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It’s tough to be
strong: Advances

in bioinspired
structural ceramic-

bhased materials

By Michael M. Porter and Joanna McKittrick

Natural materials, such as nacre (top left), bone (top right), and narwhal
tusk (bottom), suggest structures and processing approaches for new syn-
thetic materials.

Adapting biological processes to synthesize ceramic ma-
terials yields microstructures remarkably similar to natural
materials with mechanical properties at least as good.

iological materials science

focuses on the structure—func-
tion—property—processing paradigm, a
common theme in materials science.
However, synthesis and growth of natu-
ral materials is quite different from that
of synthetic materials. Almost all bio-
logical systems follow six fundamental

design principles.'-

e Water. Although essential for biological systems, syn-
thetic materials typically avoid water.

¢ Cyclic, green process. The life and decomposition
cycles of biological systems occur at about standard tempera-
ture and pressure—300 K and 1 atm. Ceramic and metal pro-
cessing involves high pressures and temperatures.

® Local resources. Biological systems use available organic
(soft) and inorganic (hard) building blocks, made of carbon,
nitrogen, oxygen, hydrogen, calcium, phosphorus, and sulfur,
resulting in a vast array of hybrid systems. Synthetic materi-
als require acquisition of resources.

¢ Self-assembly. A “bottom-up” process builds structural
hierarchy across nanolength to macrolength scales. Engineers
build structures from the top down.

e Fitting form to function. Biological systems grow, self-
repair, and evolve as needed. Function dictates the organ-
ism’s shape, not vice versa. This allows identification of the
properties that have been optimized for a certain function.
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® Hierarchical structures. Efficiency and multifunction-
ality are organized over a range of scale levels (nanoscale
to macroscale). Structure confers distinct and translatable
properties from one level to the next and may be optimized
for more than one function. For example, bone supports the
body, stores ions, and produces marrow.

The idea behind bioinspired materials is to adapt the
apparent effortlessness of biological systems to produce
complex, multifunctional materials to make synthetic
materials. Biological systems adapt to changing ambi-
ent conditions, continually refining and adjusting shape
through chemical, cellular, and mechanical signaling.
This requires a systems approach with the expertise of
engineers as well as life scientists to develop materials
with complex, hierarchical structures.

Two model structural materials—abalone nacre and bone—
have exceptional mechanical properties designed for body
support, as well as impact resistance (nacre) or blood flow and
joint movement (bone). These properties result from highly
ordered, structural alignment in multiple directions across sev-
eral length scales. Bioinspired design seeks to mimic the nano-
structural and microstructural features of natural materials to
fabricate high-performance, multifunctional materials.

This review focuses on the development of cellular solids,
tough ceramics, and hybrid composites inspired by bone and aba-
lone nacre. These materials may be useful for a variety of appli-
cations ranging from load-bearing bone implants and lightweight
structural composites to separation filters and catalyst supports.

Learning from bone and nacre

Bone and nacre are natural ceramic-based materials, con-
taining organic matter, with extraordinary mechanical proper-
ties given their lightweight composition from locally available
elements—calcium, phosphorous, carbon, oxygen, and hydro-
gen. They are stiff, strong, and tough—mechanical properties
usually considered mutually exclusive*. The Ashby plot in
Figure 1 compares the stiffness and toughness of bone and
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nacre with several other natural materi-
als.’ The plot shows these materials are
surprisingly tough, considering their

low density, high strength, and stiffness.
These properties result from a hybrid,
hierarchical design built by self-assembly
from the molecular level up, resulting in
anisotropic, hierarchical architectures.

Bone is about 65 wt% hydroxyapa-
tite (CalO(PO4)6(OH)2) embedded in
an organic matrix of type I collagen.
Two main forms exist: cortical (or com-
pact) and cancellous (or trabecular).
At the microstructural level, osteons
compose cortical bone and consist of
dense (5-10 percent porosity), concen-
trically oriented lamellar sheets sur-
rounding small vascular channels and
lacuna spaces ~10-50 pm in diameter.
Lamellar sheets, 3-7 pm thick, have
a “twisted plywood” architecture with
fibers oriented at various angles.® Each
fiber is composed of several mineralized
collagen fibrils ~150 nm in diameter
and 5-10 pm long. Each fibril consists
of tropocollagen proteins and periodi-
cally spaced hydroxyapatite minerals
with a characteristic periodicity of 67
nm. Figure 2(a) shows how the micro-
structure of cortical bone consists of
layers (or lamellae) of aligned fibers
that are oriented in successive rotations
of ~30°.7°

Cancellous bone, on the other hand,
has a cellular structure (75-85 percent
porosity) of trabecular struts surrounding
large pores 100-500 pm wide. Although
morphologically similar to cortical bone
at the submicrometer level, cancellous
bone contains flat lamellar sheets, rath-
er than cylindrical osteons. Mechanical
loading mediates the growth of both
bone types (i.e., bone grows in response
to stress), which yields varying mechan-
ical properties depending on location,
age, sex, and physiology.

Compared with bone, nacre exhibits
superior mechanical properties, primar-
ily because it lacks porosity. Nacre is
~95 wt% crystalline aragonite (CaCO,)
platelets embedded in an organic matrix
of chitin and proteins.'® The inorganic-
platelets and organic-matrix structure
resembles a “brick-and-mortar” structure,
with stacked aragonite “bricks” ~0.5 pm
thick by 8-10 pm wide “mortared” by
organic layers 20-50 nm thick (Figure
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in diameter connect
the platelets.!! This
organization of suc-
cessive layers is a
consequence of the
nucleation and growth
of aragonite crystals,
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tion of tiles aligned
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platelets are not dis-  Figure 1. Ashby plot

comparing toughness and modulus. Bone

crete tiles dispersed in  and nacre are tough materials despite their low density.®

a continuous organic
matrix. Similar to bone, the organic and
inorganic constituents are continuous,
interpenetrating phases that grow con-
currently.'? Additional growth bands of
organic layers ~20 pm thick, correspond-
ing to periods of growth interruption,
separate mesolayers ~300 pm wide.!?
Several mechanisms across various
length scales contribute to the excel-
lent strength and toughness of bone
and nacre. In cortical bone, extrinsic
toughening occurs behind the crack
tip at length scales >1 pm,*'* including
crack deflection and twisting around
osteons, uncracked-ligament bridging,
collagen-fibril bridging, and constrained
microcracking. Intrinsic toughening
mechanisms in bone occur ahead of
the crack tip at length scales <1 pm*!*
and include hidden length sacrificial
bonding, microcracking, fibrillar slid-
ing, and molecular uncoiling. In nacre,
the brick-and-mortar structure deflects

crack propagation, leading to failure
via delamination, tile pullout, or tile
fracture.'>!¢ As stress accumulates, the
organic matrix dissipates energy, acting
as a tough, viscoelastic glue.’*'7 The
mineral bridges resist intertile shearing
(tile pullout) and tensile failure (tile
fracture), acting as reinforcing struts
to give nacre its strength and stiffness.
The surface asperities prevent exces-
sive sliding between adjacent platelets,
further protecting nacre from fracture
by delamination or tile pullout.’!
Other toughening mechanisms in nacre
include platelet interlocks (waviness)
as well as rotation, sliding, and organic
bridging between nanograins.!>!¢

On a more fundamental level, the
microstructural anisotropy found in
cortical bone and nacre provides these
materials their high mechanical properties
(Table 1). The high, yet anisotropic, com-
pressive strengths relate directly to the

120 MPa
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142 MPa

112 MPa

.
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(b)
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4

Figure 2. Compressive strengths reflect microstructural anisotropies. (a) Cortical bone has
a “twisted plywood” lamellar microstructure. (b) Abalone nacre microstructure follows a

“brick-and-mortar” morphology.?
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orientation, alignment, and uniformity of
the layered microstructures in bone and
nacre (Figure 2).

Engineering bioinspired materials

The natural world provides many
examples of cellular structures: tra-
becular bone, plant stems (e.g., wood),
cuttlefish bones, corals, sponges, sea
urchin spines, horseshoe crab exoskel-
etons, feathers, porcupine quills, and
bird beak interiors. An interconnected
network of struts and plates form the
faces of the cell walls in cellular solids.
The cells tend to align for maximum
mechanical efficiency. Therefore, many
cellular solids develop anisotropically as
they respond to load orientations. For
example, the compressive strength of a
trabecular femur head is much higher
in the direction of maximum load than
in the transverse directions.!® Research
shows that the elastic modulus and
strength of an open cell porous material
are strong functions of density.!® Cellular
solids are of interest in the biomedical
field as scaffolds for bony (osseointegra-
tion) or cellular ingrowth. Therefore,
mechanical integrity is important.

Emulating the intricate organiza-
tion of the molecular, nano-, micro-,
and macrostructures found in nature
may be the key to developing higher
performance synthetic materials. Using
advanced synthetic materials, such as
alumina, zirconia, polymethylmeth-
acrylate (PMMA), and epoxy, rather
than nature's relatively weak constitu-
ents, such as hydroxyapatite, aragonite
(CaCO0,), collagen, and chitin, it
becomes possible to engineer bioin-
spired materials with hybrid, hierarchi-
cal architectures that outperform their
biological counterparts. For example,
according to the rule of mixtures, the
global mechanical properties (X) of a
hybrid composite material depend on
the properties (X)) and fractions (¢,) of
the individual parts (i):

X=3¢, Xi.

However, most biological materials
do not follow the rule of mixtures and
exhibit higher than expected mechani-
cal properties.!® For instance, two
common modes of failure in platelet-
reinforced composites are platelet frac-

20

ture (brittle failure) and platelet pullout
(ductile failure).?* Both bone and nacre
have optimized interfacial adhesion
between the stiff inorganic platelets
and ductile organic matrix, such that
ductile failure occurs just before brittle
failure. This adaptation, combined with
structural hierarchy, provides bone and
nacre extremely high flaw tolerance
and fracture toughness?®?'—better than
most synthetic materials.

Bioinspired ceramic-based materials
Drawing inspiration from hard bio-
logical materials, many research groups
in the past decade have engineered
extremely strong, stiff, and tough
ceramic-based materials by various
nature-inspired processes to produce
thin films, porous scaffolds, or bulk
composites. Table 1 compares the prop-
erties of bone and nacre with selected
bioinspired materials, which were
selected because they mimic, or draw
inspiration from, one or more of the
nanostructural or microstructural fea-
tures that provide bone and nacre their
extraordinary mechanical properties.

Thin films

Inspired by nacre, thin film bottom-
up fabrication techniques exploit chemi-
cal, physical, electrical, or mechanical
forces to drive assembly of synthetic
building blocks. Methods include layer-
by-layer self-assembly, enzyme- and
peptide-mediated synthesis, biominer-
alization, centrifugation, evaporation
or vacuum filtration, solution casting,
chemical bath or electrophoretic deposi-
tion, ion beam sputtering, and morpho-
synthesis. Most of these syntheses occur
near room temperature and in an aque-
ous environment.

Organic constituents control and reg-
ulate size, morphology, orientation, tex-
ture, and organization of mineral crystals
in biological systems. Langmuir—Blodgett
films, reverse micelles, liquid crystals,
and self-assembled monolayers (SAMs)
have mimicked successfully chemistries
of biological proteins that promote
nucleation of inorganic crystals. The
SAM approach has been most effective
for nucleating crystals with controlled
orientation and polymorph. SAM mol-
ecules have the general formula RSiX,,
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where R is an organic functional group
and X is typically an alkoxide or halide.
One end of the SAM molecule attaches
to the substrate and the other functional
end promotes nucleation of inorganic
crystals. Tailoring the functional group
allows for deposition of continuous or
pattered ceramic thin films.?? Crystalline
single-metal oxides can be deposited at
temperatures <100°C, making this an
attractive method for further develop-
ment. However, crystalline multicon-
stituent metal oxides are difficult to
produce using this method.

Enzymes catalyze chemical reactions
such as hydrolysis, reduction—oxidation,
and elimination of specific functional
groups in living matter. They also can be
used for site selective oxide, hydroxide,
carbonate, and phosphate deposition
at low temperatures. For example, the
enzyme silicatein-o promotes biosynthe-
sis of SiO, in sponges and diatoms and
can be isolated and cloned from glass
sponges. It also can catalyze nucleation
of ceramic films, particles, and nanow-
ires of TiO,, ZrO,, SnO,, and CaTiO,.”’
Peptides, proteins, polyamides, and
amino acids—acting as a catalyst or
template to control the morphology,
polymorph, and orientation—induce
nucleation of TiO,. Catalyzed hydrolysis
of phosphate esters by alkaline phos-
phatase produces patterned thin films of
hydroxyapatite on collagen substrates.?*
The above methods produce a thin
layer, prompting researchers to pursue
other methods to attempt to duplicate
the layered microstructure to macro-
structure of bone and nacre films.

A significant early attempt to
develop nacre-like films depos-
ited sequential layers of montmoril-
lonite (MTM) clay platelets and
poly(diallydimethylammonium chlo-
ride) polyelectrolytes using a surfactant-
mediated self-assembly approach.?” The
films had ultimate tensile strengths up
to 109 MPa and Young's moduli up
to 13 GPa, similar to the properties of
nacre and cortical bone, respectively.
A similar layer-by-layer approach fabri-
cated MTM/poly(vinyl alcohol) nano-
composites closely resembling nacre’s
brick-and-mortar microstructure and
formed optically transparent multilayer
composites with an unsurpassed stiffness
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compared with similar nanocomposite
films.” A sequence of AL O,/chito-

san films produced with a bottom-up
spin-coating technique produced more
ductility and flaw tolerance than prior
works, with observed ultimate tensile
strains up to 21 percent.’! An alterna-
tive approach used ecofriendly vacuum
filtration, similar to papermaking, to
fabricate high-strength and high-stiff-
ness MTM/PVA composites with vary-
ing optical transparencies, as well as gas
barrier and fire-resistant properties.?’
(See Table 1 for property data.)

Thin films have outstanding mechan-
ical properties and unique functional-
ities, but they are, in fact, thin—less
than 1 mm. Although they are imprac-
tical for many structural applications,
films can be used as hard coatings, dis-
plays, sensors, and optical equipment.

Porous scaffolds

Porous scaffolds that mimic bone are
ideal for tissue engineering applications,
such as load-bearing bone implants
that promote tissue ingrowth or other
applications requiring high porosity
and reasonable mechanical strength.
Researchers report many different meth-
ods to emulate the trabecular architec-
ture of cancellous bone including direct
foaming®® and polymer sponge replica-
tion.”” However, mimicking cancellous
bone is not ideal for load-bearing appli-
cations because of its high porosity, near
isotropic structure, and poor mechanical
properties. Instead, highly anisotropic
scaffolds with unidirectionally aligned
pores have shown great potential for
load-bearing applications.’®! For exam-
ple, researchers made porous scaffolds
by dipping polyurethane foams repeat-
edly into ZrO, or hydroxyapatite slur-
ries, drying, and then burning out the
foam. The ZrO, scaffold achieved high
compressive strength (35 MPa), whereas
the strength of the hydroxyapatite scaf-
fold was ~4 MPa.”” Another interesting
method uses the unidirectional porosity
of wood as a template to fabricate aniso-
tropic hydroxyapatite scaffolds, following
a series of chemical treatments.”> The
method achieved optimal pore-size dis-
tribution (100-300 um) required for the
migration and proliferation of osteoblasts
(bone synthesizing cells). However, the
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mechanical proper- RS
ties were poor com- :qr Hu”‘ I‘:}
pared with other 3
unidirectionally
aligned porous scaf-
folds (Table 1).
The advent of
additive manu-
facturing enables
fabrication of a vari-
ety of porous scaf-
folds with designer
architectures. This
technique has
gained tremendous
attention in the
medical industry as
an efficient means
to customize scaf-
folds for biomedical
implants. Direct
ink—write assembly

Osteons (commical)

/AN
(]

Credit: (a-d, f) Porter; UCSD, (e) Deville; LBL

has been used to
form bioactive glass
scaffolds with regular
pore spacing of 500
pum and cell walls
100 um thick.’!
High compressive strength and modulus
were reached (136 MPa and 2 MPa) with
a porosity of 60 percent, which is within
the range of cancellous bone (Table 1).
The scaffolds promoted nucleation of
hydroxyapatite after soaking in simulated
body fluid for two weeks, indicating that
the material is ideal for osseointegration.
However, the mechanical properties of
3D-printed parts depend on the forma-
tion and resolution of the layers (highest
resolutions are ~10 pm). Ultimately, the
interface between layers is the weakest
point of the structure and may lead to
catastrophic crack initiation, propagation,
and subsequent failure. Because of its high
cost, high energy consumption, extended
fabrication times, limited material avail-
ability, restricted workspace, and poor
material properties, 3D printing is not the
most economical means to develop high-
performance scaffolds.

Until additive manufacturing tech-
nologies improve, other methods to
fabricate high-strength, porous scaf-
folds are preferable. Currently, one of
the best methods for forming aligned
porous scaffolds is freeze casting from a
(usually) aqueous-based slurry. Adding
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Figure 3. Natural and arfificial osteonal and trabecular bone struc-
tures. (a-b) Schematic osteonal and trabecular bone architectures; (c)
natural osteons in cortical bone; (d) natural trabecular struts in can-
cellous bone; (e) aligned freeze cast microstructure mimics osteonal
bone architecture.®® (f) artificial scaffold mimics trabecular bone archi-
tecture. Scale bars: (c) 100 um; (d) 500 pm; (e) 500 pm; (f) 25 um.

surfactants and binders improves par-
ticle dispersion and as-cast strength.
With this method, the slurry is poured
into a mold set on a freezing surface.
The freezing surface is controlled, such
that a thermal gradient leads to the
directional solidification of the slurry.
Constitutional supercooling sets up
instabilities on the liquid-solid inter-
face as the freezing front advances in
the slurry. These perturbations (insta-
bilities) crystallize into ice dendrites
that shoot out into the liquid. The ice
crystals expel particles between den-
drites, thereby forming a lamellar struc-
ture. Finally, the frozen slurry is freeze-
dried and sintered to form a structurally
robust scaffold. Processing variables
include volume fraction of solid pow-
der, cooling rate, and liquid properties,
such as viscosity. A polymer or metal
can be infiltrated into these scaffolds to
form lamellar composites.

Bulk composites

Because of their large macrostruc-
tures and scalability, bulk ceramic-based
composites are, quite possibly, the most
versatile and high performance bioin-
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{b)  manemlbridges

Surface aspenties

Inspirations from
biological structures
Figure 3 shows two artificial
materials inspired by bone that
mimic the microstructures of
osteons (Figures 3(a) and (c))
and trabeculae (Figures 3(b)
and (d)). Figure 3(e) shows an
artificial osteon-like architec-
ture produced by freeze casting
in a mold with a patterned
bottom surface to promote
alignment of the ceramic par-
ticles.?® The artificial trabecu-
lar scaffold shown in Figure 3f

Credit: (e) Wikipedia. (f, g, h, |) Porter; UCSD. () Deville and Bouville; LSFC. (j Deville;

Wiley. (K) Ritchie, LBL

Figure 4. Nacre microstructure types and schematics show different architectures. The middle row
shows natural nacre microstructures. The bottom row shows artificial nacre microstructures. (a, e,
i) brick-and-mortar; (b, f, j) mineral bridges; (¢, g, k) surface asperities; and (d, h, ) organic matrix.

Scale bars: (f) 500 nm; (g) 500 nm; (h) 1 um; (j) 20 um; (1) 1 pm.

spired materials. Promising techniques
for making composites with enhanced
mechanical properties include infiltrat-
ing ceramic scaffolds with polymers or
metals and aligning ceramic microstruc-
tures with external forces. Variations of
polymer or metal infiltration techniques
into ceramic scaffolds include melt
immersion, solvent evaporation, in-situ
polymerization, particle centrifugation,
and chemical vapor deposition.

Table 1 compares flexural strength
and fracture toughness for crack initia-
tion of several high-toughness AlL,O,-
based composites. Pressure sintering
and infiltrating with PMMA were
used to form freeze-cast AL O, scaf-
fold composites that resemble the
brick-and-mortar structure of nacre
with features such as mineral bridges
extending from one lamella to another
and surface roughness (asperities) on
the ceramic phase.*® Infiltrating mol-
ten Al-Si alloys into freeze-cast Al,O,
scaffolds increased flexural strength
(up to 328 MPa) and toughness (up to
8.3 MPa-m'?).>* However, polymeric
or metallic phases in the Al,O,-based
composites may be undesirable for cer-
tain applications, such as high-temper-
ature enivronments. Therefore, freeze
casting and densification with pressur-
ized spark plasma sintering was used to
develop Al,O,/SiO,/CaO composites.
These composites exhibited the high-
est combination of strength (470 MPa)
and toughness (6.2 MPa-m'?) yet to be
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reported for a fully ceramic material.?®
Capitalizing on freeze casting to control
growth of ice crystals provides these
materials microstructural alignment and
outstanding combinations of strength
and toughness. Similar to bone and
nacre, these composites employ several
fracture resistance mechanisms.

Yet another technique used low
magnetic fields to align ALO, platelets
in polymer matrices.”®>” The aligned
microstructures increased flexural modu-
lus, strength, and fracture toughness sig-
nificantly compared with identical com-
posites without magnetic alignment.*”
However, these composites are limited by
the low achievable volume fraction and
discontinuity of ceramics platelets embed-
ded in a continuous polymer matrix.

was also fabricated by freeze
casting using a high viscosity
water-based freezing vehicle.
Figure 4 juxtaposes sche-
matics and micrographs of
natural abalone nacre (Figures 4(a)—
(h)) with several bioinspired materials
that mimic the microstructural features
of nacre (Figures 4(i)—(1)). In the first
column of Figure 4 (parts (a), (e),
and (i)), the strong and tough ceram-
ics developed by Bouville et al.** are
compared with natural nacre. These
ceramics had extremely high mechani-
cal properties (Table 1) and mimicked
almost all microstructural features of
nacre on equivalent length scales,
including the brick-and-mortar archi-
tecture, platelets, mineral bridges, and
surface asperities. The next three col-
umns of Figure 4 compare natural and
artificial mineral bridges (Figure 4(b),
(), (j)), surface asperities (Figure 4(c),

Credit: Porter; UCSD

Figure 5. Microstructure alignment with applied magnetic field during freeze casting. (a)
Freeze cast, (b) magnetic alignment, and (c) polymer infiltration to produce ceramic-based
porous scaffolds and hybrid composites. (d, ) ZrO, scaffolds and (f) ZrO,-epoxy compos-
ites fabricated by the respective techniques. All scale bars are 100 pm.
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Table 1. Structural and mechanical properties of hone and nacre compared to selected bioinspired thin films, porous scaffolds, and bulk composites.

(g), (k)), and organic matrices (Figure
4(d), (h), (1)).>**** The artificial min-
eral bridges and surface asperities were
fabricated by freeze casting,® and the
artificial nacre was produced by sequen-
tial deposition of ZrN and PMMA.#
Although all features occur on different
length scales in the natural and artifi-
cial materials (on the order of ~50 nm
for the natural and 500-5000 nm for
the artificial), their mechanical func-
tions are the same. The mineral bridges
and surface asperities add strength and
stiffness, resistance to tensile fracture,
and intertile shearing. The organic
matrix adds toughness and dissipates
energy that accumulates between adja-
cent lamellae under stress.

The micrographs in Figures 3 and 4
show different processing techniques
used to synthesize bioinspired materi-
als that mimic structural features of
bone and abalone nacre, leading to
outstanding mechanical properties that
either match or surpass those of their
natural counterparts. Ceramic micro-
structures resulting from freeze casting
can be further manipulated by apply-
ing an external magnetic or electric
field. Figure 5 provides an overview
of magnetic-field-assisted freeze cast-
ing, and Figure 6 shows an example of
a rotating magnetic field used to make
helix-reinforced structures inspired by
narwhal tusks. Freeze casting efficiently
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fabricates porous ceramic scaffolds with
unidirectionally aligned pores, perpen-
dicular to the direction of ice growth
(Figure 5(a)). Applying magnetic fields
during freeze casting imposes a second
order of microstructural alignment, pat-
allel to the magnetic field direction and
perpendicular to the ice growth direc-
tion (Figure 5(b)). Finally, infiltrating
the bialigned porous scaffolds with a sec-
ond phase, such as a polymer, yields bulk
hybrid composite materials with designer
architectures and enhanced mechanical
properties (Figure 5(c)). With a static
magnetic field, the resulting scaffolds
have more than two times the strength
in the transverse (magnetic field) direc-
tion, without significantly affecting the
strength in the longitudinal (ice growth)
direction.* With a rotating magnetic
field, the polymer-infiltrated composites
have enhanced torsional properties over
those produced without the field.#

Summary

Structural bioinspired materials devel-
opment is an active area of investigation
and has led to ceramic thin films, porous
scaffolds, and composites with unique
and superior mechanical properties.
Thin films are applied as hard coatings,
and the most successful films are synthe-
sized with self assembled monolayers of
organic molecules that act as catalysts
and templates for the nucleation and
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Material composition | Total porosity (%) |  Young's modulus (GPa) | Ultimate strength* (MPa) | Ultimate strain (%) (Fructure] /120)ughness
MPa-m
Natural Materials Bone (cancellous) - HA/collagen >30 0.001-0.5 0.2-116¢ 033
Bone (cortical) 54849 HA/collagen <30 6-28 10172 0.9-2 211
106-283¢
157-238¢
Abalone nacre 75031 (aC0,/chitin 10-147 31700 0.2:2 39
235-540¢
177197
Thin films® Podsiadla et al.% MTM/PVA 106 400 0.33
Bonderer et al.” ALO,/chitosan 9.6 315 21
Walther et al.” MTM/PVA 45.6 248" 0.9
Porous Scaffolds® Almirall et al. 22 HA 51-66 1.2-4.3¢
Kim et al.? 110, 74-92 1.6-35¢
Tampieri et al.*2 HA 70-85 2.5-4¢
Fuetal® Glass 60-80 40-136¢
Deville et al.** HA 47-64 16-145¢
Bulk Composifes: Estili et al.# ALO,/CNT 4048 4.62
Munch et al.® ALO,/PMMA 2108 5.1
Launey et al ALO/Al/Si 3288 83
Bouville et al.* AL0,/5i0,/Ca0 290 4708 6.2
Libanori et al.¥ ALO,/Epoxy 16.6 1808 2.56
*Highest reported values for Young's modulus, ultimate tensile strength, and ultimate strain fo failure; "Range of values for the fotal porosity and ultimate compressive strength; Highest reported values
for Young's modulus (flexure), ultimate bend strength, and fracture toughness for crack inifiation; *Legend: C: compressive; T: fensile; B: bend.

growth of the inorganic phase. Porous
scaffolds have application as biomedical
implants, especially in bone repair and
replacement. Because living bone tissue
adapts its structure to maximize strength
and stiffness in the load bearing direc-
tion, synthetic scaffolds must have some
degree of anisotropy. The most success-
ful scaffolds are formed from particle
infused sacrificial templates, 3D printing,
and freeze casting. Fabrication of com-
posites that mimic the structure of nacre
is achieved mainly by freeze casting and
subsequent polymer or metal infiltration
of the aligned porous scaffolds, which
leads to extremely strong and tough
laminates, with fracture toughness values
that exceed any monolithic ceramic.
New developments involve field-assisted
freeze casting, which can strengthen the
scaffold in multiple directions.

It is not enough to simply examine
a biological material and attempt to
duplicate its structure. Rather, func-
tional aspects of the constituents and
the microstructural details that result in
strength and toughness must be under-
stood. Successful duplication of the
important features results in new mate-
rials with exceptional properties.
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