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Abstract

In this topical review we discuss recent advances in the use of physical insight into the way biological
materials function, to design novel engineered materials ‘from scratch’, or from the level of fundamental
building blocks upwards and by using computational multiscale methods that link chemistry to material
function. We present studies that connect advances in multiscale hierarchical material structuring with
material synthesis and testing, review case studies of wood and other biological materials, and illustrate
how engineered fiber composites and bulk materials are designed, modeled, and then synthesized and
tested experimentally. The integration of experiment and simulation in multiscale design opens new
avenues to explore the physics of materials from a fundamental perspective, and using complementary
strengths from models and empirical techniques. Recent developments in this field illustrate a new
paradigm by which complex material functionality is achieved through hierarchical structuring in spite of
simple material constituents.
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(Some figures may appear in colour only in the online journal)

Contents materials have fascinating mechanical and biological func-
tions built up from simple basic material building blocks

Introduction 1 (figure 1) [3]. They are mostly constructed from self-assembly,

2. Case study I: structure and mechanics of wood 3 which is based on their chemical constitution and requires low

energy input. Such ability to integrate multiple advantages in
materials goes beyond our current capacity in designing and
synthesizing engineered materials. It is worthwhile learning
how biological materials are constructed and applying the
knowledge in advanced manufacturing, to realize materials by

3. Case study II: cooperativity in protein molecular struc-
tures as a universal paradigm to turn weakness into
strength 6

4. Case study III: bio-inspired CNT-based fiber design

5. Case study IV: 3D printing—rapid manufacturing of design, from a concept to a computer model, to optimization,
bio-inspired materials from the bottom up 10 and realization of a physical specimen. One major obstacle
6. Discussion and outlook 11 hindering us in applying these concepts in engineering is that
Acknowledgments 11 the underlying mechanisms remain largely obscure, in partic-
References 1 ular, including how molecules are synergistically organized

at different length and time scales to form the macroscopic
material [2, 4-6]. Recent advances in nanotechnology and
1. Introduction multiscale computational tools, combined with transformative
ways of synthesizing materials and structures, now provide
Biological material covers a range of materials that are ex- appropriate approaches to bring that hidden knowledge to
pressed by genetic information and play functional roles for light [7]. We have developed an increasingly improved ability
the biological system such as bone, silk, and wood [2]. These to investigate structures and properties through all scales from
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Figure 1. Grand challenge of hierarchical material design by controlling all length scales in concept, design and modeling, optimization, and
manufacturing. The massive manufacturing approaches used in the 19th and 20th centuries are being replaced by highly flexible dedicated
methods that increasingly mimic natural processes—such as grown materials, molecular-based design, and enhanced degrees of
personalization and diversification of features. Figure adapted from [1].

Table 1. How to make materials: a summary of different manufacturing techniques at different characteristic length scales, and associated
examples.

Technique Physical mechanism Length-scale Example

Protein folding Chemical (charges,

hydrophobic effects, etc)

Angstroms to nanometers Elastin, collagen

Self-assembly Chemical, geometrical Angstroms to micrometers DNA origami, Amyloid
biofilm
Fluidic flow Physical forces (elongation, Tens of nanometers to Spider silk spinning duct,

shear, etc) millimeters microfluidic device for drug
delivery
Additive manufacturing Digital casting Photochemical ~ Tens of micrometers to 3D printing
reaction millimeters
Conventional manufacturing Material solidify and solid Micrometers to kilometers Molding and cutting

fracture

nanoscopic to macroscopic, and to elucidate the full blueprint
for reverse engineering the structure—property relationships of
these materials, as shown by the manufacturing techniques
summarized in table 1.

Indeed, we are beginning to be able to investigate and build
biological and biologically inspired materials in a systematical
way. Critical advances in a number of scientific fields have the
potential to revolutionize how we design, analyze, and make
materials and structures (figure 2). By performing comparative
bottom-up analysis of biological materials using multiscale
computational methods, and exploiting advances in basic con-
cepts of physics and chemistry, a comprehensive description
can now be achieved, allowing for a systematic classification of
the various mechanisms that occur in different materials, and
enabling the translation from natural to synthetic materials
[6, 8]. The application of tools from statistical physics, ad-
vanced mathematics, and new computational methods can be

used to extract useful information from a very large database
with the help of supercomputers and relevant algorithms. We
can categorize a material as a set of interacting elements that
are conceptually represented as a graph, forming an abstract
way to show how a material works [8].

In this topical review, we discuss recent advances that
use physical insight into how biological materials function,
and how these are used to use the knowledge in synthesizing
new materials. To illustrate the basic concepts we discuss
four case studies. We first review the recent progress in the
characterization of the structural and mechanical properties
of wood at multiple scales. We then review and discuss the
universal concept of cooperativity in biological materials that
governs how they are synergistically integrated at multiple
scales. We also provide an example of the use of carbon
nanotubes as a building block to form bio-inspired yarns with
superior mechanical properties that rely on the concept of
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Figure 2. Illustration of the general design process of bio-inspired materials. This process starts by investigation of a biological material
with outstanding material property and follows by applying the learnt principles to build a physical model and using category methods to
extract the most relevant parameters that yield the material property of interest, systematically optimizing the design by adjusting these
parameters and using the knowledge to make and test specimens. These critical steps form a complete loop of rational material design.

cooperativity. Last, we introduce an additive manufacturing
technique to facilitate the rapid realization of hierarchical
material structures from the micrometer scale upwards, for
mechanical tests. These case studies demonstrate the use of
physical insights in the bottom-up and rational design of
materials, and they show the breadth of approaches that can
be exploited towards progress in this field.

2. Case study I: structure and mechanics of wood

Wood is a fascinating example of the complexity and capa-
bilities of natural materials. With little variation in chemical
composition, many species of plant life grow this material,
varying its mechanical properties to resist the massive forces
and moments of weight and wind with remarkable efficiency,
as illustrated in figure 3(a). Naturally, as it is the product of
multicellular life, wood is a cellular material. The advantages
of a cellular structure are manifold [9]; a cellular solid is
less dense than the solid wall material, and by adjusting
the thickness of the walls, and the shape and orientation
of the cells, the density, elasticity, failure modes, and even
anisotropy can be precisely tuned and controlled [10, 11]. In
trees, long tubular cells are oriented parallel to the trunk or
limb [10], allowing any axial stress to be taken by tension
or compression of the cell wall material rather than bending
of the cell walls—though for other load conditions, such as
horizontal impacts, the bending of the cell walls is helpful in
dissipating energy [10, 12].

Ultimately, all of the potential properties of cellular solids
scale (depending on geometry) with the properties of the

solid material of the cell walls [9], and it is here that wood
excels. Fundamentally, the cell wall material is composed of
sugar, but it is the arrangement of these polysaccharides that
makes all the difference. Long fibrils of crystalline cellulose
are oriented parallel to one another, embedded in a matrix
of amorphous hemicellulose, stiffened by lignin [13, 14]; this
composition is the root of two important qualities of wood:
the ability to deform plastically, and the ability to modulate
the axial stiffness [14—18]. The stiff fibrils in the pliant
matrix are similar in functionality to steel rods reinforcing
concrete [14, 19-21]: the strongest qualities of each of the
constituents compensate for the weakest of the other. The
crystalline fibrils are incredibly stiff, with a modulus near
200 GPa [22-24]. Such rigidity, however, comes hand in hand
with inextensibility. The flexible matrix that glues these fibrils
together ends up reducing the modulus from that high value,
and allows the material to stretch and fail through the weaker
phase, dissipating more energy at a slower rate than it would
through fracturing the crystalline phase [25, 26] (this feature
is also found throughout nature, such as in bone or nacre)
[9, 27-29]. When steel-reinforced concrete fails, and the steel
is stretched further than the concrete can keep its hold and
they debond, that failure is total and final. When the cell wall
material is stretched beyond the point at which the matrix can
maintain its static hold on the fibrils, what is known as the
stick—slip mechanism comes into play. All of the fibril-matrix
bonding is done via hydrogen bonds [17, 30], and when these
bonds are broken, neither the fibril nor the matrix sustains any
damage [31], and the bonds simply reform at another location
along the fibril, relaxing the stress of the extra strain [15].
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Figure 3. Deformation of tree and wood under loading. (a) A schematic of a tree deformed by wind, leading to one side in tension and the
other side in compression. (b) A schematic of the theoretical model that explains the elastic—plasticity of wood under loading. Elastic shear
occurs from the undeformed state A until point B with the shear modulus G. At point B, the critical shear stress is reached, and further
deformation occurs at constant stress by an irreversible gliding of the matrix. Reprinted from [31]. (c) Stress—strain curve for the low-strain
behavior for varying microfibril angles (MFAs), highlighting the MFA—stiftness relationship. Reprinted from [17], copyright 2008, with
permission from Elsevier Bottom. (d) Stress—strain response of a single tracheid undergoing four loading cycles. After each unloading the
initial stiffness is recovered before the cell yields again, and, at high strain, the yielded stiffness increases greatly up to fracture. Reprinted
from [31], copyright 2003, with permission from Nature Publishing Group.

This results in a two-phase stress—strain behavior: with a high
initial stiffness while the hydrogen bonds are all intact and
contributing, and then with a lower stiffness as they break and
reform continually, while the fibrils glide through the matrix,
as shown in figure 3(b).

Much as the orientation of cells controls the anisotropy
of the bulk, the orientation of the cellulose fibrils controls
the anisotropy of the cell wall material. Under strain that is
normal to the direction of the fibrils, the direct compression or
extension of the matrix results in alower Young’s modulus than
for strain parallel to the fibrils, which invokes their superior
modulus while shearing the matrix. The modulus in between
these two orientations varies between the extremes [32]. By
modulating the orientation of the fibrils within the cell, the
axial stiffness can be controlled without varying the cell wall
thickness [10, 16, 17, 33, 34] (as opposed to increasing the
modulus by increasing the relative density via thicker walls).

In the thickest layer of the wood cell wall (and thus, the
layer most directly contributing to the axial properties) [14],
fibrils are arranged helically about the cell axis. The pitch
of the helix measured relative to the axis is known as the
microfibril angle (MFA). When the MFA is relatively large

(45°-50°), the cell deforms by twisting and elongating as
the helix unwinds [33]. The continuity of the material as this
unwinding takes place is due to the aforementioned stick—slip
mechanism, allowing the strain to unwinding to continue
until the fibril orientation approaches being parallel. Since the
MFA continues to modulate the axial stiffness after the static
hydrogen bonds have yielded and fibrils are gliding through the
matrix, the gradual reorientation of the fibrils adds a third phase
to the two-phase stress—strain behavior of the wall material
alone: a large-strain stiffening before fracture. Figure 3(c)
details the dependency of the stiffness on the MFA in all three
phases of deformation based on analytic models [17, 31], and
figure 3(d) plots the three-phase deformation behavior of an
actual cell, showing also the recovery of pre-yielding stiffness
upon relaxation and reloading.

The ability to modulate the stiffness independent of den-
sity is interesting enough from a purely materials standpoint,
yet to the living growing tree it is crucial to structural stability,
and thus to survival. A young tree will build a flexible trunk
to handle high winds by bending and minimizing its exposed
area, whereas an older tree with a thicker trunk (to support the
larger crown weight) cannot bend and must resist. Measuring
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Figure 4. Microfibril angle variation from pith to bark, highlighting the flexibility of the young tree (in blue) and the stiffness of the adult
tree (in red). Reprinted from [10], copyright 2007, with permission from Elsevier.
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Figure 5. Schematic of an inextensible fibril model for a cell wall. When the total area is increased due to swelling, preventing torsion
causes the cell to contract, while allowing it causes the cell to extend, respectively inducing internal tension or compression. The black line
is of constant length, representing the inextensibility of the fibrils in this model. Reprinted from [35], copyright 2007, with permission from

Springer.

the MFA at different radial distances from the pith reveals the
first part of this vertical stability strategy: near the pith, the
wood, that is in essence of the young tree’s trunk, is flexible
with a high MFA, while the wood closer to the bark is much
stiffer, with nearly zero MFA, which, with its larger circular
area, makes it incredibly rigid in bending [10, 35, 36]. Figure 4
plots these MFA measurements and shows a schematic of these
different wind-resisting strategies for young and old trees.
The second and maybe more crucial part of this vertical
stability strategy lies in the tree’s ability to generate internal
stresses [37, 38]. As previously mentioned, the molecules that
make up the cell wall interact primarily via hydrogen bonding,
and this makes the walls very responsive to moisture content.
Depending on the MFA and the boundary conditions of the cell
(longitudinal or torsional constraints), different magnitudes
and directions of internal stress can be generated. Figure 5
shows a simplified schematic of how a cell constrained in
torsion can shorten, inducing tension, while the same cell,
unconstrained in torsion, will elongate, which means that,
given the axial constraint due to the arrangement of the cells
within the tree, the elongations or shortenings become induced

internal compression or tension, respectively. In the case of
the adult tree trunk, the high-MFA cells near the bark are
rectangular in cross-section, and their close packing prevents
them from twisting, while the cells near the pith are rounder,
with weaker interconnections. Thus the center of the trunk
generates compression while the outer rim generates tension,
which serves to actively increase the bending rigidity of the
trunk as well as guarding it against buckling [35, 37, 38]. This
mechanism is very similar to the outrigger mechanism for tall
buildings: the main building core takes all of the compression,
and around the edge, closer to the facade, tensioned members
tie down into the ground, effectively acting as a rotation spring
to supplement the passive bending rigidity [39].

This technique of controlling the stiffness and internal
stresses allows a tree trunk (or almost any plant stem, for that
matter) to reorient: a tree growing diagonally out of a sloped
surface will apply tension to the topside and compression to
the bottom to reorient closer to vertical [37]. An example of
how precise and efficient a living tree is at controlling these
factors can be found in branches. A branch, cantilevering out
of the tree trunk, will grow stiff tension cells at the top and
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soft compression cells on the bottom to resist the increasing
moment due to its growing length and thickness while keeping
its orientation [10, 40]. Not only will it resist the new loads and
keep its orientation, but it will do it nearly perfectly, controlling
the gradient of stiffness and stress through its cross-section
such that the strain at the connection to the trunk is distributed
nearly perfectly uniformly [12]; the branch will only fall if it
snaps along its length, or if a section of trunk pulls out with
it because the connection is a point of strength rather than a
weak link.

Nature has had a long history of developing this efficient
and adaptable structural material. As such, wood is essentially
perfectly designed for its functions. For a much shorter time,
mankind has been taking advantage of this product of nature,
using tree trunks as columns and foundation piles with inherent
vertical stability or cuts of trunk for flexural members for
floors and roofs of stone structures. However perfect a material
wood is in nature, it can never be perfect for our synthetic
applications. What we can do, though, is draw inspiration
from it; we can design and create our own materials, precisely
tuning the properties, and controlling the stresses the way
the tree does, but without the irregularities and nonstructural
elements of natural grown wood, such as material transport
channels or knots from branches, that come about from its
source in a living, growing entity.

3. Case study II: cooperativity in protein molecular
structures as a universal paradigm to turn
weakness into strength

The molecular structure of protein materials, which defines
how amino acids are linked into chains, fold, entangle, and
assemble with each other, determines its material property. The
evolution of nanotechnology provides tools that enable us to
quantitatively measure these effects and include these factors

into the design of the chemical composition and structure of
novel materials. This contributes to our ability in the rational
design of biological materials, providing more degrees of
freedom and making it possible to use universal building
blocks to achieve diverse functions in spite of weak building
blocks [7].

Many protein materials have been studied closely in recent
years, and their material properties have been revealed both in
experiments and in silico [2]. It is found that they have material
properties exceeding those of most engineering materials,
suggesting the importance of molecular structure. Among such
materials, spider silk presents a prime example of a natural
fiber that combines strength and toughness to make a thin fiber
with exceptional energy absorption capacity that can catch
flying insects or birds and return to its original length [41, 42].
Through spectroscopy and molecular dynamics simulations, it
has been found that spider silk proteins within the fiber form a
network of extensible amorphous strands that interconnect via
strong beta-sheet crystals that resist shear failure through the
cooperativity of aligned hydrogen bonds [43—45], as shown in
figure 6. While the combined strengths of the relatively weak
noncovalent hydrogen bonds can resist shear failure, they can
also reform after the protein strands have been torn apart after
catching large prey. It is identified that the displacement along
the backbone of silk peptide is as an exponential decay function
of the coordinate as [6, 8]

A= exp(—x\/mw),

where A is the local displacement normalized by the maximum
displacement at the point under loading, x is the coordinate
of the local point as x =0 is the point under loading, b is
the distance of two neighboring hydrogen bonds, K is the
stiffness of the backbone chain, and K, is the stiffness of
the hydrogen bond that connects different backbone chains.

ey
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Figure 7. Nanoscopic mechanism of spider silk and bone in deformation. (a) Deformation in spider web causes the stress applied to
beta-sheet structures in silk. It is identified that 3—4 neighboring hydrogen bonds work in a cooperative way that yields the same strength as
many more hydrogen bonds. Reprinted from [6]. (b) External force applied to bone causes its basic building block, the combination of
tropocollagen and hydroxyapatite, subject to stress. Here it is shown that the hydroxyapatite in nanometer thickness is crucial for the tensile
modulus of the combination. Reprinted from [55]. Copyright 2012, with permission from the American Chemical Society.

From equation (1), the characteristic length defined as the
cooperatively length constant is

Lo=by/K1/K>. )

It is noted that here Lo/b = fooo A dx/b, which means
that, for interactions that can be modeled by linear springs
(which is the case for hydrogen bond and backbone in silk),
the strength exerted by interfacial materials of length L equals
that of the much longer structure, as shown in figure 7(a).

This characteristic is not unique in spider silk but generally
exists in many biological materials and affects their stability
and mechanics [6] (also see figure 7). Amyloids are primarily
composed of beta-sheet structure of strong cooperativity for
the hydrogen bonds between neighboring chains, and thus
it is not surprising to find that they can form long fibril
structures both in vivo and in vitro [7]. Hydrogen bonds in
alpha-helix structures are generally of less cooperativity, and
they yield short helical domains [46]. This is supported by
the evidence that there are no single long alpha helices found
in nature, but that they are almost exclusively found in the
forms of coiled coils, triple helices, and even higher-order
helical structures. It has been found experimentally that protein
materials rich in alpha-helix content (such as wool, hair, hoof,
and cellular proteins) under mechanical deformation have
intrinsic intention to change their secondary structure into
a beta-sheet structure [47]. By studying the unfolding and
refolding process of alpha-helical structures, it is revealed that
the occurrence of the transition is governed by the competing
of the strength between alpha-helix and beta-sheet structures,
which relates to the comparison of the cooperativity between
the two structures. The protein structure after transition has
a significant increase in the stiffness, strength, and energy
dissipation capacity at large deformation (figure 7(a)).

By quantitatively investigating the relation between the
structure and function of protein materials, we learned that

the distribution and property of weak interactions, such as
van der Waals forces, hydrogen bonds, and electrostatic inter-
actions, need to be combined with the property of the strong
interactions to reach great strength [6]. Water is a material
with a very simple molecular structure, yet it is important
for life, and enables many key biological functions. It forms
ice crystals of high strength at low temperature as the water
molecules organize in an ordered way (and are interconnected
by a regular network of hydrogen bonds). This architecture is
crucial for ice’s stability. Studies of the fracture and melting of
ice reveal that even single point defects can lead to its failure,
the hallmark of a brittle material [48, 49]. In contrast, bone
and many bone-like composite materials have a well-known
toughness that is able to be subjected to high loading and
impact despite the existence of defects [50-52]. It is now
understood that the defect tolerance of these materials is caused
by their material composition and microscopic architecture.
For example, bone is constructed from two primary material
phases that feature distinctly different mechanical properties,
namely collagen and hydroxyapatite, which form building
blocks of nanometer size and are staggered to combine with
each other in a hierarchical pattern [53-55], as shown in
figure 7(b). This intricate structure of bone from the molecular
scale up contributes greatly to the material’s toughness, as it
is able to dissipate the deformation energy as well as elongate
the failure pathway.

As these examples showcase, natural materials provide a
very rich database of biological materials. Many of them have
fascinating mechanical and biological functions at very low
energy consumption, and with simple basic material building
blocks. By systematically investigating the mechanisms and
performing a comparative analysis, we can reveal the funda-
mental physics of these materials and design new engineering
materials with improved material properties and with lower
production energy cost. Moreover, such analysis can also
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interconnected DWNT bundles including Fe particles. Scale bar: 100 nm. (c) SEM image of a DWNT mat. (d) SEM image of a DWNT
yarn. (e) Atomistic and (g) coarse-grain models used for molecular dynamics simulations showing DWNT cross-section and covalently
attached polymer. (g) Atomistic model showing polymer adhesion between two DWNTs at the (h) interface between two coated bundles.
Computational modeling was used to explore the effects of polymer length and density. Adapted from [63]. Copyright 2012, with

permission from John Wiley and Sons.

contribute to digital additive manufacturing that generates the
product in a more controlled and direct way [56]. We now
proceed with two examples of how such realizations can be
achieved in completely synthetic materials.

4. Case study llI: bio-inspired CNT-based fiber
design

Twisted, braided, and woven fibers have been used for thou-
sands of years for fastening, tensile loading, and energy absorp-
tion in armor. These general applications remain consistent,
but the available materials can now be designed for a spe-
cific application and environment, and for other engineering
factors. Natural cellulose- and collagen-based fibers have been
replaced in many areas with synthetic polymers, para-aramids,
and carbon-based materials, but the mechanisms by which the
fibers fail still present design challenges.

Conventional yarns are twisted and spun from individual
strands that do not span the entire length of the yarn, so failure
is an interplay between the tensile strength of the strands and
the shear load transfer among the strands. Carbon nanotubes
(CNTs) are found to be extremely stiff and strong, and they
have been used in nanocomposites to improve their mechanical
and thermal properties. It is quite crucial to study how to braid
CNTs into yarn because individual CNTs cannot be grown
to relevant scales of meters and beyond. This necessitates a
need to connect distinct CNTs such that mechanically strong

interfaces are created. However, CNTs have poor shear load
transfer across their atomically smooth surfaces [57]. Covalent
carbon bridges have been investigated in order to increase
the connectivity, but noncovalent hydrogen bonds present
the distinct advantage of reforming after large deformations
within the CNT network. Inspired by protein materials like
spider silks, functionalized CNTs are used to fabricate yarns,
which are integrated by weak interactions but are expected
to still have comparable strength to that of pristine CNTs.
For example, the carboxyl group as a functional group has
the ability to form two hydrogen bonds between two pairing
carboxyl groups [58]. A variety of other functional groups
(e.g., OH, NH,,, CH,,) can be explored to engineer the bonding
between functionalized CNTs [59-61]. It is also found that
the grouping of functional groups into clusters along the CNT
axis has potential strategies to improve the cooperativity of
deformation and thus can more efficiently bond CNTs [58].
Mixing polymer chains with CNTs can form arrays
of hydrogen bonds as sacrificial sites for gradual failure,
leading to a useful design tool in synthetic fibers inspired
by spider silk, tendon, and other energy-absorbing natural
fibers. However, without bonding between the polymer and
the CNTs [62], pristine CNTs lack sufficient adhesion force
for polymer attachment. Recent experimental work aided by
molecular dynamics simulations has yielded a fiber made
from double-wall CNT bundles formed in a CVD reactor
and functionalized by being covalently coated with ultra-short
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polymers with microstructural similarities to spider silk [63],
as shown in figure 8. Since the polymers are covalently
bonded to the CNT sidewalls, and each polymer presents
many hydrogen bonding sites and van der Waals interactions,
shear load transfer between overlapping bundles becomes very
effective. With overlap lengths observed experimentally, the
combined strengths of the hydrogen bonds can be so large
that the CNTs on the bundle surface fail in tension before
the bundles shear apart. Being intertwined, the yarn network
can extend by aligning the bundles along the tensile direction
until the overlap sites get loaded directly in shear, much like
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Figure 10. Schematic showing final fracture pattern through the bone-like topology along with close-ups of the combined tension—shear
matrix failure for experimental and computational specimens. For illustrative purposes a section of the tension—strain field plot is shown for
the computational specimen. The schematic clearly displays the dominant tension—shear damage mechanism driving the superior fracture
resistance of the bone-like specimen. The shear damage is visualized by the periodically occurring inclined fractures along the long edge of
the platelets. The tension damage is visualized by the connected fracture along the short edge of the platelets.

d

the deformation of extensible protein chains and crystalline
overlaps in spider silk.

As more synthetic materials are presented for next-
generation fiber production, their chemistries and composite
nanostructures can be greatly aided by mimicking natural
materials. However, there still remain hurdles in translating
mechanisms between natural and synthetic materials as well
as overcoming size effects. Computational design methods
such as molecular dynamics simulations can now be used to
predict effective chemistries and model nanostructures to aid
experimental synthesis in deciding on design factors. In this
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Figure 11. The universality and diversity of biological materials and its analogical comparison to music. The tens of thousands of protein
structures in the protein data bank are all composed of a few basic amino acids. They differ in how the amino acids are arranged and how
they interact with each other. The existence of a hierarchical arrangement of these amino acids makes the number of possible structures
become infinite, and arrangements at different hierarchies are synergistically incorporated to yield the exceptional performance of the
material. This principle is similar to what are known in music and other arts, as well as linguistics, since the basic building blocks in these
art forms should have well designed strctures to achieve certain functions [64].

way, the computational model can act as a bridge between the
reverse-engineering studies of natural materials and the direct
design of synthetic fibers.

5. Case study IV: 3D printing—rapid manufacturing
of bio-inspired materials from the bottom up

Recently, 3D printing has been used as a technique to
rapidly manufacture a range of functional materials [65-70].
Additive manufacturing presents a very exciting outlook for
the synthetic design of biomimetic materials as the most
recent technology allows a precise control of structural design
at fine length scales. Moreover, the most advanced printers
can print a multitude of materials with widely contrasting
constitutive behavior simultaneously in one structure to create
advanced composites from micrometer scales upwards. A
recent study in our group explored a novel design process
for biomimetic materials [56]. The process is illustrated
schematically in figure 9. In this process, multiscale modeling
techniques and computational structure optimization were
combined with additive manufacturing to create composites

with fracture characteristics far superior to those of their
stronger constituents. Printed composites with bone-like
(brick-and-mortar) topology exhibited fracture resistances
more than 20 times larger than that of their strongest con-
stituents [56].

A fundamental goal of the approach was to create struc-
tures replicating some of the notable fracture mechanisms
observed in both bone and nacre. Specifically, the earlier
work [56] sought to isolate the deformation mechanisms as-
sociated with the topological arrangement of stiffer and softer
constituents in the respective biomaterials. Figure 10 displays
acharacteristic fracture pattern through the bone-like topology
along with a microscopy image and a corresponding snapshot
of the longitudinal strain field retrieved from simulation. The
overview image of the entire fractured specimen shows an
intriguing step-like fracture propagating through large portions
of the specimen. The microscopy and snapshot from simula-
tion give insights to the mechanisms controlling the propaga-
tion. A key mechanism is the cooperative action of shear in
the soft phase along the long end of the platelets and tensile
strain in the soft phase along the short end of the specimens.
The large tensile strains are expressed through the periodic
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separation along the short edges of the platelets throughout the
entire specimen. Correspondingly, the shear damage presents
itself in the microscopy image as the periodically occurring
inclined fracture lines. Analysis by Gao et al has shown that
biological composites such as nacre and bone in fact tune the
aspect ratio of the stiffer plates to optimize the cooperation
between shear and tensile damage [71].

The initial models developed managed to correctly pre-
dict the main damage mechanisms and qualitative trends in
mechanical behavior of the printed composites. As this first
effort demonstrated the viability of this novel design process,
further efforts should focus on refining the design loop to
improve the predictions and attain quantitative predictability.

6. Discussion and outlook

The design of biologically inspired materials with predictive
properties requires tremendous care. The variation in its basic
unit and the formation of hierarchical arrangements render
‘infinite’ possibilities. However, one may design and improve
biological materials according to the existing nature database.
For example, there are tens of thousands of naturally occurring
protein structures available in the protein data bank. Their
atomistic coordinates and secondary structures are available,
but their mechanical (and other material) functions are not well
documented. Computational simulations provide tools to in-
vestigate their material properties and increase our knowledge
of how the protein mechanics relates to its sequence [3]. We
need to combine computational models with experimental tests
and statistics methods such as bioinformatics to gain a precise
and comprehensive understanding of material behaviors at
multiple scales (figure 11).

Biological materials have many fascinating advantages
that cannot be reached by merely using engineering materials.
Successful design and fabrication of these materials will have
a giant impact on manufacturing and scientific fields. For
example, their biocompatibility and robustness make them
ideal materials for biomedical applications, such as implants
for plastic surgeries, artificial arteries, matrix material for
neural repair, or carriers of embedded electronics in the human
body [72, 73]. In addition, the self-healing characteristics of
some biological materials would contribute to increasing the
material’s lifespan, enabling materials to recover from a state
with buckling or small cracks to a normal status in a suitable
environment. Moreover, based on their tunable mechanical
properties, biological materials may have the potential to be
used with the purpose of energy harvesting. They absorb
chemical energy in environments and turn it into kinetic
energy [74].

Understanding the fundamental mechanism of how a
biological material works is critical for manufacturing its
counterparts. The produced materials can have similar material
functions as the natural ones, but may use different raw mate-
rials like polymers to achieve them. An example is our recent
work on the design and fabrication of nacre-like structures (see
section 5) [56]. These material designs are extracted from a
rich database of mineralized biomaterials, designed, analyzed,
made, and tested, and results have demonstrated that composite

synthesis using additive manufacturing is a possible route for
innovation. Such advances are important for manufacturing,
architecture, bioengineering, space exploration, and many re-
lated areas, and they allow a material design and synthesis
process from the micrometer scale upwards.

Acknowledgments

We acknowledge support from the Office of Naval Research
(N000141010562), ARO-MURI, and NSF-MRSEC. Addi-
tional support from BASF-NORA is also acknowledged.

References

Buehler M J and Ackbarow T 2007 Fracture mechanics of
protein materials Mater. Today 10(9) 46-58

Buehler M J and Yung Y C 2009 Deformation and failure of
protein materials in physiologically extreme conditions and
disease Nature Mater. 8 175-88

Buehler M J 2010 Tu(r)ning weakness to strength Nano Today
5379-83

Cranford S W, Tarakanova A, Pugno N M and Buehler M J
2012 Nonlinear material behaviour of spider silk yields
robust webs Nature 482 72—6

Gao H and Yao H 2006 Mechanics of robust and releasable
adhesion in biology: bottom-up designed hierarchical
structures of gecko J. Mech. Phys. Solids 54 1120-46

Qin Z and Buehler M J 2012 Cooperativity governs the size
and structure of biological interfaces J. Biomech. 45
2778-83

Knowles T P J and Buehler M J 2011 Nanomechanics of
functional and pathological amyloid materials Nature
Nanotechnol. 6 469-79

Spivak D I, Giesa T, Wood E and Buehler M J 2011 Category
theoretic analysis of hierarchical protein materials and
social networks PLoS One 6 €23911

Gibson L J 2005 Biomechanics of cellular solids J. Biomech.
38 377-99

Fratzl P and Weinkamer R 2007 Nature’s hierarchical
materials Prog. Mater. Sci. 52 1263-334

Montero C, Clair B, Alméras T, Lee A V D and Gril J 2012
Relationship between wood elastic strain under bending and
cellulose crystal strain Compos. Sci. Technol. 72 175-81

Speck T and Burgert I 2011 Plant stems: functional design and
mechanics Annu. Rev. Mater. Res. 41 169-93

Booker R E and Sell J 1998 The nanostructure of the cell wall
of softwoods and its functions in a living tree Holz als Roh-
und Werkst. 56 1-8

Burgert I 2006 Exploring the micromechanical design of plant
cell walls Am. J. Bot. 93 1391-401

Adler D C and Buehler M J 2013 Mesoscale mechanics of
wood cell walls under axial strain Soft Matter 9 7138-44

Fratzl P, Burgert I and Keckes J 2004 Mechanical model for
the deformation of the wood cell wall J. Mater. Res. 95
579-84

Altaner C M and Jarvis M C 2008 Modeling polymer
interactions of the ‘molecular Velcro’ type in wood under
mechanical stress J. Theor. Biol. 253 43445

Keunecke D, Eder M, Burgert I and Niemz P 2008
Micromecanical properties of common yew (Taxus baccata)
and Norway spruce (Picea abies) transition wood fibers
subjected to longitudinal tension J. Wood Sci. 54 420-2

(1]
(2]

(3]
(4]

(5]

(6]

[7]

(8]

(9]
[10]

[11]

[12]

[13]

[14]
[15]

[16]

[17]

[18]


http://dx.doi.org/10.1016/S1369-7021(07)70208-0
http://dx.doi.org/10.1016/S1369-7021(07)70208-0
http://dx.doi.org/10.1038/nmat2387
http://dx.doi.org/10.1038/nmat2387
http://dx.doi.org/10.1016/j.nantod.2010.08.001
http://dx.doi.org/10.1016/j.nantod.2010.08.001
http://dx.doi.org/10.1038/nature10739
http://dx.doi.org/10.1038/nature10739
http://dx.doi.org/10.1016/j.jmps.2006.01.002
http://dx.doi.org/10.1016/j.jmps.2006.01.002
http://dx.doi.org/10.1016/j.jbiomech.2012.08.043
http://dx.doi.org/10.1016/j.jbiomech.2012.08.043
http://dx.doi.org/10.1038/nnano.2011.102
http://dx.doi.org/10.1038/nnano.2011.102
http://dx.doi.org/10.1371/journal.pone.0023911
http://dx.doi.org/10.1371/journal.pone.0023911
http://dx.doi.org/10.1016/j.jbiomech.2004.09.027
http://dx.doi.org/10.1016/j.jbiomech.2004.09.027
http://dx.doi.org/10.1016/j.pmatsci.2007.06.001
http://dx.doi.org/10.1016/j.pmatsci.2007.06.001
http://dx.doi.org/10.1016/j.compscitech.2011.10.014
http://dx.doi.org/10.1016/j.compscitech.2011.10.014
http://dx.doi.org/10.1146/annurev-matsci-062910-100425
http://dx.doi.org/10.1146/annurev-matsci-062910-100425
http://dx.doi.org/10.1007/s001070050255
http://dx.doi.org/10.1007/s001070050255
http://dx.doi.org/10.3732/ajb.93.10.1391
http://dx.doi.org/10.3732/ajb.93.10.1391
http://dx.doi.org/10.1039/c3sm50183c
http://dx.doi.org/10.1039/c3sm50183c
http://dx.doi.org/10.1016/j.jtbi.2008.03.010
http://dx.doi.org/10.1016/j.jtbi.2008.03.010
http://dx.doi.org/10.1007/s10086-008-0970-8
http://dx.doi.org/10.1007/s10086-008-0970-8

J. Phys.: Condens. Matter 26 (2014) 073101

Z Qin et al

[19]

[20]

(21]

(22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

[36]

[37]

[38]

Fengel D and Wegener G 1989 Wood Chemistry,
Ultrastructure, Reactions (Berlin: de Gruyter & Co.)

Kerstens S, Decraemer W F and Verbelen J-P 2001 Cell walls
at the plant surface behave mechanically like
fiber-reinforced composite materials Plant Physiol. 127
381-5

Fratzl P, Burgert I and Gupta H S 2004 On the role of interface
polymers for the mechanics of natural polymeric
composites Phys. Chem. Chem. Phys. 6 5575-9

Glass D C, Moritsugu K, Cheng X and Smith J C 2012
REACH coarse-grained simulation of a cellulose fiber
Biomacromolecules 13 263444

Nishiyama Y 2009 Structure and properties of the cellulose
microfibril J. Wood Sci. 55 241-9

Cabrera R Q, Meersman F, McMilan P F and Dmitriev V 2011
Nanomechanical and structural properties of native
cellulose under compressive stress Biomacromolecules 12
2178-83

Flores E I, Neto E A and Pearce C 2011 A large strain
computational multi-scale model for the dissipative
behaviour of wood cell-wall Comput. Mater. Sci. 50
1202-11

Sen D and Buehler M J 2011 Structural hierarchies define
toughness and defect-tolerance despite simple and
mechanically inferior brittle building blocks Sci. Rep. 1 35

Dunlop J W C and Fratzl P 2010 Biological composites Annu.
Rev. Mater. Res. 40 1-24

Sen D and Buehler M J 2010 Atomistically-informed
mesoscale model of deformation and failure of bioinspired
hierarchical silica nanocomposites Int. J. Appl. Mech. 2
699-717

Vagaskd B, Bac¢dkova L, Filova E and Balik K 2010
Osteogenic cells on bio-inspired materials for bone tissue
engineering Physiol. Res. 59 309-22

Schmidt M, Gierlinger N, Schade U, Rogge T and Grunze M
2006 Polarized infrared microspectroscopy of single spruce
fibers: hydrogen bonding in wood polymers Biopolymers 83
546-55

Keckes J, Burgert I, Friihmann K, Miiller M, KélIn K,
Hamilton M, Burghammer M, Roth S V, Stanzl-Tschegg S
and Fratzl P 2003 Cell-wall recovery after irreversible
deformation of wood Nature Mater. 2 810—4

Barnett J R and Bonham V A 2003 Cellulose microfibril angle
in the cell wall of wood fibres Biol. Rev. 79 461-72

Reiterer A, Lichtenegger H, Tschegg S and Fratzl P 1999
Experimental evidence for a mechanical function of the
cellulose microfibril angle in wood cell walls Phil. Mag. 79
2173-84

Bergander A and Salmén L 2002 Cell wall properties and their
effects on the mechanical properties of fibers J. Mater. Sci.
37 151-6

Burgert I, Eder M, Gierlinger N and Fratzl P 2007 Tensile and
compressive stresses in tracheids are induced by swelling
based on geometrical constraints of the wood cell Planta
226 981-7

Lichtenegger H, Reiterer A, Stanzl-Tschegg S E and Fratzl P
1999 Variation of cellulose microfibril angles in softwoods
and hardwoods—a possible strategy of mechanical
optimization J. Struct. Biol. 128 257-69

Fratzl P, Elbaum R and Burgert I 2008 Cellulose fibrils direct
plant organ movements Farady Discuss. 139 275-82

Vandiver R and Goriely A 2008 Tissue tension and axial
growth of cylindrical structures in plants and elastic tissues
Europhys. Lett. 84 58004

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

Choi H S, Ho G, Joseph L and Mathias N 2012 Outrigger
Design for High-Rise Buildings Chicago, CTBUH, in
conjunction with IIT

Firber J, Lichtenegger H, Reiterer C, Stanzl-Tschegg S E and
Fratzl P 2001 Cellulose microfibril angles in a spruce branch
and mechanical implications J. Mater. Sci. 36 5087-92

Krishnaji S T, Bratzel G H, Kinahan M E, Kluge J A, Staii C,
Wong J Y, Buehler M J and Kaplan D L 2013
Sequence—structure—property relationships of recombinant
spider silk proteins: integration of biopolymer design,
processing, and modeling Adv. Funct. Mater. 23 241-53

Qin Z and Buehler M J 2013 Spider silk: webs measure up
Nature Mater. 12 185-7

Bratzel G and Buehler M J 2012 Sequence-structure
correlations in silk: poly-ala repeat of N. clavipes MaSpl is
naturally optimized at a critical length scale J. Mech. Behav.
Biomed. Mater. 7 30-40

Qin Z and Buehler M J 2010 Cooperative deformation of
hydrogen bonds in beta-strands and beta-sheet nanocrystals
Phys. Rev. E 82 061906

Tsemekhman K, Goldschmidt L, Eisenberg D and Baker D
2007 Cooperative hydrogen bonding in amyloid formation
Protein Sci. 16 761-4

Qin Z, Fabre A and Buehler M J 2013 Structure and
mechanism of maximum stability of isolated alpha-helical
protein domains at a critical length scale Eur. Phys. J. E 36
53

Qin Z and Buehler M J 2010 Molecular dynamics simulation
of the alpha-helix to beta-sheet transition in coiled protein
filaments: evidence for a critical filament length scale Phys.
Rev. Lett. 104 198304

Mochizuki K, Matsumoto M and Ohmine I 2013 Defect pair
separation as the controlling step in homogeneous ice
melting Nature 498 350—4

Qin Z and Buehler M J 2012 Carbon dioxide enhances
fragility of ice crystals J. Phys. D: Appl. Phys. 45 445302

Weaver J C et al 2012 The stomatopod dactyl club: a
formidable damage-tolerant biological hammer Science 336
1275-80

Qin Z and Buehler M J 2013 Impact tolerance in mussel thread
networks by heterogeneous material distribution Nature
Commun. 4 2187

Mayya A, Banerjee A and Rajesh R 2013 Mammalian cortical
bone in tension is non-Haversian Sci. Rep. 3 2533

Nair A K, Gautieri A, Chang S W and Buehler M J 2013
Molecular mechanics of mineralized collagen fibrils in bone
Nature Commun. 4 1724

Buehler M J 2006 Nature designs tough collagen: explaining
the nanostructure of collagen fibrils Proc. Natl Acad. Sci.
USA 103 12285-90

Qin Z, Gautieri A, Nair A K, Inbar H and Buehler M J 2012
Thickness of hydroxyapatite nanocrystal controls
mechanical properties of the collagen—hydroxyapatite
interface Langmuir 28 1982-92

Dimas L S, Bratzel G H, Eylon I and Buehler M J 2013 Tough
composites inspired by mineralized natural materials:
computation, 3D printing, and testing Adv. Funct. Mater.
at press

Kis A, Csanyi G, Salvetat J-P, Lee T-N, Couteau E, Kulik A J,
Benoit W, Brugger J and Forré L 2004 Reinforcement of
single-walled carbon nanotube bundles by intertube
bridging Nature Mater. 3 153-7


http://dx.doi.org/10.1104/pp.010423
http://dx.doi.org/10.1104/pp.010423
http://dx.doi.org/10.1039/b411986j
http://dx.doi.org/10.1039/b411986j
http://dx.doi.org/10.1021/bm300460f
http://dx.doi.org/10.1021/bm300460f
http://dx.doi.org/10.1007/s10086-009-1029-1
http://dx.doi.org/10.1007/s10086-009-1029-1
http://dx.doi.org/10.1021/bm200253h
http://dx.doi.org/10.1021/bm200253h
http://dx.doi.org/10.1016/j.commatsci.2010.11.023
http://dx.doi.org/10.1016/j.commatsci.2010.11.023
http://dx.doi.org/10.1038/srep00035
http://dx.doi.org/10.1038/srep00035
http://dx.doi.org/10.1146/annurev-matsci-070909-104421
http://dx.doi.org/10.1146/annurev-matsci-070909-104421
http://dx.doi.org/10.1142/S175882511000072X
http://dx.doi.org/10.1142/S175882511000072X
http://dx.doi.org/10.1002/bip.20585
http://dx.doi.org/10.1002/bip.20585
http://dx.doi.org/10.1038/nmat1019
http://dx.doi.org/10.1038/nmat1019
http://dx.doi.org/10.1017/S1464793103006377
http://dx.doi.org/10.1017/S1464793103006377
http://dx.doi.org/10.1080/01418619908210415
http://dx.doi.org/10.1080/01418619908210415
http://dx.doi.org/10.1023/A:1013115925679
http://dx.doi.org/10.1023/A:1013115925679
http://dx.doi.org/10.1007/s00425-007-0544-9
http://dx.doi.org/10.1007/s00425-007-0544-9
http://dx.doi.org/10.1006/jsbi.1999.4194
http://dx.doi.org/10.1006/jsbi.1999.4194
http://dx.doi.org/10.1039/b716663j
http://dx.doi.org/10.1039/b716663j
http://dx.doi.org/10.1209/0295-5075/84/58004
http://dx.doi.org/10.1209/0295-5075/84/58004
http://dx.doi.org/10.1023/A:1012465005607
http://dx.doi.org/10.1023/A:1012465005607
http://dx.doi.org/10.1002/adfm.201200510
http://dx.doi.org/10.1002/adfm.201200510
http://dx.doi.org/10.1038/nmat3578
http://dx.doi.org/10.1038/nmat3578
http://dx.doi.org/10.1016/j.jmbbm.2011.07.012
http://dx.doi.org/10.1016/j.jmbbm.2011.07.012
http://dx.doi.org/10.1103/PhysRevE.82.061906
http://dx.doi.org/10.1103/PhysRevE.82.061906
http://dx.doi.org/10.1110/ps.062609607
http://dx.doi.org/10.1110/ps.062609607
http://dx.doi.org/10.1140/epje/i2013-13053-8
http://dx.doi.org/10.1140/epje/i2013-13053-8
http://dx.doi.org/10.1103/PhysRevLett.104.198304
http://dx.doi.org/10.1103/PhysRevLett.104.198304
http://dx.doi.org/10.1038/nature12190
http://dx.doi.org/10.1038/nature12190
http://dx.doi.org/10.1088/0022-3727/45/44/445302
http://dx.doi.org/10.1088/0022-3727/45/44/445302
http://dx.doi.org/10.1126/science.1218764
http://dx.doi.org/10.1126/science.1218764
http://dx.doi.org/10.1038/srep02533
http://dx.doi.org/10.1038/srep02533
http://dx.doi.org/10.1038/ncomms2720
http://dx.doi.org/10.1038/ncomms2720
http://dx.doi.org/10.1073/pnas.0603216103
http://dx.doi.org/10.1073/pnas.0603216103
http://dx.doi.org/10.1021/la204052a
http://dx.doi.org/10.1021/la204052a
http://dx.doi.org/10.1038/nmat1076
http://dx.doi.org/10.1038/nmat1076

J. Phys.: Condens. Matter 26 (2014) 073101

Z Qin et al

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Nair A K, Qin Z and Buehler M J 2012 Cooperative
deformation of carboxyl groups in functionalized carbon
nanotubes Int. J. Solids Struct. 49 2418-23

Chen J, Liu HY, Weimer W A, Halls M D, Waldeck D H and
Walker G C 2002 Noncovalent engineering of carbon
nanotube surfaces by rigid, functional conjugated polymers
J. Am. Chem. Soc. 124 9034-5

Peng H S, Jain M, Li Q W, Peterson DE, Zhu Y T and Jia Q X
2008 Vertically aligned pearl-like carbon nanotube arrays
for fiber spinning J. Am. Chem. Soc. 130 1130-1

Jacobs C B, Vickrey T L and Venton B J 2011 Functional
groups modulate the sensitivity and electron transfer
kinetics of neurochemicals at carbon nanotube modified
microelectrodes Analyst 136 3557-65

Bratzel G H, Cranford S W, Espinosa H and Buehler M J 2010
Bioinspired noncovalently crosslinked ‘fuzzy’ carbon
nanotube bundles with superior toughness and strength
J. Mater. Chem. 20 10465-74

Naraghi M, Bratzel G H, Filleter T, An Z, Wei X, Nguyen S T,
Buehler M J and Espinosa H D 2013 Atomistic investigation
of load transfer between DWNT bundles ‘crosslinked’ by
PMMA oligomers Adv. Funct. Mater. 23 1883-92

Wong J, Spivak D, McDonald J, Kaplan D and Buehler M J
2012 Materials by design: merging proteins and music
Nano Today 7 488-95

Dimitrov D, Schreve K and de Beer N 2006 Advances in
three-dimensional printing—state of the art and future
perspectives Rapid Prototyping J. 12 13647

Lam C X F, Mo X M, Teoh S H and Hutmacher D W 2002
Scaffold development using 3D printing with a starch-based
polymer Mater. Sci. Eng. C 20 49-56

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Leong K F, Cheah C M and Chua C K 2003 Solid freeform
fabrication of three-dimensional scaffolds for engineering
replacement tissues and organs Biomaterials 24 2363-78

Miller B W, Moore J W, Barrett H H, Frye T, Adler S, Sery J
and Furenlid L R 2011 3D printing in x-ray and gamma-ray
imaging: a novel method for fabricating high-density
imaging apertures Nucl. Instrum. Methods Phys. Res. A 659
262-8

Roth E A, Xu T, Das M, Gregory C, Hickman J J and Boland
T 2004 Inkjet printing for high-throughput cell patterning
Biomaterials 25 3707-15

Seitz H, Rieder W, Irsen S, Leukers B and Tille C 2005
Three-dimensional printing of porous ceramic scaffolds for
bone tissue engineering J. Biomed. Mater. Res. B 74B 782-8

Gao HJ, Ji B H, Jager I L, Arzt E and Fratzl P 2003 Materials
become insensitive to flaws at nanoscale: lessons from
nature Proc. Natl Acad. Sci. USA 100 5597-600

Omenetto F G and Kaplan D L 2010 New opportunities for an
ancient material Science 329 528-31

Kim D H, Ahn J H, Choi WM, Kim H S, Kim T H, Song J Z,
Huang Y G Y, Liu Z J, Lu C and Rogers J A 2008
Stretchable and foldable silicon integrated circuits Science
320 507-11

Ruiz L, VonAchen P, Lazzara T D, Xu T and Keten S 2013
Persistence length and stochastic fragmentation of
supramolecular nanotubes under mechanical force
Nanotechnology 24 195103

Bratzel G H and Bueler M J 2012 Molecular mechanics of silk
nanostructures under varied mechanical loading
Biopolymers 97 408-17


http://dx.doi.org/10.1016/j.ijsolstr.2012.05.002
http://dx.doi.org/10.1016/j.ijsolstr.2012.05.002
http://dx.doi.org/10.1021/ja026104m
http://dx.doi.org/10.1021/ja026104m
http://dx.doi.org/10.1021/ja077767c
http://dx.doi.org/10.1021/ja077767c
http://dx.doi.org/10.1039/c0an00854k
http://dx.doi.org/10.1039/c0an00854k
http://dx.doi.org/10.1039/c0jm01877e
http://dx.doi.org/10.1039/c0jm01877e
http://dx.doi.org/10.1002/adfm.201201358
http://dx.doi.org/10.1002/adfm.201201358
http://dx.doi.org/10.1016/j.nantod.2012.09.001
http://dx.doi.org/10.1016/j.nantod.2012.09.001
http://dx.doi.org/10.1108/13552540610670717
http://dx.doi.org/10.1108/13552540610670717
http://dx.doi.org/10.1016/S0928-4931(02)00012-7
http://dx.doi.org/10.1016/S0928-4931(02)00012-7
http://dx.doi.org/10.1016/S0142-9612(03)00030-9
http://dx.doi.org/10.1016/S0142-9612(03)00030-9
http://dx.doi.org/10.1016/j.nima.2011.08.051
http://dx.doi.org/10.1016/j.nima.2011.08.051
http://dx.doi.org/10.1016/j.biomaterials.2003.10.052
http://dx.doi.org/10.1016/j.biomaterials.2003.10.052
http://dx.doi.org/10.1002/jbm.b.30291
http://dx.doi.org/10.1002/jbm.b.30291
http://dx.doi.org/10.1073/pnas.0631609100
http://dx.doi.org/10.1073/pnas.0631609100
http://dx.doi.org/10.1126/science.1188936
http://dx.doi.org/10.1126/science.1188936
http://dx.doi.org/10.1126/science.1154367
http://dx.doi.org/10.1126/science.1154367
http://dx.doi.org/10.1088/0957-4484/24/19/195103
http://dx.doi.org/10.1088/0957-4484/24/19/195103
http://dx.doi.org/10.1002/bip.21729
http://dx.doi.org/10.1002/bip.21729

	Biological materials by design
	Introduction
	Case study I: structure and mechanics of wood
	Case study II: cooperativity in protein molecular structures as a universal paradigm to turn weakness into strength
	Case study III: bio-inspired CNT-based fiber design
	Case study IV: 3D printing—rapid manufacturing of bio-inspired materials from the bottom up
	Discussion and outlook
	Acknowledgments
	References


