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Abstract: Bone is an outstanding, well-designed composite. It is constituted by a multi-level structure
wherein its properties and behavior are dependent on its composition and structural organization
at different length scales. The combination of unique mechanical properties with adaptive and
self-healing abilities makes bone an innovative model for the future design of synthetic biomimetic
composites with improved performance in bone repair and regeneration. However, the relation
between structure and properties in bone is very complex. In this review article, we intend to describe
the hierarchical organization of bone on progressively greater scales and present the basic concepts
that are fundamental to understanding the arrangement-based mechanical properties at each length
scale and their influence on bone’s overall structural behavior. The need for a better understanding
of bone’s intricate composite structure is also highlighted.

Keywords: biomechanics; biomedical engineering; architecture; bone tissue; composite

1. Introduction

Bone, the main component of the skeleton system, is a crucial constituent of the com-
plex and coordinated multipart “machine” that is the human body [1]. Besides its biological
purpose as a mineral reservoir (e.g., for calcium, phosphate, and magnesium), in calcemia
regulation, and its role as the host site for hematopoietic tissue (e.g., bone marrow), bone
fulfills a range of demanding mechanical functions. It is responsible for internal organ (e.g.,
the brain) and tissue (e.g., bone marrow) protection and also body support and motion
through muscles’ attachment to its surface [2,3]. The mechanical behavior of bone is de-
termined by its composition and structural organization at different length scales, which
in turn is established, to a certain extent, by its mechanical environment [4,5]. An increas-
ing interest in understanding the principles that determine the multi-level hierarchical
properties of biological composites has been stated [6]. These living materials present a
combination of mechanical properties, not yet attained by synthetic composites with similar
configurations [7,8]. Hence, the linking between structure and properties in bone, combined
with its adaptive ability, make it an exceptional composite with high interest in the fields of
engineering and material design. This review article focuses on the human tibia, aiming to
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describe the hierarchical organization of bone on progressively greater scales and hopefully
contribute to a better understanding of how the arrangement-based mechanical properties
in each level influence the bone whole-structure biomechanical behavior.

2. Nanostructure

Bone is composed of a weight fraction range of 65–70% inorganic component,
18–25% organic, and 10−12% water, whereas on a volume fraction range, the proportions
for each component are between 33 and 43%, 32 and 44%, and 15 and 25%, respectively [9].
It should be noted that this ratio can vary depending on the age and health conditions of
the human being [10].

The organic phase of bone composite consists primarily of type I collagen (90% by
weight), some other minor collagen types (III and VI), and a variety of non-collagenous
proteins such as laminin, fibronectin, vitronectin, osteocalcin, osteonectin, osteopontin, and
bone sialoprotein [11]. The basic structural unit of collagen is called tropocollagen (see
Figure 1), which is a very rigid linear molecule with a diameter and length of 1.1 nm and
300 nm, respectively [12]. This molecule possesses a rearranged, right-handed, triple-helix
structure formed by polypeptide chains with a highly repetitive amino acid sequence,
glycine-X-Y, where glycine is being used in every third residue and X is often proline and
Y is frequently hydroxyproline [13,14]. This frequent occurrence of proline and hydrox-
yproline stabilizes the polypeptide strands (e.g., through interchain hydrogen bonds) and
limits rotations, leading to its tightly packed triple-helical form [15]. The triple-helix struc-
tures are associated with microfibrils, where five tropocollagens are assembled in parallel
(D-period) [13]. At the next level of the hierarchy, the tropocollagen molecules congregate
into fibrils by being covalently cross-linked at their tips and their axial staggering, forming
overlap zones and gaps with a specific periodicity of approximately 67 nm [12,15].
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Figure 1. Representation of the collagen fibers’ structural organization. The type I collagen major
amino acid components Gly-Pro-HyPro constituting the α chains are self-assembled in a triple-
helix, tropocollagen structure. Stacks of mineral crystals lie between the congregated tropocollagen
molecules to form mineralized collagen fibrils with a characteristic D-period. These fibril molecules
are then packaged to form collagen fibers [16–19].

The inorganic phase of bone is a ceramic crystalline-type mineral, as an impure
form of naturally occurring calcium phosphate, most often referred to as biological non-
stoichiometric hydroxyapatite. Bone hydroxyapatite is not pure hydroxyapatite, because
the tiny apatite crystals contain impurities such as potassium, magnesium, strontium,
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sodium (in place of the calcium ions), carbonate (4 to 6% of the phosphate groups are re-
placed by carbonate groups), and chloride or fluoride (in place of the hydroxyl ions). These
impurities reduce the crystallinity of the apatite and consequently alter some properties,
such as solubility, which is crucial for mineral homeostasis and bone adaptation. There
is a long ongoing debate about the nature of the mineral particle shape—needles versus
platelets [20–22]. More recently, the existence of mineral particles with a fractal aggregate
shape was also discovered [23].

At the submicron scale, bone is composed of building blocks of mainly type I collagen,
mineral crystals, water, and non-collagenous proteins [24]. The organic and inorganic com-
ponents of bone blend together to generate mineralized collagen fibrils, as demonstrated in
Figure 1. The mineral component in bone occurs as stacks of thin polycrystalline sheets,
which surround and lie between the collagen fibrils [12]. The collagen–mineral system is
arranged in parallel arrays within thin sheets called lamellae. As stated previously, the
organization of the lamellae differs between cortical and trabecular bone. As identified by
Fratzl et al. [25], the lamellae are assembled in a “rotated plywood-like fashion” in cortical
bone. In cancellous bone and according to Chen et al. [26], these structures are strongly
fused, forming a sheet-like structure.

The mechanical properties of the organic and inorganic phases together with their
hierarchical arrangement confer bone features that determine its characteristic strength
and toughness [27]. The mineral content predominantly contributes to bone stiffness and
strength. Therefore, when the organic collagen in bone is removed—by heat or leach—
mature bone becomes brittle [25,26,28]. Based on a computational study [27] where nanoin-
dentation data were considered, single hydroxyapatite crystals demonstrated stiffness
values of 150 GPa and 143 GPa in the [0001] and [1010] direction, respectively. In a more
recent study, Pang et al. [29] identified the presence of an organic substance binding the
mineral components together, and the authors believe that it contributes to the strength,
stiffness, and energy absorption of bone under compression. In a thorough study [24], Wang
and Ural demonstrated that the increase in the elastic modulus, ultimate strength, and
fracture energy of the mineralized collagen fibrils networks was significantly influenced by
both the increased uniformity of mineral distribution and stronger interactions between the
components and was modestly influenced by the rise in total volume fraction of minerals.
This study also concluded that the mineral distribution had the most drastic influence on
the elastic modulus compared to the ultimate strength and fracture energy. However, bone
strength does not depend solely on bone mineral distribution, but also on the quality and
material properties of the organic component where collagen cross-links play an important
role in the reinforcement of bone strength [30]. Significant determinants of the functional in-
tegrity of the organic phase are the degree and nature of enzymatic lysyl oxidase-mediated
collagen crosslinks and the negative effects of non-enzymatic glycation-induced collagen
crosslink (the production of advanced glycation end-products such as pentosidine), which
can be considered in a competitive relationship with enzyme-derived cross-linking [31,32].
Enzymatic cross-linking density has been related to governing post-yield and large-scale
mechanics, and cross-link strength governs failure strain, hence improving fracture tough-
ness, bone strength, and stiffness [33–35]. Meanwhile, non-enzymatic cross-linking is
related to the prevention of energy absorption by microdamage formations, reducing bone
toughness and ultimate strain [36,37] and accelerating brittle fracturing [38,39].

Mineralized collagen fibrils are embedded in an extrafibrillar matrix that consists
of water, mineral, and non-collagenous proteins [37]. A recent study [9] used positron
annihilation lifetime spectroscopy (PALS), a technique sensible to voids/pores at the
nanometer and subnanometer scale, to observe these structures. It was noticed that water
mainly occupies the regions in intercollagen molecular spaces, terminal segments (D-
spacing) within collagen microfibrils, and interface spacing between collagen and mineral
structures. Water was also identified as being loosely bound to the surfaces of collagen
fibrils [12]. The bone water content is an essential component since it confers much of
bone’s unique strength and resilience by stress reduction during dynamic loading [40,41].
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Hence, removing bound water in the bone matrix makes bone stiffer, stronger, but more
brittle at different length scales, because dry collagen loses its deformation and energy
absorption capacity [42]. As stated by Leo et al. [13], the lack of collagen external water
promotes the formation not only of new inter-tropocollagen hydrogen bonds but also of
intra-tropocollagen ones, which cause the microfibril gain of compactness and tubularity.
These molecular and supramolecular changes are responsible for the generation of very
large stresses up to 100 MPa when the collagen undergoes complete dehydration [43]. Bone
mechanical properties are not only intimately linked to its nanostructure composition but
also to its organization, where further study and profound understanding are still needed.

3. Microstructure

There are two types of bone tissues: primary or woven bone, present in newly devel-
oped immature bone at fracture site callus, and lamellar bone, which is the more mature
form of bone, found in the adult human skeleton. In cortical bone, lamellar bone can
be found as extended parallel arrays called circumferential lamellae and also as smaller
lamellae cylindrical structure arrangements, called osteon (or the Haversian system). Each
osteon consists of about 10 to 30 lamellae arranged in concentric cylinders built up around
the neurovascular channel, called the Haversian canal (see Figure 2). The outer surface of
the osteon constituted by a thin layer of calcified mucopolysaccharides, the cement line, is
the weaker cracking path, leading to crack deflection. Cancellous bone consists primarily
of lamellae, arranged in a less organized lattice-like network of matrix spikes, called trabec-
ulae, to form a network of rods and plates, which on average have a thickness in the range
of 100–200 µm. Trabeculae are interspersed with large bone spaces (in the order of 500
to 1500 µm) filled with bone marrow [44–46]. Unlike the elastic properties, the post-yield
properties and failure mechanisms of bone under compression differ significantly at the two
length scales. Schwiedrzik et al. [47] demonstrated that isolated bone lamellae show high
strength and ductility but no damage and fail mostly by the development of shear planes,
while the response of macroscopic specimens containing numerous osteons is quasi-brittle
with low strength and ductility, presenting substantial damage and longitudinal cracks.
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cellular population [48–52] With permission from the International Osteoporosis Foundation.

An outstanding feature of bone is the fact that its mass is maintained by and adapted
to mechanical strain [5]. This mechanotransduction process is a well-orchestrated cellular
event regulated by complex interactions between the various cell types found in bone,
primarily osteoblasts, osteoclasts, and osteocytes (see Figure 2) [53].

Osteocytes have become generally accepted as the mechanosensory cells within the
bone [5]. The mechanosensation and mechanotransduction mechanisms in osteocytes arise
from their unique stellate shape and interconnected architecture. An osteocyte is made up
of an ellipsoid cell body that occupies a fluid-filled space within its lacunae. Osteocytes
are interconnected by many long dendritic processes that pass through a network of small
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channels called canaliculi (as can be seen in Figure 2) [54,55]. The process of converting
external mechanical forces into biochemical responses, known as mechanotransduction [5],
includes the response of the osteocyte to the cell direct mechanical deformation/strain as a
consequence of bone matrix strain [56], to shear stress due to load-induced fluid flow [57],
to electric fields caused by stress-generated streaming potentials [58], and to hydrostatic
pressure [59]. Recent mechano-regulatory in vitro and in silico bone tissue engineering
experiments [60] point towards the determinant influence of low shear strain and fluid
velocity in bone adaptive response and cell differentiation. Despite the mechanism of
stimuli perception in osteocytes not being fully understood, both cell bodies (e.g., osteocytes
plasma membrane disruptions) [61] and dendritic processes [62,63] have been proven to
perceive mechanical forces applied to the bone. Kola et al. [55] demonstrated that lacunar
strain value increased as lacunae size increased, with the highest strain magnification ratio
observed for horizontally aligned lacunae. The authors also demonstrated the influence
of the perilacunar region modulus in the strain magnification generated at the lacuna.
Variations in lacunar morphology such as an increase in lacuna sphericity cause changes in
the mechanical environment of osteocytes, in particular a decrease in maximum effective
local strains [64].

In addition to their hosting-site and sensorial stimuli mechanisms for osteocytes,
lacunae have a structural role in the local mechanical properties and fracture behavior of the
bone matrix. In a finite element study developed by Hamed and Jasiuk [65], the apparent
elastic modulus of the bone matrix was lowered by the existence of osteocyte lacunae.
Kaya et al. [66] verified that bone elastic modulus changes were related to cumulative
increases in void volume in lacunae and canaliculi, which were induced by rat models’
lactation and recovery stages. More recently, Sang et al. [67] demonstrated a significant
linear relation between the physiological range of osteocyte lacunar porosity area, density,
size, and orientation and the elastic modulus and ultimate strength of the bone matrix in
virgin and lactation rats. The influence of osteocyte lacunae structure on crack initiation
and propagation has also been studied. Lacunae voids create bands of stress concentrations
as a result of high local strains around osteocytes, providing a site for crack nucleation [68].
According to Josephson et al. [69], despite the number of lacunae damage initiation sites
and the rate of crack growth, perilacunar regions can delay or prevent the emergence
and growth of microcracks. In the study developed by Sang et al. [67], osteocyte lacunae
demonstrated a guiding effect on the cracks, i.e., attracted a nearby crack due to stress
concentrations near lacunar boundaries. The authors also inferred that a reduced density
of osteocyte lacunae may also lead to regions where the crack may grow more easily, which
may have an adverse impact on bone fragility fractures. In this study, there was no relation
between the energy dissipated during damage and crack formation, a measure of fracture
resistance, and the osteocyte lacunae structural parameters.

After sensing mechanical loads applied to the bone, osteocytes react by controlling
osteoblast and osteoclast activities through cell-to-cell communication and via secreted
factors [70]. Osteocytes connect to cells on the bone surface and the vasculature by many
long dendritic cytoplasmic processes ranging from 40 to 100 per cell [71]. Osteocytes and
osteoblasts communicate with one another through gap junctions present on the tips of
the cell processes. These are bidirectionally transmembranar channels that connect the
cytoplasm of two adjacent cells and regulate the passage of molecules less than 1 kDa [71].

Osteoblasts are secretory cells, responsible for the formation of the pre-mineralized
bone matrix, called osteoid, predominantly comprising bony matrix proteins such as type I
collagen and trace quantities of type V collagen, and also other non-collagenous proteins
such as osteopontin, osteocalcin, osteonectin, osteoprotegerin, bone morphogenetic pro-
teins, and glycoproteins. The mineralization process of osteoid involves the supersaturation
of extracellular fluids at local zones and increased osteoblastic alkaline phosphatase activity,
which raises local calcium and phosphate concentrations. Osteoblasts produce osteocalcin
protein, which binds calcium and further concentrates local calcium levels [40,72–75].
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During the process of bone formation, some osteoblasts, involved in the production
of bone matrix, become embedded in that matrix. The fundamental question of how os-
teoblasts are buried remains largely unanswered. The matrix around a newly incorporated
cell is not yet calcified (osteoid) but gradually calcifies as the formation front moves away
because of continuing osteoblastic activity. Osteoid osteocytes still possess many features
of the original osteoblast, and their major functions are to simultaneously: (i) regulate min-
eralization because they are not as active as osteoblasts in the generation of a mineralized
matrix, (ii) reduce the number of organelles and cytoplasmic volume, and (iii) gain the long
connective slender cell processes [40,76,77].

Osteoclasts are irregularly shaped giant cells (15 to 20 µm or more) that originate
from monocytes and macrophages (two types of white blood cells). They are specialized
in the local removal of bone during growth and during the remodeling of osteons and
bone surfaces. These cells are found in depressions called Howship’s lacunae or resorption
bays. For bone resorption to occur, osteoclasts have an interface known as the “ruffled
brush” border, formed by a highly enfolded plasma membrane, which increases the surface
area. The “ruffled brush” border is surrounded by a clear zone, as well as a well-defined
zone of actin filaments responsible for bone resorption. Osteoclasts bind to bone surfaces
via anchoring proteins such as integrins and create a seal and lower the pH by releasing
protons (e.g., hydrogen ions via carbonic anhydrase) and by expressing acid hydrolases (e.g.,
tartrate-resistant acid phosphate). This environment is suited to increase the solubility of
hydroxyapatite crystals as well as destroy the organic matrix with lysosomal (cathepsin K)
and non-lysosomal (collagenase) enzymes. The osteoclastic bone resorption is inhibited by
calcitonin and interleukin-10 and stimulated by osteoblast-derived signals, cytokines from
cells, including macrophages and lymphocytes (e.g., interleukin-1), and blood-circulating
factors (e.g., parathyroid hormone) (see Figure 3) [40,72].
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and stimulation (green arrow) mechanisms.

Hence, throughout life and in response to mechanical and physiological stimuli,
bones suffer growth and processes of shaping and reshaping by independent actions of
osteoblasts and osteoclasts (a process known as bone modeling) and are subjected to
continuous and dynamic equilibrium (bone resorption and formation), responsible for
preserving its functional integrity (a process known as bone remodeling) [53,70]. Despite the
complexity of the rules that govern the effects of bone mechanical loading on cells and tissue
differentiation, growth, adaptation, and maintenance, research efforts are being applied to
try to describe and understand these complex phenomena through the challenging task
of developing microscale mechanobiology computational models. Numerical methods,
such as finite element simulation, are being considered for the development of these
models by integrating the contributions of applied external mechanical loads, cellular
activities, and cellular nutrients, such as oxygen and glucose supply [78], the incorporation
of biochemical osteocyte feedback [79], angiogenesis [80], and the autocrine and paracrine
signaling pathways of bone cells [81]. Once the mechanisms of mechanically regulated
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bone response are better understood, physiological conditions and pharmacological agents
may be developed to promote better and faster bone tissue repair and formation [82].

4. Macrostructure

At the highest hierarchical level, long bones are constituted by the cortical bone (also
known as compact bone) and trabecular bone (also known as cancellous or spongy bone).
Although they have similar compositions, the different structure arrangements and porosity
levels grant unique mechanical properties and functions to each structure. The cortical
bone is a compact structure with porosity ranging from 5 to 30%. For example, adult
human femoral cortical bone porosity can vary from as low as 5% at the age of 20 and up to
30% above the age of 80 [21,28,83]. The trabecular bone has a spongier, lightweight, and
honeycomb structure with porosity values of approximately 70% with higher values in
some cases, such as the elderly spine, where 95% porosity is reached [25,28,84–87]. In the
tibia, the diaphysis is the central portion of the bone and is characterized by the lowest
width dimension. It is responsible for the load transmission between the two extremities
(epiphysis and metaphysis at both ends) and has stiff cortical bone walls [88,89]. The
tibia epiphysis is characterized by bulk trabecular bone (containing vessels, nerves, and
bone marrow) coated with a thin layer of cortical tissue [90,91]. Cortical bone carries a
considerable share of the total skeleton load. As demonstrated in a study developed by
Papini et al. [92], there was a negligible variation in axial and torsional stiffness values
prediction by the finite element model if only the cortical bone was considered in the
simulation. This was justified by the considerable difference between the Young’s modulus
of the cortical (10–40 GPa) [93–98] and the trabecular bone (0.05–0.5 GPa) [93]. This
demonstrated that it is the cortical rather than the spongy bone that is mainly responsible
for most of the weight support. In the epiphyseal and metaphyseal regions, where cortical
bone thickness is reduced, weight-bearing is achieved by stress reduction with the increase
in surface area and load diversion. Stress varies inversely with the loaded cross-sectional
area, which indicates that stress on the joint will be reduced with the increase in the surface
area. The spongy nature of the ends of the tibia segment confers weight-bearing distribution
in local trabeculae, hence it dissipates loads and absorbs energy. As the weight-bearing
is transferred from the metaphysis to the diaphysis, it becomes more dependent on the
cortical layer, which, in turn, becomes thicker and more resistant [4,99]. It is important to
highlight that the expansion of the bone ends is limited by the reduction in the joint friction
to a minimum value (e.g., reduced weight of the bone ends will reduce the normal reaction
force, while the reduced length of the radius of curvature will reduce the magnitude of the
moment of friction). Considering the interesting case of the tibia as a load-bearing bone
example, it articulates proximally at the knee joint and distally at the ankle, being the weight-
bearing bone of the leg [100]. The body weight-bearing load on the tibia plateau is assumed
to be divided into a central concentric and a medial and lateral eccentric knee contact force
(split around 60 and 40% on the medial and lateral condyles, respectively). The higher loads
on the medial side relative to the lateral side (see Table 1) is consistent with the fact that the
medial side of the tibia has a larger condyle, and the bone is also denser and stronger than
that of the lateral side. Hence, there is a balance in the bending stress generated between
the condyles. According to Munford et al. [101], by studying the distribution of cancellous
bone mechanical properties in the proximal tibia, they determined that average apparent
modulus and strength were 1.7 and 3 times higher in the axial direction compared to the
transverse directions, respectively. They also verified that in the dominant axial direction,
the bone was 1.3 times stiffer in the medial condyle than the lateral condyle. Although
only a few important features of the weight-bearing mechanism of the proximal tibia were
presented here, the contact mechanism between the femoral and tibial articular surfaces
are complex and consist of many unique features, and its biomechanics is not still fully
understood [90,97,102,103]. In the case of the ankle, it is expanded to a lesser extent when
compared to the upper joint. This occurs since the load of body weight that is transmitted
through the lower leg divides itself into two components, which resolve into vertical and
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horizontal force when it reaches the talus trochlea. The horizontal force will stretch the
plantar ligaments and muscles, and the vertical load will be lesser than the actual load
transmitted along the long bone [90]. During daily activities, such as normal level walking,
the tibiofemoral joint experiences high compressive loads around 3 times the body weight
(normally expressed as ×BW), i.e., 2058 N if a 70 kg adult was considered. However, more
strenuous activities such as squats can raise the load values for up to 7.3 times the body
weight, i.e., 5008 N if the same body weight was considered (see Table 1).

Table 1. Peak tibiofemoral joint compressive forces during several daily activities and expressed as
times the bodyweight.

Activity

Knee Contact Force (×BW)

Study 1 ReferenceMedial
Lateral

1st Peak 2nd Peak

Level walking

3.2 In vivo [104]

2.8 Simulation [105]

<2.4 2.4 1 In vivo [103]

2.2–2.5 2.37–2.51 Similar In vivo [106]

2.8 In vivo [107]

3.3 Simulation [108]

3.1 Simulation [109]

4.0 In vivo [110]

2.8 In vivo [111]

2 1.5 In vivo [112]

1.3–1.5 1.3–1.5 0.8–1.15 In vivo [113]

2.8 Simulation [105]

3.3 Simulation [108]

2.9 In vivo [114]

Stair

Ascending

2.28–2.5 2.28 - In vivo [106]

2.8 In vivo [107]

5.3 In vivo [110]

2.9 In vivo [111]

5.4 Simulation [109]

2.63–2.81 2.8 - In vivo [106]

Descending
3.1 In vivo [107]

3.3 In vivo [111]

Rising from chair

2.09 - - In vivo [106]

2.6 In vivo [111]

3.38–7.89 In vivo [115]

Jogging 3.6 In vivo [107]

Squats

7.3 In vivo [110]

6.3 In vivo [116]

4.7–5.6 In vivo [117]
1 The correct determination of the load applied to the tibia bone would be through the measurement of the forces
in in vivo, which is limited and not feasible in healthy subjects or patients with pathology not requiring a total
knee replacement. Therefore, in most studies where physiological data were acquired, “kinesiological techniques”,
such as high-speed time camera, force platform, and electromyographic recorder, were used. The results obtained
were considered in this article as being in vivo or as close as possible to in vivo data.
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5. Mechanical Behavior

The ordered lamellar structure confers bone tissue an anisotropic behavior with
direction-dependent material properties. Cortical bone strength, yield stress, and Young’s
modulus have higher values in compression than in tension along the direction aligned
with the diaphyseal axis rather than transversely. In the latter, it is weaker in tension than in
compression. Although the microstructural mechanism that causes the differences in yield
and post-yield behavior is still not completely understood, it is generally accepted that
when the cortical bone is loaded past the yield point, it accumulates permanent damage
within the bone tissue. Such phenomena may also occur even when the cortical bone is
unloaded near the yield point. After the yield point is exceeded, the reloading modulus
presents a lower value. This is associated with the cortical bone degradation characteristics.
The tissue microstructure deterioration appears as “microdamage” accumulation as a result
of static or cyclic loading. In such a case, cortical bone has greater resistance in compression
than in tension.

Damage initiation and growth should be analyzed using fracture mechanics concepts.
The objective is to determine fracture toughness (the mechanical property that describes
the bone resistance to crack initiation and propagation) under different loading modes,
i.e., opening (mode I), shear sliding (mode II), and shear tearing (mode III). These loading
modes, and a combination of them, occur frequently during normal daily activities, such as
walking or running, for example. Aiming to perform bone fracture characterization, several
different tests have been used. The compact tension [118], single-edge notched beam [119]
and double cantilever beam [120] tests have been employed for fracture characterization
of bone under mode I loading. Under mode II loading, Norman et al. [121] proposed the
compact shear test, and Dourado et al. [122] used the end notched flexure test. The mixed-
mode I + II loading fracture characterization of bone has been studied considering the
asymmetric four-point bending test using single-edge notched specimens [123], the single-
leg bending test [124], and the mixed-mode bending test [125]. The initial methods utilized
to study the fracture risks of bone under different conditions were based on linear elastic
fracture mechanics concepts [118,126]. However, the bone complex microstructure and
composition gives rise to the development of a non-negligible fracture process zone, which
is the region close to the crack tip, where several phenomena such as microcracking, crack
deviation, and fiber bridging occur. In this context, non-linear fracture mechanics-based
methods, such as cohesive zone modeling, are more appropriate [120,127].

Another important characteristic of cortical bone is its viscoelasticity, although only
moderately. This means that the stress developed within the bone, and consequently its
stiffness and strength, are dependent on the rate at which bone is strained. A six order
of magnitude increase in strain rate will only change the Young’s modulus by a factor of
two and strength by a factor of three. The positive effect of this property is accentuated
during impact loading (e.g., high energy impact), where strength can increase by a factor of
three [21,88,128–130].

In cancellous bone, the mechanical properties of the constituents and trabecular archi-
tecture are the main factors determining its mechanical performance [131]. In trabecular
bone, the strength is highest in compression rather than in tension and lowest in shear,
which is likewise in cortical bone. Oppositely to the fairly linear behavior verified at low
stress values in cortical bone stress–strain curve, in trabecular bone, such a performance is
absent, and there is no clear linear region. The nonlinearity is even present at low stress
levels. An interesting property of the trabecular bone is that it can absorb substantial
energy on mechanical failure. Although it yields in compression at strains between 0.7
to 1%, it can sustain compressive strains of up to 50% while maintaining its load-bearing
capacity. Thus, when compressed beyond yield, the apparent modulus will reduce as a
result of microcrack formation instead of individual trabeculae fracture. Upon repeated
compressive loads events, trabecular bone tendentiously will lose stiffness and accumulate
residual strain. Regarding trabecular tissue failure behavior, its ultimate yield strains are
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higher in compression than in tension, and fatigue strength is lower than that of cortical
bone. Trabecular bone is slightly viscoelastic, similarly to cortical bone [21,22,88,132–134].

Independently of being Haversian or trabecular, a bone’s internal architecture and
structure arrangement, and consequently its mechanical properties, are determined to a
certain degree by adaptive mechanisms sensitive to their mechanical environment. This
occurs through osteoclast’s continuous removal of old bone—a process known as bone
resorption—and its replacement with newly synthesized osteoid and its mineralization
by osteoblasts—a process called ossification or bone formation—to form new bone. Bone
remodeling is also present in the recovery process during injuries (e.g., fractures) in pre-
venting future fractures by recovering daily activity-based microdamage in the bone tissue.
Hence, cortical and trabecular bone mechanical properties will vary with the anatomic site
(different bones from the same donor have demonstrated different mechanical properties),
spatial positioning within the bones (e.g., between the epiphysis and diaphysis), disease
(such as osteoarthritis), and age (balance between bone loss and gain is disrupted), which
alter bone microstructure, loading direction, and loading mode [5,20,22,88,135].

6. Conclusions

Bone is a highly effective, natural composite presenting an exceptional combination of
properties optimized by an evolutionary adaptive process to succeed in the surrounding
environment. In this review, we showed how the unique mechanical properties of the
bone are mainly caused by the hierarchical arrangement and the mechanical properties of
different structures at different length scales. As highlighted in this article, bone structural
characteristics and mechanical properties from different hierarchical levels influence its
overall mechanical properties. Recent discoveries point towards the influence of the unifor-
mity of mineral distribution and their interactions mainly on the bone elastic modulus as
well as the balancing relation of the enzymatic and non-enzymatic collagen cross-linking in
the reinforcement of bone strength and in the reduction in bone toughness and ultimate
strain, respectively. This information will improve the development of bone–engineering
nanocomposites, which not only need to mimic bone surface roughness and porosity, but
also natural bone’s nanostructure mechanical properties, in order to facilitate the propaga-
tion of osteoblasts and help in the regeneration of bones [136] and also in the field of bone
adhesives [137]. Novel scientific investigations also demonstrated the relation between
the physiological range of osteocyte lacunar porosity area, density, size, and orientation at
the microscale level with the linear and the elastic modulus and ultimate bone strength.
Accurate information regarding mechanical behavior at the macroscale as a response to
the underlying microstructure properties and arrangement will improve the performance
of bone-inspired metamaterial, for example, into the field of highly efficient construc-
tion materials [138] and in aerospace composite joints [139]. However, as emphasized
by modern studies, there is an inseparable link between the structural organization and
bone mechanical properties, where they are maintained by and adapted to the external
mechanical stimulus, which consequently is influenced by the bone pericellular biome-
chanical and biophysical environment. Hence, the perception of bone as a living organ and
how its hierarchical organization at different levels influences its properties is essential to
understanding the relation between structure and functionality.

Synthetic composites have been developed intensively over the last few decades
and have demonstrated an ascending application in a wide range of industries from
civil infrastructures, transportations, aerospace, and even in the medical field. The high
expectation placed on these materials created a need to innovate and to push the thinking
beyond the conventional. Although the contemporary understanding and consensus on the
concepts behind the structure–function relation have advanced enormously, the hierarchical
complexity of bone structure, the extremely small scale involved in the lower hierarchical
level, and the fact that, unlike the cases with engineering composites, isolating the different
phases of bone tissue often involves a process that alters the properties being measured,
increases the challenge associated with the study of bone at different length scales [21,22].
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An in-depth comprehension of bone properties at different level scales, the interaction
of the phases, as well as their variation among species, genders, ages, and anatomic sites
will allow the successful translation of the principles into innovative composite technol-
ogy. A better understanding, however, depends on future progress in research tools and
technical approaches, such as new high-resolution imaging methods and compositional
measurement techniques (e.g., quantitative three-dimensional microcomputed tomography,
Raman microspectroscopy, backscattered electron imaging, and infrared spectroscopy),
finite element modeling, nanotechnology (e.g., nanoindentation), acoustic microscopy, and
histological and morphometric analysis. Improvements in the measurement techniques’
reliability and resolution will allow for the development of more sophisticated and predic-
tive numerical models (e.g., the inclusion of nano- and micro-features that highly influence
macrostructure properties) and also their proper validation, which is now considered a
limiting factor. Such knowledge will also serve as a model for the improvement of synthetic
composites mimicking desirable features through the introduction of novel innovations
in their structure, morphology, and mechanical properties or even to obtain materials
with performances that were unimaginable in the past. These techniques will hopefully
bring additional insights into this intricate composite and greatly contribute to synthetic
composites’ progress to satisfy the current and future demands of the engineering industry.
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