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locked biomineral interface in
bivalve shells

Jiaxi Huang and Gangsheng Zhang*

Bivalve ligaments are unusual biominerals that have evolved to facilitate the opening of the two shell valves

when required. Over a long period of time, their microstructures have been well investigated and are

generally considered to consist of an organic lamellar layer and an aragonitic fibrous layer (FL), where

the fibers are mutually parallel with a uniform diameter of ca. 100 nm. However, the microstructure of

the ligament-valve interface (LVI) has received little attention. Here, using optical microscopy, FE-SEM,

powder XRD, and FTIR, we focus on the LVI's microstructure as well as its chemical composition in the

clam Cyclina sinensis. We find that: (1) the LVI of this clam consists of discrete bands of coarse aragonite

fibers with a variable diameter of 0.4–7.6 mm surrounded by fine aragonite fibers with a uniform

diameter of 106.5 ± 1.6 nm; (2) these fine aragonite fibers are continuous with and similar in diameter to

the FL fibers (116.8 ± 1.7 nm); and (3) the bands of coarse aragonite fibers penetrate the normal FL and

gradually taper, bifurcate, or bend toward its interior, resulting in the LVI showing an unusual finger-

joint-like microstructure. We propose that the LVI serves as a transition between the rigid valves and

flexible normal FL and primarily functions to prevent the detachment of the FL from the valves during

their movement, which could be caused by modulus mismatch between the flexible FL and the rigid

valves. In short, this work provides a new model of biomineral interfaces, which may inspire the design

and fabrication of advanced material interfaces.
1 Introduction

Bivalve shells, such as oysters, mussels and clams, are natural
biomineral materials, which usually consist of three basic parts:
two rigid valves and an elastic ligament. The former mainly
function as armor to protect the bivalve so body, while the
latter has at least two basic functions: (1) to hinge the two valves
dorsally and (2) to open them ventrally when needed.1 There-
fore, both the valves and ligament are key biomineral tissues for
the survival of bivalves.

Over a long period of time, both the valve and ligament have
been extensively but separately studied due to their unique
structures and superior mechanical properties. Now, it is well
known that the valve may exhibit diverse structural patterns,
such as prismatic, nacreous, or crossed-lamellar patterns,
depending on the species.2–4 In comparison, the ligament
always contains only two patterns, which are called the lamellar
and brous layer (FL), regardless of the species.5–7 In particular,
the FL always consists of aragonitic biomineral bers
embedded in a protein matrix.8 These bers are usually parallel
to each other and show a convex polygonal or hexagonal shape
in cross-section with a highly uniform diameter of ca.
100 nm.9–12
aterials, Guangxi University, Nanning,

xu.edu.cn
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However, the ligament-valve interface (LVI) has been little
investigated. To our knowledge, only two literature works
concern the LVI. Carriker and Palmer13 rst reported that the
oyster LVI (called the ligostracum) consisted mainly of aragonite
prisms (diameter of ca. 4–6 mm). They proposed that this LVI in
the oyster binds the organic ligament to the foliated calcite of the
valve. Recently, Suzuki et al.14 also noticed that the LVI (called the
fusion interphase) in Pinctada fucata exhibits a prismatic struc-
ture that functions as a graded modulus transition zone between
the ligament and nacre. Nevertheless, details about the micro-
structure of the LVI (such as the crystal orientation and spatial
organization) and its precise function remain poorly understood.

Here, we investigate the microstructure and chemical
composition of the LVI in Cyclina sinensis (Fig. 1), commonly
known as the Chinese Venus clam, a species widely cultivated
for human consumption along the southeastern coast of China.
Interestingly, we observed a unique nger-joint-like micro-
structure formed by bands of coarse aragonite bers pene-
trating the normal FL, which is common in this shellsh
species. Moreover, we propose that the LVI serves as a clear
connection between the rigid valve and elastic normal FL,
primarily functioning to prevent detachment of the FL from the
valves during their movement. Additionally, we briey discuss
the possible formation mechanism of the LVI.

Finally, in this work, the terminology describing the
anatomical orientation of the ligament (or shell) follows
RSC Adv., 2025, 15, 42063–42070 | 42063
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Fig. 1 Optical images of an intact Cyclina sinensis shell. (a) An outer
(dorsal) view of the intact ligament. (b) An inner (ventral) view of the
ligament. (c) An enlarged view of the boxed area from (b). (d) A
transverse section cut perpendicular to the pivotal axis of the ligament
(corresponding to a cut along the line AA0 from (a)). FL: fibrous layer;
LVL: ligament-valve interface.
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convention, as detailed by Trueman6,15 and Fougerouse et al.16

Particularly, the transverse section refers to the one cut
perpendicular to the pivotal axis of the ligament (Fig. 1d). In
addition, the cross-section refers to the one cut along the
ventral surface of the ligament, and the lateral surface corre-
sponds to the contact plane between the valve and ligament
(Fig. 1d).
2 Materials and methods

The Cyclina sinensis clams were collected alive on the coast of
Beihai City, Guangxi Province, southern China. They were pro-
cessed as follows: (1) the so tissues were removed from the
shells with a scalpel; (2) the shells were cleaned with tap water
followed by distilled water and air-dried at room temperature
for 12 h; and (3) nally, using a single-sided blade, the samples
were mechanically sectioned along different directions of the
ligament.

For optical microscopy, the as-prepared sections of the
ligament were rst polished with 1000–6000-grit SiC paper and
then observed with a stereo microscope (SZ66, Optec) equipped
with a digital camera (GT5.0, Tucsen).

For chemical phase analysis, rst, ligament fragments were
scratched using a scalpel on the LVI of ligaments to obtain
powdered samples. Then, powder X-ray diffraction (XRD)
patterns were collected with a diffractometer (Bruker D8) using
Cu Ka radiation (l = 0.15406 nm) at 40 kV (200 mA). Finally, the
powdered samples were mixed with KBr to obtain pellets, and
their transmission FTIR (Fourier-transform infrared) patterns
were collected with a spectrometer (Nicolet iS 50, ThermoFisher
Scientic) at a resolution of 4 cm−1 with 32 scans in the range of
500–2000 cm−1.

For SEM analysis, the as-prepared ligament sections were
rst coated with gold by a sputter coater (SBC-12, KYKY) oper-
ating under a vacuum of 6 Pa and at 6 mA for 30 s. Then, they
were observed with FE-SEM (SU8020, Hitachi) operating at 10–
42064 | RSC Adv., 2025, 15, 42063–42070
30 kV. Finally, the SEM images were processed using quantita-
tive image analysis soware (QIA-64, Reindeer Graphics).
3 Results
3.1 Optical observations

Optical images of the C. sinensis shell are shown in Fig. 1. In
general, the ligament of this species shows mirror symmetry
along the pivotal axis of the shell (Fig. 1a and d). It looks like
a thin lens when viewed from the outer surface (Fig. 1a) and an
irregular rectangle when viewed from the inner surface (Fig. 1b).
Interestingly, on the inner surface, there exists a thin transi-
tional area between the FL and valve, namely, the LVI (Fig. 1b
and c), which has a unique nger-like appearance. In addition,
the LVI has a maximum thickness of ca. 0.5 mm for a 2.6-cm-
long shell and tapers to the posterior end of the ligament. In
the transverse section (Fig. 1d), the LVI looks like an oblique
triangle tapering to the dorsal side, which will be detailed via
the following SEM observations.
3.2 SEM observations

3.2.1 Transverse section. The transverse section cut
through the ligament-valve contact area is shown in Fig. 2a,
where three components exist: the FL, LVI, and valve (Fig. 2b).
The former consists of parallel bers with a highly uniform
diameter of ca. 110 nm (Fig. 2c), which are usually slightly
curved (Fig. S1) and similar in structure to the FL of other
bivalves, as detailed elsewhere.15,17,18 In contrast, the LVI
exhibits an oblique triangular shape that tapers, with
a maximum width of ca. 0.3 mm, and, located at the FL-valve
interface, it has two distinct boundaries separating it from the
FL and valve, respectively (Fig. 2b). Moreover, it consists of
parallel bers of highly non-uniform diameter (Fig. 2d), which
can be divided into two types. One is called ne bers, which are
similar in diameter (ca. 120 nm) to those of the FL, and the
other is called coarse bers, which are highly non-uniform,
ranging from ca. 1.7–4.8 mm. Interestingly, those two types of
bers are usually interpenetrating with no clear boundary. Their
cross-sectional morphology will be detailed below.

The structure of the valve near the LVI surface consists of
complex crossed-plate crystals with a thickness ranging from ca.
0.24–0.44 mm; these are signicantly different in terms of
orientation and diameter compared with the coarse bers
(Fig. 2e).

3.2.2 Cross-section. The cross-section through the FL and
LVI areas and parallel to the ventral surface is shown in Fig. 3a.
Specically, the LVI is composed of alternating bands of ne
and coarse ber bands, and it has a thickness of ca. 160 mm
(Fig. 3a and b). Notably, the ne ber bands are composed of
convex polygonal or hexagonal-shaped bers in cross-section,
which have a highly uniform diameter of 116.8 ± 1.7 nm, as
determined by quantitative image analysis soware (QIAs)
(Fig. 3c and S2a). In addition, the normal FL is also composed of
ne bers with the same structure and a similar diameter (106.5
± 1.6 nm) and shows no distinct boundaries separating the ne
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of a transverse section of a portion of C. sinensis ligament cut along the line AA0 from Fig. 1a. (a) An overview of the ligament-
valve contact area showing the location of the ligament-valve interface (LVI). (b) A close-up view of the boxed area b from (a). (c)–(e) Details of
the boxed areas c–e from (b), respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
O

ct
ob

er
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
1/

20
26

 6
:2

5:
33

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
ber bands (Fig. 3c and S2b). Therefore, the ne ber bands are
continuous with the normal FL.

In contrast, the coarse ber bands have distinct boundaries
separating them from the ne ber bands (namely the normal
FL), showing an abrupt transition between ber types (Fig. 3b
and e). Interestingly, we found that these coarse ber bands
penetrate the normal FL and gradually taper and bifurcate or
bend towards the interior of the FL, with the width of the band
ranging from ca. 5.6–14.1 mm (Fig. 3b and f). This results in an
unusual nger-joint-like interlocked structure at the LVI.
Moreover, the coarse bers usually show a concave polygonal
Fig. 3 SEM images of a portion of C. sinensis ligament and the LVI in cro
corresponds to the contact surfacewith the valve. (b) A close-up view of t
close-up view of the boxed area f from (a).

© 2025 The Author(s). Published by the Royal Society of Chemistry
and highly non-uniform diameter (range: 0.4–7.6 mm; mean: 4.8
± 0.2 mm) (Fig. 3d and S2c). This implies that the coarse bers
themselves form an interlocked structure within the bands.

3.2.3 Lateral surface. The lateral surface aer the removal
of the valve and lamellar layer is shown in Fig. 4a. Structurally,
the LVI consists of bands exhibiting two different morphol-
ogies, coarse and ne bers, on the lateral surface (Fig. 4b and
e). In particular, we found that these ber bands are composed
of unique fan-shaped ber bundles, with the ber bundles
approximately vertically aligned near the dorsal end of the LVI
area (Fig. 4b and d). Moreover, within each bundle, the bers
ss-section. (a) An overview of the section where the top lateral surface
he boxed area b from (a) with further details shown in (c), (d) and (e). (f) A

RSC Adv., 2025, 15, 42063–42070 | 42065
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Fig. 4 SEM images of the lateral surface of a C. sinensis ligament. (a) An overview of the lateral surface. (b) A close-up view of the boxed area
b from (a). (c) Details of the boxed area c from (b). (d) and (e) Close-up views of the boxed areas (d) and (e) from (a), respectively. The blue and
green dots are predicted nucleation centers of the fine and coarse fiber bundles with a fan shape, respectively; CFR: coarse fiber; FFR: fine fiber.
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converge at the nucleation center and divert in a ventral direc-
tion (Fig. 4c and d). This implies competitive growth between
two neighboring ber bundles near the dorsal end of the LVI
area.19–21

In contrast, near the ventral end of the LVI area, the bers
within the bands are parallel to each other, and the coarse and
ne bers share the same orientation, with the widths of the
coarse and ne ber bands being 17.88 mm and 12.6 mm,
respectively (Fig. 4e).
3.3 Chemical phase analysis

In the FTIR spectrum (Fig. 5a), the LVI showed characteristic
aragonite peaks of CO3

2− at 700 cm−1, 713 cm−1, 855 cm−1,
1082 cm−1 and 1492 cm−1.22 In addition, the spectral signals at
1654 cm−1 (amide I) and 1401 cm−1 (symmetric CH3 bending
Fig. 5 FTIR (a) and XRD (b) patterns recorded from a powder sample of

42066 | RSC Adv., 2025, 15, 42063–42070
modes of the methyl groups of proteins) represent some char-
acteristic peaks of organic materials.23 In the XRD pattern
(Fig. 5b), the LVI showed a series of sharp peaks that match well
with those of aragonite (JCPDS le no. 05-0453).

EDS (energy dispersive spectroscopy) was used to analyze the
coarse and ne bers, respectively, showing that all these bers
contain C, O, and Ca, while the ne bers also contain N and
small amounts of S and Cl (Table S1). Among these, Ca, C, and O
in the coarse bers should originate from aragonite. In the ne
bers, Ca should originate from aragonite, C and O from both
aragonite and organic materials, and the remaining elements
from organic materials.

In summary, XRD and FTIR analyses conrm that aragonite
is the only crystalline phase present in the LVI of C. sinensis.
EDS results further indicate that the coarse bers are composed
of CaCO3, while the ne bers consist of CaCO3 and organic
the LVI of C. sinensis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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material. Thus, the coarse bers are predominantly aragonite,
whereas the ne bers comprise aragonite crystals and an
amorphous proteinaceous matrix.
4 Discussion
4.1 Structural model of the LVI

Based on SEM observations of different sections, we could
propose a structural model for the ligament-valve interface (LVI)
of C. sinensis (Fig. 6). To clearly illustrate the location and
structure of the LVI, half of the ligament tissue and part of the
valve are removed, as shown in Fig. 6a. It is noteworthy that the
LVI is an interlocked area formed by the penetration of the
coarse ber areas into the normal FL, located between the
normal FL and the valve. In addition, the coarse ber areas
usually show a similar slender triangular pyramid shape in
three-dimensional space. This leads to the LVI areas gradually
widening from the dorsal surface to the ventral surface.

Moreover, the coarse ber areas gradually taper and bifur-
cate or bend towards the interior of the FL when viewed from
the ventral surface, where the coarse bers usually show
a concave polygonal shape and highly non-uniform diameter
(Fig. 6b). Therefore, the coarse ber areas exhibit a unique
nger-joint-like interlocked structure in both the ventral view
and in cross-section. In contrast, the bers of the normal FL
show a convex polygonal or hexagonal shape and highly
uniform diameter. In addition, in the living state, the bivalve FL
is always subject to a compressive force (F) exerted by the valves
(derived from the adductor), and the FL undergoes a corre-
sponding shape change.24 The shape change of the FL will be
detailed below.
4.2 Combination of the bers of the LVI

The LVI of C. sinensis contains two types of bers: coarse and
ne aragonite bers, as detailed above. The way in which these
Fig. 6 Schematic diagrams of the ligament-valve contact area in C. sine
shows the location and structure of the developed ligament-valve inter
a finger-joint-like interlocked structure. Red areas: regions of coarse fi

ligament and valve are deliberately removed to show different sections o
and fine fibers are neglected.

© 2025 The Author(s). Published by the Royal Society of Chemistry
bers combine is an important question, and it may be divided
into three types: (1) the combination of ne bers, (2) the
combination of coarse bers, and (3) the combination of coarse
and ne bers.

For type 1, the ne bers should be connected by organic
materials, based on the following evidence: (a) the FL contains
of ∼64% ne bers and ∼36% by volume of organic materials,
based on QIAs (Fig. S5a and b), which is further evidenced by
EDS and FTIR analyses, as mentioned previously; and (b) in
slightly deformed areas of the FL, the ne bers are directly
observed to be joined by organic materials (red arrows in
Fig. S4c).

For type 2, EDS analysis indicates that the bands of coarse
bers contain only C, O, and Ca, with no detectable N. This
suggests an absence of an organic matrix at their boundaries.
Therefore, the coarse bers are likely in direct contact with each
other along their interlocked zigzag boundaries (Fig. 3d and 6b).

For type 3, the coarse ber bands are always surrounded by
ne bers, with an irregular boundary between them (Fig. 6b
and S4d). Along the boundary, some extremely ne laments
are observed to join the ne and coarse bers, which are
probably organic materials.

4.3 Function of the LVI structure

SEM observations and EDS results indicate that the FL consists
of ne aragonite bers and organic material. It is well known
that for a two-phase brous composite, its average elastic
modulus can be estimated according to the rule of mixture:25

EFL = EaVa + EmVm (1)

where Va and Vm (=1 − Vf) are the volume fractions of the bers
and matrix of the FL, respectively, and Ea and Em are the elastic
modulus values of the ber and matrix, taken as 67–80 GPa and
0.16–0.26 GPa, respectively.26,27 In addition, the ber area frac-
tion is ∼64%, as determined by QIAs (Fig. S5a and b), which
nsis shells viewed from different angles: (a) a perspective view, which
face (LVI); and (b) a ventral view, which shows that the LVI consists of
bers; blue areas: regions of fine fibers. For simplicity, (1) parts of the
f the ligament and the LVI; and (2) the orientations of both the coarse

RSC Adv., 2025, 15, 42063–42070 | 42067
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equals the ber volume fraction (Va), since the observed fracture
surface is nearly perpendicular to the ber axis. Correspond-
ingly, the matrix volume fraction (Vm) should be ∼36%.
Therefore, the elastic modulus of the FL is ∼47.12 GPa.

In contrast, the LVI consists of coarse ber bands pene-
trating the normal FL, where the coarse bers of the bands are
likely in direct contact with each other. Thus, the elastic
modulus of the LVI can be estimated according to the rule of
mixture:

ELVI = EcVc + EFLVFL (2)

where Vc and VFL (=1 − Vc) are the volume fractions of coarse
aragonite bers and the FL, respectively, and Ec and EFL are the
elastic modulus values of coarse bers (since coarse bers are
aragonite, Ec = Ea) and the FL, respectively. In addition, the
coarse ber and FL volume fractions are ∼25% and ∼75%,
respectively, as determined by QIAs. Therefore, the elastic
modulus of the LVI is ∼53.74 GPa.

Finally, the crossed-lamellar layer of the valve is composed of
more than 99% aragonite with less than 1% organic matrix.28 Its
elastic modulus (EV) is estimated as:

EV = EaVav + EmVmv (3)

where Vac and Vmv (=1 − Vac) are the volume fractions of
aragonite and the organic matrix, respectively. Therefore, the
elastic modulus of the valve is ∼72.77 GPa.

Based on the calculated elastic moduli, a clear mechanical
hierarchy is observed among the three structural components.
The elastic modulus of the FL (∼47.12 GPa) is substantially
lower than that of the crossed-lamellar valve (∼72.77 GPa), with
a difference of approximately 27 GPa. Following conventional
material classication based on the elastic modulus, the FL can
be categorized as a relatively exible or elastic material, whereas
the valve exhibits the characteristics of a rigid material.
Consequently, a critical problem arising at the connection
between the exible FL and the rigid valve is modulus
mismatch. Specically, the exible FL deforms and elongates
predominantly in the anteroposterior direction under
compressive force, while the rigid valve experiences minimal
elastic deformation. This subjects the LVI to shear stress
resulting from the shape change of the exible FL. Critically, the
estimated modulus of the LVI (∼53.74 GPa) is not uniform but
represents the macroscopic mechanical properties of the
structure as an integrated whole. Structurally, this modulus
results from the characteristic structural conguration in which
stiff coarse bers (67–80 GPa) penetrate the compliant FL
(∼54.08 GPa). The elastic modulus of the LVI is ∼53.74 GPa,
positioned between the elastic moduli of the valve and FL. This
provides crucial quantitative evidence for amechanical gradient
within the LVI, conrming that the interface functions as an
integrated structure with transitional stiffness bridging the FL
and the valve.

Therefore, based on structural observations, we propose that
the LVI primarily functions to prevent the detachment of the FL
from the valves during their movement. Specically, the LVI
42068 | RSC Adv., 2025, 15, 42063–42070
achieves this function through at least two structural designs:
(1) the nger-joint-like interlocked structure enhances the shear
resistance of the LVI (Fig. 6b); and (2) the triangular pyramid
structure design of the coarse aragonite ber areas results in the
elastic modulus of the LVI gradually increasing from the FL to
the valve (Fig. 6a). Thus, this solves the modulus mismatch
between the exible FL and the rigid valve effectively.

In summary, the LVI serves as a transition between the rigid
valve and the exible normal FL and plays an important role in
preventing ligament detachment. Unfortunately, we are unable
to provide actual mechanical parameters, such as the elastic
moduli of different parts, as further experiments such as
nanoindentation are needed. This will be the direction of our
future research.

4.4 Possible formation mechanism of the LVI

Based on the above observations, the most unique structure
design of the LVI is the nger-joint-like interlocked structure
formed by the coarse bers penetrating the normal FL (Fig. 3).
We propose a possible mechanism for the formation of this
unique structure. This structure may form under compressive
force from the adductor muscles. Specically, an unstable
connection exists between the exible FL and the rigid valve at
the growth end of the ligament, namely the posterior end of the
ligament (Fig. 1b and 4). However, under compressive force, in
regions where no nger-like structures are formed (namely the
posterior end of the ligament), the FL undergoes deformation
and elongates predominantly in the posterior direction, leading
to nger-like ssure areas in the normal FL.

Based on SEM observations of the lateral surface, we propose
a possible formation mechanism for the coarse ber areas:
random nucleation and competitive growth. Specically, coarse
bers nucleate randomly on the valve surface and then grow
randomly to the ventral direction, displaying fan-shaped
spherulites (randomly symmetric aggregates of crystalline
bers that share a common growth axis but undergo branching
with slight crystallographic deviations).29,30 Within the nger-
joint-like ssure areas, these fan-shaped spherulites then
undergo competitive growth (Fig. 4d). The bers compete for
space, selecting the optimal orientation (perpendicular to the
ventral surface). Consequently, only (or mainly) bers with this
orientation continue growing, ultimately forming parallel bers
(Fig. 4e).

In summary, the formation mechanism of the LVI likely
involves two key stages. First, compressive forces deform the
ligament at its posterior end and create nger-joint-like ssure
areas. Subsequently, coarse aragonite bers nucleate randomly
on the valve surface, displaying fan-shaped spherulites, and
undergo competitive growth within these ssure areas. This
competitive selection favors bers perpendicular to the ventral
surface, which eventually grow into parallel bers and form the
interlocked structure of the LVI with the ne bers.

4.5 Signicance of this work

In this work, we focused on the LVI structure of C. sinensis and
found the unique nger-joint-like interlocked structure of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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LVI. Based on SEM observations, we propose that the primary
function of this structure is to prevent the detachment of the
exible FL from the rigid valves during their movement,
addressing a critical failure point that would otherwise lead to
bivalve mortality. Thus, we provide an organizational structural
model of the LVI of C. sinensis. This model deepens our
understanding of the interfacial function of bivalve biomate-
rials and provides direct bionic inspiration for rigid–exible
material interface optimization in engineering.

Crucially, the interlocked design offers exceptional resis-
tance to interfacial fatigue failure – a major challenge in engi-
neered composites. By distributing stresses efficiently across
the joint and mitigating stress concentration at the rigid–ex-
ible boundary, this bio-inspired architecture promises
enhanced durability for applications requiring millions of cyclic
loading cycles, such as in exible electronics, so robotics, and
aerospace components.31–33
5 Conclusions

This work reveals for the rst time the unique nger-joint-like
interlocked microstructure at the LVI of Cyclina sinensis,
formed by bands of coarse aragonite bers (diameter: 4.8 ± 0.2
mm) penetrating the normal FL. This specialized interface
effectively mitigates the modulus mismatch between the ex-
ible FL and the rigid valves and prevents their detachment
during valve movement, primarily through enhanced shear
resistance and a graded modulus transition. The ndings
provide a novel biomineral interface model, offering signicant
inspiration for the design of robust and fatigue-resistant rigid–
exible integrated interfaces in advanced engineering
materials.
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