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           Introduction 
 Nature is well ahead of engineers in terms of sophistication 
and effi ciency in making tough materials.  1   While stiff materials 
are generally hard,  2   high toughness usually comes at the 
expense of hardness.  3   Fracture toughness, the ability of a 
material to resist crack propagation, is critical to achieve high 
tensile strength, reliability, robustness, damage tolerance, and 
notch performance (i.e., the suppression of stress concentra
tions at the notch to delay failure). Fracture toughness is meas
ured by mechanically loading a sample to propagate a crack 
from an initial notch (  Figure 1  a). Depending on the loading 
condition, sample geometry, and material, crack propagation 
may be stable or unstable (catastrophic), and it may follow a 
straight or convoluted path.     

  Figure 1b  shows typical crackresistance curves for nacre 
from mollusk shells, for human cortical bone, and for human 
tooth enamel. In these materials, the toughness increases as 
the crack advances, and the maximum toughness is 2–6 times 
higher than the crack initiation toughness. This rise in crack 
resistance (or “ R curve behavior”) is due to powerful tough
ening mechanisms such as process zone toughening and crack 
bridging that are activated upon crack propagation. Rising 
crack resistance is key to damage tolerance, because any 
crack that may propagate from defects or microdamage in the 
material will be immediately stabilized. The toughness of 
these biological materials is similar to high performance engi
neering ceramics (for comparison the toughness of aluminum 

oxide is about 3.5 MPa m 1/2 ),  4   which is striking considering 
that hard biological materials are built from relatively weak 
components: soft biopolymers (proteins, polysaccharides) 
and biominerals (calcium carbonate, hydroxyapatite). While 
many engineering materials (metals, composites) are stiffer 
and tougher than natural materials, the “amplifi cation” of 
toughness found in natural materials compared to their based 
constituents is currently not matched by any engineering 
materials  5   –   10   ( Figure 1c ).  2 , 11   –   13 

 Toughening mechanisms in biological materials 
 A multitude of compositions, architectures, and fracture 
mechanisms have been reported in biological materials over 
the past 30 years. More recent efforts have identifi ed construc
tion rules and micromechanisms, which are universal in the 
biological world  14   and transcend the boundaries of the animal 
species.  

 Building blocks and architecture 
 In mineralized tissues, minerals are in the form of building 
blocks that are joined by softer interfaces and matrices, form
ing complex threedimensional (3D) architectures. A notable 
example is nacre, the material of pearls, which is commonly 
found on the inner shell layer of many mollusks and snails. In 
nacre, the mineral building blocks are microscopic aragonite 
tablets joined by nanometerthick biopolymer mortar to form 
a 3D brick wall ( Figure 1e ). In tooth enamel, the building 
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blocks are long hydroxyapatite rods approximately 5 μm in 
diameter and generally perpendicular to the tooth surfaces, 
joined by a small fraction of softer proteins (Figure 1d). These 
architectures are produced through natural growth processes  
that are tightly controlled and inherently repeatable. A primary 
contributor to the stiffness and hardness of mineralized 
materials is the volume concentration of the mineral building 
blocks—intermediate in bone (about 60 vol% mineral con
tent), high in mollusk shells (95%), and extremely high in 
tooth enamel (96–99%), which is the hardest tissue in the 
human body.15 These high concentrations make fracture of the 
mineral blocks more likely, yet it must be avoided or delayed 
as fracture within the brittle mineral building blocks decreases 
the overall macroscopic toughness. A critical role of the inter
faces is to deflect and channel propagating cracks to prevent 
them from penetrating into the mineral blocks.

Weak interfaces and nanoscale ductility
In general, a propagating crack that crosses an interface may 
deflect into that interface, provided it is sufficiently “weak.” 

The exact criterion for relative weakness may be defined as 
low toughness relative to the bulk,16 low strength ratio,17 
or a combination of the two.18 Weak interfaces are indeed 
ubiquitous in hard biological materials.19 For example, the 
interfaces in nacre have a measured mode I fracture toughness 
of only about 10 J m–2,6,20,21 which is about 100 times lower 
than the toughness of nacre across the direction of the arag
onite tablets.22 Shearing of the interfaces, however, leads to 
highenergy dissipation,23–25 which is critical to toughness. 
This nanoscale ductility in nacre is made possible by strong 
adhesion to the mineral phase and by molecular mechanisms 
such as the breakage of sacrificial bonds enabling large 
deformations in the interfaces at the nanoscale.26 Such weak 
interfaces also pack the microstructures of enamel, bone,27,28 
tendons,29 fish scales,30 and arthropod shells.31

Collective mechanisms for toughness
Crack deflection by itself does not always produce high 
toughness.32 Tough biological materials rely on crack deflec
tion, but only to initiate richer and more powerful arrays of 

Figure 1. (a) Measuring fracture toughness by propagating a crack in a well-controlled material sample and conditions. (b) Crack-resistance 
curves for nacre,6 bone,7 and tooth enamel.8 (c) Fracture toughness-modulus chart showing data for bone, nacre, and tooth enamel, 
highlighting the toughness amplification over their constituents.2,11–13 Data for various synthetic materials are also included for reference. 
(d) The architecture of human tooth enamel channels surface cracks deeper into the material and into trapping configurations. In the deeper 
regions of enamel, the microarchitecture is arranged in complex 3D “criss-crossing” patterns (decussation) of enamel rods that promote 
crack arrest. (e) The “brick-and-mortar” architecture of nacre from mollusk shell impedes crack propagation through crack deflection, crack 
bridging, and nonlinear deformations (process zone toughening).
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toughening mechanisms. One of these mechanisms is crack 
bridging, where intact building blocks interact across the crack 
faces and exert a closure force, effectively increasing tough
ness.33–35 For example, in tooth enamel, cracks initiated from 
the surface by high contact stresses are channeled along the 
mineral rods in a relatively straight and unimpeded path. In 
deeper regions, the rods crisscross in complex 3D decussation 
patterns,36 which impede further crack growth by a series of 
crack deflection and crack bridging35 and prevent tooth chip
ping (Figure 1d). This “crack trapping” mechanism is respon
sible for the sudden rise in the crackresistance curve shown 
in Figure 1b. Similar mechanisms are found in conch shells, 
another example of a highly mineralized biological material 
(>99 vol%).37

Nacre also partially relies on crack bridging and pullout of 
mineral tablets (Figure 1e), but in addition, high stresses force 
the tablets to slide on one another over large volumes (in the 
order of mm3) around cracks, which is promoted by the pro
gressive jamming of the tablets.25 As the crack propagates, this 
volume undergoes an inelastic loading/unloading cycle, which 
dissipates a tremendous amount of energy via deformation of 
the biopolymer and frictional interactions between mineral 
asperities covering the tablets.24 Process zone toughening has 
been demonstrated to be the main toughening mechanisms for 
nacre,34 making it several orders of magnitude tougher than 
aragonite.22,24 In these mechanisms, the high deformability of 
the interfaces is likely its most important property.34

Bone is an even more complex material, where multiple 
toughening mechanisms occur at different length scales con
currently,33 including nanoscale ductility,38,39 bridging and 
pullout of individual fibers,28 crack deflection and bridging 
at the lamellar level,40 and crack deflection along the cement 
lines.41 Bone can be understood as a hierarchical integration 
of structural building blocks connected by weak interfaces 
that can channel deformation and cracks over multiple length 
scales.19,42

Bioinspired tough and hard materials
The architectures and mechanisms that nature has evolved to 
control crack propagation suggest powerful strategies for bio
inspired materials that could overcome the inherent brittleness 
of glasses and ceramics and expand their range of applica
tions.6,8–10,43,44 However, despite several decades of research 
efforts, duplicating the sophisticated features of structural 
natural materials still presents formidable challenges. Many 
of these fabrication methods have been aimed at mimick
ing nacre, which is now the main model for hard bioinspired 
materials.

Nano- and microcomposites
A simple and intuitive fabrication method consists of dispers
ing micro or nanosize plateletlike hard inclusions in a 
matrix of a softer material. While simple conceptually, early 
work that used centrifugation, shearing cylinder, spinning plate, 
or sedimentation45 showed that in practice, aligning elongated 

tablets in high concentrations is extremely challenging. A vari
ety of newer creative fabrication approaches have since been 
proposed, including selfassembly,46,47 layerbylayer deposi
tion,48,49 freeze casting,50,51 magnetic fields,52 and templated 
mineralization.53

A class of nacrelike materials of their own, such nanocom
posites rely on the extremely high strength of nanoscale rein
forcements such as montmorillonite clay48,49 for performance.  
The nanoclays are embedded in more deformable polymers that 
can be crosslinked48 to produce thin films with high strength, 
but small deformability (Figure 2a). Interestingly, thin films 
of nanostructured montmorillonite nanoclay/poly(vinyl alcohol) 
can also be obtained with evaporationinduced selfassembly,54 
and then laminated to form millimeterthick materials 
(Figure 2b),55 thick enough for flexural tests and through
thickness fracture measurements (KIC = 3.4 MPa m1/2, lower 
than natural nacre, Figure 1b).

In addition to nacrelike “brickandmortar” nanomaterials, 
advances in nanotechnology56–58 have also allowed for synthe
sis of enamellike structures.59–61 These structures rely on self
assembly and growth of artificial apatite into micronsized 
rods and have been shown to duplicate the basic morphologi
cal features found in the outer enamel59,60 where the rods are 
aligned. Yeom et al. created abiotic enamel using sequential 
growth of zinc oxide nanowire carpets to form the rods and 
layerbylayer deposition of polymeric matrix to form the 
interfaces.62 Their abiotic enamel produced modulus and hard
ness values similar to those reported in natural enamel, and they 
qualitatively reproduced the decussating crossply structure 
found in mouse incisors;63 however, toughness measurements 
were not reported.

“Freeze casting” has also now become a popular choice 
for the fabrication of ceramicbased bioinspired microcom
posites. This approach uses slowly growing crystals of ice as 
microscopic templates to produce nacrelike microstructures 
(Figure 2c).50,51 The interfaces may be infiltrated with a more 
ductile phase such as a polymer, a metal,50,64 or even another 
inorganic phase for hightemperature applications.51 These 
methods also allow for the fabrication of nacrelike nano
bridges and nanoasperities on the surface of the tablets.50,51 These 
materials display rising crackresistance curves (Figure 2c) 
and exceed the stiffness, strength, and toughness of natural 
nacre.50,51

While these newer methods produce highly ordered 
microstructures, their morphology and architectures are still 
inferior to that of natural nacre. The toughening mechanisms 
in nacrelike materials are limited mainly to crack deflection 
(Figure 2) and some crack bridging. In natural nacre, more 
powerful mechanisms such as process zone toughening  
occur over larger length scales (∼.5 mm)—large enough to be 
visible to the human eye—and amplify the crack resistance 
well above predictions due to bridging and deflection. So far, 
there has been no evidence in artificial nacrelike materials 
that suggest the process zone toughening is active, except for 
a few prototypes of synthetic nacres with tablets on the order 
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of millimeters.65 Recent numerical studies have shown that 
given a set of constituents for brickandmortar nacrelike 
structure, perfect periodicity and regularity is indeed required 
to achieve the highest deformability and toughness.66,67 Any 
statistical variations and imperfections in the architecture of 
these materials weakens the material and precipitates strain 
localization and brittle fracture. Therefore, there is a strong 
incentive for better control of the microarchitecture.

Macrocomposites
A possible approach to circumvent the limitations of smallscale 
fabrication in terms of microstructural control is to produce struc
tures at a larger scale, which allows for higherprecision control 
over composition, architectures, and toughening mechanisms. 

Larger building blocks also represent larger obstacles for 
cracks, which in general lead to higher fracture toughness.68,69 
Millimeterthick plates of highperformance ceramics can be 
assembled with polymers to create layered70 or nacrelike71 
materials with unusually high toughness.

Threedimensional printing is also a natural choice for the 
fabrication of largescale bioinspired materials72 because it 
enables high spatial fidelity, flexibility, and high throughput, and 
it has proven to be a powerful tool to explore the mechanics of  
bioinspired architectured materials.73,74 For example, Dimas 
et al.73 3D printed nacrelike materials with a stiff acrylic 
polymer for the tablets and used a softer, more deformable ure
thane for the interfaces (Figure 3a).73 In notched tension, the 
material duplicated all of the key mechanisms in nacre—crack 

Figure 2. Three examples of nano-/microscale bioinspired composites. (a) A poly(vinyl alcohol) (PVA) and montmorillonite nanoclay 
(MTM) nanocomposite film obtained by layer-by-layer assembly showing strong but brittle tensile response.48 (b) A laminated MTM/PVA 
nanocomposite showing progressive failure in flexion and multiple crack deflections. Hydrated samples were kept at 75% relative humidity 
and are shown alongside dry sample for reference. (c) An alumina-glass microcomposite (indicated as “nacre-like” alumina) fabricated 
using freeze casting that produces extensive crack deflection and high toughness.51
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deflection, bridging, and large inelastic deformations over large 
volumes (Figure 3a). The stress–strain curve in Figure 3a 
shows the global response for the composite and is nonlinear 
and nonmonotonic. The accumulation of nonlocalized failure 
promotes the gradual development of a second peak in the 
stress–strain curve prior to global failure.

Another method consists of carving interfaces and archi
tectures in glass or ceramics.75 Sufficiently weak interfaces 
can deflect and channel cracks, which can be used to control 
crack propagation. Submillimeter nacrelike glass was fabri
cated with this method, producing materials with >99 vol% 
glass content and showing inelastic deformations through 

Figure 3. Three examples of macroscale bioinspired composites. (a) Three-dimensional printed nacre-like panels. (b) Laser engraved 
nacre-like glass, with stress–strain curves shown for three samples fabricated in the same manner. Various stages of deformation are 
shown in A–E and are indicated in the adjacent stress–strain curves. (c) A laminated glass enriched with a cross-ply architecture is tougher, 
stronger, and more reliable than traditional laminated glass.79 (a) Reprinted with permission from Reference 73. © 2013 Wiley. (b) Reprinted 
with permission from Reference 65. © 2015 IOP Publishing.
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tablet sliding, and toughening through tablet bridging and the 
process zone (Figure 3b).65 Largerscale fabrication methods 
also allow materials with long range order, such as crossplies, 
where fabrication is extremely challenging at small scales. 
Photolithographic microfabrication methods have been used 
to carve crossply patterns into multilayer silicon/polymer.76 
The material was 36 times tougher than silicon and showed 
progressive and “graceful” failure, as indicated by the sharp 
peaks and valleys in the postpeak softening response (similar 
to Figure 3c) that decrease on average. The material duplicated 
delamination and crack bridging, two powerful toughen
ing mechanisms in tooth enamel35 and conch shell.37 Other 
methods to make macroscale crossply architectures include 
coextrusion77 and carbon fiber composite layup.78

Yin et al. enriched laminated glass with crossplylike 
weaker lines that could deflect cracks, initiate crack bridging, 
and promote inelastic deformation using a similar laser  
engraving technique to the nacrelike glass. The resulting 
material is 50 times tougher than regular laminated glass 
(Figure 3c). Its large deformations (>80% strain) completely 
suppress stress concentrations, making this bioinspired glass 
notch insensitive.79

In general, the tensile strength of macroscale composites 
is not as high as their nano and microscale counterparts, but 
their toughness is several times greater. The nonlinear process 
zone in these materials can be so large that traditional fracture 
testing methods are not possible, with the process zone often  
breaking through the edge of the sample before the crack starts 
propagating (work of fracture is then used instead of fracture 
toughness as a measure of crack resistance). These largescale 
energydissipation mechanisms, however, make macroscale 
composites excellent candidates for protective and impact
resistant materials.

Summary and outlook
Natural materials can control deformation and prevent crack 
propagation and catastrophic failure through specific mecha
nisms and architectures, which have thus far not been achieved 
in synthetic materials. Weak interfaces are required so that 
cracks can interact with the architecture of these materials, 
a somewhat counterintuitive rule which is a universal theme 
in natural hard biological materials.19 Crack deflection in bio
logical materials initiates powerful mechanisms associated 
with crack bridging and nonlinear deformations. The preci
sion and effectiveness of toughening mechanisms in natural 
materials has inspired new composite materials, but their fab
rication still presents formidable challenges.

While nacrelike nanocomposites rely on the inherent 
strength of twodimensional nanomaterials and on tailored 
matrix strength, other methods such as freeze casting or sedi
mentation yield ceramic composites that approach nacre in 
terms of microstructure and surpass nacre in term of prop
erties. However, the toughness of these materials relies only 
on crack deflection, and more powerful toughening mecha
nisms associated with nonlinear mechanisms could not be 

duplicated, which is likely due to the lack of regularity in the 
structure of these materials. Largescale fabrication methods 
are a promising strategy leading to macrocomposites with high 
morphological fidelity and high toughness. There is an opportu
nity to exploit the interplay between architecture and the prop
erties of the materials used at the interfaces.70,73,74

The development of bioinspired and architectured materi
als is likely to provide exciting and stimulating challenges in 
mechanics and manufacturing for many years to come.
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