute short fiber composites (i.e. SFC), can be aligned, bestowing anisotropic
features to the composite, or random oriented, leading to nearly isotropic composites. Gen-
erally, short fibers increase the elastic modulus of a composite, though to a lower extent than
fibers; hence, they are used for applications with less-demanding requirements, or when the
chosen manufacturing process is not suitable for long fibers. A literature survey with the typical
properties of some commercial reinforcing fibers is given in Table 2.1.

Most of the above described reinforcement types can also be produced in nano-size, result-
ing in a further increase of certain mechanical properties. The idea of confining the reinforcing
materials to the nano-scale comes from nature, where the components (i.e. building blocks)
of many composite materials generally have a characteristic nano-size, which influences the
performance of the whole material.

Table 2.1: Typical properties of some commercial reinforcing fibers (adapted from [12]).

Material Density Fiber Diameter Young’s modulus Tensile strength
103(kg·m−3) (µm) (GPa) (GPa)

Inorganic fibers
Silica (E-glass) 2.5 10 70 1.5-2.0
Silica (S-glass) 2.6 10 90 4.6
α-Al2O3 3.9 20 385 1.8
SiC (monofilament) 3.1 100 400 3.5

Carbon fibers
HS-(PAN precursor) 1.8 5.5 295 5.6

Organic fibers
Aramid (Kevlar) 1.5 12 130 3.6
Polyethylene (UHMW) 0.97 38 175 3.0

2.2.2 The matrix

The use of matrix in composites is not to merely hold on the fibers, but it has several important
functions: first of all, it binds the fiber together ensuring their alignment; it isolates the fibers
from each other, so they can act separately, preventing or slowing down the cracks growth
through sequences of fibers, and leading to higher strength values and less brittle materials;
it protects the reinforcement from mechanical damage (e.g. abrasion) or environmental attack
(e.g. oxidation); it can increase the toughness, in case of a good interfacial bond strength. Being
the reinforcement, especially a fibrous one, the main load-bearing component, the principal role
of the matrix is to ensure a correct load transfer from the composite into the reinforcement,
enabling the composite to withstand a complex stress state, including compression, tension,
bending and shear stresses [12].

Matrices may be based on polymer, metals or ceramics. The choice of the matrix depends
on the chosen application, the properties required by that application, the chosen reinforcement,
to meet compatibility requirements, and the manufacturing process. Ceramic or metal matrixes
are used in case of particle or platelet reinforced composites, whereas in case of FRC, polymers
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30 Introduction to Composite Materials

are generally preferred. Indeed, FRC are generally known as FRP, due to the large use of
polymer matrices.

2.2.2.1 Polymer Resins

Polymer matrices, used to make structural composites, belong to two main classes: thermoplas-
tics and thermosets.

Thermoplastics are characterized by few or no chemical cross-links, hence they are pro-
cessed by simply increasing the temperature. During their processing those polymers are sub-
ject to thermal degradation, which prevents them to be re-processed many times, although no
chemical reaction is involved in the molding procedure. Also, their high viscosity affects the
processing method, making them more suitable for SFC. The most common types of matrices,
adopted for SFC, are polypropylene (PP), polycarbonate (PC), nylons (PA), polyethylenetereph-
thalate (PET), polybutyleneterephthalate (PBT), and polyphenylene sulfide (PPS). Recently,
high-performance thermoplastic matrices, such as polysulfone (PSU), polyethersulfone (PES),
polyarylenesulfide (PAS), polyetheretherketone (PEEK), polyamideimide (PAI), polyetherim-
ide (PEI), and thermoplastic polyimide (TPI), have been used for long-fiber composites [11].

Thermoset resins are largely used for long-FRC, in particular polyester and epoxy. The
former are the most spread in industry, due to their low cost, the thermomechanical properties
and the high durability. Epoxy resins are also largely used, thanks to the good affinity, in terms
of adhesion, with most of the high-performance fibers, low post-curing shrinkage, insulating
properties, resistance to chemical attack. Also, they have a broad range of properties, which can
be achieved by combining the epoxy base-resin with a proper curing agent, and a small amount
of catalyst. Unsaturated polyester (UP) resins are generally obtained by dissolving a polyester
in a reactive monomer (i.e. styrene), which contains carbon-carbon double bonds, such as
styrene. The role of the reacting diluent is to reduce the polyester viscosity, facilitating its
processing; also, it acts as a cross-linking agent by reacting with unsaturation points of polyester
molecules. Small quantities of peroxide or aliphatic azo compounds, used as catalysts, are
added to initiate the curing reaction. As the temperature increases, those compounds decompose
into free radicals, and their decomposition rate strongly affects the curing time.

Vinyl ester resins are obtained by dissolving unsaturated vinyl ester resins in a reactive
monomer (i.e. styrene), like for UP resins. Styrene reacts at the unsaturation points of vinyl
ester resin, forming cross-links. Compared to the UP resin, vinyl ester have a lower suscepti-
bility to chemical attacks and a lower cross-link density, which leads to a higher capability of
deformation (i.e. higher strain at break). However, as a drawback, they have a considerable
volumetric shrinkage, in the range 5-10 %.

Epoxy resin are obtained from low molecular weight organic liquids, which contains a num-
ber of epoxide groups, known as oxirane rings or glycidyl groups. The epoxide groups have a
cyclic structure, which consists of one oxygen and two carbon atoms. The epoxy liquid is mixed
with diluents and flexibilizer fillers, to reduce the viscosity and increase the impact response of
the final resin, respectively. The curing process is initiated by curing agents (e.g. aromatic or
aliphatic amine, and anhydrides), or catalysts (e.g. Lewis acids or bases). The former are added
in large quantity to the liquid epoxy, so that they are part of the final polymerized resin. The
latter are considerable more reactive than the former ones, so they are added in small amounts,
to allow the epoxy for homopolymerization. Indeed the epoxy rings open and react with each
others. A literature survey with the typical properties of some commercial polymer resins is
given in Table 2.2.
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Table 2.2: Typical properties of some commercial polymer resins (adapted from [11]).

Resin type Density Tensile modulus Tensile strength Strain at break
103(kg·m−3) (GPa (MPa) (%)

Themoplastics
Phenolics 1.30 3.5 50-55 1.7
Polyimide 1.31 3.2 55 1.5

Thermosets
Epoxy 1.2-1.3 2.75-4.10 55-130 1-8
Unsaturated polyester (UP) 1.10-1.40 2.10-3.45 34.5-103.5 1-5
Vinyl Ester 1.12-1.32 3.0-3.5 73-81 3.5-5.5

2.2.2.2 Metal Matrices

Metal matrices generally include either a metal or an alloy, used as a matrix for Metal Matrix
Composites (MMC), which are usually reinforced with ceramic particles. The selection of the
suitable matrix alloys for MMC depends on the application the material is designed to. MMC
are generally designed to improve the strength-to-weight and stiffness-to-weight ratios of the
original components, by maintaining the properties of ductility, which are characteristic of the
metal matrices. Generally light metal alloys are widely used as matrices, because they are easy
to process, by powder sintering, ensuring a fast solidification, without any segregation problem,
typical of conventional solidification. Examples of matrices are: conventional cast alloys (e.g.
G-AlSi7), conventional wrought alloys (e.g. TiAl6V4), and special alloys (e.g. Al-Cu-Mg-Ni-
Fe-alloy). For functional materials, to maintain high conductivity and ductility, non-alloyed or
low-alloyed non-ferrous or noble metals are used [13].

2.2.2.3 Ceramic Matrices

Among the most common types of ceramic matrices, there are alumina, silicon carbide, zirco-
nia. These are widely used alone as technical ceramics, but also combined with a reinforce-
ment (e.g. monocrystalline whiskers or platelets, or multi-strand fibers) to increase the fracture
toughness. Indeed, Ceramic Matrix Composites (CMC) ensure a consistent improvement of
elongation, crack resistance and thermal shock resistance, compared to the pure ceramic mate-
rial [14].

2.2.3 The interface and the sizing

The interface has a crucial role in load transfer between the reinforcement and the matrix, and
consequently, on the mechanical properties of the composite itself. Also, it strongly affects the
damage behavior of the composite, since it is generally considered to be a weak point, where
the damage usually originates.

The interface is strictly influenced by the nature of the components, in particular by their
physical, chemical and mechanical properties, and by the shape of the reinforcement, which
affect the load transfer between the reinforcement and the matrix. It was noted that, the higher
the fiber stiffness the poorer the resistance of the composite to shear forces in the plane of a
laminate (i.e. the lower the interlaminar shear strength, ILSS). Therefore, many attempts were
made to improve the characteristics of the interface, and consequently the ILSS. In particular,
surface treatments, either chemical, such as polymer-coating or electrolytic oxidation, or phys-
ical, such as CVD. The electrolytic treatment was largely used in the past, becoming the most
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common method. However, the surface of the fibers were overtreated (i.e. heavily oxidized) by
the manufacturers, who did not control the process; this led to well wetted fibers by the resins,
but brittle composites, with negative consequences on the use of carbon fibers for aeronautical
components [12].

The interface between two components is not a mere boundary between two rather different
materials, especially when chemical reactions occur when putting them together. The surfaces
of the two components can be affected by chemical and physical modifications, resulting in a
region of molecular dimensions (i.e. tens of µm) with new properties, different those of the
major components. This region is called interphase and its control has become a major concern
to manufacturers of commercial composite materials. Indeed, in manufacturing of FRP a special
attention is payed to the interphase and to the treatments to improve the fiber-matrix adhesion.
An established method is the sizing, a chemical treatment consisting of applying a size coating
to the fiber surface after drawing, to increase the compatibility with the matrix. An example of
size coating used for glass fibers is silane-coupling agent [7].

2.2.4 The Manufacturing Techniques

A large number of processing routes is available for composites, and selecting the right process
for the product is crucial for its success. Generally, the design stage includes a fundamental
analysis of the range of the manufacturing processes available and their advantages, disad-
vantages and limitations. Several factors influence the process selection: the number of parts
required, the matrix and reinforcement types, the shape, the size and complexity of the product,
the cost per unit part, the dimensional accuracy and tolerances, the finishing of the product, the
mechanical properties (e.g. strength, stiffness), the post processing/assembly techniques. The
most common techniques are: wet lay-up, spray lay-up, pultrusion, filament winding, and resin
transfer molding (RTM).

2.2.4.1 Wet Lay-up

This technique is widely used but, since it is a manual technique, it is recently substituted by
other techniques, due to health and safety risk related to the harmful resin curing vapors. It
consists in manually placing the reinforcement into the mold, forcing the resin between the
fibers, by means of brushes or rollers, and then curing, generally at room temperature. In case
of a complex mold shape, layers of small pieces of mat are cut to fit and placed in sequence,
until reaching the required thickness. The liquid resin is poured over the fiber and rolled to
ensure complete wetting of the fiber and removal of air bubbles. Vacuum assisted wet lay-up
can prevent the presence of voids, caused by air trapping, in the laminate: in this case, vacuum
is applied to the part after lay-up, by sealing the part with a plastic film (bagging material)
and extracting the air by means of a vacuum pump. In wet lay-up, to facilitate the component
release, the mold cavity is coated with releasing agents (e.g. polyvinyl alcohol, non-silicon
wax). To improve the surface finishing, a gel coat, which produces a resin rich layer, is placed
onto the mold surface, ensuring a smooth surface for aesthetic and environmental protection
purposes. Moreover, to further improve surface finish and corrosion resistance, a surface veil,
with an embedded fabric for reinforcement or mixed with resin, is used.

The costs of this technique are moderate, since it is mainly manual and neither specific tools
nor highly skilled labor are needed, but its application is limited to a small scale production.
However, the low control on fiber orientation, resin content and impregnation do not make it
suitable for components with high strength requirements.
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2.2.4.2 Spray Lay-up

This technique has been designed for SFC, in particular for chopped glass fibers. It is a fast and
low cost technique, where a specifically designed gun supplies the resin whilst chopping the
continuous fibers, and the resin/fiber mix is then sprayed into a mold. However, due to the low
viscosity required in the gun, the spray lay-up allows only for low fiber content. Low viscosity
(i.e. low molecular weight resins) and highly reactive resins, such as vinyl ester, polyester,
epoxy and phenolic, are used. Beside the fast application, other advantages are a good wetting
of the fibers and low resin voids compared to the hand lay-up. Drawbacks are the low control of
uniformity and thickness, and of resin content, which in turns lead to an increase in weight, and
highly exothermal curing reaction, with consequent damage of the mold and the molded part.

2.2.4.3 Pultrusion

Pultrusion is a continuous process designed for large scale production of components with a
constant cross section. Although the significant costs of machine for processing, the high pro-
ductivity and energy-efficiency and the flexibility (i.e. the possibility of realizing different types
of profiles, by changing the dies) allow for a large use of this technique for manufacturing of
composites bar and profiles. This process consists in pulling the reinforcement, previously sat-
urated with a thermoplastic or thermosetting resin, through a heated die, which gives the shape
of the profile to be manufactured. The pultruded material -in exiting the die- is automatically
cut to the required length.

Generally the pultruded components are characterized by a marked anisotropy, with fibers
oriented in the pulling directions. With this technique, a high fiber volume fraction can be
achieved, allowing pultruded parts to be used in structural applications.

2.2.4.4 Filament Winding

Filament winding is a manufacturing technique to realize cylindrical structure. It consists in
wrapping the resin impregnated fibers around a rotating mandrel, with a convex shape (e.g.
cylindrical, conical, or spherical), while a carriage moves horizontally, laying down fibers in
the desired pattern. The layers of fibers are applied until reaching the required thickness of
the laminate. The mandrel rotating speed and the traversing speed determine the fiber winding
angle, making it possible to control the orientation of each layer. Once the winding is complete,
the curing process is initiated, either by heating the mandrel while it is still on the machine, or
by removing it and placing the part in an oven.

Although the significant cost of the mandrel, this technique is widely used for manufactur-
ing high performance pipes, since it ensures a fast and cost-effective production, with a good
control of the resin content.

2.2.4.5 Resin Transfer Molding - RTM

In the resin transfer molding (RTM) the dry reinforcement and resin are combined in the mold
to form the finished structural component. The fiber reinforcement may be pre-pressed and
pre-shaped before placing into the mold cavity. Resin materials, previously machine-mixed, are
injected under pressure into the mold. Once the mold cavity is filled, the resin inlet is closed to
initiate the curing process.

There are different resin injection types, including:
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• Vacuum Assisted Resin Injection (VARI), where the molds are generally vented and the
impregnation process occurs with the aid of a partial vacuum, allowing for a reduction of
resin voids, especially in large size laminates or components with a complex shape. Vari-
ation of the VARI are the Vacuum Infusion (VI), designed for high quality components,
since a complete vacuum is applied to reduce to minimum the amount of voids; in this
case the composite is molded using a one side rigid mold to provide support and define the
geometry, and a thin flexible membrane over the fibers, with outer atmospheric pressure
keeping the fibers tight against the rigid mold surface (see Figure 2.2); the Vacuum As-
sisted RTM (VARTM), where vacuum is applied to the exit vent of the molding tool; the
Seeman Composite Resin Infusion Molding Process (SCRIMP), a method of vacuum-
assisted RTM producing high-quality composite parts from a wide range of fibers and
resin combinations.

• Structural Reaction Injection Molding (SRIM), which is high pressure rapid dispensing
process designed for low viscosity resins, such as polyurethanes.

• Resin Film Infusion (RFI), which involves a single mold and a vacuum bag. Dry fabrics
are laid up, interleaved with layers of semi-solid resin film, supplied on a release paper.
The lay-up is vacuum bagged to remove air through the dry fabrics, then heated to reduce
the viscosity of the resin allowing to flow into the air-free fabrics, and then after a certain
impregnation time, to cure.

Laminates obtained by RTM methods are characterized by high fiber content, low voids and
good surface finish, also depending on the chosen combination of fiber and matrix. Also, the
risk of hazardous vapors due to resin curing are limited, being the resin contained within the
mold. Due to the high molding pressure and high temperature to withstand, the molds are
generally expensive and unsuitable for low volume or prototype manufacture. RTM is mostly
used for small components, whilst for larger parts RIM is preferred.

Figure 2.2: Schematic representation of the Vacuum infusion process.

2.2.5 The Applications

The success of composites is mainly due to the high mechanical properties-to-weight ratio com-
pared to conventional materials, which makes them a better option, and to their versatility, being
designed to carry out particular loads. The possibility for engineers to exercise high control over
their mechanical properties, makes them very attractive materials. In fact, composites are con-
sidered to be engineered materials, since they are designed to adapt to a specific use.
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Applications of composites are mainly in the aerospace and automotive fields, due to the
high technical requirements, but also in building constructions, and marine applications. In
aerospace, where the lightweight is a fundamental requirement, composites are largely used:
for instance, the Airbus A380, introduced in 2006, is made of 25% wt. of FRP. Examples
of composite components in Airbus A380 are: the tail cone, the vertical and the horizontal
stabilizers, the spoilers, the outer wings. Indeed, since their first use, they allowed a consistent
weight reduction compared to Aluminium and other conventional materials, beyond reducing
the corrosion-related problems; in fact, in the last 40 years, thanks to the use of composites, the
aviation industry has reduced fuel burn and CO2 emissions by 70%, and noise by 75%.

Recently, the need of limiting the environmental impact of transportation means, by re-
ducing the CO2 emissions, as required by the economic politics of many European and non-
European countries, has boosted the research to produce new composite and sandwich com-
posite material structures, to be used in the automotive field. Research in the composite field
has led to new materials, or improvement in existing materials, that can meet demanding cri-
teria of flexural and torsional stiffness, crashworthiness, fatigue resistance and corrosion and
fire resistance. Beyond reducing the weight of automotive components, these materials have
been demonstrated to lead to reduced environmental impact, when a Life Cycle Cost approach
is adopted. For these reasons, an increasing number of mechanical components for automotive
industry are currently made of composite materials, instead of the traditional ones, reaching a
good balance between the costs, the weight reduction and the performance improvement.

In the last decades, due to the high development of composite field, allowing a price reduc-
tion of these materials, their use has spread out to a more commercial one, including sportive
items and electronic devices. Also, the possibility of tailoring composites to meet specific
requirements has made them very attractive materials in the biomedical field, replacing conven-
tional biomaterials (e.g. metals, polymers and ceramics) for implants and tissue engineering.

2.3 Bio-Inspired Composites

The ’composite’ concept is not a human invention. Indeed, nature is the largest producer of
composite materials. Wood, bone, dentin, cartilage, skin, nacre, all of them are examples of
natural composites. Wood is a mainly polymer composite material made of cellulose fibers and
a resinous matrix (i.e. the polysaccharide lignin). Bone, teeth, mollusc shells, instead are all
ceramic-polymer composites, made of hard ceramic reinforcing phases embedded into natural
organic polymer matrices. As largely described in Chapter 1, these biocomposites, also known
as biominerals, are characterized by a hierarchical structure, consisting of a highly controlled
organization at different levels and providing the material with multifunctional properties.

Nature makes a much better job of design and manufacture than man does, though man
can study the natural systems and get inspiration from them, harnessing the ideas of nature
and even limiting its shortcomings. For instance, by observing the structure of wood, man
was able to overcome two major disadvantages of natural wood (e.g. the constrained size,
limited by the transverse dimension of a tree, and the anisotropy, between the properties in
axial and radial directions), by designing a wood-inspired composite material, called plywood.
Wood has a hierarchical structure that shows many similarities to the one of bone, making it
a good potential candidate for implantation [15]. Indeed, whereas bone is a ceramic-polymer
composite, wood is predominantly a polymer composite. Both of them are considered natural
structural materials, both characterized by a significant porosity and a hierarchical structure.
Also, the microstructure of either materials is characterized by a repeating cylindrical feature,
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36 Introduction to Composite Materials

called osteon in bone and tracheid in wood. Plywood is a manufactured wood panel made
from thin layers of wood veneer. It is one of the most widely used wood products, thanks
to its flexibility, low cost, workability, possibility of recycling, and the simple manufacturing
process. Plywood is used instead of plain wood because of its resistance to cracking, shrinkage,
splitting, and twisting, high degree of strength, versatility. Indeed, it exists in different types
(e.g. softwood, hardwood, aircraft, marine, decorative plywood, etc.) designed for different
applications. Figure 2.3 shows the microstructure of wood and that of plywood.

(a) (b)

Figure 2.3: Comparison between the internal structure of wood and that of plywood. (a)
Microstructure of wood, showing the primary and secondary layers in the tracheid and the
pores aligned with the long axis in each cell (reproduced from [15]). (b) Structure of a
commercial plywood.

Other examples of artificial composites, inspired to natural materials, are metal-metal (e.g.
Ni-Al) or metal-ceramic nanocomposite structures, designed for shock-loading applications,
so aimed to be stiff and tough. The inspiration of such composites from natural materials (e.g.
bone and nacre) arises from the improved characteristics (i.e. strength and fracture toughness) of
these materials, as compared to their constituents with inferior properties [16]. These improved
properties are supposed to arise from the hierarchical arrangement.

2.4 Outline

Thanks to research in biomimetics, strong and stiff man-made nanocomposites mimicking nacre
and bone have been developed; however, the microstructure of such composites has yet to
achieve the order of detail and accuracy of the sophisticated hierarchy of biological materi-
als. Man has still to face many challenging problems in the biomimicking synthesis (e.g., con-
trol of the size, geometry, alignment of nanostructures, and higher levels of hierarchy) [17].
Besides materials synthesis and manufacturing, theoretical and numerical analyses, describ-
ing biomimetic composites at multiple length scales, represent major scientific and engineering
challenges and opportunities. However, in order to realize an accurate design of multiscale
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hierarchical materials, an integrated approach with concurrent experiments and computer simu-
lations should be used. Also, the strong dependence of mechanical properties on the hierarchical
organization of natural materials, makes it necessary to adopt a multiscale approach, especially
in modeling and simulations, allowing to reach very small length scales, difficult to be reached
with laboratory tools.

In this work, the concepts of biomimetics and biological materials, described in Chapter 1,
and the concept of synthetic composite materials, described in this chapter, provide the basis
for the development of a new synthetic and bio-inspired material. An integrated numerical-
experimental approach is used, and described in the following chapters (Chapter 3-7). Chapter
8 provides a critical discussion of the results, along with new perspectives on future work.
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Chapter 3

Introduction to Atomistic Modeling of
Materials

Atomistic modeling provides a fundamental description of the materials behavior. Atomistic
simulation, which represents the numerical implementation, is a powerful tool to investigate
the material properties along with deformation and failure mechanisms. Atomistic simulation
includes molecular statics (MS), molecular dynamics (MD), and Monte Carlo (MC) statisti-
cal methods. This chapter aims to give an introduction to molecular dynamics modeling and
simulation approaches. A brief description of the background, the basic principles, numerical
algorithms, boundary conditions, statistical ensembles, energy minimization, and data post-
processing of atomistic simulations is given.

3.1 Introduction

Materials properties are strictly dependent on their atomistic structure and its evolution under
different chemical and physical conditions (i.e. corrosive environment, loading conditions). To
understand the mechanisms of material deformation and failure, an in-depth investigation of the
evolution of atomistic configuration with loading and time is crucial. However, being the atoms
size on the angstrom scale, it is difficult and sometimes impossible to conduct direct experimen-
tal observation, hence making numerical simulation of materials at the atomistic scale essential.
Molecular dynamics (MD) studies the atomic dynamic behavior at the subnanoscale; molecular
statics (MS) is a special case of MD, used to perform static lattice calculations of systems at
zero Kelvin temperature, hence with a negligible kinetic energy. Atomistic simulation can also
be conducted statistically, by means of Monte Carlo (MC) methods, involving investigation of
random processes for deformation and failure [1].

Molecular dynamics first appeared in the late 1950s, but due to the computer limitations its
application was limited to simple case studies [2,3]. With the coming of new powerful comput-
ers, since 1980s, MD methods have become widely accepted and used in science and engineer-
ing fields. The ever increase in power computing, the continuous innovation in computational
algorithms, and the increasing interest toward miniaturization, have led to a large use of MD to
various engineering fields. Also, its interdisciplinary feature makes it possible to be applied to
different branches of science, such as physics, chemistry, biology, mechanics and materials sci-
ence, allowing one to visualize and observe the phenomena in detail at the atomic scale, getting
information which can not be obtained in experiments. These characteristics make atomistic
simulation adapt to explore natural phenomena and to develop new materials and technology.
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42 Introduction to Atomistic Modeling of Materials

3.2 Modeling and Simulations

Modeling and simulations refer to two different aspects of the same concept: the former is used
to indicate a mathematical model to describe a physical situation, whereas the latter represents
the numerical implementation of that model. Models are often simplification or schematization
of real problems or physical phenomena [4]. Indeed, the main challenge of modeling is to
provide a comprehensive, but simple physical representation of the system to be modeled; the
main task of simulations, instead, is to choose the appropriate numerical technique to quickly
solve a problem and to develop a proper strategy to reduce the computational effort.

3.3 Classical Molecular Dynamics

Classical molecular dynamics consists in determining the trajectories of molecules and atoms
by numerically solving the Newton’s equations of motion, with appropriate initial and bound-
ary conditions, for a system of particles, whose interactions are described by a proper force
field, while satisfying macroscopic thermodynamical (ensemble-averaged) constraints, leading
to atomic positions, velocities, and accelerations as a function of time [1, 4, 5].

According to MD, atoms are described by a simple point representation, characterized by
the atomic positions ri(t), atomic velocities vi(t) and accelerations ai(t). Atoms are considered
as particles obeying the Newton’s laws of mechanics, where the initial velocities are generally
determined from a Maxwell-Boltzmann distribution at the desired temperature. A schematic
of the atom point representation and the dynamics of the system (i.e. force and interactions) is
given in Figure 3.1.

MD methods are governed by the system’s Hamiltonian, where the total energy, H, is the
sum of two contributions (Eq. 3.1): the kinetic energy, K = K(p), function of the velocities or
linear momenta of the particles (Eq. 3.2), and the potential energy, U = U(r), depending on the
position vectors (Eq. 3.3).

H = K + U (3.1)

K =
1

2

N∑
i=1

mivi2 (3.2)

U(r) =
N∑
i=1

Ui(r) (3.3)

The dynamics of the systems, thus of each particle included in the system, is governed by the
Newton’s law Fi = miai, where the force, acting on each particle can be expressed as function
of the gradient of the potential energy:

mi
d2ri
dt2

= −dU(r)

dri
(3.4)

Eq. 3.4 is a system of coupled second-order nonlinear partial differential equations, for a cou-
pled system N-body problem. Due to the complicated nature of this function, there is no ana-
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(a) (b)

Figure 3.1: (a) Atom point representation in classical molecular dynamics. (b) Schematic rep-
resentation of the dynamics of the system, governed by the Newton’s law; particle-particle
interactions are highlighted with color dashed lines (different colors aims to show the dif-
ferent interaction forces depending on the bond type).

lytical solution to the equations of motion, for N>2; hence, they must be solved numerically.

An MD simulation scheme can be summarized as follows:

• Definition of a model for the interaction between system constituents (atoms, molecules),
called interaction potential or force field.

• Definition of an integration scheme, which propagates particle positions and velocities
from time t to t + δt. The time-step δt is chosen so as to guarantee stability of the integra-
tor.

• Definition of a statistical ensemble, where thermodynamic quantities like pressure, tem-
perature or the number of particles are controlled.

A brief description of each point follows.

3.3.1 Interatomic Potentials

The models for the determination of the potential function, U, and its related force field of the
atomistic system is the key for atomistic simulation. These models are referred to as "inter-
atomic potentials" or "force fields" models, where the first term is used in the physics commu-
nity and the latter is more accepted in the chemistry community. The main task of interatomic
potential is to provide an analytical or numerical expression to describe the energy landscape
of a large particle system. Beyond the structural information of the system, the interatomic
potential is considered a fundamental input in a numerical simulation [1, 4].

Having the interatomic potential and forces their origin at the subatomic level, the atom
structure must be considered in the definition of a potential. Generally, most of the materials are
characterized by different types of chemical interactions, which need to be taken into account
in the definition of a force field:

• Covalent bonds, found in the C-C bonds of organic molecules, and occurring due to the
overlap of electron orbitals.
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44 Introduction to Atomistic Modeling of Materials

• Metallic bonds, found in metals.

• Ionic bonds, also known as electrostatic or Coulomb interactions, typical of ceramic ma-
terials (e.g. Al2O3 or SiO2).

• Hydrogen-bonds, found in water and in many polymers and proteins.

• van der Waals (vdW) interactions, also known as weak or dispersive intermolecular inter-
actions.

To accurately describe the interatomic potential of a material, we need mathematical expres-
sions to describe how the potential energy stored in a bond changes within the geometry and
the position of atoms.

Various potentials with different accuracy levels have been developed and are available in
the literature. The choice of the most appropriate potential strictly depends on the applications
and on the material. Interatomic force fields are derived from quantum mechanics (QM) cal-
culations (i.e. density functional theory methods - DFT) [6], semi-empirically (tight-binding
potentials) [7], by using empirical values in quantum mechanics representation, or empirically,
by considering the summation of the energy contributions associated with different types of
bond interactions as given in Eq. 3.5:

U = UElectrostatic + UCovalent + UvdW + UH−bonds + .... (3.5)

Empirical and semi-empirical potentials are widely used for modeling the mechanical properties
of materials, allowing to simulate large particle systems. The challenge is to find a proper math-
ematical expression to accurately approximate these terms for a specific material. Among the
most common empirical potential there are: the pair potential, such as the Lennard-Jones [8],
the simplest and least computational expensive potential, and the multibody potentials [9], such
as the Embedded Atom Method (EAM), the reactive potentials, such as ReaxFF [10], and a
class of potentials used for biological materials [11], such as CHARMM, AMBER, DREI-
DING, GROMOS, characterized by a similar description of the interatomic forces. Since a
CHARMM-based force field is adopted in the simulations described in Chapters 4-5, a more
detailed description is given below.

3.3.1.1 CHARMM force field

CHARMM force field is widely used to describe the behavior of biological materials and poly-
mers, proteins in particular. This force field describes the energy landscape as a summation of
different harmonic and anharmonic terms, representing the covalent, ionic, van der Waals and
hydrogen-bonding interactions. The bonds between atoms are modeled by harmonic springs,
hence all the bonds, except of H-bonds, cannot be broken and new bonds cannot be formed.
Another approximation regards the charges, which are fixed, and the equilibrium angle, which
does not depend on stretching. The mathematical formulation of the CHARMM force field is
the following:

Usystem = Ubond + Uangle + Utorsion + UCoulomb + UvdW + (UH−bonds) (3.6)

Most of the terms, in particular the first three in Eq. 3.6 describing the covalent bond inter-
actions, are harmonic terms, hence valid for small deformation from the equilibriums config-
uration of the bond. The calculation of Coulomb interactions requires a computational effort,
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3.3 Classical Molecular Dynamics 45

Figure 3.2: Schematic representation and mathematical formulation of each term included in
the potential expression of the CHARMM force field (H-bonds are included in the vdW-terms)
- adapted from [4].

being long range interactions. The vdW terms are modeled using Lennard-Jones 6-12 terms.
H-bonds are often included in the vdW-terms. The main drawback of this potential is the limited
transferability of the single terms expressions, being different for different chemistry. Indeed,
chemistry is captured through atom typing, by assigning different tags to different atom types.
This limits the transferability of the potential expression, but provides an accurate description
of the energy landscape. Figure 3.2 shows a schematic representation and the mathematical
formulation of each term included in the potential expression, given by Eq. 3.6.

The parameters in this force field are generally determined from quantum chemical simu-
lation models by force field training. CHARMM and other force field for proteins also include
simulation models to describe water molecules (e.g. TIP3P, TIP4P, SCP, SCP/E) [4].

3.3.2 Numerical Algorithms

Numerous numerical algorithms have been developed for integrating the equations of motion.
Generally the criteria used to choose the most appropriate algorithm are the following: i) it
should conserve energy and momentum, ii) it should be computationally efficient, iii) it should
permit a long time step for integration [5]. The most common algorithms are: the Verlet algo-
rithm, the Leap-Frog algorithm, the Velocity Verlet, and the Beeman’s algorithm. The Leap-
Frog and the Velocity Verlet are the most widely used in commercial MD codes [1, 4].

3.3.3 Thermodynamical Ensembles

An ensemble is a collection of all possible systems with different microscopic states but an
identical macroscopic or thermodynamic state. There exist different ensembles with different
characteristics.
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Microcanonical ensemble (NVE). It represents a thermodynamic state characterized by a
fixed number of atoms, N, a fixed volume, V, and a fixed energy, E.

Canonical Ensemble (NVT). The number of atoms, N, the system volume, V, and the tem-
perature, T, remain constant during the simulation.

Isobaric-Isothermal Ensemble (NPT). It is characterized by a fixed number of atoms, N, a
fixed pressure, P, and a fixed temperature, T.

Grand canonical Ensemble (µVT). The thermodynamic state for this ensemble is character-
ized by a fixed chemical potential, µ, a fixed volume, V, and a fixed temperature, T.

Simple algorithms are used to modify the equations of motion to obtain a specific thermody-
namic ensemble (e.g. by controlling the temperature by means of a thermostat (thermal bath),
in the NVT case, or also the pressure, by means of a barostat, in the NPT case). During the
integration of the equations of motion, molecular dynamics samples the microscopic configura-
tions, providing a series of microscopic states, which corresponds, after an average procedure
to the proper macroscopic state.

3.3.4 Energy Minimization

Energy minimization is an approach consisting in minimizing the potential energy of the system,
by leading it to the zero temperature. From a physical point of view, it corresponds to the process
of cooling down a material to the zero Kelvin. This process is generally performed at the
beginning of a simulation, to get a stable structure before any loading or excitation are applied,
or several times during a simulation to mimic a quasistatic experiment, though neglecting the
effect of the temperature. During this minimization process, defect distribution in the material
can be found.

Energy minimization can be performed through different algorithms. The most common
are the conjugate gradient (CG) algorithm, which quickly converges, and the steepest descent
algorithm, which does not converge as quickly as CG, but may be more robust in some situa-
tions.

3.3.5 Boundary conditions

The treatment of boundary conditions is a delicate issue in atomistic modeling. Indeed, due to
the limited size of atomistic models, a large amount of atoms are located on the surface, hence
having completely different surrounding conditions and forces from the bulk atoms. These sur-
face effects are generally undesired when simulating a bulk material. To overcome this problem
of surface effects, it is common to adopt periodic boundary conditions, which eliminate bound-
ary effects, but have limitations in the simulation of nonequilibrium states. For nonequilibrium
state problems instead, free or mixed boundary conditions are preferred [1].

Period boundary conditions (PBCs) allows a domain reduction and analysis of a represen-
tative substructures only. Particles in only one box are modeled explicitly, and the box is then
replicated to infinity in all three Cartesian directions. Particles in all the boxes move simul-
taneously and each particle interacts with other particles in the box and with particles images
in nearby boxes. In this case, interactions also occurs through the boundaries, and no surface
effects occur. A schematic example of the concept of PBCs is given in Figure 3.3.
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Figure 3.3: Schematic example of the concept of periodic boundary conditions.

Free boundary conditions instead, are used when studying surface phenomena. Fixed bound-
ary conditions are used for uniaxial loading simulations or shearing problems, in which one
boundary should be fixed to investigate the relative deformation.

3.3.6 Steered Molecular Dynamics

Steered molecular dynamics (SMD) simulations, or force probe simulations, is a particular type
of MD, where forces are applied, generally to specific atoms of a protein, to deform its struc-
ture, by pulling it along desired degrees of freedom. These experiments can be used to reveal
structural changes in a protein at the atomic level. SMD is often used to simulate particular
phenomena such as mechanical unfolding or stretching [4].

Like experimental mechanical tests, SMD can be applied in two modes: force control, by
applying a constant force, or velocity control, by applying a constant pulling velocity.

3.4 Parallel Computing

MD simulations require a significant computational effort. Indeed, the increase in computa-
tional power has largely contributed to the use of molecular dynamics tool to analyze small
systems and structures. In particular, parallel computing has significantly reduced the compu-
tational time. Parallel computing consists in a large number of small computers working at the
same time ("in parallel") on different parts of the same problem; information between these
computers is then shared by message-passing-interface (MPI) procedures.

Parallel molecular dynamics is efficiently implemented in message-passing environment,
thanks to effective developed algorithms to carry out the summation of N interacting particles.
Generally, if the particle-particle interactions are short-ranged the computational burden can
be reduced, so as to linearly scale the execution time with the number of particles. There are
different classes of fast parallel algorithms. Plimpton described three classes of parallel algo-
rithms, which are suitable for short-range MD force fields: so-called atom-, force-, and spatial-
decomposition algorithms. Briefly, atom-decomposition methods assign a subset of atoms per-
manently to each processor, force-decomposition methods assign a subset of pairwise force
computations to each processor, and spatial-decomposition methods assign a sub-region of the
simulation box to each processor [12].

During the last years several programs were designed for parallel computers. Among them,
those that are partly available free of charge are: Amber, CHARMM, NAMD, NWCHEM and
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Figure 3.4: Different types of representation of a collagen fibril, plotted with VMD [14].

LAMMPS. In this thesis work, simulation are carried out using LAMMPS [13].

3.5 Post-processing Methods

Large-scale atomistic simulations produce a large amount (i.e. terabytes) of data. Therefore,
it is necessary to have tools to handle and filter the data, allowing the user to interpret and
understand the results of simulations.

Visualization softwares, allowing one to visualize complex structures and their evolution
during a simulation, have revealed to be very useful tools for the post-processing. The most
common visualization softwares are Visual Molecular Dynamics (VMD) [14] and AtomEye
[15], enabling one to render complex molecular geometry with different color schemes. These
programs are particularly useful for the visualization of organic structures, highlighting impor-
tant structural features of biological molecules, hence providing a powerful key to understand
complex dynamical process. An example of different graphical representations of the same
protein is given in Figure 3.4.

3.6 Advantages and Limitations

The increasing interest toward nanomaterials and nanotechnology has pushed to study the me-
chanical properties of materials at nanoscale, leading to an increased use of nanomechanical
testing, in vivo, in vitro, and in silico. The first two expressions are referred to experiments
performed on living organisms and in laboratory, respectively, whereas the last refers to me-
chanical testing performed via computer simulations. In silico research is widely increasing in
different science fields, since it is thought to have the potential to speed the rate of discovery,
reducing the need for expensive lab work and, in biological cases, for time consuming clinical
trials.

Molecular dynamics is one of the most accepted and diffused methods to perform in silico
research, with the possibility of reaching very small scales (Å-nm). This can be considered an
advantage, but at the mean time a drawback as well, since it is sometimes very difficult to have
an experimental comparison at such scales. Moreover MD allows to study deformation under
high strain rate or extreme conditions, which are difficult to be simulated via other simulation
techniques (e.g. finite element method, mesoscale dislocation dynamics).
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Figure 3.5: Simulation tools corresponding to different length- and- time scales [4].

The main drawbacks of molecular dynamics are related to the length and time-scale limita-
tions, due to the computational tools available today. MD can be computationally intensive due
to complexity of force field expressions, the large number of atoms belonging to the system to
be simulated, and time-step where to perform numerical integration.

To model macroscopic dimensions of materials, we need to consider systems with size of
approximately an Avogadro number of atoms (1023 atoms), which corresponds to 1 mole. How-
ever, the computational burden related to numerical simulations, data analysis, visualization and
storage, can not be handled by the current computing systems. Hence, whether it is possible,
simplified systems of thousands of atoms are studied.

Many materials phenomena are multi-scale phenomena; hence, to provide a fundamental
understanding, simulations should capture the basic physics of single atoms, reaching scales
of thousands of atomic layers by implementing the numerical models on large computational
systems.

However, to provide a comprehensive description of the mechanical behavior of a specific
material, different aspects and scale have to be investigated. This requires the use of different
simulation approaches, appropriate for each specific length scale. An overview of different
simulation tools corresponding to different length- and- time scales is given in Figure 3.5.

3.7 Applications

Molecular dynamics is used in many fields of science. Materials defects and structures have
been subject of atomistic analyses for many years; in particular, the study of crystal defects
and structural stability of many materials has a great importance in many technological fields.
MD is also used to get an in-depth understanding of fracture mechanisms for many materials,
considering the effects of size confinement and the crack speed propagation [16–19]. Surface
and interface phenomena, such as surface roughening and diffusion, surface tension friction
and adhesion, are also largely studied by means of MD [20, 21]. Those effects are particularly
important for nanomaterials, characterized by a high surface-to-volume ratio. The study of
aggregates made up of different kinds of atoms is of great technical significance for the design of
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new alloys and different technological applications. The limited length scale makes it necessary
to use a nanoscale simulation technique, such as the molecular dynamics, to determine the
aggregate structure. MD can also be used to study macromolecules, such as proteins and nucleic
acids (DNA, RNA), that are polymers made of covalently bonded small molecules or monomers
(i.e. amino acids or nucleotides).

MD simulation can be used to study the biochemical and thermomechanical processes that
affect the properties and functions of biological cells. It can be used to study the transportation
processes of pharmaceutical molecules, which is important in the design of drug delivery sys-
tems. Indeed, numerical simulation may accelerate the research and development of new drugs,
also reducing the costs.

MD simulation is also widely used in biomedicine and materials science, to study proteins
(e.g. collagen, chitin, elastin) or biological materials (e.g. bone, spider silk) and to provide the
basis for a bottom-up design of new biomaterials for tissue engineering.

Due to the large area of applicability of molecular dynamics, many simulation codes for
molecular dynamics have been developed by many groups.

3.8 Outline

The idea of atomistic simulation is to simulate a system at atomistic scale from atomic interac-
tions. This is necessary to get a deep understanding of the structure property relationship. For
hierarchical materials, characterized by a specific organization at each length-scale, different
techniques are used to get an insight into the structure property relationship. This is the case
of bone, where both investigations of mechanical properties at the ’materials level’ and at the
’structural level’ are necessary to have a deep knowledge and to achieve a complete understand-
ing of the mechanical properties of this material [22].

In the following chapters, we present a study of the bone material from the atomistic view-
point. In Chapter 4 we carry out atomistic simulations to provide a fundamental description of
the behavior of the bone building blocks, the HAP mineral platelets and collagen fibrous matrix.
We also investigate, in Chapter 5, the effects of the characteristic nanosize on its mechanical
behavior, and in particular on fracture behavior. The aim is to look into possible toughening
mechanisms, acting at this scale, by studying the mechanical behavior of the bone atomistic
structure, in view of a possible implementation into a new proposed bio-inspired design.
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Chapter 4

Atomistic Modeling of
Collagen-Hydroxyapatite
Nanocomposites

This chapter discusses the mechanical behavior of collagen-hydroxyapatite nanocomposites
from an atomistic perspective. The aim is to define the key mechanisms, governing the interac-
tion between the two components, and affecting the global behavior of the composite system.
This study is carried out with a molecular dynamics approach, a method widely used for the
analysis of small-scale systems, allowing a thorough understanding of the mechanics of hierar-
chical materials from the bottom up. In particular, this chapter is focused on the mechanics of
collagen-hydroxyapatite nanocomposites under shearing loading, to understand which are the
mechanisms and the factors responsible of the remarkable behavior of such materials.

4.1 Introduction

The research and technology is emerging now to understand the mechanisms governing the
remarkable mechanical properties of natural materials, by modeling across scales, relating the
basic mechanisms of the fundamental features that compose natural composites, such as bone,
to the functionality and development of large-scale tissues and materials.

Collagen and hydroxyapatite are the main building blocks of bone and of the most common
type of biomineralized materials [1–5]. The small scale phenomena, governing the mechanics
of bone and bone-like materials at nanoscale, have significant effects on the large scale behavior
these materials [3]. In particular, toughness, which is a fundamental property of natural com-
posites, has been shown to be linked across multiple length scales [6], and associated to different
mechanisms, characteristic of each hierarchical level, contributing to the overall mechanical re-
sponse. The mechanical properties of bone are also related to the characteristic size of its main
features at different hierarchical levels. In particular at small scale, the confined size of its build-
ing blocks has been shown to lead to higher mechanical properties [7]. Although bone has been
largely studied in the literature, the behavior of collagen-HAP nanocomposite is still object of
research. Models have been developed in the literature, to describe the load transfer, between
the collagen and the matrix; for instance, the tension-shear model, where the mineral platelets
carry most of the tensile load and the protein matrix transfers the load between the platelets by
shear [8–13]. However, the interactions at the protein-mineral interface are still object of study.
In particular, the molecular scale interactions between the collagen and the HAP, which control
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the deformation and the load response of the whole system are still not clear. It has been shown
that an important role in enhancing these interactions is played by the platelet shape of the HAP,
characterized by a high surface to volume ratio, ensuring a large interface area with the collagen
protein and improved mechanical properties [14–16]. Also, weak intermolecular bonds at in-
terface (i.e. hydrogen bonds and van der Waals interactions) are thought to have a key function
in deformation response; indeed, they continuously break and reform, allowing molecular slip,
thus collagen-hydroxyapatite to be deformed as an integrated system under stress.

Full atomistic techniques have been shown to be essential for understanding such nanoscale
mechanisms, though limitations in computational power restrict their applicability to meso and
macroscale phenomena, where other techniques, often relying on atomistic information, are
used (i.e. coarse grain modeling).

Breakthroughs in science, and in particular in biomimetic research, might come from emu-
lating such nanoscale systems in nature; hence, is it interesting to see how those breakthroughs
might come back to change the ways we design and engineer new materials. In this chapter, we
present a full atomistic study of a simplified collagen-hydroxyapatite nanocomposite, to investi-
gate how the two components interact and deform under loading, and to define the mechanisms
responsible of the remarkable mechanical properties of this hierarchy, in view of mimicking
such mechanisms in the design of a de-novo biomimetic material.

4.2 Background

4.2.1 Collagen-Hydroxyapatite Nanocomposites

Bone is generally considered a composite material, made of brittle mineral crystals of hydrox-
yapatite (HAP) embedded in an organic collagen matrix, hence showing intermediate properties
between the two components. The mechanical properties of such nanocomposite system have
been shown to be affected by several factors: mineral content [13], mineral thickness [17], min-
eral platelet shape [14–16], microporosity [13], and mineral-protein arrangement [18]. Indeed,
mineral content and microporosity are two complementary concepts generally defined through
BMD (bone mineral density), which is the most common parameter to define bone quality. In
particular, the considerable toughness of bone and bone nanocomposites, has been shown to be
due to the multiple energy absorbing mechanisms, occurring at the interface [10, 19]. Accord-
ing to the literature, the interface region is strictly dependent on the platelet shape [14–16] and
collagen-HAP arrangement [18], both ensuring a maximum interface area. Molecular mecha-
nisms, which characterize the mineral-polymer interactions in bone nanocomposites, have been
investigated by Bhowmik et al. [20], by steered molecular dynamics simulation. Using the same
molecular dynamics approach, Bhowmik et al. also investigate the influence of the interfacial
interactions between the bone organic and mineral phases on the bone mechanical behavior, and
the role played by water in these interactions, and in turn on the bone mechanical response.

From large literature studies it results that a crucial role in the collagen-hydroxyapatite
composite behavior is played by the adhesion forces between the mineral and the protein; which
are weak enough to allow slip under large load, preventing failure of the collagen backbone, but
also strong enough to provide considerable strength and toughness.

Table 4.1 summarizes some mechanical properties of collagen, HAP, and collagen-HAP
nanocomposites from literature experiments and simulations.
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Table 4.1: Mechanical properties of collagen, HAP, and collagen-HAP nanocomposites from
literature experiments and simulations.

Material Test method Tensile modulus Extensibility Tensile strength
(GPa) (%) (GPa)

Tropocollagen molecule experiment [21] 0.35-12 30
Tropocollagen molecule simulation [22] 1.8-4 50 13
HAP experiment [23] 114
HAP simulation [24] 120.6 10-16 7.4-9.6
HAP-collagen nanocomposite simulation [17] 30.16-31.87 19.37-21.41

4.3 Materials and Methods

4.3.1 Atomistic Model

The model is a composite sandwich model consisting of two outer layers of HAP and one
internal layer of collagen matrix. The two slabs of hydroxyapatite are aligned with the c-axes of
the HAP crystal (i.e. along the [100] direction) parallel to the collagen main axis; the HAP basal
plane (001) corresponds to the x-y plane. For HAP we consider a hexagonal (HCP) crystal,
with x = [100], y = [010], and z = [001]. The two HAP layers have the same geometry and
dimensions: width w≈ 19.2 nm, height h≈ 1.6 nm and out-of-plane thickness t ≈ 2.8 nm. The
collagen fibril has a diameter D ≈ 1.5 nm and length L ≈ 14.9 nm. All the above mentioned
parameters are kept fixed during all the simulations. The y-distance between the two layers of
HAP, from now on called ’interlayer distance’, is variable. The values of interlayer distance
are clearly indicated in Table 4.2. Figure 4.1 shows the model with parameters such as height,
width, thickness, diameter, length, and interlayer distance; a snapshot of a sandwich structure
is given in Figure 4.2, with the structure of the basic features highlighted.

The computational model is designed to shed light on the general behavior and deformation
of a composite system containing a single tropocollagen molecule and two crystals of hydrox-
yapatite; hence, it is meant to be simple and not an accurate representation of the actual bone
nanostructure. However, it allows us to perform a systematic study of bone nanomechanics
from a fundamental point of view.

Figure 4.1: Geometry and dimensions of the sandwich models used for steered molecular dy-
namics simulations.
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Figure 4.2: Snapshot of the sandwich model, showing the basic structures of the collagen
molecule and the HAP unit cell.

4.3.2 Crystal Geometry

We generate the hydroxyapatite crystal unit cell by using Materials Studio 4.4 (Accelrys, Inc.).
It is a hexagonal unit cell (HCP lattice) with 44 atoms and the following lattice parameters: a =
9.4214 Å, b = 9.4214 Å, c = 6.8814 Å, α = 90◦, β = 90◦, γ = 120◦ [17]. The samples are created
by replicating the unit cell 20 times in the x directions, two times in the y direction, and four
times in the z directions. We focus on the interaction with the (010) plane, which is the most
common in the morphology of biological materials due to the collagen-driven growing effect
during the biomineralization process. Also, it has electrostatic characteristics on its surfaces,
showing a negative charge on the OH-rich surface and a positive charge on the Ca-rich surface;
(100) is the most stable and has geometrical and chemical similarity to the (010) plane, whereas
the (001) is neutral [17,25,26]. A more detailed description of the HAP crystal is given in 5. In
this study we consider the interaction between the collagen and the OH-rich surface of the (010)
plane, as it ensures a stronger adhesion than the Ca-rich one [17]. This is due to OH-groups,
which provide more donors and acceptors for the H-bond formation with the collagen protein.

4.3.3 Protein Model

We use collagen molecules, previously equilibrated by Chang et al. (40 ns NPT equilibrium)
[27, 28]. To generate the collagen molecules, the authors used the real sequences of type I α-1
and type I α-2 chains of mus musculus (wild type mouse), taken from from the National Center
for Biotechnology Information protein database (http://www.ncbi.nlm.nih.gov/protein). The
collagen molecule (i.e. heterotrimer) includes two α-1 chains and one α-2 chain. The entire α-1
and α-2 chains consist of 1014 residues with repeated G-X-Y triplets, excluding the C-terminal
and N-terminal sequences. To reduce the computational costs, a specific section with a length
of 57 residues (from the 403rd to 459th residues) is considered to generate the heterotrimer
collagen molecule, ensuring that the amino acid composition (by %) of the segment is similar
to the composition of the complete collagen molecule. The sequence of the modeled segment
is given in [27]. The collagen molecules are created by inputting the sequences of three chains
into the software THeBuScr (Triple-Helical collagen Building Script) [29], which allows one
to build a triple-helical molecule, consisting of three staggered chains, based on any specified
amino acid sequence.
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4.3.4 Hydroxyapatite Force Field Parametrization

We use an extended CHARMM force field as reported in [17], where the authors included the
parameters - derived from quantum mechanics calculations [30] - for hydroxyproline (HYP), a
nonstandard amino acid typical of collagen and not present in other proteins, and added non-
bonded parameters, calculated by using a Born-Mayer-Huggins model [14,31]. The bond, angle
and dihedral parameters are based on quantum-mechanics calculations and experimental data.
The force field has been validated in earlier works [14, 17, 18, 31, 32]. The choice of adopting
this force field is motivated by the fact that it has been shown to correctly model the behavior
of collagen and HAP-collagen systems.

4.3.5 Steered Molecular Dynamics Simulations

We perform steered molecular dynamics (SMD) simulations by using the LAMMPS code [33].
We use a modified CHARMM force field to describe the overall strain energy of the system:
Lennard-Jones and Coulombic interactions are computed with an additional switching function
that ramps the energy and force smoothly to zero between an inner (8 Å) and outer cutoff
(10 Å) [33]. This cutoff range is selected to include one unit lattice over the thickness. An
additional 1/r term is also included in the Coulombic formula, making the Coulombic energy
varying as 1/r2, which is an effective distance-dielectric term. This represents a simple model
for an implicit solvent with additional screening and it is designed to be used in simulations of
biomolecules without explicit water solvent [33]. We also investigate the effect of water. In this
case, we use the VMD software [34] to solvate the structure, including it in a larger water box
of TIP3 water molecules. The structure in explicit solvent is then included in a large simulation
box with fixed (non-periodic) boundary conditions.

The model is geometrically optimized through energy minimization, by using two different
algorithms, the conjugate gradient and the steepest descent methods. Afterwards we clamp
the left edge of the bottom HAP layer and relax the structure under an NVE ensemble for 2
ns. We use a Langevin thermostat to set the temperature to 300 K. Once the structure is fully
relaxed (confirmed through the root-mean square deviation convergence to a constant value),
we perform SMD simulations: we constraint the left edges of the two HAP layers and apply
load to the right-end part of the collagen, by pulling the center of mass of the terminal α-carbon
atoms of the tropocollagen molecule via a virtual spring, with an elastic constant kspring =
8000 kJ·mol−1·nm−2. The pulling velocity is set to 0.01 Å/ps (1 m/s), similar to that used in
previous studies [17,35]. The simulation setup is given in Figure 4.3a. To investigate the effects
of pulling speed, we perform additional simulations by applying the load at velocities of 1 Å/ps
(100 m/s). A time step of 0.5 fs is used in all dynamical simulations. The final solvated system
contains ≈ 50000 atoms (with a water box of size of 25.5 nm · 9.3 nm · 3.9 nm).

To investigate the effect of confinement on the mechanics of HAP-collagen nanocomposites,
we build a confined structure with a reduced initial interlayer distance. Then, after relaxing the
systems under an NVE ensemble for 2 ns, and leading to 300 K, by using a Langevin thermostat,
we compact the structure by moving down the HAP top layer, with a velocity of 1 (m/s); then
we apply the load, as described above for the other structures. Also in the confined case we
perform simulations both in dry and wet cases. The simulation setup for the confined case is
given in Figure 4.3b. The final solvated system contains ≈ 60000 atoms (with a water box of
size of 25.8 nm · 7.8 nm · 5.2 nm).

All the simulations are carried out on the FERMI supercomputing system of CINECA
(Italy), a new system based on IBM BG/Q architecture. A sample input script for LAMMPS is
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given in Appendix A, while a sample script for atom definition is shown in Appendix B.

(a) (b)

Figure 4.3: Simulation setup. (a) Simulation scheme followed for the initial case: boundary
and loading conditions during the equilibrium and loading phase. (b) Simulation scheme
followed for the confined case: boundary and loading conditions during the equilibrium, the
confinement and the stretching phase.

4.3.6 Data Post-processing

For the analysis of the data we use the software Visual Molecular Dynamics (VMD) [34], to
visualize the simulation trend, to print the snapshots of the tests, and to compute the H-bonds.
We count the hydrogen bonds within a donor-acceptor distance of 3.5 Å and an angle cutoff of
30◦. To analyze the mechanical response of the composite system under the applied loading
conditions, we use MATLAB (Mathworks, Inc.). We use force-displacement data to determine
the mechanical properties (i.e. stiffness, maximum force, tensile and shear strength etc.). The
displacement is calculated as the shift of the SMD loading point dx. The stiffness is calculated
by using a linear fitting to the force-displacement data, in the initial linear region. The tensile
strength is calculated as the maximum force recorded during a simulation, divided by the colla-
gen cross-section. This value may be representative of the strength of a collagen fibril, with the
effect of the side HAPs, result that can be directly compared with those calculated by Qin et al.
in [17]; also, this value might be correlated with the strength of a mineralized collagen fibril.
Moreover, by considering the loading conditions of the performed in silico shear tests similar
to the case of a double lap joint subjected to tensile loading, as described by the standard [36],
we calculate the shear strength as defined in [36]: maximum force divided by the overlap area.
We calculate the overlap area by considering the projection of the collagen (approximate to a
cylinder) on the HAP layers.
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4.4 Results

Figure 4.4 shows the final equilibrated structures, before and after the ’compression’ phase.
The confined structures have an interlayer distance of 25% and 40% less than the initial one, in
vacuum and water cases respectively. The values of interlayer distance are given in Table 4.2,
along with the mechanical properties determined from the simulations.

Figure 4.4: Snapshots of the initial structure (left), after equilibrium, and the confined one
(right), after ”compression”. The central snapshot represents the confinement phase: the
HAP top layer before confinement is represented in gray color, whereas the same layer after
confinement is shown in red color.

Table 4.2: Geometric and mechanical properties of HAP-collagen nanocomposites determined
from the simulations described in Section 4.3.5.

Structure Condition Interlayer
distance

Test
method

Maximum
force

Tensile
strength

Shear
strength

Stiffness

(nm) (N)·10−8 (GPa) (GPa) (N/m)

Initial Dry 2.6 Shear test 5.91 33.42 0.81 3.48
Initial Water 4.1 Shear test 6.81 38.56 0.93 3.81
Confined Dry 1.9 Shear test 7.60 42.99 1.04 4.95
Confined Water 2.5 Shear test 7.20 40.76 0.98 5.13

We calculate the tensile strength (given in Table 4.2) to have a direct comparison with the
results (also given in Table 4.1) of the simulations in [17], where a system similar to a single lap
joint is studied. The results show a direct stiffening effect, given by the second layer of HAP,
and leading to an increase in strength, which is twice the value calculated in [17].

The force-displacement curves resulting from the simulations are given in Figure 4.6 and
Figure 4.7, also showing the effect of solvent and the effect of confinement, respectively. The
curves are characterized by an initial linear region, and a following ’bumpy’ region until failure
occurs. Deformation mechanisms, occurring during simulations, includes three phases:

1. The first, characterized by the atomic interactions (i.e. electrostatic, vdW, and H-bonds
interactions) between the collagen chains and between the chains and the HAP surface.
In this phase, the deformation is mainly due to the stretching of the intermolecular bonds
between the chains, with a likely breakage of the cross-links between chains.

2. Then, chain unfolding and uncoiling occurs with the breakage of intermolecular vdW
bond and H-bonds, which initially stabilize the collagen triple helical structure.

3. Finally chains start sliding on the HAP surfaces, in a discontinuous way owing to the
progressive breakage of H-bonds, which serve as ’sacrificial bonds’, increasing the en-
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ergy dissipation before the failure the backbone of the macromolecules and of the entire
structure occurs.

Snapshots of the above mentioned deformation mechanisms are shown in Figure 4.5. The

(a) (b)

(c) (d)

(e) (f)

Figure 4.5: Snapshots showing various mechanisms of deformation during the tests. (a)-(b)
Chain unfolding. (c)-(d) Hydrogen bond formation and breaking (in the first snapshot, panel
(c), H-bond is highlighted with red lines; in the second snapshot corresponding to the fol-
lowing frame, panel (d), the previous H-bond is broken and a new one, highlighted with blue
line, is formed. (e)-(f) Chain sliding and stretching.

mechanism of sacrificial bonds is one of the key toughening mechanisms of bone nanocom-
posites and is largely described in the literature [6, 37–39]. Figure 4.8 shows the trends of the
number of H-bonds during the simulations for all the studied cases. The plots shows the density
of H-bond (i.e. number of H-bonds normalized on the equilibrated length of the tropocolla-
gen molecule) with respect to the shear displacement during the tests. Both the intramolecular
(i.e. between the tropocollagen chains), Figure 4.8a-4.8c, and intermolecular (i.e. between the
tropocollagen chains and the HAP surface) H-bonds, Figure 4.8b-4.8d, are shown. We observe
a decreasing number of intramolecular H-bonds, due to unfolding and uncoiling of collagen
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(a) Initial structure (b) Confined structure

Figure 4.6: Force-displacement. (a) Comparison between the vacuum and the solvated case:
initial structure. (b) Comparison between the vacuum and the solvated case: confined struc-
ture.

(a) Dry case (b) Solvated case

Figure 4.7: Force-displacement. (a) Comparison between the initial structure and the confined
one: vacuum case. (b) Comparison between the initial structure and the confined one:
solvated case.

chains, via intramolecular H-bonds breaking, followed by chain stretching and alignment in the
load direction (see Figure 4.8a-4.8c). The difference between the number of H-bonds relative
to the initial linear region, in the force-displacement curve, and the second bumpy region is
significant. The trends for vacuum and water cases, and for initial and confined structures, are
similar.

In Figure 4.8b we observe an initial increasing number of intermolecular H-bonds, followed
by a bumpy region. These bonds contribute to the interaction force. By comparing the graphs
in Figure 4.8a and Figure 4.8b, we can better explain the deformation mechanisms as follows,
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confirming what is stated above: initially chain unfolding and uncoiling, via H-bonds occur;
then, continuous H-bonds formation and breaking (i.e. sacrificial bonds) between the collagen
and the HAP surface take place, increasing the energy required to failure; this corresponds to
the bumpy region, in the force-displacement graph (i.e. for displacements larger than 100 Å).
This trend is clear for the dry case, given in Figure 4.8b, but in solvated case; in the latter, the
deformation mechanism, observed through the software VMD, is similar, but less clear from
the graph in Figure 4.8d, due to the H-bond formation with water molecules as well. Indeed,
the presence of water, which interacts with both collagen and HAP, reduces the direct coupling
between the protein and the mineral. This concept has also been shown in previous studies [19].

We investigate the effect of water on the global mechanical properties, as it gives a more
realistic perspective of the mechanics of such nanocomposites, being water one of the funda-
mental components of bone. The principal effect of water is to increase the mechanochemical
properties. This is due to the interaction of both the collagen and the HAP with the water
molecules. Results are summarized in Table 4.2 and graphically shown in Figure 4.6.

The effect of confinement is also studied, showing an improved overall mechanical behav-
ior, in terms of stiffness and strength, as the interlayer distance is reduced (see Figure 4.7). This
is due to the stronger interactions (e.g. higher number of H-bonds) between the protein and the
mineral (see Figure 4.8). In the the studied cases, and in particular in the confined ones, large
interactions between the collagen and both the HAP surfaces occur, owing to ’kinking con-
figuration’ of the collagen (heterotrimer), which allows interactions with both top and bottom
surfaces.

We also carry out additional simulations (with a pulling velocity of 1 Å/ps (100 m/s)) to
study the effects of pulling speed. As expected, we find a stiffening effect, leading to a more
brittle system; hence, we conclude that the adhesion strength is highly sensitive to the pulling
rate.

In all the cases, failure occurs by breaking the tropocollagen molecule, being the weakest
component, instead of interface failure. This is important for understanding the rupture mecha-
nisms in bone-like composites.

4.5 Remarks

In this chapter, we present a study of collagen-hydroxyapatite nanocomposites, from a fun-
damental point of view. We find that the presence of water, which mediates the interactions
between the protein and the mineral acting as a lubricant, increases the interface shearing prop-
erties and the overall mechanical performance of the composite system. Also, the size effect
significantly increases the performance of the whole structure. Indeed, according to previous
studies [7, 38], it is not only the building blocks that make bone so resilient. At an atomistic
and molecular scale, the size effect plays a main role in determining the mechanical behavior
of bone, leading to new phenomena, which do not occur at larger levels.

Another important result of this study is the crucial role played by the intermolecular hydro-
gen bonds, in determining the resistance against slip. These bonds, present both in the collagen
helix and between the collagen and the hydroxyapatite, act as sacrificial bonds, and their con-
tinuous formation and breaking, acting as an energy dissipation medium, lead to an increase in
the composite toughness.

Our results may provide details on the mechanism of load transmission inside collagen
fibrils and fibers, and mineralized tissues, which is essential for the development of constitutive
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(a) (b)

(c) (d)

Figure 4.8: Number of hydrogen bonds during the tests. (a) Number of intramolecular H-bonds
as a function of the displacement in dry condition for both initial and confined structures.
(b) Number of intermolecular H-bonds as a function of the displacement in dry condition for
both initial and confined structures. (c) Number of intramolecular H-bonds as a function of
the displacement in solvated condition for both initial and confined structures. (b) Number
of intermolecular H-bonds as a function of the displacement in solvated condition for both
initial and confined structures.

models of collagenous tissues at larger hierarchical levels. Moreover, these models might have
many applications, ranging from tissue engineering studies to the development of bio-inspired
materials.

In this study, the understanding of the mechanisms and the nature’s secrets governing the
interaction and the behavior of collagen-hydroxyapatite nanocomposites can shead light in the
design of the bone-inspired composite presented in Chapter 6-7, leading to an improvement in
the initial proposed design.
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Chapter 5

Fracture Mechanics of Hydroxyapatite
Crystals

This chapter is extracted from "Fracture mechanics of hydroxyapatite single crystals under ge-
ometric confinement", accepted for publication in December 2012 [1]. Geometric confinement
to the nanoscale, a concept referring to the characteristic dimensions of structural features of
materials at this length scale, has been shown to control the mechanical behavior of many bio-
logical materials, and such effects have also been suggested to play a crucial role in enhancing
the strength and toughness of bone. Here we study the effect of geometric confinement to the
nanoscale on the fracture mechanism of hydroxyapatite crystals that form the mineralized phase
in bone. This is a full atomistic study that aims to provide a fundamental description of the me-
chanical behavior of HAP as bone building block, in view of investigating possible toughening
mechanisms, acting at this scale. The analysis of scale-related toughening mechanisms, to be
replicated in the design of a new bone-inspired tough material as described in Chapter 6, may
be helpful in the biomimetic research.

5.1 Introduction

Hydroxyapatite (HAP) is the main component of many biological hard tissues, such as dentine,
enamel, and bone. It is considered, together with the collagen matrix, as the main building
block of bone [2–7]. It plays a critical role in determining the stiffness and the strength, since it
carries most of the tensile load due to the higher elastic modulus and strength compared to the
collagen matrix. The combination of two distinct materials, with a staggered arrangement of
HAP brittle platelets embedded in a soft collagen matrix, is believed to lead to materials with
high mechanical properties. Indeed, bone and bone-like materials show a good combination of
mechanical properties (i.e. strength, toughness, etc.), providing support for many organisms,
owing largely to their hierarchical structure [4–6, 8–10]. For instance, bone’s resistance to
fracture results from a multitude of deformation and toughening mechanisms, which occur at
many scales, from the nano- to the macroscale [2, 5, 6, 10–12].

Earlier work has suggested that the remarkable behavior of bone and bone-like materials -
with great toughness in spite of brittle mineral components - is due to the nanometer confine-
ment of its HAP building blocks [13]. This concept has been supported by the tension-shear-
model, which describes the load transfer between the mineral and protein phase. Here, the
mineral platelets carry most of the tensile load and the protein matrix transfers the load between
the platelets by shear [8, 14–17]. In a series of papers the path of load transfer in a biological
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composite, such as bone, has been simplified [16, 17] to a one-dimensional serial spring sys-
tem, which consists of mineral elements (subjected to tension) spread among protein elements
(subjected to shear). Indeed, earlier work has found that the rigidity and strength of bone and
biocomposites depend on the tensile strength of mineral and on the shear strength of the protein.
According to [17] large tensile strain can cause the formation of microcracks near the end of
mineral platelets. However, those cracks generally do not play a critical role in the structural
integrity of biocomposites, in contrast to what generally occurs in engineering materials, where
cracks are associated to loss of stiffness and strength (e.g. according to damage mechanics the-
ory). It has also been shown that the platelet shape of the HAP crystals has an important role,
because of the high surface to volume ratio, which ensures large interaction with the collagen
protein and enhanced mechanical properties [18–20].

In this chapter we study the mechanical behavior of HAP single crystals focusing on frac-
ture; in particular, we investigate how the presence of a crack-like defect affects the mechanical
properties of such crystals. In order to systematically analyze the effect of geometric confine-
ment on the HAP crystal, several cases are considered and in silico mechanical tests are per-
formed by varying the sample height. We analyze the mechanical behavior, by observing the
failure mode and by examining the stress field, to confirm earlier suggestions of a size-induced
flaw-tolerant state in biological materials [13].

This work covers a full-atomistic study to directly investigate the confinement phenomena
in a HAP single crystal. We emphasize that this study is not supposed to provide a model of
bone. Instead it aims to provide us with insight into the fracture behavior of individual HAP
crystals at the nanoscale. Also, this study may explain the mechanical stability of the reinforcing
HAP platelets in bone and provide an understanding of the toughening mechanisms acting in
bone at subnanoscale, which can be mimicked in the design of the new bone-inspired tough
material described in Chapter 6.

5.2 Background

5.2.1 Hydroxyapatite

Apatites are calcium-phosphate minerals that are found in several different forms (as long as
the base of apatite calcium and phosphorus exist together). The most common forms of ap-
atite (Ca5(PO4)3X) are cloroapatite, fluoroapatite and hydroxyapatite, where each one takes the
name from the replacing anion (i.e. chlorine, fluorine, and hydroxide) [21]. Hydroxyapatite
(HAP) is the main mineral component of bone and teeth and exists in two forms: monoclinic
and hexagonal (HCP), where the latter is the one most commonly found [22]. The hexagonal
structure of HAP has the formula Ca10(PO4)6(OH)2, and is characterized by two units per cell
(Z = 2), each one containing 44 atoms.

The hexagonal crystal contains three types of Ca ions: Ca type I, Ca type II, and Ca type
III, with three, six and four oxygen atoms as first neighbors, respectively. OH group is linked
to three Ca type III ions in a triangular planar arrangement on the a-b plane, with the hydroxyl
in the center. Two ions of Ca type I and two of Ca type II are present in the cell in a octahedral
arrangement. The unit cell also contains six phosphate groups, all equivalent by the symmetry.
The two OH groups are oriented along the c-axis, and create internal channels [21, 23]. A
representation of the HAP unit cell used here is depicted in Figure 5.1. We recognize two main
planes, the basal plane (a-b plane) perpendicular to the c-axis, and the side plane (c-plane)
parallel to the c-axis [24]. The (001) plane is the most stable one, with a surface energy of
1.043 J/m2 [25] and it also shows ferroelectricity due to the orientation of the OH groups. This
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(a) (b)

Figure 5.1: VMD "atom representation" of Hydroxyapatite (HAP) unit cell. Each atom is
represented with a different color: H (green), Ca (blue), O (red), P (gray). The HAP unit is
highlighted with a dashed line; the size of H atoms is increased to make them visible and to
show the alignment of OH groups along the c-direction. Both the crystal axes (abc) and the
coordinate axes (xyz) are shown. (a) View parallel to the (001) plane. (b) Three-dimensional
view of the model.

plane has an important role in bone, since HAP crystallites are preferentially aligned with (001)
orientation along the collagen fibril main axis [26]. The prismatic Ca-rich plane (010) is the
plane that is most reactive with water, and it is of particular interest due to the growth directing
effect of the collagen matrix. Also, it has electrostatic characteristics on its surfaces, showing a
negative charge on the OH-rich surface and a positive charge on the Ca-rich surface. The (100)
plane, instead, has geometric and chemical properties similar to the (010) plane [27, 28].

HAP in bone is deposited as elongated crystals incorporated into the collagen matrix during
the mineralization process, and HAP crystals grow until reaching few nanometers [5,29]. Large
sized single crystals can be found in nature at a millimeter size (in non-living systems). Such
crystals have been used for experimental studies to assess the mechanical properties (i.e. by
nanoindentation) referred to the side and to the basal plane, confirming its anisotropy [24].
In [24] the mechanical properties of HAP crystals were determined by means of nanoindentation
tests, and it was found that crystals are more resistant to microcrack events on the side, which
is useful in bone, while the hardest and stiffer face (i.e. basal) is usually exposed (e.g. in teeth),
to minimize mass loss from abrasion.

5.2.2 Geometric confinement

Geometric confinement is a concept that is linked to the characteristic dimensions of a ma-
terial’s micro-nanostructure. In many instances, components of biological materials have a
characteristic size at the nanoscale, which bestows particular mechanical properties on those
materials. Here, we refer to the case when the material’s structure shows geometric features at
the nanometer length-scale.

Earlier theoretical studies predicted that there exists an intrinsic length scale, depending
only on the material and on the geometry, which controls the mechanical behavior in small
crystals under geometrically confined conditions, leading to a flaw-tolerant state [13]. In this
state, a material with a defect is expected to behave as one without a defect, reaching its theo-
retical strength, and the stress field will be homogenous without a stress concentration zone at
the crack tip.
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(a) (b)

Figure 5.2: Geometry, dimensions and loading and boundary conditions of a cracked slab.
(a) Model used for our atomistic study of fracture of HAP. Different samples are created by
varying the sample height, ’h’, whereby the width, ’w’, and the crack length, ’a’, are fixed
for all cases. The dimension ’h’ is considered as half of the height of the sample, excluding
the fixed boundary regions (i.e. green-colored). The crack extends over half of the platelet
width. (b) Snapshots of two samples.

In addition to studies on biominerals and other biological materials, it is possible to find,
in the literature, other recent studies of flaw insensitive materials. Indeed, the phenomenon of
flaw tolerance has been demonstrated to occur also in crystalline solids as shown by [30], in
a series of in-situ TEM experiments, performed on Al strips with an edge crack. Kumar et al.
experimental work revealed the absence of any measurable stress concentration at the notch tip.
Furthermore, in [31] a numerical study on nanocrystalline graphene identified the presence of a
critical length scale, below which a flaw-independent fracture behavior occurs.

5.3 Materials and Methods

5.3.1 Atomistic Model

The model is a thin slab of hydroxyapatite with a sharp crack on the basal plane (001), corre-
sponding to the x-y plane, and the crack main axis along the [100] direction. We consider a
hexagonal (HCP) crystal, with x = [100], y = [010], and z = [001]. The initial crack extends
over half of the sample in the x direction. The crack opening angle is α ≈ 2◦, the crack length
a ≈ 15.1 nm, the sample width w ≈ 30.1 nm and the out-of-plane sample thickness t ≈ 2.1 nm
are kept fixed during all the simulations, whereas the sample height (considered as y dimension)
varies from 2.5 to 9.6 nm. Figure 5.2a shows the model with parameters such as height, width,
and crack length; snapshots of two samples with different height are shown Figure 5.2b. It is
noted that the platelets in bone are generally tens of nm in width and length and 2-3 nm in
thickness [5, 29].
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5.3.2 Crystal Geometry

The hydroxyapatite crystal unit cell is generated by using Materials Studio 4.4 (Accelrys, Inc.).
It is a hexagonal unit cell with 44 atoms and the following lattice parameters: a = 9.4214
Å, b = 9.4214 Å, c = 6.8814 Å, α = 90◦, β = 90◦, γ = 120◦ [28]. The samples are created
by replicating the unit cell 32 times in the x directions, three times in the z direction, and n
times in the y directions; n varies from 4 to 14 to study the effect of constraining the size
of the hydroxyapatite crystal on its fracture. The HAP samples are created by systematically
increasing the height by two unit cells in the y-direction.

5.3.3 Hydroxyapatite Force Field Parametrization

We use an extended CHARMM force field as reported in [28], where the authors added non-
bonded parameters, calculated by using a Born-Mayer-Huggins model [18, 32]. Instead, the
bond, angle and dihedral parameters are based on quantum-mechanics calculations and experi-
mental data. The force field has been validated in earlier works [18, 28, 32–34]. The choice of
adopting this force field is also motivated by the fact that it has been shown to correctly model
the behavior of collagen and HAP-collagen systems, as shown in Chapter 4, in spite of its short-
comings. We note that the strength and modulus of a single HAP crystal show a relatively large
difference (about four times) compared to those obtained by Ching et al. [35], who reported a
study of an orthorhombic HAP cell by using Density Functional Theory.

5.3.4 Molecular Dynamics Simulations

The LAMMPS code [36] is used to perform molecular dynamics simulations of the strip crack
problem. In this study a modified CHARMM force field is used to describe the overall strain
energy of the system. Lennard-Jones and Coulombic interactions are computed with an addi-
tional switching function that ramps the energy and force smoothly to zero between an inner (8
Å) and outer cutoff (10 Å) [36]. This cutoff range is selected so as to include one unit lattice
over the thickness. Moreover, an additional 1/r term is included in the Coulombic formula; thus,
the Coulombic energy varies as 1/r2, which is an effective distance-dielectric term. This repre-
sents a simple model for an implicit solvent with additional screening and it is designed to be
used in simulations of biomolecules without explicit water solvent [36]. The sample is included
in a large simulation box with non-periodic boundary conditions. The model is geometrically
optimized through energy minimization, by using two different algorithms, the conjugate gra-
dient and the steepest descent methods. Afterwards the bottom of the strip is clamped and the
structure is relaxed under an NVE ensemble for 100 ps. Once the structure is fully relaxed
(confirmed through the root-mean square deviation convergence to a constant value of ≈ 2 Å),
quasi-static loading is applied. Loading consists of several increments, each followed by energy
minimization. The loading-minimization cycles are run until failure occurred. A time step of
0.5 fs is used in all dynamical simulations. A schematic of the sample with the applied loading
conditions is given in Figure 5.2a. A sample input script for LAMMPS is given in Appendix A,
while a sample script for atom definition is shown in Appendix B.

5.3.5 Data Post-processing

The data analysis is performed by using Visual Molecular Dynamics (VMD) [37], to visualize
the simulation trend and to print the snapshots of the tests. To analyze the mechanical response
of the material under the applied loading conditions, MATLAB (Mathworks, Inc.) is used,
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while AtomEye [38] is used to plot the stress distribution in each sample. In the post processing
we use the virial stress output from the simulations, and the engineering strain to get the stress-
strain response. The mechanical properties (i.e. stiffness, maximum strength, strain at failure,
etc.) are calculated from the stress-strain data. The tensile modulus is calculated by using
a linear fitting to the σ − ε data for deformation up to 2%, where the behavior is generally
linear. Stress maps are created by plotting the virial stresses [39,40] on each atom, by means of
AtomEye [38].

5.3.6 Stress Analysis

For analysis, we consider the stress distribution ahead of the crack tip, just before the maximum
stress has reached and failure occurred. The atomistic virial stress data, computed in a thin strip
ahead of the crack tip, and averaged, are then fitted by using a power law of the form in Eq. 5.1:

y = (1− t)eβix + t (5.1)

where t represents the asymptotic value of the stress for each sample, which is a value that
indicates the stress level in the far field, for each studied case; the constant ahead the exponent,
βi, is defined in two ways (Eq. 5.2-5.3 ):

β1 =
y2 − y1
x2 − x1

· (t− 1)−1 (5.2)

and

β2 =
1

x2
· ln

(
1− t
y2 − t

)
(5.3)

x1 and x2 represent the x-coordinates of the first two data (in space), in each sample; y1 and y2
represent the corresponding stress values (i.e. first two stress data), in each sample. In the graph
in Figure 5.6, on the y axis the longitudinal stress, normalized on the maximum value reached
in each sample, is represented, whereas on the abscissa, the x-coordinate, normalized on w/2
(i.e. half of the sample width), is given. The zero x-coordinate refers to the crack tip position.
The exponent is defined in two ways, through Eq. 5.2 and Eq. 5.3. In both cases, to ensure
better data fitting, the first two data in space (with x1 and x2 as space coordinates, and y1 and y2
as stress coordinates) are considered.

5.4 Results

The stress-strain curves of the tested samples are depicted in Figure 5.3. In Table 5.1, an
overview of the determined strength is given for all the samples.

We recognize an initial linear elastic regime, which is not affected by the sample size. In
this regime, the material is slightly deformed, but no damage occurs. Also, we observe that
the stiffness of the sample is not affected by the sample size (i.e. height), and that the slope
of the stress-strain curves is similar for all cases. The linear regime is followed by a second
regime that is characterized by a deviation from linearity. Here, the stress slowly increases
until a maximum has been reached. This phase corresponds to a sub-critical propagation of the
defect. Initially, we do not observe a clear crack propagation mechanism. As the load increases,
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Figure 5.3: Stress-strain plot of the tested samples. The stress is the longitudinal stress σyy
(i.e. in the y-direction) and the strain represents the applied tensile strain in the y-direction.
The initial slope of the stress-strain curve is not affected by the size of the sample, whilst the
strength decreases by increasing the sample height.

Table 5.1: Mechanical strength of the HAP samples compared to the effect of the sample height
2h. The initial crack extends over half of the sample in the x-direction. The crack opening
angle (α ≈ 2◦), the crack length (a ≈ 15.1 nm), the sample width (w ≈ 30.1 nm) and the
sample thickness (t ≈ 2.1 nm) are the same for all cases, and the sample height varies from
2.5 to 9.6 nm. The strength is determined as the maximum stress reached.

Sample size 2h Strength
(nm) (GPa)
2.5 54.28
3.4 57.67
4.9 52.46
6.5 51.48
8.4 45.97
9.6 43.19

9.6 a 54.56

aThis represents a sample without edge crack, for comparison (pro-
viding an estimate of the theoretical strength of a defect-free material).
The comparison with the other strength values shows that the strength
reached for the samples in the flaw tolerant state reach the theoretical
strength.

different phenomena besides crack opening occur. For small size cases, many defects emerge in
different parts of the samples, which then grow until the maximum stress is reached. For larger
samples, we find that failure is more localized around the crack tip region.

Beyond the maximum stress, failure occurs in different modes depending on the sample
size. For small samples, it occurs more gradually and it is not characterized by a clear crack
path. Damage is widespread due to the formation and interaction of many small defects over
the whole volume, as shown in Figure 5.4a. The growth of these defects and their interaction
lead to the global failure of the slab. By increasing the sample size, a clear crack path can be
noticed, as is confirmed in Figure 5.4b, where snapshots related to the failure of samples of
different sizes are shown. We emphasize the different strain levels at which snapshots are taken
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in Figures 5.4a versus 5.4b; failure in the smaller sample occurs at strains in excess of 70%,
whereas the crack spreads through the sample at a strain of about 10% in the larger case.

(a) (b)

Figure 5.4: Snapshots of the failure mechanisms of two different samples at different applied
percent strain (numbers given in %): (a) sample with height 2h = 2.5 nm; (b) sample with
height 2h = 8.4 nm. The smaller sample is characterized by a more distributed mode of
failure with significantly larger strain levels, while in the latter a clear crack path can be
recognized, with failure occurring at relatively small applied strains.

Continuum fracture mechanics predicts that the area near the crack tip represents a region of
stress concentration. Figure 5.5 shows the stress-strain curves and stress fields for two samples
of different sizes, confirming that there is a clear difference between the two cases. The colors
reveal the stress distribution in the middle section of each sample, referred to the critical strain
ε∗, before failure occurred. In the smaller sample (Figure 5.5c) with 2h = 2.5 nm, the stresses
are homogenously distributed, whereas in the larger one (Figure 5.5d) with 2h = 8.4 nm, a
concentration of higher stresses is clearly visible ahead the crack tip.

This phenomena is directly seen in Figure 5.6, where we plot the stress distribution in a thin
strip ahead of the crack tip just before failure occurs. The graph shown in Figure 5.6 confirms
that the small sample is characterized by a quasi-homogenous stress distribution, whilst the
larger ones are characterized by a high stressed region near the crack tip. The larger the size,
the more localized the area of high stress concentration. This analysis reveals that the stress
field becomes increasingly homogeneous as the size is reduced. In particular, for small samples
below 2h = 3.4 nm, the stress field is essentially homogeneous and the stress concentration
disappears.
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(a) (b)

(c) (d)

Figure 5.5: Stress-strain curve of two samples: (a) sample with height 2h = 2.5 nm; (b) sample
with height 2h = 8.4 nm. Maps of the stress distribution for two cases: (c) sample with
height 2h = 2.5 nm; (d) sample with height 2h = 8.4 nm. The maps show the stress field (in
the middle section of each sample) at the critical strain ε∗, which is highlighted in the curves
above. Also, the maximum stress (σmax), reached before failure occurs, is highlighted in the
two curves.

From the stress-strain curves depicted in Figure 5.3 we calculate the strength and find that
it is clearly affected by the size. The strength, defined as the maximum stress reached during
the test, is generally higher for smaller samples. Strength values of all the samples are shown
in Table 5.1. On the basis of the results presented above (e.g. failure mode, stress field, stress
distribution from the crack tip to the far field) we observe that a distinct change in the me-
chanical behavior occurs at around 2h = 4.15 nm. By considering the determined values of the
strength (normalized by the maximum stress achieved in the uncracked sample) as a function of
the inverse of the square root of the sample size

√
hcri/h, a bilinear trend is found (Figure 5.7).

According to the results found here, we identify 2h = 4.15 nm as a critical size. By comparing
the data with the prediction of the Griffith’s theory, we confirm that this theory is valid only for
samples larger than the critical size, whereas for the smaller ones this theory does not hold, in
agreement with the hypothesis put forth in [13]. These findings corroborate the concept that, at
the nanoscale, flaw tolerance occurs in HAP crystals below a critical size.

5.5 Remarks

The results of this study, summarized in Figure 5.8 reveal that a decrease in the crystal size
causes a change in the mechanical behavior and the occurrence of new deformation phenom-
ena: i) a change in the failure mode, from a brittle-like crack-driven failure in larger samples
to a more spread failure mode in the smaller ones, ii) a change in the stress field, from a het-
erogeneous stress field with a pronounced stress concentration at the tip of the crack to a very
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Figure 5.6: Stress field reaching from the crack tip to the far field for all samples shown in
Table 5.1 and in Figure 5.3. The longitudinal stress field, averaged over a thin strip in the
middle and over the entire thickness, is plotted against the x-direction (the zero x-coordinate
represents the crack tip). The values on both the axes are normalized by the maximum values,
respectively. The continuous lines represent power law fits to the atomistic data.

Figure 5.7: Normalized maximum strength over the normalized sample size. Comparisons with
the Griffith theory prediction are given, showing a clear deviation at small length scales
below the critical size 2h = 4.15 nm.
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Figure 5.8: Summary of the principal findings described in Chapter 5: flaw tolerance occurs
below a certain critical size, which corresponds to the nanosize of HAP crystals in bone
[5, 29, 41, 42]; HAP crystals fails in a non-brittle mode with large strain at failure and
strength approaching the values of uncracked samples; the stress field, before critical crack
propagation occurs, is homogeneous, showing no stress concentration at the tip of the crack.

homogeneous stress field, iii) a general improvement of the mechanical properties (i.e. strength,
strain at failure, and hence toughness modulus), approaching the values of the crystal without a
crack. Our findings confirm the hypothesis put forth in an earlier paper [13] that mineral crystals
become flaw-tolerant below a certain size, typically at the nanometer length-scale. Moreover,
we have directly calculated the critical length scale for flaw tolerance in a HAP crystal and
identified it to be around 4.15 nm (here, done for a sample aspect ratio of 2h/w = 0.138), a
value corresponding to the nanosize of HAP crystals in bone [5,29,41,42]. Indeed, the concept
of flaw-tolerance may explain how biological materials can gain superior mechanical proper-
ties, by arranging them in hierarchical structures with characteristic dimensions at each level.
This insight may be important for a variety of applications including tissue engineering [3], the
development of biocompatible composites [7] and understanding diseases related to bone and
bone formation [43, 44].

Also, this concept is helpful in understanding the origin of the mechanical stability of the re-
inforcing HAP platelets in bone, providing an explanation of the toughening mechanisms acting
at subnanoscale. These mechanisms can be mimicked in the design of new tough biomimetic
materials. Indeed, nanosized hard platelets (like HAP) can be implemented in the design of
bio-inspired composite materials to improve the toughness characteristic. In this thesis work,
this insight may lay the groundwork for a further improvement of the design of the new bone-
inspired composite, described in Chapter 6-7.
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Chapter 6

Bio-inspired Composite: from Concept
to Realization

In the first chapters, we reviewed the concept of biomimetic, along with its approach and ap-
plications, followed by an overview of synthetic composite materials, with a special attention
to natural composites. We mainly focused on bone, as an interesting natural composite, whose
properties are strongly affected by its complex hierarchical structure. In this chapter, we start
with a discussion about the toughening mechanisms in bone. Then we introduce the biomimetic
approach used to mimic the bone microstructure, and we describe, in detail, the entire process
of realization of a new bio-inspired material, from the initial concept to the final design and
manufacturing.

6.1 Introduction

Bone has been a source of inspiration for many biomimetic materials [1]. Trees and bones
are constantly reforming themselves along lines of stress; this algorithm has been put into a
software ad used to make lightweight structures (i.e. beam, bridges). Also GM Opel used it to
create the skeleton of the so-called bionic car, using the minimum amount of material required
to get the maximum strength, thus optimizing the strength-to-weight ratio. Moreover, one of the
best thing nature does is to minimize the amount of materials used: nature uses five polymers to
build such a great variety of structures; man, instead, uses more than 350 types of polymers, with
the drawbacks of increasing pollution and recycling-related issues. In the previous chapters, we
got an insight into the bone mechanical properties at the nanoscale, by studying the behavior of
its basic building blocks with an atomistic approach.

In the following sections we present how, with a biomimetic approach, we attempt to learn
from nature and take advice from it. Indeed, this chapter is dedicated to the description of a new
biomimetic composite material, inspired to the bone structure: from its concept and design, to
the manufacturing; the following chapter (Chapter 7) is focused, instead, on the mechanical
characterization of the newly designed material and the comparison with a classical laminate
composite.

6.2 The Approach

The approach followed to be mimicked the bone structure consists of different phases: i) first
of all the choice of the hierarchical level to mimic, in order to reproduce the mechanical perfor-
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Figure 6.1: Representation of the microstructure of bone: on the left, spongy bone; on the
right, the complex microstructure of cortical bone, characterized by the repeating osteon
unit. Adapted from [2].

mance, ii) the definition of a concept, iii) the feasibility assessment, iv) the choice of materials
and manufacturing technique, and v) the realization. In particular, the phases ii)-iii)-iv) are
strictly connected, since the initial design is simplified to make it feasible with respect to the
available manufacturing techniques. In phase iv) we also take a look to the costs, with the aim of
proposing a cost-effective solution, compared to the other common composite materials, used
in the structural field. Beside the new proposed material, a conventional composite laminate is
also produced, and tested to allow a complete comparison with the bio-inspired one. We want
to point out that the materials presented in this chapter, have been manually produced by one
MSc student in the laboratory of the Clausthal University of Technology.

6.3 Bone Model

The hierarchical level, chosen as a model for the bone-inspired material is the level 5, described
in Section 1.5.3, and characterized by the osteon or Haversian structure, shown in Figure 6.1.

6.3.1 Haversian System: Mechanical Properties

The microstructure of bone has been largely studied in the literature, to understand the role of
the repeating unit (i.e. the osteons and their building blocks, the lamellae) on the mechanical
properties of bone. In particular, Ascenzi and co-workers have largely examined the anisotropic
mechanical properties of single Haversian systems, by experimental measurements under dif-
ferent loading conditions (i.e. tension, compression, bending and torsion) [3–6].

In tension, they measured the effects of the anisotropy on the elastic moduli and strength,
by taking two types of samples 50 µm wide, smaller than a single osteon: i) the first type with
the majority of lamellar orientation in the longitudinal direction, and ii) the second type, with
adjacent lamellar orientations at sharp angles to each other [3]. Beyond determining the proper-
ties, they also claim to have microscopic evidence of failure: for instance, in tension transverse
lamellae have shown to fail first and the osteon were kept together by the longitudinally oriented
ones. Other literature studies [7] also confirmed that the majority of fibers is longitudinally ori-
ented in the osteons. Results are shown in Table 6.1, where the higher values are referred to
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longitudinal samples. In compression, Ascenzi et al. measured the effects of the anisotropy
on single osteon samples, finding they were half as stiff as in tension, but comparable in terms
of strength, with those in tension [4]. In bending, they found lower stiffness values but con-
siderably higher strength values [5]. In torsion, they found that longitudinal lamellae are more
resistant; however, an optimal combination of stiffness and strength has been found for torsional
loadings [6].

The literature results, above discussed, showed that osteons with longitudinal lamellae are
better for tension and torsion, and stronger in bending, whereas osteons with alternating lamel-
lae are more appropriate for compression. Results are summarized in Table 6.1, where on the
third column the first values (in each row) are referred to longitudinal samples, and the second
values to interchanging orientational characterization of lamellae.

Table 6.1: Literature survey of mechanical properties of the Haversian system. The values
included in the third column are referred to longitudinal samples (first values) and to inter-
changing orientation of lamellae (second values).

Study Property ValueValue Test Method Samples

Ascenzi et al. [3] Elastic moduli (GPa) 12 5.5 Tensile From cortical bone
Tensile strength (MPa) 120 102

Ascenzi et al. [4] Stiffness (GPa) 6 7 Compressive From isolated osteon
Compressive strength (MPa) 110 130

Ascenzi et al. [5] Bending stiffness (GPa) 2 3 Bending From calcified osteons
Bending strength (MPa) 390 350

Ascenzi et al. [6] Torsional stiffness (GPa) 20 16 Torsional From calcified osteons
Torsional strength (MPa) 200 160

6.3.2 Haversian System: Toughening Mechanisms

This level has revealed to play an important role in determining the bone toughness, by ac-
tivating the so called extrinsic toughening mechanisms, which are object of large studies in
the literature [2, 8], and are thought to be the source of micro- and macroscopic toughness in
many biological materials. These mechanisms involve microstructural processes that inhibit the
crack growth, by increasing the dissipation capacity, hence the toughness of bone. However,
according to Launey et al. [8], the toughness of bone results form a mutual competition be-
tween extrinsic and intrinsic toughening mechanisms, predominating at scales above or below
1 µm, respectively. In the range of 10-100 µm, which corresponds to the osteon level, the main
toughening (extrinsic) effects result from crack deflection and twisting, crack bridging by un-
cracked ligaments, constrained microcracking, and collagen-fibril bridging. According to Nalla
et al. [9], these mechanisms contribute, in different measures, to a global increase in toughness
of 2-5 MPa

√
m; the largest contribution is given by crack deflection [10]. These mechanisms

affect the crack growth, rather than the crack nucleation [8,11]. Figure 6.2 shows the toughening
mechanisms acting at a scale above 1 µm in bone. Crack bridging is a toughening mechanism
also common among synthetic composite materials, where intact fibers act as a bridge, behind
the crack tip, between the two surfaces of the crack, carrying out the load, and thus prevent-
ing the crack propagation. In bone instead, the bridging function is played by collagen fiber.
Considering the architecture of bone at this level, a key-role is played by the osteon structural
elements, which are supposed to be responsible of the crack growth; in particular, according
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(a) (b)

(c) (d)

Figure 6.2: Toughening mechanisms in bone at different length scales in the 1-100 µm range
[2]. (a) Crack deflection and twist: a crack, starting from a notch, encounters microcracks
at the weak boundary of adjacent osteons (indicated with a black arrow); those microcracks
cause energy dissipation and deviation of the growing crack from the direction of the max-
imum tensile stress, leading to an increase in toughness. (b) Constrained microcracking:
effect of compression in the region around the main crack, preventing the crack to quickly
propagate; such effect of compression is given by the presence of a large amount of small
microcracks, which are naturally occurring in bone, allowing the remodeling process. (c)
Uncracked-ligament bridging: an unbroken region, located between the growing crack a
smaller crack, initiated ahead of it, can act as a bridge, increasing the toughness by carry-
ing significant load. (d) Collagen fibril bridging: unbroken collagen fibrils act as a bridge
between the two crack surfaces, preventing crack opening and growing.

to Nalla et al. [12], these cylindrical elements seem to control the crack path, deflecting and
twisting the crack along the osteons outer boundary, consisting of cement lines, also considered
as prime sites where microcracks form. Indeed, according to Ritchie et al. [2], bone is far more
difficult to break than it is to split. In particular, Nalla et al. [9] reported a measurement of
toughness, after only 500 µm of cracking, 5 times higher in transversal direction (breaking),
than in longitudinal direction (splitting). This also confirm that bone toughness, as the other
mechanical properties of bone, is affected by the characteristic anisotropy of this material. In
fact, the fracture behavior of bone, at the osteon level, is characterized by different crack paths
in the two directions. In the longitudinal direction, a mechanism known as uncracked-ligament
bridging occurs: the microcracks, originated at the cement lines, are parallel to the growing
crack, and they create, locally, some small regions acting as a bridge along the microcracks and
allowing the load-bearing function. In the transverse direction, the microcracks originated at
the cement lines have a perpendicular direction compared to the growing crack, causing crack
blunting by deviating and splitting the propagating crack along the osteon main direction. In
fact, when a crack is propagating perpendicular to an osteon, it will change direction when
it reaches a cement line; deflection and twisting act as dissipation mechanisms, resulting in
an increase in toughness. Figure 6.3 shows the process of longitudinal and transversal crack
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propagation, along with a schematic representation with the osteon geometry.

(a) Osteon (b) Longitudinal crack propaga-
tion

(c) Transversal crack propagation

Figure 6.3: Schematic representation of the osteon cylindrical structure and examples of crack
propagation in cortical bone (image available from the University of Cambridge). (a) Os-
teon cylindrical structure: the red line represents the Haversian canal, the concentric lines
the lamellae, and the outer line (grey) is the cement line. (b) Example of longitudinal crack
propagation (blue) along the cement line of an osteon cylindrical structure. (c) Example of
transversal crack propagation (blue) in an osteon cylindrical structure: initial propagation
orthogonal to the osteon main axis, and deviation and splitting along the cement line.

In the next sections, we will show the realization of a synthetic composite material, with an
internal structure inspired to the one of bone, above described, of the level 5 of bone hierarchy.
We choose this structure with the aim of replicating the fracture behavior, and improving the
toughness of structural composites. Some simplifications have been introduced to overcome the
problems arisen during the manufacturing process.

6.4 Concept

In this section we show the first concept of the osteon-like structure, along with the simpli-
fications introduced, with respect to the materials and manufacturing process available in the
composite field at the macroscale. Since the osteon-like composite is a synthetic material, many
functions, typical of a living material like bone, cannot be provided. Hence, some simplifica-
tions are introduced during the initial design phase, by choosing only the elements, involved
in the mechanical behavior, to be replicated, and neglecting those that provide biological liv-
ing functions. Figure 6.1 shows the microstructure of cortical bone, also known as osteon or
Haversian structure. Table 6.2 shows the structural elements of the Haversian structure and their
primary function; moreover, it is also shown which functions are chosen to be replicated.
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Table 6.2: Analysis of the osteon structure: definition of components along with structure and
properties; definition of components to be mimicked in the osteon-like composite

Structural Elements Function Model

Circumferential system Outer circumferential lamellae Package Yes
Inner circumferential lamellae Bending strength Yes

Osteon system Haversian canal Primary bloody flow No
Volkmann’s canal Secondary bloody flow No
Canaliculi Secondary bloody flow No
Lacunae Remodeling No
Osteocytes Remodeling No
Lymphatic vessels Nutrients transportation No
Concentric lamellae Stiffness In part

Torsional strength In part
Crack deflection In part

Cement lines Crack deflection Yes
Interstitial system Interstitial lamellae Ensure compactness Yes

6.5 Realization of the Bone-Inspired Material

In this section, we show the final design of the new material. The choice of the materials and
the manufacturing process follows.

The osteon structure is simplified for several reasons: costs, manufacturing time, feasibility
reasons, compatibility with commercial materials and dimensions of commercial composite
laminates.

The characteristic elements of the design of the new composite are the osteons (i.e. internal
lamellae and cement lines), the interstitial lamellae, and the outer circumferential system. The
osteons are reproduced by means of unidirectional bundles of glass fibers (UD-GF), offering
resistance to torsional loadings. Rowing of UD-GF are used to mimic the internal part (i.e.
concentric lamellae) of the osteon. This is a large simplification, since the geometry of the
continuous fibers is completely different from that of concentric lamellae; nevertheless, the
simplified systems aims to mimic the function of the concentric lamellae. The osteon outer
boundaries, called "cement lines", are implemented in the composite by means of± 45◦ carbon
fibers (CF) sleeves, which collect and pack the internal part of each osteon, preserving the
fiber alignment. Beside offering bending strength, these tubular structures aim to reproduce
one of the main properties of bone: the possibility of deflecting and twisting cracks, increasing
the energy level required for the crack growth. Interstitial lamellae, which offer compactness
and fill up the gaps between osteons, are reproduced by longitudinal UD-GF impregnated into
an epoxy resin. The outer circumferential system, which packs the osteon architecture in the
human bone, is here replicated by two external layers of non-crimp fabric (NCF), made of UD-
GF. These two skins of NCF are placed at the top and bottom of the composite respectively,
with the function of packing the internal tubular bio-inspired structure and offering a final flat
and uniform surface to the whole composite panel. Here another simplification is introduced,
replacing the circumferential structure with a flat one, both for manufacturing reasons and also
to allow a larger variety of applications in the structural field as composite panels. Figure 6.4a
shows the final structure, after all the above mentioned simplifications; Figure 6.4b, showing the
microstructure of cortical bone, allows a direct comparison. Another significant approximation
to point out is the scale difference (about one order of magnitude): the osteon size ranges
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(a) (b)

Figure 6.4: Comparison between the structure of the osteon laminate and the microstructure
of cortical bone. (a) Representation of the internal structure of the osteon laminate with the
designed components. (b) Microstructure of the cortical bone; the most important structural
components are color-highlighted. The color corresponds to the mimicked elements in (a).

from 100-200 µm, whereas the osteon size in the bio-inspired composite is about 4-5 mm. A
summary scheme, showing the mimicked structural elements and the introduced simplifications,
is given in Table 6.3. Beside the bio-inspired material, another laminate is also produced for

Table 6.3: Structural components chosen to be mimicked: design and simplifications.

Osteon structural elements Biomimetic composite structural elements Model simplifications

Outer circumferential lamellae (UD-GF)-NCF Geometry (flat)
Inner circumferential lamellae Bundles of UD-GF Orientation (concentric to UD)
Cement lines CF-sleeves Fiber orientation; size
Interstitial lamellae Bundles of UD-GF + epoxy resin Orientation

comparative reasons, by using the same materials as reinforcement and matrix. Figure 6.5
shows a schematic example of the bio-inspired composite and that of a classical laminate. In
the following, we describe the materials chosen for the new composite structure and for the
comparative laminate, and the manufacturing process.

(a) (b)

Figure 6.5: Schematic axonometric view of the two realized materials: (a) the internal structure
of the osteon laminate with the designed components; (b) the internal structure of a classical
laminate with a typical lay-up.
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6.5.1 Choice of Materials

The materials are chosen so as to the be able to reproduce the designed system and the desired
characteristics. Important parameters to be considered are also: the compatibility of the materi-
als with the most common manual lamination techniques, the availability of those materials on
the market, and the limited costs. A brief description of the chosen materials follows; technical
specifications for all the described materials are given in Appendix C.

6.5.1.1 Material for the Osteons

The materials chosen to replicate the osteons (i.e. outer boundaries or cement lines) are carbon
fiber sleeves, with a nominal diameter of 5 mm and a ± 45◦ lay-up. The woven lay-up and the
fiber orientations are chosen so as to provide good torsional properties, whereas the material
(carbon) allows to minimize the size of the sleeves ensuring high performance. We would point
out that the fiber orientation could be affected by the weaving process, resulting in angles,
varying in the ± 25-75◦ range. A representation of the CF-sleeves is given in Figure 6.6a.

6.5.1.2 Material for the Internal Lamellae

Unidirectional glass fibers are chosen for replicating both the internal lamellae and the intersti-
tial ones. The choice of this material is mainly due to low costs and the adaptation to different
manual manufacturing techniques. A representation of the UD-GF is given in Figure 6.6b.

6.5.1.3 Material for the Outer Lamellae

To replicate the outer lamellae, two glass fibers skins are chosen to be put at the top and bottom
side of the laminate, holding the internal tubular bio-inspired structure and offering a final flat
and uniform surface to the whole composite panel. These layers are non-crimp fabric (NCF)
made of UD-GF. Fabrics are generally chosen to improve the impregnation process, ensuring an
even distribution of the resin across the laminate thickness and width. NCF are stitch-bonded
material generally designed to optimally absorb mechanical forces such as pressure and tension.
The chosen NCF is "plain", made of UD-GD and stitches placed orthogonally to the fibers
direction, as shown in Figure 6.6c.

6.5.1.4 Materials for the Matrix

The type of matrix is chosen on the basis of compatibility with the materials chosen as rein-
forcement, and of the manufacturing technique initially planned to be used, which is - in the
present case - the VARI (Vacuum Assisted Resin Infusion). Epoxy resins are also the most used
for structural applications, as explained in Chapter 2, either for their compatibility with a large
variety of reinforcement types and for their good mechanical properties.

6.5.1.5 Materials for the Comparative Laminate

For the comparative laminate, all the above described material are used, except for the carbon
sleeves; these are replaced by a CF-NCF (Figure 6.6d), with a± 45◦ orientation, to be consistent
with the osteon laminate. The volume ratio of the fibers (∼53%) and matrix (∼47%) is the same
for both the osteon- and the comparative-laminate; also, the volume ratio of carbon (∼7%) and
glass (∼46%) fibers is the same for the two material types.



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 91 — #109 i
i

i
i

i
i

6.5 Realization of the Bone-Inspired Material 91

(a) CF-sleeve (b) UD-GF (c) GF-NCF (d) CF-NCF

Figure 6.6: Materials used as reinforcement for the osteon laminate and for the comparative
laminate. (a) carbon fiber sleeve with a diameter of 5 mm, used to replicate the osteon.
(b) UD-glass fibers used for internal part of the osteon and the interstitial regions. (c)
NCF made of UD-GF used for the external surfaces of the osteon laminate. (d) NCF with
orthogonally oriented CF used only for the comparative laminate.

6.5.2 Manufacturing

6.5.2.1 Manufacturing of the Osteon Composite

The manufacturing phase of both materials is completely carried out in the laboratory of the
Clausthal University of Technology, by an MSc student. The manufacturing process of the os-
teon laminate is more complicate to that of the conventional laminate, due to the assembly of
elements with different shapes. In particular, the main difficulty is to correctly put the UD-glass
fibers in the sleeves, preserving the fibers alignment, and to hold all the elements together. Three
osteon laminates are produced, by gradually improving the manufacturing technique, in terms
of lamination time and quality of the end-product. The manufacturing process consists in three
main phases: 1) sizing, 2) lamination, and 3) impregnation, here briefly described.

Sizing

In this first phase, the diameter of the sleeves and the proper fiber ratio are determined.
According to the producer, the CF-sleeves diameter varies in the 2.5-11 mm range, and also
the fiber orientation between 25-75◦; see Appendix C. Since different diameters correspond to
different fiber orientation, we fix the fiber angle to 45◦, and we obtain a sleeve diameter of 4.5
mm. By means of geometrical observations, we determine the correct amount of fibers for the
intra- and inter-sleeves regions. We consider A1 as the intra-osteon area, A2 the inter-osteon
area, and A3 the sum of them, as simplified in Figure 6.7. Equations 6.1, 6.2, and 6.3 are given
below:

A1 =
πd2

4
(6.1)

A2 =
A3 −A1

2
(6.2)
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Figure 6.7: Schematic representation of the microstructure of the bone-inspired composite used
for the sizing of the fibers; A1, A2, and A3 are the three areas to be fulfilled with UD-GF.

A3 = d2 (6.3)

By considering that the same type of fibers are used for the intra- and inter-sleeve area, we
calculate the intra/inter fiber ratio, corresponding to 7:1 (see Equation 6.4).

rf =
A1

A2
=

π

4− π
(6.4)

Lamination

The method, here called "Long tube sewing frame", is completely manual. It includes the
sleeves cut, the filling with the UD glass fibers, the sleeves end-fixing, and the placement of
stretched UD glass fibers, with the aid of a sewing frame, to simplify the lamination process
and ensure the fiber and the tubes alignment and the laminate compactness; finally the stitching,
and the removal of the sewing frame.

A schematic representation of the lamination is given in Figure 6.8, along with the final
product, immediately before the impregnation process.

Resin impregnation

The Vacuum Assisted Resin Infusion (VARI) is initially chosen for the resin impregnation,
on 110x50 mm plates, where the longer direction corresponds to the principal osteon direction.
The curing time is 48 hours at room temperature. After testing three slightly different VARI
methods, a new method is defined, to solve the problems arisen during the impregnation testing.
The method used for the manufacturing of the osteon laminates lays in between the VARI and
the RTM: the resin flow is generated by a vacuum pump, but the resin injection occurs through
a mold. This method ensures a uniform impregnation, and a good surface finishing. Figure 6.9
shows the resin impregnation, the curing phase, and one of the final biomimetic laminates.

It should be stressed that, being the manufacturing technique manual, the results are not
repeatable, but many defects can be introduced during the process, affecting the quality of the
end-product.
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(a) (b)

Figure 6.8: Schematic representation of the manual lamination process of the bio-inspired
composite: (a) lamination and particular of the osteon-inspired tubular structure; (b) final
internal structure before the impregnation process.

(a) (b) (c)

Figure 6.9: Schematic representation of the manual impregnation process of the bio-inspired
composite: (a) resin impregnation with resin and hardener; (b) curing, (c) final product.

6.5.2.2 Manufacturing of the Comparative Laminate

The comparative laminate is made by a classical process of manual lamination, by using three
types of fibers: 1) (UD-GF)-NCF (the same used for the osteon composite), manually placed;
2) UD-GF (the same used for the osteon composite) placed by means of filament winding; 3)
(± 45◦ CF)-NCF. The final laminate has the following stacking sequence:

[GF-(0◦)4, CF-(± 45◦)2, GF-(0◦), CF-(± 45◦)]s

UD-glass fibers are mainly placed by filament winding, ensuring a high alignment, except for
the two outer layers, at the top and the bottom of the laminate, which are NCF used to ensure
a flat surface and a good finishing. The carbon layers have the same orientation of those in the
osteon laminate but they are in the form of flat non-crimp fabrics (i.e. (± 45◦ CF)-NCF). Figure
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(a) (b) (c)

Figure 6.10: Schematic representation of the manual impregnation process of the comparative
laminate: (a) resin impregnation with resin and hardener; (b) curing, (c) final product.

6.10 shows part of the lamination process (i.e. filament winding), the impregnation, and the
final product. Table 6.4 summarizes the manufactured composites and their specifications.

Table 6.4: Technical specifications of the final bio-inspired composite plates (1-2-3) and the
comparative laminates.

Osteon composite 1 Osteon composite 2 Osteon composite 3 Comparative laminate

Thickness [mm] 5 5 5 5
Density [g/cm3] 1.75 1.82 1.77 1.74
% Vol fiber 54 51 53 54
% Vol CF-fibers 6.4 6.4 6.5 6.3
% Vol GF-fibers 48.2 47 48.3 48.3
% Vol resin 45.4 46.6 45.2 45.4

6.6 Remarks

In this chapter we show the first concept of the osteon-like structure, along with the following
simplifications, introduced to the initial design. Large simplifications consist in eliminating
those features that provide living functions in bone, since we design a synthetic bio-inspired
composite, and concentrating only on structural elements that provide mechanical functions.
Further simplifications are introduced in the manufacturing phase, with respect to the materials
and manufacturing process available in the composite field at the macroscale. Materials for
the new design, and also for the comparative material, are chosen among the most common
materials used in composite design for structural applications, for their cost, availability in the
market and compatibility with the most common lamination techniques. We briefly describe the
adopted the manufacturing technique, which leads the final design to a final end product, along
with the problems arisen during this phase. The validity of the proposed design is assessed in
Chapter 7, by means of an experimental characterization of both the materials, the biomimetic
and the conventional composite.
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Chapter 7

Experimental Characterization of the
Bone-inspired Composite

This chapter is dedicated to the mechanical characterization of the newly designed composite
material, accurately described in Chapter 6. The purpose of this chapter is to assess the me-
chanical properties of the bio-inspired composite in order to define its potential applications in
the structural field. We also compare the mechanical behavior of the bio-inspired material with
that of a conventional composite laminate, by performing an experimental characterization of
both the materials. The aim of this comparative study is to provide a direct comparison with
a typical laminate, used in the structural field, to establish the advantages and shortcomings of
the new design with respect to a common design.

7.1 Introduction

Cortical bone, is mainly subjected to flexural and compressive loads. Hence, bone hierarchi-
cal structure is organized so as to adapt to those loading conditions and to provide additional
functions. Since the biomimetic composite material is inspired to the bone structure and to its
response to those loads, we need to determine the mechanical behavior of the new composite,
under various loadings, in order to assess the validity of the design described in Section 6. In
this chapter, we describe the mechanical characterization of the bio-inspired composite material,
subjected to static loadings (tensile, compressive, flexural). Also, the fracture behavior in pres-
ence of flaw, which is considered to be the most interesting for the present case, is described.
Being the two composites anisotropic, the mechanical response for both the longitudinal and
transversal directions is investigated, to allow a comprehensive analysis. All the described tests
are carried out in the laboratories of the Department of Mechanical Engineering of Politecnico
di Milano.

To investigate whether the new design will be able to reproduce the fracture mechanisms
of bone, leading to a toughness improvement with respect to conventional laminates, we also
characterize the mechanical behavior of a comparative composite laminate, whose internal or-
ganization is described in Chapter 6.

7.2 Experimental Testing

In this section we present all the kinds of tests carried out on the two materials, with a brief de-
scription of each test method. All the tests are carried out on both the osteon and the comparative
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Figure 7.1: Draft showing the geometry of the specimens used for tensile and compressive tests.

laminate, which differ only for the internal structure (i.e. organization of the reinforcement).
Both the effects of the longitudinal and the transversal direction on the mechanical response are
investigated, under tensile, compressive, and flexural loading. Then, the effects of the presence
of a crack, orthogonal to the main osteon or fiber direction, is studied through translaminar
fracture toughness tests. All the tested specimens are cut from the plates, which are manually
produced, and described in Chapter 6.

7.2.1 Tensile Tests

Tensile tests are carried out according to the standard ASTM D 3039/D3039M-08 [1], which
provides a test method to determine the in-plane tensile properties of polymer matrix composite
materials reinforced by high-modulus fibers. As suggested by the standard [1], the specimens
are rectangular and with adhesively bonded tabs at the ends, avoiding stress concentration, due
to the grips pressure, and misalignment, thus providing an even stress distribution and a correct
load transfer through the grips. Tabs are bonded with Araldite R© epoxy adhesive. A draft of
the tested specimen type is given in Figure 7.1. The dimensions are shown in Table 7.1. We
want to point out that some dimensions, such as the thickness, t, and the width, w, are different
from those suggested by the standard: the former is due to the thickness of the carbon sleeves,
whereas the width is chosen so as to include at least the entire osteons across the width, w, of
each specimen. Tensile tests are carried out at room temperature in displacement control mode,

Table 7.1: Nominal dimensions of specimens for tensile tests.

Dimension Longitudinal Transversal

Length, L [mm] 250 175
Thickness, t [mm] 5 5
Width, w [mm] 20 25
Tab length, s [mm] 80 35

with a cross-head speed of 2 mm/min. Specimens are clamped in the grips of the machine, with
a pressure of 20 MPa, and a data acquisition frequency of 5 Hz is used. Two tensile testing
machines are used: 1) for the longitudinal samples, the Schenck hydraulic machine, endowed
with a load cell of 250 kN; 2) for the transversal samples, the MTS Landmark ServoHydraulic
machine endowed with a load cell of 100 kN. Force-strain data are determined by means of an
extensometer: an MTS 634.06H with a gage length of 50 mm and a maximum extension of 25
mm for the longitudinal samples, and an MTS 634.31F-24 with a gage length of 50 mm and
an extension up to 4 mm for the transversal ones. An example of the testing setup is shown in
Figure 7.2a.
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(a) (b)

Figure 7.2: (a) Experimental setup of a tensile test; the sample is clamped into the grips and
an extensometer is placed. (b) Examples of specimens to be tested.

7.2.2 Compressive Tests

Compressive tests are carried out according to the standard ASTM D3410/D 3410M-03 [2],
which describes a test method to determine the in-plane compressive properties of polymer ma-
trix composite materials reinforced by high-modulus fibers. As required by the standard [2], the
specimens are rectangular and with adhesively bonded tabs at the ends, avoiding stress concen-
tration, due to the grips pressure, and misalignment, thus providing an even stress distribution
and a correct load transfer through the grips. Tabs are bonded with Araldite R© epoxy adhesive.
A draft of the tested specimen type is given in Figure 7.1. The dimensions are shown in Ta-
ble 7.2. Also for compressive specimens some dimensions, such as the thickness, t, and the
width, w, are different from those suggested by the standard: the former due to the thickness of
the carbon sleeves, whereas the width is chosen so as to have at least the entire osteons in the
specimen cross-section. Compressive tests are performed at room temperature in displacement

Table 7.2: Nominal dimensions of specimens for compressive tests.

Dimension Longitudinal Transversal

Length, L [mm] 155 150
Thickness, t [mm] 5 5
Width, w [mm] 15 25
Tab length, s [mm] 67.5 65

control mode, with a cross-head speed of 1.5 mm/min. Specimens are clamped in the grips
of the machine, with a pressure of 20 MPa, and a data acquisition frequency of 5 Hz is used.
According to the standard [2], it is recommended to endow the specimen with a lateral driving
system, to improve the alignment and to avoid buckling failure. In this case, we perform the
tests without the lateral guide because no buckling problem arises. The experimental setup is
shown in Figure 7.3.
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(a) (b)

Figure 7.3: (a) Experimental setup of a compressive test with the sample clamped into the
grips. (b) Samples to be tested.

7.2.3 Flexural Bending Tests

Flexural bending tests are carried out according to the standard UNI-EN ISO 14125 [3], which
specifies a method for determining the flexural properties of FRP-composites under three-point
and four-point loading. In [3] standard test specimens are defined, but additional parameters are
included for alternative specimen sizes for use where appropriate; also, a range of test speeds is
included.

In this work, the three-point-bending configuration is chosen. As required by the standard
[3], the specimens are rectangular. The dimensions are shown in Table 7.3. A draft of the
tested specimen type and the loading configuration is given in Figure 7.4. Tests are performed

Figure 7.4: Drawing of the three-point-bending configuration.

Table 7.3: Nominal dimensions of specimens for three-point bending tests.

Dimension Longitudinal Transversal

Length, L [mm] 150 150
Thickness, t [mm] 5 5
Width, w [mm] 20 15
Support Span Length, l [mm] 100 100
Supporting Roll Diameter, R1-R2 [mm] 5-5 5-5
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at room temperature, in displacement control mode with a cross-head speed of 2 mm/min, by
using a universal tensile testing machine MTS Alliance RT-100. Each specimen is supported by
two bearing rolls and subjected to bending loading by applying an axial compressive load at its
center, by a third bearing load induced by the cross-head displacement. The cross-head speed
is constant until the deflection reaches a prefixed limiting value, or until failure occurrs. The
purpose of this test is to obtain force-deflection data: force data are acquired through the load
cell (HBM U10M with a norminal force up to 25 kN), whereas the mid-span deflection data
through a deflectometer (MTS model 632-06H-30). Data acquisition frequency is set to 5 Hz.
Due to the large deflection, we apply two lateral supports to limit the transversal displacement
of the load bearing rolls. The experimental setups, before and after applying the additional
supports, are shown in Figure 7.5.

(a) (b)

Figure 7.5: Three-point-bending tests: experimental setup. (a) Initial setup. (b) Final setup
with two lateral supports to limit the transversal displacement of the load bearing rolls.

7.2.4 Translaminar Fracture Toughness Tests

Translaminar fracture toughness tests are carried out according to the standard ASTM E1922-04
[4], which describes a method for the determination of translaminar fracture toughness, KTL, for
laminated and pultruded polymer matrix composite materials of various ply orientations, using
test results from monotonically loaded notch specimens. This method involves single-edge-
notch, ESE(T), specimens in opening mode loading. According to [4], KTL values, determined
with this test, can quantitatively establish the effects of fiber and matrix variables and stacking
sequence of the laminate on the translaminar fracture resistance of composite laminates. Also
this type of test can serve as a method to investigate how the fracture propagate in the bio-
inspired composite and in the comparative laminate, allowing a final comparison.

Specimens are cut following the geometry and dimensions suggested by the standard [4];
for this kind of test there are no requirements for the thickness. A diamond impregnated copper
slitting saw is adopted to create a narrow notch. The geometry and dimensions of the tested
specimens are shown in Figure 7.6. Pin-loading clevises are used to apply the load to the
specimens, as shown in Figure 7.7a. A displacement gage is used to measure the displacement
at the notch mouth during loading. The gage is attached to the specimen using knife edges,
adhesively bonded to the specimen. Tests are performed at room temperature, in displacement
control mode with a cross-head speed of 1 mm/min, by using a universal tensile testing machine
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MTS Alliance RF-150, endowed with a load cell of 90 kN. Data acquisition frequency is set to
20 Hz. The experimental testing setup is shown in Figure 7.7b.

Figure 7.6: Drawing of the ESE(T) specimen for translaminar fracture toughness tests.

(a) (b)

Figure 7.7: (a) Test arrangement for translaminar fracture toughness tests: load is applied
through pin clevises and a displacement gage, mounted on knife edges, is used to measure
the notch opening displacement (adapted from [4]). (b) Experimental setup of translaminar
fracture toughness tests.

7.2.5 Interrupted Fracture Toughness Tests

Beyond translaminar fracture toughness tests, carried out according to the standard [4], we
also performed interrupted translaminar fracture toughness tests. We use the specimens with
the same geometry and size of those described in Section 7.2.4. Tests are performed at room
temperature, in displacement control mode with a cross-head speed of 1 mm/min, by using
a servohydraulic testing machine, MTS Landmark, endowed with a load cell of 100 kN. The
load is not monotonically applied, as in the tests described in Section 7.2.4, but interrupted
every 0.5 kN, for few minutes, to allow microscopic analyses. For the microscopic analyses an
optical microscope, endowed with LEICA DFC 290 lens, is used; a computer, connected to the
miscroscope, is used for image acquisition and also to monitor the crack propagation during the
test. The experimental setup is shown in Figure 7.8.
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(a) (b)

Figure 7.8: (a) Test arrangement for the interrupted translaminar fracture toughness tests: an
optical microscope is placed in front of the specimen surface and connected to a computer
to monitor the crack growth. (b) Image acquisition, during an interrupted translaminar
fracture toughness test, with a computer connected to the optical miscroscope.

7.2.6 Microscopic Analyses

The specimens subjected to the translaminar fracture toughness tests, described in Section 7.2.4,
are then analyzed by means of a scanning electron microscope (SEM). The specimens are cut in
the vicinity of the zone where the crack has propagated and observed with an SEM Evo 50 EP
Zeiss by Oxford Instrument. The SEM has a maximum magnification of 105X and it is endowed
with a spectrometer, allowing for an energy dispersive X-ray spectroscopy (EDS), an analytical
technique used for the chemical characterization of the samples. Thanks to this instrument, it
is possible to obtain secondary electrons topographic-contrast images of the samples, or images
with contrast between areas with different chemical compositions, by means of backscattered
electrons (BSE). Sample surfaces need to be accurately prepared, cleaned and made conductive
in case of non metallic materials. In this study, we clean the sample surfaces and make them
electronically conductive, by sputter-coating with a conductive material (i.e. gold), then we
observe the surface with an SEM.

7.3 Results

In the following, we present the results obtained from all the previously described tests. In each
section, the results of the tests in longitudinal and transversal directions for both the materials,
the bio-inspired composite and the comparative composite, are shown. We show a representa-
tive curve for each specimen type, ensuring repeatability of results, with a direct comparison
between the two materials.

7.3.1 Tensile Tests

Tensile tests are basic tests that allow one to determine the elastic modulus, the tensile strength
and the elongation at breakage. The elastic modulus is determined, as prescribed by the stan-
dard [1], as the slope of the stress-strain curve in the deformation range 0.1-0.3 %. Figure 7.9
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shows the stress-strain curve for two longitudinal specimens: the osteon-like material and the
comparative laminate. For the sake of brevity, being the results repeatable, only one represen-
tative curve for each specimen type will be given. A comprehensive comparison is then given
in Table 7.4, where the average results are shown.

In the longitudinal direction, the behavior of both the materials is approximately linear. The
osteon-like material shows a linear elastic region followed by a bumping region immediately
before failure. In this region the load is slightly increasing and the damage is progressively
spreading across the specimen volume. Failure occurs due to delamination at the osteon inter-
face and debonding between the fibers and the matrix, either inside and outside the osteons. At
the end, failure of UD glass fibers and failure of carbon sleeves occurs. In fact, the final rupture
occurs at 45◦ for the carbon part, and orthogonally for the glass fibers (see Figure 7.10a). The
tensile strength is about 800 MPa, and the elastic modulus 50 GPa, 40% more than the com-
parative composite. The comparative material has a linear behavior, with lower characteristics
than the osteon-composite. Failure occurs mainly to delamination between the carbon layers;
other damages, barely visible, affects the external layers of UD-GF (see Figure 7.10b).

In the transversal direction, the behavior of the two materials are similar, showing a consis-
tent reduction of the mechanical properties. For the osteon structure, the behavior is linear; the
transversal elastic modulus is three times less than the longitudinal one, whereas the reduction
in strength is about 30 times. Damage propagates through the thickness and failure occurs at the
osteon-osteon interface. In fact, this is a weak region, due to the transversal orientation of both
the osteon tubes and the glass fibers. The comparative laminate shows an initial linear behavior,
allowing the measurement of the transversal modulus, slightly inferior to the one of the osteon
composite; then the slope slightly decreases until breakage. Also in this case, a brittle failure
occurs, but at a stress level more than twice that of the osteon material. The results are summa-
rized in Table 7.4. For some of the results, shown in Table 7.4, the standard deviation (St.Dev.)

(a) (b)

Figure 7.9: Comparison between the tensile behavior of the bio-inspired composite and that
of the comparative laminate. (a) Stress-strain curve for the tensile tests on longitudinal
configurations. (b) Stress-strain curve for the tensile tests on transversal configurations.

and the coefficient of variation (CV %) are not given, because the number of valid tests are not
enough. In fact, in some cases, detaching of the adhesively bonded tabs or problems during
testing, make the test not valid.
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(a) (b)

(c) (d)

Figure 7.10: Longitudinal tensile tests: failure mode of the bio-inspired composite (a) and of
the comparative laminate (b). Transversal tensile tests: failure mode of the bio-inspired
composite (c) and of the comparative laminate (d).

Table 7.4: Results of tensile tests on the bio-inspired composite and on the comparative lami-
nate, in both longitudinal and transversal directions.

Longitudinal Transversal

Bio-inspired
composite

Comparative
laminate

Bio-inspired
composite

Comparative
laminate

σR (MPa) Average 797 568 28 65
St.Dev. 53 10 3 -
CV % 6.7 1.8 9.0 -

E (MPa) Average 46864 33245 14558 12366
St.Dev. 4981 - 972 -
CV % 10 - 7 -
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7.3.2 Compressive Tests

Compressive tests show a better behavior for the conventional laminate compared to the osteon
composite, in both longitudinal and transversal directions.

In longitudinal compressive tests, the conventional laminate shows an average compressive
strength 30% higher than that of the osteon structure. This is mainly due to the weak osteon-
osteon interface. Indeed, for the osteon material, the strongest point in longitudinal tensile
and flexural loading, here is the weakest point. The ± 45◦ CF-layers have a load bearing role
in compression, whereas in the osteon structure the effect of the ± 45◦ CF-layers is reduced,
due to slipping at the CF-sleeves interface. The longitudinal behavior for both the materials
is shown in Figure 7.11a. Although the conventional laminate has a higher strength, the com-
pressive stiffness, considered as the slope of the stress-displacement curves, is higher for the
osteon structure. Failures occur at the osteon-osteon interface ("splitting"), in the bio-inspired
structure, and for delamination between the layers in the laminate (Figure 7.12a and 7.12b). It
is interesting to note that the failure mode of the bio-inspired material is similar to the splitting
that occurs in human bone. Like for human bone, which is far more difficult to break than it is
to split [5], also the bone-like composite seems easier to be divided than it seems to be broken,
being the osteon-osteon interface the weakest part.

Similar results are obtained in the transversal direction (see Figure 7.11b), where the con-
ventional laminate shows a higher resistance in compression compared to the osteon structure.
Also in transversal direction, failure occurs at the osteon-osteon interface for the bio-inspired
material and due to debonding and matrix failure in compression for the laminate. The effect
of the marked anisotropy, due to the long tubular structures, is consistent also in compression.
Failure modes, after transversal compressive tests, are shown in Figure 7.12c and 7.12d.

All the results of compressive tests are summarized in Table 7.5. We want to stress that
more precise and reliable results can be obtained by using an appropriate lateral driving system,
to improve the alignment and to avoid buckling failure, as suggested by the standard [2].

(a) (b)

Figure 7.11: Comparison between the compressive behavior of the bio-inspired composite and
that of the comparative laminate. (a) Stress-strain curve for the compressive tests on lon-
gitudinal configurations. (b) Stress-strain curve for the compressive tests on transversal
configurations.
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(a) (b)

(c) (d)

Figure 7.12: Longitudinal compressive tests: failure mode of the bio-inspired composite (a)
and of the comparative laminate (b). Transversal compressive tests: failure mode of the
bio-inspired composite (c) and of the comparative laminate (d).

Table 7.5: Results of compressive tests on the bio-inspired composite and on the comparative
laminate, in both longitudinal and transversal directions.

Longitudinal Transversal

Bio-inspired
composite

Comparative
laminate

Bio-inspired
composite

Comparative
laminate

Rc (MPa) Average 416 581 101 157
St.Dev. 32.5 47.8 2.3 2.4
CV % 7.8 8.2 2.2 1.5
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7.3.3 Flexural Bending Tests

These tests are particularly important for the evaluation of the bio-inspired structure. Indeed,
human bone is largely subjected to flexural stresses.

Three point bending tests show a completely different behavior between the two structures:
in the longitudinal direction the bending strength of the bone-like composite is 15% more than
that of the conventional laminate, and the bending stiffness is 42% higher than that of the lami-
nate. The difference is principally due to the failure modes, which in turn depend on the internal
organization. A peculiarity of the osteon-like material is that it does not show a catastrophic
brittle failure; instead, it is characterized by a progressive failure, with damage evolution and
growing. This phenomenon corresponds, on the stress-deflection curve, to a bumping region,
as shown in Figure 7.13a. This region is not characterized by a drop in strength, but as the first
damages appear, the whole specimen section seems not to be affected by them, maintaining its
load-bearing capability. Observing the bone-like material during testing, we suppose that this
behavior is due to that damages progressively affect different building blocks of the material:
first the osteons, causing splitting and slipping at the their interface; then the external layers,
where the stress reaches its maximum, and finally the longitudinal GF. Indeed, the glass fibers
breakage causes the final rupture of the material. The progressive failure is an advantage of the
bio-inspired material; indeed, in case of structural applications, it allows the damage to be mon-
itored and estimation on the residual life to be made, avoiding catastrophic failure and ensuring
safety.

The classical laminate, instead, shows a completely linear behavior until breakage (Figure
7.13a). This behavior is typical of brittle fiber-reinforced composites. Failure mainly occurs by
delamination at the interface between different layers.

Like the tensile and compressive behaviors, also the flexural behavior is affected by the
marked anisotropy of the bio-inspired composite. Therefore, as expected, this material shows
lower properties under transversal flexural loadings, in terms of bending stiffness and strength,
due to the internal arrangement, which does not ensure continuity. In fact, the classical lami-
nate has a bending strength three times higher than that of the osteon composite, and a bending
stiffness 37% higher. In transversal tests, the osteon structure shows a purely linear behavior
until rupture, whereas the laminate is not linear (Figure 7.13b). The former is due to the matrix,
which plays a crucial role in this loading configuration, the latter instead, is due to the contribu-
tion of the various layers. In the case of the laminate, the stress-deflection curve can be divided
in three parts: the first and the last parts, approximately linear, and one part in between, which
connects the two slope changes. This curve represents the mode of failure and the contribution
given by each component to the material. We suppose that in the first part, the load bearing con-
tribution is given by the external± 45◦ carbon layers; in the middle part, the non linearity is due
to the matrix contribution; finally in the last part, which corresponds to a macroscopic damage
of the material, the middle ± 45◦ carbon layers, subjected to compression, contribute to sustain
the load. We suppose that fracture initiate where the maximum tensile stress is reached (i.e. at
the opposite side to that where the load is applied), then propagates through the thickness. The
failure modes of the two tested materials under longitudinal and transversal loading are shown
in Figure 7.14. In these tests, the bending stiffness is calculated following the standard [3], by
considering the data corresponding to the deformation range of 0.05-0.25%. Also, since in the
transversal three point bending tests on the comparative laminate there was a high deflection,
10% higher than the support span length, a modified formula, suggested by the standard [3], is
used to to calculate the stress, including the effect of the curvature. The results of the three-point
bending tests are summarized in Table 7.6.
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(a) (b)

Figure 7.13: Comparison between the flexural behavior of the bio-inspired composite and
that of the comparative laminate. (a) Stress-strain curve for the three-point bending tests
on longitudinal configurations. (b) Stress-strain curve for the three-point bending tests on
transversal configurations.

Table 7.6: Results of three-point-bending tests on the bio-inspired composite and on the com-
parative laminate, in both longitudinal and transversal directions.

Longitudinal Transversal

Bio-inspired
composite

Comparative
laminate

Bio-inspired
composite

Comparative
laminate

σf (MPa) Average 880 782 59 156
St.Dev. 30 26 3 4
CV % 3.4 3.4 5.1 2.4

Ef (MPa) Average 44296 31108 10585 14583
St.Dev. 2195 595 2061 104
CV % 5.0 1.9 19.5 0.7

Max deflection (mm) Average 7.6 9.2 2.2 12.0
St.Dev. 0.3 0.3 0.2 0.8
CV % 4.0 3.2 9.0 6.5

7.3.4 Translaminar Fracture Toughness Tests

These tests are particularly interesting for the evaluation of the toughness of the bio-inspired
structure and for the investigation of the fracture behavior. Human bone contains a large amount
of cracks and maintains its load-bearing functions in spite of those cracks [6–8]. Synthetic
composites, being non-living materials with a non-hierarchical structure show significant dif-
ferences.

Figure 7.15 shows the load-displacement curves for two specimens: the osteon-like material
and the comparative laminate. For the sake of brevity, being the results repeatable, only one
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(a) (b)

(c) (d)

Figure 7.14: Longitudinal bending tests: failure mode of the bio-inspired composite (a) and of
the comparative laminate (b). Transversal bending tests: failure mode of the bio-inspired
composite (c) and of the comparative laminate (d).

representative curve for each specimen type is given. Then, a comprehensive comparison is
given in Table 7.7, in terms of fracture toughness and strength.

Figure 7.15: Comparison between the fracture behavior of the bio-inspired composite and
that of the comparative laminate. Force - Notch-mouth-displacement curves for both the
materials.
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Table 7.7: Results of the translaminar fracture toughness tests on the bio-inspired composite
and on the comparative laminate.

Bio-inspired
composite

Comparative
laminate

KTL (MPa
√
m) Average 26.87 32.68

St.Dev. 2.93 1.12
CV % 10.89 3.43

σmax (MPa) Average 379.32 452.07
St.Dev. 43.55 16.89
CV % 11.48 3.74

According to the standard [4], fracture toughness, ETL, is calculated by means of Equation
7.1:

KTL = (P/BW 1/2)α1/2(1.4+α)(3.97−10.88α+26.25α2−38.9α3+30.15α4−9.27α5)/(1−α)3/2

(7.1)

where:

KTL = applied stress intensity factor, MPa
√
m;

P = applied load, MN;

α = crack aspect ratio, a/W, dimensionless, (0 ≤ α ≤ 1);

an = notch length, m;

B specimen thickness, m;

W specimen width, m.

The average values of translaminar fracture toughness, determined for both the materials are
given in Table 7.7. The results are comparable: however, the comparative laminate has a slightly
higher fracture toughness (about 18%) than that of the bone-inspired composite. The same for
the strength, which is 16% higher for the comparative laminate. It is interesting to note that the
strength of the material in presence of crack is less than half of the strength of the material with a
flawless section (i.e. by comparing it with the case of longitudinal tensile tests shown in Section
7.3.1), while in the case of the laminate it is 20% less. The lower value of translaminar fracture
toughness for the bone-inspired material is due to the reinforcement, which is predominantly
longitudinal; also, being the ± 45◦ carbon fibers in a tubular shape, they do not contribute
to prevent the crack growing, as in the comparative laminate, where they are flat textiles (i.e.
NCF). In the osteon-structure an inter-osteon reinforcement, able to keep together the tubular
structure working as a unique system, is missing. It is likely that the osteons create a discrete
system, with a lack of continuity.

On the other hand, by looking at the failure mode, the osteon-like structure reproduces the
"splitting" mode. Figure 7.16 shows the failure of both the biomimetic composite and the lami-
nate. The initial notch, an, is highlighted with a white line, and the crack path with a red dashed
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line. The conventional laminate fails for fiber-matrix debonding, and delamination: in Figure
7.16b we can see a longitudinal crack path, due to fiber-matrix debonding in the longitudinal
layer, and a visible damaged area, ahead the crack tip; also, various small spread damages (of
subsurface layers) are visible over all the specimen surface. In the case of the osteon-like ma-
terial, the crack seems to propagate along the interface region between two osteons that is the
weak region. To confirm this hypothesis, interrupted fracture toughness tests, monitored with
an optical microscope are carried out. The results are shown in Section 7.3.5.

(a) (b)

Figure 7.16: Comparison between the fracture behavior of the bio-inspired composite and that
of the comparative laminate; the red dashed lines show the cracks. (a) Failure of bio-inspired
composite: crack splitting. (b) Failure of the comparative laminate: crack propagation and
damaged area near crack tip region.

7.3.5 Interrupted Fracture Toughness Tests

Interrupted fracture toughness tests allows the fracture process to be followed, by means of an
optical microscope. The test is stopped for few second, maintaining the load constant, to allow
the acquisition of microscopic images. Also in these tests, the osteon-like material shows the
expected "splitting" mode of failure, as shown in Figure 7.17. Figure 7.18 shows the micro-
scopic images, after each step of an entire test. The main cracks and the small ones, visible
during the test, are highlighted with red dashed lines. The main cracks, which cause splitting
leading to failure, are highlighted with yellow dashed lines. During the test it is possible to
follow, thanks the microscope tools, the damage process, and to understand the failure mode in
the osteon-like material. To understand the effect of the osteon structure, we also create initial
notches with different elongation, and with the crack tip ending in either in the inter-osteon
region and in the intra-osteon region. In the former case, the crack easily propagates along
the osteon-osteon interface; in the latter, the crack first propagates in the matrix, perpendicular
to the applied load, and then it deviates along the osteon-osteon interface leading to splitting.
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(a) (b)

Figure 7.17: Pictures of the interrupted fracture toughness tests on the bio-inspired laminate.
(a) Crack splitting during the test. (b) Failure.

To confirm this hypothesis, we also look at the microstructure, by cutting the specimens and
observing the cross-section with an SEM.

7.3.6 Microscopic Analyses

The results of microscopic analyses for the bone-like composite and the comparative laminate
are shown in Figure 7.19 and Figure 7.20, respectively. The images are referred to cross sec-
tions close to the failure regions. Figure 7.19a shows a cross section far from the crack path,
whereas Figure 7.19b-7.19dshows the region where the main crack propagates; the crack region
is highlighted with a dashed red line circle and the crack path with a dashed red line. Here the
phenomenon of crack deviation and splitting is clearly visible. The crack, initially propagates
in the intra-osteon region, then it deviates along the cement line. This process is very similar
to the one described in Section 6.3.2 and shown in Figure 6.3. Figure 7.20 instead, shows the
cross section of a specimen of comparative laminate. The section, being close to the failure re-
gion, shows many large damages, which affect the UD-GF layers. The carbon layers, which are
the darker and thinner layers, do not show large damages. The UD-GF layers, especially those
obtained by filament winding, show fiber-matrix debonding, fiber rupture and matrix failure.
The SEM images confirm that in this material the damage is spread over the cross section of the
material.

7.4 Remarks

Results are summarized in Table 7.8 for comparison, whereas Table 7.9 shows the advantages
of the two materials. The new designed biomimetic composite shows a different mechanical
behavior, owing to the different internal organization. The osteonic structure has been shown
to have a positive effect in the osteon longitudinal direction in terms of stiffness and strength,
except for the compressive strength. In transversal direction it shows some drawbacks, but
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Figure 7.18: Microscopic images showing the region near the crack tip, during the interrupted
fracture toughness tests on the bio-inspired laminate. The red dashed lines in subfigures
(a)-(e) show the cracks formation and propagation. The yellow dashed lines in subfigure (f)
show the main cracks propagation, leading to splitting failure mode.

maintaining a higher tensile stiffness compared to the conventional laminate. Hence, the clas-
sical composite generally performs better in transversal direction. This is due to the layered
structure, where the interplay of various layers has revealed to play a crucial role in enhanc-
ing the transversal properties. This material also shows a slightly better response to fracture in
presence of a crack, as shown by the translaminar fracture toughness tests. However, the failure
mode of the new osteon-like composite has shown to replicate the crack splitting and deviation,
typical of bone, though its shortcomings.

We believe that further improvements of the initial proposed design may allow one to over-
come the limits in transversal direction response and enhance the fracture properties, leading to
a biomimetic material with high performance.
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(a) 40X (b) 40X

(c) 100X (d) 100X

Figure 7.19: SEM images - with magnitude 40X and 100X - showing a cross-section of a
specimen (bio-inspired material). (a) The image (from backscattered electrons) shows a
region far from the crack propagation area. (b) The image (from backscattered electrons)
shows the region where the main crack propagates; the crack region is highlighted with a
dashed red line circle. (c) The image (from secondary electrons) shows the crack deviation,
from the intra-osteon to the inter-osteon region. (d) The image (from backscattered electrons)
shows the crack deviation, from the intra-osteon to the inter-osteon region; the crack path is
highlighted with a red dashed line.
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(a) 40X

(b) 100X

Figure 7.20: SEM images (from backscattered electrons) - with magnitude 40X and 100X -
showing a cross-section, close to the cracked region, of a specimen (comparative laminate
material). (a) The image, referred to the whole section, shows spread damages across the
surface. (b) Union of two SEM images with an increased magnitude (100X).
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Table 7.8: Results of the experimental testing conducted on the bio-inspired composite and on
the comparative laminate, in both longitudinal and transversal directions.

Longitudinal Transversal

Property Unit Bio-inspired
composite

Comparative
laminate

Bio-inspired
composite

Comparative
laminate

Tensile strength (MPa) 797 568 28 65
Compressive
strength

(MPa) 416 581 101 157

Flexural strength (MPa) 880 782 59 156

Tensile modulus (MPa) 46864 33245 14558 12366
Compressive
modulus

(MPa) ↑ ↓ ↓ ↑

Flexural modulus (MPa) 44296 31108 10585 14583

Translaminar
fracture toughness

(MPa
√
m) 26.87 32.68 - -

Fracture strength (MPa) 379 452 - -

Table 7.9: Final comparison between the bio-inspired composite and the comparative laminate,
in both longitudinal and transversal directions.

Direction Material type Advantages

Longitudinal

Bio-inspired composite Strength (tensile, flexural)
Stiffness (tensile, compressive, flexural)

Comparative laminate Strength (compressive, fracture)
Translaminar fracture toughness

Transversal
Bio-inspired composite Stiffness (tensile)
Comparative laminate Strength(tensile, compressive, flexural)

Stiffness(compressive, flexural)



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 118 — #136 i
i

i
i

i
i

118 Experimental Characterization of the Bone-inspired Composite

Bibliography

[1] D3039/D3039M-08, “Standard test method for tensile properties of polymer matrix com-
posite materials,” 2008.

[2] D3410/D3410M-03, “Standard test method for compressive properties of polymer matrix
composite materials with unsupported gage section by shear loading,” ASTM, 2008.

[3] 14125, “Fibre-reinforced plastic composites - determination of flexural properties,” UNI
EN ISO, 2011.

[4] E1922-04, “Standard test method for translaminar fracture toughness of laminated and pul-
truded polymer matrix composite materials,” ASTM, 2010.

[5] R. O. Ritchie, M. J. Buehler, and P. Hansma, “Plasticity and toughness in bone,” Physics
Today, vol. 62, no. 6, pp. 41–47, 2009.

[6] R. Nalla, J. Kruzic, J. Kinney, and R. Ritchie, “Mechanistic aspects of fracture and r-curve
behavior in human cortical bone,” Biomaterials, vol. 26, p. 217, 2005.

[7] K. J. Koester, J. W. Ager, and R. O. Ritchie, “The true toughness of human cortical bone
measured with realistically short cracks,” Nature Materials, vol. 7, no. 8, pp. 672–677,
2008.

[8] M. E. Launey, M. J. Buehler, and R. O. Ritchie, “On the mechanistic origins of toughness
in bone,” Annual Review of Materials Research, vol. 40, no. 1, pp. 25–53, 2010.



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 119 — #137 i
i

i
i

i
i

Part IV

Conclusion



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 120 — #138 i
i

i
i

i
i



i
i

“Thesis_mecc_FLA” — 2013/1/30 — 12:50 — page 121 — #139 i
i

i
i

i
i

Chapter 8

Conclusion

The objective of this work is to develop an integrated numerical-experimental biomimetic ap-
proach, to design a bio-inspired composite material. In particular, the new design proposed
in this study is inspired to the intriguing structure of bone. Bone is a hierarchical composite
material with a great combination of mechanical properties. In particular, bone is well known
for its remarkable toughness, though it is mainly made of brittle mineral crystals (i.e. hydrox-
yapatite). This research consists of studying the hierarchical organization of bone, focusing on
its structure-property relationship; in particular, analyzing the origin of its toughening mech-
anisms (relevant in the nano-to-micro scale range), with the aim of being reproduced in the
design of a new bio-inspired composite. At the nanoscale an atomistic approach is used to
study the mechanical properties of bone building blocks, the collagen organic fibers, the hy-
droxyapatite mineral crystals and their nanocomposites. From atomistic simulations we get
information about the mechanical behavior of bone basic components, their interactions and
the size effect on their mechanical performance, and in particular on the fracture behavior of
the theoretically brittle mineral components. Simulation results have revealed the crucial role
played by the interface interactions in the overall mechanical properties of such nanocompos-
ites, and the large effect of confinement on both the collagen-hydroxyapatite nanocomposites
and on the hydroxyapatite single crystals. The concept of confinement is very common for nat-
ural materials, confirming the importance of characteristic size in smart natural systems. At the
meantime, a biomimetic approach is used to design and realize a new material, with the aim
of replicating some of the toughening mechanisms operating in bone and harnessing them in
engineering materials. In particular, to replicate the crack deflection and twisting mechanisms,
occurring in bone at microscale, we propose a design inspired to the microstructural level of
bone (i.e. osteon structure), with carbon fiber sleeves replacing the osteons and unidirectional
glass fibers replacing the lamellae, all embedded into an epoxy resin. The proposed structure is
then characterized under different loading conditions, and the results are compared with those
obtained from the characterization of a comparative material (i.e. a classical laminate with the
same type and amount of fibers and resin).

8.1 Remarks and Conclusions

In this study we show the possibility of realizing a de novo material, by copying the smart
natural system of bone following an integrated numerical-experimental biomimetic approach.
A schematic of this approach is given in Figure 8.1. The study of bone structure has remarked
the importance of the hierarchical organization in determining the mechanical properties of bone
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Figure 8.1: Drawing of bone hierarchical structure [1] and scheme of the research approach
followed in this study.

tissue. The multilevel organization of bone explains its multifunctional properties: indeed, the
different level organization allows for adaptation to different functions.

The strong structure-property relationship is also investigated through molecular dynamics
simulations. The results of the atomistic study has revealed: i) the importance of collagen-
hydroxyapatite surface interactions, enhanced by the presence of water, in load transfer (i.e.
by shear), stiffness, strength, elastic stability and on the overall mechanical properties of the
nanocomposite system, ii) the role of the confined size of these nanocomposite structures in
enhancing the mechanical performance of the system, and iii) the role of the nanometer size of
the mineral crystals in fracture response, ensuring high strength and a maximum tolerance of
flaws.

Simulations of collagen-hydroxyapatite nanocomposites allows one to study the behavior of
bone from an atomistic point of view. The results of these simulations have confirmed the im-
portance of the presence of water, which mediates the interactions between the protein and the
mineral, acting as a lubricant, hence increasing the interface shearing properties and the over-
all mechanical performance of the nanocomposite system. Also, the size confinement of the
nanocomposite system has been shown to significantly increase the performance of the whole
structure. Indeed, according to previous studies [2], it is not only the building blocks that make
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Table 8.1: Final comparison between the bio-inspired composite and the comparative laminate,
in both longitudinal and transversal directions.

Longitudinal Transversal

Property Type Bio-inspired
composite

Comparative
laminate

Bio-inspired
composite

Comparative
laminate

Strength Tensile ↑ ↑
Compressive ↑ ↑
Flexural ↑ ↑
Fracture ↑ - -

Modulus Tensile ↑ ↑
Compressive ↑ ↑
Flexural ↑ ↑

Translaminar
fracture
toughness

↑ - -

bone so resilient. At an atomistic and molecular scale, the size effect plays a main role in de-
termining the mechanical behavior of bone, leading to new phenomena, which do not occur at
larger levels. Another important result of this study is the crucial role played by the intermolec-
ular hydrogen bonds, in determining the resistance against slip. These bonds, present both in
the collagen triple helix (intermolecular) and between the collagen and the hydroxyapatite (in-
tramolecular), act as sacrificial bonds, and their continuous formation and breaking, acting as
an energy dissipation medium, lead to an increase in the composite resistance to failure. This
finding confirms previous studies [3].

Simulations, carried out on hydroxyapatite mineral crystals, show an increase in strength
and toughness by systematically reducing the crystal size. We determine a critical size, corre-
sponding to 4.15 nm, a value that indicates the threshold below which the material is insensitive
to the presence of flaws. Indeed, in this case the material fails in a non-brittle mode, show-
ing a homogeneous stress-field without high-stress concentration at the crack tip, and failure
is governed by its theoretical strength rather than by the classical Griffith criterion of fracture
propagation. This may allow one to think that nature selects the nanometer size to ensure an
optimal combination of fracture strength and toughness.

Our results provide details on the mechanism of load transmission in collagen-hydroxyapatite
nanocomposites, which can be mimicked in the design of bio-inspired composites for engineer-
ing applications. Indeed, in the second part of this study a first design of a bone-inspired mate-
rial is proposed. On the basis of the observation of the microstructure of cortical bone, selected
structural features of bone, the osteons, characteristic of the secondary haversian structure (i.e.
µm to mm), are implemented in a new glass-carbon/epoxy synthetic composite, which could
replicate the toughening mechanisms of crack deflection and twisting.

The osteon-like structure is chosen for the simple geometry and for the role played in en-
hancing the toughness, by deflecting and twisting the crack. Conventional structural materials,
widely used in the field of composites, such as glass fibers, carbon fibers and epoxy matrix,
are chosen for the new structural material. Some simplifications are introduced in the initial
design to make it feasible, with respect to the available manufacturing process. The material,
realized by manual lamination, is experimentally characterized, under tension, compression,
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(a) (b)

Figure 8.2: Comparison of the crack deflection mechanism in bone and in the bone-like mate-
rial. (a) Crack deflection mechanism in bone: micrography and schematic [4]. (b) Crack
deflection mechanism in the bone-like material: picture from the optical microscopy, during
an interrupted fracture toughness test.

(a) (b)

Figure 8.3: SEM images (from backscattered electrons) - with magnitude 40X and 100X -
showing a cross-section of a specimen of the bone-inspired material. (a) The image shows
the region where the main crack propagates; the crack region is highlighted with a dashed
red line circle. (b)The image shows the crack deviation, from the intra-osteon to the inter-
osteon region; the crack path is highlighted with a red dashed line.

and flexural loading, according to ASTM standards, and compared to a conventional laminate
(build with the same type and ratios of raw materials) used for comparison. The results of the
characterization are summarized in Table 8.1. The bio-inspired material has shown to behave
differently from a traditional laminate. The difference are mainly due to the internal organiza-
tion. In particular, the new composite generally shows better characteristics than the other one,
in the osteon longitudinal direction, whereas the transversal direction has shown to be its weak
point.

It is interesting to note that in longitudinal direction the osteon structure does not fail in
purely brittle mode, in spite of its strongly anisotropy and brittle constituents. In fact, in both
tensile and flexural loading conditions, the new material is characterized by a progressive dam-
age, involving each osteon, before final failure occurs, making it suitable for structural ap-
plications. It is interesting to see how failure of each structural element (i.e. osteon) occurs
separately from each other, and in sequence, progressively increasing the energy required for
failure. We also perform microscopic analyses on the materials cross sections, to get an insight
into the fracture process. These analyses show a phenomenon of crack deviation similar to that
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occurring in bone (see Figure 8.2). In fact, during the translaminar fracture toughness tests,
the crack path shows a deviation from the intra-osteon to the inter-osteon region (see Figure
8.3). Although the mechanisms of crack deviation has shown a significant similarity with that
of bone, the design of the bone-inspired material need to be optimized.

Also, we should point out that the experimental results are affected by the internal defects
present in both the materials. However, the bio-inspired material is manually produced for the
first time, with a lot of difficulties and problems arisen during the process; the conventional
laminate instead, is a well known process. An improvement in the manufacturing process will
certainly lead to a decrease in the amount of defects and a consequent improvement of the
mechanical behavior. The concept of bio-inspired material, presented in this study, is not meant
to be a mere copy of what is found in nature, but instead it should provide a smart solution for
engineering problems. Until now, it is only a first solution, which needs further improvements.
Suggestions for improvements can be given by the results of atomistic simulations.

8.2 Future Work

The understanding of the mechanisms and the nature’s secrets governing the interactions and
the behavior of collagen-hydroxyapatite nanocomposites and the failure of such nanoconfined
systems, can shead light on the design of the bone-inspired composite, leading to an improve-
ment in the initial design. Also, the new findings on nanoconfined size of hydroxyapatite crys-
tals can give an important contribution in the development of a new solution, providing further
improvements.

In view of the obtained simulation results, the proposed design could be optimized, by
adding reinforcing nano-structural platelet elements with proper aspect ratio and characteristic
sizes, as suggested by the results of full atomistic simulations discussed in Chapter 5. These
nanoparticles aim to reproduce the stiffening and toughening effects given by hydroxyapatite
platelets in bone. Furthermore, since the surface interactions have revealed to play a significant
role on the mechanical behavior of collagen-hydroxyapatite nanocomposite, a "glue-like sys-
tem", providing "sacrificial local failure", can also be introduced in the new design to improve
the interface strength, mimicking the role played by hydrogen bonds and porosity in the bone
nanocomposites.

By observing the Haversian structure of bone and the mechanical behavior of the first pro-
posed solution, we realize that the weak point of the bone-like composite is the mechanical
response in transversal direction. Therefore, to improve the transversal behavior we need to
enhance the osteon-osteon interactions, for instance by creating a multi-layer osteon structure,
allowing simultaneous inter-osteon interactions in different directions (see Figure 8.4b). An-
other possible solution can be given by the addition of a weave composite fabric, alternatively
placed under and over each osteon (see Figure 8.4c). Schematics of the initial solution and of
some proposed improved solutions are given in Figure 8.4.

As discussed above, on the basis of the simulation results, we propose further improvements
focused on two main aspects:

• the enhancement of the interface strength, by using a "glue-like" system;

• the inclusion of platelet like nanoparticles with a high aspect ratio, to enhance the surface
interaction and the related mechanisms, aimed to play the role that hydroxyapatite plays
in bone.
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(a) (b) (c)

Figure 8.4: Schematic solutions of the internal structure of the bone-inspired composite. (a)
Initial solution object of the present study. (b) Alternative proposed solution: multi-layer
osteon structure. (c) Alternative proposed solution: inter-osteon woven layer to improve the
osteon-osteon interactions, limiting their slipping.

These concept are clearly explained in Figure 8.5, where a schematic of the atomistic-based
design is given.

(a) (b)

Figure 8.5: Schematic solution based on the results of atomistic simulations. (a) Representation
of the osteon structure with improved adhesion at interface and platelet-like nanoparticles,
inspired to the hydroxyapatite crystals. (b) Section of the osteon-like sleeve surrounded by
platelet-like nanoparticles.
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Appendix A

Sample Input Script for LAMMPS

#-------------------------------------------------------
# collagen/HAP atomistic model
#-------------------------------------------------------
# Initialization
units real
dimension 3
boundary f f f
neigh_modify delay 2 every 1
#-------------------------------------------------------
# Settings
atom_style full
bond_style harmonic
angle_style charmm
dihedral_style charmm
improper_style harmonic
pair_style lj/charmm/coul/charmm/implicit 8.0 10.0
pair_modify mix arithmetic
special_bonds charmm
processors 64 16 1 #grid 1024 MPI+oMP processes
#-------------------------------------------------------
# Atom definition
read_data collagen-HAP.data
#-------------------------------------------------------
# Group info
group cterm id 703 1411 2114
region 1 prism 5 12 4.5 25.5 1 44 -7.2 0 0

units box
group myfix region 1
#-------------------------------------------------------
# Minimization
thermo 100
thermo_style custom step ke pe etotal temp press pxx

pyy pzz
dump 1 all dcd 4000 minimize.dcd
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min_style sd
min_modify dmax 0.5
minimize 0.0 1.0e-8 10000 100000
min_style cg
min_modify dmax 0.2
minimize 0.0 1.0e-8 2000 100000
#-------------------------------------------------------
# Equilbrium
timestep 0.5
fix fixx myfix spring/self 20.0
velocity all create 250.0 12345678 dist uniform
fix 2 all nve
fix 1 all langevin 250.0 300.0 1000.0 4279
compute stressatom all stress/atom
dump mystr all custom 20000 dump.stress id type x y z

c_stressatom[1] c_stressatom[2] c_stressatom[3]
c_stressatom[4] c_stressatom[5] c_stressatom[6]

undump 1
dump 1 all dcd 20000 equilibrium.dcd
restart 1000000 restart.*.equi
run 200000000
#-------------------------------------------------------
# Steered molecular dynamics
unfix 1
unfix 2
fix 2 all nve
fix 1 all langevin 300.0 300.0 1000.0 48279
fix pull cterm smd cvel 10.0 0.00001 tether 113.26

NULL NULL 0.0
undump 1
dump 1 all dcd 4000 stretching.dcd
restart 500000 restart.*.pull
fix myforce all ave/time 1 100 1000 f_pull[1]

f_pull[2] f_pull[3] f_pull[4] f_pull[5] f_pull[6]
f_pull[7] file smd.force

run 200000000
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Sample Script for Atom Definition in
LAMMPS

Created by charmm2lammps v1.8.1 on Sun Jun 3 02:04:18 EDT 2012

16077 atoms
9384 bonds
12909 angles

0 dihedrals
0 impropers

5 atom types
2 bond types
1 angle types
0 dihedral types
0 improper types

-114.136 403.445 xlo xhi
-108.408 240.861 ylo yhi
-26.889 50.000 zlo zhi

Masses

1 15.999
2 30.974
3 40.08
4 15.999
5 1.008

Pair Coeffs

1 0.252001 3.03253 0.252001 3.03253
2 0.974 3.48573 0.974 3.48573
3 0.1186 2.941391 0.1186 2.941391
4 0.11703 3.092844 0.11703 3.092844
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5 9e-06 1.404235 9e-06 1.404235

Atoms

1 1 3 2 1.132 14.255 12.038
2 2 3 2 4.712 13.603 6.889
3 3 3 2 2.357 16.269 8.599
4 4 3 2 4.712 13.603 10.308
5 5 3 2 8.199 14.309 8.599
6 6 3 2 3.58 10.23 8.599
7 7 3 2 9.424 10.882 13.748
8 8 3 2 5.937 10.176 12.038
9 9 3 2 9.424 10.882 10.329
10 10 3 2 7.067 16.377 12.038
11 11 4 -1.6 0 16.323 11.66
12 11 5 0.6 0 16.323 10.737
13 12 4 -1.6 0 16.323 8.22
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .
. . . . . . .

16077 6633 1 -1.4 285.408 38.702 24.559

Bond Coeffs

1 545 0.96
2 610 1.27

Bonds

1 1 11 12
2 1 13 14
3 2 15 16
4 2 15 17
. . . .
. . . .
. . . .
. . . .
. . . .
. . . .

9384 2 16073 16077

Angle Coeffs

1 82 129.75 77 3.54
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Angles

1 1 16 15 19
2 1 16 15 18
3 1 16 15 17
. . . . .
. . . . .
. . . . .
. . . . .

12909 1 16076 16073 16077
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Appendix C

Material Properties

C.1 Carbon Fiber Sleeves

Technical characteristics (from the datasheet).

Geometry: Tubular with woven carbon fibers

Fiber type: carbon

Fiber commercial name: Torayaca T300 67 tex (1k)

Diameter: 2.5-11 mm

Thickness: 0.18 mm

Width: 5 mm

Number of filaments: 40

Weight: 2.75 g/m

Cost: 2.3 e/m

C.2 Glass Fibers

Technical characteristics (from the datasheet).

Class: Rowing

Fiber type: E glass

Commercial name: Glass Roving 2400 tex (silane)

Weight: 2.4 g/m

Density: 2.54 g/cm3

Tensile Strength: 3952 MPa

Young’s Modulus: 73 GPa

Strain at break: 3.5-4%

Cost: 2.3 e/m
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C.3 Glass-Non-crimp Fabric

Technical characteristics (from the datasheet).

Class: Non-crimp fabric (NCF)

Fiber type: E glass

Fabric type: Interglas 92145, plain wave

Fabric Commercial name: Glass Fabric 220 g/m3 (Aero) Unidirectional (UD)

Weight: 220 g/m2

Cost: 6.73 e/m

Resin consumption: 2.54 g/m2 1

Laminate thickness: 0.242 mm 1

Laminate weight: 393 g/m2 1

C.4 Carbon-Non-crimp Fabric

Technical characteristics (from the datasheet).

Class: Non-crimp fabric (NCF)

Fiber type: carbon

Fabric type: Style 469, plain wave

Fiber commercial name: Torayaca T300J67 tex (1k)

Fabric commercial name: Carbon fabric 93 g/m2

Weight: Carbon fabric 93 g/m2

Cost: 70.24 e/m

Resin consumption: 107 g/cm2 1

Laminate thickness: 0.149 mm 1

Laminate weight: 200 g/m2 1

1Data referred to a laminate with 35% vol. fibers.
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C.5 Resin

Technical characteristics (from the datasheet). 2

Density: 1.13-1.17 g/cm3

Viscosity: 700-1100

Equivalent weight: 166-185 g/eq

Refractive index: 1.548-1.552

Cost: 11.2 e/m

C.6 Hardner: RIMH 134

Technical characteristics (from the datasheet).2

Density: 0.93-1 g/cm3

Viscosity: 10-80

Refractive index: 1.49-1.50

Amine value: 550-700 mgKOH /g

Cost: 14.2 e/m

C.7 Hardner: RIMH 137

Technical characteristics (from the datasheet).2

Density: 0.93-0.98 g/cm3

Viscosity: 10-50

Refractive index: 1.460-1.463

Amine value: 400-600 mgKOH /g

Cost: 14.2 e/m

2Data referred to room temperature (i.e. 25◦).
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