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Biological materials have consistently intrigued researchers due to their remarkable properties and intricate
structure-property-function relationships. Deciphering the pathways through which nature has bestowed its
exceptional properties represents a complex challenge. The hierarchical architectures of biomaterials are
recognized as the basis for mechanical robustness. Moreover, it is well-established that the intriguing properties
of biomaterials arise primarily from the architecture at the nanoscale, particularly the abundant carefully
designed interfaces. Driven by the diverse functionality and the increasing comprehension of the underlying
design mechanisms in biomaterials, substantial endeavors have been directed toward emulating the architectures
and interactions in synthetic materials. By reviewing atomistic modeling of nacre, wood, and coconut endocarp,
in this work, we aim at highlighting the significant role of atomistic modeling in revealing nanoscale
strengthening and toughening mechanisms of biomaterials, subsequently advancing the development of bio-

inspired material.

1. Introduction

The bulk of Earth’s biological materials are essentially constructed
upon a few base substances including minerals, proteins, and poly-
saccharides [1]. With these very limited base materials, natural organ-
isms create large varieties of structures to fulfill their diverse functions,
basically confronting the challenges of life. Biomaterials are frequently
encountered as intricated composites, showcasing enhanced properties
in comparison to their inherently weaker individual components.
Several examples include the super tough nacre, lightweight yet strong
coconut shell, and extremely strong and tough spider silk. Given this
inspiration, several questions are raised from both scientific and engi-
neering perspectives. How does the natural organism attain its multi-
functionality through cheap base materials? How can structural
biomaterials retain the required mechanical performance? Can we use
the complex structure of biomaterials to make materials with excep-
tional properties?

Bioinspired materials design, as a relatively young and vibrant field,
aims at transferring biological principles into technically applicable base
materials to foster novel solutions across different domains, which often
exhibit unexpected combinations of properties [2]. The difficulty lies in
discerning the mechanisms responsible for bestowing these superior
properties, as well as uncovering the pathways that nature fabricates
these bio-composites. The elements of biomaterials usually take shape
and arrange themselves at the nanoscale. It has been widely recognized
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that the intriguing characteristics of natural materials arise primarily
from their nanoscale structure, particularly the interfaces [3]. In spite of
the substantial efforts dedicated to designing materials employing
macroscopic or microscopic engineering approaches to attain desired
mechanical properties [4], understanding the nanoscale structure and
interfacial interactions is fundamental to most bioinspired materials
design.

With cutting-edge methodologies, achieving comprehensive mea-
surements of the interfacial properties and decoding of the associated
mechanisms at the nanoscale or atomic scale solely through experi-
mental techniques are extremely challenging, even not possible. To a
certain degree, scanning electron microscope (SEM) and atomic force
microscopy (AFM) possess the ability to quantify and visualize interfaces
at a finer scale. However, major roadblocks exist in such techniques,
including considerations of instrument resolution and sensitivity, as well
as the preservation of sample integrity during preparation and testing
[3]. Moreover, the nanoscale interactions surpass the detection capa-
bilities of existing experimental methodologies. As a result, the exact
material configurations of some biomaterials, such as the cell wall of
coconut endocarp, are still under debate or unexplored. Although re-
searchers frequently attribute the excellent mechanical properties of
biomaterials to the so-called “nano effects”, direct experimental evi-
dence at the nanoscale remains scarce, primarily due to the encountered
challenges.

Furthermore, the mechanical response of biomaterials is notably
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influenced by the water absorbed within their organic matrix. Experi-
mental investigations, particularly those highlighting the remarkable
toughness of nacre [5,6], predominantly conducted under hydration
conditions, demonstrate the pivotal role of water. Experimental obser-
vations indicate that water-induced changes in the shear modulus and
strength of the organic matrix are key factors affecting the elastic
modulus, tensile strength and toughness of nacre [7]. Moreover, the
presence of water at nanograin interfaces adds to the viscoelastic nature
of nacre [8,9]. Regarding cellular plant materials, a nanoindentation
study focused on wood [10] has unveiled that water molecules permeate
the ultrastructure of the wood cell wall, serving as a softening agent.
This subsequently leads to a decrease in both hardness and elastic
moduli of wood. Despite the availability of advanced experimental
techniques for precisely assessing the impact of water on the mechanical
properties of biomaterials, the intricate fundamental mechanisms by
which water facilitates them in achieving their anticipated properties
remain elusive, especially at the fine scale.

To address the challenges posed by experimental limitations,
computational modeling, particularly atomistic modeling, has been
grown into a viable technique to replicate the dynamic behavior of
materials exposed to different loading scenarios at the nanoscale. In this
work, several studies of biological materials will be taken as examples to
manifest the role of atomistic modeling in advancing the development of
bioinspired materials. We will focus on two representative categories:
hard biomineral and biomass cellular materials. Firstly, the enduring
fascination with biominerals such as nacre and bone stems from their
exceptional synergy of high strength, stiffness, and toughness, along
with their versatile nature and inherent capacity for self-repair. The path
often adopted by nature involves incorporating submicron- or nano-
sized mineral platelets into a soft organic matrix, establishing a
thoughtfully arranged hierarchical structure. The crucial aspect lies in
the generation of abundant interfaces between organic and inorganic
components plus the harness of the synergistic mechanisms that operate
at various scales to disperse loads, absorb energy, mitigate damage, as
well as withstand property changes due to occurrences like cracking.
Secondly, the prospect of sustainable development is closely tied to
humanity’s capacity to transition away from exhaustible fossil reserves
to renewable and eco-friendly alternatives. Encompassing more than 30
% of the world’s land surface, the forest bestows upon humanity one of
nature’s most generous offerings. It serves as a habitat and a valuable
source of materials for countless living creatures [11]. The intrigue
surrounding wood and its derivatives stems not only for being sustain-
able, renewable, and biodegradable but also for their impressive me-
chanical properties and adaptable chemistry.

The intention of this article is to provide additional insights into the
numerous high-quality reviews on the overarching topic of bioinspired
materials design [1-3]. A significant portion of the content is dedicated
to evaluating the endeavors in atomistic modeling of nacre, wood and
coconut endocarp, placing special emphasis on their mechanical
behavior study. Specific attention is given to deciphering how interfacial
mechanics influence the overall holistic mechanical characteristics of
biomaterials, opening up potential applications in the realm of bio-
inspired engineering. Lastly, we engage in an in-depth analysis of the
constraints inherent to atomistic modeling. Furthermore, we lay out
prospects for future research exploration.

2. Nacre

The iridescent layer found within mollusk shells, commonly referred
to as nacre or mother-of-pearl, is of significant interest. The principal
role of nacre is to provide protection to the shell, mitigating the risk of
catastrophic fractures induced by predator assaults [6]. It has been
widely acknowledged for an extended period as the foremost natural
material for armor [12]. Assessed from the standpoint of fracture me-
chanics, biominerals consistently excel in enhancing fracture resistance
during crack propagation compared to engineered synthetic materials.
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This superiority is owed to the utilization of toughening mechanisms
operating both in front of and behind the crack tip.

The structure of nacre exhibits a highly intricate hierarchical orga-
nization that spans various length scales, ranging from the atomic scale
to the macroscale, as illustrated in Fig. 1 [13]. Microscale structure
analysis reveals that nacre predominantly comprises polygonal arago-
nite platelets that account for roughly 95 wt% of its composition. The
dimensions of these platelets are defined by their width, which ranges
from 10 to 20 pm, and their thickness, measuring about 0.5 pm. Inter-
weaved between these platelets are delicate layers of organic protein
and polysaccharides matrix, serving as the “relatively soft” adhesive
material, situated at the interfaces between mineral platelets [14].
Through such a clever assembly strategy, nacre acquires a noteworthy
three-thousand times augmentation in fracture toughness with a mar-
ginal compromise in strength in comparison to the pure mineral phase,
notwithstanding its predominant composition [7,15].

Leveraging the high-resolution transmission electron microscopy
(TEM), it was additionally unveiled that each aragonite tablet involves
the integration of nanograins, varying in size from 3 to 10 nm, that are
intricately associated with proteins such as lustrin A [16], perlucin [17],
perlustrin [18], and perlwapin [19], embedded in the grain boundaries
(GBs) [20]. This discovery refreshes the long-term accepted conven-
tional assumption of single crystalline aragonite tablets, and further-
more, it provides a potential toughening nature to complement the ever-
reported mechanisms that mainly focused on the structure of microscale
laminates, including tablet sliding [21,22], interfacial asperities [21],
mineral bridges [23-25], and interlock of wavy tablets [5]. Besides, soft
biopolymer fibers, mainly chitin, were found to glue the hard aragonite
tablet together, which was demonstrated to contribute significantly to
energy dissipation during deformation and hence high fracture tough-
ness of nacre [26,27]. These efforts have greatly improved our under-
standing of the structure-composition-performance relationships of
nacre. However, unfortunately, they were still incapable of fully inter-
preting the dramatic enhancement (~3000 times increase) of the
toughness in nacre. With this concern in mind, a variety of research
endeavors have been executed to comprehend the mechanisms that
contribute to the enhanced toughness of nacre tablets [13,28]. Studies
have revealed that the ionic cross-linking of densely folded macromol-
ecules within the nano tablet is of equivalent importance. Upon loading,
the protein chains were stretched in a sequential manner as folded do-
mains were gradually unfastened. This stepwise elongation process
could potentially contribute to the astounding toughness attributes
exhibited by nacre [28].

The optimal approach for achieving a profound understanding of the
molecular interactions between mineral and organic molecules is
through a comprehensive inquiry into individual constituents and their
collective composite. This will elucidate the distinct functions of diverse
nacre components, thereby offering insights for enhancing the perfor-
mance of materials derived from nacre.

2.1. Aragonite

Aragonite embodies a metastable form within the calcium carbonate
crystal family, rendering it one of the most prevalent biomineral due to
its substantial production levels and its wide-ranging dispersion.
Considering its predominant composition in nacre, it becomes impera-
tive to examine aragonite both in single crystalline and polycrystalline
forms when it is subjected to various loading conditions. By doing so, we
can simulate their response to external attacks that nacre might expe-
rience. Gaining insights into the deformation mechanisms within
aragonite is vital for grasping the overall exceptional mechanical per-
formance of nacre.

Through nanoindentation and uniaxial compression simulations of
single crystalline aragonite [29], we examined their mechanical prop-
erties and associated deformation mechanisms. These simulations aimed
to emulate the real-life predatory penetrating impacts that nacre
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Fig. 1. The structured hierarchy observed in abalone shell nacre [13].

commonly faces within marine environments, often occurring under
significantly elevated strain rates. The primary outcome of this research
underscores the substantial role played by crystallographic orientations
and loading rates in shaping the mechanical responses of aragonite,
namely its hardness, stiffness and strength.

The load-displacement curves (Fig. 2a) exhibit rather different pat-
terns when indenting along different directions. The hardness along
[001] direction was calculated as 9.04 GPa, which closely aligns with
the experimental result of 8.6 & 0.36 GPa [30]. In contrast, the hardness
measured along the [100] direction yielded a value of 7.96 GPa, which
further supports the experimental conclusion [31] that (001) plane
possesses greater hardness than other planes within aragonite. Atomic
configurations analysis revealed that in the case of [100]-indentation, a
new regularly arranged phase formed around the local compressed area
(Fig. 2b). Conversely, when indenting along the [001] direction, an
adjacent pileup region became evident, as depicted in Fig. 2c. This
occurrence bears resemblance to the observations reported in experi-
mental studies [30]. No dislocations or cracks were detected. Retrieving
the load—displacement relationships in Fig. 2a, one may conclude that
the pileup zone formation in the [001]-indentation case implies tardy
energy release and subsequent high hardness. On the other hand, in the
case of [100]-indentation, the initiation and expansion of the new phase
mitigate stress concentration and are accountable for the decrease in the
hardness of the bulk aragonite.

Analogous crystallographic orientation effect was observed when
uniaxially compressing a cubic aragonite model with 2.37 million atoms

600 _—

(Fig. 3a). The stress plateaus were observed in both cases indicating a
stable energy release process. The calculated Young’s modulus, i.e.,
stiffness, of [001]-oriented aragonite reaches 80 GPa, which is com-
parable to the experimental measurement of 82 GPa [32]. However,
when compressed along [100] direction, a relatively smaller stiffness of
67 GPa was obtained. Besides, significant decreases in yield strength and
strain were observed when altering the loading direction from [001] to
[100],i.e., 6.0 GPa vs. 1.6 GPa, and 8 % vs. 2 %, respectively. Snapshots
of the deformed structure revealed that in the [100]-oriented case,
dislocation first nucleate and propagate, followed by new phase trans-
formation and deformation twinning, as demonstrated in Fig. 3b, c. The
transformed phase displays symmetry with the twin boundaries, mani-
festing an inclination angle of 68.2°, which aligns closely with an
experimentally reported value of 63.8° [12], nevertheless, no phase
transformation was reported experimentally. As for the compression
along [001] direction, the stress plateau after yielding is ascribed to a
uniform atomic structure arrangement. Thereafter, a catastrophic failure
happens along the (110) and (110) slip planes.

The results from indentation and compression confirm that (001) is
harder and stronger than the (100) plane. From this viewpoint, one can
appreciate the rationale behind nacre’s formation of the “brick-and-
mortar” structure, wherein the [100] axis of aragonite is positioned
vertically to the surface, providing protection against aggressive pred-
atory penetrating attack.

Brittle materials, such as ceramics, glass and minerals, commonly
exhibit abrupt fracture as their primary mode of failure. Hence, it
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Fig. 2. (a) Crystallographic orientation effect on load-displacement curves of nanoindentation on aragonite. (b) Phase transformation induced by indentation along
[100] direction. The original aragonite phase is denoted by blue atoms, the new phase by yellow atoms, and the amorphous phase by green atoms. (c) Atoms beneath
and surrounded the indenter form pile up when indenting along [001] direction [29].
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Fig. 3. (a) Crystallographic orientation effect on stress-strain curves of uniaxial compression on aragonite. (b) Phase transformation and deformation twinning
induced by compression along [100] direction. Blue, red, and yellows atoms denote the original aragonite phase, new phase, and amorphous phase, respectively. (c)

Atomic configuration of the deformation induced twinning [29].

becomes imperative to examine the manner in which cracks propagate
in aragonite. Given that crack initiates and propagates at the nano or
atomic level, operating on a fleeting picosecond timeframe, they exceed
the capabilities of both experimental and continuum-level simulation
approaches. Alternatively, atomistic modeling is powerful in investi-
gating bond breaking, crack surface formation, and the crack propaga-
tion path [33,34].

Molecular dynamics (MD) technique was adopted to investigate the
dynamic fracture behavior of single-crystalline aragonite [34]. Given
the discrepancy in ionic interactions between (100) and (010) planes,
and the similarity in crystal structure between (01 0) and (110) planes,
as evidenced in Fig. 4a, two specific crack types were deliberately
introduced along the [010] and [100] directions within the modeled
systems. Crack deflection and straight propagation were observed in
these two cases, respectively, as captured in Fig. 4b, c. The primary
outcome of this study is the discernment that crack propagation in
aragonite predominantly occurs along the (110) and (010) planes,
thereby offering insights into the interpretation of its relative behaviors
in terms of ductile and brittle fracture.

2.2. Protein — Aragonite interaction

It is postulated that the organic matrix plays dual roles in nucleating
and dictating the growth of aragonite crystals, as well as gluing the
single crystalline nanograins together to endow nacre the desired me-
chanical performance [17,35]. Facilitated by atomic force microscopy
(AFM), force-displacement curves featuring distinctive sawtooth pat-
terns were recorded when pulling flexible proteins out of a nacre tablet.
Mechanisms such as elongation of macromolecules, bonds sacrifice, and
length concealment [36], particularly, protein chains unfolding, have
garnered widespread acceptance as the primary source of the observed
sawtooth pattern. These mechanisms substantially facilitate energy
dissipation and result in the notable fracture toughness of nacre [37].

To investigate the protein — mineral interaction in nacre, it is a
fundamental requirement to construct a computer model (depicted in
Fig. 1e) capable of faithfully replicating the behavior of the nano tablet.
However, due to the inherently pliable nature of proteins, discerning
their arrangement on the irregular GBs of polycrystalline aragonite
poses an exceptionally formidable task. To tackle this challenge, the
steered molecule dynamic (SMD) method was adopted to drag four
different types of proteins, i.e., lustrin A [16], perlucin [17], perlustrin
[18], and perlwapin [19], into the pre-defined GBs [13,35]. The attained
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Fig. 4. (a) Aragonite crystalline structure with dash lines denote the (100), (010) and (110) planes. The propagation of cracks in aragonite with pre-existing central
cracks along (b) [010] direction and (c) [100] direction. In (b) and (c), the atoms are colored based on their atomic kinetic energy [34].
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force-extension curves were characterized by a sawtooth pattern
(Fig. 5a), which demonstrated remarkable similarity to those observed
in the AFM experiment. However, unlike the commonly acknowledged
mechanisms of protein self-unfolding, the identified sawtooth behavior
(Fig. 5b, c¢) was found to be correlated with the ionic bonding occurring
between protein and aragonite, namely the electrostatic interactions.
The relationship between the density of ionic bonds and the magnitude
of sawtooth curves can be directly acquired from Fig. 5a. This study
yielded novel perspectives on the source of the substantial energy
necessary for breaking nacre. Specifically, it highlighted the potential
importance of ionic electrostatic interactions at the organic-inorganic
interfaces, which could be a key factor in enhancing the toughness of
nacre.

The influence of water on the interaction between protein and
mineral was further explored using SMD simulations. For comparison,
proteins situated on GBs were studied in both dry and hydrated states.
The obtained load—-displacement curves (Fig. 6a) indicated that the force
peaks were smoothed with the presence of water, leading to the
observed force plateaus. By monitoring the atomic trajectories (Fig. 6b,
c), it was observed that a layer of water formed on the mineral surface,
effectively isolating the ionic interaction between the protein and min-
eral. Meanwhile, the introduction of water induced abundant hydrogen
bonds, collectively contributing to the passivation of the observed blunt
force peaks.

2.3. Biomineral composite

In a systematic effort to comprehensively uncover the toughening
mechanisms operating within nacre at the nanoscale, with a specific
focus on elucidating the pivotal contribution of proteins to enhancing
nacre’s toughness, a mineral-protein composite model was meticulously
constructed through the Steered Molecular Dynamics (SMD) approach
(depicted in Fig. 7a, b) [13]. The average width of GBs was controlled at
1.2 nm, which agrees well with the experimental value [27]. Water
molecules were incorporated into the GBs to emulate the hydration state
analogous to that observed in nacre. To provide a basis for comparison,
both single crystalline and polycrystalline aragonite models were con-
structed to emulate the properties of pure mineral and dehydrated
nacre, respectively. Uniaxial tension simulations were carried out on the
three models with a relatively low strain rate of 2.0 x 10”/s. The
stress-strain curves obtained (depicted in Fig. 7c) display deformation
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patterns akin to those observed in experimental data [9]. The behavior
of single crystalline aragonite is indicative of brittle fracture, featuring
notable strength at 970 MPa and a significant stiffness of 75 GPa, albeit
marginally lower than the values extrapolated from experimental esti-
mates [9]. Dislocation motion and phase transformation were found to
be responsible for its ultimate failure. Inelastic deformation was
observed from the very beginning in the case of polycrystalline arago-
nite under tension. It was noted that there is a significant strength drop,
which is primarily due to the weak connections on GBs.

In contrast, with the incorporation of pliable organic substances and
water molecules onto the GBs, the fracture toughness modulus, as
computed through integrating the stress—strain curve until the point of
failure, demonstrated a substantial enhancement, as illustrated in
Fig. 7c. A comprehensive analysis of atomic configurations disclosed
that both nanograins and grain boundaries experienced stretching,
resulting in an expansion in width, yet without undergoing catastrophic
failure. The acidic and basic amino acids demonstrate a strong pro-
pensity for binding with the calcium carbonate ions, signifying a robust
electrostatic interaction between them. It is a well-established fact that
electrostatic interactions are significantly stronger, surpassing the
strength of hydrogen bonds (H-bonds) formed within the folded protein
chains by over twenty times. Given this, it is plausible to assert that ionic
bonding contributes more significantly than protein self-unfolding to the
high level of toughness witnessed in nacre. This discovery contributes a
fresh angle to the assortment of toughening mechanisms found in nacre:
the toughening triggered by robust electrostatic interactions. This
strategy of toughening has been employed to manipulate the interfaces
between layers when fashioning composites resembling the architecture
of nacre [38].

3. Wood

Wood is arguably one of the most prevalent biomaterials worldwide.
It possesses a unique set of features — pronounced porosity, lightweight
nature, impressive strength, stiffness, hardness, and toughness — a
combination that is scarcely encountered in artificially produced ma-
terials [39]. In terms of strength-to-weight ratio, wood competes with
steel [39]. Its fracture toughness surpasses that of the majority of porous
materials manufactured by humans by several orders of magnitude [40].
For centuries, the significance of wood lies in its role as both a funda-
mental construction material and a critical resource for making pulp and

Fig. 5. (a) Force-extension curves during the extraction of protein chains from GBs, as well as from protein bundles. The density of ionic bonds for individual proteins
is shown in the figure. Atomic trajectories of a specified GB region (b) before and (c) after the force peak. Different types of residue were visualized using varied
colors, wherein acidic and basic amino acids were represented in red and blue, while polar and nonpolar amino acids were denoted in green and white, respec-

tively [35].
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Secondary
cell wall

Hemicellulose

Cellulose

Fig. 8. The hierarchical structure of wood materials ranging from (a) tree stem, (b) wood bulk, (c) cellular structure, (d) cell wall and (e) microfibril.

6



N. Zhang

paper. Emerging delignified wood (DW) scaffolds have been customized
for a range of uses, including transparent wood [41,42], high-
performance thermal insulation [43], energy generation technologies
[44], and additional bioinspired wood products [45]. Leveraging state-
of-the-art nanotechnologies, the potential of wood can be remarkably
expanded, encompassing domains such as nanostructured wood mem-
branes [46,47], carbonized wood nanocomposites [48], and the field of
wastewater treatment [49].

Primary layer and secondary cell wall layers, consisting of the S1, S2,
and S3 layers (as shown in Fig. 8d), constitute the primary structural
elements of the wood cell wall. An essential factor contributing to the
extraordinary mechanical characteristics is the substantial secondary
cell wall, comprising roughly 80 % of the entire thickness, and distin-
guished by a sophisticated hierarchical configuration (depicted in
Fig. 8). In the secondary cell wall, the S2 layer serves as a fundamental
building block, creating a composite reinforced by fibers. This layer
contains crystalline cellulose polymers of about 3 nm in diameter,
intricately incorporated into a pliable matrix of amorphous lignin and
hemicellulose, whose thickness varies between 3 and 14 nm [50,51].
Moreover, lignin occupies the interstitial spaces, confining the mobility
of microfibrils and augmenting the hydrophobic characteristics of the
cell wall [52]. Cellulose microfibrils exhibit a longitudinal stiffness of
around 134 GPa, whereas the amorphous hemicellulose and lignin
possess moduli of only 7 GPa and 2 GPa, respectively [53]. Realizing the
complete capabilities of wood necessitates a comprehensive compre-
hension of its structural hierarchy and mechanics, particularly at the
nanoscale, thereby paving a way for entirely novel nanotechnological
applications.

3.1. Effect of binding mode

Hemicellulose segments were noted to establish connections with
adjacent cellulose microfibrils through different binding modes [54]. To
gain a better understanding of how hemicellulose binding modes affect
the mechanical performance of cellulose-hemicellulose composite,
atomistic shear simulations were conducted on the three models with
bridging, looping and randomly distributed hemicellulose chains, as
illustrated in Fig. 9a-c [55]. It is worth noting that the three models were
initially designed to maintain a consistent contact area between hemi-
cellulose and cellulose bundles, ensuring the constancy of initially
formed H-bonds. The obtained shear force-displacement curves
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(Fig. 9d) implies that shear force is affected by the binding modes. It was
noted that after full relaxation the interfacial area altered, and addi-
tional hydrogen bonding was observed on the cellulose-hemicellulose
interfaces. The presence of these H-bonds is crucial in inhibiting the
relative motion between cellulose and hemicellulose. Besides, the
hemicellulose chain backbones underwent elongation to withstand
further deformation. The strength of this covalent interaction is twen-
tyfold greater than the non-bonded interaction, resulting in a substantial
enhancement of the composite’s shear strength. Acknowledging that
water serves as a significant origin of H-bond formation, there was a
notable rise in the quantity of H-bonds in the aqueous environment.
However, water molecules involved hydrogen bonds simply move with
the polymer chains rather than strengthen the interface. Consequently,
water is identified as a lubricant at the interface and plays a role in
matrix softening as reported in the experimental study [56].

3.2. Effect of microfibril angle (MFA)

In the secondary layer, particularly the S2 layer, the microfibrils are
parallelly oriented with different inclinations (Fig. 8d), which is
measured by the MFA, denoting the angle form between the cellulose
bundles and the longitudinal direction. Relatively small MFAs
(10—30°) were reported in the S2 layer, and it is well recognized that
the mechanical performance of wood cell wall is strongly governed by
the MFA [57,58]. Although prior research has involved continuum-level
theoretical simulations [54,59,60] aimed at investigating the mechani-
cal behavior of wood, they are incapable of providing the nanoscale
failure mechanisms present in the wood cell wall, such as the effect of
MFAs on mechanical performance. In this regard, MD simulations were
conducted on hydrated cellulose-hemicellulose composite with an
attempt to study the effect of MFAs (Fig. 10) [61]. Simulation results
(Fig. 10a, b) accurately mirrored the experimentally identified kink
bands (Fig. 10d) [61], which are assumed to be a consequence of
localized buckling within the cellulose microfibril. Elastic modulus and
ultimate strength decrease with the increase of MFAs (Fig. 10c). Obvious
buckling and steps of cellulose bundles, detachment of hemicellulose, as
well as voids were observed in the cases with big MFAs (Fig. 10b). This
conclusion can be used to explain why the S2 layer always has the
smallest MFAs. In addition, water was identified to exert a beneficial
effect on the properties of composites featuring small MFAs.
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Fig. 10. Hydrated cellulose-hemicellulose composites with MFAs of (a) 15° and (b) 35° under uniaxial compression. (c) Compressive tress-strain curves of models

with different MFAs. (d) Failed structure of cell wall from experiment [61].

4. Coconut endocarp

The coconut, classified as a tropical drupe, possesses a fruit wall
comprising three well-defined layers: the outermost exocarp, resembling
skin, the fibrous and substantial mesocarp, and the inner endocarp,
which is both hard and tough (Fig. 11a). The endocarp draws our focus
due to its exceptional combination of attributes—namely, the simulta-
neous presence of low weight, high strength, hardness, and
toughness—a combination that is traditionally considered to be con-
tradictory [62,63]. Through evolutionary processes, the architecture of
the endocarp has been refined, allowing it to effectively carry out its
biomechanical roles: absorbing impact when it drops from the tree,
safeguarding the seed and its nourishing milk for the seedling’s growth,
and thwarting attempts at opening by both humans and animals.

The aged coconut endocarp contains a considerable amount of hol-
low vascular cell channels (Fig. 11b-d), which significantly increase its
porosity. Unlike artificially engineered porous materials, the mechanical
characteristics of the endocarp remain uncompromised despite its
considerable porosity. The coconut endocarp exhibits a compressive
strength ranging from 230 to 270 MPa [64,65], which is in line with that
of mild steel (~250 MPa) [62,66]. The fracture toughness of coconut
endocarp, as measured at 24.8 + 8.4 kJ/m? [64], surpasses that of the

majority of artificial porous or cellular materials by several orders of
magnitude. For instance, porous ceramics exhibit fracture toughness
levels within the range of 12.0 to 16.0 J/m? [67], which are significantly
lower. The coconut endocarp is also widely acknowledged for its
elevated hardness (500-540 MPa) [64] as well as its notable stiffness
(ranging from 8.0 to 10.0 GPa) [65]. Comparatively speaking, the co-
conut endocarp stands head and shoulders above other natural cellular
materials, including wood. With only a slightly higher density (~1.25 g/
cm?®) than wood (~1.14 g/cm3), the endocarp exhibits about ten times
higher strength and fracture toughness than traditional wood tissues,
such as bamboo and basal wood [68,69]. These remarkable properties,
far beyond similar synthetic materials, make endocarp a great candidate
for many engineering applications [70,71].

Endocarp forms a hierarchical structure (Fig. 11) with four important
levels: tissue level, cell level, sub-cellular scale, nanometer, and mo-
lecular scale. As of the present, the specific nanoscale organization of
cellulose, hemicellulose, and lignin within the coconut endocarp re-
mains a subject of uncertainty. To unravel the mysteries behind the
exceptional strength, toughness, and hardness of the coconut endocarp,
even in the presence of significant porosity, researchers have engaged in
experimental investigations centered around specific mesoscale and
microscale structures, as well as mechanical properties [64,70,72].

channels

Macroscale

nanofibrils

Nanoscale

Fig. 11. The hierarchical arrangement found in coconut endocarp. (a) Coconut shells; (b) tissue level; (c-d) vascular channel and hollow fibers; (e) fracture surface of
sclereid cells; (f) cell wall layers; (g) schematic cellulose nanofibrils, hemicellulose and lignin [70,72].
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Nevertheless, there is a lack of comprehensive exploration into the
quantitative comprehension of the mechanisms through which the co-
conut endocarp achieves its exceptional mechanical capabilities. Be-
sides, nanoscale characterization of this structure and its mechanical
response are missing. To date, quantitative structure-properties re-
lationships have not been established for coconut endocarp; no one has
ever produced a polymer composite that approaches the mechanical
properties of the coconut endocarp by synthesis or by computer
simulations.

In most cases, a material’s strength originates from the nano- and
sub-micrometer scales, where organic polymer chains assemble into fi-
brils embedded within a matrix [73,74]. In contrast, toughness is often
dictated by structures at the micrometer and larger scales, where
mechanisms such as crack bridging and deflection impede crack prop-
agation [75-77]. Early investigations into understanding the mecha-
nisms behind plastic deformation primarily employed experimental
methods focused on the microscale. The suggested mechanisms for
enhancing toughness have primarily concentrated on the characteristics
of cell wall layers, with specific attention given to surface pits and open
channels [70]. Numerical studies pertaining to coconut shells have
primarily been limited to the scale of the fiber arrangement within the
mesocarp [78].

In contrast to wood material where cellulose predominates, the cell
wall of the endocarp features a higher lignin content, consisting of
approximately 29 % cellulose, 20-30 % hemicellulose, and 44 % lignin
[79-81]. Considering the pivotal significance of the interactions be-
tween diverse polymer types in shaping the comprehensive mechanical
behavior of the endocarp, it becomes imperative to enhance our
comprehension of the nanoscale deformation mechanisms. With this
objective in mind, atomistic modeling was employed to elucidate the
interplay among cellulose, hemicellulose, and lignin [82]. Through SMD
shear simulations on interconnected polymer chains, it was determined
that the interactions between cellulose and hemicellulose displayed the
highest interfacial strength, while the interactions between cellulose and
lignin exhibited the lowest interfacial strength (as depicted in Fig. 12).
This disparity is ascribed to the variation in oxygen density among the
components, with cellulose (27.6 %), hemicellulose (24.2 %), and lignin
(10.5 %), as oxygen serves as the acceptor during hydrogen bond
formation.

Through uniaxial shear and tension simulations performed on poly-
mer composites confined between layers (as illustrated in the insets of
Fig. 13), it is confirmed that cellulose-hemicellulose—cellulose

’ — C;llulose—}llemicelhilose | | |
— Hemicellulose-Lignin
8 - — Cellulose—Lignin L —
B
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Fig. 12. Force-displacement curves from SMD shear simulations, offering in-
sights into the interactions of cellulose-hemicellulose, hemicellulose-lignin,
and cellulose-lignin pairs. The inset describes a representative pair model [82].
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Fig. 13. Tensile stress—strain plots displaying the response of polymer com-
posites sandwiched between layers, with varying compositions and arrange-
ments. The inset images represent snapshots of cellulose-hemicellulose-
cellulose (C-H-C) and cellulose-lignin-cellulose (C-L-C) configurations under-
going uniaxial tension [82].

combinations exhibit the highest stiffness, strength, and toughness,
whereas cellulose-lignin—cellulose combinations demonstrate the
lowest values for these attributes. Careful examination of the deformed
structures unveiled that hemicellulose exhibits a propensity to adhere to
the cellulose surface, showcasing a robust interfacial interaction. In
comparison, interwoven lignin chains were identified as being suscep-
tible to separation from the cellulose bundle, suggesting a relatively
mild interaction. Hence, in conjunction with the findings from SMD
shear simulations, it was logical to posit that within the coconut endo-
carp, cellulose bundles are enveloped by hemicellulose, and this com-
posite structure is further embedded in a lignin matrix, given the
substantial lignin composition. Furthermore, the density of the amor-
phous hemicellulose/lignin polymers was demonstrated to exert an
impact on the characteristics of the composite.

5. Discussion: Design of artificial materials with controlled
nanoscale structure

Establishing a foundational comprehension of the mechanisms
through which molecules, components, and intricate structures collab-
orate to enhance the multifunctionality of biomaterials offers the
groundwork for crafting materials, that either emulate the functions of
biomaterials or leverage comparable design strategies to confer similar
attributes to synthetic materials. It is evident that atomistic modeling
plays a pivotal role in achieving this objective. The harmony between
structure and function in biomaterials has sparked the design of an
extensive array of biomimetic composite materials. A fundamental and
pivotal stage in the development of these materials involves discovering
a synthetic route to fabricate synthetic counterparts of the biomaterials.

5.1. Nacre-inspired composites

Two-dimensional (2D) films find extensive utility across various
domains, encompassing construction, industrial packaging, functional
coatings, and flexible device industries [83]. However, conventional 2D
films suffer from limited mechanical properties, severely constraining
their potential for broader utilization. Motivated by the layered struc-
ture of nacre, 2D clay/polymer-based nacre-like films were synthesized,
which exhibit improved fracture strength and strain [84]. Nonetheless,
this development has consistently focused on centered on emulating the
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brick-and-mortar arrangement. The intricate interactions occurring at
the interfaces, which have a significant impact on the exceptional me-
chanical properties of nacre, should not be overlooked. Inspired by the
potent electrostatic interactions at the interface between organic and
inorganic components [13], the incorporation of ions was pursued to
create crosslinking within the 2D layered films through the formation of
ionic bonds, by which Significant enhancements were observed in both
strength and toughness [85-87].

It has always been the target to develop lighter, stronger, and
tougher bulk structural materials. Through pressing, tape casting, and
slip-casting techniques, macroscopic SiC and Si3Ny4 tablets were assem-
bled to create layered composites [88]. As in 2D films, interface modi-
fication is an efficient enhancement strategy in bulk nacre-inspired
materials. A coupling agent of y-MPS was grafted onto the interface
between AlyO3 and PMMA, resulting in a hybrid bulk composite. This
composite demonstrated extraordinary toughness, exceeding that of
either individual component by almost three hundred times (Fig. 14)
[38]. A series of sedimentation, drying, and pressing treatments were
effectively employed to produce supercrystals composed of oleic acid-
coated spherical iron oxide nanoparticles. The application of thermal-
induced crosslinking to oleic acid molecules gives rise to a nano-
composite possessing exceptional attributes of hardness, elastic
modulus, and strength [89]. In a recent development, drawing inspira-
tion from the mechanism of interlayer energy dissipation involving
protein unfolding and entanglement in nacre, a novel approach was
undertaken to fabricate materials resembling nacre tablets. This was
achieved by utilizing entangled poly(ethylene oxide) (PEO) as the
mortar component and incorporating two-dimensional materials such as
graphene oxide (GO), graphite nanoplatelets, and boron nitride nano-
sheets as the sturdy building blocks or “hard bricks.” The abundant
network of intertwined PEO fibers introduces a multitude of flexible
physical connections, enabling increased energy dissipation as the
“bricks” separate. This concurrent enhancement of strength and tough-
ness is a distinct characteristic of nacre-like synthetic materials [90].
Nonetheless, efficiently regulating the level of polymer entanglement to
meet specific expectations poses a significant challenge.

One may note that the microstructure fabricated by the traditional
techniques does not possess the same degree of uniformity as seen in the
nacre. However, the pre-programmed additive manufacturing (AM)
methods like 3D printing and laser engraving, offer the capability to
fabricate lamellar architectures that are notably more uniform and
consistent. These methods currently represent the closest approximation
to the characteristic structure of nacre [91,92]. Beyond manipulating
interface geometry, AM approaches offer the potential to efficiently
modify the chemical characteristics of interfaces. A nacre-inspired bulk
glass featuring a bowtie-shaped polyurethane (PU) modified interface
was successfully produced using laser engraving techniques. The glass
composite displayed an extraordinary level of fracture strain, indicating
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the potential replication of toughening mechanisms akin to those seen in
nacre [93].

5.2. Wood-based structural composites

Wood is being explored as a promising alternative to petroleum-
based materials, aligning with the goal of fostering sustainability.
Leveraging cutting-edge nanotechnology, nanomaterials derived from
wood have been fabricated and harnessed for various applications in
fields encompassing the environment, energy, and biomedicine [11].
Unlike materials designed with inspiration from nacre, the predominant
emphasis in current wood-related research lies in the utilization of wood
as a material, rather than exploring the hierarchical structure and
interfacial interactions inherent to wood.

Broadly speaking, there exist two approaches for the design of
nanomaterials derived from wood: the bottom-up assembly method in-
volves constructing diverse forms from nanocellulose, while the top-
down approaches integrate innovative functionalities into already
established wood hierarchical structures. Extensive research has been
devoted to the separation and extraction of cellulose microfibrils from
hemicellulose and lignin, primarily due to cellulose’s role as the pre-
dominant load-bearing constituent within wood. Utilizing acid hydro-
lysis, rigid, rod-shaped cellulose nanocrystals were produced, with
dimensions ranging from approximately 100 to 300 nm in length and 3
to 5 nm in width [94]. However, it was noted that the acids commonly
utilized had a deleterious impact on the thermal stability of cellulose
nanocrystals [95]. Indeed, the reported tensile strength of
nanocellulose-based fibers and films (~200 MPa) is markedly lower
than the strength displayed by individual cellulose nanofibrils (3 ~ 6
GPa) [11].

Considerable advancements have been achieved in enhancing the
mechanical properties of cellulose nanofibril-based materials through
modulating the structural features of cellulose fibers. As an illustration,
in an investigation involving cellulose nanopaper, a notable augmen-
tation in both tensile strength and work of fracture was observed as the
degree of polymerization of cellulose molecules increased from 410 to
1100 [96]. Furthermore, an unconventional yet exceptionally favorable
scaling law of the cellulose paper was uncovered, demonstrating that
smaller dimensions correlate with greater strength and toughness. With
a reduction in the mean diameter of cellulose fibers from 27 pm to 11
nm, there is a simultaneous increase in both toughness and ultimate
tensile strength [97]. Considering the remarkable mechanical properties
and sustainability attributes of cellulose, it is anticipated that a signifi-
cant amount of cellulose is incorporated into the composite matrix.
However, a threshold of 25 % cellulose has hindered the further
development due to the cellulose agglomeration [98-100]. Recently, a
sustainable structural material has been manufactured by adopting the
merits of sophisticated “brick-and-mortar” structure observed in nacre
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Fig. 14. Fracture of (a) artificial brick-and-mortar material and (b) hydrated nacre. (c) A comparison of the fracture toughness of the Al;03-PMMA composites in

both lamella and brick-and-mortar configurations [38].
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and the sustainability inherent in cellulose, as shown in Fig. 15 [101]. In
this nacre-inspired structure material, the ultrahigh cellulose content
(~96.1 %) serves as “brick” and less than 4.0 % hydrophobic polymer
(epoxy resin) acts as “mortar”. By tailoring the interfaces between cel-
lulose and epoxy resin, i.e., adding Ca?>" and oxidation, the fabricated
biomimetic material demonstrated a strength of 137 MPa and a tough-
ness of 1.79 MJ-m~3. This design strategy and manufacturing process
demonstrate a minimal environmental footprint, cost-effectiveness, low
energy consumption and it could be easily expanded to large-scale
applications.

It is notable that the prevailing trend in current research pertaining
to wood-based structural materials is focused on reconfiguring cellulose
nanofibrils to create materials with elevated performance. The complete
translation of the mechanical characteristics of cellulose nanofibrils to
macroscopic assembled configurations remains a challenging task
[102]. Moreover, there has been relatively less attention given to aug-
menting the mechanical toughness of bulk wood-based structural ma-
terials, despite the potential for leveraging the insights from interfacial
interactions unveiled through atomistic modeling [82].

Coconut endocarp-inspired materials design is an emerging area of
research and innovation. Given the combination of lightweight yet
strong, endocarp is promising for designing new materials that can
withstand heavy loads while remaining lightweight. Although there
have been extensive experimental studies [70,72], much of the critical
structural information and many properties at the nanoscale and the
molecular level are missing, many of the structure—function relation-
ships for hierarchically structured coconut endocarp still exist only as a
conjecture. Therefore, it is necessary to integrate computer modeling
with experimental studies to reveal the structure—property relationships,
as well as the role of interfacial interactions at all length scales to
advance our understanding of the endocarp’s hierarchical design. Inte-
grating computational simulations with experimental studies in a
mutually reinforcing manner establishes a fundamental framework for
the progression of novel biomimetic materials and structures, enabling
their effective integration into real-world technical applications.
Computational simulation offers the advantage of dissecting the impact
of diverse levels of structural organization, enabling the exploration of
structure-property correlations and the identification of pivotal
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structural components.

Despite substantial dedication and notable progress, the complete
replication of the intricate hierarchical structure observed in nature
remains a formidable task that exceeds the current capabilities of ma-
terials design techniques. There are two important aspects that are
challenging and need to be addressed with caution: (1) carefully design
the organic—inorganic and organic-organic interfaces and, (2) Create a
multilevel hierarchy featuring distinct microstructural designs at each
level, aimed at maximizing mechanical performance.

6. Challenges for atomistic modeling

Despite its utility, atomistic modeling, especially in the context of
MD simulations, is subject to various limitations. MD relies on empirical
potentials to compute interatomic forces. The precision of the antici-
pated properties derived from MD simulations is heavily contingent on
the accuracy of the utilized potential. Some commonly used interatomic
potentials for biopolymers and proteins include:

(1) Empirical force fields, such as CHARMM [103,104], AMBER
[105,106], GROMACS [107] and PCFF [108]. These potentials enable
the study of large and complex biomaterial systems with efficient
computation and offering deep insights into the fine-scale dynamic in-
formation. However, it is essential to acknowledge that they have lim-
itations, such as limited accuracy and transferability, and inability to
capture bond breaking and formation.

(2) Reactive force field (ReaxFF) [109], which is capable of capturing
bond-breaking and bond-forming processes during chemical reactions.
For example, it was once used to study the pH-drive helical coil transi-
tion to random coil [110]. Nevertheless, due to the intense computa-
tional cost, ReaxFF is rarely used in the atomistic simulations of
biomaterials.

(3) Coarse-graining (CG) modeling is a valuable technique in
studying large biomaterial systems [111]. Through using a single bead
to represent multiple atoms, CG modeling could significantly reduce the
computational burden and meanwhile allow for simulating larger bio-
materials over longer timescales. MARTINI is a commonly used potential
for biomaterials simulations [112,113]. Yet, CG modeling is restricted
by its rough accuracy, in other words, the detailed atomic interaction
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information is lost. Therefore, for biomaterials simulations, it is essential
to consider the balance between accuracy and computational efficiency
when selecting potentials.

Moreover, to ensure accurate capture of atomic vibrations, time steps
are set in the femtosecond range, which imposes constraints on the
system size, restricting it to submicron dimensions, and limiting the total
simulation time to nanoseconds.

7. Outlook and opportunities

With the advancement in computational power and force field
development, atomistic modeling will be more accurate, reliable, and
applicable to a broader range of biomaterials studies. The synergy be-
tween atomistic modeling and experimental empowers us to acquire a
more comprehensive understanding of biomaterial behavior. Further-
more, by combining atomistic modeling with other simulation tech-
niques, such as density functional theory, coarse-grained molecular
dynamics, and continuum mechanics, a multiscale framework could be
established. A step-by-step guide can be summarized as follows: (1)
conduct atomistic modeling or gather data from existing MD simulations
to understand the detailed atomic structure and properties of bio-
materials, as well as obtain the relevant parameters such as bond
strength and intermolecular forces; (2) identify key atomic-level struc-
tural features that significantly affect the mechanical behavior of the
biomaterial, such as heterogeneous structure and crystallographic ori-
entations of minerals; (3) use the atomic-scale information collected
from the previous steps to parameterize the constitutive equations in the
continuum model, and relate atomic properties to macroscopic material
properties; (4) utilize experimental data to calibrate the parameters of
the continuum model to ensure accuracy and reliability; (5) develop
multiscale modeling technique to bridge the different scales seamlessly.
Among the five steps, the last one poses the most significant challenge.
Such a multiscale approach will enable the study of biomaterials across
multiple length and time scales, providing a more comprehensive view
of their properties and the underlying mechanisms.

Eventually, the integration of atomistic modeling with machine
learning is expected to further enhance the predictive capabilities of
simulations and make them more accurate and efficient. To integrate
these approaches, the following steps are expected: (1) conduct a series
of MD simulations to generate a dataset that includes information on
atomic structures (bond lengths, angles, etc.), mechanical properties
(stiffness, strength, toughness, ductility, etc.) and interfacial interactions
(forces, bond strengths, etc.). (2) choose a suitable machine learning
algorithm based on the nature of the problem and train the modeling
using the atomistic dataset; (3) validate the machine learning model
using separated atomistic data and tune the model parameters to opti-
mize its predictive accuracy; (4) develop a multiscale framework to
integrate them, which could involve using machine learning predictions
to inform and accelerate simulations; (5) use the trained machine
learning model to predict mechanical properties of biomaterials at
different scales. This integration technique has the potential to transfer
from one biomaterial to another, which will enhance the generalization
of the machine learning model across different materials.

The application of machine learning in studying the mechanical
behavior of biomaterials presents numerous exciting opportunities for
future materials design. It is essential but with challenges to develop
machine learning models that are capable of predicting mechanical
properties based on biomaterial composition, structure, and processing
parameters. This has the potential to accelerate the design of novel
bioinspired materials with tailored mechanical characteristics. Machine
learning also provides a way to bridge the gap between atomistic
modeling and continuum mechanics. Furthermore, the machine
learning method can be used to analyze vast datasets generated from
experiments, simulations and literature, which can uncover hidden
patterns, correlations and novel insights into the mechanical behavior of
biomaterials. Last but not least, machine learning can be used to conduct
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robustness and sensitivity analysis, exploring how variations in material
composition and processing parameters affect mechanical properties.
This can contribute to designing bioinspired materials with enhanced
properties.
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