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Abstract

Nature serves as an exemplary model for materials science, demonstrating how
organisms develop their hierarchical structures and multifunctional proper-
ties with limited, locally available materials through evolution. This approach
addresses complex design challenges while enabling a sustainable, recycling
biological cycle. This article explores the intersection of materials science and
natural organisms, focusing on bone, nacre, sea sponge, and spider silk as
key examples. These natural materials achieve exceptional mechanical prop-
erties, such as strength, toughness, and adaptability, using minimal resources
under ambient conditions. Their intricate architecture and design principles
have inspired the development of advanced, sustainable materials for various
applications, as illustrated in several case studies in this article. In health-
care, bioinspired materials are transforming tissue engineering and regenerative
medicine by creating porous scaffolds that replicate the complexity of natural
bone tissues and ultimately enhance bone regeneration. In energy storage, incor-
porating hierarchical structures into lithium-ion battery electrodes improves
electron conductivity and ion transport, resulting in more efficient and durable
solutions. For sustainability, innovations in engineered “living” materials, such
as microbial-induced carbonate precipitation and self-healing concrete, and
in spider silk-inspired water collection systems, contribute to more resilient
infrastructure and sustainable water sources. Furthermore, the role of artifi-
cial intelligence and machine learning in predicting three-dimensional protein
structures and facilitating the design of novel bioinspired materials is discussed.
This review serves as a foundation for further exploration and refinement, aim-
ing to shed new light on transformative innovations enabled by nature-inspired
material design.

KEYWORDS
artificial intelligence, all-solid state battery, bone, bioinspired materials, extensibility, hierar-
chical structure, healthcare, lithium-ion battery, machine learning, nacre, porous scaffolds,
sustainability, self-healing, sea sponge, spider silk, strength, toughness, tissue engineering,
water collection

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.

© 2025 The Author(s). Journal of the American Ceramic Society published by Wiley Periodicals LLC on behalf of American Ceramic Society.

J Am Ceram Soc. 2025;108:€70156.
https://doi.org/10.1111/jace.70156

wileyonlinelibrary.com/journal/jace 10f33


https://orcid.org/0000-0001-9207-7715
https://orcid.org/0000-0001-8860-0497
https://orcid.org/0000-0002-3348-6129
https://orcid.org/0000-0002-4319-3530
mailto:fuq2@corning.com
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/jace
https://doi.org/10.1111/jace.70156
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fjace.70156&domain=pdf&date_stamp=2025-08-05

FUETAL.

1 | INTRODUCTION

Nature serves as an exemplary model for materials sci-
ence, offering profound insights through the hierarchi-
cal structures of organisms that address complex design
challenges.'* Natural biological structures are typically
assembled under mild conditions (ambient temperature
and pressure in an aqueous system),”’ using limited
resources immediately available in their environment,
including elements like carbon, nitrogen, calcium, hydro-
gen, oxygen, silicon, and phosphorus.8 In addition, they
are primarily built from three basic constituents: miner-
als, proteins, and sugars (Figure 1),° which are considered
much weaker than engineering materials.”’

Despite being limited in material selection, biological
systems use hierarchical structuring to achieve excep-
tional mechanical, thermal, electrical, and optical prop-
erties with minimal energy and resources.” By organizing
materials across scales—from molecular to macroscopic—
organisms enhance strength, flexibility, and durability
beyond the capabilities of the raw materials."” Addi-
tionally, the uniformity and limited diversity of base
materials, mainly proteins and polysaccharides, facili-
tate easy degradation and reuse via enzymes, a natural
sustainable approach with fewer materials tailored for spe-
cific functions.>'” Natural organisms share several unique
features,®!! including (1) self-assembly by constructing
from the bottom up; (2) hierarchical structure at multiple
levels of scales; (3) “simplicity” in synthesis in an aqueous
environment and at ambient temperature; (4) multifunc-
tionality within one system; and (5) self-healing to adapt to
the changing environment.

For decades, the intriguing properties in natural organ-
isms, such as hierarchical organization, unique surface
functionality, and high adaptability, as those shown in
Figure 2, have inspired the design of innovative materials
for advanced, sustainable, and high-performance solu-
tions to human challenges."*!>!3 To provide a glimpse of
nature-inspired materials design, three types of material
and system innovations enabled through the biomimetism
of natural organisms are listed below:

1. Hierarchical structure: Many natural organisms and tis-
sues (such as nacre, bone, teeth, fish scales, lobster
cuticle, wood, bamboo, spider silk, and glass sponge)
are built in a hierarchical way at multiple length
scales."”® Among them, bone, nacre, and spider silk
are the most investigated due to their unique struc-
ture and properties, such as the strong, porous structure
in human bone; the tough, layered structure in nacre;
and the high strength and elasticity in spider silk."”3
Meanwhile, the hierarchical structure in glass sponges
has received increasing attention due to its unique
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ductile failure mode.'*"'® Inspirations from them have
resulted in the development of porous tissue engineer-
ing scaffolds,””>* impact-resistant composites,'***26
and lightweight fibers in medical devices.?’"!

2. Smart surface: The wetting and self-cleaning properties
of biological matter (such as lotus leaf, rice leaf, but-
terfly wing, fish scale, and shark skin),*>** as shown
in Figure 2A-C, resulting from nano-and-micrometer-
scale roughness, have driven the design of controlled
surface topographies for practical applications.*>-*° For
example, the hierarchical structure of the superhy-
drophobic lotus leaf has inspired the design of micropat-
terned surfaces on silicon wafers and metal foils for self-
cleaning,*** and the fabrication of superhydrophobic
nanoporous silica thin films on glass,***! among others.

3. Adaptive functionality: Through controlling the
sophisticated architecture of their pigment cells,
both chameleons and cephalopods exhibit remark-
able ability to manipulate their skin color and
texture for camouflage, communication, and
thermoregulation.®>***** As an example, chameleons
have an evolutionary adaptation involving two dis-
tinct layers of iridophores. The upper multilayer
(S-iridophores) actively adjusts the spacing of guanine
nanocrystals in a triangular lattice, enabling rapid
changes in structural color for camouflage and display,
as shown in Figure 2D.*> The deeper layer of cells
(D-iridophores) reflects sunlight, particularly in the
near-infrared range, helping manage the thermal
effects of intense solar radiation while contributing to
camouflage and display capabilities.*> Learning from
the color-changing capability and associated functions
has inspired the engineering of a variety of artificial
optoelectronic devices such as stretchable electronic
skin**~*’ and soft robots.***’

Several textbooks and review articles on the structure
and properties of biological materials can be found in
literature.»>7%113°9 Consequently, this article does not
aim to provide an exhaustive review of these topics.
Instead, it offers a perspective on the intersection of mate-
rials science and natural organisms, emphasizing the use
of biological insights to design novel materials with hier-
archical structures to address significant challenges in
healthcare, energy, sustainable development, and beyond.

This article examines the design principles of four
notable examples of hierarchical structures: bone, nacre
and sea sponge as mineralized (“hard”) ceramic com-
posites, and spider silk as a non-mineralized (“soft”)
polymer composite. It explores the diverse applications of
nature-inspired materials and discusses the potential of
bioinspired materials design enhanced by artificial intel-
ligence (AI). The article is organized into five sections.
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FIGURE 1 Biological materials are built with a limited number of building blocks, based on polysaccharides, proteins, and minerals. A
diversity of structures leads to a diversity of functions in tooth, bone, artery wall, tendon, spider web, beak, feather, wool, fingernail, tree,
cotton, beetle carapace, lobster shell, snail shell, mussel shell, and the skeleton of the glass sponge (clockwise from top). Source: Reprinted

with permission from Ref. [5], American Association for the Advancement of Science (AAAS).

Section 2 provides a brief description of the hierarchical
structure and mechanical properties of the four example
biological materials mentioned above (bone, nacre, sea
sponge, and spider silk). Section 3 focuses on bioinspired
materials design for applications in healthcare, energy, and
sustainability. Section 4 discusses the use of Al to harvest
the inspiration from natural materials to guide the design
of novel synthetic materials. We conclude with recommen-
dations for future research directions in the development
of novel materials inspired by natural organisms.

2 | NATURAL HIERARCHICAL
ORGANISMS

Natural materials excel at integrating multiple functions—
biological, mechanical, and adaptive—within a single
system. This versatility is evident in the Ashby plot
shown in Figure 3, which compares the mechanical prop-
erties (toughness vs. Young’s modulus) of natural and
synthetic materials across different material families."%>!
Here, toughness refers to a material’s ability to resist frac-

ture and is quantified by the energy required to cause it
to break. It can also be assessed using fracture mechanics
approaches, which determine the critical values of crack-
driving forces—such as stress intensity (K in MPa m®?),
strain energy release rate (G in J m™2, or MJ m™),
or the nonlinear elastic J-integral—needed to initiate or
propagate an existing crack.”

Although natural hierarchical structures, such as bone,
nacre, and dentin, generally exhibit lower strength values
compared to engineering ceramics and metals, spider silk
is an exception due to its excellent strength and tough-
ness. Unlike most synthetic materials, natural organisms
construct their structures from a limited array of naturally
available ingredients—proteins, polysaccharides, silicon
oxide, calcium carbonate, calcium phosphate, and min-
imal metals—under ambient temperature and pressure
conditions. Despite these constraints, natural organisms
achieve remarkable toughness, far exceeding their com-
position and their homogeneous mixture,' by combining
multiple toughening mechanisms at different length scales
through their hierarchical structure. It is also worth noting
that bioinspired hierarchically structured composites have
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Hierarchical design in biological materials: (A) optical and scanning electron microscope (SEM) images of the multiscale

porous structure of a Thalia dealbata stem; (B) digital photo and SEM images of butterfly wings; (C) digital photo and SEM images of fish
scales; (D) reversible color change for a male panther chameleon from relaxation to excitation (white arrows). Inset TEM images of the lattice

of guanine nanocrystals in S-iridophores from the same individual in a relaxed and excited state (two biopsies separated by a distance <1cm,
scale bar, 200 nm). Source: (A) Reprinted with permission from Ref. [33], John Wiley & Sons, Inc. (B) Reprinted with permission from Ref.
[32], Royal Society of Chemistry. (C) Reprinted with permission from Ref. [32], Royal Society of Chemistry. (D) Reprinted with permission

from Ref. [42] Springer Nature.

demonstrated the highest combinations of toughness and
stiffness.’

Among various natural organisms, bone, nacre, and sea
sponge stand out as prime examples of ceramic composite
materials that combine strength and toughness to achieve
high damage tolerance. Similarly, spider silk, a poly-
mer composite, exhibits mechanical properties superior
to almost all natural or man-made materials."®*° Com-
prehensive reviews detailing the structure, strength, and
toughening mechanisms of these four hierarchical materi-

als are available in several review articles and books.!7~%>3

Therefore, a brief overview, complemented by schematic
illustrations, is presented here to elucidate their general
design principles.

2.1 | Bone

Bone comes in a variety of shapes and sizes, which
corresponds to their different functions including

‘11 °STOT “916TISST

woiy

) suonIpuo)) pue sud L ay 2935 “[§Z0T/T1/91) U0 AIeIqrT UIUQ A[1AN * OUHOL, 1T MIOd 19T [GI€] “ISIS OUHOL I(] 09IUIDN0g - OURE 00529 KG 9G(L 298/ T 11°01/10p/w0 A1m"

Kol

25URIT sUOWWIO,) 2AEaL) A[qEodde 3y} Aq PaUIPAOT AT SADILIE () 125N JO SN 10§ AIIGI] AUUQ K21 UO (SUONIP



50f33 Journa FU ET AL.
s American Ceramic Society
i . Al O, platelet-chitosan I
I Hierarchical biological materials Silk - Graphene
Interlocked mineral enabled
100 | B Hierarchical nacre-mimetic structures CNC-latex composite .— Ni/Ni,C
- [ Hierarchical Bouligand structures nanoparticles ? & ;‘q’éc peL
" [ Hierarchical fiber-inspired structures i - 3
CNF-si i i
[ Ordered layered structures ’ 7 _ En%:r;tazng
| Disordered bio-based structures H tit
_Jﬂﬁ:yapa i Engineering
- Chitosan composites
GO paper NTS-ANF
P PVA-clay "
'E 0 composites GO-CNC Engineering
Ca Engineering ceramics
E I polymers
b 1 Calcified tendon Dentin PVA-NFC MWCNT-regenerated
n ] / silk fibroin
i | —
] I W
E Arapaimas scales _hl);éé 5|
2 . -g-
g CNC-PAM hydvogel C. plicata nacre
= I Chitosan-MTM w Carbon
Th Artificial nacre oy fibres
i | Nacre
[l SVI\LC#L'I' w/
u si res & |
L] GO-silk via H,0 PODA-MTM —— o @) Glasses  Wetsheep
Lamellar Brick-and-mortar €xoskeleton
Zr polycrystals Zr polycrystals f
L Elastomers Amylopectin Dry sheep crab
CNC hydrogel foam-MFC Amylopectin exoskeleton
; foam *
0] el | I W 1 L1 1 ail (T 1 I L M | I I L1l 1 1 Ll
0.0001 0.001 0.01 0.1 1 10 100 1,000
Young's modulus (GPa)
FIGURE 3 Ashby material-property chart, comparing the toughness (energy to failure) versus Young’s modulus for various hierarchical

biological materials, bioinspired structures, and traditional engineering materials. Hierarchically structured composites achieve the highest

combinations of toughness and stiffness. Composites that include biological fibrous components are among the best-performing materials.
ANTF, aramid nanofiber; CNC, cellulose nanocrystal; GO, graphene oxide; MFC, microfibrillated cellulose; MTM, montmorillonite; MWCNT,
multiple-walled carbon nanotube; NFC, nanofibrillated cellulose; PCL, polycaprolactone; PVA, poly(vinyl alcohol); SWCNT, single-walled

carbon nanotube. Source: Reprinted with permission from Ref. [9], Springer Nature.

protection and structural support without compromising
the requirements of mobility.” A typical long bone in the
limbs comprises two types of bones, each with a different
structural organization: cortical bone, also referred to
as compact bone, and trabecular bone, also referred to
as cancellous or spongy bone.>* Figure 4 illustrates the
structure of a long bone, highlighting the dense surface
cortical bone and the inner porous trabecular bone.

Structurally, bone is a composite material composed
of several key components. It consists of collagen fibrils
(35 wt% based on dry bone, approximately 300 nm long
and 1.5 nm in diameter) derived from Type-I collagen
molecules, which contribute to its flexibility and tough-
ness. Additionally, bone contains hydroxyapatite (HA,
Ca;((PO,4)s(OH),, 65 Wt%) nanocrystals that are plate-
shaped (50 nm X 25 nm in size, with a thickness of
1.5-4 nm), providing structural reinforcement, stiffness,
and mineral homeostasis. Other non-collagenous proteins
are also present to support cellular functions.”>>

The architecture of bone, albeit complex, can be
described across seven hierarchical levels of organization.

These levels include HA crystals and mineralized collagen
fibrils at the nanometer scale; fibril arrays and their cor-
responding patterns, and osteons at the micrometer scale;
and the overall structure of cortical and trabecular bone to
form a whole bone at the macroscopic scale.”*>’

Cortical bone exhibits notable mechanical properties,
with a compressive strength ranging from 100 to 150 MPa in
the longitudinal direction and a flexural strength between
135 and 193 MPa. The fracture toughness (Kjc) of corti-
cal bone ranges from 2 to 12 MPa m®>, which is up to an
order of magnitude higher than that of its constituent min-
eral, HA. Table 1 presents a summary of the mechanical
properties of bone and its constituent mineral.

The high fracture toughness of cortical bone is
attributed to a combination of intrinsic and extrinsic
toughening mechanisms. Intrinsic toughness arises
from plasticity mechanisms at the sub-micrometer
scale, which involve the molecular uncoiling of colla-
gen molecules, sliding of mineralized collagen fibrils,
and microcracking. Extrinsic toughening mecha-
nisms operate over length scales of approximately
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FIGURE 4 Anillustration showing the bone structure and a bone-inspired, porous, three-dimensional (3D)-printed scaffold. Left,

internal structure of a human long bone; middle, a magnified cross section of the interior; right, a bone-inspired 3D-printed scaffold with

periodic porosity.

TABLE 1 Mechanical properties of bone and its constituent mineral hydroxyapatite.
Flexural Tensile Young’s Fracture
Compressive strength strength modulus toughness
Materials strength (MPa) (MPa) (MPa) (GPa) (MPa m°?) Porosity (%)
Cortical bone>**#63 100-150 135-193 50-151 10-20 2-12 5-10
Trabecular bone™*%6465 2-12 N/A 1-5 0.1-5 0.1-0.8 50-90
Sintered hydroxyapatite®®®’ 500-1000 115-200 38-300 80-130 0.6-1.0 <5

1-100 pm and include crack deflection/twisting and crack
bridging.”"%

2.2 | Nacre

Although bone achieves its exceptional mechanical prop-
erties through a complex structure, nacre (the interior
portion of the abalone shell) attains similar performance
through a relatively simplistic architecture. Figure 5
schematically illustrates the typical “brick-and-mortar”
structure found in abalone nacre, which serves as the pri-
mary means of protection for the soft body inside the
shell.

In nacre, the mineral phase (“brick”) consists of layered
hexagonal aragonite (CaCO3) platelets, approximately 0.2-
0.9 um thick with a diameter of 5-9 um, which accounts
for 95 vol% of the composite. These inorganic platelets are
sandwiched between thin (10-50 nm thick) sheets of a
protein-polysaccharide organic matrix (“mortar”),® which
plays a crucial role in controlling the thickness of the arag-
onite crystals and in the mechanical design of nacre.”®
Although the ceramic phase (calcium carbonate) is stiff
and hard, it is brittle without a means to dissipate strain.

In nacre, energy dissipation is achieved through inelastic
deformation produced by the organic phase.”*

As a result of its hierarchical structure, nacre exhibits
a toughness (in terms of energy to failure) of about 3000
times higher than the materials it is made of.%” It can
undergo up to 1% tensile strain before failure,’” and its frac-
ture toughness (Kjc), in the range of 4-10 MPa m®?, is up to
40 times that of aragonite 0.25 MPa m%>.”! Given its unique
“brick-and-mortar” structure and the resulting damage
mechanisms, nacre exhibits a high orientation dependence
of strength.”” The mechanical properties of nacre tested
with loading parallel to the major plane of platelets and its
mineral constituent aragonite are summarized in Table 2.

The exceptional mechanical properties of nacre are
enabled through a series of toughening mechanisms result-
ing from its unique “brick-and-mortar” structure.'°%70
Similar to bone, the toughening of nacre is largely
extrinsic.! The principal toughening mechanisms in nacre
include the following:}7:12:2437.69-71 (1) crack deflection
along the inter-platelet organic phase; (2) “pull-out” of the
aragonite platelets; (3) bridging by mineral and organic
matrix; and (4) interlocking of platelets. The organic
matrix plays a crucial role in toughening nacre by effec-
tively dissipating energy as cracks open through bridging
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A piece of whole shell

Microstructure of nacre

A freeze-cast scaffold

FIGURE 5 Anillustration showing the nacre structure and a nacre-inspired, porous freeze-cast scaffold. Left, a piece of shell; middle, a
magnified cross section to illustrate the “brick-and-mortar” structure in nacre and the crack deflection, one of the prevailing toughening

mechanisms, resulting from its unique structure; right, a nacre-inspired freeze-cast scaffold with oriented lamellar porosity.

TABLE 2 Mechanical properties of nacre and its constituent mineral, aragonite.

Flexural Tensile Young’s Fracture
Compressive strength strength modulus toughness
Materials strength (MPa) (MPa) (MPa) (GPa) (MPa m°?)
Nacre*®®7-73 (abalone shell) 235-540 165-205 35-140 50-72 4-10
Aragonite!. 70727476 N/A N/A 160 82-144 0.25

4Data are limited to wet or fresh samples and loading parallel to the major plane of the aragonite platelet in nacre.

between the platelets and the unfolding of its protein
structure.

2.3 | Seasponge

Sea sponges exhibit a highly hierarchical structural com-
plexity and are widely recognized for their ability to
construct exceptional skeletons using amorphous hydrated
silica.>” Their glass-like skeletal components, known as
spicules, are precisely arranged in a square grid pat-
tern reinforced by two intersecting sets of paired diag-
onal supports. This unique configuration results in a
checkerboard-like structure composed of alternating open
and closed cells," as shown in Figure 6A-C. Each spicule
is composed of a protein-based central core encased
in concentric layers of compacted silica nanoparticles,
interspersed with thin organic interlayers (silicatein),>
as depicted in Figure 6D-G. This “onion skin” struc-
ture enhances crack resistance and significantly improves
flexural strength, making it four times stronger than
monolithic silica.”” The mechanical performance of sea
sponges is largely influenced by the striated layers, which
provide crack deflection and energy absorption at the
interfaces.”’"’8

Drawing inspiration from the hierarchical structure
of sea sponges, mechanically robust lattices produced
via three-dimensional (3D) printing have demonstrated
exceptional buckling resistance for a given material vol-
ume by incorporating the sponge’s diagonal reinforcement
strategy,'* as illustrated in Figure 6H-J. Additionally, hier-
archical lattice metamaterial with modified face-centered
cubic cells achieves controllable deformation patterns
by combining bionic features such as double diagonal
reinforcement with hierarchical circular modifications,”
suggesting their significant potential for enhancing
material efficiency in contemporary infrastructural
applications.

2.4 | Spidersilk
Although bone, nacre, and sea sponge are biological tissues
containing mineral components, spider silk represents
a typical hierarchical polymer composite composed of
organic proteins.®®® Figure 7 schematically illustrates the
sophisticated architecture of spider silk.

To the naked eye, an orb web appears uniform, but it
is constructed from up to five different types of silk: (1)
dragline silk, or major ampullate silk, which is used for
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FIGURE 6 Progressively magnified views of the sponge’s skeletal system, showing optical images of (A) the entire skeletal tube, (B) a

magnified view of its highly regular lattice-like organization, and (C) its alternating arrangement of open and closed cells; and scanning

electron microscopy (SEM) images of (D) contrast-enhanced image of a cross section through one of the spicular struts, revealing that they

are composed of a wide range of different-sized spicules surrounded by a laminated silica matrix, (E) a cross section through a typical spicule

in a strut, showing its characteristic “onion skin” laminated architecture, (F) a fractured spicule, revealing an organic interlayer, and (G)

nanoparticulate nature in a bleached biosilica surface. In addition, sea sponge-inspired, three-dimensional (3D)-printed structures subjected

to 0% applied strain (H) and 6% applied strain (I), and simulated and normalized experimental stress—strain curves for different structural
designs (J). Scale bars: 4 cm (A); 2 cm (B); 2.5 mm (C); 10 pm (D); 5 um (E); 1 um (F); 500 nm (G); and 3 cm (I). Source: (A)~(C) and (H)-(J)
were reprinted with permission from Ref. [14], Springer Nature. (D)-(G) were reprinted with permission from Ref. [15], American Association

for the Advancement of Science (AAAS).

safety lines, web frames, and lifelines; (2) flagelliform silk,
which forms the prey-catching spirals of the web; (3) aggre-
gate silk, which secretes a glue to coat the spiral silk;
(4) minor ampullate (Mi) silk, which provides reinforce-
ment; and (5) piriform silk, which attaches draglines to
substrates. 808!

Spider silk is a remarkable material, exhibiting a
combination of high tensile strength, extensibility, and
toughness,®” surpassing even the strongest man-made
materials (Table 3). Among the various types of spider
silk, dragline and flagelliform silks are the most exten-
sively studied due to their unique mechanical properties.®*

Dragline silk, in particular, has been found to possess a
high strength exceeding 1 GPa.

Despite their varying mechanical properties, which
depend on the application intended by the spider, all spi-
der silk threads share a similar hierarchical structure at
three different levels. On the molecular level (nanometer
scale), crystalline -sheets (comprising 10-15 vol%), made
up of poly-(Gly-Ala) and poly-Ala repeats, are embed-
ded in an amorphous protein matrix containing helical
structures oriented along the fiber axis,*#%3-% ags illus-
trated in Figure 7. The amorphous matrix, composed of
the G-rich motifs of MaSpl and the P-containing motifs
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FIGURE 7 Anillustration showing the spider silk structure and the silk-inspired composite fibers. Left, a schematic diagram of a typical
orb web, a dragline silk and its core-shell structure; middle, a magnified structure of a spider silk composed of crystalline 5-sheets in an

amorphous matrix; right, an illustration of water collection through spider silk-inspired recombinant silk.

TABLE 3 Mechanical properties of five types of spider silk,
Kevlar, and high-tensile steel.

Tensile Toughness
strength Extensibility (energy to failure)

Material (GPa) (%) (MJ m—3)
Dragline®>*% 0.9-1.5  21-27 136-194
Flagelliform  0.5-1.3 119-270 75-283
Sﬂk82,87,88

Kevlar 49% 3.6 2.7 50
High-tensile 1.5 0.8 6

steel®

Carbon fiber’ 0.7 1.4 11

of MaSp2, provides the extensibility through the adoption
of a 3;-helical conformation, enabling an efficient energy
dissipation to prevent brittle failure. Meanwhile, the crys-
talline B-sheets, upon stretching, reinforce the partially
extended and oriented protein chains by forming interlock-
ing regions that contribute to the strength of the spider
silk 80-82:83

On the mesoscopic level (micrometer scale), fibrils ori-
ented along the fiber axis to form the core of the fiber,
resembling the structure of a rope. At the macroscopic
level, the silk fiber exhibits a core-shell structure with fib-
ril bundles forming the core,®! as shown in Figure 7. Ulti-
mately, the unique combination of molecular structure,
hierarchical organization, and efficient energy dissipation
mechanisms creates a viscoelastic material with remark-

able strength, extensibility, and toughness, as summarized
in Table 3.

3 | NATURE-INSPIRED
HIERARCHICAL MATERIALS

As mentioned in Section 2, natural organisms exhibit
a combination of unique hierarchical structures, excep-
tional mechanical properties, and remarkable adaptability
to their surrounding environments. Astonishingly, they
construct their precise, complex structures at ambient
temperature and pressure using brittle or weak materi-
als, such as HA, aragonite, or nanocrystalline proteins.
Therefore, the outstanding performance of hierarchi-
cal natural materials, such as bone, nacre, sea sponge,
and spider silk, is derived from their unique structures
rather than from material selection. Naturally, engineers
look to nature’s examples of structural optimization for
inspiration when designing the next generation of tech-
nology, especially when material selection reaches its
limitations.

Since the term “biomimetics” was coined by Otto
Schmitt in the 1950s,%° and then introduced by Arthur
Heuer into the ceramic community in 1990s,* the field of
nature-inspired or bioinspired material design has grown
rapidly. This growth has been fueled by advances in
materials science, nanotechnology, additive manufactur-
ing, and, most recently, Al. Consequently, novel materi-
als inspired by natural organisms are finding increasing
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applications in diverse areas, including healthcare, energy,
and sustainability.

3.1 | Healthcare

Tissue and organ failures resulting from trauma, dis-
ease, or aging have been reported to account for half
of the annual healthcare expenditures in the United
States.”” Among them, bone is the second most com-
monly transplanted tissue, with blood being the first.”:%?
For bone regeneration, autografts are the gold standard
for treatment of bone defects, although they are lim-
ited by supply and donor site morbidity.”> Allografts,
obtained from living donors or cadavers of the same
species, are alternatives to autografts, but they are expen-
sive and suffer from potential risks such as disease trans-
mission and adverse host immune response.”® Inspired
by the structure and properties of human bone, signif-
icant progress has been made over the past decades in
designing synthetic materials that mimic the chemistry,
structure, and functionality of natural bone tissue for
bone regeneration. As discussed in Section 2.1, bone is
a composite material, composed of collagen fibrils and
HA. Consequently, both organic and inorganic bioma-
terials have drawn increasing attention for bone repair
applications.

Biodegradable polymeric materials, calcium
phosphate-based bioceramics such as HA, fS-tricalcium
phosphate (3-TCP), and biphasic calcium phosphate,
a mixture of HA and -TCP, all composed of the same
ions as bone,'8226798-100 a5 well as bioactive glass and
glass-ceramics,®”1°""!I! have all been investigated for their
potential in bone repair. These biomaterials serve as
essential building blocks for creating matrices or scaffolds
used in tissue engineering.

As an interdisciplinary field, tissue engineering applies
the principles of biology and engineering toward the devel-
opment of biological substitutes to restore, maintain, or
improve tissue function.!>!* Asillustrated in Figure 8, the
most common tissue engineering approach involves using
biomaterial scaffolds with well-defined structures. These
scaffolds serve as temporary frameworks for cells, guid-
ing their proliferation and differentiation into the desired
tissue or organ. Growth factors and other biomolecules
can be incorporated into the scaffolds along with the
cells to regulate cellular functions during tissue or organ
regeneration.!'>!13

Particularly for bone tissue engineering, scaffolds must
meet a stringent set of requirements to provide the nec-
essary functionality. These requirements include support-
ing cell and tissue infiltration, facilitating the transport
of nutrients, and being mechanically strong and tough

94-97

eramic Society

enough to bear the loads from normal activities, similar to
how a host bone performs.?%->}

Inspired by the remarkable properties of natural mate-
rials such as bone and nacre, researchers are making
significant efforts to mimic the architecture and function
of these materials in designing new synthetic structures
with similar or even superior performance. Although inor-
ganic materials like calcium phosphate-based bioceramics
and bioactive glass are inherently brittle, they possess
appealing characteristics for bone tissue engineering, such
as high mechanical strength under compression, excellent
biocompatibility, and osteo-stimulatory ability through the
release of ions.?%-2223114

Considerable progress has been made in creating porous
scaffolds that mimic the structure of trabecular bone
at the macroscopic scale using a variety of techniques.
These methods include sol-gel methods, thermal bonding
of particles, fibers, or spheres, polymer foam replica-
tion, foaming of suspensions, and 3D printing.’*?*?3 For
instance, 3D printing, a layer-by-layer assembly tech-
nique directed by computer-aided design, allows for the
production of porous glass and ceramic scaffolds with
precisely controlled architecture at the micrometer scale,
as shown in Figure 4. These 3D-printed scaffolds with
periodic structures have been reported to achieve com-
pressive strength comparable to that of cortical bone
while maintaining sufficient porosity to facilitate bone
ingrowth.?!>-116 Using bone-like virtual templates for the
printing of HA and bioactive glass trabecular scaffolds
has been proposed,'”!'""!1 as well as some selected triply
periodic minimal surfaces (TPMSs) that exhibit highly
appealing similarities with trabecular bone architecture,
such as zero-mean curvature and fully interconnected
pores. 20121

Additionally, attempts to mimic the “brick-and-mortar”
structure of nacre using a freeze-casting technique have
resulted in porous glass and HA with lamellar, ori-
ented porosity and high compressive strength,'?1227125
as illustrated in Figure 5. Further details about bioin-
spired approaches to produce porous bioceramics and
composites can be found elsewhere.'?® Despite their high
compressive strength, these ceramic- and glass-based scaf-
folds suffer from low fracture toughness and low flexural
strength due to the intrinsic brittleness of their constituent
materials.?%-*

Inspired by the toughening mechanisms found in bio-
logical materials, various approaches have been explored
to enhance the toughness of scaffold materials and to
develop organic/inorganic composites through surface
coating or infiltration or the use of composite mate-
rials or tough glass-ceramics."'%®!?” However, signifi-
cant improvements in fracture toughness have yet to
be validated. One primary challenge is that, unlike the
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FIGURE 8 Three key components in tissue engineering: scaffolds, cells, and signals. Source: Image courtesy of Dr. Antoni P. Tomsia at

the Lawrence Berkeley National Laboratory.

hierarchical composite structures of bone or nacre, the
molecular and nano-level assembly of organic and ceramic
constituents and the manipulation of their architec-
ture across multiple length scales have not yet been
fully achieved in these porous glass and ceramic-based
scaffolds.?®128

Owing to its remarkable extensibility, toughness, and
biological properties, spider silk and its proteins, both nat-
ural and recombinant, have witnessed increasing interest
in biomedical applications. Spider silks have been used
in tissue engineering to support skin regeneration,*'%’
bone and cartilage repair,*>'*! nerve regeneration,?’-*
vascularization,?”*"13? and drug delivery.?®'3*-13> Inspired
by the hierarchical structure in biological materials, hybrid
fibers consisting of oriented nano HA have been success-
fully nucleated on the surface of spider dragline through
a controlled biomineralization process.*® This approach
represents a step toward fabricating hybrid scaffolds from
bone and spider silk for tissue engineering. Further inves-
tigations on the apatite-coated spider silk have demon-
strated the formation of a controlled and homogeneous
coating composed of nanocrystals, which maintained the
superior mechanical performance of silk, making it suit-
able to develop high-performance hybrid interfaces for
bone tissue engineering.'*” Moreover, advances in the engi-
neering of recombinant spider silk proteins have enabled
the formation of calcium phosphates and the controlled
collagen binding, an indication of their potential applica-
tions as biomaterials at the interface between tendon and
bone.*® Continued process optimization combined with

advanced manufacturing could potentially create porous
bone scaffolds with hierarchical structures at both the
nano- and microscale, enhancing strength and toughness.
Additionally, the mechanical properties of spider silk
align well with the requirements of soft, elastic tissues such
as skin, nerves, and blood vessels.?”-?%3%:129.132 Spider silk
conduits have been found to support nerve regeneration
by promoting the growth of neuronal cells.”’*° Further-
more, the unique architecture of spider silk allows for the
incorporation of drugs or growth factors into its struc-
ture, enabling controlled release over time for localized
delivery of therapeutic agents for cancer treatment.'*> The
unique properties of spider silk-based materials clearly
offer advantages in biomedical applications. However, the
limited supply of natural spider silk and the difficul-
ties in manufacturing recombinant silk with mechanical
properties similar to its natural counterpart have posed
significant challenges in materials science for decades.'*”
In summary, inspired by natural materials like bone
and nacre, significant advancements have been made in
creating synthetic structures with comparable or superior
performance to their counterparts. Additionally, spider
silk, with its remarkable properties, presents a promis-
ing avenue for biomedical applications, including tissue
engineering and drug delivery. However, achieving the
molecular and nano-level assembly of organic and ceramic
constituents to replicate the hierarchical structure of nat-
ural materials remains a complex task. Moreover, the
limited supply of natural spider silk and the difficulties
in producing recombinant spider silk with mechanical
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properties equivalent to its natural counterpart present sig-
nificant manufacturing challenges. Continued research,
process optimization, and the development of advanced
manufacturing techniques are essential to overcome these
challenges.

3.2 | Energy

The rapidly growing demand for portable mobile devices
and electric vehicles has spurred intense research efforts
into high-performance electrochemical energy storage
(EES) devices. These devices need to store a large amount
of energy (high energy density) while being able to
charge and discharge rapidly (high power density).'40-14
Among the four primary types of EES devices—capacitors,
supercapacitors, batteries, and fuel cells—batteries have
emerged as the preferred option due to their ideal com-
bination of high energy densities (>100 Wh kg~!), long
lifecycles, and fast charging rates,'*>"° which meet the
rigorous requirements of modern applications.

Since the groundwork was laid by Stanley Whittingham,
John Goodenough, and Akira Yoshino in the 1970s and
1980s,">!"158 Jithium-ion batteries (LIBs) have revolution-
ized not only consumer electronics but also the broader
landscape of energy storage and consumption.'#?8 Their
widespread adoption has been driven by their ability to
provide reliable and efficient power to a wide range of
devices, from smartphones and laptops to electric vehicles
and grid storage systems. This transformative technology
has been catalyzing continuous advancements in battery
technology, focusing on enhancing performance, safety,
and cost-effectiveness to keep pace with the increasing
energy demands of contemporary society. 40148

As depicted in Figure 9A, an LIB is composed of an
anode, a cathode, a liquid electrolyte facilitating lithium
ion migration between these electrodes, and a porous sep-
arator to prevent short circuits.'**">° In LIBs, lithium ions
undergo transportation and intercalation between the two
insertion host electrodes, where redox reactions transpire
within their active materials during the charge-discharge
cycles. The performance of these batteries is highly depen-
dent on the active electrode materials utilized in their
construction, whereas the other components are passive
but indispensable in facilitating functionality.

Graphite, an intercalation/insertion material, has dom-
inated the anode market since its commercialization by
Sony in 1991,'*® attributed to its high practical specific
capacity (~360 mA h g~! vs. theoretical 372 mA h g1,
low operating potential (~0.2 V vs. Li*/Li), and stable dis-
charge profile.'®-1%* Lithium titanate (Li,TisO;,) spinel
oxide, introduced in the 2000s, offers high power density,
extended cycle life, and superior safety, although it pos-

eramic Society

sesses a lower energy density (175 mA h g—!) compared
to graphite.!*!%> Silicon-based anode materials, boasting
high energy density (3572 mA h g~!) and volumetric capac-
ity (8322 vs. 841 mA h cm™3 for graphite), present a
promising alternative with capacities up to 10 times greater
than graphite.'® However, their substantial expansion
during charging (320%) results in capacity loss and fading,
an issue that remains to be addressed.'*'*” Other potential
materials under investigation include lithium (Li), tin (Sn),
tin oxide (Sn0,), carbon nanotubes (CNTs), and graphene,
all of which offer high capacity but encounter challenges
related to mechanical stability and cyclability.'®”~'7!

The cathode plays a critical role in determining a
battery’s capacity, voltage, and overall performance. Com-
monly used cathode materials are made out of lithium
metal oxide, including layered LiMO, (M = Mn, Co,
and Ni),"? olivine LiFePO, (LFP),"”? and spinel LiMn,0,
(LMO)."®> Among these, the layered LiCoO, cathode, first
identified as an intercalation cathode material in 1980,>2
offers high lithium-ion conductivity, stable discharge cur-
rent, and long cycle life. These properties have made it
the dominant cathode material in the portable electronics
market for over 40 years.'°>!”* However, the high cost, tox-
icity, and chemical instability at deep discharge associated
with LiCoO, limit its uses for electric vehicles and station-
ary storage applications.'**1%%17> Conversely, LFP batteries
are gaining increased adoption in low-end vehicles due
to their cost advantages, enhanced safety, longer lifecycles
(>2000 cycles), and less environmental impact.'”*~'7

Over the last two decades, significant research efforts
have concentrated on developing high-performance
cathode materials for next-generation LIBs to meet
the demanding standards of electric vehicles and
large-scale energy storage. Nickel-based layered
oxides, Li[Ni,Co,Mn.]O, (a + b + b = 1; NCM) and
Li[Ni;_,_,Co,Al,]O, (NCA) offer high energy density,
up to 300 Wh kg~!, making them a popular choice for
high-end electric vehicles.'**'”” However, the limited
availability of key components such as cobalt and nickel,
along with environmental concerns, continues to pose
significant challenges for the widespread adoption of
these batteries.'”® Numerous research activities in both
academia and industry are focused on further improving
energy densities to approximately 350 Wh kg™! at the cell
level, aiming to enhance driving performance and reduce
costs.'”?

The overall performance of batteries, particularly at the
cell level, is profoundly influenced by both the selection of
materials and their structural configuration. Achieving an
optimal balance between ion transport, electron conduc-
tivity, and mechanical stability during operation represents
a multifaceted engineering challenge.'**!80-182 Tn nature,
the leverage of porous architectures to facilitate fluid
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FIGURE 9 A schematic illustration of (A) a conventional rechargeable lithium-ion battery (LIB) consisting of an anode and a cathode
sandwiched between two current collectors and isolated by a porous separator in a liquid electrolyte and (B) an all-solid-state battery (ASSB)

consisting of a metal anode, a cathode, and a solid electrolyte.

irrigation across multiple length scales, as exemplified by
bone (Figure 4), and the implementation of hierarchical
structures to attain high tensile strength, as demonstrated
by spider silk (Figure 7), are prevalent strategies that
contribute to their functional efficacy.

Inspired by the hierarchical structure of natural mate-
rials such as bone, there has been a growing interest in
the fabrication of 3D porous architectures as conductive
scaffolds for various electrode materials to improve battery

performance at cell level.'*>'®3 A typical 2D electrode with
a planar current collector can provide sufficient charge
to meet the requirements of the electrode materials but
at a limited depth. In contrast, a 3D electrode architec-
ture, composed of a 3D porous conductive scaffold for
electron transport and a fully interconnected hierarchical
architecture for ion transport, can significantly enhance
efficient ion transport.'®*-'%> For example, a 3D porous
holey graphene framework/Nb,Os composite electrode
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fabricated using a self-assembly technique demonstrates
a capacity retention much higher than graphite, silicon,
or carbon-silicon anodes at high mass loading and high
current density as a result of efficient electron and ion
transport pathways. 0-18!

Using a 3D printing technique, LIBs with precise design
and hierarchical architecture have been fabricated using
a variety of inks, including LTO and LFP,®**!% cellu-
lose nanofiber-infiltrated Li metal and LFP,'*® graphene
oxide-based LTO and LFP,®” CNT-based LTO and LFP,38
and holey graphene oxide.'®” By creating a 3D porous
scaffold composed of interconnected porosity, these batter-
ies have demonstrated high areal capacity in customized
form factors,'®>'® which can be potentially integrated into
wearable electronics or other related applications.

Inspired by the “brick-and-mortar” structure in nacre
(Figure 5), porous LiNijgCoq5Al 050, (NCA) cathodes,
prepared using a freeze-casting method with controlled,
aligned porosity, enabled a three- to four-fold increase in
areal capacity compared to typical composite electrode.'”"
A similar finding is also reported in a freeze-cast
LiNiy gCogMng;0, (NCM) cathode, which led to a high
areal energy density (151 mWh cm~2) at high mass loading
(26 mg cm~2) due to its hierarchical porous architecture.'®*
Last but not least, the unique hierarchical structure and the
high toughness of spider silk (Figure 7) have inspired the
exploration of using it as a binder in electrodes to reduce
the volumetric cyclical change associated with silicon
anode materials,'”! or the development of novel binders
such as (poly(acrylic acid)-supramolecular poly(urethane-
urea)) to generate a strong adhesion between electrodes
(LCO cathode and graphite anode) and current collectors,
which is of great significance for flexible LIBs with high
energy density.'”

As an alternative approach to achieve higher energy
density, longer cycle life, and improved safety, all-solid-
state batteries (ASSBs) have received considerable atten-
tion in both academia and industry.'%%193-20! As illustrated
in Figure 9B, an ASSB is composed of a metal anode, a
solid electrolyte, and a high-voltage cathode. These com-
ponents are engineered to work with solid materials for
the desired performance characteristics. The replacement
of the flammable liquid electrolyte in traditional LIBs
with solid electrolyte in ASSBs substantially improves
safety and contributes to potentially longer device life-
times, exceeding 1000 cycles.!%%?0%203 Furthermore, the
use of solid electrolyte enables the integration of high-
performance metal anodes, such as lithium (Li), sodium
(Na), silicon (Si), and magnesium (Mg), to achieve the
highest capacities and operating voltages.?’*2%

High ionic conductivity is a key characteristic of solid
electrolytes. Additionally, for practical applications in EES
and conversion systems, solid electrolytes must satisfy

eramic Society

several other stringent requirements,’’%>’-?!! including

low ionic area-specific resistance, high electronic area-
specific resistance, excellent ionic selectivity, a broad
electrochemical stability window, chemical compatibility
with other components, superior thermal and mechanical
stability, scalable and straightforward fabrication pro-
cesses, cost-effectiveness, ease of device integration, and
environmental sustainability.

Over the past two decades, numerous solid
electrolytes with promising ionic conductivities
have been developed,””” including NASICON-type
Li;sAlgsGe s(PO,);  (LAGP),””  Lij3Alo5Tiy 7(PO4)s
(LATP),”3?"* garnet Li;La;Zr,0,, (LLZO),?>?'® sulfides,
such as Li;,GeP,S;, (LGPS),?°! and Li,P;S;; (LPS),"**?"7
thin films based on LiPON,”'®?"° and polymer elec-
trolytes (e.g., poly(ethylene oxide) [PEO]).??*??! Inorganic
electrolytes, in particular, possess a high mechanical
modulus, which aids in suppressing lithium dendrite
growth.??>?23 However, the ceramic electrolytes exhibit
low fracture toughness, rendering them susceptible to
external mechanical impacts and posing considerable
challenges for scalable cell fabrication.

One potential solution to these mechanical limita-
tions is inspired by nacre for the design of layered
solid electrolytes that combine ceramic materials, such as
LAGP, with polymer electrolytes such as PEO, poly(ether-
acrylate), and epoxy. The composite electrolyte demon-
strates a much higher fracture strain (1.1%) than pure
ceramic LAGP electrolytes (0.13%) and a much larger
ultimate flexural modulus (7.8 GPa) than polymer elec-
trolytes (20 MPa). These hybrid architectures help suppress
dendrite growth while accommodating mechanical stress
during cycling, offering a promising pathway for over-
coming the mechanical challenges associated with solid
electrolytes.””* In another example, using a freeze-casting
method, a porous LLZO scaffold with a lamellar struc-
ture, similar to those in nacre, was fabricated to make
an ASSB with a porous/dense/porous tri-layer.”> The
porous scaffolds were infiltrated with LiNiy ¢Mn,Coq,0
active materials on one side and metallic Li on the
other to enable excellent discharge capacity of 125-135
mA hg1.2%

As can be concluded from the discussion above, the
continuous evolution of electrolyte, cathode, and anode
materials, coupled with innovative structural configura-
tions, is essential in advancing LIB and ASSB technologies.
Concurrently, adopting nature-inspired hierarchical struc-
tures and integrating nanomaterials within 3D electrodes
and electrolytes addresses critical challenges in ion trans-
port, electron conductivity, and mechanical stability. These
advancements, supported by cutting-edge manufactur-
ing techniques like 3D printing and freeze casting, are
paving the way for next-generation batteries that promise
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enhanced energy densities, longer lifespans, and superior
safety.

3.3 | Sustainability

The exponential increase in population and industrializa-
tion has led to the accelerated consumption of nonrenew-
able petrochemical resources, significant global pollution,
and climate change.?” It is imperative to identify novel
strategies for fostering a more sustainable ecosystem,
where materials play a crucial role in shaping the sus-
tainability landscape due to their lifecycle impacts on
the environment, economic development, and the well-
being of the global population. Sustainable development,
often defined as “development that meets the needs of
the present without compromising the ability of future
generations to meet their own needs,”??’ necessitates pru-
dent management of natural renewable resources and the
advancement of technologies to optimize the use of finite
materials, as illustrated by the circular economy model
in Figure 10—the “sustainable butterfly diagram” by the
Ellen MacArthur Foundation.?”®

This diagram delineates two primary cycles: the biolog-
ical cycle, which includes processes involving renewable
resources and emphasizes the sustainable management of
biological materials and nutrients; and the technical cycle,
which involves finite materials and products that must
be maintained in a closed loop to minimize waste and
resource extraction through practices such as reuse, repair,
remanufacture, and recycling.?”” The diagram provides a
holistic approach to the circular economy and underscores
the importance of nature-inspired designs for sustainable
development.'”

In the biological cycles, natural organisms are distin-
guished by their capacity to construct intricate hierarchical
structures across multiple length scales, utilizing limited
resources under ambient temperature and environmen-
tal pressure through evolution. These biological materi-
als exhibit multifunctionality and self-healing properties,
enabling adaptation to changing environments.®!' Conse-
quently, insights derived from the biological cycles have
consistently provided inspiration for fostering sustainable
development within the technological cycles.'?-?2%-230

Examples include the application of natural wood in
advanced civil engineering to achieve carbon-negative
buildings and advanced functionality?**?*!; the creation
of sustainable fiber technologies inspired by the struc-
tural and mechanical property of spider silk?*?; the use of
biological molecules (e.g., enzymes, proteins, or microor-
ganisms) as bioelectrocatalysis system for biosensing,
renewable bioelectricity, and the synthesis of valuable

chemicals?**%*%; the development of modular bioinor-

ganic hybrids consisting of efficient light-harvesting
nanoparticles and microorganisms to enable biomanu-
facturing processes**”?*%; the production of engineered
living materials capable of self-organization and self-
repair’*°~?*; and the use of biomineralization process such
as microbial-induced carbonate precipitation (MICP) or
dissolved inorganic carbon to sequester CO,.>#?-246

Inspired by the efficient pathway for carbon sequestra-
tion and conversion in the biological ecosystems, such as
forests and aquatic systems, significant efforts have been
devoted to optimizing the MICP process for improved
efficiency and environmental sustainability,?+2243:245.247,248
As illustrated in Figure 11, MICP occurs when bacte-
ria secrete urease to hydrolyze urea into CO, and NH;.
The alkaline environment from NH; converts CO, into
CO;%~, whereas bacteria absorb Ca®* onto their nega-
tively charged surfaces. The interaction of Ca?* and CO5?~
forms calcium carbonate crystals, which deposit on bac-
teria, binding particles into solid structures for carbon
sequestration.?*>?4%2%% One limitation of the approach
is that the ureolytic MICP requires a constant supply
of urea and generates a large amount of ammonia as
a byproduct, making it challenging for long-term CO,
sequestration.”” > A recent approach by combining
MICP and photosynthesis offers a fresh perspective on
the process.”” In this study, photosynthetic living mate-
rials designed for dual CO, sequestration are developed by
embedding the MICP-capable photosynthetic cyanobac-
terium Synechococcus sp. strain PCC 7002 within a 3D-
printed Pluronic F-127 (F127)-based polymeric matrix.
The resulting bio-printed structures enable dual-carbon
capture through biomass production and the formation
of insoluble carbonates, continuing to sequester carbon
throughout their lifecycle for over 1 year.’*® This sug-
gests the high potential of photosynthetic living materials
for efficient, scalable carbon capture, supporting carbon-
neutral infrastructure and CO, mitigation.

In parallel, concrete ranks as the most extensively uti-
lized engineering material globally, surpassed only by
water in terms of overall consumption.??’ This widespread
usage is attributed to its versatility, durability, and cost-
effectiveness.”* By integrating principles derived from
biological systems, advancements in concrete technology
continue to evolve, aiming to enhance its sustainabil-
ity, durability, and multifunctionality in line with the
innovations observed in natural materials.??*?>*?> One
of the major challenges in concrete infrastructure is
the occurrence of cracks, whether autogenous or caused
by mechanical loading, as these can compromise the
safety and durability of structures. Self-healing concretes
have used both autogenous and autonomous approaches
to achieve the repair of small cracks without human
intervention.>°
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FIGURE 10 The butterfly diagram of the circular economy illustrates the continuous flow of materials in a sustainable system. It
highlights two main cycles: the biological cycle, where biodegradable nutrients return to the ecosystem, and the technical cycle, where
products and materials are kept in use through reuse, repair, remanufacture, and recycling.’?® Source: Reproduced from Ellen MacArthur
Foundation, 2025, www.ellenmacarthurfoundation.org, with permission.

As illustrated in Figure 12, the autogenous self-healing
relies on intrinsic physical, chemical, and mechanical
mechanisms, including (1) expansion of hydrated con-
crete matrix, (2) continued hydration, (3) carbonation of
calcium hydroxide, and (4) crack blockage by fine parti-
cles from water or cracking shedding.””’~?* Alternatively,
autonomous self-healing utilizes advanced technologies,
such as electrodeposition, shape memory alloys, encap-
sulated healing agents, vascular systems, and microbial
methods.”*® For example, polymeric capsules have demon-
strated their ability to resist the concrete mixing process
and to break when cracks appear, obtaining complete
sealing of the crack with chemical agents.?°%-°!

Additionally, drawing on the principles of biominer-
alization in natural organisms, efforts have been made
to develop self-healing concretes, which incorporate bac-
teria that can precipitate calcium carbonate,’#-2>>-257:262
When cracks form and rainwater enters them, the dor-
mant bacterial spores become active, consuming a nutrient
source also embedded in the concrete. As a result of

the metabolic process, calcium carbonate is precipitated,
which autonomously fills the spaces of the cracks and
restores the concrete’s structural integrity.?%~2% Although
most of these studies are conducted at lab scale under
static loading and much research is needed to identify
proper bacteria for prolonged periods, they have the poten-
tial to enhance the longevity of concrete structures for
sustainable development of infrastructures.

Similarly, the collection of water from the atmosphere as
a sustainable water source is of great significance, which is
especially critical in arid areas where water scarcity poses a
significant threat to the global population.’’ Spider silk, in
addition to its remarkable extensibility and toughness, also
exhibits unique water-collecting abilities,’*®?% as illus-
trated in Figure 7. Due to its unique wettability, resulting
from a periodic spindle-knot structure, spider silk uses
the cooperation of multi-gradients to drive tiny droplets
toward the spindle-knots for efficient water collection.’®
Based on this characteristic, numerous bioinspired fibers
have been fabricated for water collection.?’°>”> In a recent
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FIGURE 11 Schematic drawing for the microbial-induced carbonate precipitation (MICP) process: (A) cell membrane of Sporosarcina
pasteurii; (B) principles of the MICP reaction. Source: Reprinted with permission from Ref. [242], Springer Nature.
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FIGURE 12 Different mechanisms of autogenic self-healing in concrete.>” Source: Reprinted with permission from Ref. [257], Springer.
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study, the creation of an all silk-protein fiber with peri-
odic knots enables extremely high volume-to-mass water
collection capability, 100 times higher than the existing
best water collection nonprotein artificial fibers, owing
to the synergistic effect of the geometrical structure and
hydrophilicity of silk protein materials.”’’ With the recent
advances in the recombinant of artificial spider silk,"”
spider silk-inspired water collection systems hold the
potential to make a significant impact on global water sus-
tainability, demonstrating once again that nature’s engi-
neering can inspire groundbreaking solutions for modern
challenges.

To sum up, nature’s ability to create hierarchical
structures with multifunctional properties using mini-
mal resources provides valuable insights for sustainable
development. Materials innovations inspired by natu-
ral organisms, such as MICP for carbon sequestration,
self-healing concrete, and spider silk-inspired water
collection systems, demonstrate the potential for nature-
inspired materials to address pressing sustainability
challenges.

4 | AI-ENABLED ORGANISM
UNDERSTANDING AND MATERIAL
DESIGN

Al refers to the capability of a machine, such as a robot,
to autonomously replicate cognitive processes typically
associated with human intellect. This includes making
decisions based on its perception of the environment
to achieve predefined objectives.””> Over the past two
decades, Al has revolutionized and reshaped numerous
sectors globally. The evolution of the machine learn-
ing (ML) method, a subset of Al in the early 2010s
has significantly expanded the scope and ambition of
scientific discovery processes in multiple fields,?’*2%!
including weather forcasting,”®> magnetic control of
nuclear fusion reactors,”® hydropower station location
planning,”®* exploration of parameter space of particle
accelerators,”® protein prediction and design,?”’*”° and
cancer treatment.”®! ML encompasses a variety of meth-
ods, including (1) simple linear or logistic regressions; (2)
tree-based methods such as decision trees and random
forests; (3) artificial neural network-based methods such
as feedforward neural networks or multilayer perceptrons,
conventional neural networks, recurring neural networks,
generative adversarial networks, variational autoencoders
(VAEs), and graph neural networks; and (4) kernel-
based methods such as Gaussian process regression and
support-vector machine,?”276:280.286.287 Thege methods can
be broadly categorized into three primary types: supervised
learning, unsupervised learning, and reinforcement learn-

‘eramic Society

ing, each with distinct characteristics, applications, and
methodologies.”’*270

AI has been increasingly employed for the prediction
and engineering of proteins, which are fundamental com-
ponents of natural organisms. To date, the structures of
approximately 200 000 unique proteins have been deter-
mined experimentally and included in the Protein Data
Bank (PDB).?*® However, this number represents only a
minuscule fraction of the billions of unknown protein
sequences that exist.”®” The breakthrough in de novo
protein design through computational modeling and its
validation through experimental synthesis by David Baker
and his team demonstrated for the first time the pos-
sibility of creating entirely new proteins with specific
structures and functions that do not exist in nature.?”
The recent application of deep learning (DL), a subset of
ML techniques using more complex neural network layers,
facilitates the rapid and accurate prediction of 3D pro-
tein structures directly from their amino acid sequences.
This capability not only provides critical insights into
the functions of proteins with previously unknown struc-
tures but also aids in the design of novel proteins with
advanced functionality.?’®279-?°1292 Using the DL-based
model AlphaFold 2, Demis Hassabis and John Jumper fur-
ther optimized the accuracy of protein structure prediction
to about 1 A.27%2°! These advancements in protein struc-
ture prediction and engineering have significant impli-
cations for various fields, including biotechnology,?****
medicine,”®"**> and synthetic biology.?*’

Intrigued by recent advancements in the prediction and
design of complex protein structures via DL and the con-
comitant increase in computational power, researchers
have endeavored to elucidate the relationship between
the primary sequences of various silk proteins in spi-
der silk and their mechanical properties.>”*" Through
a concerted effort, silk gene sequences from 1098 spider
species were obtained, and the properties (mechanical,
thermal, structural, and hydration) of dragline silks from
446 species were rigorously tested. The goal was to cor-
relate gene sequences with mechanical performance and
to establish a “sequence-material property” database.’”®
Their research indicates that silk gene sequence motifs,
amino acid composition, and mechanical properties
exhibit common features across diverse protein lineages.
Their findings highlight the critical role of major ampullate
spidroins (1-3 paralogs) and specific amino acid motifs in
determining the measured properties of dragline silks from
various spider species. Furthermore, their gene sequence
database provides a foundational framework for future
analyses of silk proteins and the de novo design of artifi-
cial spider silk.?”® Utilizing this dataset and other existing
silk protein data, a generative large-language model (LLM)
based on DL methods has been developed to advance the

d ‘11 °ST0T 916T1SST

sdny woxy

:sdny) SUONIpuO) pur swag, a1 238 “[STOZ/Z1/91] U0 ATeaqr] SUUQ K91 © OUIO, (] 10 19T [GIE ISIS OULIO, (] 09MURN|O - OUTEE] 0950UBL] Aq 9S [0L 2001/ [ [ [ 1°01/10p/wioo Koy A:

Kopmreaqrour

25URDIT SUOIWO) 2ATERI) AqEANIdE A1 £q PAUIFAOT AT SA[ITE VO S9SN JO Sa[I 0] ATEIqI] QIO AS[IAN UO (SUONTT



FUET AL.

eramic Society

wan | jOUrNAl

fundamental understanding of the relationship between
spider silk sequences and their properties and to gener-
ate silk sequences with novel property combinations not
found in natural silks.**! This spidroin generative model
has potential applications beyond spider silk, extending
to other proteins with hierarchical structures for design
objectives across multiple domains.

Concurrently, Alis increasingly being applied in materi-
als science to enhance and accelerate the discovery of new
materials. The Al tools allow for efficient hypothesis gen-
eration, optimized experimental design, large-scale data
collection and interpretation, and the creation of action-
able, reliable models that are seamlessly integrated into
scientific workflows for streamlined discovery.?’#287:303-309
ML algorithms, combined with existing materials data, are
creating a materials intelligence ecosystem to support the
development of surrogate models for predicting material
properties and performance. As illustrated in Figure 13,
materials intelligence ecosystems consist of four key inter-
connected components: (1) online repositories, (2) data
representation, (3) modeling, and (4) validation.?®

Computational modeling can be carried out at multi-
ple length and time scales, from sub-nanometer (atomic)
to meter scale (macro), and from femtosecond (fs) to sec-
ond (s); thus, numerous methods are developed,’” as
categorized in Figure 14. One of the main challenges in
choosing a modeling method is the conflicts between com-
puting demand and the accuracy of results in a reasonable
amount of time; that is, methods providing accurate results
usually require more computational power and/or more
time, whereas faster methods typically use more gross
approximations. ML has been applied in each of these
domains and can be used to integrate the methods to
boost computational studies by improving simulation time
and system size.*>'® Using a large and diverse dataset com-
posed of 607 683 stable inorganic structures, with up to 20
atoms in the unit cell,*”’ from the Materials Project and
Alexandria,*'®3?" researchers successfully trained Matter-
Gen, a DL-based diffusion process generative model, for
designing stable, novel, and diverse inorganic materials
across periodic table.*"” Structures generated by Matter-
Gen are demonstrated to be more than twice as likely to be
novel and stable and more than 10 times closer to the local
energy minimum compared to previous models.307-320-32!
The generative model, with its designation and promise to
generate new objects, may serve as a foundation for the
future inverse design of novel inorganic materials that are
not currently known.

In the field of bioinspired materials design, the use of
transformer-based deep generative models, a subset of DL
models, shows promise in creating innovative designs that
balance strength and toughness in nacre-inspired struc-
tures by correlating microstructure with their mechan-

ical properties.*”* Additional AI algorithms, including
Bayesian optimization and multimodal learning, are being
explored to unlock the possibilities in the design and
optimization of bioinspired ceramics.’?%3?* Although Al
has made tremendous progress in advancing the field of
biospired and biological materials by enabling the analysis,
prediction, and design of complex systems, its application
also faces several unique challenges due to the complexity,
variability, and multiscale nature of biological materials.
For example, natural biological composites are
renowned for their exceptional mechanical perfor-
mance, which is attributed to their hierarchical structures
spanning multiple length scales. These materials, like
nacre shown in Figure 15, are constructed through the
integration of organic proteins and inorganic crystalline
phases into intricate architectures in a bottom-up manner.
Recent advances in ML have enabled the prediction
of complex protein structures,””” and the design and
3D printing of innovative bioinspired architectures,*
demonstrating the potential of Al in this field. The model-
ing and synthesis of a spider web-inspired 3D structure is
achieved by using a combination of three DL models, that
is, an analog diffusion model, a discrete diffusion model,
and an autoregressive transformer architecture, which
allows for “learning” of the key geometric parameters in
spider webs and constructing graphs for different design
purposes. In addition, these DL-designed structures were
then 3D-printed for mechanical evaluation to generate
experimental data for further optimization of the struc-
tural designs.*’’ In another example, a nacre-inspired
cement-resin composite with superior mechanical robust-
ness than its counterpart is demonstrated through the
optimization of its gradient structure using an ML-assisted
method.*”® An integrated data-driven ML method based
on a backpropagation neural network and a genetic
algorithm allows for the forward prediction and reverse
design of the “brick-and-mortar” structure in nacre by
using cement and resin. The fabricated gradient compos-
ite shows an extraordinary combination of high flexural
strength, toughness, and impact resistance, far exceeding
the homogenous or heterogenous structures made from
the same materials.”> Additionally, ML approaches were
used to design and select TPMS architectures with opti-
mized biomechanical features for bone tissue engineering
applications®?°; then, the most promising structures from
diamond, gyroid, and IWP classes were eventually printed
by vat photopolymerization to fabricate HA scaffolds.*?’
It is clear that recent advancements in ML have demon-
strated its potential for analyzing hierarchical biological
materials across multiple length scales and designing
novel composites and architected materials.*?*~**> One of
the key challenges in these approaches is finding effective
methods to describe complex hierarchical structures in
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FIGURE 13

Material intelligence ecosystems comprise four interconnected components: (1) online repositories; (2) data representation;

(3) modeling; (4) validation. DFT, density functional theory; MOF, metal-organic framework; NN, neural network. Source: Reprinted with

permission from Ref. [287], Springer Nature. The image for property prediction and screening is reprinted with permission from Ref.[302],

Elsevier. The graph for the graph neural network is reprinted with permission from Ref. [303], APS.

a simplified, reduced-dimensional framework. Such an
approach, similar to coarse-graining techniques, allows
for the physical relationships within these structures to be
more efficiently learned, modeled, and utilized to address
inverse design problems.’”® By integrating a discrete
autoencoder model, specifically the vector quantized
VAE (VQ-VAE),”' with an attention-based diffusion
model,*%-33* as depicted in Figure 16, a robust approach
has been established for “learning” complex hierarchical
microstructures and “speaking” the design language for
both forward and inverse design of novel materials.?%3%

This integrated framework has been validated through the
fabrication and testing of 3D-printed metallic honeycombs
composed of copper and nickel, which were engineered
to meet specific nonlinear stress-strain responses.*?%3%
Notably, the encoding generated by the VQ-VAE model
operates independently of the downstream diffusion
model, making it a versatile tool for a wide range of
material properties beyond mechanical responses.

Even more recently, LLMs—generative AI models
trained on vast corpora of text, typically comprising general
information from articles and websites—have emerged as
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FIGURE 14 A bird’s-eye view of computational materials science. (A) Contemporary quantum and classical computational
methodologies address systems spanning from microscopic length scales (~0.1 nm) to macroscopic length scales (~1 mm). Examples of

increasing length scales include an adenosine triphosphate (ATP) molecule, a high-temperature copper oxide superconductor, a

heterostructure of perovskite solar cell and colloidal quantum dots, a metal-electrolyte interface in lithium batteries, a DNA structure, a

structural model of a protein, and a simulated elastic material with propagating cracks. (B) Computational methods based on different levels

of theory provide different accuracies. The achievable simulation time is usually bounded by the complexity and the accuracy of the theory

required. (C) Different phenomena show up at different system scales, for which the level of theory varies depending on the nature of the

problem. As indicated in (B) and (C), machine learning is expected to boost computational studies by improving simulation time and system

size. Source: Reprinted with permission from Ref. [310], Springer Nature; solar cell heterostructures reprinted with permission from Ref. [311],
Springer Nature Ltd; batteries from Ref. [312], ACS (batteries); DNA from Ref. [313], under a Creative Commons License CC BY 4.0; proteins
from Ref. [314], Springer Nature Ltd; and elastic materials from Ref. [315], Elsevier.

powerful tools for a range of applications. These mod-
els are built on attention mechanisms and transformer
architectures, with notable examples including generative
pretrained transformer (GPT) models such as ChatGPT.**¢
Fine-tuned LLMs have been developed by training them
on specialized corpora, such as research articles in the field
of biological materials mechanics or textbooks focused on
materials and multiscale methods, to accelerate progress

and discovery.*”33¢ Although these models occasionally
produce errors and require significant alignment efforts,
they have shown remarkable potential in identifying
connections across diverse domains of knowledge and
generating bioinspired design concepts.**"-**

Leveraging the Al-generated knowledge from natu-
ral organisms to drive material innovations—by design-
ing compositions and structures that achieve similar or
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FIGURE 15 Left, a “brick-and-mortar” structure of nacre built of proteins and calcium carbonate (CaCOs;); middle, an illustration of
artificial intelligence (AI) and the frequently used computational tools to enable materials discovery; right, vitellogenin protein and spider

web-inspired structures. The structure of the vitellogenin protein—a precursor of egg yolk—as predicted by the AlphaFold tool.?”® Source:

Credit of protein: DeepMind; spider web structure reprinted with permission from Ref. [322], IOP Publishing.

superior performance to their counterparts—and produc-
ing them using advanced manufacturing techniques repre-
sents a significant frontier in materials science. Unsurpris-
ingly, significant challenges remain. First of all, the type
and quality of data, often derived from real-world studies
by researchers, play a critical role in training Al models.
The need for large amounts of accurate training data, infor-
mative representations that are independent of the system
size, and accurate ML models remains an active research
topic in the field.*** Additionally, the ability to integrate
physical principles, reasoning logic, and algorithm devel-
opment by scientists and engineers into Al is another
key factor to drive progress in the field.**" For bioin-
spired materials in particular, utilizing Al to understand
and optimize the interplay between different phases and
architectures is essential to design novel hierarchical mate-
rials with enhanced performance characteristics, which
may have potential for diverse applications in healthcare,
energy, sustainability, and beyond.

5 | CONCLUSION AND FUTURE
PERSPECTIVES

Nature’s hierarchical structures offer invaluable insights
for the design of advanced materials with exceptional
properties and multifunctionality, achieved with minimal
energy and resources. This article has highlighted four
notable examples: bone, nacre, sea sponge, and spider
silk, illustrating their unique structural organization and
resultant mechanical properties. Inspired by these nat-
ural models, researchers have made significant strides
in developing bioinspired materials with applications in
healthcare, energy storage, and sustainability. Advanced

manufacturing techniques, such as 3D printing and freeze
casting, have enabled the creation of materials with hier-
archical architectures, enhancing performance and func-
tionality. Furthermore, the integration of Al in materials
science could revolutionize the design and optimization
of bioinspired materials, enabling the discovery of novel
structures with superior properties.

There are numerous opportunities for significant break-
throughs in the field of nature-inspired materials, which
hold the potential to address major human challenges.
Here, we outline several frontiers in this domain:

1. Fundamental understanding of natural organ-
isms: This involves gaining a thorough understanding
of the growth, structure, and properties of natural
organisms by employing a wide range of tools and
techniques across various scientific disciplines. This
includes advanced characterization techniques such
as high-resolution microscopy, spectroscopy, and x-
ray techniques; computational tools such as molecular
dynamics simulations and bioinformatics; and analyti-
cal techniques like ML and multiscale modeling. These
approaches will facilitate the establishment of robust
composition—-structure—property relationships in natu-
ral organisms.

2. De novo design of proteins and inorganic materi-
als: Leveraging the power of Al tools to design novel
proteins and inorganic materials is a key approach.
Unlike natural organisms, synthetic materials are not
constrained by available resources or processing condi-
tions. This allows for the optimization of the balance
between organic and inorganic components across mul-
tiple length scales and offers greater freedom in the
selection of building blocks.
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FIGURE 16 Overview of an integrated deep neural network architecture using (A) vector quantized variational autoencoder (VQ-VAE)
model with (B, C) an attention-based diffusion model in the design of bioinspired hierarchical materials, and (D) an optical image of a
three-dimensional (3D)-printed honeycomb resulting from the modeling. Source: Reprinted with permission from Ref. [328], IOP Publishing;
honeycomb structure from Ref. [335], Elsevier.

3. Manufacturing of hierarchical structures: Employ- over synthetic materials at these length scales remains
ing advanced additive manufacturing or biomanufac- a formidable task. Moreover, the ability of biological
turing processes to fabricate hierarchical structures materials to construct their complex structures using
awaits further research activities. Natural organisms minimal, locally available resources—such as sugars,
exhibit hierarchical architecture down to molecular proteins, and minerals—and later recycle them as

and nanometer levels, and achieving precise control food or fertilizer through natural degradation offers
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a compelling model for sustainable biomanufacturing
practices by using materials that can be easily degraded.

4. Enabling multifunctionality and self-healing in
synthetic materials: Developing man-made materi-
als with multifunctional and self-healing capabilities is
an exciting area of research. Natural organisms contin-
uously rebuild and adapt to their local environments
throughout their lifespans. Designing synthetic “living”
materials with adaptive functionalities could extend the
lifespan of engineering materials, thereby enhancing
sustainability.

Interdisciplinary collaboration among materials scien-
tists, biologists, engineers, and manufacturers is essen-
tial to overcome these technical challenges. Fortunately,
recent progress in nanotechnology, biotechnology, and
biomanufacturing holds significant potential to advance
the field of materials science forward in the foreseeable
future.
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