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Figure 1 (Color online) Key concepts in biomaterials. (a) Introduction of non-linear interfaces in the material to achieve large deformations and high
toughness, where (tensile) toughness is the energy absorbed by the material or structure until failure, that is, the total area under the stress-strain curve;
(b) overall structural toughening with cracks affected by weak interfaces, where fracture toughness is a measure of the ability of a material or structure

to prevent existing cracks from propagating.
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Figure 2 (Color online) Comparative strength and toughness of biomaterials and engineering materials. (a) Ashby plot illustrating the strength and
toughness of biological and engineering materials [20]; (b) biological structural materials demonstrate toughness significantly exceeding that of their

individual components [7,8,24].
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Figure 3 (Color online) Structural and interfacial characteristics of natural shells. (a) Red abalone shell, with an inset showing a cross-sectional view
of the cut shell [25]; (b) scanning electron microscope (SEM) image of the micro-nanostructure of the natural nacre layer, scale bar 1 pm; white
outlines indicate a set of brick-like contours, including core and overlapping regions shown in magenta, inset shows mineral bridges between bricks,
scale bar 100 nm [25]; (c) interlocking wave patterns present at interfaces within the nacre layer, scale bar 5 mm; inset shows bridging details between
bricks, scale bar 2 mm [25]; (d) nanoscale roughness in the nacre structure [30,50]; (¢) SEM image of freshly cut abalone shell revealing adhesive
toughening bands between nacre layers [46]; (f) sawtooth force-displacement curve obtained from pulling fresh abalone shell [46].
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Figure 4 (Color online) Morphology and mechanical property of natural shell fracture tests. (a) Photograph of tensile test on nacre layer sample,
showing evident lamellar sliding and pull-out [44]; (b) stress-strain curves for bricks in nacre, dry nacre, and hydrated nacre [44]; (c) fracture test on
notched nacre sample, revealing inelastic zones during crack propagation; inset shows the orientation of bricks, with black arrows indicating the crack

tip position [45]; (d) experimentally measured fracture resistance curves for nacre [45].
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Figure 5 (Color online) Geometry and serrated fracture features of natural twisted fiber laminates. (a) Top image shows a cross-section of
cephalopod exoskeleton [33], and bottom image shows a 3D model of twisted fiber structure and SEM image of the fracture surface [13]; (b) scales of
the Arapaima exhibit twisted fiber structures, providing multi-layered protection [21,35]; (c) schematic of human femur structure, where L, R, C
represent longitudinal, radial, and circumferential directions, respectively [57]; (d) SEM image of circumferential crack paths in three-point bending
tests, showing deflection and severe twisting; inset shows a schematic of fiber arrangement [57].
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Figure 6 (Color online) Multi-scale mechanical models: from com-
ponents to representative volume elements to fracture toughening to
optimized design [7,16,17,34].
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Figure 7 (Color online) Basic mechanical models of brick-and-mortar representative volume elements. (a) Model of the brick-and-mortar structure
[42]; (b) stress transfer process [42]; (c) schematic of stress distributions in tension-shear chain models and shear-leg models.
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Figure 8 (Color online) Elastoplastic Interfaces. (a) Representative volume element with the presence of plastic zones at the interface;
(b) constitutive behavior of elastoplastic interfaces [71]; (c) representative stress distribution in bricks under different degrees of elastoplasticity at the
interface [71]; (d) three possible interface failure states and stress distributions [72]; (e) relationship between brick overlap length and toughness under

different degrees of elastoplasticity at the interface [71].
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Figure 9 (Color online) Self-healing interfaces. (a) Representative volume element model and loading conditions for functionalized graphene
composed of short cross-links (SC) and long cross-links (LC) between graphene sheets [78]; (b) schematic of interfacial shear constitutive behavior
[78]; (c) relationship between structural strength enhancement and long/short cross-link shear stress ratios at different graphene sheet sizes [78];
(d) schematic of a representative volume element and its single periodic constitutive behavior for laminated nanocomposites with periodic interfacial
constitutive behavior [79]; (e) phase diagram of deformation modes under different interface parameters and constitutive relationships in laminated
nanocomposites [79]; (f) schematics of three different deformation modes [79].
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Figure 10 (Color online) Progressive interface failure [91]. (a) Interface zoning during progressive failure; (b) dimensionless stress-strain curves for
structures with different brick overlap lengths, where /, represents the characteristic length for uniform interfacial shear; (c) transition of failure modes
influenced by brick overlap length; (d) changes in interfacial shear stress distribution during the progressive failure process.
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Figure 11 (Color online) Interlocking structure models and key results. (a) Model of brick-and-mortar structure with introduced interlocking features
[103]; (b) typical stress states in bricks [104]; (c) representative volume element of the interlocking structure [104]; (d) stress-strain curves for
structures with different brick interlocking angles; insets show failure states at different angles [104]; (e) relationship between the initial yield strength

of the interlocking structure and the interlocking angle [104].
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Figure 12 (Color online) Influence of structural arrangement on bricks. Relationship between strength (a) and toughness (b) with aspect ratio in
regularly arranged, stair-like arranged, randomly arranged, and continuously stratified brick-and-mortar structures [108]; (c) stress-strain curves for
structures with varying degrees of random arrangement; (d) failure states marked at various points in (c) [71].
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Figure 13 (Color online) Deformation and rotation mechanisms in
Bouligand structures [35]. (a) Rotation of fiber clusters’ axis; (b)
rotation of individual fiber axis; (c) separation and rotation of fibers; (d)
mutual compression leading to reorientation of layers.
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Figure 14 (Color online) Representative volume element properties in
brick-and-mortar structures with initial cracks.
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Figure 15 (Color online) Analysis of fracture behavior in brick-and-mortar structures: Dugdale model and defect insensitivity. (a) Mineral flakes
with surface cracks [42]; (b) comparison of the strength of cracked and perfect mineral flakes calculated based on Griffith’s criterion [42]; (c) Dugdale

model of fracture energy in biological composites [112].
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Figure 16 (Color online) Analysis of fracture behavior in brick-and-mortar structures: crack bridging model [88]. (a) Schematic of Type I crack
configuration and crack with discrete bridging; (b) influence of different brick thicknesses and bridging zone lengths on the toughening ratio;
(c) schematic showing bricks being pulled out in the structure, forming a bridging zone behind the crack tip, where the traction forces are discretized
into concentrated forces; (d) contour lines of steady-state toughening ratio in relation to normalized brick thickness and length; the yellow region

represents the common size range for bricks in natural nacres.
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Figure 17 (Color online) Analysis of fracture behavior in brick-and-mortar structures: J-integral and fishnet models. (a) Schematic of various
deformation zones developing around the crack [117]; (b) J-integral model compared with experimentally obtained fracture resistance curves [87]; (c)
fracture toughness-strength plot for red abalone nacre and its components, compared with predictions from the J-integral model [87]; (d) structural
schematic of brick-and-mortar material with Type I initial cracks and fishnet model; nodes represent brick centers and lines between nodes represent
interfaces [116]; () predicted fracture resistance curves for red abalone nacre using the J-integral model [87]; inset shows comparison between fishnet
model predictions and four-point bending experimental results [116]; (f) phase diagram of tear modulus versus characteristic length and dimensionless
interface yield displacement predicted by the fishnet model [116].

ﬂ>R_m

27 1 F, REURRHICK 1A RSO LA S8 T 5%
G~ R, (22)

PERAEZE, i SR, 25, Gui A1

Herb, R IR, 73 3l AR e R B (i W22 142

bR A AR B B 5 A TR] ) 5 b T DL et
GURY, T T Yo A2 i 43 1) P g B e ) (A B
] 1520003000,  [R]HZS i 54 e e 52 45 4 Y
L EIEILE.

BEAN, Xt T BT = SRS SR AR S A IR IR 52, T
e LT YRR I T, REHRERR
WITERIZI1015, X8 s A Ak Be 5 3 A B 1)
S MBS RS PR U1 i 18(b) T
AR ARSI 4y R AR IS I ) T RS R, AE
WRTE R SURMERIE TR )2, RO EA ML 2 5+

A FH3DITENEARE 1 AR 7 RN GG, KR
FEEIL T phir 8N RSUmA LS. W 18(b)H A2
i, SRR SR B (8RB 73 J2= T A AN W 52
Ji R AT R AUk, [, pPdefER T A A
Al fr BSR4 2 2 i IR AL, T B 25 FEHRE B
P 18(c) R R — b AT Bl A AT TR AL
il 5 WM KR, GuegE ANPA T 2k Z R
ZE K PP 2SR 21 5 T RS0 R T PR AR K A
T ESERE 71 BT (1 R B0OK A%

G(Bvy) _ Ii(vs)
G (B,v) - LT (v1)’

(23)

254605-18



FHICE. FEBE WEY J0E RO 2024 F S s4 % S

B 18 (2% RSURE Pl Yt A 4 K O T AT g S0, () 480 ST (e 30 5 57 (10 BT ™) (b)) 19 SRV DA S
3DFT EAT7 I A5 A2 b 4 Ky - B 0H TR ST OB SR ATE 3012, () 3DHT R R 78 5 8 45 4 o 0 (e 0 2 7 T A X
I RE B T D56 2R, 47 P R 450 R R 8 B ARk S0 F) S Sl e A 5 A T T s s L2129

Figure 18 (Color online) Fracture behavior in brick-and-mortar structures: crack deflection. (a) Criteria for crack deflection along or across
interfaces [4]; (b) crack deflection morphology along inclined interfaces in natural seashells and 3D-printed seashell-inspired interlocking structures
[27,124]; (c) the relationship between the energy of crack deflection or crossing the interface mode and the interface inclination angle in the 3D printed
conch shell-like staggered structure; inset is a schematic diagram of the crack deflection and crossing interface morphology affected by the crack

propagation speed and tilt angle [124,125].
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Figure 19 (Color online) Fracture behavior in Bouligand structures: crack twisting and combined crack twisting and bridging. (a) Schematic of crack
twisting and fracture mechanics in the Bouligand structure within the dactyl club of mantis shrimp [34]; (b) normalized crack geometry in Cartesian
coordinates and equivalent geometry in terms of twist angle ¢ and inclination angle a [34]; (c) ratio of local to global fracture energy under different
twist and inclination angles [34]; (d) fracture mechanics schematic considering both crack twisting and bridging [128]; (e) dimensionless local energy
release rate at the crack tip and crack surface morphology [128]; (f) relationship between effective fracture energy and rotation angle for different
dimensionless fiber lengths [129].
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Figure 20 (Color online) Strength and toughness optimization design for brick-and-mortar structures. (a) Phase diagram for determining the
existence of simultaneous strength-toughness optimization points [71]; (b) phase diagram of overall performance optimization versus interface strength
and brick volume fraction with equal weightage (1/3 each) to elastic modulus, strength, and toughness. (c¢) Optimal structure, brick volume fraction,
interface strength, and brick overlap aspect ratio under all weight combination conditions (m, n, k) of structural elastic modulus, strength, and
toughness [70]. (d) component-structure-performance map determined by two universal dimensionless parameters for natural and biomimetic

composite materials [72].
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Figure 21 (Color online) Kinetic energy dissipation optimization design for brick-and-mortar structures. (a) Impact velocity loss under different
interface strengths; inset shows failure modes under different interface strengths [134]; (b) impact velocity loss under different pre-stress conditions;

inset shows failure modes under different pre-stress conditions [135].
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Figure 22 (Color online) Fracture toughness optimization design for Bouligand structures. (a) Fracture mode phase diagram given by crack bridging
zone fracture energy and fiber length, where a critical inclination angle exists for achieving optimal fracture toughness in the combined crack twisting
and bridging failure mode [128]; (b) phase diagram of fracture toughness in relation to twist angle and fiber length in discontinuous twisted fiber

structures [128].
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Figure 23 (Color online) Challenges in the field of biomimetic
material mechanics and design.
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Designing lightweight structures with high strength and toughness is a fundamental scientific problem in mechanics and
materials science and an everlasting theme in engineering applications. Through millions of years of evolution, biological
materials have developed delicate structures with stronger, tougher and lighter mechanical properties, which have
become templates for the design of high-performance engineering materials. However, biological materials are often
composed of multiscale and hierarchical structures and interfaces that display nonlinear and multiprocess deformation
and fracture behaviors, which in turn determine their mechanical properties, such as strength and toughness. The
development of nonlinear mechanical models to elucidate the fundamental nonlinear structure-interface-property
relationships in biological materials and to provide optimized designs for high-performance biomimetic materials is key
nonlinear mechanical issues. This paper provides a featured review of the representative biological “brick and mortar
staggered structure” and “twisted fibrous structure”. This review first discusses the nonlinear mechanical models and
structure-interface-property mechanisms for representative volume element (RVE) of bioinspired heterostructures. Then,
the fracture behaviors and their correlation with the mechanics of RVE are demonstrated in bioinspired heterostructures
with cracks. Furthermore, based on the above mechanical models and mechanisms, some design schemes are proposed to
optimize mechanical properties, such as strength, toughness, kinetic energy dissipation, and fracture toughness. Finally,
the remaining challenges and future perspectives for the nonlinear mechanics and optimization design of bioinspired
heterostructures are proposed.

bioinspired heterostructures, nonlinear mechanics, RVE, fracture mechanics, optimization design
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