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1. Introduction

Throughout human history, engineers 
have been developing structural materials 
where strength and toughness are vital 
properties for performance in multiple 
applications.[1] It has been known that 
these two materials properties are usu-
ally mutually exclusive.[2] The strength 
of a material is defined as its ability to 
withstand a certain load without plastic 
deformation or failure, while material 
toughness is the total amount of energy 
absorption during its deformation until 
failure or fracture occurs.[3] Toughness can 
be also defined using fracture mechanics 
methodologies as the stress intensity 
factor required to initiate and propagate a 
crack which will lead to the final fracture of 
a material.[2] This toughness is also known 
as fracture toughness, which is a mate-
rial property.[4] Stronger materials such 
as ceramics tend to have limited plastic 
deformation, which will cause high stress 
concentrations and finally lead to mate-
rial fracture. Thus, materials with higher  

Biological materials found in Nature such as nacre and bone are well 
recognized as light-weight, strong, and tough structural materials. The 
remarkable toughness and damage tolerance of such biological materials 
are conferred through hierarchical assembly of their multiscale (i.e., atomic- 
to macroscale) architectures and components. Herein, the toughening 
mechanisms of different organisms at multilength scales are identified 
and summarized: macromolecular deformation, chemical bond breakage, 
and biomineral crystal imperfections at the atomic scale; biopolymer fibril 
reconfiguration/deformation and biomineral nanoparticle/nanoplatelet/
nanorod translation, and crack reorientation at the nanoscale; crack deflection 
and twisting by characteristic features such as tubules and lamellae at the 
microscale; and structure and morphology optimization at the macroscale. 
In addition, the actual loading conditions of the natural organisms are 
different, leading to energy dissipation occurring at different time scales. 
These toughening mechanisms are further illustrated by comparing the 
experimental results with computational modeling. Modeling methods 
at different length and time scales are reviewed. Examples of biomimetic 
designs that realize the multiscale toughening mechanisms in engineering 
materials are introduced. Indeed, there is still plenty of room mimicking the 
strong and tough biological designs at the multilength and time scale in 
Nature.
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strength are likely to be brittle, while weaker materials are easy 
to deform, and thus much tougher.[2] In our traditional view of 
making a desired material that is tough and damage tolerant, it 
is crucial to reach a compromise of the strength and ductility. 
However, Nature has developed several remarkable ways to 
build lightweight and strong, yet tough materials over millions 
of years of evolution.[4–6] Figure 1a depicts toughness as a func-
tion of elastic modulus, highlighting that naturally existing bio-
logical materials retain toughness with an increase in stiffness 
(green banana curve); while the current synthetic engineering 
materials show an inverted curve (yellow), indicating toughness 
drops dramatically as stiffness increases. Even though natural 
materials exhibit modest material properties compared with 
the engineering materials, they tend to achieve a better trade-
off. This significant difference primarily stems from the hier-
archical structure of biological materials and their associated 
multiscale toughening mechanisms.

Unlike synthetic materials, biological materials have had to 
develop very select architectures due to the limited selection of 
elements and restricted growth environments. Furthermore, 
these structures are constructed via well-orchestrated bottom-
up synthesis processes, yielding hierarchical structures with 
organized building blocks architected from the atomic to macro-
scale level.[1b,7] The subsequent hierarchical structures and fea-
tures found in these biological materials that were determined 
to contribute to the toughness of materials has been summa-
rized in previous studies as intrinsic and extrinsic toughening 
mechanisms.[2,8] For example, in bone, the intrinsic toughening 
mechanism works ahead of the crack tip, including features 
from atomic to nanoscale, such as molecular uncoiling, fibrillar 
sliding, and microcracking. While the extrinsic toughening 
mechanisms are located behind of the crack tip; these include 
fibril bridging and crack deflection and twisting, which are at 
larger length scales (micro- to macroscale) compared to intrinsic 
mechanisms.[9] As a result, the fracture toughness of bone is 
almost 10 times higher than its component hydroxyapatite  
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Figure 1.  Toughness of natural and engineering materials. a) Ashby plot of toughness and elastic modulus of biological and engineering materials. 
These biological materials show high stiffness, but at the same time retain toughness. b) Significant increases in toughness are realized by materials 
from nature such as bone and nacre, by applying different design strategies and toughening mechanisms. b) Adapted with permission.[5a] Copyright 
2015, Springer Nature.
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nanocrystals.[5a] Some of the recent work has been focused on 
heavily biomineralized systems such as those in Figure  2a,b. 
In most cases, these systems have a very high content of min-
eral, are known for their brittle mechanical behavior, and yet, 
it is found that these materials contain an important popula-
tion of features that otherwise act as stress concentrators. These 
features are channels/pore canals, relatively weaker interfaces, 
defects, and all of types of flaws that otherwise will lead to the 
stress localization. For instance, Figure  2c shows that nacre 
and chiton[10] have weaker interfaces with mineral bridges 
that hypothetically modulate their interfacial strength. This 

is contrary to what it is expected in what is otherwise a mate-
rial that has a high content of very brittle material. Figure  2d 
illustrates the expected behavior of a monolithic brittle mate-
rial: given a population of defects, once an external tensile load 
is applied, some of the defects will grow into microcracks and, 
eventually, one crack will dominate the behavior of the mate-
rial leading to catastrophic failure. However, highly biomin-
eralized materials show an entirely different behavior: while 
it is true that the materials contain defects and other sources 
of stress concentrators, the underlying architecture and pres-
ence of relatively weaker interfaces provide a robust template  

Adv. Mater. 2019, 31, 1901561

Figure 2.  a) Naturally occurring architectures found in the shells of abalones, teeth of chitons, and the dactyl clubs of the mantis shrimp, b) simpli-
fied schematics of architectures from (a), c) relatively weaker interfaces and bridges found in some of these architectures, d) schematic depicting  
typical brittle crack behavior in brittle materials (i.e., minerals), e) crack behavior found in biomineralized composite materials. a) The left images for 
“Nacre” and “Chiton” are from Pixabay. Right image for “Chiton”: Reproduced with permission.[10b] Copyright 2009, Elsevier. Mantis shrimp images  
(top row, left and right): Reproduced with permission.[14a] Copyright 2012, American Association for the Advancement of Science. Mantis shrimp 
(bottom row, left and right) and bottom image in (b): Reproduced with permission.[70] Copyright 2016, Wiley-VCH. c) Top row: Reproduced with  
permission.[10f ] Copyright 2009, Elsevier. Middle row: Reproduced with permission.[74]  Copyright 2014, Wiley-VCH.
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for multiple cracks to initiate, grow (without coalescence), and 
still promote multiple initiation sites for more microcracks 
(Figure  2e).[11] These architectures provide a template of rela-
tively weaker interfaces for crack initiation (i.e., local softening) 
and arrest (local hardening), which in turn, promotes other 
cracks to nucleate and grow. This leads to delocalization and 
helps spread the damage to vast regions, improving the tough-
ness of the material. The general behavior of the material typi-
cally is a product of competing mechanisms that maximize 
energy dissipation and stress alleviation through the synergistic 
roles of the architecture and interfaces.

Indeed, experimental observations at different length scales 
have provided a plethora of useful information on how the 
different features synergistically work toward some beneficial 
behavior of the material. In turn, these observations, carefully 
examined, lead to a well-thought hypothesis on what key mech-
anisms are active during a specific type of loading condition.

Utilizing experimental observations is critical in revealing 
multistructural features and mechanical properties, while mod-
eling becomes an important tool to provide insight toward the 
most likely explanation of how these structures might lead to 
some specific emerging behavior. In this regard, a model is 
nothing else than a group of ingredients that a researcher put 
together to best describe the behavior of the material to validate 
such hypotheses. Subsequently, these ingredients can be selec-
tively turned on and off to carry out systematic and parametric 
analyses.

Beyond computational modeling, additive manufacturing 
methods are being developed to help validate these models as 
well as translate key mechanistic insights to scalable and manu-
facturable engineered products. Based on an understanding of 
some of the toughening mechanisms at different length scales 
in biological materials (such as bone and nacre), researchers 
have been utilizing fabrication methods such as freeze casting 
and 3D printing of synthetic engineering materials to mimic 
biological architectures and thus replicate their toughening 
mechanisms.[12] The brick-and-mortar lamellar structure found 
in nacre was successfully adapted using Al2O3 and poly(methyl 
methacrylate) (PMMA) components to form a synthetic ceramic 
composite by freeze casting. The toughness of the final product 
was more than 300 times that of its constituents, indicating the 
efficiency of the toughening mechanisms discovered in natural 
biological composites (Figure  1b).[12a] Thus, there has been a 
significant increase in motivation to applying the toughening 
mechanisms found in natural organisms to synthetic material 
systems to create damage-tolerant materials.

When referring to the mechanical properties of materials, 
the loading strain rate (how fast the load is applied to a mate-
rial’s surface) is also a crucial factor that can affect the mate-
rial behavior (i.e., toughness and damage tolerance).[13] A vivid 
illustration from a textbook shows the difference of material 
behavior at different loading rates: a sandbag used by the sol-
diers can stop bullets with the flow of sand, while it can be easily 
destroyed by a knife; a metal plate can stop a sharp knife, but 
can never withstand the penetration of a high-speed bullet.[13b] 
Interestingly, Nature has also evolved materials and structures 
that are sufficiently tough while demonstrating the ability 
to withstand forces under a very broad range of strain rates: 
from quasi-static (≈10−3 s−1) to high-speed impact (≈104 s−1).  

The impacting speed of the dactyl clubs in mantis shrimp can 
reach ≈20 m s−1, which leads to a loading strain rate of ≈104 s−1.[14]  
The intraspecies flighting speed of bighorn sheep is ≈9 m s−1,  
and it can cause an impact strain rate ≈102–103 s−1.[15] 
Conversely, bones and teeth face quasi-static loads and fatigue 
(strain rate ≈10−3 s−1). Unlike the high strain rate impacts, many 
quasi-static loads are continuous forces whose durations are 
for relatively long time periods of time.[16] In this case, inves-
tigating the toughening and energy dissipation mechanisms 
in natural materials at different time scales (loading rates) will 
give us further insights and inspiration toward the design of 
impact and fatigue resistant engineering materials.

Here, we identify and summarize a range of architectural 
features and toughening mechanisms that exist in mineralized 
and nonmineralized biocomposites at multiple length scales 
and at different time scales. The organisms and structures sub-
sequently described can be seen in Figure 3 and Table 1. The 
features and toughening mechanisms in different organisms 
are identified in four proposed length scales, which will be dis-
cussed as follows:

•	 Atomic-scale (<1 nm): Natural materials often contain both 
mineralized and nonmineralized components. Macromol-
ecules such as chitin, cellulose, collagen, keratin (and other 
proteins) as well as water molecules will contribute to the 
toughness at the atomic scale through chemical bonds and 
molecular deformation. Crystal imperfections in nanocrys-
tals within mineralized tissues, especially those introduced 
under high strain rates, will also contribute to the energy dis-
sipation.

•	 Nanoscale (1 nm to 1 µm): Nanoscale biominerals (e.g., 
isotropic particles, anisotropic rods, and platelets) are the 
primary strengthening features of mineralized tissues at the 
nanoscale. Polymer fibrils and amorphous polymer matrices 
comprise the nonmineralized components. Toughening 
mechanisms such as fibril bridging and reorientation as 
well as particle rotation at this level will also be identified. 
Additional toughening mechanisms included are found at 
the interfaces between these nanoparticles.

•	 Microscale (1 µm to 1 mm): Architectural designs and fea-
tures such as lamellar, cellular, gradient, tubular, Bouligand/
herringbone structures observed at this length scale can serve 
in toughening and energy dissipating roles. Crack deflection, 
twisting and reorientation at different loading rates will be 
discussed. Modeling work on crack stopping and arresting 
mechanisms will also be introduced.

•	 Macroscale (>1 mm): The size of entire organisms or their 
structures are at this length scale. They are usually combina-
tions of different materials and structures with specific de-
signs (i.e., morphologies and shapes), which are integrated 
for toughening and energy dissipation purposes. Based on 
the loading nature of specific organisms/structures: mantis 
shrimp dactyl club, woodpecker beak, antler, and bighorn 
sheep horn are placed among the high-speed impact materials.  
Wood, nacre, and hooves are exposed to relatively lower-speed 
impacts. Structures such as bone, tooth, fish scales are usu-
ally under quasi-static loading. The material composition and 
organism morphology at the macroscale will be investigated 
in terms of energy dissipation purposes.

Adv. Mater. 2019, 31, 1901561
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Researchers have also been developing new multiscale 
models and bioinspired methods to mimic the multiscale 
structures and have realized the toughening mechanisms 

in synthetic materials.[12a,17] We believe a thorough sum-
mary of the toughening mechanisms at multiple length and 
time scales will lead to the development of strong, tough and 

Adv. Mater. 2019, 31, 1901561

Figure 3.  Multiscale features of biological materials. At the macroscale, natural organisms under different loading environment are classified. Tubular, 
lamellar, suture, and herringbone structure are features of organisms at the microscale. At the nanoscale, nanograins, nanoplates, polymer fibrils are 
found. Biopolymer macromolecules and mineral crystal domains provide the main building blocks of biological composite materials at the atomic 
scale. Atomic scale images: Tropocollagen: Reproduced with permission.[100a]  Copyright 2013, Springer Nature. Keratin: Adapted with permission.[27b]  

Copyright 2015, Elsevier. Aragonite and hydroxyapatite: Adapted with permission.[154a] Copyright 2009, Elsevier. Nanoscale images from top to bottom: 
Nacre: Adapted with permission.[5a] Copyright 2014, Springer Nature. Fish scale: Adapted with permission.[62] Copyright 2013, Springer Nature. Keratin: 
Adapted with permission.[28] Copyright 2017, Elsevier. Mantis shrimp: Adapted with permission.[70] Copyright 2016, Wiley-VCH. Microscale images: Tubule 
in dentin: Adapted with permission.[154a] Copyright 2009, Elsevier. Tubule/lamellae in bone: Adapted under the terms of the CC-BY Creative Commons  
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).[154c] Copyright 2016, Springer Nature. Suture in boxfish scale: 
Adapted with permission.[90a] Copyright 2015, Elsevier. Herringbone in mantis shrimp: Adapted with permission.[70] Copyright 2016, Wiley-VCH.

Table 1.  Compositions, structures, and loading features of different organisms.

Organism Composition Feature at microscale Feature at nanoscale Loading condition Reference

Mantis shrimp  

dactyl club

Chitosan/calcium  

phosphate minerals

Bouligand/gradient/ 

herringbone

Chitin fibrils/HAP nanoparticles Impact ≈20 m s−1,  

strain rate ≈104 s−1

[14,70]

Woodpecker beak Keratin/hydroxyapatite Lamellar/cellular Keratin intermediate filaments  

and amorphous matrix
Impact ≈7 m s−1 [87]

Bighorn sheep horn Keratin Lamellar/tubular Keratin intermediate filaments  

and amorphous matrix
Impact ≈9 m s−1,  

strain rate ≈103 s−1

[15,32,33,92]

Horse hoof Keratin Lamellar/tubular Keratin intermediate filaments  

and amorphous matrix
Impact ≈3–4 m s−1,  

strain rate ≈102 s−1

[64,158]

Antler Collagen/hydroxyapatite Lamellar/tubular/cellular Collagen fibrils/hydroxyapatite 

nanoplatelets
Impact ≈11 m s−1,  

strain rate ≈103 s−1

[77–79b]

Wood/bamboo Cellulose/lignin Lamellar/cellular Cellulose fibrils Impact or static load [44b,45,66b,157]

Nacre/shell Aragonite/calcite/Protein Lamellar Calcite nanograins Impact or static load [10a,47a,c,d,71b,72b,73]

Fish scales Collagen/hydroxyapatite Bouligand Collagen fibrils Static load [61b,c,62,90a]

Bone Collagen/hydroxyapatite Lamellar/tubular/cellular Collagen fibrils/hydroxyapatite 

nanoplatelets

Continuous/ fatigue [9a,16,76]

Tooth Collagen/hydroxyapatite/ 

magnetite

Tubular Hydroxyapatite nanorods/ 

nanoparticles

Continuous/ fatigue [10b,53a,74,75,88,89b]

http://creativecommons.org/licenses/by/4.0/
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impact resistant synthetic materials in a more efficient way. 
By identifying the toughening mechanisms and features in 
Nature and comparing them with the current state of bioin-
spired work, this current review will be able to shed light on 
the future directions toward fabricating bioinspired strong 
and tough materials for both impact and fatigue resistance 
applications.

2. Atomic Scale

Materials utilized by natural systems are fabricated from a 
limited selection of elements due to the environment in which 
they are synthesized (i.e., aqueous solution, ambient tem-
perature and pressure, near-neutral pH).[7] As a result, the pri-
mary organic components at the atomic and molecular scales 
include: collagen, cellulose, lignin, chitin, keratin, and other 
proteins. Similarly, inorganic constituents are primarily limited 
to calcium, iron and silicon-based minerals (e.g., calcium 
carbonates, calcium phosphates, iron oxides, silicas). These 
organic macromolecules and inorganic mineral phases display 
different behavior under different loading conditions (loading 
strain rate, loading mode: tension or compression). Their spe-
cific deformation and toughening mechanisms will confer the 
toughness to larger length scales.

2.1. Biopolymer Macromolecules, Orientation, Confirmation, 
and Chemical Bonds

2.1.1. Collagen

Collagen has been considered as one of the most abun-
dant structural proteins in many biological organisms, par-
ticularly in mammals. It is the main constituent of bone, 
skin, cartilage, tendon, and many organs of mammals.[18] 
These tissues show remarkable toughness, with a signifi-
cant contribution from collagen.[19] Among the different 
types of collagen in the human body, type I collagen is one 
of the most important and deeply studied, as it is the main 
component of bones and skin.[19] Bone is a nanocomposite 
material formed from hydroxyapatite nanocrystals tem-
plated by and formed within collagen fibers.[5a,20] The rela-
tive rigid hydroxyapatite cannot dissipate much energy to 
keep bone from fracturing under impact, and thus, the soft 
collagen fibrils play an important role in the energy absorp-
tion. At the molecular level, type I collagen is mainly formed 
by glycine, proline, alanine and hydroxyproline amino acids. 
The primary sequence is arranged such that well-ordered 
α-helix secondary structures are formed. Three of these 
α-helix strands twist together to form a tropocollagen struc-
ture (Figure  4a)[18b] that is ≈1.6 nm in diameter and 300 nm  
in length. Finally, tropocollagen is subsequently arranged in 
a staggered formation and assembled to yield collagen fibrils 
with a characteristic gapping band ≈67 nm, which can be 
easily identified through transmission electron microscopy 
(TEM) imaging.[18a] Due to the molecular arrangement and 
interactions of collagen molecules with other materials such 
as hydroxyapatite mineral platelets in a specific environment, 

toughening mechanisms of collagen at the molecular level 
were reported.[21] Figure 4b shows a load–displacement curve 
of a short tropocollagen molecular chain (≈8.5 nm) under 
tension.[21] It was reported that interchain hydrogen bonds 
exist and act to stabilize the conformation of the triple-helix 
structure.[22] The sawtooth-like load-displacement curve is 
indicative of the breaking and reforming of hydrogen bonds 
between polypeptide chains, which suggests a potential energy 
dissipation mechanism for tropocollagen under tension. A 
typical load displacement curve of a collagen fibril is shown in 
Figure 4c.[23] Starting from a flat toe region, the collagen mol-
ecules undergo uncoiling and uncrimping. This is followed by 
a load increasing region (heel), in which the molecular chains 
start straightening and sliding. Reconfiguration of molecular 
chains occurs in these two regions.[1b,23] As the load increases, 
collagen fibrils show reversible elastic and irreversible plastic 
deformation, including breakage of crosslinked bonds and 
fibrils.[23] Since the uncoiling of collagen molecules has been 
described as one of the main energy dissipation mechanisms 
at the molecular scale, more details regarding the sacrificial 
bonds discovered by previous studies need to be addressed.[24] 
Sacrificial bonds in organic molecular networks are defined 
as bonds that are weaker than, and can therefore be broken 
before, those within the main structural backbone.[24a,25] A 
hidden length exists within the molecular chains, and can be 
stretched after the breakage of these sacrificial bonds, con-
tributing to the toughness of the organic materials. Figure 4d 
shows possible calcium-mediated sacrificial bonds in bones: 
the connection between two polymer fibrils, two binding sites 
on one fibril, binding between hydroxyapatite plates within 
a collagen fibril.[26] The amount of energy dissipation of col-
lagen fibrils with calcium-mediated sacrificial bonds can be 
four times larger than those without sacrificial bonds. A force-
displacement plot indicates the extra toughness increased by 
the sacrificial bonds and the stretch of the hidden lengths after 
the breakage of sacrificial bonds (Figure 4d).[25]

2.1.2. Keratin

In addition to collagen, keratin is another abundant struc-
tural protein-based biopolymer found in Nature, and is among 
one of the toughest known biological materials (based on the 
Ashby plots).[4] It is produced in epithelial cells that are found 
in, for example, hair, horns, hooves, feathers, and skin. Two 
crystalline phases exist: crystalline α- or β-keratin, and are 
embedded in an amorphous keratin matrix.[27] Figure  4e 
shows the typical molecular structures of α- and β-keratins. 
α-keratin has a helical structure with a rotational periodicity 
of 0.51 nm, while β-keratin shows a sheet-like structure 
with a periodicity of 0.31 nm between the residues along the 
molecular chain.[27b] Figure  4f illustrates the arrangement of 
crystalline keratin intermediate filaments (IFs, composed 
of α- or β-keratin coiled coils) embedded in an amorphous 
matrix.[28] The crosslinking bonds in these molecules are both 
weak hydrogen bonds, which are formed between amino and 
carboxy groups and water molecules as well as strong disulfide 
bonds (Figure 4g).[29] As one of the main toughening mecha-
nisms found in keratin at the molecular scale, water molecules 

Adv. Mater. 2019, 31, 1901561
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could break and reform hydrogen bonds in the amorphous 
matrix, thus increasing the plasticity as well as the energy dis-
sipation.[29,30] It was found that water reduced the stiffness of 
an oryx horn from 6.1 to 1.8 GPa after hydration.[31] Tombolato 
et al. showed the compressive yield strength and elastic mod-
ulus decreased significantly after full hydration.[32] Tensile tests 
of wet horns showed 60% tensile strain before failure, which is 
far greater than 5% in dry horns. Under a tensile strain rate as 
high as 1000 s−1, the strain can reach 70% in wet horns com-
pared with less than 5% strain in dry horns.[33] Thus, water 
as a second phase in keratin can increase the plasticity of the 
amorphous matrix, thus making the whole structure more 
energy absorbent.[34]

Phase transformations from the α to β phase occurs when 
keratin fibers, such as hair and wool, undergo large tensile 
deformations (Figure  4h).[27b,35] This phase transformation is 
the main energy absorption mechanism for keratin materials 
under tension. Based on the significant differences in mole-
cular structures, the mechanical behavior of the crystalline 
keratin and amorphous matrix are very different. The IF can be 
stretched 2.5-fold, indicating high extensibility due to its coiled-
coil network nanostructure. The amorphous keratin matrix is 
rich in proteins with cysteines that provide stiffness due to the 
strong disulfide bonds.[35a,36] As a result, this nanostructure can 
provide both stiffness as well as toughness by changing the 
number ratio of IFs in the amorphous matrix.

Adv. Mater. 2019, 31, 1901561

Figure 4.  Collagen and keratin molecular structures and toughening mechanisms. a) The tropocollagen structure of collagen. Adapted with 
permission.[18b] Copyright 2015, Elsevier. b) Force–displacement curve of an ≈8.5 nm tropocollagen chain under tension, displaying a zigzag shape 
indicating of intermolecular hydrogen bonds breaking and reforming. Adapted with permission.[21] Copyright 2011, American Society of Civil Engineers. 
c) A typical stress–strain curve of collagen with a toe region, in which collagen molecules are straightening and uncoiling. As the force increases, 
chains start sliding and stretching. Ultimately, inelastic deformation such as fibril breakage occurs. Adapted with permission.[23] Copyright 1998,  
Elsevier. d) Sacrificial bonds between collagen fibrils and hydroxyapatite nanoplatelets. Extra toughness is gained from the breakage of sacrificial 
bonds and stretching of the hidden length features within fibrils. Upper image in (d): Adapted with permission.[25] Copyright 2006, Elsevier; Lower 
image in (d): Adapted with permission.[26] Copyright 2005, Springer Nature. e) Molecular structure of two crystalline forms of keratin: α-helix and 
β-sheet. Adapted with permission.[27b] Copyright 2016, Elsevier. f) Crystalline keratin intermediate filaments embedded within an amorphous matrix.  
Adapted with permission.[28] Copyright 2017, Elsevier. g) Hydrogen and disulfide bonds between crystalline chains and within the amorphous  
matrix. Adapted with permission.[29] Copyright 2016, Springer Nature. h) Typical stress–strain curves of keratin fibrils under tension, showing the  
α- to β-keratin phase transformation. Adapted with permission.[27b] Copyright 2016, Elsevier.
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2.1.3. Chitin

Chitin is a structural, polysaccharide-based biopolymer 
mainly found in cell walls in fungi as well as the exoskel-
etons of arthropods, such as insects and crustaceans.[37] It 
is one of the most ubiquitous polysaccharides in Nature.[38] 
As the main component of defense armor in most insects 
and crustaceans, chitin has a high fracture toughness that 
is comparable to natural materials such as bone.[5b,39] Chitin 
can be found in three polymorphic forms: α, β, and γ.[40] The 
basic unit of these crystals is β-1,4-N-acetyl-d-glucosamine 
(GlcNAc) ((C8H13O5N)n).[38b] The polymer chains in α-chitin 
have an antiparallel arrangement (Figure  5a), while β-chitin 
have a parallel arrangement. γ-chitin crystals have both par-
allel and antiparallel assemblies.[41] In this review, we will 
focus on α-chitin as it is the most abundant form found in 
Nature. Due to its molecular arrangements, α-chitin shows 
anisotropic mechanical properties. Figure 5b is a plot showing 
the energy associated with the deformation of the crystals 

in different directions.[42] Molecular dynamic simulations 
show that the stiffness in the c-axis is almost an order of 
magnitude higher than the other two axes, which is likely 
due to covalent bonding within molecular chains along the  
c-axis, and hydrogen bonding in the a and b axes. In addition, 
hydroxymethyl CH2OH side groups located along the a-axis 
can form rotational conformers and induce intra- and intermo-
lecular hydrogen bonds. This could provide energy dissipation 
mechanisms at the atomic scale in crystalline α-chitin mole
cules.[42] However, further experimental studies are needed to 
verify these suggested mechanisms. In terms of the hydrogen 
bonding configuration between α-chitin molecule chains, 
Beckham et  al. reported bifurcated hydrogen bonds between 
the layers of chains.[43] (See Figure 5c, where the blue and red 
dashed lines indicate the bifurcate hydrogen bonds.) It is also 
verified that due to these interlayer hydrogen bonds, it is harder 
(needs higher energy) to “peel” off the middle chains (i.e., core 
chains) than chains on the sides of the structure (Figure 5c).[43] 
As a tough and strong biological material in Nature, the 

Adv. Mater. 2019, 31, 1901561

Figure 5.  Molecular structure and toughening mechanisms of cellulose and chitin macromolecules. a) Structure of the chitin unit cell and molecular 
chains. Adapted with permission.[41] Copyright 2015, Elsevier. b) Strain energy as a function of crystal deformation in different orientations. Adapted 
with permission.[42] Copyright 2011, Elsevier. c) Bifurcated hydrogen bonds between chitin chains. Free energy as a function of reaction coordinate 
(decrystallization degree), indicating that the “peeling off” of the middle chain needs higher energy. Adapted with permission.[43] Copyright 2011, 
American Chemical Society. d) X-ray diffraction of the cellulose crystal and cellulose unit cell. e) Lattice parameters a, b, c and the monoclinic angle 
γ as a function of pressure, indicating deformation of chitin unit cells. d,e) Adapted with permission.[45] Copyright 2011, American Chemical Society.  
f) Hydrogen bonds between cellulose molecular chains. g) Breaking and reforming of hydrogen bonds between cellulose chains under tension. 
h) Energy as a function of displacement of cellulose molecular chains, indicating breaking and reforming of hydrogen bonds. f–h) Adapted with 
permission.[46b] Copyright 2015, National Academy of Sciences.
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breakage of hydrogen bonds with different conformations in 
chitin could provide a potential for energy dissipation.

2.1.4. Cellulose

Cellulose is the main component of cell walls of plants, pro-
viding structural support to different plant organisms. Similar 
to keratin, cellulose fibers consist of crystalline and amorphous 
domains.[44] Materials made from cellulose such as wood show 
promising mechanical properties (toughness and stiffness) based 
on Ashby plots and have been used as structural components for 
millennia.[5b] The molecular structure of cellulose is a chain-like 
structure formed by hundreds to thousands of β(1,4) linked d-glu-
cose units ((C6H10O5)n).[44a] Figure 5d shows the X-ray diffraction 
pattern of crystalline cellulose and a schematic of the unit cell 
of cellulose crystals, highlighting the (200) and (004) planes.[45] 
Researchers have investigated the toughening mechanisms of 
cellulose fibers at a molecular scale using X-ray diffraction and 
Raman spectroscopy. The molecular chains remain stable under 
high compressive pressure (8 GPa), while the relative position of 
different chains (i.e., the (002) planes) are displaced, indicating a 
distortion of cellulose chains under shear stress. Figure 5e shows 
the lattice parameter, a, decreases and the monoclinic angle, γ, 
changes abruptly at a pressure of ≈8 GPa, verifying the distortion 
of cellulose chains. This shear distortion of (002) planes is plastic 
and unrecoverable, and is thus considered as an energy dissipa-
tion mechanism at the molecular scale.[45]

In addition to energy absorption mechanisms provided by the 
molecular crystal structure, hydrogen bonds were also found to 
contribute to the toughness of cellulose nanofibrils at the molec-
ular scale.[46] Figure 5f shows the hydrogen bonds between the 
molecular chains of cellulose nanofibrils. Under tensile loading, 
the hydrogen bonds between the molecular chains are breaking 
and reforming because of the sliding between adjacent chains 
(Figure  5g). Figure  5h demonstrates the potential energy as 
a function of the displacement of the molecular chains. As 
the hydrogen bonds (blue circle) stretch to the furthest posi-
tion under tension, the potential energy increases to the first 
peak. The hydrogen bonds are then broken and relocated to a 
new site, forming a new bond, at which the potential energy 
decreases to the first trough. This process occurs repeatedly 
until the molecular chain was pulled out, corresponding to the 
zigzag shape of the potential energy curve in Figure 5g.[46b]

2.2. Biomineral Crystals Deformations and Imperfections

2.2.1. Calcite and Aragonite

In many strong and tough biological materials, biopolymers 
usually provide ductility and toughness, while most of the 
strength and stiffness come from integration of biominerals. 
The Young’s modulus of biominerals such as calcite and 
hydroxyapatite can reach ≈100 GPa, while most structural 
biopolymers are in the range of ≈1–10 GPa.[5a] Interestingly, 
although biominerals cannot dissipate a large amount of energy 
through molecular reconfiguration or breaking of chemical 
bonds and reforming (as most biopolymers do), researchers 

found other energy absorption mechanisms in the mineral 
crystals while under compression or impact.[47]

As one of the most well-studied research topics in the bio-
logical and bioinspired materials fields, mollusk shells provide 
strong and tough armor. Their primary constituent is calcium 
carbonate (CaCO3), with a small fraction of biopolymer.[8,48] 
There are three crystal polymorphs of calcium carbonate found 
in Nature: calcite (rhombohedral), aragonite (orthorhombic), 
vaterite (hexagonal), as well as amorphous mineral. Figure  6a 
shows the basic components of nacre (mother of pearl): arago-
nite nanoplatelets with thickness of ≈500 nm, and a diameter 
of ≈5–10 µm. The nanoplatelets are composed of ≈30 nm 
nanograins glued together by biopolymers.[5a] Toughening 
mechanisms at the atomic scale were reported by a previous 
study indicating that the imperfections in the nanocrystals 
introduced by high strain rate impact could dissipate energy 
thus increasing the strength and toughness. Partial dislocations 
(Figure 6b), deformation twinning (Figure 6c), and amorphiza-
tion (Figure  6d) were observed in nacre nanocrystals through 
high-resolution TEM (HRTEM) after high strain rate (≈103 s−1)  
impacts using a split-Hopkinson pressure bar (SHPB).[47d] 
Interestingly, these crystal imperfections only existed in sam-
ples under high strain rate impact and were not generated after 
quasi-static compression.

Another effective natural armor, the shell of the bivalve Placuna 
placenta, also composed of calcium carbonate (calcite polymorph) 
shows almost an order of magnitude higher energy dissipation 
density than single-crystal geological calcite.[10d,47a] Similar to 
nacre, the shell of P. placenta is composed by layers of elongated 
diamond-shaped calcite crystals with a thickness ≈300 nm. Each 
nanoplatelet is a single crystal with the [108] planes facing the 
outer surface of the shell (Figure 6e). Nanoindentation was per-
formed to study the energy dissipation mechanisms at the nano- 
and atomic scales (Figure 6f). Deformation twining, misoriented 
nanocrystals as well as amorphization were observed in the plastic 
deformation zone (Figure 6g).[47a] Different from the P. placenta, 
growth twinning was found in the Strombus gigas conch shells.[47c] 
The crossed-lamellar hierarchical structure of aragonite platelets 
and TEM imaging of growth nanotwins are shown in Figure 6h. 
Figure 6i plots the crack tip opening displacement (CTOD) as a 
function of crack extension under in situ TEM fracture tough-
ness testing. The CTOD in the natural conch is much larger than 
single crystal aragonite, indicating that a blunt and plastic defor-
mation occurs in conch shell, while the single crystal aragonite 
is undergoing brittle fracture. The extra toughness observed in 
conch shell is due to the pre-existing nanotwins, which was veri-
fied to initiate and form multiple nanocracks at the crack tip, thus 
blocking the primary crack propagation. Also, nanograin rotation 
as well as amorphization were found in the plastic zone under 
indentation (Figure 6j).[47c] The toughening mechanisms such as  
deformation twinning, dislocation and amorphization at the 
atomic scale were also reported in engineering ceramics such as 
alumina, zirconia, and boron carbide.[49]

2.2.2. Hydroxyapatite

Hydroxyapatite (Ca10(PO4)6(OH2)) (HA) is another prevalent 
natural occurring mineral. It is the main component of bone 
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and teeth.[5a] in which collagen molecules were found as a scaf-
fold assisting the formation of hydroxyapatite nanocrystals.[50] 
Most of the toughness in bone is contributed by the collagen 
phase, while the energy dissipation or deformation mecha-
nisms of hydroxyapatite nanocrystals remains unknown.[2,8] 
Hydroxyapatite has a hexagonal crystal structure.[51] Anisotropy 
of mechanical properties of hydroxyapatite single crystals were 
identified by previous studies.[52] The c-axis ([0001] direction) 
shows the highest stiffness and yield strength, which corre-
sponds to the loading orientation in bones. Plastic deformation 
of single crystals was noticed by nanoindentation experiments 
on both basal (0001) and prismatic (1010) planes, indicating 
energy dissipation could occur within HA crystals.[52b,c] Dis-
placement burst, pile up, and crushed slip steps provide direct 
evidence of plastic deformation under indentation.[52b] The frac-
ture toughness acquired by nanoindentation was 0.65 MPa m1/2  

in prismatic planes ([1010] direction), compared to only  
0.4 MPa m1/2 in basal planes ([0001] direction). Thus, HA 
crystals do have some degree of ductility, which could provide 
energy dissipation in biological materials such as bones and 
teeth.[52b] It will be of great interest to investigate the deforma-
tion and energy dissipation mechanism of HA nanocrystals in 
bones and teeth under compression or impact, which will com-
plement knowledge of the current toughening mechanisms of 
bones and teeth at the atomic scale.

2.2.3. Magnetite, Goethite, and Silica

Unlike calcium carbonate and apatite, magnetite (Fe3O4), goethite 
(FeOOH), and silica (SiO2·nH2O) are biominerals that exist in 
specific organisms but are less widespread. These minerals afford 
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Figure 6.  Atomic scale deformation and toughening mechanisms in calcium carbonate biominerals. a) Nanograins and the polymer matrix in the 
nanoplatelets of nacre. b) Dislocations, c) nanotwinning, and d) amorphization in nacre after high strain rate impacts with split-Hopkinson pres-
sure bar (SHPB). e) Nanostructure of the bivalve, Placuna placenta, shell. f) TEM micrograph after a nanoindentation test on the P. placenta shell.  
g) Deformation twinning, amorphization and misorientation of nanocrystals in the plastic zone caused by nanoindentation. h) Lamellar structure and 
growth twinning in Strombus gigas conch shells. i) Plot of the crack tip opening displacement as a function of crack extension in conch and single 
crystal aragonite, indicating the fracture resistance in conch shell is higher than that in the single crystal aragonite. j) Amorphization in the plastic 
zone after indentation on conch shell surface. a–d) Adapted with permission.[47d] Copyright 2011, Springer Nature. e–g) Adapted with permission.[47a] 
Copyright 2014, Springer Nature. h–j) Adapted with permission.[47c] Copyright 2016, Springer Nature.
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more specific function, such as providing wear resistance in 
chiton and limpet teeth, and enabling toughness and flexibility in 
sea sponges.[10b,53] Apart from acting as a navigation sensor in the 
skulls of tuna, pigeons and some bacteria, magnetite (which has a 
cubic inverse spinel structure and octahedral crystal morphology) 
is the hardest biomineral found in Nature. Besides functioning as 
a compass for bacteria (chain like magnetite nanoparticles found 
in a bacterial, Magnetospirillum magnetotacticum[54]), it is especially 
purposed for chiton teeth, which are used to grind on rock to 
access food. The hardness and elastic modulus of these teeth can 
reach 12 and 175 GPa, respectively, which are three times higher 
than those of hydroxyapatite in enamel and aragonite in nacre.[10b] 
Multiple twin structures were identified in magnetite. It would be 
of interest to know how the crystal morphology as well as crystal 
twins affect the resulting hardness and toughness. Toughening 
mechanisms of magnetite at the atomic scale need to be fur-
ther investigated. Similar to magnetite, goethite also has a high 
hardness and stiffness, which are comparable with magnetite. 
Researchers reported that the limpet tooth, mainly consisting of 
goethite, had a tensile strength of 4.9 GPa, which is higher than 
the 4.5 GPa of the strongest spider silk.[53b]

Silica is mainly found in diatoms and sea sponges.[53c,55] The 
silica precipitation and biosilicification process has been studied 
by researchers and chitin as well as collagen were found as tem-
plates in the mineralization.[56] Highly flexible spicules of the 
marine glass sponge Rossella fibulata has been reported.[57] The 
basic constituents of these spicules are organic fibers (either 
chitin or protein) and amorphous silica nanoparticles.[58] It was 
shown that silica nanoparticles were embedded in the crystalline 
organic chitin matrix.[57] It was proposed that the silica nanopar-
ticles bind with chitin fibers through hydrogen bonds.[57] How-
ever, the size of silica nanoparticles (≈50–200 nm in diameter) 
is much larger than the characteristic size of ceramic materials 
(≈10–30 nm) that could be insensitive to defects and thus flaw 
tolerant.[53c] The flexibility and toughness of silica glass sponges 
are attributed to their hierarchical structure based on previous 
studies.[53c,59] The toughening mechanisms of silica and the 
interaction bonds with the organic matrix at the atomic scales 
remain unknown. Additionally, the mix of different minerals 
(multiphases) such as calcite, aragonite, and silica were found 
in some species of marine sponges, which may yield novel 
toughening mechanisms that needs further investigation.[60]

3. Nanoscale

Features at the nanoscale are the basic assembly units of mol-
ecules and minerals: polymer macromolecules tend to form 
crystalline fibrils or amorphous matrices, while the mineral 
component (amorphous, nanocrystalline, single crystalline) 
can be synthesized as nanoparticles, nanoplatelets, nanorods, 
or form a continuous amorphous matrix around these fibers. 
The viscoelastic properties and interactions within and between 
fibrils of biopolymer will provide toughness to organisms 
with polymer-rich structures. In addition, these organic struc-
tures often have functionality beyond mechanical support: 
they can be modified or coupled with other chemically modi-
fied organics that are used as scaffolds to template the syn-
thesis and assembly of mineral. These mineral nanoparticles, 

nanoplatelets, and nanorods usually act as structural supports 
because of their high stiffness and strength. The redistribu-
tion and reorientation of the mineralized phases are additional 
toughening mechanisms found in mineralized tissues.

3.1. Biopolymer Fibrils and Matrices

3.1.1. Straightening, Reorientation, and Stretching of Collagen Fibrils

Nanoscale toughening mechanisms of collagen fibrils 
including fibril rotating, straightening, sliding, and bridging 
of the constituent nanofibrils have been reported in various 
biological structures such as skin, fish scales, and bones.[61] 
Figure 7a shows the deformation and failure of rabbit skin, with 
an edge notch, loaded under uniaxial tension. Cracks did not 
propagate through the skin sample but just opened up, indi-
cating the tear resistance of skin. The SEM micrographs and 
schematic illustrate the different deformation mechanisms of 
collagen fibrils in skin under tensile loading (Figure 7b). Fibrils 
initially rotate (I), straighten (II), but then undergo stretching, 
sliding and delamination (III), and finally fracture (IV).[61a] The  
reorientation of fibrils under tensile loading was examined by 
in situ synchrotron small-angle X-ray diffraction (SAXS). SAXS 
is an efficient technique that detects the orientation and ten-
sile strain on the collagen fibrils.[62] Similarly, researchers have 
been applying in situ SAXS methods to study the deformation 
mechanisms of collagen fibrils in coelacanth scales.[61c] The 
diffraction pattern of collagen is shown in Figure  7c, which 
is the result of the helicoidal arrangement of collagen fibrils. 
Figure 7d is a plot of the fibril strain as a function of the azi-
muthal angle, indicating the actual fibril strain is different 
in different orientations. The fibril strain is the largest in the 
loading direction, and decreases to 0% at an angle of ≈40°, indi-
cating all the deformation in this direction is fibril sliding. The 
collagen fibrils are also found reorienting along the loading 
direction.[61c] The toughening mechanisms of collagen fibrils 
at the nanoscale are summarized in Figures 7e–i. Curved and 
entangled collagen fibril bundles are first straightened and sep-
arated into individual collagen fibril under tensile loads. Inter-
fibrillar gaps and fibril lamellae rotation occurred at the same 
time. Rotation and stretching of individual fibrils, which occur 
until fracture, are also energy dissipation mechanisms.[61a,62]

The deformation and mechanical behavior of mineralized col-
lagens such as those in bone are different from the nonminer-
alized types found in the aforementioned skins and scales.[61d,63] 
Similarly, the toughening mechanisms of mineralized collagen 
fibrils are also different. Wide-angle X-ray diffraction (WAXD) 
and SAXS were applied by Gupta et al. to characterize the strain 
on hydroxyapatite nanoplatelets and collagen fibrils in antler. The 
plastic deformation and energy dissipation of antler under ten-
sion were contributed by the intrafibrillar debonding of the min-
eral and collagen interface. The different strains observed in the 
mineral and collagen suggested friction and sliding between the 
two different phases, which has not been found in unmineralized 
collagens.[61d] Hang and Barber used atomic force microscopy 
(AFM) to test the tensile properties of collagen fibrils in antler.[63] 
In the antler samples, areas with different degrees of minerali-
zation were determined based on the back-scattering scanning  
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electron microscopy (SEM). In samples with greater mineral 
content, collagen fibrils undergo uncoiling first, followed by an 
increase in stiffness due to the stress transfer by the minerals. 
While in samples with less mineral content, sliding of fibrils 
decrease the stiffness and increase the fracture strain.[63] Thus, 
the tensile behavior and deformation mechanisms of collagen 
fibrils are highly dependent on the degree of mineralization.

3.1.2. Crack Deflection in Keratin Intermediate Filaments  
and Amorphous Matrices

Keratin materials consist of crystalline IFs (≈7–10 nm) and an 
amorphous matrix.[27b] The structure and mechanical prop-
erty differences between IFs and matrices provide additional 
toughness compared with pure biopolymer fibrils. Figure  8a 
shows a schematic of the tubular structure of a horse hoof, 
which is a tough energy-absorbing material made of keratin.[64] 
The IFs orient along the different directions of the different 
layers surrounding the tubules (as shown in Figure  8a). The 
tensile stress–strain curves of individual IFs and the matrix, as 
well as the fiber as a combination of IF and matrix are shown 

in Figure  8b.[35a] The IFs show a higher elastic modulus and 
tensile strength than the amorphous matrix. Due to the stiff-
ness mismatch, cracks could be redirected and propagate 
perpendicularly to the original direction, which has been sum-
marized as a Cook–Gordan crack-stopping mechanism.[65] 
Figure  8c is a schematic illustrating the toughening mecha-
nism: a crack initiates at the IF and propagates perpendicu-
larly to the fibril direction; the stress ahead of the crack opens 
up the weak interfaces in the amorphous matrix; cracks then 
propagate along the IF direction. In addition, the different 
orientations of IFs in different layers surrounding the tubules 
could also act as crack deflectors, thus increasing the fracture 
toughness of the hoof structure.

3.1.3. Cellulosic and Chitin Fibril Rotation, Deformation,  
and Crack Deflection

Wood is considered to be one of the lightest but strongest and 
tough biological materials.[5b,44a] Cellulose fibrils within wood 
(and other plants) confer stiffness and strength. One of the 
toughening mechanisms contributed by the cellulose fibrils 
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Figure 7.  Toughening mechanisms of collagen fibrils in skin and fish scales. a) Uniaxial tension of a single edge notched rabbit skin sample, showing 
cracks opening up, but not propagating through the sample. b) SEM micrographs and schematics showing fibril deformation: I, fibril rotation; II, 
fibril straightening; III, fibril stretching, sliding and delamination; IV, fibril fracture. c) A typical SAXS pattern of coelacanth scales with a double Bou-
ligand arrangement of collagen fibrils. d) Fibril strain as a function of the azimuthal angle of collagen fibrils under uniaxial tension. e–i) schematic of 
toughening mechanisms of collagen fibrils: e) straightening and uncoiling of collagen fibrils; f,g) delamination and lamellae rotation; h,i) rotation and 
stretching of an individual fibril. a,b,e) Adapted with permission.[61a] Copyright 2015, Springer Nature. c,d) Adapted with permission.[61c] Copyright 2018, 
Wiley-VCH. f–i) Adapted with permission.[62] Copyright 2013, Springer Nature.
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is the rotation and reorientation of these fibrils.[66b] Cellu-
lose microfibrils are usually oriented with a specific angle as 
a spiral around the wood cell wall, which is known as cellu-
lose microfibril angle (MFA, µ) (Figure  8d).[67] The stiffness 
is correlated to the angle of the fibril, with the highest stiff-
ness when µ = 0. In situ synchrotron X-ray diffraction reveals 
the microfibril angle (MFA) decreases as the tensile strain 
increases (Figure 8e), indicating the cellulosic microfibrils are 
rotating into the direction of the tensile force. In addition, the 
shear stresses caused during the rotation and sliding of cel-
lulose fibrils induces plastic deformation and viscous flow of 
the lignin-rich matrix between the fibrils,[66b] and thus pro-
vide toughening to woods.

Similar toughening mechanisms related to fiber rotation was 
also found in arthropod cuticles consisting of chitin fibers.[68] 
Figure  8f shows the Bouligand or helicoidal architecture (in-
plane) of chitin fibrils in the stomatopod cuticle surface. The 
diffraction pattern of the chitin fibrils highlights the orien-
tations of (002) and (110) planes within the crystalline fibrils 

(Figure 8g). Rotation of the chitin fibrils can thus be detected 
via in situ X-ray diffraction by monitoring the orientational 
change of these planes. The rotation angles of the fibrils in dif-
ferent orientations are summarized in Figure 8h. Compared to 
the significant rotation of collagen and cellulose fibrils in pre-
vious sections, the rotation angle of the in-plane chitin fibrils 
under tension are much smaller (less than 1°), which could be 
the result of the constraint of assembly or from the out of plane 
pore canal chitinous fibrils. It was verified that as a tensile 
stress was applied to the cuticle samples, the out-of-plane fibrils 
underwent compressive strains, which could explain the resist-
ance to rotation of in-plane fibrils. As a result, the toughness in 
chitin microfibrils is contributed by the deformation of both the 
in-plane and the out-of-plane fibrils.[68]

In addition to the rotation and deformation of fibrils, crack 
deflection by chitin fibrils is also an important toughening 
mechanism found in various fibril-based structures with heli-
coidal arrangements. The toughening mechanism is summa-
rized by the previous study shown in Figure 8i.[69] Cracks tend to 
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Figure 8.  a) Tubular structure and intermediate filament arrangements in natural tubules. Adapted with permission.[64] Copyright 1999, Company of 
Biologists. b) Typical stress strain curves of intermediate filaments (IFs) and the amorphous matrix. Adapted with permission.[35a] Copyright 2017, 
Elsevier. c) Schematic of the Cook–Gordan crack-stopping mechanism due to the stiffness difference between IFs and matrix. d) Cellulose micro
fibril arrangement in the wood cell wall. e) Microfibril angle as a function of tensile strain. d) Adapted with permission.[66a] Copyright 2005, Springer.  
e) Adapted with permission.[66b] Copyright 2003, Springer Nature. f) Bouligand structure of in-plane chitin fibrils in the stomatopod cuticle. g) The 
WAXD pattern shows (002) and (110) crystal planes. h) Fibril rotation angle as a function of lamellar orientation. f–h) Adapted with permission.[68] 
Copyright 2017, Royal Society of Chemistry. i) Schematic of crack propagation in the Bouligand structure. Reproduced with permission.[69] Copyright 
2015, Wiley-VCH. j) Optical micrograph of the herringbone structure highlighting sinusoidal orientation of chitin fibrils in the outer region of the 
stomatopod dactyl club. k) Modulus mapping of the herringbone structure, confirming regional out-of-plane stiffness. l) SEM micrograph of the crack 
profile on the herringbone structure initiated by nanoindentation. j–l) Adapted with permission.[70] Copyright 2016, Wiley-VCH.
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propagate along these fibrils, guided by the helicoidal orientation 
of nanofibrils. The complicated route of crack propagation, with 
both crack deflection and crack twisting, results in a significant 
increase in fracture toughness. In addition to this Bouligand 
structure, researchers identified a sinusoidal-like herringbone 
structure consisting of chitin nanofibrils in mantis shrimp dactyl 
clubs (Figure  8j). The stiffness map indicates that the reorien-
tation of these fibers, which are directed in an out of plane ori-
entation, provide significant stiffening leading to an enhanced 
ability to transfer momentum in the mantis’ offensive strikes 
(Figure  8k).[70] Indeed, by using nanoindentation to initiate 
cracks, it was found that the cracks were deflected by out-of-plane 
fibrils (Figure 8l).[70]

In summary, toughening mechanisms for materials com-
posed of biopolymers at the nanoscale are straightening, rota-
tion, and deformation of nanofibrils; delamination and crack 
deflection by fibrils arranged with Bouligand or herringbone 
structures; crack deflection and reorientation due to the weak 
interfaces between fibrils and matrix; fibril bridging.

3.2. Biomineral Nanoparticles, Nanoplatelets, and Nanorods

3.2.1. Nanoparticle Rotation, Translation, and Deformation

The toughening mechanisms in nacre have been investi-
gated in numerous studies.[5a,10a,48] One nanoscale toughening 
mechanism is attributed to the aragonite nanoparticles and 
the surrounding organic interfaces, which are the building 
blocks of the platelets (tablets) in nacre.[71] Figure  9a shows 

the lamellar structure of these platelets as well as their 
constituent nanograins (≈10–50 nm in diameter). The fracture 
of the lamellae after microindentation is indicated in Figure 9b. 
Cracks marked with dashed lines initiate at the indentation 
tip and propagate through the lamellae. TEM micrographs of 
the cracks in the platelets are shown in Figure  9c,d. Cracks 
propagate through platelets 1–3, occurring at the weak inter-
faces between the ≈50 nm nanograins. Separation of adjacent 
lamellae is also found. An organic fibril bridge is indicated with 
a white arrow in Figure  9d, which offers another toughening 
mechanism at the nanoscale.[71a] Similar nanograin separa-
tion under tensile forces is reported by researchers using in 
situ atomic force microscopy.[71b] The biopolymers between 
the irregular nanograins are stretched under tension, leaving 
enough space for the rotation of the nanograins (Figure  9e). 
The shear stress induced by the rotation of irregular grains 
leads to further deformation of the individual grains.[71b] Thus, 
the plastic deformation of biopolymer interface, rotation and 
deformation of nanograins are the main energy dissipation 
mechanisms of nacre at the nanoscale.

Interestingly, ≈60 nm size hydroxyapatite nanoparticles glued 
by organic biopolymer matrix are also found in the outermost 
surface of mantis shrimp dactyl club, similar to the aforemen-
tioned nanograins in nacre platelets (Figure  9f).[14a,70] Unlike 
nacre, the mantis shrimp dactyl clubs are undergo ≈20 m s−1 
high-speed impacts, in which the strain rate can reach ≈104 s−1. 
It has been found that the nanoparticle pile-up is one of the 
energy dissipation mechanisms attributed to the nanoparticles 
and biopolymer matrix (Figure 9g).[70] Interfacial sliding, rotation 
and rearrangement of mineral crystals on the dactyl club surface 
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Figure 9.  Toughening mechanisms of nanoparticles. a) Nanograins within the platelet of nacre. b) Cracks in the nacre lamellae initiated by indenta-
tion. c) TEM micrograph of cracks in the areas indicated with white arrows in (b). d) Cracks between nanograins and biopolymer fibrils bridge con-
nections with adjacent grains. e) Rotation and deformation of nanograins under uniaxial tension. f) Photo of a mantis shrimp and its dactyl club. g) 
Nanoparticles within the outermost region of the dactyl club; particle pile up and stress localization in the particle layer. h) Schematic of toughening 
mechanisms of nanoparticles: particle rotation, deformation, pile up and fibril bridging, crack redirection. a–d) Adapted with permission.[71a] Copy-
right 2008, Materials Research Society. e) Adapted with permission.[71b] Copyright 2006, American Chemical Society. f,g) Adapted with permission.[70] 
Copyright 2016, Wiley-VCH.
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were also found in the plastic regime.[14b] The stiffness of the 
nanoparticles is ≈2–3 times higher than the structure beneath 
it, leading to the stress localization on the surface nanoparticle 
layer, thus protecting the structure from catastrophic failure 
under high-speed impacts. Figure  9g shows the simulation 
results of the stress localization in the nanoparticle layer, which 
corroborates nanoindentation observations. As a summary, the 
toughening mechanisms afforded by the nanoparticle-based 
biominerals are illustrated in Figure  9h. Nanoparticles rotate, 
deform, and pile-up, while biopolymer fibrils bridge cracks as 
well as provide crack reorientation caused by the modulus mis-
match between the mineral particles and polymer matrix.

3.2.2. Nanoplatelets Sliding and Energy Dissipation

Apart from the toughening mechanism introduced by the arago-
nitic nanograins in the tablets of nacre, sliding of the platelets 
can also dissipate energy in various ways.[10a,72] Figure 10a shows 
a schematic of a tablet arrangement in nacre.[73] The dimensions 

of the tablets are around 5–10 µm wide and ≈500 nm thick, while 
the organic interfaces between adjacent tablets are ≈10 nm. The 
fracture toughness plotted as a function of crack length is shown 
in Figure 10b, indicating a growing toughness as the crack prop-
agates (R-curve behavior). The fracture toughness of nacre is 
orders of magnitude higher than that of aragonite mineral.[10a] 
This toughness increase during crack propagation is proposed 
to be contributed by the sliding of tablets (Figure  10c).[5a] The 
various toughening mechanisms caused by the sliding of tablets 
has been addressed in previous studies and were summarized by 
Wegst et al. as shown in Figure 10d: breakage of mineral bridges; 
the inelastic resistance of the nanoasperties on the surface of 
tablets; the viscoelastic behavior of the organic layer between 
adjacent tablets; tablet interlocking during the sliding.[5a]

3.2.3. Crack Deflection by Nanorods

Besides nanoparticles and nanoplatelets, nanorods are another 
example of a geometric form of natural biomineral existing in 
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Figure 10.  a) Aragonite platelets in nacre. b) Toughness as a function of crack growth acquired from a three-point bending test. c) Platelets sliding 
under tension. d) Schematic of different energy dissipation mechanisms in the platelet sliding process. a) Adapted with permission.[73] Copyright 2005, 
American Association for the Advancement of Science. b) Adapted with permission.[10a] Copyright 2007, Elsevier. c,d) Adapted with permission.[5a] 
Copyright 2015, Springer Nature.
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various organisms. For example, the ultrahard radular teeth 
from the chiton (a mollusk, for example, Cryptochiton stelleri), 
consist of tough and wear resistant magnetite, and are used 
to abrade intertidal rocks to get to epi- and endolithic algae 
(Figure  11a,b).[10b,53a] The cusps of these teeth are architected 
with magnetite-based nanorods (average diameter ≈200 nm) 
that are oriented along the long axis of the teeth. Nanome-
chanical measurements of the chiton teeth revealed a stiffness 
≈130 GPa and hardness ≈12 GPa, providing a significant abra-
sion resistant structure (Figure 11c).[10b] The nanorods are sur-
rounded by a veneer of organic fibers which at early growth 
stages, act as templates for the biomineralization. Mineral 
growing beyond the organic fibers that dictate the rod diam-
eter yielded additional nanoscale features (i.e., surface asperi-
ties and mineral bridges) similar to those observed in nacre 
(Figure 11d).[74] Cracks initiated by nanoindentation with a sharp 
cube corner tip are found propagating radially and in a tortuous 
way, around each nanorod (Figure 11e). Thus, the hard and stiff 
nanorods deflect cracks at the organic interfaces. The asperi-
ties on the nanorods provide significant surface roughness, 
inhibiting the nanorods from sliding, which is a toughening 
mechanism also found in nacre. In addition, the nanobridges 
connecting adjacent nanorods interlocking the structure and 
provide strength to the weak organic interfaces, thus hindering 
crack propagation and increasing energy dissipation.[74]

Another example of a strong and tough nanorod struc-
ture is human tooth enamel.[75] As the most highly mineral-
ized tissue in the human body, tooth enamel consists of ≈96% 
hydroxyapatite and ≈4% organic material. The hydroxyapatite is 

in the form of nanorods that are ≈25 nm in diameter and ≈100 
nm in length. These nanorods are hierarchically assembled, 
forming prisms with a diameter ≈5 µm. The fracture toughness 
of tooth enamel was measured and is illustrated having R-curve 
behavior (Figure  11f).[75a] It is found that as the crack propa-
gates from the outer to the inner region of enamel, the fracture 
toughness increases dramatically. The fracture toughness of the 
inner enamel is comparable with bone (Figure 11g). Figure 11h 
highlights crack deflection and bifurcation in the inner enamel, 
which are the main toughening mechanisms in the inner 
enamel. The nanorods in the outer enamel are arranged in a 
parallel fashion and cracks propagate straight through the weak 
interfaces, while in the inner enamel, the nanorods are no 
longer straight and parallel, which forces cracks to deflect and 
twist (Figure 11i).[75a]

4. Microscale

Multiple microscale design elements have been identified in 
biological structures and reviewed.[69] Some of these elements 
include: fibrous, helical, gradient, lamellar, tubular, cellular, 
suture, overlapping structures, and materials junctions/
interfaces. These elements have been revealed to serve as 
toughening and energy dissipation roles by redirecting crack 
propagation or undergoing plastic deformation. Here, crack 
deflection and energy dissipation by tubular and lamellar struc-
tures as well as junctions between materials at the microscale 
level are discussed.
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Figure 11.  Toughening mechanisms in biomineral nanorods. a) Schematic of chitin and chitin teeth. b) Back scattered SEM micrograph of highly 
mineralized chitin teeth forming two rows. c) SEM image and schematic of nanorods in the mineralized teeth. d) TEM micrograph shows the nanorods 
and mineral bridges between the rods. e) Crack propagation induced by nanoindentation on the chitin tooth surface. f) R-curve of human tooth 
enamel measured by compact tension. g) Comparison of fracture toughness between bone, dentin, and enamel, highlighting the fracture toughness of  
tooth enamel is comparable with bone. h) Crack profile in outer and inner enamel, showing crack bifurcation and deflection in the inner enamel.  
i) Schematic showing orientations of prisms within the outer and inner enamel. a) Adapted with permission.[10b]  Copyright 2010, Elsevier; b–e) Adapted 
with permission.[74] Copyright 2014, Wiley-VCH. f–i) Adapted with permission.[75a] Copyright 2009, Elsevier.
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4.1. Crack Deflection/Twist and Plastic Deformation  
of Tubular Structure

4.1.1. Osteons in Human Bone and Antler

The fracture toughness and toughening mechanisms of 
bone has been studied intensively. One of the main extrinsic 
toughening mechanisms is the crack deflection/twisting by 
osteons.[2,8,9,76] The osteons are tubular structures ≈100 µm in 
diameter formed by mineralized collagen lamellae. R-curves 
evaluating the crack growth properties in the directions 
parallel and perpendicular to the osteons have been acquired 
(Figure  12a).[76] The results show that the toughness perpen-
dicular to the osteons can be 5 times higher than that in the 
direction parallel with the osteons. The most significant differ-
ence in fracture toughness is caused by the crack deflection/
twisting by the osteons. Figure  12b shows synchrotron X-ray 
computed tomography images indicating cracks deflected by 
90° when reaching the osteons.[76] Similar toughening mecha-
nisms were also found in antlers, which is a bone-like structure 
that serves as a fighting weapon in animals. The fracture tough-
ness of antler at the direction perpendicular to the osteons is 
comparable with human cortical bone, and crack deflection 
by osteons as a toughening mechanism at quasi-static loading 
rates was identified.[77] However, the natural loading rate of 
antler is in the range of 102–103 s−1, presenting a more severe 
stress condition versus those of human bones.[78] Thus, in 
order to determine energy dissipation mechanisms of antlers at 

high strain rates, they were investigated using split-Hopkinson 
pressure bar (SHPB) tests.[79] Antler samples were found to 
withstand ≈300 MPa compressive stress and ≈20% compres-
sive strain before failure, indicating an impressive amount of 
energy absorption. Shear band formation around the osteons 
and microcracking of individual osteons were determined to 
be the primary energy dissipation mechanisms in the direction 
perpendicular to the osteons (Figure 12c). Similar to the quasi-
static loading condition, crack deflection by osteons was also 
observed at high strain rate impacts in this direction,[79b] while 
buckling and separation of lamellae in osteons occurred in the 
longitudinal direction.[79a]

4.1.2. Tubules in Whale Baleen and Bighorn Sheep Horn

Tubular structures are also found in biological materials with 
little or no mineral. It was determined that these structures also 
act to provide toughening and energy dissipation under quasi-
static compression and high strain rate impacts.[15,64a,80] One 
example is found in whale baleen, a filter system in the baleen 
whale mouth that works by pushing water out while retaining 
food inside the mouth.[80] Baleen is a keratinized tissue with a 
relative low degree of mineralization (around ≈1–4 wt%). It was 
found that these microstructured tubules inside the baleen con-
tributed to the fracture toughness of the whole structure in the 
direction perpendicular to the tubules.[81] Figure  12d shows a 
schematic of the tubular structure, in which keratinized cells 
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Figure 12.  Toughening mechanisms in a natural tubular structure. a) R-curve of human cortical bone in the direction parallel with and perpendicular 
to the tubules (osteons). b) Microcomputed tomography showing crack propagation profiles indicating crack deflection by osteons. c) Impact damage 
of the tubular structures in antler in both longitudinal and transverse directions. d) Tubular structure within whale baleen. e) R-curve of whale baleen 
in the longitudinal and transverse directions. f) Crack arresting and deflection during the propagation through tubules. g) Deformation mechanisms of 
tubules in bighorn sheep horn under both quasi-static compression and high strain rate impacts along different directions. a,b) Adapted with permis-
sion.[76] Copyright 2008, Springer Nature. c) Adapted with permission.[79] Copyright 2011, Elsevier. d–f) Adapted with permission.[81] Copyright 2018, 
Wiley-VCH. g) Adapted with permission.[15] Copyright 2017, Elsevier.
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are indicated in both tubule and intertubular areas. The char-
acteristic diameters of the tubules range from 60 to 900 µm.  
The fracture toughness of the baleen samples as a func-
tion of crack extension (R-curve) was acquired via three-point 
bending with single-edge notched samples. It was concluded 
that in both ambient dry and hydrated conditions, the frac-
ture toughness increases significantly as the crack propagates 
(Figure  12e). This can be explained by the extrinsic tough-
ening mechanism shown in Figure 12f, where the initial cracks 
which are perpendicular to the tubules are deflected by 90°, and 
start propagating along the tubules.[81] Crack deflection by the 
tubular structures is caused by the weak interfaces between the 
cell lamellae, which is similar to that observed in bone osteons.

Bighorn sheep horn is another keratinized tissue with a 
tubular structure that shows high energy dissipation proper-
ties. However, the loading conditions are at higher strain rates 
than the whale baleen.[32,33] The intraspecific fighting speed 
between bighorn sheep can reach 9 m s−1, which necessitates 
high impact resistance and energy absorption in the horns. 
The energy dissipation/toughening mechanisms of the big-
horn sheep horn were investigated at different strain rates 
and loading orientations.[15] Figure 12g shows how the tubular 
structure absorbs energy under both quasi-static compression 
and high strain rate (≈103 s−1) impact. Cross-section analysis of 
the tubules reveal an elliptical shape, leading to the anisotropic 

compressive properties and deformation mechanisms. Com-
pression and impact in the radial direction, which is along the 
minor axis, could deform and close the tubules. However, when 
the loading is along the major axis of the tubules, the tubules 
become distorted. Tubule coalescence and fiber bridges are also 
found during the shear deformation of the structure. Tubules 
and lamellae buckle and crack under the loading in the direc-
tion parallel with the tubules in both quasi-static compression 
and high strain rate impact. It was found that the plastic defor-
mation of tubules (closing, coalescing, buckling, and cracking) 
could dissipate a large amount of energy, which is sufficient for 
the high strain rate impact caused by the fighting between big-
horn sheep.[15]

4.2. Crack Redirection and Twist in Lamellar Structure

4.2.1. Silica Lamellae in Marine Glass Sponge

The extrinsic toughening mechanisms such as crack redirec-
tion and twisting are also found in lamellar structures at the 
microscale level.[59,82] One example of the laminated structural 
design is in the spicules of a sea sponge, Euplectella aspergillum 
(Figure  13a).[53c] Microscopic biosilica concentric rings form 
lamellae in the spicule with organic materials at the interfaces 
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Figure 13.  Crack deflection and twisting in lamellar structures. a) Photograph of sea sponge Euplectella aspergillum. b) Crack surfaces and pathways 
in a silica spicule. c) SEM micrograph showing crack deflection and the periodic elastic modulus of silica lamellae. d) Photograph of a pangolin and 
its keratin scales. e) Arrangement and orientation of keratin cells in the scales. f) R-curve of a pangolin scale in different orientations through three-
point bending tests. g) Schematic of a three-point bending test sample and orientation of keratin cell lamellae. h–j) Microcomputed tomography 
images showing the crack profile in different positions. a,b) Adapted with permission.[53c] Copyright 2005, American Association for the Advancement 
of Science. c) Adapted with permission.[83] Copyright 2007, Wiley-VCH. d) Adapted with permission.[82] Copyright 2016, Elsevier. e–j) Adapted with 
permission.[86] Copyright 2017, Elsevier.
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between the lamellae.[53c,57] The crack deviation by the organic 
layers between the lamellae are shown in the SEM micrograph 
of a fracture surface and the internal cracks existing in the 
spicule (Figure  13b).[53c,59] Analytical methods were applied[83] 
to verify crack stopping mechanics in lamellar structures with 
periodic elastic moduli. It was shown that regardless of thick-
ness, crack stopping can occur at the weak interfaces when the 
ratio of elastic modulus between the stiff lamellae and the weak 
interface was larger than five. The ratio of the Young’s modulus 
between the silica lamellae and organic interface can reach ≈40. 
This could explain the ability for 5–10 nm thick organic layers 
between the concentric rings to deflect and deviate cracks, thus 
increasing the overall toughness of spicule (Figure  13c).[59,83] 
As a comparison, the energy absorption of spicule under three-
point bending is an order of magnitude higher than that of 
silicate glass fibers (EMGO 360). The higher the strain rates, 
the more energy dissipation is produced in spicules, likely due 
to an increasing crack deviation and deflection at high strain 
rates. While the amount of energy dissipation in the glass fiber 
(EMGO 360) is not affected by strain rates as expected, since 
there is no such toughening mechanism in the glass fibers.[84] 
Similarly, the crack deflection mechanisms caused by the stiff-
ness differences between organic growth bands and mineral 
platelets were also reported in the nacre.[85]

4.2.2. Keratin Cell Lamellae in Pangolin Scales

Keratinized scales are efficient natural dermal armor found in 
pangolin that can prevent penetration damage from predators 
(Figure  13d).[82] The basic component of pangolin scales are 
laminated keratinized cells, with dimension ≈1–3 µm in thick-
ness and ≈20–30 µm in diameter.[82] The overall fracture tough-
ness is improved through the inherent high fracture toughness 
of the keratin material itself as well as the microstructured 
lamellae architecture. The keratin cell lamellae change orien-
tations from the dorsal to the ventral surface (Figure  13e).[86] 
The fracture toughness of the scales was evaluated by single-
edge notch three-point bending. Figure 13f shows the R-curve 
of the pangolin scale samples in both longitudinal and trans-
verse directions. A schematic of notch directions relative to the 
lamellae structure is shown in Figure 13g. It can be concluded 
from the plots of the R-curve that the fracture toughness in 
the longitudinal direction is five times higher than that in the 
transverse direction. The high toughness in the longitudinal 
direction was found to be contributed by the nonuniform crack 
profiles from dorsal to ventral surface and crack twisting by the 
keratin cell lamellae. The crack profile is revealed by microcom-
puted tomography, showing the crack twisting in the longitu-
dinal direction (Figure 13h–j).[86]

4.3. Crack Arrest and Energy Dissipation at Materials Junction

4.3.1. Tooth Dentin–Enamel Junction

Biological organisms consist of “building blocks” of materials 
with different mechanical properties that when assembled in 
a hierarchical manner, can accommodate the different loading 

conditions. There are a number of cases where this is exem-
plified. For example, woodpecker beaks and sheep horns are 
composed of an outer sheath of soft keratinous material and an 
inner core of hard cancellous bone to resist multiple impacts; 
the high toughness and strength of teeth under fatigue are 
provided by the combination of an outer brittle enamel and an 
inner tough dentin having a tubular architecture; penetration 
resistant fish scales consist of rigid mineral layers on their 
surface together with an underlying region of collagen-based 
fibers.[32,61b,75a,87] It has been shown a junction/interface 
between the different regions of biological structures could 
provide fracture toughness to the whole structure. As a rep-
resentative example, the toughening mechanisms in the 
tooth dentin–enamel junction (DEJ) will be discussed in the 
following section.

Figure  14a shows a schematic of the enamel and dentin 
regions in a human tooth.[75a] The width of the junction region 
between enamel and dentin is ≈100–150 µm.[88] The differ-
ences in mechanical properties (including toughness and hard-
ness) between enamel and dentin are illustrated in the plot 
as shown in Figure  14b. The fracture toughness of dentin is  
≈5 times higher than that of enamel, but is 10 times less 
hard.[89b] Indentation experiments revealed that the cracks initi-
ated at the enamel region, but were arrested at the DEJ. SEM 
micrographs of the crack profile indicates the cracks can only 
penetrate ≈10 µm across the junction. Uncracked ligament 
bridging behind the crack tip was considered as the main 
reason contributing to the crack arrest and fracture toughness 
of the DEJ (Figure  14c).[89b] In addition, the crack arresting 
mechanism was further observed and confirmed by researchers 
in the fatigue tests after 106 cycles of loading and unloading.[88] 
It was reported that the junction region would decrease the 
stress concentration and improve load transfer between the 
enamel and dentin. Due to the significant differences of  
stiffness between enamel and dentin, crack deflection was  
considered to be another toughening mechanism in the DEJ 
proposed in a previous study.[88]

4.3.2. Junction and Interface of Boxfish Scutes

Besides junctions that consist of materials with different 
mechanical properties, the suture interface is a representa-
tive type of junction with the same materials or components, 
providing both flexibility and toughness to the biological struc-
tures.[90] One example is the junction of adjacent scutes in 
the boxfish dermal armor (Figure 14d). Figure 14e depicts the 
hexagonal scutes and suture interfaces between them. It was 
proposed that these sutured mineralized “teeth” act to dis-
sipate energy in various loading modes: penetration, tension, 
and shearing. Figure 14f illustrates the penetration test on the 
scutes, showing the shear deformation of collagen fibers and 
the punch out of the active scute without damage. The breakage 
of fibers under shear at the interface could absorb energy 
and thus protect the scute (Figure 14g). Under tension, fibers 
stretch and pull out at the interface are observed, which is sim-
ilar as the damage modes in the penetration test: the deforma-
tions are limited to the collagen fibers in the suture interface 
(Figure 14h). The failure and fracture of the mineralized teeth 
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at the interface is shown in the SEM micrograph of the sample 
under shear force (Figure  14i). The cracks initiate and propa-
gate within the mineralized teeth and interface. Due to the 
connection of collagen fibers underneath, the whole structure 
is still intact after failure occurs in the teeth. In summary, dif-
ferent energy dissipation mechanisms are observed at the scute 
junctions under different loading modes. The suture interface 
between scutes could thus protect the overall structure from 
penetration, tension, and shearing. Interestingly, the suture 
structure has also been found in other natural armors such as 
keratin cells in pangolin scales and the turtle carapace.[91] It was 
concluded that the soft suture interface could localize the lat-
eral cracks and thus terminate crack propagation.[90b]

5. Macroscale

At the macroscale level, the structure, morphology and 
arrangement of the architecture features could also affect the 

mechanical behavior under different loading conditions. Exam-
ples include curvatures found in horns and turtle carapace,[90b,92] 
different shapes of cross-sectional designs for hydrody-
namic and aerodynamic applications,[93] overlapping scales 
in fish, pangolin, and chiton,[61b,82,94] and the tessellated scale 
arrangements in boxfish armor and mineralized cartilage in  
the endoskeleton of Elasmobranchii.[90a,95] The characteristic 
morphology and element arrangement at the macroscale in 
these organisms can provide specific mechanical solutions 
to adapt to the loading conditions. Although the designs and 
features at the macroscale level are not directly involved in the 
improvement of fracture toughness of biological materials, the 
overall energy absorption can be affected by the macroscale 
characteristics such as shapes and arrangement.

One examples is found in the design of the seahorse tail.[96] 
The cross-section of the tail has a square shape, which is  
unlike most animal tails with round cross-sections. The sea-
horse applies its tail as a flexible grasping appendage, but 
also acts as bony armor to protect its body. From a mechanical  
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Figure 14.  Energy dissipation at in materials junctions/ interfaces. a) Schematic showing enamel and dentin in a human tooth. b) Fracture toughness 
and hardness as a function of the distance from the dentin–enamel junction (DEJ). c) Crack propagation profile in tooth enamel, dentin, and DEJ.  
d) Photograph of a box fish. e) Microcomputed tomography image of single scutes and the suture interface between adjacent scutes. f) Schematic  
of a penetration test on box fish scutes. g) SEM micrographs of fractured surfaces after penetration testing, showing fibril shearing. h) SEM micrograph 
of a fractured suture interface after uniaxial tension testing. i) Breakage of mineral teeth in the sutures after shear tests. a) Reproduced under the  
terms of the CC-BY Attribution 3.0 Unported license (https://creativecommons.org/licenses/by/3.0/).[89a] Copyright 2014, Blausen.com staff.  
b,c) Adapted with permission.[89b] Copyright 2005, Springer Nature. d–i) Adapted with permission.[90a] Copyright 2015, Elsevier.
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prospective, energy absorption should be an important require-
ment for the flexible bony armor of seahorse, which was real-
ized by the design of the tail: four L-shaped platelets forming 
a flexible square shape. 3D printed models were applied to 
explain the mechanical optimization of the square tail.[96b] 
Both the strength and compressive displacement are higher in 
a square shape, indicating the square tails have larger energy 
absorption and better protection of internal organs. The sliding 
of the bony platelets in the square tail is the main energy dis-
sipation mechanisms which enable nearly ≈50% compressive 
deformation on the tails before permanent failure of the ver-
tebral column.[96b] Another example of design characteristic 
of natural organisms at the macroscale is the tapered spiral 
geometry of the bighorn sheep horns. It has been verified that 
the tapered spiral curved geometry decreases the translational 
acceleration in brain cavities under impacts by 49% compared 
to the geometry of just flat shape.[92]

Indeed, biological materials have hierarchical structures, 
meaning that the toughening mechanisms at different length 
scales are actually working together to contribute to the overall 
toughness of the organisms. The mechanical behavior of mate-
rials at the macroscale level, are actually a combination of prop-
erties from the atomic to the microscale level. Although the 
fracture toughness is a material property, which is not relevant 
to the architecture designs at the macroscale level, in terms of 
the amount of energy absorption and mechanical performance, 
the designs at the macroscale level do matter.

In terms of the relative importance of the toughening 
mechanisms at different length scales discussed in previous 
sections, although no direct quantitative comparisons have 
been made between different scales, implications can be made 
based on some of the work. Li and Ortiz showed an increase 
of energy dissipation by a factor of 10 by introducing atomic to 
nanoscale toughening mechanisms such as deformation twin-
ning, amorphization, and grain rotation in the shell of bivalve 
compared to single crystal geological calcite.[47a] By introducing 
the nano- to microscale lamellar and interfaces in Al2O3/
PMMA composites, the fracture toughness of the material 
increased from ≈2 MPa m1/2 in a homogenous Al2O3/PMMA 
composite to 15–30 MPa m1/2 in the structure with lamellae 
and interfaces.[12a] In another work, Wang et  al. showed the 
toughness (J integral, kJ m−2) of whale baleen increased from 
≈1.5 kJ m−2 in longitudinal direction to ≈18 kJ m−2 in trans-
verse direction because of the crack deflection by tubules 
occurred in transverse direction at the microscale.[81] Although 
the quantification of contributions of different toughening 
mechanisms are in different biological systems, it is safe to 
conclude that the toughening mechanisms at different length 
scales all have the potential to increase the toughness by an 
order of magnitude.

6. Multiscale Modeling

6.1. Computational Modeling

The challenges related to the multiscale experimental charac-
terization of biological materials have made computational 
modeling an essential tool to enable the understanding of the 

underlying mechanisms that allow these materials to exhibit 
their remarkable properties by creating a link between theo-
retical descriptions and experimental observations. Typically, 
the modeling of biological structures are performed one scale 
at the time; then, the results for each single-scale analysis are 
used to provide a homogenized bulk behavior of the material. 
As shown in Figure  15a), the appropriate method of analysis 
for each scale depends on the relevant length and time resolu-
tions. These methods are summarized in this review. A detailed 
explanation can be found in ref. [97].

Quantum mechanics (QM): At the atomic scale level, material 
properties are obtained by quantum mechanics calculations. The 
Schrodinger equation is utilized and solved to predict the excita-
tion and reactive properties of molecules in biological materials. 
In these analyses, the molecules are discretized by wave func-
tions describing the electron and atom positions in the system. 
To reduce the computational complexity, typically, these prob-
lems are solved by replacing electrons by an effective cluster of 
electrons with the same total density moving in the potential gen-
erated by the other electrons and ion cores. In a system of N-elec-
trons, the total density is expressed as a sum of the orbitals, fi
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Here Veff is the effective potential due to Coulomb and 
exchange-correlation contributions. This solution scheme 
is known as density functional theory (DFT) and is the most 
widely used method for the calculation of band structures, cohe-
sive energies, chemisorption energies and activation barriers. 
Quantum mechanics simulations are limited to a size domain 
no larger than ≈1 nm and time spans no more than ≈1 ns.

Molecular dynamics (MD): Molecular dynamics are com-
monly used to study the mechanisms that control the deforma-
tion and rupture of chemical bonds at the nanoscale. The basic 
concept behind molecular dynamics simulations is to model 
the trajectory of each atom in the material by considering their 
atomic interaction potentials. The total energy is then calcu-
lated as a function of the nuclear positions of each atom and 
each atom is treated as a particle that behaves according to 
Newton’s equation of classical mechanics

F m ai i i= � (3)

where mi is the mass of the ith atom and the force Fi acting on 
each atom is calculated from the inter-atomic potential energy

F Ui i= −∇ � (4)

Choosing appropriate models for the interatomic interac-
tions is a crucial step, because once these interactions are 
defined, the complete behavior of the material is determined. 
Different interatomic potentials have been used at different 
scales and different types of protein structures in the modeling 
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of biological materials. These potentials typically include: 
CHARMM force field, DREIDING force filed, UFF force field, 

and reactive force fields like ReaxFF that allow the rupture and 
formation of covalent bonds.[98]

Adv. Mater. 2019, 31, 1901561

Figure 15.  a) Time and length scale maps of modeling methods. b) Multiscale modeling of the exoskeleton of the American lobster. Overview of key 
microstructures found in the cuticle at different length scales. c) 3D maps for elastic behavior and homogenization methods for each relevant archi-
tecture. a, b axes: basal direction of the chitin unit cell. c axis: longitudinal (chain) axis of the chitin molecule. Results correspond to a typical mineral 
content of 70 wt%. a) I) Adapted with permission.[155] Copyright 2015, Elsevier. II) Adapted with permission.[109b] Copyright 2018, Elsevier. III) Adapted 
with permission.[106] Copyright 2015, Elsevier. IV–VIII) Adapted with permission.[10a] Copyright 2007, Springer. IX) Adapted with permission.[14a] Copy-
right 2012, The American Association for the Advancement of Science. X) Adapted with permission.[70] Copyright 2016, Wiley-VCH. XI) Adapted with 
permission.[152] Copyright 2014, Elsevier. b) Adapted with permission.[102] Copyright 2010, Wiley-VCH. c) Adapted with permission.[42] Copyright 2011, 
Elsevier.
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The main challenges in atomistic simulations are the difficul-
ties for interpreting results (which consist of only positions and 
velocities of particles as a function of time), and the large com-
putational resources necessary to perform such simulations.  
A proposed solution to reduce the computational cost is the 
modeling of coarse particles that replace clusters of atoms. In 
this case, interactions between particles are simulated by con-
sidering simple bonded and nonbonded interactions that can 
be easily calculated at each integration step. This method is 
known as coarse-grain modeling.[99]

Mesoscale models: Mesoscale models address the time limita-
tion of MD. In these simulation schemes, the equations of MD 
are replaced by stochastic transitions for the slow processes in the 
system. The main use of mesoscale models is in the modeling of 
dislocation dynamics in metals. To the best of the authors’ knowl-
edge, these methods have not been applied for biological materials.

Macroscopic methods: Macroscopic methods are using for 
modeling of the continuum. The best known method is finite 
element analysis (FEA). In this scheme, the system of interest 
is discretized with a mesh formed by points called nodes that 
are connected by entities called elements. Then, a partial dif-
ferential equation is then replaced by a set of coupled algebraic 
equations and solved numerically at the nodes.

It is important to note that the analysis of each scale provides 
fundamental information about the mechanical understanding 
of biological materials. For instance, in ref. [100] Buehler and co-
workers use full atomistic simulations to describe the mechanics 
of collagen microfibrils, showing that the deformation of col-
lagen microfibrils are mediated through mechanisms involving 
straightening of disordered and helically twisted molecules at 
small strains, followed by axial stretching of molecules, and 
eventual molecular uncoiling. These mechanisms explain the 
difference in the Young’s modulus of collagen microfibril com-
pared with that of single molecules, which is typically ≈10–20 
times greater than that of a collagen microfibril, and the high 
toughness present in these proteins. The authors used later a 
similar approach to characterize the mechanisms that provide 
high stiffness and high toughness to the spider silk.[101]

After a single scale of the material has been analyzed, bridging 
information obtained at different scales is required to understand 
the link between structure and properties at the different hierar-
chies observed in biological materials. However, the connection 
between scales is not trivial. Two main strategies are typically 
employed for scale bridging: i) matching of physical quantities 
such as energy and force between two scales, and (ii) volume aver-
aging of the variables computed at the fine scale. For instance, in 
refs. [42,102] a new approach is presented that combine atomic 
scale simulations with hierarchical homogenization, allowing the 
study of structure–property relations including all length scales of 
the American lobster’s exoskeleton. Schematic representations of 
this homogenization based technique are shown in Figures 15b,c. 
Similar techniques have also been applied for the study of col-
lagen[103] and nanocellulose-based structures.[104]

Despite the limitations that exist to date in multiscale mod-
eling of biological materials, the information found with single 
scale modeling techniques has been successfully integrated 
with different experimental and manufacturing techniques 
allowing to analyze the synergistic role between constituent 
materials, geometry, hierarchy, and size scales on the different 

characteristics commonly found in mammals, marine crea-
tures, and even plants.[1b,62]

6.2. Additive Manufacturing as a Modeling Tool

Despite the limitations in current additive manufacturing pro-
cessing, 3D printing has emerged as a significant modeling tool 
that provides validation  for both computational modeling  and 
experimental results.  This combination of methods  accelerates 
discovery of  the  synergistic role between constituent materials, 
geometry, hierarchy, and length scales on the different architec-
tural features  commonly found in mammals, marine creatures 
and even plants.[1b,62] Under this approach, 3D printing has 
become an important tool to help understand and connect the dif-
ferent deformation and fracture mechanisms across length scales 
providing answers to questions like: i) “Can modest materials be 
used as building blocks for remarkably strong/tough materials?”. 
And ii) “Is it possible to obtain the same level of improvement in 
mechanical properties as Nature does?”. The combined experi-
mental/computational/prototyping framework for the analysis 
and study of biological materials was first used by Zavattieri 
and co-workers to test some key morphological features of the 
microstructure of the nacre that enable its remarkable energy 
dissipation. For instance, in refs. [72b,105] the authors show that 
the geometrical parameters can be tuned in conjunction with the 
size of the building blocks to effectively toughen the composite, 
without sacrificing strength and stiffness through the transverse 
dilation effect previously shown in ref. [10a]. In fact, the highest 
fracture energy that was measured in artificial systems corre-
sponded to the same geometrical characteristics and length scale 
found in the aragonite platelets in nacre.

Kisailus’ and Zavattieri’s research groups have used the com-
bined experimental/computational/prototyping framework in the 
analysis of other biological materials. In refs. [74,106] the authors 
used this approach to study the rod-like microstructure found 
in the Cryptochiton stelleri radular teeth, elucidating the effect of 
geometrical features like orientation, volume fraction, and rod 
aspect ratio on the overall mechanical response (Figure  16a–c). 
In this work, experimental results demonstrated that alignment 
rod-like microstructures present a higher contact resistance and 
stiffness compared with randomly distributed fibrous materials. 
Additionally, it was possible to observe that energy gets dissi-
pated by median cracks when the loading is parallel to the rods, 
and lateral cracks when the load is perpendicular to the rods in 
combination to deformation of the rods. The authors also have 
studied the dactyl club of the smasher stomatopod Odontodac-
tylus scyllarus where a new ultrastructure with a herringbone pat-
tern was experimentally determined (Figure 16d–i) and hypoth-
esized to provide additional stiffness during club strikes.[70] Sub-
sequent finite element simulations in combination with experi-
ments on 3D printed samples were used to evaluate the mechan-
ical response of the herringbone ultrastructure compared with 
the Bouligand structure typically found within most crustacean 
exoskeletons. Results from computational simulations revealed 
that the herringbone structure allows for a greater redistribution 
of damage over the Bouligand structure preventing catastrophic 
failure. Subsequent experiments using the 3D printed samples 
showed that the herringbone pattern allows to accommodate 
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Figure 16.  a) Radular teeth of the chiton, Cryptochiton stelleri. Schematics of an experimental/ computational/ prototyping/ analysis framework. b) Com-
parison of indentation marks at the leading edge of the tooth with finite element simulations and validating experiments using 3D printed structures. 
c) Indentation data of experimental curves at the leading and trailing edges compared with the elastic-plastic FEM. d) Anterior view of the stomatopod, 
Odontodactylus scyllarus, and view of the dactyl club separated from its raptorial appendage. e) Higher-magnification differential interference contrast 
image from a sagittal section of the dactyl club. f) Schematics of the geometry and fiber orientation for the Bouligand and herringbone structures. g) 
Digital image correlation showing the strain redistribution in 3D printed samples with Bouligand and herringbone patterns. h) Compression tests of 
the 3D printed samples highlighting the increased toughness of the herringbone structure over the Bouligand structure. i) Results from finite element 
simulations show redistribution of the von Mises stress in the Bouligand structure compared with the herringbone pattern. a,b-right) Adapted with 
permission.[106] Copyright 2015, Elsevier. b-left,b-middle, c) Reproduced with permission.[74] Copyright 2014, Wiley-VCH. d-i) Reproduced with permis-
sion.[70] Copyright 2016, Wiley-VCH.



© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1901561  (25 of 37)

www.advmat.dewww.advancedsciencenews.com

larger deformations under compressive load which ultimately 
translates into more energy absorption when compared with 
the Bouligand structure. These results are key in providing new 
inspiration and design guidelines for the fabrication of next-gen-
eration impact-resistant composite materials.

Another advantage of using 3D printing as a modeling tool is 
that is allows easy comparison of the overall mechanical response 
of different ultrastructures. For example, in ref. [12c] mechanical 
tests were performed to determine the fracture toughness of 3D 
printed composites mimicking the structure of the bone, rotated 
bone, and biocalcite were performed showing that these micro-
structures allow to redistribute the stress and strain, and can scale 
the toughness of its constituents up to 20 times (Figure 17a). In 
ref. [107], the damping of 3D printed staggered composites with 
soft matrix and hard fibers based in the structure of the nacre 
and bone is compared with Reuss and Voigt models. Results 
from test and analytical models indicate that biological staggered 
composites exhibit enhanced damping responses that originate 
from large shear deformation on the matrix (Figure  17b). The 
influence on stiffness, strength, and toughness of bioinspired 
sutures is presented in ref. [108]. By tensile testing of 3D printed 
dogbone compounds with suture interfaces at the center of the 
gauge length with trapezoidal, rectangular, antitrapezoidal and 
triangular shapes, the authors determined that triangular wave-
forms are optimal for high stiffness, strength, and toughness and 
allows uniform distribution of the stress (Figure 17c).

In a more recent work, Suksangpanya et al.,[109] revealed addi-
tional details of the mechanical advantages of the Bouligand  
architecture from the dactyl club of the smashing mantis 
shrimp. Experimental observations highlighted its capability to  

withstand repetitive high-energy impact without exhibiting signs 
of catastrophic failure. In fact, the initial experimental findings 
by Weaver et al. using electron charge contrast imaging in SEM, 
as well as experimental observations of polished and fractured 
surfaces have shown that cracks tend to form multiple nested 
twisting cracks that developed between the fibers of the Bouli-
gand architecture. These twisting cracks are just a manifestation  
of the Bouligand template that guides these cracks to follow that 
pattern.[14a] The initial results presented by Weaver et al. on the 
mantis shrimp[14a] and Grunenfelder et al. using biomimetic 
carbon fiber composites[152] were combined with the analytical, 
computational, and 3D-printing results by Suksangpanya  
et al.[109] to unveil the role of crack twisting in the overall frac-
ture toughness of the Bouligand architecture. This was achieved 
through carefully designed specimens in which the crack prop-
agation path was controlled (Figure  18a–c). These tests were 
able to replicate the same type of crack twisting patterns found 
in the actual dactyl club (Figure  18d–f).[14a] Carefully designed 
3D printed beams together with computational analysis using 
finite elements and cohesive zone model were used to explore 
the nature of crack propagation (Figure  18g–h). As a result of 
the computational analysis, Suksangpanya et al. concluded that 
twisting cracks growing along a Bouligand architecture tend to 
grow faster in the direction parallel to the rotational axis (e.g., 
rotational axis is the axis perpendicular to the fiber layers). These 
results agree well with the theoretical models and provided addi-
tional insights into the fracture behavior of Bouligand structures. 
Moreover, this study revealed that changes in the local fracture 
mode at the crack front is expected to lead to a reduction of the 
local strain energy release rate, which translates to an increase in 
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Figure 17.  Additive manufacturing provides and allows easy comparison of the mechanical behavior between different ultrastructures. a) Fracture 
toughness evaluation of bone-like, rotated bone-like, and bio-calcite-like 3D printed composites. Reproduced with permission.[12c] Copyright 2013, 
Wiley-VCH. b) Damping evaluation of soft matrix/hard fiber composites inspired in nacre and bone structures. Reproduced with permission.[107] Copy-
right 2015, Elsevier. c) Evaluation of the mechanical performance of bioinspired sutures with trapezoidal, rectangular, antitrapezoidal, and triangular 
shapes. Reproduced with permission.[108] Copyright 2014, Elsevier.
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the necessary energy release rate required to propagate the crack 
(Figure 18k). Additionally, the driving force is also reduced as a 
function of the distance from the rotation axis of the twisting 
crack, making it more difficult for the crack to grow laterally. In 
turn, these results indicated that a single twisting crack tends 
to isolate itself and therefore does not promote the coalescence 
with other growing twisting cracks leading to delocalization and 
local hardening, helping the spread of damage. Future work 
using similar concepts have given positive results in intrinsically 
brittle 3D printed materials.[110] However, the analysis of larger 
systems will require more powerful computational tools, such 
discrete element methods, or coarse grained models.[104]

Discrete and coarse-grained models to consider larger com-
putational domains are beginning to exhibit the potential to 
study biological and bioinspired materials.[10e,104,111] Recently 
Barthelat and co-workers have developed a discrete element 
method (DEM) approach to validate some of the hypothesis 

established by previous modeling work.[10a,72b,105] The discrete 
element method allowed them to consider larger representative 
volume elements (RVE)[111] (Figure  19). These models enable 
the analysis of statistical variations on the fracture mechanisms 
such as different tablet arrangements, variations in the inter-
face properties, etc. One of the main conclusions of this work 
was that indeed hardening is an important component to pro-
mote delocalization of damage. In fact, local hardening pro-
vides the necessary components to promote multiple site crack 
initiation and growth leading to larger regions of damage and 
energy dissipation. They also found that these statistical vari-
ations, enabled by the DEM model, leads to increased tough-
ness. However, such variations have a lower and upper bound: 
that is, low statistical variations lead to localization, and large 
variations lead to weaker structures. Moreover, DEM models 
allow to reduce the level of complexity achieved by high-fidelity 
finite element models, and yet can have the necessary details 
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Figure 18.  a) Photograph of mantis shrimp and its raptorial appendage, highlighting the location of dactyl club. b) SEM micrograph of the fractured 
transverse section of the periodic region. c) 3D schematic of the Bouligand structure identified in the periodic region of the dactyl club showing the 
potential crack twisting mechanism. d) Fractured flexural specimen of the Bouligand structure after being loaded under 3-pt bending. High magnifica-
tion micrograph of the crack, showing periodic zigzag crack twisting. e) Crack twisting pattern in an infinite domain of a helicoidal structure estimated 
from the experimental observation. f) Similar crack pattern found in the 3D printed models. g) Digital Image correlation strain distribution measured 
from the 3D printed samples. h) Comparison with the computational models. i) General description of the analytical models proposed by Suksang-
panya, 2017. j) Local stress intensity factor at the crack front of a twisting crack. k) General energy release rate or driving force of a twisting crack.  
a–h) Reproduced with permission.[109b] Copyright 2018, Elsevier; i–k) Reproduced with permission.[109a] Copyright 2017, Elsevier.
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or “ingredients” of the hypotheses that need to be evaluated. In 
the particular case of Barthelat’s work, DEM is a powerful tool 
that can be applied to extend existing design guidelines of brick 
and mortar structures.[10a,e,112]

7. Bioinspired Designs at Different Length-Scales

The biological materials with multiscale toughening mecha-
nisms found in Nature present a wealth of ideal paradigms 
about how materials can be made strong and tough using simple 
building elements—this differs markedly from the general  

design protocol of man-made materials where the properties 
stem largely from the complexity of chemical compositions 
or constituents. The lessons generated from these natural 
systems may provide significant inspiration and potential for 
developing outstanding properties in artificial materials, espe-
cially for solving the problem of embrittlement encountered 
in many high-strength materials[1a,5a,113] The idea of bioin-
spired design is not confined to a rigid mimicry of the struc-
tural intricacy of biological materials; indeed, it extends to the 
translation into man-made materials of the underlying design 
motifs at multiple length-scales, particularly those responsible 
for the extraordinary properties of biological materials.[114]  
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Figure 19.  a) Staggered structure in nacre showing the delocalization effect around the main crack tip. b) Single cell RVE with key dimensions, and 
shear stress–strain behavior of the interfaces with local hardening. c) 1D DEM representation of the staggered structure based on (b). d) Fracture 
specimen problem definition and comparison with experiments showing the spread of damage around the crack tip. e) Snapshots of the DEM simu-
lations with different degrees of statistical variations and different types of behaviors, clearly showing the delocalization effect around the crack tip. 
a–c) Reproduced with permission.[111a] Copyright 2018, Elsevier. d,e) Reproduced with permission.[111b] Copyright 2019, Elsevier.
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The realization of such designs relies essentially on the desired 
architectural construction and control of material characteris-
tics, especially over different length-scales. This necessitates 
though an improved exploitation of the well-established mate-
rials processing methods and the development of new pro-
cessing techniques.

7.1. Freeze Casting and Slip Casting for Microscale Control

Freeze casting, also known as ice templating, presents an 
effective approach for fabricating bioinspired materials 

with layered or laminated architectures, specifically mim-
icking nacre.[12a,115] During the directional freezing process, 
the inclusions in an aqueous suspension are continuously 
expelled from the growing ice crystals into the microspaces 
between them, as shown in Figure 20a. The subsequent freeze 
drying and sintering (in the case of metal or ceramic systems) 
processes create scaffolds with aligned pores that replicate the 
ice crystals. The nano- to microscale structural characteristics 
of the scaffolds, including the lamellar thickness and interla-
mellar spacing, the nanoasperities growing on the lamellae, 
and the interconnectivities between lamellae, can be readily 
modulated during the freezing process. This can be realized 
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Figure 20.  Bioinspired designs at nano- to microlength scales by freeze casting. a) Illustration of the self-assembly process of freezing suspension at 
the growing ice front. b) Brick-and-mortar structure of nacre-like hydroxyapatite–PMMA composites and its effect in resisting crack propagation. c) The 
mechanical properties of nacre-like hydroxyapatite–PMMA composites and its comparison with other commonly used implant materials. d) Illustration 
of the realignment of high-aspect-ratio constituents in suspension during the freezing process. SiCW refers to silicon carbide whiskers. e) Laminated 
interwoven architecture of freeze-cast scaffold and the toughening mechanisms of infiltrated composites visualized by X-ray tomography. f) Strength-
toughness combinations of silicon carbide–PMMA composites with bioinspired laminated interwoven architectures and layered structures. g,h) Com-
parison of actual and artificial bone (g) and nacre (h). Scale bars: i) 20 µm; ii) 250 µm; iii) 500 µm; iv) 50 µm; v) 500 nm; vi) 500 nm; vii) 600 nm; and 
viii) 10 µm. i) Museum specimen of narwhal tusk and narwhal tusk inspired scaffold made using magnetic freeze casting. a) Adapted with permission.[5a] 
Copyright 2015, Springer Nature. b,c) Adapted with permission.[12d] Copyright 2016, Wiley-VCH. d–f) Adapted with permission.[117b] Copyright 2019, 
American Chemical Society. g,h) Reproduced with permission.[156] Copyright 2013, Springer. i) Reproduced with permission.[121] Copyright 2012, Elsevier.
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by controlling the processing parameters, e.g., the solid con-
centration and viscosity of slurry, the kinds and contents 
of additives, the cooling rate, and external fields during 
freezing.[115a–d,116]

Ceramic scaffolds can be directly used as reinforcements 
to strengthen and toughen materials by liquid infiltration of 
them with polymers or metals. Nacre-like lamellar composites 
have been fabricated following such routes, for example, in 
alumina–PMMA,[12a,115e] silicon carbide–PMMA,[117] alumina–
aluminum alloy,[115g] and titanium carbide–aluminum alloy[118] 
systems. These composites outperform the simple mixtures 
of their constituents in terms of the strength-toughness com-
binations owing to the replication of the nano- to microscale 
structures of nacre and, in particular, the introduction of potent 
toughening strategies, including the inelastic deformation of 
the ductile phase, the crack deflection along interfaces, and the 
uncracked-ligament bridging in the crack wake.

The mechanical properties of the nacre-like composites by 
freeze casting can be further improved by densifying the scaf-
folds before infiltration and increasing the interfacial bonding 
strength between constituent phases. A prime example is the 
alumina–PMMA composites which possess ceramic contents 
up to 80 vol.% and display strong interfaces by grafting.[12a,115e] 
The composites exhibit brick-and-mortar architecture with 
abundant bridges of micrometer and sub-micrometer dimen-
sions existing between the alumina bricks. This resembles the 
multiscale structural designs of nacre to a larger extent as com-
pared to the lamellar composites.[119] In addition to the tough-
ening effects by the extrinsic mechanisms of crack deflection 
and bridging, interfacial sliding is permitted within the poly-
meric phase but is restricted by the limited interfacial thick-
ness, the pre-existing mineral bridges, and the roughness of the 
ceramic interfaces, thereby leading to efficient energy dissipa-
tion. This endows the composites with characteristic R-curve 
behavior and excellent fracture toughness that is markedly 
higher than its constituents—the toughest alumina material 
reported to date. Similar approach has also been employed in 
fabricating nacre-like hydroxyapatite–PMMA composites,[12d] as 
shown in Figure  20b). The resultant materials exhibit unique 
Young’s modulus and strength similar to human cortical 
bone in combination with high work of fracture (as shown in 
Figure 20c), thus demonstrating a potential for applications as 
bone replacements.

In the case of particles with high aspect ratio and large ani-
sotropy in the slurry, the particles can be reorganized by the 
encapsulating force generated from the moving ice front during 
the freeze casting process,[115b,c] as illustrated in Figure 20d. The 
long axes of particles are preferentially realigned to be parallel 
to the growing ice profile. This offers the possibility for building 
new bioinspired architectures by mimicking other biological 
materials in addition to nacre via freeze casting. A good case 
in point is the silicon carbide composites containing PMMA as 
a compliant phase inspired by the crustacean exoskeleton.[117b] 
Silicon carbide whiskers and minimal nanometer-sized silica 
are utilized to make the suspension for freeze casting; the 
former are realigned by the freezing ice with the latter forming 
nano-interconnectivities between the whiskers in the sintering 
process (Figure 20e). The resultant composites after infiltration 
display nano- to microscale architectures replicating the main 

structural designs of crustacean exoskeleton, i.e., the laminated 
arrangement of constituents, the varying orientations within 
laminates, and the three-dimensional interconnection.[117b,120] 
This creates an enhancement of crack deflection/twisting in the 
composites and uncracked-ligament bridging by fiber or fiber 
bundles (Figure  20e), as compared to the layered composites 
mimicking nacre (Figure 20e),[117a] thus resulting in more supe-
rior strength-toughness combinations (Figure 20f).

Microstructural alignment in freeze casting can be con-
trolled through extrinsic methods, such as external fields, to 
improve compressive mechanical properties in the direction 
of alignment. This has been shown in magnetically aligned  
scaffolds studied by Porter et  al.[121] Magnetic alignment has 
also been used to create two directions of lamellar alignment 
as seen in trabecular bone.[122] In addition to synthesizing 
bioinspired bone and nacre (Figure  20g,h), freeze casting has 
been used to create a bioinspired narwhal tusk (Figure 20i) that 
showed enhanced torsional resistance due to the helical rein-
forcement.[121,123] Electric fields have also been used to increase 
pore size in hydroxyapatite scaffolds[124] or increase scaffold 
wall thickness in alumina scaffolds.[125] Electrophoretic deposi-
tion was found to create fine lamellar structure in scaffolds.[126] 
Finally, recent work has been done on ultrasound-controlled 
freeze casting to create concentric ring structures with high 
and low porosity rings,[127] opening up many avenues to control 
hierarchical features at the microscale.

Freeze casting has also been used for biomedical applica-
tions since microscale porosity is essential for nutrient flow 
and cell proliferation and macroscale porosity is required for 
vascularization. Bai et  al.[128] created hierarchical, bioinspired 
nacre by freeze casting a hydrogel with dispersed clay platelets 
to form aligned platelets at the nanometer scale and polymer 
lamellae at the microscale. The improved mechanical perfor-
mance, porous structure, and thermoresponsive property of 
the hydrogel component make this composite promising for 
use in controlled drug release and smart scaffolds. Porous 
hydroxyapatite scaffolds which possess micropores (1–10 µm) 
and macropores (90–110 µm) by changing the solvent compo-
sitions (water–glycerol for micropores and water–dioxane for 
macropores) have been reported.[129] More recently, collagen 
was freeze cast to create scaffolds for permanent female sterili-
zation that was tested on successfully with rats.[130] The effect of 
processing conditions was further tested and showed that lower 
freezing rate produced larger pores and thicker lamellar walls, 
resulting in decreased modulus but higher yield strength.[131] 
Across multiple materials, freeze casting has showed promise 
for creating controlled micro- and macroporosity.

A significant shortcoming to freeze casting is its reproduci
bility, which has been shown to be poor in a study on zirconia 
slurry freeze casting, since the properties between samples 
with the same processing conditions exhibited statistically 
significant differences.[132] Therefore, more work needs to  
be done to fine-tune the freeze casting process to achieve the 
reproducibility needed for engineering applications. Addi-
tionally, the samples dimensions are limited by homogeneity 
of temperature fields, which inhibits the scalability of freeze 
casting as a synthesis method.[133] Porosity morphologies and 
length scales are also limited by solid loading and its effect on 
solidification kinetics.[134]
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Another promising strategy to control the multiscale archi-
tectures of man-made composites is to regulate the orientation 
and local distribution of anisotropic constituents in suspension 
using external magnetic fields followed by consolidation of the 
fluid phase.[135] This necessitates the constituents to be mag-
netically responsive which can be realized by surface decoration 
using superparamagnetic nanoparticles, such as iron oxide. 
Such method has been proven to be effective in modulating 
the local reinforcements of polymer-based composites such as 
to generate tailored properties, e.g., strength, wear resistance, 
and even shape-memory effects.[135b–d] The combination of this 
technique with the aqueous-based slip casting process offers 
new possibilities for the efficient fabrication of heterogeneous 
composites in bulk size and complex shapes and with varying 
types of matrices, i.e., ceramic, metal and polymer.[136] The mul-
tiscale architectures of composites can be finely programmed to 
implement various bioinspired designs, potentially as intricate 
as the tooth-like bilayer components with site-specific compo-
sition/texture and the periodic patterns of microreinforcement 
orientation.

7.2. Multiscale Designs Using Additive Manufacturing

Additive manufacturing (AM), as represented by 3D printing, 
has become a popular tool for studying the features that give 
rise to the exceptional mechanical properties of biological 
materials at different length-scales. In particular, AM has been 
useful for studying architectures of composites and struc-
tures since it provides design and material property flexibility. 
The most commonly used printers are extrusion or UV-cured 
polymer-based printers. Multimaterial printers can blend 
different polymers to achieve more fine-tuned material proper-
ties.[137] However, given that the field is still immature, there 
are shortcomings and artifacts present in the resulting prints. 
For example, Yap et al.[138] found that dimensional accuracy was 
dependent on printing orientation, position on the printing 
surface, and surface finish of the print (glossy or matte). Mate-
rial properties of 3D printed materials are dependent on print 
conditions, AM technique used, dimensions of the sample, and 
other factors.[139] In addition, little is known about the interface 
properties between separate materials that are printed simul-
taneously. Nonetheless, AM has become a unique tool for 
exploring microstructural features that provide strengthening 
and toughening mechanisms in bioinspired materials.

Among AM tools, 3D printing has presented great advan-
tages for rapid construction of complex 3D architectures and 
shapes out of a variety of materials.[12c,135d,140] This technique 
has been utilized to recreate bioinspired macroscale structures. 
At the macroscale, a 3D printed seahorse tail with a square 
cross-section was mechanically tested and compared to a 3D 
printed model with a round cross-section (Figure 21a).[96b] The 
mouth structure of the sea urchin (Aristotle’s lantern), was also 
prototyped using AM to adapt the design for use as a sediment 
sampler.[141] The keel feature of Aristotle’s lantern was modeled 
and found to contribute to the resilience of the sea urchin tooth. 
The impact resistance through stress deflection in the wood-
pecker skull was explored by placing a 3D printed woodpecker 
skull in a drop tower apparatus shown in Figure 21a,b).[142] The 

influence of a structural feature known as the frontal overhang 
was investigated by producing two types of additively manu-
factured prototypes: one with the frontal overhang present and 
one without. Fish scales have inspired some designs exploring 
puncture resistance and flexibility tradeoffs.[143] The effect of 
arrangement of 3D printed fish scales (Figure  21c) on punc-
ture resistance was tested, showing that minor differences in 
angle and geometry of scales can influence puncture resistance 
significantly.[143b] One of the shortcomings to multimaterial 
3D printers, which have been used for many microstructural 
studies, is that they are generally most available for printing 
polymers. 3D printed polymers have a limited disparity in 
modulus that cannot accurately represent the differences in 
stiffness between natural organic and inorganic phases. Addi-
tionally, printing resolution is limited and is unable to reflect 
the increase in strength of nanoscale inorganic crystals that 
arise from increased ratio of defects at the nanoscale. Finally, 
the size and scale effects of samples have not been thoroughly 
examined. However, this technology is fast moving and con-
tinued improvements in printers and inks are currently in 
development.

At the microstructural level, 3D printed materials inspired by 
nacre and bone have been tested to better understand their frac-
ture toughness,[12c,144] impact resistance,[145] and energy dissipa-
tion mechanisms.[107] A 3D printed nacre-inspired composite 
showed that the mineral bridges in nacre play an important role 
in maintaining stiffness and improving toughness.[146] In addi-
tion, the incorporation of an additional level of hierarchy in a 
nacre-inspired design is demonstrated, shown in Figure 21d–g, 
with an improved impact resistance in an higher level of hier-
archy sample.[147]

In addition to microscale and macroscale feature printing 
capabilities, the potency of such approach in architectural 
regulation of composites at multiple length scales, especially 
down to finer dimensions, can be significantly strengthened 
by coupling with the real-time colloidal assembly directed by 
magnetic fields.[12b,148] By applying programmable magnetic 
fields in 3D printing platform (Figure  22a) and using active 
material (e.g., ink) containing magnetically responsive constit-
uents (Figure  22b), the orientation of reinforcements can be 
precisely controlled during the printing process in tiny space 
down to each individual voxel, as illustrated in Figure 22c.[148a] 
This technique, termed as 3D magnetic printing, makes it pos-
sible to realize complex bioinspired designs, as exemplified 
by the architectures mimicking the abalone shell, the dactyl 
club of mantis shrimp and the bone osteon, in developing 
enhanced material properties. In particular, such modulation 
can be operated at a series of different length-scales, as rep-
resented by the hierarchy of the printed block shown in 
Figure 22d. This allows for an effective architectural manipula-
tion ranging from the micro-/nanostructures to macroscopic 
shapes and geometries, thereby enabling the translation of 
multiscale toughening mechanisms of biological materials 
into man-made systems.

In a recent review, Velasco-Hogan et al.[17a] provide a frame-
work for using AM for bioinspiration. This process involves 
using AM to optimize designs inspired from Nature. First, 
inspiration from Nature is used to create a design template. It 
is then fabricated using AM to create 3D printed prototypes. 
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Characterization through mechanical testing then allows 
optimization of the template design to take place and refine-
ment or optimization of these designs with subsequent testing 
help researchers to further understand biological materials and 
therefore, engineering designs. While more work is needed to 
increase the reliability of printing processes, AM has already 
proved itself to be irreplaceable as a technique for exploring 
biological materials and their toughening mechanisms.

7.3. Other Bioinspired Synthesis Methods

In addition to freeze casting and AM, a few other techniques 
have been used to create bioinspired materials. Laser etching 
of glass combined with polyurethane infiltration can increase 
toughness of glass composites[149] (Figure 23a). These materials 
are easy to pattern and manufacture compared to laminated 
composites. Laser etched composites displayed deformation  

Adv. Mater. 2019, 31, 1901561

Figure 21.  a) 3D printed square cross-section seahorse tail and round cross-section model as a comparison. b) Model and photograph of a 3D printed 
woodpecker skull in an angle-adjustable impact guide for use in a custom drop tower. c) 3D printed scale arrays for puncture testing. Nacre inspired 
3D printed composite with two layers of hierarchy, showing the following crack paths of the same sample type: d) a crack that is deflected by the soft 
interface in layer one and is arrested in layer 2, e) a crack that follows the soft interface in layers 1 and 2 and changes direction in layer 3, and f) a crack 
that propagates from layer 1 to part of layer 3. Scale bar is 1 mm. g) Schematic of conch shell hierarchy and photograph of overall 3D printed composite.  
a) Reproduced with permission.[96b] Copyright 2015, American Association for the Advancement of Science. b) Reproduced with permission.[142] Copyright 
2019, Wiley-VCH. c) Reproduced with permission.[143b] Copyright 2017, Elsevier. d–g) Reproduced with permission.[147] Copyright 2017, Wiley-VCH.
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mechanisms seen in nacre and have increased toughness. 
Drawing inspiration from fish scales and arthropod cuti-
cles, this technique has also been used to create crossply pat-
terns in glass-polymer composites.[150] These composites 
allow large deformation and avoid brittle fracture when com-
pared to standard laminated glass while maintaining trans-
parency[150] (Figure  23b). Since transparency is not affected, 
there are a variety of engineering applications for this laser 
etched glass composite, including use in car windshields to 
localize damage. Laser etching has also been used to create 
trenches in aluminum oxide plates to channel cracks to cer-
tain paths, a phenomenon seen in many biological materials 
such as bone, teeth, and mollusk shells.[151] These bioinspired 
designs increase toughness by guiding and localizing damage 
in the material. This has also been shown in fiber-reinforced 
composites mimicking the Bouligand structure of the mantis 
shrimp dactyl club.[152] As seen in the 3D printed Bouligand 
structure described previously,[109b] mantis shrimp inspired 
fiber-reinforced composites (Figure  23c) display a crack redi-
rection behavior, and impact tests of the helicoidal composites 
demonstrated reduced dent depth when compared to quasi-

isotropic control specimens.[152] Finally, the woodpecker head 
served as inspiration for a high-shock-absorbing system for 
micromachined devices made using a conventional hard-resin 
method.[153] The hierarchical features in biological materials 
have generally been applied to engineering designs to increase 
damage tolerance with at most two levels of hierarchy. The next 
step in the field is to apply more than two levels of hierarchy in 
engineered materials to increase toughness and strength while 
better understanding biological materials.

8. Conclusions

Lightweight and high-performance nano- and microstruc-
tured materials that exhibit both strength and toughness are 
highly desirable for a number of applications including energy, 
defense, homeland security, industrial safety, medicine, and the 
aerospace and automotive industries. Researchers have been 
searching for solutions to address these challenges for decades. 
Nature has provided multiple examples of tough and strong 
biological materials found in both animal and plant species. 
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Figure 22.  3D magnetic printing technique for recreation of bioinspired multiscale structures. a) 3D magnetic printer setup equipped with electromag-
netic solenoids to allow for the application of magnetic fields. b) Schematic of an individual voxel containing oriented reinforcement microplatelets by 
magnetic fields. c) 3D magnetic printing process involving repeated steps of the programmed alignment of reinforcements within active voxels using 
magnetic fields, the polymerization of the matrix by ultraviolet (UV) exposure, and the successive printing of additive layers. d) The multiscale structure 
and site-specific hardness of a block containing a concentric square pattern fabricated by 3D magnetic printing. a–d) Adapted with permission.[148a] 
Copyright 2015, Springer Nature.
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Although these biological composites are constructed from a  
limited number of materials, they often demonstrate remark-
able mechanical properties that are similar, and many times 
better than, mechanical properties of many engineering mate-
rials. These organisms have accomplished this often through a 
directed synthesis and a well-orchestrated hierarchical assembly 
of organic structures and nanoscale minerals. In the current 
work, characteristic features as well as the toughening mecha-
nisms at multilength scales in representative organisms are 
identified and summarized. At the atomic-scale, macromol-
ecule reconfiguration, deformation and phase transformation 
are common energy dissipation mechanism in biopolymers 
such as collagen, keratin, chitin and cellulose. Chemical bonds 
(hydrogen bonds) breakage and reforming are also impor-
tant mechanisms. While in biominerals (calcium carbonate, 
hydroxyapatite, magnetite, silica), crystal imperfections such as 
dislocations, deformation twinning and amorphization caused 
by low strain-rate compressions or high strain-rate impacts 
are the main toughening mechanisms at the atomic scale. 
At the nanoscale, biopolymer nanofibrils composed of col-
lagen, chitin, keratin, and cellulose fibrils straighten, reorient, 
stretch, and slide, while the combination of crystalline keratin 
intermediate filaments within an amorphous matrix can deflect 

crack propagation. Biomineralized nanoparticles deform, rotate, 
and translate whereas nanoplatelets slide, and nanorods deflect 
cracks. In addition, there are multiple microscale features such 
as tubules, lamellae, and interfaces found deflecting and twisting 
crack propagation effectively. Plastic deformations of the tubular 
structures also show efficient energy absorption especially at 
high strain-rate impacts. The overall mechanical behavior and 
energy absorption of organisms at macroscale are related to their 
morphology and structural designs, which are also adaptations 
to the actual loading conditions in Nature. However, in order to 
validate these observations, a combination of simulation tech-
niques as well as bioinspired processing has become increas-
ingly popular to enable this understanding and create a link 
between theoretical descriptions and experimental characteriza-
tion. Typically, the modeling of biological materials is performed 
one scale at the time; then, the collection of single-scale descrip-
tions are used to provide practical descriptions of the material. 
These simulation methods are summarized in this review. In 
order to bridge the gap between natural materials and synthetic 
analogs, bioinspired processing methods have been developed. 
Bioinspired processing, including 3D printing and freeze casting  
methods provides a scalable pathway into man-made mate-
rials containing the underlying design motifs at multiple  
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Figure 23.  Other methods to create bioinspired materials. a) Traction-separation curves of nacre-inspired laser etched borosilicate glass infiltrated 
with polyurethane. b) Nominal stress versus normalized displacement of fish scale-inspired crossply glass. c) Damage from compression testing to  
i) quasi-isotropic, ii) small-angle, iii) medium-angle, and iv) large-angle composites. after compression tests. a) Reproduced with permission.[149b]  
Copyright 2014, Springer Nature. b) Reproduced with permission.[150] Copyright 2018, Elsevier. c) Reproduced with permission.[152] Copyright 2014, 
Elsevier.
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length-scales, particularly those responsible for the extraordi-
nary properties of biological materials. The realization of such 
designs relies essentially on the desired architectural construc-
tion and control of material characteristics, especially over dif-
ferent length-scales. This necessitates though an improved 
exploitation of the well-established materials processing 
methods and the development of new processing techniques. 
The combined analysis approach including experimental obser-
vation, computational models, and prototyping has accelerated 
our understanding of fundamental mechanisms, obtain quan-
titative information, and test hypotheses about the naturally 
occurring material. The combination of simulations and experi-
ments with the natural material and bioinspired prototypes 
have given great insight to the delicate interplay between mate-
rial parameters, microstructure, and size scale showing that, if 
all the aspects are optimally combined, novel synthetic mate-
rials with superior performance can be attained. Therefore, the 
design principles uncovered through this approach can provide 
key quantitative information for the development of a new gen-
eration of high-performance materials.
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