
Available online at www.sciencedirect.com
www.elsevier.com/locate/jmbbm

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 1 9 ( 2 0 1 3 ) 3 – 3 3
1751-6161/$ - see fro
http://dx.doi.org/10

$This paper was
nCorresponding a

E-mail address:
Review Article
Bio-mimetic mechanisms of natural hierarchical
materials: A review$
Qiang Chena, Nicola M. Pugnob,n

aLaboratory of Biomechanics, School of Biological Science and Medical Engineering, Southeast University, 210096 Nanjing, PR China
bDepartment of Civil, Environmental and Mechanical Engineering, University of Trento, 38123 Trento, Italy
a r t i c l e i n f o

Article history:

Received 8 March 2012

Received in revised form

22 October 2012

Accepted 27 October 2012

Available online 17 November 2012

Keywords:

Natural materials

Hierarchical structure

Mechanical properties

Bio-mimetic mechanism
nt matter & 2012 Elsevie
.1016/j.jmbbm.2012.10.01

invited at the Fourth Int
uthor at: Department of
nicola.pugno@unitn.it (N
a b s t r a c t

Natural selection and evolution develop a huge amount of biological materials in different

environments (e.g. lotus in water and opuntia in desert). These biological materials possess

many inspiring properties, which hint scientists and engineers to find some useful clues to

create new materials or update the existing ones. In this review, we highlight some well-

studied (e.g. nacre shell) and newly-studied (e.g. turtle shell) natural materials, and

summarize their hierarchical structures and mechanisms behind their mechanical proper-

ties, from animals to plants. These fascinating mechanisms suggest to researchers to

investigate natural materials deeply and broadly, and to design or fabricate new bio-

inspired materials to serve our life.

& 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Nature, acting as a stealth hand, cultivates and shapes all lives in

the planet (Thompson, 1945). It provides a huge amount of

biological materials with different functions, such as, abalone

nacre (Curry, 1977), crab exoskeleton (Chen et al.,

2008a,2008b,2008c), turtle shell (Rhee et al., 2009), armadillo shell

(Chen et al., 2011), and gecko feet (Autumn et al., 2000). Several

decades ago, most of these biological materials were explored

only by biologists. However, since Material Science and Engineer-

ing (MSE), a vibrant discipline, emerged in the 1950s, biological

materials have been being added to its interest from the 1990s

and drawn much attention due to their fascinating multi-

functionality (self-organization, self-assembling, self-healing,

self-cleaning, etc., Meyers et al., 2008a,2008b). For instance, on

the one hand, from the point of view of mechanics, natural

materials usually exhibit many interesting properties, e.g. light-

weight, high-toughness (Ritchie et al., 2009), mechanical-

efficiency (Wegst and Ashby, 2004), flexible-switch attaching

and detaching (Tian et al., 2006), and self-cleaning properties

(Cheng et al., 2006; Lepore and Pugno, 2011), etc. In particular,

nacre shell, with brittle bio-mineralized tablets and a small

percent of organic matrix, has excellent mechanical properties

(Jackson et al., 1988; Schäffer et al., 1997; Kamat et al., 2000; Lin

et al., 2006; Espinosa et al., 2011), and its toughness is approxi-

mately 3000 times greater than that of a single crystal (Song

et al., 2003). On the other hand, from the point of view of other

physical properties, Bejan (2000) proposed a law for the occur-

rence of shape and structure configurations; after that, employ-

ing the law in minimizing the body heat loss and blood

pumping power, he predicted the proportionality between

metabolic rate and body mass to the power 3/4 (West et al.,

1997; Bejan, 2001,2005; Guiot et al., 2006, 2007; Brianza et al.,

2007; Pugno et al., 2008a; Delsanto et al., 2008,2009).

Inspired by these interesting phenomena, researchers start to

reveal their components and find that even though natural

materials, e.g. bone, show various abilities due to their different

ambient environments (Srinivasan et al., 1991), they often

possess two major constituents: biopolymer and bio-mineral,
which are made of several fundamental elements, primarily C,

N, Ca, H, O, Si (Chen et al., 2008a, 2008b, 2008c; Meyers et al.,

2008a,2008b); the two constituents are often quite weak com-

pared with their final smart ‘‘products’’ (Fratzl and Weinkamer,

2007). Then, questions rise: How nature can build so strong/

tough materials or structures with such weak constituents? Why

natural materials have a variety of structures and functions, e.g.

difference between bones and tendons, though they have same

constituents? What is the structure–function relationship behind

these properties? Although Wegst and Ashby (2004) have estab-

lished elevation indices and presented them as materials prop-

erty charts/Ashby map for natural materials, how nature

develops the mechanical efficiency of natural materials is still

unknown. With these doubts, material scientists and engineers

are devoting themselves to dig the principles and mechanisms

out (Smith et al., 1999; Autumn and Peattie, 2002; Qin et al., 2009;

Nova et al., 2010) and try to pave a way to fabricate bio-mimetic

materials. In this regard, Fratzl (2007) provided a guideline to

realize the process, which is divided into three steps: (1)

Elucidating structure–function relationships of biological materi-

als; (2) extracting the physical/chemical principles of the rela-

tionships; (3) developing manufacturing technologies to

synthesize bio-inspired materials. The first step starts with

experimental observations of natural materials, which give us

an intuitive correlation between structure and function; then,

basing on these experimental images and data, the quantitative

relationships or principles between structures and functions are

extracted; finally, the new bio-inspired materials are designed. In

line with these steps, to date, an abundant of experimental

observations and developed theories on different natural mate-

rials are obtained, such as recent developments on gecko foot

(Autumn et al., 2006a,2006b; Pugno and Lepore, 2008a,2008b;

Varenberg et al., 2010), nacre shell (Espinosa et al., 2011),

Armadillo armor (Chen et al., 2011). These studies show that

hierarchical structures at several length scales, from nano- to

macro-scale, determine the functions of natural materials, and

the structure at each hierarchical level is optimized by Nature.

Many biomimetic materials have already been synthesized,

such as, gecko tape inspired by Gecko (Geim et al., 2003) and
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self-repairing slippery surfaces by Nepenthes (Wong et al., 2012).

Several works summarized the contributions from the stand of

the structure–function relationship. The earlier work can be

traced to the review by Srinivasan et al. (1991); in this work, they

characterized the natural materials from the features of the

multi-functionality, hierarchical structures, adaptability, and

reviewed the structural and mechanical properties of natural

materials—wood, insect cuticle, bone and mollusk. Later, Lakes

(1993) reviewed mechanical properties of several typical mate-

rials with structural hierarchy, which included man-made

structures, e.g. the Eiffel tower, natural materials, e.g. tendon

and hierarchical cellular solids. Recently, considering the func-

tional adaptation (in particular, mechanics) of structures at all

levels of hierarchy, Fratzl and Weinkamer (2007) summarized

work on revealing basic principles, which are employed by

Nature to design natural cellular materials (bone, wood, and

glass sponge skeletons) and an elastomer (tendon); Buehler

et al. (2008) focused on protein materials (e.g. spider silk) and

employed multi-scale approaches (especially, large-scale ato-

mistic simulations) to study and understand dynamic and

fracture mechanisms that happen at nano- or meso-scale;

furthermore, starting with the basic building blocks, i.e. bio-

minerals, proteins and polysaccharide, Meyers et al.

(2008a,2008b) illustrated systematically the growth mechanism

and hierarchical structures of the four types of natural materi-

als, which are categorized according to Wegst and Ashby (2004);

Espinosa et al. (2009) described the microstructure and

mechanics of nacre and bone, and reviewed the fabrication of

nacre-inspired artificial and related materials; Curry (2010)

reviewed some less familiar bony tissues, e.g. deer’s antler;

Bhushan and Jung (2011), addressing the properties of natural

and bio-mimetic surfaces, reviewed the latest achievements and

developments; Jagota and Hui (2011) systematically reviewed

recently developed bio-inspired materials and discussed the

surface mechanical properties—adhesion, friction, and compli-

ance and discussed the relationship between structural para-

meters and mechanical behaviors.

In this review, we focus ourselves on several selected

natural materials and summarize their bio-mimetic mechan-

isms, which are extracted from a huge amount of litera-

ture. Nacre shell, gecko foot, mussel and spider silk are

well-known natural materials and have been studied for a

very long time; here, we overview some classical and recent

literature to discuss respectively the toughening mechanisms

for nacre shell and spider silk, and adhesion mechanism for
Fig. 1 – Hierarchical and brick-mortar structur
gecko foot and mussel. As for the exoskeleton of lobster or

crab, armadillo shell, turtle carapace, diatoms and plant

stem, new developments on these fields are reviewed; the

light-weight but mechanical-efficiency cellular structures are

unveiled and the biomechanical properties are illustrated. This

paper does not have the aim to present a complete review but to

discuss some new and important results.
2. Nacre/seashell

Nacre shells (Fig. 1) are comprised of aragonite platelets and

organic matrices, and exhibit two-level crossed lamellar

micro-architectures (Pugno, 2006); aragonite platelets (about

5–8 mm in diameter and about 0.5 mm in thickness) act as

‘‘brick’’ with weight fraction 95–97% and organic matrices

(about 20–30 nm thick) as ‘‘mortar’’ with weight fraction 3–5%

(Curry, 1977; Stempflé et al., 2010). The function of the

platelets is increasing the structural stiffness and hardness,

whereas, the function of proteins between layers is control-

ling the nucleation and growth of the inorganic phases in a

bio-mineralization process of these structures (Kaplan, 1998;

Rousseau et al., 2005,2009). As for the observed high tough-

ness, it is well-known that the key mechanism is due to a

sophisticated interfacial architecture and produced by the

sliding of inter-platelets (Rim et al., 2011), which can dissipate

a considerable amount of energy; addressing this problem,

we here categorized the toughening mechanisms into five

groups: (1) interlocking of nano-asperities, (2) weak organic

interfaces, (3) inter-lamellar mineral bridges, (4) plastic defor-

mation of individual tile, and (5) multiple cracking and large-

scale crack bridging.
2.1. Toughening mechanisms

2.1.1. Interlocking of nano-asperities
The existence of nano-asperities and sliding between them

can form multiple dilation bands at the inter-lamellar bound-

aries (Fig. 2a); on these boundaries, the stress is redistributed

and thus, the deformation shows an inelastic behavior (Wang

et al., 2001; Li, 2007). In the sliding process, the interface

produces elastic friction and makes nano-grains (or wavi-

ness) on the surfaces of platelets interlock (Barthelat et al.,

2007; Fig. 2b), which can induce the anisotropy under loading

conditions and large energy absorption capacity; plus, the
e of Abalone nacre (Espinosa et al., 2011).



Fig. 2 – (a) SEM image of nanoasperities on the surface of platelets; (b) schematic of the interlocking between nanoasperities

(Wang et al., 2001).

Fig. 3 – (a) SEM image of adhesive ligaments between platelets (Smith et al., 1999); (b) schematic sliding between platelets

and crack deflection; (c) SEM image of crack deflection (Li, 2007).
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interlocking effect provides a high resistance to crack propa-

gation, tolerance to local imperfects and establishes the

stress level needed to attain the inelastic strain (i.e. strain

hardening), which is considered as a principal toughening

mechanism (Espinosa et al., 2011); moreover, the interlocking

interface can realize the overall structural integrity by topo-

logizing the fragmental aragonite platelets (Estrin et al., 2010).

2.1.2. Weak organic interface
In this toughening mechanism, the organic matrix is con-

sidered as an adhesive to glue the platelets together (Fig. 3a).

When shells are tensioned, the deformation is mainly caused

by the interfacial shear and the high toughness is attributed

to the unfolded loops/domains of organic proteins (Smith

et al., 1999; Fig. 3b), which was treated as a coiled-spring

model and investigated further by Xu and Li (2011). The weak

interfacial design permits stress redistribution around the

strain-concentration sites and leads to crack path deflection

due to the stress shielding (Clegg et al., 1990; Launey and

Ritchie, 2009; Fig. 3c). Ritchie (1988) analyzed several tough-

ening mechanisms, and for this phenomenon, the material
toughness was expressed as KI¼KtipþKs, where, KI is the

applied stress intensity factor, Ktip is the local near-tip stress

intensity factor, and Ks is the stress intensity factor due to

shielding. We can see that increasing Ks reduces Ktip at

constant KI and thus the material toughness is enhanced.

2.1.3. Inter-lamellar mineral bridges
Different from the above cases, from Fig. 4a we can see that

there are pores in the sheet of organic matrix layers with

20–30 nm radius; these pores allow platelets to grow mineral

bridges with 5–50 nm in size (Fig. 4b) through them, connecting

adjacent aragonite platelets (Schäffer et al., 1997; Song et al.,

2003; Meyers et al., 2008a,2008b). When an external force is

imposed, the mineral bridges and the organic matrices share

the load; at the beginning, the mechanical behavior is nearly

linear-elastic; as the force increases, the mineral bridges break;

the friction between aragonite platelets, which causes the

strain hardening energy and unfolding of the organic protein,

emerge to resist the sliding movement. Therefore, in this case,

the mechanism could be regarded as a coaction of the above

mechanisms after failure of the mineral bridges.
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2.1.4. Plastic deformation of individual tile
The previous three mechanisms have one thing in common,

that is, the interfacial architecture and sliding. However, Li

et al. (2004) observed that not only the sliding movement

between aragonite platelets is the cause of the plastic

deformation of shells but also aragonite platelets themselves

are ductile. Besides, the model basing on stiff aragonite

platelets was not able to explain the particular mechanical

behavior, which occurred under dynamic solicitations

(Stempflé and Pantalé, 2007); these authors found that the

plasticity of an individual platelet was due to the intra-

crystalline matrix (Fig. 5b), the elastic modulus of which

was two times lower than that of the inter-crystalline phase;

so, they concluded that the intra-crystalline matrix governs

the plastic deformation of the single platelet and therefore

the overall deformation of the nacre (Stempflé et al., 2010).

Also, the fracture of individual platelet was investigated by

Lin and Meyers (2009).
Fig. 4 – (a) SEM image of interlamellar organic matrix layers with

between adjacent platelets (Song et al., 2003).

Fig. 5 – (a) Cross-section of nacre; (b) intercrystallinne

Fig. 6 – (a) Ligament bridging a delamination between the middl

for crack bridging by misaligned fibers (Cox and Marshall, 1994
2.1.5. Multiple cracking and large-scale crack bridging
As we know, high toughness usually is achieved during crack

propagation (R-curve behavior), and materials can absorb

more fracture energy (Launey and Ritchie, 2009). Here, differ-

ent from abalone shell, Strombus gigas conch shell has a spiral

configuration and a lower strength than that of abalone shell,

due to their different microstructures (Lin et al., 2006); for the

conch shell, two energy-dissipating mechanisms are invoked,

i.e. multiple micro-cracking in the outer layer at low loading

levels and crack bridging in the middle one at high loading

levels (Kamat et al., 2000; Fig. 6). Under low loads, the

external work is absorbed by the propagation of the micro-

cracks in the outer layer, while the middle layer prevents the

crack propagation (intrinsic toughening mechanism); as the

load increases, the energy absorption saturates in the outer

layer and the cracks reach the middle one and grow while the

crack bridging developed in the outer layer restrains the crack

growth in the middle one (extrinsic toughening mechanism).
holes (Schäffer et al., 1997); (b) TEM image of mineral bridge

matrix and intracrystalline matrix (Li et al., 2004).

e and outer layers of the shell (Kamat et al., 2004); (b) model

).



Fig. 7 – Tension-shear chain model (Ji and Gao, 2004;

Bertoldi et al., 2008).
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The interacting process leads to the high toughness. Indeed

the organic phase also plays an important role in the process

(Kamat et al., 2004).

2.2. Theoretical models

Basing on the aforementioned mechanisms, some models

and principles were extracted to build the structure–function

relationship for future bio-inspired material design. A simple

physical model of nacre (platelet-reinforced composites) was

built by Jackson and Vincent (1989); Young’s modulus was

predicted by the rule of mixture, incorporating shear-lag

models, and the tensile strength determined by the inter-

facial shear was predicted by pull-out failure mode; the two

predictions agreed with the experimental data very well,

however, the model failed to mimic the fracture toughness.

Lin et al. (2006) employed the classical Weibull statistic

strength theory to compare the mechanical strengths of

Strombus Giga, Tridacna Gigas, and Haliotis Rufescens seashells,

and found sTridacnaosstrombuso sHaliotis. Tang et al. (2007) pro-

posed an elasto-visco-plastic interface model with a consti-

tutive relationship to understand the strengthening

mechanism, and the numerical simulations showed a hard-

ening deformation, which was consistent with the previous

experimental results. Recently, Rim et al. (2011) have devel-

oped a composite-computational model to investigate the

influences of geometrical parameters and intrinsic material

properties of constituents, incorporating the key morpholo-

gical features; the results showed that an optimal geometry

could increase the toughness by 70 times.

Different from others, Jäger and Fratzl (2000) first presented

and discussed a mechanical model (or Jäger–Fratzl model) of

mineralized fibrils, where mineral platelets are arranged in

parallel and staggered arrays. Following this model, Gao et al.

(2003) reported that the strength and toughness of natural

composites materials, including nacre and bone, are insensitive

to flaws at nano-scale, which is called principle of flaw-toler-

ance; this principle plays an important role in determining the

materials’ high strength and toughness. Sen and Buehler (2011)

explained that this principle and the related high toughness

(R-curve behavior) is due to the incorporation of the hierarchy in

the design; by studying a silica hierarchical structure, they found

that the insensitive size can approach hundreds of micrometers.

This principle is very useful to design the next generation of

nanomaterials. Ji (2008) incorporated the tension-shear chain (Ji

and Gao, 2004; Fig. 7a) into the Dugdale model (Dugdale, 1960) to

investigate the hybrid interfacial strength and estimate the

fracture energy; in this work, they also included viscoelastic

properties of the protein-mineral nanostructure and showed

that the toughness of this biocomposite can be further

enhanced by the viscoelastic properties of protein. Moreover,

combining this model (Fig. 7b) with a homogenization theory,

Bertoldi et al. (2008) proposed a micromechanical model to study

the macro-mechanical behavior of nacre, and the analytical

results showed that nacre was orthotropic and had different

Young’s modulus when compressed and tensioned, consistent

with existing experimental and numerical data. Recently, a new-

developed micromechanical model (Begley et al., 2012), so-called

‘‘brick-mortar model’’, which is derived from the tension shear

chain model, is analyzed in order to calculate the effective
properties of the bioinspired brick and mortar composite

(Wilbrink et al., 2010); employing this model they studied the

competition between elastic modulus, strength and work-to-

failure by considering the failure transition between brick

rupture and rupture of the interfaces.

Therefore, either from experimental observations or theore-

tical models, both the interface and platelet contributions to the

toughness of the shell or shell-like structures are significant and

thus represent a robust bio-inspired principle.
3. Gecko feet

Gecko feet attract people’s attention for a long time, because

of their capacity running on vertical walls freely. Under SEM,

gecko foot exhibits a typical hierarchical structure (Fig. 8) and

it contains about 0.5 million setae (Autumn et al., 2000), of

which distribution density is 5000 setae/mm2. If one gecko

foot can produce 10 N adhesive force, which is much greater

than gecko’s body-weight, then, each seta will carries 20 mN.

This is why the gecko can stay on the vertical wall without

slipping and explains the excellent adhesive ability. However,

because geckos need to move fast on the wall when preying

or escaping, they must switch easily from the attaching state.

Therefore, in order to design gecko-pad-inspired materials,

the attaching and detaching phenomena have driven many

scientists to reveal the mechanisms, which in essence are

problems of surface contact and fiber adhesion. In the

following subsections, we will discuss the related

mechanisms.

3.1. Attaching/detaching mechanisms

3.1.1. Attaching mechanisms
In the dry environment, employing a two-dimensional micro-

electro-mechanical systems force sensor, an experiment

directly measuring a single setal force was performed (Autumn

et al., 2000,2002), and the results supported the assumption that



Fig. 8 – Hierarchical structure of a gecko foot. (a) Gecko; (b) seta row; (c) single seta; (d) spatulae (Autumn et al., 2000).

Fig. 9 – Analysis of the pull-off force of a single seta as a function of the pulling orientation (Gao et al., 2005); (b) tensile

stress–strain relationship of gecko lamella at 30% and 80% RH (Prowse et al., 2011).
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the intermolecular force—van der Waals—played a vital role in

the single seta attachment, which is merely a matter of the tip

size and shape, but reported a weak dependence on surface

chemistry and rejected the influence of high surface polarity

(e.g. capillary adhesion); moreover, due to the unique uncurling

and peeling behaviors (Russell, 1975), macroscopic orientation

and preloading of the seta result in higher attachment force,

600-fold above that of frictional measurements, and this is why

they rejected the two proposed mechanisms, i.e. suction and

friction. Meanwhile, a large difference between the adhesive

force of the single seta and that of measured in the whole gecko

under a small normal preload was discovered. Addressing this

difference, later, Autumn and Peattie (2002) proposed an inte-

grated approach, from molecules to the entire gecko, by correlat-

ing the adhesion energy between a gecko seta and a surface to

the water droplet contact angle; this revealed that a nearly 301

peeling angle results in the easiest detachment. Yao and Gao

(2006) obtained the same result by utilizing fracture mechanics

and numerical simulations as shown in Fig. 9a. In the wet

environment, Huber et al. (2005) found an evidence of humidity

contributions of the adhesion force at the spatula level, which is

the lowest level of the gecko-foot hierarchical structure; this

finding suggested a role of the capillary force, produced by the

monolayer water adsorption between spatula and substrate.

Recently, Prowse et al. (2011) also reported that increasing

humidity improves the adhesion and friction force, and pro-

duces a significant influence on the mechanical properties
(elasticity, strength, fracture and dynamics) of setae and setal

lamina, see Fig. 9b; Fig. 9b shows that as humidity increases

Young’s modulus of lamella decreases, whereas the failure strain

increases. Regarding the opposite conclusions on the influence

of the capillary effect made by Autumn et al. (2002) and Huber

et al. (2005), a possible explanation is that the gecko seta is stiff

in dry conditions but soft in wet conditions; moreover, the latter

condition can improve the fracture energy apart from the

contribution of capillary.

3.1.2. Detaching mechanism
Regarding the detaching mechanisms, two known mechan-

isms are extracted, namely, at the micro-scale, the seta

detaches when the seta shaft (Fig. 10a) reaches a critical

angle with the substrate; at the macro-scale, geckos hyper-

extend their toes. However, because the peeling angle

raises a question when gecko is inverted on ceilings,

that is to say, the gecko must maintain the adhesive state

under its body mass, which causes the increase of the

peeling angle, Autumn et al. (2006a,2006b) proposed a

frictional-based adhesive mechanism for this peculiar case

and demonstrated that adhesion depends directly on shear

force instead of the peeling angle; the relationship between

adhesion and shear force is consistent with a critical angle of

release in live geckoes. Different from the rejection of the

tape-peeling hypothesis (Autumn et al., 2006a,2006b), Pugno

et al. (Varenberg et al., 2010; Pantano et al., 2011) considered



Fig. 10 – Schematic of mechanisms of attachment and detachment. (a) A single seta; (b) rolling down for attachment;

(c) rolling up for detachment; (d) total normal adhesion force Fn and (e) total lateral force FL of a single spatula, and the

contributions from FvdW and Ff to them (Tian et al., 2006).
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the detaching problem as a peeling process, which is

regarded as the governing mechanism at all different hier-

archical levels (Pugno, 2011), and they employed the

Kendall model to investigate the influences of peeling

angle, thickness gradient and shape of the spatula-like

structures on the peeling force. Addressing the different

results, Tian et al. (2006) theoretically analyzed the interac-

tion between the spatula and substrate by incorporating

both van der Waals (or adhesion force) and friction

force; rolling down and gripping toes inward produced a

small contact angle and made gecko able to obtain a strong

attachment (Fig. 10b); by contrast, rolling toes up and

back produced a low adhesion-to-friction ratio, helping

the perpendicular peeling off of the spatula from the sub-

strate (Fig. 10c); from Fig. 10d, e, we can see that the van

der Waals and friction force contributions to the

resultant normal and lateral forces can be calculated by

Fn ¼ 0:5Ffsin2yþ FvdWsin2y and FL ¼ Ffcos2yþ 0:5FvdWsin2y
respectively; in particular, when yo451, the friction force

makes a greater contribution to the normal and shear forces;

otherwise, i.e., for y4451, van der Waals force prevails. This

explains the different mechanisms for different peeling

angles. Besides, according to the peeling model, an aniso-

tropic elastic solid exhibits a strongly anisotropic adhesion

strength when sticking on a rough surface (Yao and Gao,

2006).

3.2. Optimization problems

Gao et al. (2004) applied the principle of flaw tolerance (Gao

et al., 2003) to the nanostructures of biological systems; they

showed that spatula geometry, the finest structure in the

structure of gecko foot, had an influence in determining the
adhesion strength (Fig. 11) and the influence of the tip shape in

fibrillar structures on the adhesive optimization (Gao and Yao,

2004); the result displayed that when the diameter reduced to

100 nm, the variation in shape produced weaker influences.

The flaw tolerant hypothesis was fully verified by an atomistic

and continuum study at small scales (Buehler et al., 2006).

Moreover, the authors studied the adhesive properties with a

hierarchical approach (Chen et al., 2008a,2008b,2008c; Yao and

Gao, 2006) and showed that the size of each hierarchical level

was optimized as well.

Besides, Persson (2003) and Persson and Gorb (2003) studied

the mechanism of the adhesion in biological system (e.g. gecko

and fly). They discovered that the small effective elastic

modulus of the setae array was a basic influence on the

adhesion on a hard but rough surface, and reported that the

setae array had a large contact angle and exhibited a self-

cleaning function; the self-cleaning was first analyzed, with

water contact angle, by Autumn and Peattie (2002) and later

verified by Hansen and Autumn (2005). Other authors (Pugno

and Lepore, 2008a,2008b; Pugno et al., 2011; Lepore et al.,

2008,2012a) investigated the adhesive time of male/female

geckos on different rough surfaces and found that the time to

failure obeys a Weibull statistical distribution and optimal angle

for the maximal adhesion in living tokay geckos. Autumn et al.

(2006a,2006b) studied the dynamics of geckos running on a

vertical wall and found that different legs had different func-

tions, to make gecko move faster.
4. Mussel

In the underwater environment, the gecko feet lose their

adhesive capacity (Lee et al., 2007). Different from the gecko



Fig. 11 – Flaw tolerant adhesion: (a) schematic of the spatula; (b) atomistic simulation results . Data from (Buehler et al., 2006).

Fig. 12 – (a) Numerous extensible, shock absorbing byssal threads (the white arrow); (b) byssal thread microstructure-cuticle

and core; (c) granular structure in thread cuticle; (d) hexadentate mononuclear tris DOPA-Fe coordination complex cross-link

MFP-1; (e) hierarchical model illustrating the role of DOPA-Fe complexes in the byssus cuticle (Harrington et al., 2010); (f) SEM

image of the adhesive plaque core (Waite et al., 2005).
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feet, the underwater mussel can bond to rocks through its

adhesive plaques at the end of byssal threads (Harrington

et al., 2010; Fig. 12a; Shafiq et al., 2012), which take several

minutes to be made, and the interfacial and cohesive

mechanical strength and durability can be both improved

through a single organic functionality with a versatile che-

mical reactivity tuned by sea water triggers. The adhesive

feature can also be found in other underwater creatures, such

as sea cucumber. This is very interesting for designing under-

water adhesive devices, thus, we will focus on the structure

and its excellent adhesive behavior in this section.
4.1. Structure properties of byssal thread

First, we examine a single thread, its structure is shown in

Fig. 12b; we can see that it is constructed by two components:

one is the cuticle, with a �5 mm thickness, and the other one is

the fibrous core; the former exhibits a hardness four- to five-fold

higher than the latter while maintain a breaking strain as high as

100%. The cuticle has a microstructure with granular proteins

(Fig. 12c) embedded into a matrix and is the granular proteins

that hinder the crack propagation and allow to reach a great

toughness, similarly to the toughening mechanism by coarse



Fig. 13 – (a) Byssal plaque proteins of Mytilus. Inset is a mussel attached to a sheet of mica (Hwang et al., 2010); (b) model of

fp-4’s role in the joint of his-rich domains of preCOLs and other binding proteins in the foam (Zhao and Waite, 2006).
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aggregates in concrete. Considering the excellent structural and

mechanical properties of the covered cuticle, a basic hierarchical

model is presented in Fig. 12d. It shows that the metal cation

(Fe3þ) plays a vital role in forming a DOPA-Fe complex and

further the cross-linking polymers result in stronger materials

(Pugno, 2010); besides, the complex provides significant interac-

tions for the integrity of cuticles deformed under tension

(Holten-Andersen et al., 2009). As for the fibrous core, it is a

open-cell structural foam with treeroot-like collagen fibers going

through (Waite et al., 2005; Fig. 12e); moreover, pore size grows

large from the plaque to the neighbor of the cuticle, which forms

a porosity gradient. This architecture is maybe due to the

requirement of the interfacial strength, which results in a hard

matter at the bottom of the plaque, and the pores in the center,
or at the top of the plaque, can resist crack propagation. This

structural feature can also be found in other biological materials,

e.g. the lobster, as we will see in the following sections.

4.2. Plaque adhesion mechanism

We have mentioned that the adhesion plaques of byssal

threads contact with solid surfaces, and form a strong

bonding; in this case, the protein molecular requirements

must be satisfied, see Fig. 13. In Fig. 13a, the adhesive plaque

contains the mussel foot protein-1 (MFP-1), MFP-2, MFP-3,

MFP-4, MFP-5 and MFP-6. These proteins contain more or less

DOPA, which is very important in the adhesive process.

Recently, the mechanics of the DOPA was studied by



Fig. 14 – Symmetric deposition of mfp-1 on opposing mica surfaces (Zeng et al., 2010).
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molecular dynamics simulations (Qin and Buehler, 2011,

2012), revealing that the mechanism of such strong

adhesion is governed by a pair of hydrogen bonds between

substrate and DOPA, which has a strong affinity to a silica

surface.

MFP-1 is deposited as a protective coating and can adhere

well on mica (the left one in Fig. 14), which functions

similarly as that presented in the cuticle (Lin et al., 2007;

Fig. 12e), and with a moderate Feþ3 concentration, close to the

ionic strength in seawater; two MFP-1 films are bridged (the

middle one in Fig. 14) with a distance D and Feþ3-mediated

bridging is reversible as the Feþ3 concentration increases

(Zeng et al., 2010; Fig. 14, right).

MFP-2 is rich in the plaque, joins the thread to the plaque at

the top and binds to the proteins (MFP-3 and/or MFP-5) that

connect the footprint of the plaque to foreign surfaces at the

bottom; the protein–protein interaction between MFP-2 and

MFP-5 is strong and reversible in the presence of Feþ3 and

Caþ3, which also controls the bonds between MFP-2s. Hwang

et al. (2010) assumed that MFP-3 may completely displace

MFP-2 to become the only adhesive protein; at the same time,

they also presumed that binding to MFP-3 is mediated by

some other plaque proteins.

MFP-3 and MFP-5 are known to be strongly adhesive (Liu

et al., 2007) due to their DOPA-rich interfacial adhesive protein,

and these two kinds of proteins play an important role in the

adhesion on substrates. In contrast to MFP-3 and MFP-5, MFP-6

contains less DOPA, so it is not so adhesive, but it may provide a

cohesive link between the surface-coupling DOPA-rich proteins

and the bulk of the plaque proteins. MFP-4 is a matrix

protein between collagen fibers and foam-like adhesive

plaques, and further acts as a macromolecular bi-functional

linker by using metal ions to couple its own His-rich domains to
the His-rich termini of the preCOLs (Zhao and Waite, 2006;

Fig. 13b).

Besides, the seawater pH-value also produces a strong

influence in the protein activity (Holten-Andersen et al.,

2011), such as pH47 form Fe3þ-catechol (included in DOPA)

cross-links, which are related to the protein interactions; the

shear effect between the plaque and the surface can sig-

nificantly increase the adhesion, and the high adhesion and

friction is achieved at a peeling angle around 20o. Finally, the

work by Lin et al. (2007) indicated that the adhesion on mica

is produced by weak physical interactions rather than che-

mical bonding, and that the strong adhesion forces of

plaques arise as a consequence of their geometry (e.g., their

inability to be peeled off) rather than a high intrinsic surface

or adhesion energy. These results are similar as that of gecko

feet, for example, the peeling angle for gecko-feet spatula is

around 301, but with different peeling directions, the angle

varies from 151 under shear force to 501 under normal force;

moreover, both gecko and mussel adhesion are only the result

of the geometries of their spatula tip or plaque.
5. Spider silk

Spider silks have different functions, such as protective

housing and traps (Foelix, 1996). However, the most interest-

ing webs are able to capture high velocity insects when flying

(Vollrath, 2000), possess a high damping capacity which is

considered as a result of evolution and dissipate kinetic

energy caused by large, energetically valuable preys (Kelly

et al., 2011). This is attributed to their high strength, tough-

ness, extensionality and torsional qualities (Emile et al., 2006;

Lepore et al., 2012b; Giesa et al., 2011). In particular, the orb-



Fig. 15 – Stress–strain relationships of two types of silks in orb-weaving spider web (Gosline et al., 1999).

Fig. 16 – Hierarchical structure of a spider silk. (a) SEM

image of spider dragline silk; (b) AFM image of silk fibril

structure; (c) schematic of silk fibril structure; (d) schematic

of crystallite; (e) unit cell of silk (Du et al., 2006).
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weaving web are widely studied; the web is constructed by

web frame and dragline, excreted by the major ampullate

(MA) gland, and viscid silk, produced by the flagelliform (FL)

gland, which have different properties (Fig. 15; Gosline et al.,

1999). Fig. 15 shows that the dragline silk or web frame is

stiffer, but viscid silk is tougher. This is probably because the

grade of mechanical properties is more suitable for absorbing

the impact energy caused by preys (Cranford et al., 2012).

5.1. Structural property

The structure of spider silk is hierarchical, starting from

nanostructure to macrostructure, and consists of amorphous

network chains and b-sheet crystals constructed by

poly-(Gly-Ala) and poly-Ala domains (Ackbarow et al., 2007;

Keten et al., 2010). Some of previous works (Mita et al., 1994;

Colgin and Lewis, 1998; Hayashi and Lewis, 1998) dedicated to

reveal the genetic information on the amino acid sequence

motifs present in spider fibroin. Basing on these work,

Gosline et al. (1999) reported the molecular structure of spider

silk, and analyzed its mechanical properties. Also, basing on

scanning electron microscope and atomic force microscope

images, Du et al. (2006) reported a new hierarchical model of

spider silk (see Fig. 16). However, due to the existing experi-

mental technologies, we cannot directly test the mechanical

properties of each hierarchy of the silk. To this end, Buehler

and his colleagues (Ackbarow et al., 2007; Buehler and

Ackarow, 2008; Keten et al., 2010; Nova et al., 2010; Bosia

et al., 2010; Giesa et al., 2011) made a huge amount of

numerical studies to reveal the influence of hierarchical

structures on mechanical properties of protein using mole-

cular dynamics simulations; their first molecular-level struc-

tural analysis of protein assemblies (Keten and Buehler, 2010)

was reported by developing a 3D model of silk’s nanocompo-

site structure. In particular, the MaSp1 and MaSp2 proteins

subjected to mechanical loading were studied, and the
results showed that the nanoscale behavior of the silk protein

assemblies is controlled by the distinctly different secondary

structure content and hydrogen bonding in the crystallite and

amorphous regions. With these studies, they believed that

the hierarchical architecture and seamless integration of



Fig. 17 – (a) Unfolding force of a-helical domains (IHBs) vs. pulling speed; (b) unfolding force of b-sheet domains (SHBs) vs.

pulling speed (Ackbarow et al., 2007).
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material and structure, from nano to macro, plays an impor-

tant role in the structure–property relationship of spider silk

and a direct comparison between experiment and simulation

was reported (Keten and Buehler, 2008).

5.2. Toughening mechanisms

The excellent mechanical properties of spider silk are attributed

to the co-action between different hierarchical levels. In terms of

chemical composition and morphological structure, Porter et al.

(2005) assumed that stiffness and strength, on the one hand, are

due to the high cohesive energy density of hydrogen bonding,

and toughness, on the other hand, is due to the high energy

absorption during post-yield deformation; they employed mean

field theory to study structure–property relations of spider silk.

At nanoscale (hydrogen-bond level), Ackbarow et al. (2007)

proposed two fracture mechanisms of biological protein materi-

als by atomistic simulations (Fig. 17) on three protein structures

(AH1, AH2 and BS), i.e., the unfolding mechanism at fast pulling

rates invokes the rupture of individual hydrogen bonds (IHBs)

(Fig. 17a) and unfolding at slow pulling rates proceeds by

simultaneous rupture of several HBs (SHBs) (Fig. 17b), which is

a typical structure of the lowest level. As for the influence of

proline, the thermo-elastic measurements (Savage and Gosline,

2008) were employed to study it in the elastic mechanism of

hydrated, spider silks and different structural organization in

glycine-rich network chains and the mechanism of elasticity in

proline-rich; proline-deficient fibroins resulted in different

mechanical properties. Finally, the different strain-hardening

behaviors of spider and silkworm silks were attributed to the

unfolding of the intra-molecular b-sheets in silk fibrils (Fig. 18;

Du et al., 2011), which is similar to the unfolded loops/domains

of organic proteins between platelets in nacre. The mechanism

is that protein backbones and nodes of the molecular network

are stretched to support the load as the progressive unfolding

and alignment of protein during fiber extension occurs. The

process was described by Euler (2008) as entropy springs, which

played an important role in soft matter and underlined the

intriguing mechanical properties of spider silk.

As for the influence of crystal regions (Huemmerich et al.,

2004), Du et al. (2006) reported that high strength of the spider

dragline silk could be obtained by decreasing the size of the

crystalline nodes in the polypeptide chain network while

increasing the degree of orientation of the crystalline nodes.
Keten et al. (2010) revealed that the strength of spider silk arose

from that of the b-sheet nano-crystals, and this is counter-

intuitive due to the weak hydrogen bond, but they owed this

result to nano-confinement and flaw tolerance (Qin and

Buehler, 2011; Giesa et al., 2012), which improved the overall

strength, toughness and stiffness. Also, Cetinkaya et al. (2011)

used a bottom-up approach and combined molecular dynamics

and finite element to analyze the effect of crystalline subunit

size on the silk mechanics, and they reported that silk’s Young’s

modulus and toughness increased with the crystal length but

decreased with the crystal cross-section area; in particular, they

considered both the crystalline and amorphous subunits, and

concluded that the friction between entangled chains caused

higher stiffness and energy absorbance, which homogenized

the stress distribution.

Different from the separate studies on spider silk and web,

Cranford et al. (2012) explored the relationship between the

constitutive law of the silk and the robustness of the global

web. In this work, combining atomistic simulations, theory and

experiments, the authors found that the web robustness was

improved by considering a realistic (i.e. hyper-elastic) more

than elastic or elastic–plastic silk constitutive law; it causes a

smaller localizing damage due to a local loading. Besides, the

global behavior of the spider web was also illustrated by

considering winds with different speeds. Finally, they con-

cluded that the remarkable mechanical properties of individual

spider silks were not the dominating reason providing the

excellent performance of the spider web, but the nonlinear

softening and subsequent stiffening of the silk play an impor-

tant role in maximizing the web robustness.

Besides the mechanisms stated above, there are other envir-

onmental conditions influencing the mechanical properties of

spider silk, such as spinning conditions, humidity and tem-

perature. As for the spinning conditions, Pérez-Rigueiro et al.

(2005) developed a forced silking procedure, which could

measure the low force involved in the silking process, and

found that fibers spun at high silking force were stiffer whereas

fibers spun at low or very low silking forces were more

compliant, of which tensile behavior corresponded to that of

natural fibers spun by spiders; Liu et al. (2005) obtained the

same result (Fig. 19a). Meanwhile, Yang et al. (2005) reported

that the combination of high tensile strength and high exten-

sibility provides spider silk a high toughness at low tempera-

ture, the conclusion can be seen in Fig. 19b: when the



Fig. 18 – A schematic model demonstrating stretching difference between silkworm and spider dragline fibers (Du et al., 2011).
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temperature increased from 151 to 1501, the strain-stress

behavior changed a little, while the temperature decreased

from 151 to �601, the silk strength and extensibility increase

dramatically. Agnarsson et al. (2009) performed two types of

tests to examine the influence of water on the mechanical

properties of spider silk, which is so-called ‘‘super-contraction’’

(Work, 1977), and found that the cyclic humidity caused the

cyclic stress response (Fig. 19c), which induced the contraction

and relaxation in drying and wetting environments, respec-

tively. From the viewpoint of the evolution, Boutry and

Blackledge (2010) explained the mechanism of super-

contraction in spider silk, which was induced by a rearrange-

ment of GPGXX motifs, and found the structure–function

relationship to tailor the silk properties. Finally, Venner and

Casas (2005) explored the relationship between the size of prey

and the spider web, and reported that spiders could not survive

or produce eggs without catching large but rare preys and

increasing web size increases the daily number of prey caught

and thus long-term survival and fecundity.

Theoretically, Zhou and Zhang (2005) developed a hierarch-

ical chain model (Fig. 20a) with different motifs at different

levels to investigate spider silk strength and elasticity

(Fig. 20b; Becker et al., 2003). In this model, two elements

were considered: the closed parts denote crystallites and the

broken or solid lines denote bonds or amorphous bio-

polymers. The proposed model is supported from the

amino-acid sequence of the major flagelliform protein of

spider capture silk. Ackbarow et al. (2007) employed
the hierarchical Bell model to express a rigorous

structure–property relationship from the point of view of

statistical mechanics. Bosia et al. (2010) adopted a newly

developed fiber bundle model approach with a hierarchical

multi-scale self-similar procedure to consider the hierarchi-

cal topology of natural materials; to some extent, they

explained the energy dissipation mechanisms. Recently,

Pugno and his colleagues (Pugno et al., 2012), basing on the

Daniels’ model on fiber, developed a new theory to predict the

mechanical strength of a hierarchical fiber bundle model,

which could be used to model spider silk; in particular, they

considered the complex architectures of biological materials,

including size effect, twisting angle and friction. Interest-

ingly, the combination of structural hierarchy and different

materials mixing can result in a higher mean strength, which

cannot be achieved by only hierarchy in a homogenous phase

(Bosia et al., 2012).
6. Exoskeletons of lobsters/crabs

Lobster or crab cuticle (Fig. 21) is another widely-studied

natural material with high mineralization, which is divided

into three layers, i.e., epicuticle, exocuticle and endocuticle

(Fig. 21VII). These layers, from exterior to interior, have

decreasing densities (Raabe et al., 2005a,2005b). Fabritius

et al. (2009) systematically analyzed the studies of lobster

and elaborated the structural and mechanical properties of



Fig. 19 – (a) Silk spun at 2 mm/s vs. that at 200 mm/s (Liu et al., 2005); (b) the influence of temperature on web-building speed

(Yang et al., 2005); (c) dragline silk repeatedly contracts and relax with humidity (Agnarsson et al., 2009).

Fig. 20 – (a) Hierarchical chain model, the broken lines denote sacrificial bonds and the solid ones denote surviving bonds

(Zhou and Zhang, 2005); (b) schematic of a network of identical springs in spider silk (Becker et al., 2003).

j o u r n a l o f t h e m e c h a n i c a l b e h a v i o r o f b i o m e d i c a l m a t e r i a l s 1 9 ( 2 0 1 3 ) 3 – 3 3 17
the biological composites. Firstly, the twisted plywood or

Bouligand structure (Fig. 21VI), which is frequently encoun-

tered in Nature, especially in the skeletal and protective

mineral tissue (e.g. compact bone), is the prominent building
principle to develop the mechanical behaviors of the bio-

composite (Fabritius et al., 2009). Secondly, the honeycomb

structure (Fig. 21V), which was formed by the interconnected

fibers bend around the pore canals and discovered by Raabe



Fig. 21 – Hierarchical structure of the lobster cuticle (Nikolov et al., 2010).

Fig. 22 – (a) Global stress–strain relationship of the endocuticle from the pincher and crusher claws both in dry and wet state

under tensile loading (Sachs et al., 2006a); (b) global stress–strain relationship of the endocuticle and schematic figure of the

compression tests (Fabritius et al., 2009).
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et al. (2005a,2005b), is another important and effective building

principle. Besides, Raabe et al. (2006,2007) studied preferred

crystallographic texture of the a-chitin–protein network in the

exoskeleton of the lobster and elucidated crystallographic

building principles in crystalline organic tissue; in the end, they

made a conclusion that complex hierarchical structure could be

simply described by crystallographic textures.

As for the mechanical properties, Raabe et al. (2005a,2005b)

studied the mechanical and structural gradients of the exoske-

leton by experiments on stiffness and hardness; they found

that, from outer layer to inner layer, the stiffness decreased

from 9 GPa to 4 GPa or so and hardness from 130 MPa–270 MPa
to 50 MPa; they also pointed out that there was an important

influence of the interfaces between layers on the overall

mechanical behavior. Employing nanoindentation, Sachs et al.

(2006a,2006b) and Romano et al. (2007) revealed gradient and

anisotropy in the hardness of such dehydrated materials; in

order to fully understand the mechanical properties of the

natural material, Sachs et al. (2006a,2006b) continued to per-

form a tensile experiment on both dry and wet samples to

examine elastic–plastic deformation behavior of the lobster

cuticle, combining with a detailed global and local strain

analysis (Fig. 22a); they found that the heterogeneity by local

strain analysis and the existence of water both enhances the



Fig. 23 – Hierarchical structure of the nine-banded armadillo’s dermal shells. (a) Armodillo; (b) triangle scales of band shell;

(c) hexagonal scales of rear shell; (d) cross-sectional view of rear shell (Chen et al., 2011).
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plastic deformation ability. In addition, Sachs et al. (2008)

illustrated the influence of microstructures on deformation

anisotropy of the exoskeleton under different loading directions

(Fig. 22b), i.e. in the normal direction (out-of-plane) to the cuticle

and in the transverse direction (in-plane), which share the

similar mechanical behaviors with conventional honeycombs

(Papka and Kyriakides, 1994,1998a,1998b).

In particular, incorporating quantum mechanics and den-

sity functional theory, Nikolov et al. (2010) recently proposed

a method to investigate structure–property relations of the

lobster at all length scales and developed a hierarchical

model: it included ab initio calculations at the nanometer

scale and mean-field homogenization for higher hierarchy

levels. By a bottom-up approach, Tang et al. (2009) and Chen

and Pugno (2011a,2011b) derived the mechanical properties of

a given hierarchical level starting from those of the lowest

level, and by an iterative procedure, the properties at all

length scales are obtained.
7. Armadillo shell

Armadillo (Fig. 23), as a natural carrier of the leprosy

bacillus, has been studied extensively and deeply for the

immunology, chemotherapy, and epidemiology of the disease

(Truman et al., 1991; Truman, 2008). Recently, as the emerging

study of biological materials, its mechanical properties

started to attract researchers’ attention. Rhee et al. (2011)

analyzed chemical elements using X-ray spectroscopy tech-

nique; basing on drying and ashing experiments, Chen et al.

(2011) found that they contain 13.670.4 (wt%) water,

64.871.3 (wt%) mineral, and the remaining part is mainly

composed by collagen and keratin. Here, we mainly focus on
the structural and mechanical properties of the armadillo’s

shell.

The structure of armor shell (or osteoderm) is divided into

three types, i.e., forward shell (pectoral shield), band shell

(banded shield), and rear shell (pelvic shield), Fig. 23a, which

are formed by a number of overlapped scales with different

shapes (triangle in the band and hexagonal in forward and

rear shells). Addressing the microstructures of the three

mentioned parts, Rhee et al. (2011) employed Scanning

Electronic Microscope (SEM) to fully characterize them.

The forward and rear shells (Fig. 24) share a common

structural property, and both are sandwich composite struc-

tures; they contain a hard and dense exterior layer and a

porous interior layer, which is similar to the structure of bone

(Vickaryous and Hall, 2006) and turtle shell (Rhee et al., 2009).

However, as for the band shell, it is more complicated and

sophisticated (Fig. 25); each band is overlapped at the rear

part of the anterior one and is thicker than that of the rear

part (Fig. 25(i–l)); the structure of the thick forward part of

each band is similar to those of the forward and rear shells

but with larger pores (Fig. 25(e–h)), while the structure of the

thin rear part of each band shows a regular single-layer

wood-cell-like structure (Fig. 25(e–h)). Besides, the collagen

(Sharpey’s fibers) connects scales together, and enhances the

armor flexibility by collagenous retraction to make the body

bend (Fig. 26). This is different from that of nacre, in which

the organic layer is mainly between calcium carbonate

platelets, and the nacre has a weaker flexibility but with

stronger in-plane strength and toughness, which depends on

their functions of the tissues.

Regarding the mechanical properties of the shell, Rhee

et al. (2011) employed Vickers hardness tester to test related

tissue hardness, and Instron electromechanical test



Fig. 24 – SEM images of the hierarchical structure of the forward shell: (a–d) top view; (e–h) front view; (i–l) side view; (m–p)

bottom view (Rhee et al., 2011).
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apparatus to test their strength. They found that the bottom

and top surface were harder (�53 Hv) than the front and side

surfaces (�45 Hv), which indicated denser surfaces; they also

found that the strength of the forward shell (�1.5 GPa) was

three times than that of the band shell (0.5 GPa), and the

former mechanical behavior was akin to that of the foam

materials (Gibson and Ashby, 1997); this is probably due to

the inelastic deformation mechanism of micro-buckling

while the intrinsic material behavior was approximately

linear elastic. Chen et al. (2011) performed experiments on

both dry and wet shell samples without considering which

part the samples were from; they found that Young’s moduli

of the dry samples (�425 MPa) were almost three times than

those of the wet samples (�150 MPa), tensile strength of the

dry samples (�23 MPa) two times than those of the wet

samples (�13 MPa), and toughness of the dry samples

(�1.1 MJ/m3) two times than those of the wet samples

(�0.53 MJ/m3).
8. Turtle shell

Turtle is one of the eldest vertebrates and is believed to have

existed for 200 million years. Its shell, composed of a dorsal
shell (carapace, usually a strong and rigid structure; Fig. 27)

and a ventral shell (plastron), represents an evolutionary

novelty (Gilbert et al., 2001; Krauss et al., 2009); it plays a

significant role in physical protection and reserving water,

fat, or wastes. Therefore, many works investigated the evolu-

tionary and morphogenesis of its box-shell structure, from

carapacial ridge-specific gene to embryonic development of

the shell and biologists try to uncover how turtle forms its

shell (Kuraku et al., 2005; Rieppel, 2009). Recently, Rhee et al.

(2009), using an energy dispersive X-ray (EDX) technique,

analyzed the chemical elements existing in the outermost

keratin layer, the layer right underneath the outermost keratin

layer and the inside surface of the carapace shell. However, as

for the armadillo shell, the microstructure–mechanical relation-

ship has not been studied extensively, and so we here review

the pioneering works, only recently developed, on the shell

microstructure and its mechanical properties.

It is recognized that the structure of the carapace shell is a

sandwich structure (Balani et al., 2011), like that in the

armadillo shell (discussed above). The sandwich structure

consists of two thin but dense layers, which are known as

endocortical and exocortical bone layers, and the porous

trabecular bone, which can be often found in bones of other

species (Krauss et al., 2009). The carapace shell is formed by



Fig. 25 – SEM images of the hierarchical structure of the band shell: (a–d) top view; (e–h) front view; (i–l) side view; (m–p) back

view; (q–f) bottom view (Rhee et al., 2011).

Fig. 26 – Schematic of connection between tiles and collagen fiber (Chen et al., 2011).
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series of individual plates, which are connected by zigzag

joints (interlocking mechanism) and covered by a layer of

keratinized scutes, which is the b-keratins (also found in

armadillo, and crocodilian; Rhee et al., 2009; Valle et al., 2009),

which acts as a ‘glue’ to connect individual scutes together.

Interestingly, Krauss et al. (2009) investigated the joint area

(Fig. 28a) in detail (50–80 mm wide, 150–180 mm long, and

rotated by 35–451 with respect to the normal axis of the shell

surface), and reported that the interlocking joint enabled

turtles to move flexibly and bear high-magnitude impact

loading when attacked by predators; they also presented a
fundamental concept of structure–mechanics relationship to

explain how the shell functions when imposed by loads with

different magnitudes. Balani et al. (2011) explicitly illustrated

the multi-functionality of turtle’s carapace (Fig. 28b): (i) the

waxy layer on the surface is for slipping away from predators

and reducing drag force while swimming, (ii) the third dense

layer provides further shielding, (iii) multilayer and porous

structures absorb shock caused by fall, and (iv) porous

structure stores nutrient and fluids.

Mechanical investigation was carried out by Krauss et al.

(2009) to reveal the mechanical function of the suture (joint



Fig. 27 – Hierarchical structure of carapace shell: (a) the turtle carapace shell; (b) a costal scale; (c) form-like cross-sectional

view; (d) a SEM image of cells; (e) a magnified SEM image of cells; (f) fibrous structure inside a cell (Rhee et al., 2009).

Fig. 28 – (a) Sandwich structure of turtle carapace, schematic of the interlocking joint and micromovement of the joint (Krauss

et al., 2009); (b) multilayers structure of turtle’s carapace (Balani et al., 2011).
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area) in the deformation process by a three point bending

experiment, and the results showed that the stiffness of

the samples with suture was low in the initial phase

(slight movement due to walk) and gradually transited to a

high stiffness as loads increased (external attack), while the

stiffness of the samples without suture started with a

high value (Fig. 29a). The behavior provided a good explanation
about the mechanical properties during the locomo-

tion and protection. Rhee et al. (2009) performed hardness,

compression and flexure tests, respectively; they reported that

the hardness of the exterior and interior layer of the sandwich

structure were comparable (E1 GPa) similar as their elastic

modulus (E20 GPa); Balani et al. (2011) reported the same

results on Young’s moduli and strengths of different layers.



Fig. 29 – (a) Mechanical function of the suture (Krauss et al., 2009); (b) the constitutive curves of the sandwich structure, single

interior layer, and single exterior layer (Rhee et al., 2009).

Fig. 30 – Hierarchical structures of diatom cell walls.

Electron microscopy images of isolated cell walls from

different diatom species: (a) Cylindrotheca fusiformis; (b,c)

Coscinodiscus asteromphalus and hierarchical sieve plate;

(d,e) Thalassiosira pseudonana and hierarchical sieve plate

(Sumper and Kröger, 2004).
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The deformation mechanism was attributed to the middle

porous layer which had a similar behavior as that of honey-

combs, i.e. linear-elastic phase (due to trabecular beam bend-

ing), platform phase (trabecular beam buckling), and

densification phase (trabecular beam crushing; Papka and

Kyriakides, 1994; Gibson and Ashby, 1997), but the single

exterior and interior layers have no platform (Fig. 29b).
9. Diatoms

Diatoms are unicellular eukaryotic algae that exhibit silicified

cell walls with hierarchical structures from nano- to meso- to

macro-scale and a diversity of species (Sumper and Kröger,

2004; Fig. 30). The cell walls called frustule possess a high

toughness and strength due to intricate symmetric and

duplicable architectures to resist potential threats from their

surrounding environment, although the basic constituent
materials are silica which are always fragile (Hamm et al.,

2003). To this end, many contributions (Hildebrand et al.,

2006; Losic et al., 2007; Hildebrand et al., 2008) started from

the morphology to characterize the forming process

of the optimized structure by different experimental devices,

such as atomic force microscopy (AFM), scanning electron

microscope (SEM), transmission electron microscopy (TEM),

and recent publications (Garcia et al., 2011a,2011b) also

reported the mechanism of the high toughness in the

frustule.

The forming process of the valve structures generally

includes three steps (taking T. pseudonana as an example;

Fig. 31): (1) at the beginning, the base layer of the valve is

developed by depositing fractal-like branching ribs of silica

(Fig. 31b); (2) then, the silicification (Fig. 31c) starts from the

central part to the peripheral part; in this dynamic growth

process, the organic components—silaffins and polyamines—

exert a considerable influence on the silica biogenesis

(Sumper and Kröger, 2004) and the actin filament plays a

vital role in inducing the biogenetic path (Tesson and

Hildebrand, 2010). In this regard, we have to briefly discuss

another marine creature, i.e. seasponge. The formation of its

hierarchical skeleton structure is also guided by the axial

filament on which the silica is deposited (Aizenberg et al.,

2005); the structural formation steps are explained in detail

by Weaver et al. (2007). These two structures share a common

characteristic of biomineralization and it is just its action that

endows diatom structure with high toughness and ductility,

by combining some weak constituent materials. (3) Subse-

quently, the silicification continues and the ribs of the valve

become more rigid, and thus form mature individual diatom.

Fig. 31d, e shows that the proximal end of the mature valve is

smooth while the distal end is rough, strengthened by

branching ribs; Fig. 31f, g shows the AFM images for the

proximal and distal ends of the valve, respectively; interest-

ingly, the 50 nm spherical silica particles topping the ridges

can be easily recognized, which are the result of the silica

biogenesis.

As for the formation of the girdle band, it is not clear due to

the difficulty of the thin structure; therefore, rare images are

captured to illustrate its structural formation, even if several

studies indicate that girdle bands exhibit similar complexity in



Fig. 31 – (a) Schematic of the cell-wall structure, the upper part e is the epitheca and the lower h the hypotheca, the extreme

upper and lower portions are valves, which are the silica structures, gbs are silicified girdle bands encircling the cell, L is

ligula with bell shape. (b) TEM of T. pseudonana valve showing the branched rib structure. (c) SEM of developing valve ribs

with flattened nature. (d) SEM of smooth inner (proximal) valve surface. (e) SEM of rigid outer (distal) valve surface. (f) AFM of

the proximal valve surface. (g) AFM of the distal valve surface (Hildebrand et al., 2008).

Fig. 32 – (a) Typical structure in Rutilaria grevilleana, & R.M.

Crawford, AWI Bremerhaven, Germany; (b) model of the

helical silica nanostructure (Mohedas et al., 2011); (c) E.

arenaria showing a wavy structure in the girdle band; (d)

model of the wavy structure (Garcia et al., 2011b).
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their structure and formation processes as some valve struc-

tures (Hildebrand et al., 2009; Tesson and Hildebrand, 2010).

Addressing the brittle constituent materials-silica forming

such hierarchical structures, the integration of the different

structures, spanning different length-scales, determines its

excellent mechanical properties. In particular, the silica nanos-

tructure is considered to yield a superior toughening mechan-

ism (Garcia et al., 2011a,2011b). Thus, Buehler’s group studied

the geometrical nanostructures of different diatom species,

such as the helical silica (Mohedas et al., 2011; Fig. 32a, b)

nanostructure in Rutilaria grevilleana and the wavy silica nanos-

tructures in the girdle band of E. arenaria (Garcia et al., 2011b;

Fig. 32c, d) by atomistic simulation tools. The toughening

mechanisms of the two structures are contributed to the pull-

straight or uncoiling effect, which produce more than 100%

Cauchy strain. It is worth mentioning that in Fig. 32a, the upper

coil belongs to one valve and the lower coil belongs to the other

valve, which is different from the model in Fig. 32b and is not a

helical (or spring-like; Mohedas et al., 2011; Gebeshuber et al.,

2009) structure, but indeed the extension and compression and

of the coils could absorb energy produced by impact, forces or

even rotation (personal communication with R.W. Crawford).

Not confined by the two, another nanohoneycomb structure

was also studied finding two competing mechanical behaviors:

shear deformation or brittle crack propagation (Garcia et al.,

2011a). From Fig. 33, we can see that when the width of cell

walls in the nanostructure increases, the toughening mechan-

ism varies from the pure shear deformation (wo21 Å) to shear

and crack coupling (21 Åowo62 Å) up to pure crack propaga-

tion (w462 Å); the optimized value is obtained when the width

approximately is 40 Å and the shear deformation dominates

(Fig. 33a). The Cauchy strain can reach 65% thanks to the

structural change, from rectangular to hexagonal grid (Garcia

et al., 2011a; Fig. 33b); accordingly, the crack tip opening

displacement drastically increases from 0 up to 50 Å, which

equals the width of the cell wall; thus, the structure apparently
undergoes plastic shear deformation and produces necking

phenomenon (Fig. 33c). At the same time, flaw-tolerance and

surface effects (Gong et al., 2012; Chen and Pugno, 2013)

improve structural ductility, strength and toughness (Sen

et al., 2011).



Fig. 33 – (a) Toughness map with corresponding failure mechanisms for the silica mesh with different cell wall widths;

(b) toughening mechanisms are caused by competing mechanisms of shear deformation and crack formation. The crack tip

opening displacement (CTOD) measurement reveals crack arrest and is plotted against the corresponding stress–strain data;

(c) locations of shear deformation and crack propagations (Garcia et al., 2011a).
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10. Plant stem

Plant stem provides the mechanical support in order to adapt

to surrounding mechanical environment and acts as chan-

nels to transport water and other nutrients. We can under-

stand this easily by imagining that the plant stem carries

torque/bending moment and vibrates when wind comes.

Most of plant stems are circular and porous structure

(Bejan, 2000), e.g. tree stem and grass stem (Fig. 34); this is

because the circular shape possesses the largest area com-

pared with other polygons under the condition of the same

perimeter and the porous architecture has the low-weight

and stronger energy-absorbing properties.

The structure of plant stems was treated as a cylindrical

shell with foam by Karam and Gibson (1994)—the outer shell

was full of dense materials and porous structure was the core

(Fig. 34a); meanwhile, the elastic buckling behavior of the thin-

walled structure was analyzed by theoretical investigation

(Karam and Gibson, 1995a) and verified by experiments

(Karam and Gibson, 1995b); from these results, there is great

potential for biomimicking engineering structures, because

the honeycomb/foam shell structures could substitute stif-

fened shells by improving the structural efficiency, and the

new compliant shell can reduce the sensitivity to intrinsic

imperfection providing high theoretical buckling stress. Basing

on the thin-walled tubes/shell, Niklas (1997a,1998) examined
material properties (Young’s modulus, critical shear stress,

etc.) of stem tissues by examining the mechanical behavior of

hollow internodes with transverse nodal septa subjected to

bending and twisting, and an important conclusion drawn is

that the mechanical behavior of the hollow, septate stems is

more correlated with internodal shape than with the absolute

length, wall thickness, and external radius of internodes; also,

he studied the vibrating responses of the tube stem with node

(e.g. bamboo) and found that the nodes acted mechanically

like a series of spring, which could be used to store strain

energy except stiffening the hollow cylindrical structure

(Niklas, 1997b). In order to determine if sclerenchyma

cells are the main components that resist stem bending and

the mechanical properties of stems, Evans et al. (2007) studied

42 species of grass plants and discovered that 59% of all

sclerenchyma cells in stems occur in the outer one-fifth radius

of stems (Fig. 34b), which is the main support for stem

integrity.

As for the structural efficiency, Wegst and Ashby (2007)

optimized the mechanical properties of orthotropic tube,

stalk and stem, which included the shape and anisotropy,

by considering stiffness, strength and failure by ovalisation,

instability and local kinking. Incorporating heterogeneity and

high anisotropy, Schulgasser and Witztum (1997) investigated

the strength of vascular plant stems and they reported that the

plant stem sacrifices the strength and vertical stability in order

to reduce the external bending moment (Fig. 35), which is the so-



Fig. 34 – (a) Schematic of hierarchical structure of wood (Rafsanjani et al., 2012); (b) structure of grass stem (Gibson, 2005).

Fig. 35 – Simple model of passive automatic adjustment

(Schulgasser and Witztum, 1997).
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called ‘‘passive automatic adjustment’’ mechanism; also as the

height increases, the plant tends to develop a high anisotropic

tissue arrangements in order to gain high bending stiffness to

maintain its stability. For the mechanics of natural cellular

materials, which is one type of the four kinds of natural

materials, Gibson (2005) reviewed their mechanics and discussed

their roles in natural sandwich structure (e.g. skull, trabecular

bone) basing on their developed theory (Gibson and Ashby, 1997).

Here, we discuss out-of-plane mechanical efficiency for

circular and hexagonal honeycombs, see Fig. 36a, and according

to their geometries the critical condition is computed in

Fig. 36b. We can see that under the line the circular honeycomb

is more efficient than the hexagonal one whereas above the line

the opposite is true.

The hexagonal honeycomb (Fig. 37) is often modeled con-

sidering a unit cell and following the well-known theory by
Gibson and Ashby (1997); recently, Chen and Pugno (2012a)

completed the theory addressing the in-plane buckling property

of the structure, which shows the buckling possibility of the

inclined cell wall in a hexagonal honeycomb. Regarding hier-

archical structure of the wood (Fig. 34a), Hofstetter and

Gamstedt (2008) reviewed the developments in the field of

hierarchical modeling of the hygro-elastic behavior of wood.

They focus on composite micromechanical models for the

wood cell wall and on multi-scale models for wood resting

upon hierarchical finite element models; meanwhile, they

pointed out that to understand fundamental aspects of wood

required taking into account the heterogeneity, anisotropy and

hierarchies. Qing and Mishnaevsky (2009) built a 3D hierarchical

model (Fig. 37a) with heterogeneous multiple-layer cell walls,

which are similar to that of the natural honeycomb (Zhang

et al., 2010); moreover, they studied the influences of the micro-

fibril angles, thickness of the cell walls, layers, shape of the cell

cross-section and wood density on the elastic constants. As for

the structure of grass stem (Fig. 34b), Chen and Pugno

(2012b,2012c) constructed a self-similar structure (Fig. 37b) and

developed a corresponding theory to investigate its linear-

elastic, buckling and strength properties. In particular, the study

on the elastic buckling of the hierarchical structure agreed with

the experimental stress–strain response very well (Chen and

Pugno, 2012b).
11. Discussion and summary

With above discussions, we categorize the reviewed natural

materials into four groups according to their structural

features: (1) bioshells, e.g. nacre, exoskeleton of lobster or

crab, armadillo and turtle shells; (2) adhesive interfaces, e.g.



Fig. 36 – (a) Circular and hexagonal honeycomb structure; (b) efficiency between the two kinds of honeycomb.

Fig. 37 – (a) Schematic of the cross-section of the hierarchical model of wood (Qing and Mishnaevsky, 2009); (b) bioinspired

hierarchical structure of wood and grass stem.
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gecko feet, and mussel; (3) porous materials, e.g. exoskeleton

of lobster or crab, armadillo and turtle shells, diatom, and

plant stem; (4) biofibres, e.g. spider silk. Despite belonging to

different groups, they share some common characteristics.

In all groups except group (2), the structures themselves have

a high toughness, strength and deformation ability, and the

corresponding mechanisms behind them involve biominerali-

zation, which makes biomass produce minerals to stiffen soft

tissues. Addressing this problem, Aizenberg’s group made a

significant amount of work in order to study the biomineral and

self-assembling mechanisms of the biomineralization: it is

regulated by proteins and cells at the molecular level and the

process is under the complex interplay of both chemical and

mechanical signals (Pokroy et al., 2010). In the process, inor-

ganic crystals nucleate first and then grow into different

shapes; before these two steps, a micro-patterned amorphous

precursor plays a vital role in the transformation from the

amorphous to the crystalline state. For example, the amor-

phous precursor phase with cavity forms a porous crystal

(Fratzl et al., 2010), which can be found in the armadillo and

turtle shells, etc. After the crystal formation, the specialized

proteins preferentially interact with certain crystal faces

(Aizenberg et al., 1995), and result in a directional and bigger

crystal. The principle of crystal growth is revealed based on the

morphogenesis of calcitic sponge spicules—a basic skeletal

element (Ilan et al., 1996).
In group (2), both cases are related to bio-adhesion between

intrinsic biological structures and external substrates, and

the attaching/detaching mechanisms are due to the inter-

facial physical, instead of chemical, bonding, such as the

peeling direction, preload, structural geometry, etc. Geim

et al. (2003) fabricated a gecko-tape by using the capillary

and van der Waals forces, and 1 cm2 patch supported 3 N

load, but the limitation of their material was its short

durability and low detachment/attachment cycles. Recently,

Wong et al. (2012) reported a strategy to synthesize self-

healing (Pugno and Abdalrahman, 2011), slippery liquid

infused porous surface(s) (SLIPS) with exceptional liquid-

and ice-repellency, pressure stability and enhanced optical

transparency by Nepenthes; the material shows abilities of

repelling various liquids, maintaining low contact angle

hysteresis, quickly restoring liquid-repellency after physical

damage (within 0.1–1 s), resisting ice adhesion, functioning

at high pressures and insensitive to the precise geometry

of the materials; the new materials can effectively and at a

low cost be used in industrial applications such as oil

transportation, etc.

Besides, we also find that some of the natural materials

exhibit more than one structural properties, i.e., exoskeleton

of lobster or crab, armadillo and turtle shells; also, the porous

structures exist in macroscopic shells and from the outer to

the inner parts of the structures a porosity gradient emerges.
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The forming mechanism, developed by Nature, is due to the

intrinsic properties of the creatures to protect their soft parts

from the predators, at the same time, it reduces the body load

when they move and absorb energy when they fall from

height.

Other different natural materials, such as another marine

species—deep-sea sponge (Aizenberg et al., 2005)—also exhibit

a hierarchical structural skeleton with more than six levels,

spanning the length scale from nanometers to centimeters; the

skeleton shows not only high mechanical properties but also a

typical fiber-optical properties (Aizenberg et al., 2004), which are

similar to commercial telecommunication fibers. In particular,

the interferometric refractive-index profiling revealed that the

core of the spicules with high refractive index is comparable to

that of vitreous silica with the exception of an oscillating (or

saw-shaped) refractive-index pattern, from the inner part

surrounding the core to the outer part of the spicule within

its layered structures (Sundar et al., 2003).

According to observations, the biophysical processes (e.g.

biomineralization) and the different structures of natural

materials can be both incorporated into the bio-inspired design

or synthesis of artificial materials. Regarding the potential

applications of these bio-inspired materials, they hold promis-

ing applications in designing different devices to meet emerging

demands in various fields, such as engineering, physics, biology,

medicine and materials science. Moreover, thanks to their

designed multi-functionality, the bio-inspired materials will

take an even greater role in medicine compared to other

materials, for example, in the newborn field of tissue engineer-

ing, which needs bioscaffolds with simultaneously proper

strength, toughness and stiffness, biocompatibility, biodegrad-

ability, and so on (Moutos et al., 2007). Specifically, Huebsch and

Mooney (2009) emphasized the importance of the dynamic

behavior and other variables of natural materials for medical

applications; meanwhile, they point out that the integration of

the chemical and physical stimuli at all hierarchical levels is

necessary to create smart and multifunctional materials that

can be recognized by protein or cells and used as an effective

template to replace diseased targets or grow neotissues. In

summary, we have discussed how Nature provides a variety of

designing principles by evolving such mysterious but rich

materials systems; these optimized systems are far beyond

our imaginations and are more complex than our existing

engineering materials. Thus, learning lessons from Nature

materials is a novel and important way to create new engineer-

ing materials, e.g. spiderman suit (Pugno, 2007,2008). To the

end, we collected and discussed mechanisms for several

natural materials, from animals to plants, by reviewing litera-

ture and focusing on the structure–mechanical relationship.

These mechanisms show that effective mechanical properties

are closely related to their hierarchical structures, despite

neglecting chemical elements at molecular levels, which are

also very important aspects in forming the properties. The

appearance of hierarchy during the evolution of biological

materials (and their hyper-elastic constitutive laws) is in sharp

contrast with our current design of nano-hierarchical (and

mainly elastic–plastic) engineering materials, suggesting that

hierarchy is the key for scaling up the fascinating intrinsic

properties of the nanoscale at the macroscale, including multi-

functionality (Coluci et al., 2007; Pugno et al., 2008b).
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