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The rise in structural performance requirements in engineering is driving the research and development of stronger, stiffer,
and lighter materials. However, most traditional artificial materials are unable to meet the needs of modern industrial and
technological development. In fact, multifarious creatures in nature are further ahead in their use of structural materials.
There is a fairly limited selection of natural structural materials at ambient temperatures. They usually consist of hard and
soft phases arranged in a complex hierarchy with characteristic dimensions ranging from nanoscale to macroscale. The
resulting materials usually show a nearly perfect combination of strength and toughness integrated with lightweight
characteristics. This is exactly what is required of engineering materials.
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| 1. Introduction

The requirements for material performance in modern engineering applications are getting higher and higher, and
materials are also required to possess stronger, tougher, lighter and more versatile properties [H2EI4l For engineering
materials, certain seemingly contradictory properties (e.g., strength and toughness) are perfectly reflected in biological
materials . Figure 1a illustrates the relationship between the fracture resistance and elastic deformation resistance of
different materials €. In general, for engineering materials, an increase in elastic modulus is often accompanied by a
decrease in toughness, while the stiffness of biological materials can be significantly increased without reducing the
toughness. Such materials may benefit from the advantages of long-term evolution in nature. In fact, after millions of years
of brutal selective evolution, many natural structural materials in creatures are made of relatively inferior components,
such as fragile inorganic minerals (calcium carbonate, calcium phosphate, silicon dioxide, etc.) and soft natural polymer
(proteins, polysaccharides, etc.). However, with the help of their multi-level ordered structures and complex interface
layouts, these materials can have unique mechanical properties that maintain basic life activities ZEIE, The unique
structure—property relationship of natural materials strongly proves that the influence of structure on material properties
cannot be ignored [0,
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Figure 1. (a) Toughness and stiffness for different materials. (b) Diagram of the eight most common biological structural
design elements. Reprinted with permission from €, copyright 2018 WILEY-V C H VERLAG GMBH.

Since 2008, massive amounts of progress regarding research on biological materials from different perspectives has been
reported. Meyers L1 summarized the basic building blocks of biological materials and introduced the principal mechanical
characteristics and structures in detail according to the classification of Wegst and Ashby. Chen et al. 12 reviewed the
biological materials for their primary functional purpose, which include impact or fracture resistance, armor and protection,
sharp and cutting components, lightweight properties for flight or special hanomechanical/chemical extremities for
reversible adhesive purposes. Wegst et al. [ reviewed the common design motifs of some typical natural structural
materials and discussed the difficulties associated with the design and fabrication of synthetic structures. Wang et al. (3]



focused on the structural features and mechanical properties of proteins that make up biological materials. Liu et al. 14!
reviewed the basic design forms and principles of naturally occurring gradients in biological materials and discussed the
functions and benefits that they confer to organisms. Yang et al. 12 reviewed the structure, deformation and toughening
mechanisms of collagen materials from the perspective of the assembly of collagen molecules, fibrils, fibers, and
hierarchical elements. Naleway et al. 18] summarized the eight elements of biological structural design (Figure 1b) and
described their basic mechanical and/or structural advantages. As a typical biological structural material, nacre and
arthropod cuticles have been extensively investigated. Great achievements have also been made in the field of
biomimetic fabrication, using them as biological templates [JR7NI8IL9201 As an important influencing factor on the
mechanics of biological materials, interfaces of biological materials were well discussed by Barthelat [21. |t showed that
these interfaces possess unusual mechanical characteristics. Ren et al. 22 particularly focused on the biological material
interfaces and interface-inspired materials from mechanical and optical perspectives. Moreover, the architecture and
building elements inspired by biological materials were also reviewed 23 Recently, Zhang et al. 24 reviewed how
natural materials optimize overall performance by adjusting local properties.

Most of the above-mentioned research mainly focused on preparation methods of biomimetic structures in artificial
materials, the mechanism of the relationship between structure and performance and their applications in specific fields. It
should be noted that due to the complexity and compositional diversity of biological materials, the structure of the same
organism may be divided into distinct groups by different classification methods. Taking the nacre structure with excellent
mechanical properties as an example, it can be divided into biological ceramics according to its main material composition
(L1 On the other hand, it can also be divided into layered structures according to the arrangement of its calcium
carbonate platelets 18, Due to the complex and efficient interface, it has been taken as an example of interface materials
(22, Many engineering materials usually present multiple dimensions. Taking fiber-reinforced composites as an example,
the fibers used as the reinforcing phase have a one-dimensional (1D) structure, while the fiber cloth used for layup has a
two-dimensional (2D) structure. The final composite material is usually a three-dimensional (3D) structure. In addition, an
interface is formed between fibers and matrix 25 Structural materials of different dimensions abound in nature. Learning
from the abundant structures of typical biological materials is the key to understanding the superiority of bionic strategies
in manufacturing new artificial synthetic materials.

In this review, we divided different biological materials into the following types of structural elements based on their
dimensions: 1D fibrous structures, 2D layered structures, 3D cellular structures and heterogeneous interface structures.
To adapt to extremely harsh living environments, creatures in nature have evolved multi-dimensional structures that
exhibit excellent mechanical properties (Table 1). The mechanism of the relationship between structure and performance
was explained in detail. Finally, a critical outlook of the development of next-generation materials with excellent
mechanical properties by synthesizing bionic strategies of different dimensions and different creatures was provided,
which will better satisfy the demand for the research development of engineering and industrial materials.

Table 1. Multi-dimensional structures of typical biological models in nature.

Biological Materials Structure Description Highlight Mechanical Properties Refs.
. o Stiffness: the elastic modulus is 10 GPa [
. . Skin—core organization . .
Spider silk Fishnet-like structur Tensile strength: 1.1 GPa [26]
shnet-like structure Toughness: 160 MJ m™3
Uniaxial arrangement Stiffness: the elastic modulus in the range of 271
Tendon " 800-2000 MPa [28]
. Wavy collagen fiber .
1D fibrous Tensile strength: at least 100 MPa
structures
Stiffness: the elastic modulus is 40.82 + 9.65
GPa
Glass sponge spicules Hierarchical structure Bending strength: the fracture stress is [29]

3727.12 £ 660.77 MPa
Estimated toughness for bending: 69.45 +
11.71 MPa




Biological Materials

Structure Description

Highlight Mechanical Properties

Refs.

Multi-layer fiber

Stiffness: the modulus is 30 GPa

Wood VeI:r:)ri?kgee:zsgtler Shear strength: 300 MPa 21
X y Fracture toughness: 15-30 kJ m2
mechanism
Stiffness: the elastic modulus is in the range
Bone Coaxial layered of 15-20 GPa [71120]
staggered structure Tensile strength: 100-160 MPa
Fracture toughness: 1-5 MPa m'/2
Bouligand structure Hardness: 947 MPa
Crustacean X 9 Stiffness: the Young’s modulus is 1069 * 96 [31]
2D layered Fibrous pore canal
structures exoskeletons tubules MPa
Toughness: 8.3 + 1.5 MPa
Stiffness: the Young’s modulus is 0.86 * 0.32
. . GPa (22
Fish scales Bouligand structure Hardness: 2.0 + 0.4 GPa [33]
Energy dissipation: 1.47 + 1.08 MPa
Dactyl club of the Bouligand structure Hardness: 65-70 GPa [34]
mantis shrimp Herringbone structure Compressive strength: 4GPa
Cuticle of the scorpion . Hardness: 230 + 70 MPa [35]
chela Bouligand structure Stiffness: the modulus is 9.5 + 1.5 GPa
Foam structure Low density: 0.1 g cm™3
Bird beaks Sandwich composite Tensile strength: 50 MPa E
p Stiffness: 1.4 GPa
Dense exterior
. Hollow interior Flexural modulus: 6.9-7.7 Gpa 371
Bird bones Reinforcing internal Density: about 2.15 g cm™
3D cellular structures
structures Dense exterior
i . _ -3
Bird feather shafts Hollow interior Low (.iensny (foam): 0.037-0.08 g cm (28]
Stiffness (cortex): 0.01-0.03 GPa
Foam structure
Buckling strength (quill): 167.9 *+ 39.3 MPa
i Hollow interior Stiffness (cortex): 2.6 + 0.7 GPa [39]
Quills Foam-like core Strain energy absorbed (quill): 14.3 + 5.9 MJ
m-3
“Brick-and-mortar” Stiffness: 70-80 Gpa 21
Nacre architecture Tensile strength: 70-100 MPa [40]
Fracture toughness: 4-10 Mpa
. . .
Interface . Cascade slide-lock Sepa_rgtlon for_c_e. 0.72% 0'?.'4 mN . [41]
Bird feather vane Self-repairing stability: separation-repair
structures system

process more than 1000 times

Modulus (radial tension): 864 + 334 kPa
Breaking stress (circumferential tension): [42]
2175 + 555 kPa

Tooth-like spinules

Remora fish Vertical fiber structure

| 2. Biological Models with 1D Fibrous Structures

One-dimensional fibrous structures can be found in a variety of biological materials. Spider silk and natural silk usually
have extremely high tensile strength and high elasticity 2344145 while muscle fibers have excellent fatigue resistance 48!,
The lotus silk fiber in the lotus leaf provides the lotus root and petiole with excellent resistance to breakage and is used in
the design of surgical sutures 28 Another biological sponge that lives in water has excellent toughness. They are
commonly found within non-mineralized, soft biological materials, such as muscle, tendon and silks. However, there are
many notable exceptions, such as the glass sponge and the chitin fibers in arthropod exoskeletons, where these fibers
are mineralized. They usually share some common characteristics such as confined fibrillary dimensions, hierarchical
architecture, as well as interface interactions L1474, These fibrous structures strengthen and toughen materials by limiting
fiber shear and controlling slip, stress transfer and energy dissipation 11281491 Specific examples given here are spider
silk, tendon and glass sponge.

2.1. Spider Silk



Spiders usually use different silks to achieve a variety of tasks. Spider silk is famous for its incredible toughness. Due to
its fascinating mechanical properties, spider silk has attracted researchers’ attention for a long time, especially in the field
of biomaterial science. Spiders can produce more than seven different types of spider silks through different glands.
These glands can be distinguished morphologically and histologically as ampullate glands, piriform glands, aciniform
glands, tubuliform glands, aggregate glands and flagelliform glands. Spider silk secreted by different silk glands has
different physical properties that achieve different functions and build complex spider webs 29, Dragline silk, also called
major ampullate silk, is the strongest fiber, and aciniform silk is known for its extreme toughness 24, These two silks are
also the most studied. Dragline silk acts as a supporting or safety silk, which constitutes the spokes and frames of the
cobweb and the hanging lines for the spider. Its elastic modulus is about 10 GPa and its maximum strength exceeds 1
GPa [28. On the other hand, aciniform silk can withstand up to 500% strain before failure in some species. However, they
both have surprisingly similar and incredible toughness 1111,

Dragline silk has natural hierarchical structures (Figure 2a) B2, Dragline silk fiber has a skin—core organization, with a
multitude of fibrillar substructures and covered by hard skin 22, Silk fibril can be thought of as a semi-crystalline material
which has a fishnet-like structure composed of interconnected B-sheet nanocrystals and amorphous proteins 2153l The
B-sheet nanocrystals serve as nodes carrying stress in a fishnet-like structure, while amorphous proteins connect nodes
(B-sheet nanocrystals) like a rope to form a structure that is both flexible and strong B4, Further, these nanocrystals are
formed by layers of anti-parallel amino acid sequences, which are called B-pleated sheets 51 These p-sheet
nanocrystals, only a few nanometers in size, account for about 10-15% of the volume of silk, which are bonded with
hydrogen bonds. The hierarchical structure also includes the electron density at the angstrom scale 1. When silk fibers
are exposed to stretch, B-sheet nanocrystals form interlocking regions that are used to transfer loads between partially
stretched and oriented macromolecular chains. Due to the contribution of hydrogen bonding, the cohesion provided by the
B-sheet nanocrystals between the long polypeptide chains enables the amorphous domains to stretch significantly.
Eventually, the B-sheet nanocrystals fracture under large deformation and loads, where the typical loading at individual 3-
sheet nanocrystals is lateral 511,
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Figure 2. (a) Schematic of the hierarchical spider silk structure that ranges from nano to macro. Reprinted with permission
from B2, copyright 2010 ROYAL SOC. (b) Typical hierarchical structure of a tendon. Reprinted with permission from 2],
copyright 2015 NATURE RESEARCH. (c) Structural and compositional characterization of the basalia spicules. Reprinted
with permission from 28, copyright 2004 NATL ACAD SCIENCES.

2.2. Tendon

Like spider silk, tendons are high-performance biomaterials composed of protein fibers. Tendons are the connecting parts
of muscles and bones. Tendons transfer loads from muscles to bones through their complex structures and respond to
different mechanical loads B2, In tendons, which is a tissue designed to carry uniaxial tension, fibers are aligned in one
direction U, Tendons are made up of water, cells and extracellular matrix. A tendon has a hierarchical structure from the
molecular scale to the entire tendon itself (Figure 2b) BZ. Tropocollagen components are ~1.5 nm in diameter, forming



collagen microfibrils with a diameter of ~3.5 nm. The tropocollagen molecules attach to the adjacent molecules through
intrafibrillar bonding. Collagen microfibrils are arranged into collagen subfiber (10~20 nm in diameter), which is also called
primary fiber. Subfibers, in turn, arrange themselves into fibrils. Collagen fibers are bundles of collagen subfiber with
diameters between 0.2 and 12 pm. Therefore, collagen fibers are also known as secondary fiber bundles. Further,

collagen fibers make up collagen fascicle, which is also called a tertiary fiber bundle. Finally, the tendon is made up of
multiple fascicles 23I57[58],

The tendon layer structure and mechanical properties of collagen are considered to be tendons’ structural foundation of
the organization under mechanical load B2, A functionally important feature of the tendon is its flexibility in bending. There
is a crimped or wavy structure in the collagen fascicle, which has an important effect on the mechanical properties of the
tendon 54 ynder the load, the crimps are pulled out and the fibrils become straight, but under low load, they are
actually in effect pre-buckled on a microscale. Therefore, under zero load, the longitudinal tensile modulus and
compression modulus are very small, and the longitudinal deformation required for bending also easily occurs 22, Meyers
et al. 14 calculated the expression of maximum strain that the collagen fibers can withstand without damage through an
idealized configuration of wavy collagen fiber. Additionally, the loose binding of the fibers and higher levels of the hierarchy
between each other causes the tendons to bend easily 2. The interface between unidirectional collagen fibrils of the
tendon also displays an important role in the deflection and blunting of incoming cracks and to channel deformations 69,
In addition to multiple dimensional changes in fiber structure, the amount of constituent substances is also arranged in a
gradient 24l In the area from the tendon fiber to the bone connection, the mineral content and crystallization order
increase in sequence. This allows for a gradual change in the local hardness and elastic modulus at the tendon—bone
interface, helping to adjust and transfer loads between different materials while minimizing stress concentrations.

2.3. Glass Sponge Spicules

Unlike spider silk and tendons mainly composed of proteins, sponges are marine organisms made of biological minerals
with a 1D fibrous structure: spicule. Its shape, chemical constituents and structure are the basis of glass sponge animal
classification. Skeletons made of calcium carbonate are in the class Calcarea, those with silica are in the class
Hexactinellida and those of protein fibers (spongin) are in the class Demospongiae 281 |norganic glass sponge
spicules are a good example of well-designed ceramic fibers. It shows high fracture resistance and high flexibility 2262
(3] These excellent mechanical properties come from their structures. Reference 4 described the hierarchical structure
of the sea sponge from a nanometer to macroscopic length scales. Bundles of spicules form fibers or struts of the cage.
These spicules have a layered structure with three different regions B8 An axial organic filament with a hollow core in the
middle is firstly wrapped in a smooth central cylinder. Finally, they are embedded in a striated shell composed of a series
of equally spaced layers (Figure 2c) 8. Zlotnikov et al. 22 proved that the axial filament is a composite material by
measuring the anchor spicule of sponge Monorhaphis chuni (M. chuni), which contains nearly equal volume fractions of
biosilica and proteins. There is a thin layer of protein “glue” sandwiched between the mineral layers, which bonds these
layers together. Further, each layer is composed of spherical nanoparticles (~100 nm), which are also aggregated by a
protein called silicatein 63,

Walter et al. 88 and Miserez et al. [¢7 gave a detailed explanation of the toughening mechanism of the sponge spicules.
Due to the existence of the organic layer in the SS region, the toughness of the spicules is improved. When the crack
grows through the organic layer, it stops or shifts, which absorbs energy and makes the spicules tougher. If the fracture
process continues, new cracks will form in adjacent silica layers. Due to the random nature of brittle fractures, cracks
generally occur at locations that are not coplanar with the initial crack. This strategy of sacrificing stiffness makes the
structure tougher and more flexible. Another benefit of the layered structure is that when bending occurs, the outermost
thin silicon layer can be broken without affecting the whole fiber performance. This is because during the bending process,
the outer layer is more curved than the inner layer. The thicker fibers in the inner layer make the fibers as rigid and strong
as needed. However, in tension, each layer of fiber is subjected to a uniform load, meaning the fiber is not as tough as
when in bending. In addition to outstanding mechanical properties, glass sponges also have significant fiber-optic
properties that attracted attention B8l This mechanism in sponge spicules shows excellent mechanical properties: the
elastic modulus is 40.82 + 9.65 GPa, fracture stress is 3727.12 + 660.77 MPa and bending toughness is 69.45 + 11.71
MPa (631,

| 3. Biological Models with 2D Layered Structures

Two-dimensional layered structures from composite materials with multiple layers or interfaces are usually used to
improve the toughness. For example, glass sponge spicules with concentric silicon layers can be considered as a typical
biological model with 2D layered structures in a sense 8. Nacre is another well-known biological model with organic—



inorganic layered structures, but due to its excellent interfacial properties, we discuss it in a later section 2, Different from
the 1D fibrous structures such as natural silk and spider silk, more microscopic nanofibers are arranged in a 2D layered
structure in organisms. These structures often appear in tough organisms, such as human teeth (€8l and the dactyl club of
mantis shrimps, which are biological attack weapons [Jl79. Fish scales /4, the outer epidermis of arthropods and cardiac
muscles have defensive and protective effects [Z2. Although their structures are not the same, they all have a universal
mechanism. Here, we mainly describe several typical 2D layered structures which increase strength and toughness in
multiple directions by using many different angled fibers and other reinforcements. Specific examples include wood
tracheid, compact bones and natural bouligand composites.

3.1. Wood Tracheid

Wood is a good example of how nature uses highly oriented fibers to form layered structures. The cellular structure of
wood is composed of parallel hollow tubes (also called cells or tracheid) 28, In the cell wall of tracheid, stiff cellulose
microfibrils are embedded in the amorphous hemicellulose and lignin matrix to form cellulose macrofibrils with a 2D
laminated structure. Cellulose molecules form semi-crystalline cellulose microfibers through covalent and hydrogen
bonds. Additionally, microfibers are very stiff and strong, as a result of the alignment of the molecular backbone with the
axis of the microfibers Y. Figure 3a shows a single primary layer and three secondary layers of a tracheid in softwood
xylem B4 Here, the outermost layer, the middle layer and the innermost layer were denoted with S1, S2 and S3,
respectively. As the principal load-bearing element, the S2 layer is the thickest and accounts for 80%—90% of the tracheid
by weight. In this layer, cellulose microfibrils, hemicelluloses and lignin account for about 45%, 35% and 20% of the
volume, respectively 2. The angle between the fibrils and the tracheid axis is defined as the microfibril angle (MFA) 3],
In the primary cell wall, the MFA is random to achieve isotropic behavior in the cell wall plane. In the secondary layer, the
MFA of S2 is the smallest, S3 is the second smallest and S1 is the largest, which endows wood with anisotropic
mechanical properties (2347741 The MFA of the S2 layer determines the mechanical properties of the wood, with smaller
MFAs resulting in higher stiffness levels (Figure 3b) 4. The size of the MFA is also related to the age of the tree. In
mature trees, wood fibers with small MFAs form stiff trunks that can withstand wind loads. In young trees, large MFA fibers
form flexible trunks that can cope with strong winds by bending 4.
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Figure 3. (a) Digital photograph and schematic of a tracheid in wood xylem. Reprinted with permission from 241, copyright
2017 PERGAMON-ELSEVIER SCIENCE LTD. (b) The stress—strain curves of the cell wall with different MFAs. Reprinted
with permission from 24, copyright 2018 NATURE RESEARCH. (c) The deformation mechanism of a wood tracheid. (d)
Hemicellulose chain segments within the interfibrillar space. Reprinted with permission from [2, copyright 2016 NATURE
RESEARCH. (e) SEM image of cellulose microfiber in S2 layer of Ginkgo xylem. Reprinted with permission from £,
copyright 2014 ROYAL SOC CHEMISTRY.



When loaded under tension along the direction of the tracheid, the S2 layer shows the yield point, and subsequently
undergoes irreversible deformation, accompanied by a change in MFA 2. However, after releasing the stress, the
stiffness does not decrease with inelastic deformation 827 The Velcro-like recovery mechanism at the interface
between cellulose fibrils (Figure 3c) [2l can give a good explanation [Z8. At the interface, hydrogen bonds can be formed
between hemicellulose chains and cellulose fibrils, or between hemicellulose chains. The discontinuous hemicellulose
bridge structure is formed by the hydrogen bond between cellulose fibrils and hemicellulose chains which align with
cellulose fibrils. Entanglement is another configuration of the hemicellulose chain (Figure 3d,e) 878l when the
surface is under stress, part of the hydrogen bonds can be broken, and the hemicellulose chain is separated from
cellulose fibrils. When the stress is released, the hemicellulose chain can re-approach and re-attach to the cellulose fibrils
through hydrogen bonding to maintain the overall stiffness 2. The middle lamella is another important interface in wood.
It is responsible for connecting tracheid together. This thin interface is mainly composed of lignin, and it is weaker than
tracheid walls. In the splitting mode, the weaker middle lamellae provide toughening mechanisms, such as crack
deflection and fiber pullout. In this view, wood can be regarded as a fiber-reinforced composite, in which tracheids are
fiber analogues and the middle lamellae are the matrix 21134,

3.2. Compact Bone

Bone is featured with a coaxial layered staggered structure. It consists of cells and extracellular matrix. Bone is a bio-
composite consisting of 60 wt.% minerals, 20—-30 wt.% proteins and 10-20 wt.% water. Among the proteins, type |
collagen accounts for 90%; the others are non-collagenous proteins X8, There are two typical categories of bone:
compact bone and spongy bone. Compact bone displays anisotropic behavior under compression and stretching
behavior, which stems from the complexity of the hierarchical arrangement and the direction of bone structural
components. Compact bone exhibits elastic-to-damage behavior under compressive load Z2. The behavioral
characteristics of spongy bone under quasi-static compression load can divided into the initiation and growth of damage,
and finally the fracture process in relatively narrow zones 84, Compact bone has a complex hierarchical structure (Figure
4a) 8. Collagen molecules (tropocollagen, ~300 nm in length and ~1.5 nm in diameter) and hydroxyapatite (HA)
nanocrystals are periodically staggered and arranged into collagen fibrils parallel to the c-axis 1. The individual collagen
molecules interact through a hydrogen bond [, Collagen fibrils are stiff due to the arrangement of collagen molecules
and the strengthening effect of HA nanocrystals [21. The collagen fibers composed of bundles of collagen fibrils are
arranged into cross plies and lamellae. Then, lamellae wrap around Haversian canals concentrically to form osteons 19,
The interface between osteons is called the cement line, which is composed of a high content of minerals and low content
of collagen B, Osteons and the interface further form compact bone. The mechanical properties of compact bone are
excellent, with elastic moduli of 15-20 GPa and tensile strengths of 100-160 MPa 2],
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Figure 4. (a) Hierarchical architecture of bone. (b) Intrinsic toughing mechanism and extrinsic toughing mechanism of the
human bone to resist fracture. (c) The toughening mechanism from the macro scale to the nanoscale. Reprinted with
permission from (&, copyright 2015 NATURE RESEARCH.

The excellent fracture resistance of bones can be explained from two perspectives: the intrinsic toughing mechanism and
extrinsic toughing mechanism (Figure 4b) [, The intrinsic toughing mechanism mainly promotes ductility and acts on the
micro-/nanoscale, including molecular uncoiling of the collagen components and the process of fibrillar sliding (most
importantly) B2l These fibrils are held together by a 1-2 nm-thickness layer of non-collagenous interfibrillar matrix, which
is weaker and more compliant than aligned fibrils 2. The proteins in the matrix are highly deformable and form ligament



in the interface of collagen fibrils. It was experimentally observed that the shear at the interface between the collagen
fibrils accounts for 60% of the total tensile deformation of the bone B3l So, the interface of collagen fibrils is the key to
energy dissipation. In addition to the ligament, osteocalcin in the non-collagenous interfibrillar matrix can also form
sacrificial bonds with HA in the collagen fibrils. When the interface is sheared, the sacrificial bonds can be opened to
provide molecular-scale displacement and can be quickly restored B4l In addition to the sacrifice and ligament bridges
mentioned above, the HA/collagen interface and intermolecular crosslinking also play roles in the process of fibrillar
sliding 4. When the fibrils slide, the fibril and the adjacent HA nanocrystals can create frictional resistance and thus
hinder the sliding 3. In bones, plasticity and ductility play a role in passivating the crack tip by dissipating energy and
forming a plastic zone around the initial crack, thereby reducing the driving force of the crack and eventually toughening
the material &,

Compared with the intrinsic toughing mechanism, the extrinsic toughing mechanism has a greater contribution to the
fracture resistance of bones, which mainly plays a role at a larger range (~10-100 pm). In essence, the extrinsic toughing
mechanism mainly hinders crack growth, including crack bridging and crack deflection/twist [l. The crack bridging mainly
occurs at the tip of the crack propagation, forming an uncracked ligament bridging to suppress the crack propagation
(Figure 4c) 8. Crack deflection/twist mainly depends on the cement line, which is an interface between the osteons and
the surrounding interstitial bone. Cement lines are more brittle and weaker because they mineralize more than the
surrounding bone. When under load, bone can become tougher by deflecting or twisting the crack along the weaker
cement line. Once the cement line breaks, friction will be generated, preventing the osteons from continuing to slide 4!,
These extrinsic toughing mechanisms lead to resistance to both initiated and growing cracks .

3.3. Natural Bouligand Composites

The bouligand or twisted plywood is the most commonly observed 2D layered structure in natural materials. The
constituent fibrils are arranged in layers stacked in a helical fashion to provide high levels mechanical strength and
toughness 9. The earliest creatures found to have bouligand structures were crustacean exoskeletons or cuticles (crab
and lobster shells) B3], The exoskeleton is made of CaCO3 and chitin—protein fibers and has a four-layer structure from
top to bottom, which includes the epicuticle, procuticle (including the exocuticle and endocuticle) and underlying epidermal
tissue (A28l The hierarchical structure of the exoskeleton is described in detail in 4. The outermost epicuticle is a thin
layer of a waxy surface composed of lipids and proteins, providing a water barrier for marine crustaceans. In addition, only
the underlying epidermal tissue is not calcified. The procuticle with a hierarchical structure consisting of organic and
inorganic components is the thickest and provides the main load-bearing properties I8 First of all, N-acetyl-D-
glucosamine grows in length to form long-chain polysaccharides polymers. Then, proteins and a-chitin molecules are
linked by covalent bonds to form nanofibrils. Next, these nanofibrils wrapped in anionic proteins aggregate to form chitin—
protein fibers. Finally, these fibers self-assemble to form a bouligand structure with helical stacking of horizontal fibers [
(181201 yaraghi et al. [ defined the pitch length as the repeat distance within a helicoidal structure over which the fiber
layers produce a complete 180° rotation. In the procuticle, a decrease in the pitch length is observed from the cuticle
surface toward the interior 88, Besides, there are fibrous pore canal tubules aligned perpendicular to the cuticle surface
and penetrating the rotating nanofibrils. These fibrous pore canal tubules form a system that transports ions after molting
(33871 This hierarchical cuticle protects crustacean. The spiral arrangement of fibers creates a toughening effect by
enhancing damage tolerance and energy absorption. The inherent elastic modulus oscillation of the spiral structure
reduces the local driving force of crack propagation between layers B8l |n addition, because there is a difference in
modulus between the mineral and the organic polymer in the mineralized fiber, the fiber interface can be toughened by
crack deflection [Z. The crack also deflects along the path of the helicoidal structure, increasing the length of the crack
path to consume a large amount of energy. The pore canal tubules perpendicular to the fiber layer form a structure similar
to z-pinning to enhance the resistance to delamination between the fiber layers [,

The scales of the Amazonian fish (Arapaima gigas) also have a similar bouligand structure that aids in resisting attacks
(89 Figure 5a shows the hierarchical structure of Amazonian arapaima fish scales B2, In addition to a highly mineralized
outer layer, the scales also have an inner lamellar layer made of spirally arranged fibril lamellae. These fibril lamellae are
made up of mineralized collagen fibrils in the same direction and the fibrils are composed of collagen molecules and
hydroxyapatite nanocrystal 28183, This special spiral structure causes the fibril lamella to reorient itself when subjected to
external loads (Figure 5b) [, Most of the fibril lamellae are oriented toward the stretching axis and are found to be
deformed under tension through the stretching or sliding mechanism, while other fibril lamellae are gradually rotated away
from the stretching axis and exhibit a compression trend. It is this unique structure and its complex deformation

mechanisms (such as stretching, rotation, delamination and compression) that make the arapaima fish scales resistant to
damage [AEA20],
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Figure 5. (a) Hierarchical structure of Amazonian arapaima fish. Reprinted with permission from B9 copyright 2013
NATURE RESEARCH. (b) Deformation and rotation mechanisms of arapaima fish scales. Reprinted with permission from
(89 copyright 2013 NATURE RESEARCH. (c) Structural features of the dactyl club of the peacock mantis shrimp
Odontodactylus scyllarus. Reprinted with permission from 22, copyright 2018 NATURE RESEARCH.

The most prominent creature with a bouligand structure is the stomatopod dactyl club of the mantis shrimp
(Odontodactylus scyllarus) 1. When a mantis shrimp attacks prey, it can instantly hit the prey’s shell with its dactyl club,
which can reach a speed of 23 m s™1, an acceleration over 105 m s™2 and a force up to 1500 N BRG] Thanks to its
multi-level structure (Figure 5c) ¥4, the dactyl club can withstand thousands of repeated high-intensity impacts without
being destroyed. The dactyl club is made up of the dactyl (D) segment and the propodus (P) segment. Figure 5¢c shows
the cross-section of the club, including the impact region (blue), the medial periodic region (red), the lateral periodic region
(yellow) and the striated region (green) 28, The impact region consists of a hard external zone and a herringbone
structure region. The external zone is composed of nano-apatites to provide hardness. The herringbone structure region
features highly ordered, compacted and pitch-graded sinusoidal arrangements of helicoidally arranged chitin nanofibrils,
which are covered with highly mineralized apatite. Additionally, the direction of apatite is parallel to the long axis of the
chitin nanofibers. These unique structures provide the impact region with an anisotropic stiffness response and quasi-
plastic behavior. When under compressive loading, this structure can enable stress redistribution and out-of-plane
stiffness (that is, the stiffness along the x-direction of the herringbone pattern) 2293l Further, a modulus mismatch in the
impact region can cause crack deflection to provide additional protection against damage 2281, The partially mineralized
chitin nanofibril helicoidal structure forms a periodic region, and the periodic region, as the main energy absorbing layer,
has the same mechanism as Crustacean exoskeletons 48!,

Kellersztein and Wagner 24 compared the hierarchical structure and mechanical properties of the cuticles of the Scorpio
maurus palmatus and the Buthus occitanus israelis. Figure 6a shows a schematic diagram of the structure of the chela
cuticle 241, Additionally, their group revealed a unique bouligand structure by observing the cuticle of the Scorpio maurus
palmatus tarsus in detail 22!, There are 40-100 laminae of chitin—protein fibers embedded in the protein matrix to form the
bouligand laminate unit (BLU). Compared with the classical bouligand structure, the BLU has the following two
characteristics: off-axis helicity and dual-angle laminating (Figure 6b) [23l. The off-axis helicity means the laminae are
twisted about their corners rather than centers, and dual-angle laminating means the laminae are tilted in addition to their
twisting. The resulting BLU is highly warped, such that neighboring BLUs are intricately intertwined, tightly nested and
mechanically interlocked. This structure significantly enhances the laminate flexural stiffness and strength and may
improve toughness by diverting crack propagation.
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Figure 6. (a) Schematic illustration of the hierarchical structure in the Scorpio maurus palmatus and the Buthus occitanus
israelis chela cuticle. Reprinted with permission from 24!, copyright 2019 ELSEVIER SCI LTD. (b) Bouligand laminate unit
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| 4. Biological Models with 3D Cellular Structures

Many creatures require stiff and light-weight structures, especially birds. They have cellular elements in feathers, bones
and beak structures. A common feature of such a structural design is a thin and dense exterior with a hollow or porous
interior to resist external loads, which can provide strength while minimizing weight. The 3D interconnected structure of
the dragonfly elytra has an anti-cracking effect, and also has excellent toughness, load-bearing capacity and fatigue
resistance. This also provides protection for the wings and prevents air friction from breaking the dragonfly’s wings 281,
The structural parameters of the Cybister elytra also provide a reference for the design of sandwich composites &1,
Although many flying creatures have complex 3D cellular structures—the structure of birds has been studied especially
deeply— hedgehog and porcupine spines also have similar structures with a defensive role. Here, we mainly introduce
the typical 3D cellular structures in the beaks, bones and feathers of birds.

4.1. Bird Beaks

The toucan bird has a long and thick beak. The length of a toucan’s beak accounts for 1/3 of the bird’s total length, but
thanks to its density being approximately 0.1 g/cm?®, the mass is only one-twentieth of the total bird. Similar to the toucan,
the hornbill's beak occupies 1/4 of the bird’s total length and the density is about 0.3 g/cm3 BE8I9 Toycan and hornbill
beaks are 3D cellular structures made of foam and covered with a hard surface 14, This structure achieves the perfect
fusion of low density and sufficient rigidity. Figure 7a, d show toucan and hornbill beaks schematically 1. The hornbill's
beak has a unique casque formed from a cornified keratin layer LH2IE89 The hard surface (keratin shell) of toucan and
hornbill beaks consists of multiple layers of keratin scales (Figure 7e) 2. The keratin scales are hexagonal, are glued
together and overlap each other. Each keratin scale is about 50 um in diameter, 1 um in thickness and the total shell
thickness is approximately 0.5 mm B2, The intermediate filaments (fibers) are embedded in the keratin matrix and create
a difference in orientation from one layer to the next. So, keratin is a protein-based fiber-reinforced composite material
and the mineralization of calcium increases its hardness 229, The viscoplastic response of the glue was shown to cause
the keratin shell to exhibit a failure mode that was strain-rate dependent. When stretching at a strain rate of 5x107° /s,
failure occurred due to the pullout of the scales. When at 1.5 x 1072 /s, failure took place due to fracture of the scales B9,
Figure 7c,d shows the optical and SEM micrographs of toucan and hornbill beaks. The beak bone trabecula consists of
an elliptical or cylindrical rod and the pores of the beak bone trabecula are sealed off by thin membranes 289, Thus, it
can be considered as a closed-cell foam, as defined by Gibson and Ashby 199 This closed-cell foam is composed of



fibers with higher calcium content, whose Young's modulus is twice that of the keratin shell. Meanwhile, the membranes
have a composition similar to the keratin shell B2, The compressive response of the foam was successfully modeled by
the Gibson—Ashby constitutive equation for closed-cell foam. It was found that because the density of hornbill foam is
three times that of a hornbill's beak, its strength is correspondingly higher B9 The mechanical behavior of a complete
beak is dominated by hard surfaces and foam. When the bird’s beak is loaded, most of the load is borne by exterior
keratin, while the foam increases the energy absorption rate, stabilizes the deformation of the beak and prevents
catastrophic damage. In addition, the hollow core makes the beak exhibit a high bending resistance 12139,
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Figure 7. (a,b) Schematics of the toucan beak and hornbill beak. Reprinted with permission from 1, copyright 2008
Elsevier. (c,d) Micro-images of the internal foam structures with three different cross-sections of toucan beak and hornbill
beak. Reprinted with permission from [, copyright 2008 Elsevier. (¢) SEM images of the exterior of the beak (keratin)
from different views. Reprinted with permission from 2, copyright 2005 PERGAMON-ELSEVIER SCIENCE LTD.

4.2. Bird Bones and Feather Shafts

Wing skeletons are particularly light, and most birds have hollow bones in their wings. These hollow bones can connect to
the lung system and circulate air to increase bone buoyancy 22202l Because bird bones and feathers are subject to
bending and torsional stress in flight, they have evolved similar structural characteristics: a thin, dense exterior with
reinforcing internal structures 1931, Figure 8a shows the wing bones, which have a hollow and circular mid-cross section
with struts 2831, These hollow bones have a thinner-walled structure and greater density than marrow-filled bones 1941,
Similarly, the feather shaft has a thin, compact cortex and a hollow but foam-filled interior (Figure 8b) 103l These
lightweight structures (both in bones and feathers) with a tight outer and hollow interior are designed to resist external
loads. When under bending loads, materials farther from the neutral axis can withstand more compression and extension
than materials closer to the neutral axis. When under torsion, the thin-walled closed section provides a high torsional
stiffness. In addition, the dense exterior wall also leads to an increase in structural stiffness 103104 Both bone and
feathers have internal reinforcements: ridges, struts and foam (Figure 8c) 1931 To resist the tensile stress caused by
torsion, the ridges are aligned at —45° to the horizontal axis of the bone. For feathers, the ridges occur on the dorsal
surface for reinforcement because the dorsal side of the feather shaft is under the most pressure during the bird's
downstroke %31 There are isolated rods called struts on the ventral side of the pneumatic bone to resist the combined
bending and torsion load. The feather uses foam-filled rachis to resist local buckling and to absorb the bulk of energy 193!,
Most of these medullary foams are closed-celled and the cell walls consist of porous fibers 193],
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Figure 8. (a) Micro-computerized tomography scan of different wing bones. (b) Micro-computerized tomography
generated images of an Andean condor (Vultur gryphys) primary feather. (c) Internal reinforcements in the avian bone and
feather: ridges and foam. Reprinted with permission from 1981, copyright 2017 ELSEVIER SCI LTD.

Bird bone is a hierarchical structure composed of collagen and hydroxyapatite. The bone lamellae composed of fiber
bundles are arranged in different orientations to resist bending and torsional loads (the same principle as the wood and
bone mentioned in the previous section) 2%, The feather cortex is a fiber-reinforced composite with multiple layers of an
organization composed exclusively of B-keratin. First, crystalline B-keratin filaments are embedded in amorphous matrix
proteins. Then, keratin filaments are bundled to form macrofibrils, and macrofibrils are further organized into fibers. Finally,
fibers form ordered lamellae in the feather shaft cortex (1931106 The different arrangement directions of the fiber layers in
the feather are used to resist different loads. The thicker inner longitudinal fibers form the skeleton of the feather shaft. In
the vicinity of calamus, there is a thin outer layer composed of circumferentially wrapped fibers to prevent axial fiber
separation during bending. There are +45° cross-fiber layers on the lateral walls of the rachis to cope with the shear stress
caused by bending and improve the torsional stiffness [LQ8I[107][108]

4.3. Quills

Some mammals, such as porcupines and hedgehogs, grow rough, hard, sharp hair for defense and protection. These
quills are made of keratin and are structured as long tubes with tapered ends filled with a closed foam cell [L2IL3],
Porcupines can be divided into two main families: Old World (e.g., African porcupine) and New World (e.g., American
porcupine) 12!, Old World porcupines have longer and thicker quills than New World ones WO The quill of the
African porcupine has stiffeners attached to the cortex and gradually extends towards the center. The remaining area is
filled with foam-like cells. Additionally, there are irregular scales on the surface cortex and stomata 114, The cortex shell of
the African porcupine quill is divided into three layers: a moderately ordered outer a-protein layer, a highly ordered middle
a-protein layer, and an amorphous inner B-protein layer 2. American porcupine quills have a closed foam core without
struts inside. The cells in the center are large, while those near the cortex are small. American porcupine quills have
overlapping keratin scales on the surface, forming a serrated structure that can be smoothly inserted, but is difficult to pull
out 18!, North American porcupine quills show a clear fine filament—matrix structure. The longitudinal sections of quill tips
show longitudinally oriented crystalline a-keratin intermediate filaments, which has a significant effect on the mechanical
properties. The cortex carries the majority of the load, and the foam can withstand high tensile or compressive
deformation to adapt to the buckling of the cortex LIS Fyrther, the cell collapse and cell densification of the inner
foam core are the key to energy absorption during compression buckling 9.

Porcupine quills can bear considerable loads to pierce predators, while hedgehog spines (also known as quills) are

famous for their excellent shock absorption performance (Figure 9a). The inner structure of hedgehog spines has two

main structural features: the longitudinal stringers and the transverse central support plates (Figure 9b) 1931 Around the



outer wall of the spine, there are 22 (this number is constant for all hedgehog spines) evenly distributed longitudinal
stringers that run through the entire length of the spine, forming outer cells. The transverse central support plates are
evenly distributed in the center of the spines. The transverse central support plates branch off into three thinner sections
(called branched transverse plates) at the position in contact with the longitudinal stringers. The outer wall of the spine
and the longitudinal stringers are connected by these branched transverse plates 193! The thin-walled hollow structure of
the hedgehog spines can reduce mass and increase torsional stiffness, but its bending resistance is weak. The
longitudinal stringers compensate for the weak bending stiffness. Additionally, the support plate provides more structural
support for the spine so that the stress is evenly distributed on the spine surface, preventing spine buckling and failing.
These structures enable the spine to absorb more energy [£1I1091[L14][115]
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Figure 9. (a) Digital photographs and modeling of a single spine of a hedgehog. (b) X-ray micro-computed tomography
images of key features in a hedgehog spine with different sections. Reprinted with permission from 1, copyright 2019
ELSEVIER SCI LTD.
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