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Abstract: Biological structures optimized through natural selection provide valuable insights for
engineering load-bearing components. This paper reviews six key strategies evolved in nature for ef-
ficient mechanical load handling: hierarchically structured composites, cellular structures, functional
gradients, hard shell–soft core architectures, form follows function, and robust geometric shapes. The
paper also discusses recent research that applies these strategies to engineering design, demonstrating
their effectiveness in advancing technical solutions. The challenges of translating nature’s designs into
engineering applications are addressed, with a focus on how advancements in computational meth-
ods, particularly artificial intelligence, are accelerating this process. The need for further development
in innovative material characterization techniques, efficient modeling approaches for heterogeneous
media, multi-criteria structural optimization methods, and advanced manufacturing techniques
capable of achieving enhanced control across multiple scales is underscored. By highlighting nature’s
holistic approach to designing functional components, this paper advocates for adopting a similarly
comprehensive methodology in engineering practices to shape the next generation of load-bearing
technical components.

Keywords: biomimetics; mechanics; load-bearing; hierarchical materials; functional gradients;
cellular structures; form and function

1. Introduction

Striving to bear the weight of a grape cluster at peak ripeness (a trivial task for us,
but a Herculean effort for a delicate grapevine on the Lebanese mountainside every end of
September), braving relentless, howling wind gusts (like a kite in a hurricane, if the kite
were a proud oak tree in the North German city of Bremerhaven in November), enduring
a sudden, mighty club hit from a mantis shrimp at the shallow coral reefs off the coast of
Okinawa, Japan, at any time of the year (imagine a tiny boxer with a punch that could
break glass), leaping over a narrow creek in a single bound to escape a hungry pack of
wild dogs in the African savannah (an antelope performing an Olympic long jump, with
the added pressure that the sandpit is a matter of life and death). These scenarios are
not just snippets from a nature documentary’s most dramatic moments; they are regular
occurrences in the natural world. And they all involve substantial mechanical loads acting
on biological structures.

Looking at nature to develop lightweight load-bearing engineering components is
highly compelling due to the following key attributes of natural structures:

• Optimized through natural selection and tested diversity: Nature has been shaped by
countless iterations of evolution, resulting in structures finely tuned to withstand the
expected mechanical loads throughout an organism’s lifetime [1]. With several million
organisms, nature offers a diverse array of optimized solutions under real conditions.
Biological structures, though they might differ significantly from technical products,
present coherent solutions pre-optimized for specific applications. By studying these

Biomimetics 2024, 9, 545. https://doi.org/10.3390/biomimetics9090545 https://www.mdpi.com/journal/biomimetics

https://doi.org/10.3390/biomimetics9090545
https://doi.org/10.3390/biomimetics9090545
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com
https://orcid.org/0000-0002-9529-1909
https://orcid.org/0000-0002-5121-9542
https://orcid.org/0000-0002-3873-7089
https://doi.org/10.3390/biomimetics9090545
https://www.mdpi.com/journal/biomimetics
https://www.mdpi.com/article/10.3390/biomimetics9090545?type=check_update&version=1


Biomimetics 2024, 9, 545 2 of 31

evolutionary outcomes, engineers can leverage nature’s proven solutions to create
structures that are equally well tailored to their intended operational mechanical load
cases [2].

• Sustainable and resource-efficient: Nature excels in sustainable and resource-efficient
solutions. Organisms evolve to minimize waste, maximize energy efficiency, and
operate in harmony with their ecosystems. The combination of minimal material
input and the use of materials that can be produced and degraded under physiological
conditions, such as cellulose, chitin, lignin, silicate, calcium phosphate, and calcium
carbonate, is particularly attractive for developing products within a circular economy
framework [3]. These principles offer solutions for lightweight engineering designs
that reduce ecological impact and promote sustainability—crucial in an era of resource
scarcity and environmental degradation.

• Multi-functional, adaptable, and robust: Nature’s designs often display multi-
functionality and adaptability, enabling efficient performance in diverse environ-
ments. For instance, diatom shells exhibit low weight, high mechanical resilience, and
high permeability [4]. Such integrated functions have been challenging to optimize
using conventional calculation tools. Technical lightweight products often assume
very specific load cases, and methods such as topology optimization can provide excel-
lent solutions for these scenarios. However, in reality, loads are versatile and include
unexpected situations [5]. Natural lightweight structures are typically adapted to such
variability by displaying complex, interconnected designs with minimal weaknesses,
making them robust against deviations from anticipated load cases. This adaptability
and robustness is especially relevant in load-bearing engineering components, which
often need to respond to multiple loads and adapt to changing conditions.

The concept of drawing inspiration from nature for structural design dates back to
ancient civilizations. However, it was not until the 20th century that researchers, like Julian
Vincent, directed their works towards studying the mechanical performance of different
biological materials and structures [6–9]. Their research effectively bridged the gap between
biology and structural engineering, ultimately fostering the rapid growth in the field in the
first decade of the 21st century [10].

This paper provides an overview of key principles, strategies, and features that have
evolved in nature for efficient mechanical load handling, as well as successful applications
of these strategies in the technical domain. These strategies are organized into six main
categories: hierarchically structured composites, cellular structures, functional gradients,
hard shell–soft core architecture, form follows function, and robust geometric shapes. This
categorization is merely intended to provide structure; however, in nature, these strategies
typically occur in combination rather than in isolation. Nature’s load-bearing strategies,
as categorized in our study, and their interconnectedness within biological components to
achieve their beneficial characteristics, are illustrated in Figure 1.

One overarching aim is to present these strategies in a way that highlights nature’s
holistic approach to ‘designing’ functional components from the nano- to the macro-
scale and to encourage the adoption of a similar philosophy in the design of engineering
load-bearing components.
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Figure 1. Illustration of nature’s load-bearing strategies as categorized in this study, highlight-
ing the interconnectedness of these strategies within biological components to achieve their
beneficial characteristics.

2. Hierarchically Structured Composites

The trade-off between a material’s strength and toughness presents a significant
challenge for researchers and engineers. Increasing a material’s strength often involves
restricting dislocation movement, which can reduce ductility as the material becomes
less capable of undergoing plastic deformation without fracturing, thus compromising
overall toughness [11]. Nature, however, elegantly overcomes this strength–ductility
trade-off in fibrous bio-polymers like collagen and viscid spider silk through sophisticated
hierarchical structures, ranging from molecular arrangements to macroscopic fibers [12,13].
Under tension, these bio-polymers display a J-shaped stress–strain curve, where molecular
uncoiling and unkinking lead to considerable deformation under low stress. At higher
stresses, the polymer chains unfurl, straighten, and stretch as they slide past each other,
resulting in a stiffening effect [14]. This combination of low initial energy expenditure and
stiffening near the breaking point is key to spider silk’s remarkable toughness [15–17]. It
also results in high damping capacity across varying deformation rates, enabling the secure
capture of high-velocity prey without rebound [18].

Furthermore, Cranford et al. (2012) [19] demonstrated that the nonlinear mechanical
response of spider silk, characterized by initial softening followed by strain-induced stiff-
ening, is crucial for localizing damage and enhancing the robustness of spider webs. The
softening phase helps distribute stress and absorb energy, preventing immediate failure
under moderate loads. As the load increases, the silk stiffens, concentrating deformation on
the affected thread, thereby confining damage and preserving the web’s overall structural
integrity. This serves as an excellent example of how material properties in natural systems
dictate structural behavior, and how natural materials and geometries work in unison to
enhance the robustness of the system as a whole.

Other natural materials that exhibit strain stiffening include biological tissues like skin,
tendons, and the extracellular matrix [20–22]. These tissues remain soft and flexible under
low strains but rapidly stiffen during large deformations to prevent damage [23].
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Researchers have highlighted the potential of mimicking spider silk to develop
synthetic fibers for technical applications [24–27]. Recent advancements in production
methods have led to the successful development of synthetic fibers with comparable
properties [17,28–32]. In a recent study, researchers replicated the stress response mecha-
nisms of spider silk to create a high-strength, ultra-tough film that outperformed other
bio-based materials and even conventional plastics, making it a promising candidate for
replacing plastics in efforts to reduce environmental waste [32].

Additionally, significant efforts have been made in developing biomimetic smart
materials with strain-stiffening properties and other self-adaptive mechanisms in response
to mechanical loading [33–36]. In one study, researchers developed biomimetic elastomers
inspired by the strain-stiffening behavior of biological tissues, resulting in ultra-stretchable
and tough materials. These materials show great potential for applications in wearable
device technology [36].

Nature also addresses the strength–ductility trade-off through the structural biological
materials found in mollusk shells, diatoms, sea sponges, teeth, tusks, bone, antlers, crab
exoskeletons, and insect cuticles, all of which share a common composition. These materials
combine bio-polymers (like collagen, keratin, elastin, cellulose, and chitin), which con-
tribute to toughness and resilience, and mineral phases (such as calcium carbonate, carbon-
ated hydroxyapatite, or silica), which enhance the material’s hardness and stiffness [37–39].
Biological composite materials have independently evolved in various other instances,
including chitin and chitosan-based composites found in arthropod exoskeletons, fish
scales, fungal cell walls, certain algae species, and select marine sponge skeletons.

These composite materials furthermore display a hierarchical structural organization
of their constituent materials across scales, from the nano-scale to the macro-scale [40–47].
In their article “Structural Design Elements in Biological Materials: Application to Bioinspi-
ration”, Naleway et al. (2015) [48] outline the most common biological structural design
elements found in nature’s hierarchical materials (Figure 2). Although different biological
materials utilize various combinations of these design elements, along with varying ratios of
hard to soft materials and organic to non-organic components, the common thread among
them is that their hierarchical composite strategy enhances their strength, lightweight
properties, toughness, and resistance to impact through encouraging localized rather than
catastrophic material failure [40,41,49–55].

For instance, the intricate brick-and-mortar layered structure of nacre contributes
to the exceptional robustness and fracture toughness of mollusk shells through tough-
ening mechanisms such as crack deflection, fiber pull-out, organic matrix bridging, and
molecular toughening [56–64].

Another example is the Bouligand structure, characterized by helicoidal arrangements
of fibrous layers found in various organisms such as the mantis shrimp’s dactyl club, crab
exoskeletons, and the scales of ancient fish like Coelacanth [65,66]. These structures exhibit
outstanding toughness and impact resistance due to their ability to deflect cracks and
dissipate energy. Computational simulations have further confirmed that the helicoidal
layering, particularly in the double-twisted configurations found in certain fish scales,
enhances inter-laminar strength and mitigates delamination [65]. This unique material
architecture controls crack propagation through mechanisms such as crack twisting and,
similar to nacre, limits the sensitivity of these biological structures to local failure [65,66].

Nature’s strategy of employing hierarchically structured composite materials to pro-
duce lightweight materials with remarkable mechanical properties and great functional
variability, considering the weak constituents from which they are assembled [67–71], has
provided valuable insights for engineering materials that mimic the structural and me-
chanical characteristics of their natural counterparts [69,71–80]. These naturally occurring
hierarchical composites have served as archetypes for the development of man-made
composites that exhibit superior toughness, low weight, and efficient energy absorption
properties [38,39,54,78,79,81–98]. Potential applications for these bio-inspired engineered



Biomimetics 2024, 9, 545 5 of 31

composites have been thoroughly discussed and have been successfully implemented in
different fields [46,68,78,84,86–88,91,93,99–101].

Figure 2. Diagram of the eight most common biological structural design elements. Adapted with
permission. Ref. [48], 2015, John Wiley and Sons.

Hierarchical composite structures are also evident in human bone, spanning mul-
tiple scales of organization. This hierarchy encompasses the nano-scale arrangement of
hydroxyapatite crystals intertwined with collagen fibrils, the staggered pattern of collagen
fibrils themselves, evident at the micro-scale, and extends to the macroscopic level, where
it is concluded in the composite composition of compact cortical and spongy trabecular
bone [102,103] (Figure 3). The trabecular bone’s material properties, such as its viscoelas-
ticity, allow it to absorb and dissipate energy. Moreover, the hierarchical arrangement of
relatively weak materials at various scales further contributes to the exceptional tough-
ness and fracture resistance of the final bone structure, all while retaining its lightweight
characteristics [16,62,104,105]. The structure of bone has inspired the development of new
synthetic materials that exhibit remarkable crack resistance, toughness, and lightweight
properties [62,106–112].

Figure 3. The hierarchical structure of bone. Adapted with permission. Ref. [113], 1998, Elsevier.
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Recently, Stagni et al. (2024) [112] were inspired by the micro-structure of bone,
particularly the osteon-like structures, to develop a novel design for fiber-reinforced com-
posites. By mimicking the concentric lamellae and Haversian canals found in bone, the
researchers created multi-layered osteon-like structures embedded within a laminate struc-
ture. Their work demonstrated that these bio-inspired designs significantly improved the
composites’ fracture toughness and damage tolerance. Specifically, they found that the
osteon-like structures acted as effective crack deflectors, increasing the toughness of the
material by up to 26% compared to traditional laminates, all while maintaining comparable
stiffness and strength.

3. Cellular Structures

One strategy that has independently evolved in several instances in nature and is
observed across multiple length scales is the use of cellular structures, which is evident
in natural foams (Figure 4). Natural cellular solids take on various forms, ranging from
honeycomb structures with prismatic cells in cork and wood to interconnected ligaments
in sponges and cancellous bone, to the round cellular, and occasionally tubular, networks
found in plant leaves and stems.

Figure 4. Natural cellular materials: (a) Cork, (b) balsa wood, (c) sponge, (d) cancellous bone, (e) coral,
(f) cuttlefish bone, (g) iris leaf, and (h) stalk of a plant. Adapted with permission. Ref. [114], 1997,
Cambridge University Press.
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Natural foams represent nature’s strategy for creating less dense solids, effectively
reducing material usage and overall weight while maintaining geometric integrity and
adequate stiffness [115].

Typically, nature does not rely solely on cellular solids but combines hierarchical materials
with cellular structures to achieve optimal mechanical properties. However, Yang et al. (2022) [116]
found that certain organisms, such as the echinoderm Heterocentrotus mamillatus, rely heav-
ily on the geometry of their cellular solids, composed primarily of magnesium-doped
calcite, to achieve remarkable mechanical performance. The stereom’s bicontinuous cellular
structure, featuring negative Gaussian curvatures and interconnected branches, minimizes
stress concentrations and enhances both strength and damage tolerance. The study revealed
that under mechanical stress, this structure facilitates microfracture and local densification,
where fractured fragments jam into small openings, forming damage bands that absorb
significant energy. This geometry-driven design allows the stereom to achieve a high level
of resilience, illustrating how nature can effectively use geometric design to create robust
structures, even with materials that are not inherently tough.

Researchers and engineers have successfully designed and produced bio-inspired foams
and lattice structures demonstrating impressive specific strength and stiffness [117–125].
Engineered cellular solids have especially gained popularity in biomedical [126–128] and
aerospace [129–131] applications. In the biomedical field, these structures help in adjusting
the stiffness of medical implants to more closely match that of human bone. This adjust-
ment reduces the risk of stress shielding while allowing fluid flow due to their inherent
porosity [126,128,132–134]. In the aerospace industry, where reducing aircraft weight is crucial
for minimizing fuel consumption and environmental impact, the high strength-to-weight ratio
of lattice structures is particularly valuable [129,131,135,136].

Another distinct type of periodic structure found in nature is the biomineralized
skeletal frameworks observed in certain sea sponges and marine microorganisms, such as
Radiolaria. Unlike natural foams that occupy three-dimensional space within an organism,
these lattice structures create an intricate outer shell. Additionally, periodic structures in
nature can take the form of ribbing and venation patterns, found in plant leaves, insect
wings, and the surfaces of some seashells, which typically combine branching with periodic
patterns. Beyond functions like buoyancy, fluid permeability, and nutrient delivery, these
cellular arrangements also serve structural and mechanical roles. For instance, periodic
ribbing and venation reinforce surfaces that need to be large for functions such as maximiz-
ing sunlight exposure in leaves and enabling efficient flight in wings, without significantly
increasing weight [137–141].

Skeletal frameworks in natural structures, along with ribbing and venation patterns
observed in biological surfaces, have significantly inspired the development of analogous
patterns to reinforce engineering surfaces [142–147]. Recently, Lin et al. (2024) [142]
developed a design and optimization method for sheet reinforcement, directly inspired
by the Voronoi patterns found in dragonfly wings. By applying the structural principles
observed in these natural patterns, they successfully created lightweight reinforced sheets
with improved bending resistance and vibration stability.

Beyond lightweight stiffness, in organisms and body parts vulnerable to impacts,
the inherent flexibility of cellular solids, particularly those with low relative densities,
provides a cushioning effect, thereby improving impact absorption through efficient energy
dissipation. Cellular solids found in pomelo peels, cancellous bone, and plant stems
have been mimicked to produce bio-inspired foams and lattice structures with remarkable
impact absorption properties [148–162]. These cellular solids have been utilized in various
collision-resistant structures and protective gear [163–166].

In a recent study, researchers developed a hierarchical lattice inspired by the skeletal
system of glass sponges. By integrating bio-inspired features such as double diagonal
reinforcement and hierarchical circular modifications, they designed a modified face-
centered cubic lattice that demonstrated high strength, exceptional energy absorption, and
enhanced damage tolerance. The design approach combined the benefits of both tensile-
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dominated and bending-dominated lattices, resulting in a material that outperformed
traditional lattice structures in terms of specific strength and stability, while significantly
reducing the risk of catastrophic failure [122].

Furthermore, in current-feeding organisms like corals and sponges, a cellular struc-
ture enables efficient expansion over a larger volume with less material. This increases
the feeding area while maintaining structural integrity against underwater currents. Bio-
inspired cellular solids with similar properties have been used in the biomedical field
to produce bone implants with a large surface area to facilitate cell attachment and
growth [126,132–134], in catalytic converters and reactors to increase the surface area avail-
able for catalytic reactions [167–170], and in heat exchangers to increase the surface area for
heat transfer [171–174].

Additionally, a common characteristic of nearly all natural periodic structures, such
as those depicted in Figure 4, is the presence of geometric irregularities. Efforts to quan-
tify this structural disorder in nature have been made [175–177], and analyses suggest
that introducing such irregularities enhances stiffness, fracture toughness, and vibration
properties in analogous engineered periodic structures [175,177–179]. Finally, some studies
have shown that components composed of cellular structures are less sensitive to flaws.
Compared to their solid counterparts, these structures retain a higher level of stiffness
when damaged, partly by ensuring that alternate load paths remain available even after
damage occurs [116,180–182].

Apart from alternate load paths, another key strategy in nature that enhances structural
robustness is compartmentalization. This approach involves creating physical or functional
discontinuities within a structure to prevent damage from spreading beyond the initial
failure zone. For example, some plants, like the lilium auratum, use segmented seed
pods to limit damage to specific compartments, ensuring the survival of the rest of the
structure [183]. This bio-inspired strategy has been particularly valuable in civil engineering
and the design of large structures, where it enhances robustness by isolating failures and
minimizing their impact on the overall system.

Biagi (2015) [184] explains how structural complexity, defined as the degree of interac-
tion between load paths, is enhanced by compartmentalization. While alternate load paths
provide redundancy, compartmentalization isolates failures to reduce their impact on the
overall structure, significantly increasing robustness, especially under extreme conditions.

Kiakojouri et al. (2023) [183] highlight how bio-inspired compartmentalization strate-
gies have already been successfully applied in various engineering contexts. For instance,
construction joints are used in buildings to create intentional discontinuities that help
contain damage. Similarly, in large bridges, expansion joints allow different segments to
move independently, preventing the spread of damage due to thermal expansion or seismic
activity. Huber et al. (2019) [185] also discuss how compartmentalization techniques, like
segmenting large structural components, have been used to ensure the safety and longevity
of timber buildings.

Alternate load paths and compartmentalization underscore a fundamental principle
of natural structures: prioritizing resilience and adaptability over singular optimal perfor-
mance, thereby ensuring reliable functionality across a range of unpredictable conditions.

4. Functional Gradients

Another structural strategy observed on multiple scales in nature is the use of func-
tional gradients. In this context, the word ‘gradient’ refers to the gradual, spatial transitions
observed in natural materials and structures. These transitions appear in various forms,
and different instances may involve changes in chemical compositions, micro-structures,
geometries, or any combination of these. Furthermore, these gradients are evident within re-
gions of a single material as well as at the interfaces between distinct materials or structural
elements. Liu et al. [186] schematize the basic forms of gradients in biological materials
and structures in Figure 5.
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Figure 5. Local property profiles and basic forms of gradients in biological materials: (a) Local
properties change either gradually (I) or in a step-wise manner (II) through the entire material vol-
ume. (b) Local properties vary continuously (III) across the interface between dissimilar components.
(c–g) The gradients in biological materials are fundamentally associated with changes in chemical
composition/constituents (c) and structural characteristics, including the arrangement (d), distribu-
tion (e), dimensions (f), and orientations (g) of building units. (h) Gradient interface in biological
materials. Adapted with permission. Ref. [186], 2017, Elsevier.

Functionally, nature utilizes heterogeneity in composition and structure within its
components to minimize material use, tailor local properties, and often achieve multi-
functionality. The gradual and seamless nature of this variability, as opposed to being
abrupt, allows for a more efficient attainment of these goals.

In their natural environments, biological components are exposed to diverse struc-
tural loads. These loads would typically result in non-uniform stress distributions if the
components were made of homogeneous material. Nature addresses this by allocating
more material to heavily loaded regions and less to lightly loaded areas. However, abrupt
changes in a material’s mechanical properties, such as stiffness, hinder the smooth transfer
of stress, leading to stress accumulation at boundaries between regions with differing
material properties. High-stress points can negatively affect a component’s static loading
performance and create conditions favorable for crack initiation and fatigue failure, under-
mining the advantages of nature’s material and structural heterogeneity. To counter this,
nature employs smooth spatial gradients to transition from stiffer to softer materials, reduc-
ing the risk of material failure [88,187,188]. A recent study investigated the effect of gradient
design on mechanical performance using porous 3D-printed models with bio-inspired con-
tinuous gradients [189]. The results demonstrated that both the magnitude of the gradient
and its continuity significantly influence performance. By introducing a continuous and
large gradient, the maximum flexural load and energy absorption capability increased
substantially compared to models with sharp gradients or no gradient.

Human bone is an excellent illustration of natural gradients, in various forms and
across multiple scales, serving efficient load distribution. In trabecular bone, the composi-
tion and micro-structural arrangement of the constituent material, and consequently, its



Biomimetics 2024, 9, 545 10 of 31

density and stiffness, change gradually across different areas [190]. On a larger scale, within
areas consisting solely of trabecular bone, the volume fraction of this natural cellular struc-
ture varies continuously from 0.05 in more porous regions to 0.6 in denser regions [190].
This variation is achieved through changes in the distribution, dimension, and orientation
of the cells that make up the cellular solid. Furthermore, the transition from the very porous
cancellous bone to the much denser cortical bone, each with distinct micro-structural com-
positions, is quite gradual [191], exemplifying nature’s strategy of utilizing gradients at
interfaces of dissimilar materials.

Apart from facilitating efficient load distribution, some natural structures incorporate
dimensional gradients to enhance toughness. Marine sponges (Figure 6a) are a prime
example. The sponge’s porous skeleton (Figure 6b) includes spicules for structural rein-
forcement. These spicules consist of a core of hydrated silica surrounded by successive
layers of silica and protein-based materials. The thickness of these silica layers decreases
from the inner core to the outer surface, as illustrated in Figure 6c. This gradation in layer
thickness is crucial in controlling crack propagation since cracks predominantly follow the
organic layers (Figure 6d). The outer, thinner layers restrict the depth of crack penetration,
while the inner, thicker layers contribute to overall stiffness [192,193]. The gradual, layered
arrangement of silica rings within the sponge’s spicules is a prime example of how nature
combines multiple strategies—specifically compartmentalization and functional gradients
in this case—to efficiently achieve enhanced, more complex mechanical performance.

Figure 6. The skeletal structure of Euplectella sp. (a) An image of the complete skeleton; (b) a piece of
the skeleton with helical reinforcing ridges; (c) an SEM image of a cross-section through a standard
spicule within a strut, displaying its graduated laminated design; and (d) an SEM image of a broken
spicule, exposing an organic layer in between. Adapted with permission. Ref. [192], 2005, The
American Association for the Advancement of Science.

Furthermore, by tailoring local properties with spatial gradients, nature crafts multi-
functional components using a limited number of compositional building blocks. For
instance, a gradual transition from a soft interior to a stiff and hard exterior maintains the
overall stiffness and wear resistance of the component, while also facilitating additional
functions, such as energy absorption. This is particularly advantageous in body parts sub-
ject to contact impact forces, such as tooth enamel, sheep horns, and horse hooves [38,48].
It has long been recognized that incorporating bio-inspired spatial gradients can greatly
enhance the mechanical performance of man-made parts and materials. Consequently,
engineered Functionally Graded Materials (FGMs) have been developed and are now
used for various engineering purposes. These include resisting contact deformation and
damage in engineering components [189,194–196], developing tough, wear-resistant, and
energy-absorbent biomedical implants [132–134,197–199], and improving interfacial bond-
ing between components made of dissimilar materials [163,200–204].

In a recent study, researchers combined the advantages of cellular structures and
functional gradients to develop optimized lattice structures for orthopedic implants [132].
Drawing inspiration from the graded architecture found in natural bone and the perfor-
mance benefits of cellular configurations, they designed a lattice with a gradient specifically
tailored to enhance both mechanical and biomedical properties. By integrating a graded
lattice unit cell with features such as high surface curvature and varying porosity, the
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design achieved superior bio-compatibility while minimizing stress shielding—a common
issue in traditional implants. This approach highlights the value of integrating multiple
bio-inspired strategies to fully harness the benefits of biomimetic design.

5. Hard Shell–Soft Core Architecture

As a matter of fact, a hard outer shell paired with an elastic core is a common feature
in nature, serving mechanical functions beyond contact damage resistance and energy
absorption. This arrangement is typically found in structures that need to withstand high
loads from axial compression, bending, and torsion. In structural engineering, striking
a balance between global deformations, such as bending, torsion, and buckling, and local
deformations like local buckling or crimping, is essential. For instance, in a hollow cylin-
drical tube, optimizing stiffness against bending and global buckling while maintaining
constant mass involves maximizing the moment of inertia by increasing the radius and
minimizing the wall thickness. However, a thinner wall increases the tube’s vulnerability
to local buckling [205].

Nature addresses this by filling the core with natural foam, a feature observed in
various structures: bone (Figure 3), plant stalks (Figure 4h), porcupine quills [206], turtle
shells (Figure 7a), bird beaks (Figure 7c), and feathers [207]. Additionally, more hollow,
truss-like cores are seen in bird bone structures such as vulture wing bones (Figure 7b).
This strategy, in its various forms, significantly enhances natural structures’ resistance to
local buckling while minimally increasing their weight [208,209].

In bamboo stalks, the core is segmented by disc-like reinforcements, which are orthog-
onal to their functionally graded cylindrical walls (Figure 7d). This combination of shell
and cellular architecture, along with hierarchically arranged composites and multi-scale
functional gradients, enhances load-bearing efficiency. Numerous studies have demon-
strated that the structure of bamboo stalks increases their resistance to compression and
bending failure, as well as to both global and local buckling [210–212].

The combination of shell and cellular solid composition has been utilized to develop
lightweight solid–lattice hybrid structures used in various aerospace components [213–215],
such as aircraft fuselages (Figure 7f), as well as bending-resistant sandwich panels with
cellular cores (Figure 7e) [216–218].

Furthermore, sandwich panels, particularly those with bio-inspired core designs, have
proven to be highly effective in enhancing structural performance under extreme loading
conditions, such as impacts and blasts. Nature-inspired core architectures, like those mim-
icking honeycombs, bamboo, and beetle forewings, exhibit exceptional energy absorption
due to their hierarchical designs. In their review paper, Ha and Lu (2019) [154] emphasize
how bio-inspired sandwich panel cores leverage multiple natural design principles such as
hierarchical structuring, functional gradients, and multi-cellular configurations to optimize
energy absorption while maintaining lightweight properties. These hybrid designs outper-
form conventional configurations in blast mitigation by more efficiently distributing and
dissipating energy [154,219].

Similarly, Guo et al. (2024) [220] and Birman and Kardomateas (2018) [221] high-
light how hierarchical honeycomb cores and bamboo-like multi-tubular structures offer
enhanced buckling resistance and energy dissipation by imitating natural gradients and
composite layouts. The integration of features like multi-scale cellular cores, inspired by
plant stalks or beetle forewings, enables these panels to manage both local and global
deformations, ensuring overall structural integrity under both static and dynamic loading
scenarios, including impact and blast conditions [222,223].

Bio-inspired sandwich panels are increasingly adopted in aerospace and transporta-
tion, where maintaining strength and impact resistance while minimizing weight is critical.
These structures are employed in aircraft fuselages, automotive crash absorbers, and pro-
tective armor, benefiting from efficient load distribution and energy absorption [224,225].
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Figure 7. (a) A top-sectional view of a turtle shell carapace coupon obtained from a computed
tomography (CT) single-slice scan showing randomly distributed closed cell pores within the foam-
like interior layer. (b) Section of bone structure from a vulture wing [226]. (c) Toucan beak showing
the porous interior (bone) with a central void region. (d) Cross-section of bamboo stalk showing
periodic internal discs and radial distribution of fibers through the wall thickness. (e) Additively
manufactured sandwich panel with pyramidal core [218]. (f) Carbon–epoxy lattice fuselage section
and the window frame. (a) Adapted with permission. Ref. [227], 2009, Elsevier. (c) Adapted with
permission. Ref. [209], 2013, The American Association for the Advancement of Science. (d) Adapted
with permission. Ref. [228], 2019, Elsevier. (f) Adapted with permission. Ref. [213], 2006, Elsevier.

6. Form Follows Function

Cellular structures, functional gradients, and architectures with hard shells and elastic
cores all illustrate how materials and geometry in nature are influenced by the intended
mechanical roles. The following natural strategies especially highlight how mechanical
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function shapes natural structures, demonstrating load-bearing principles that align with
the phrase ‘form follows function’, first coined by architect Louis Sullivan in the early
20th century.

Nature aligns materials within its load-bearing structures to correspond with the di-
rection of stress and force. An example of this is observed in plant cell walls. In these walls,
stiff, semi-crystalline cellulose fibrils serve as the primary load-bearing elements [229].
These fibrils are interconnected by hemicellulose polymers and are embedded within
a gel-like matrix of pectins, leading to the characterization of the cell walls as composite
materials [230]. Research has demonstrated that the average orientation of the cellulose
fibrils within the composite wall influences the wall’s growth anisotropy, and consequently,
its mechanical properties [231,232]. Furthermore, it has been demonstrated that the me-
chanical strength of stems is largely attributable to the alignment of cellulose fibrils with
the direction of stress. This stress primarily arises from the plant’s weight against gravity
and bending due to wind forces [233,234]. Nature’s strategy of aligning stiff fibers within
a compliant matrix in the direction of force to create lightweight structures with high load-
bearing performance has repeatedly inspired the development of lightweight, man-made
reinforced composites featuring fibers with optimized orientation, along with innovative
methods for their efficient production [235–243].

For example, Heitkamp et al. (2023) [238] developed and investigated a method for
embedding continuous fibers in 3D-printed parts by aligning them along principal stress
directions determined through finite element analysis. The researchers demonstrated
that generating fiber paths based on stress trajectories led to significant improvements in
tensile and flexural strength. Specifically, specimens with optimized fiber paths exhibited
a 3-fold increase in peak load during tensile tests and a 1.9-fold increase during flexural
tests compared to those with traditional unidirectional fiber alignment.

Trabecular bone offers another example of how nature aligns its materials with stress
directions, resulting in components that are mechanically optimized at multiple length
scales. Within the femur, trabeculae create a complex network of curving lines that stretch
from the bone’s head to its shaft. These lines intersect regularly, often at right angles,
forming an interlaced structure (Figure 8a,b). This pattern has been recognized as a direct
representation of the principal stress lines (PSLs) arising from the load cases the femur
typically encounters. Figure 8c shows the PSL diagram in a simplified geometry, analo-
gous to the femur’s general shape and subjected to a similar load case, demonstrating
a good match with the actual trabecular patterns. These lines represent the paths within
a mechanically loaded material where the dominant stresses are purely axial—either tensile
or compressive—and are devoid of shear stresses. The distribution of material along princi-
pal stress directions is widely acknowledged as an effective method for creating lightweight
and load-bearing structures [244]. The structure of trabecular networks and the natural
strategy of aligning material along principal stress lines have inspired the development of
methods to produce optimized load-bearing truss structures following the same principles,
along with various methods for their production [245–253].

A recent study [253] introduced a stress-driven infill mapping technique for 3D-
printed continuous fiber composites, combining optimized truss-like infill with stress-
aligned continuous fiber paths. By mapping fiber trajectories to principal stress directions
and simultaneously tuning infill density, the approach enhances load-bearing efficiency
and mechanical performance. The integration of both strategies resulted in structures
with significantly improved stiffness and strength compared to conventional patterns,
demonstrating the effectiveness of aligning both fiber and infill along stress paths.
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Figure 8. (a) Mid-frontal section of the proximal femur, showing trabecular architecture [254].
(b) Schematic representation of trabecular patterns [255]. (c) Principal stress trajectories in a comparable
model subjected to a downward distributed load acting on a section of the top surface [256].

In fact, the trabecular patterns within bones are dynamic, adapting to the loads
experienced during skeletal activity [226]. This plasticity in bone structure is driven by
mechanotransduction, a process governed by osteocytes, involving the remodeling of
bone [257]. This not only entails the realignment of trabecular material along principal
stress directions but also includes the deposition of new bone in response to increased stress
in some regions and the resorption of bone under reduced stresses in others. Consequently,
this leads to regions of dense trabecular bone, areas with more porous bone, and even
void regions where stress is minimal or non-existent. This phenomenon is evident in
the femur, as illustrated in Figure 8a, and in the core of the toucan’s beak, shown in
Figure 7c. The hollow center of the toucan’s beak, for instance, indicates exposure to
bending forces during activities such as feeding and preening, which would produce little
stress near the center [209].

Similarly, plant and tree morphogenesis is heavily influenced by external physical
forces. Studies have shown that these forces lead to the remodeling of plant tissue [258],
which is reflected in changes in mechanical properties in response to the load [259]. In
some cases, this is evident in alterations of leaf venation patterns and thickness [260].

Trees, on the other hand, develop reaction wood in response to mechanical stresses
resulting from natural forces such as wind and gravity, adding material to reinforce
branches [261]. Furthermore, this addition of material is strategically executed to maintain
geometric continuity in the overall structure, thereby avoiding sharp edges. This principle
is exemplified by the arched geometry that seamlessly connects tree branches to each other
and to the trunk (Figure 9a), as well as the root flare—the filleted region that smoothly tran-
sitions the trunk to the ground and tree roots. Such smooth geometric transitions between
different structural elements are crucial for efficient stress transfer. They prevent stress
hotspots that can arise from tangential discontinuities and sharp edges, known as notch
stresses [262]. This is similar to how stiffness discontinuities create stress concentrations in
materials, as previously discussed.

The concept of ‘organic’ shapes in structural design, characterized by smooth con-
tours and junctions aimed at enhancing structural load-bearing efficiency, is influenced by
nature’s strategic use of such forms in its various load-bearing structures. Furthermore,
nature’s optimization of material distribution to create load-efficient structures with mini-
mal material has inspired the development of similar structural optimization methods in
engineering. The German scientist Claus Mattheck pioneered the study of geometric design
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and growth ‘rules’ in biological structures, particularly trees. He applied his findings to
develop design principles and shape optimization methods in engineering [263–265]. For
instance, in his article “A new method of structural shape optimization based on biologi-
cal growth” [264], Mattheck introduces a geometric method for reducing notch stresses,
inspired by growth patterns of tree wood (Figure 9b,c).

Figure 9. (a–c) Mattheck’s shape optimization based on biological growth. (a) Framework tree
showing further increase in diameter only above the lateral bridge. (b) Isolines of the von Mises
stresses before computer-simulated growth. (c) Same as (b) but after growth. (d–f) Application of
SKO to problems with different loading conditions: (d) Simply supported with single central force.
(e) Both ends clamped with single central force. (f) Three points supported and predefined top plate
under constant pressure. (a–c) Adapted with permission. Ref. [264], 1990, Elsevier. (d–f) Adapted
with permission. Ref. [266], 1992, Elsevier.

Another early method developed in this field of structural optimization was the soft
kill option (SKO), a technique closely influenced by mechanotransduction in bone. The
SKO involves iteratively removing material from low-stress areas in a loaded structure,
thus producing designs that focus material usage where it is most needed for load-bearing
purposes [266]. Figure 9d–f present structures derived from applying SKO to bodies under
various example loading conditions. Since its inception, the field of structural optimization
has evolved significantly, with the development of new, highly efficient methods in recent
decades [267–269].

Finally, nature excels at simultaneously optimizing material and geometry across
multiple scales. Diatoms, a class of aquatic autotrophic microorganisms characterized by
silicified exoskeletons with highly complex architectures, are an exemplary case of how
material properties and multi-scale structural geometry in nature work together to influence
mechanical behavior [270]. The frustules of diatoms are primarily composed of amorphous
silica, intricately combined with organic molecules to form a composite material. This
composite structure enhances the toughness and flexibility of the frustules, as the organic
components help arrest cracks and prevent catastrophic failure [271,272]. The synergy
between these organic and inorganic components allows diatom frustules to maintain
structural integrity under various mechanical stresses. Beyond their material composition,
diatom frustules exhibit an intricate hierarchical geometry that spans multiple scales. At the
nano-scale, organized pores reduce the weight of the frustule while preserving its strength
by effectively distributing mechanical stresses [270,272]. Meso-scale features, such as ribs
and other structural elements, provide additional support and contribute to the overall
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stiffness of the frustule [270,271,273]. On a macroscopic level, the frustules’ overall shape,
including features like the raphe, optimizes lightweight strength and stiffness [273].

Features inspired by diatom shells have significantly enhanced the performance of
engineering components when applied, and have also driven the development of structural
optimization methods for various mechanical objectives [124,146,147,274–277].

For example, Linnemann et al. (2024) [146] were inspired by the frustule structures of
diatoms to develop stress-adaptive stiffening structures for lightweight surfaces. By ab-
stracting the morphological features of diatom frustules, they designed parametric models
that optimized bending stiffness in engineering surface components. The study revealed
that these diatom-inspired structures achieved a significant decrease in displacement com-
pared to a conventional reference model with equivalent mass.

Moreover, recent efforts have focused on developing methods to optimize engineering
composite material parts across multiple length scales concurrently [240,278–283].

For example, Ren et al. (2024) [240] introduced an approach to simultaneously opti-
mize structural topology and continuous fiber tool paths in additive manufacturing. Unlike
conventional methods that treat topology optimization and fiber tool path design as sepa-
rate steps, this integrated framework considers both processes concurrently. In this way,
the fiber paths are precisely aligned with the principal stress directions while optimizing
the material layout within the structure. This concurrent optimization significantly im-
proves load distribution and overall stiffness, leading to better material utilization and
more efficient fiber paths compared to traditional sequential optimization methods.

Similarly, Ichihara and Ueda (2023) [278] introduced a hybrid optimization strategy
that combines topology optimization with locally latticed truss structures to enhance
toughness in 3D-printed short-fiber-reinforced composites. The study employed anisotropic
topology optimization, utilizing intermediate material fractions to strategically introduce
lattice regions. These lattices were optimized for both material distribution and toughness
by promoting local buckling mechanisms under load. The design effectively combines
high stiffness with enhanced toughness, as demonstrated through three-point bending tests
that showed significant improvements in residual toughness compared to conventional
designs. This approach further underscores how integrating multiple nature-inspired
structural strategies—at multiple length scales—can result in the most effective and robust
engineering solutions.

7. Robust Geometric Shapes

The distinct trabecular patterns in the femur head and the shapes of tree wood are
prime examples of natural geometries tailored to specific, rather expected mechanical loads.
However, when confronted with less predictable load cases, nature often adopts more
universally robust geometries. This shift in strategy is exemplified by the design of bamboo
stalks, which utilize a hollow tube structure. This configuration offers resilience against
bending forces from various directions [226].

In extreme scenarios, where the nature and direction of the load are highly unpre-
dictable, such as impacts to the skull or eggshell, nature favors shapes like ellipsoids. The
ovoid geometry of eggshells and the rounded, dome-like structure of the human skull
are ‘designed’ to offer protection against impacts from multiple, unforeseen directions by
evenly distributing stress across their surfaces. While robustness remains the central theme,
in situations where even local failure could compromise the function of the biological com-
ponent, nature employs a strategy that contrasts with hierarchical material architectures or
compartmentalization, which localize failure. Instead, in these cases, nature’s approach
is to spread the load across the entire structure, thereby decreasing the likelihood of even
local failure. Ellipsoidal geometries, like those observed in the human skull, have been
utilized in the design of protective gear and various pressure vessels.

This principle of employing regular, symmetric shapes for protection and strength
under uncertain load conditions is also evident in other natural forms. For example, some
seed coats exhibit a nearly perfectly spherical shape, providing strength and resistance
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against pressures from various angles, turtle shells utilize a dome shape, while many
marine animals, such as snails, have adopted conical shells to achieve similar protective
benefits. Other regular shapes in nature that exhibit intrinsic strength and robustness
include the hexagonal honeycombs found in bee hives, and minimal surfaces like gyroids,
observed in butterfly wings and underwater current-feeding animals such as bryozoa.

Furthermore, like all natural strategies, these geometries do not appear in isolation;
instead, multiple features at varying scales work in unison to achieve the intended function
most efficiently. For example, in the human skull, it is not just the general geometry but also
the spatially variable thickness and material properties of the cranial bone that together
provide the skull with its impact protection properties [284,285].

8. Challenges and Future Needs

Translating natural structures into functional engineering components generally in-
volves several foundational steps, including characterization, modeling, optimization, and
manufacturing. Characterization is typically the initial critical step, where the intricate
features and properties of natural materials and structures are thoroughly analyzed. Due
to the inherent complexity of biological structures, direct one-to-one modeling is often
infeasible, necessitating abstraction. This process distills the natural system to focus on the
aspects most relevant to engineering objectives and produces simplified models that aim
to accurately reflect the properties of the biological archetype. Moreover, since different
engineering components must perform specific functions and withstand varying load cases,
it is often necessary to manipulate and optimize the computational model. For example,
a parametric definition of the bio-inspired model can be established, allowing for the
optimization of parameters such as cellular solid density to achieve lightweight strength
under specific load conditions. Finally, the designs generated from the previous steps must
be manufacturable. Each of these steps presents its own set of challenges.

Characterizing natural materials and structures, especially at smaller scales, is particu-
larly challenging due to their inherently complex hierarchical organization and multi-scale
interactions. Traditional characterization techniques often fall short in capturing the full
scope of these intricacies.

However, recent advancements in characterization approaches and technologies have
begun to address this challenge. Micheletti et al. [286] highlight the potential of a correlative
approach that combines X-ray tomography, X-ray scattering, vibrational spectroscopy, and
atom probe tomography with electron microscopy. This strategy would offer valuable in-
sights into the diverse levels of organization within nature’s hierarchical materials, such as
bone. Additionally, synchrotron-based techniques have recently provided unprecedented
insights into the hierarchical organization of natural materials [287]. These multi-scale
structural characterization methods have enabled the visualization and analysis of complex
interactions across different scales, from the nanometer to the millimeter range, which
is essential for understanding the structure–function relationships in hierarchical materi-
als. Furthermore, Holm et al. (2020) [288] discuss how machine learning and computer
vision techniques are revolutionizing micro-structural characterization. Their overview
highlights how convolutional neural networks and other machine learning algorithms can
automate the analysis of micro-structural images, extracting high-dimensional data and
enabling the discovery of new metrics and trends that were previously inaccessible with
traditional methods.

Another significant challenge in replicating natural structures in engineering de-
signs is the difficulty of accurately and efficiently modeling these complex systems. Even
with advanced characterization, the intricate and multi-scale nature of natural systems
often necessitates simplifications and abstractions. However, if not carefully managed,
these abstractions can result in the loss of critical functional details, making it challeng-
ing to fully replicate the mechanical properties and responses of natural structures in
engineered designs.
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Despite these challenges, advancements in computational methods, particularly those
involving generative design and artificial intelligence, are beginning to overcome these
obstacles [283,289–297]. For example, Buehler (2023) [293] introduced a computational
approach leveraging a deep neural network to efficiently model complex hierarchical
micro-structures. Similarly, the development of representative volume elements for nacre
by Leuther et al. (2023) [291] has enabled the detailed simulation of its micro-structure.
Lu et al. (2023) [289] utilized generative design coupled with deep learning techniques to
model and design bio-inspired heterogeneous hierarchical spider web structures, success-
fully synthesizing complex 3D webs with diverse mechanical properties. In another recent
study, Park et al. (2023) [298] employed a deep learning approach to accelerate the design
of composite materials and uncover previously unexplored composite configurations [298].

Furthermore, to achieve its remarkable multi-functionality and efficiency, nature con-
solidates multiple functions within a single structure, often utilizing material combinations
across multiple scales concurrently. In contrast, state-of-the-art engineering design and
optimization tools face significant challenges when attempting to optimize for multiple
criteria across different scales and materials simultaneously. These processes are computa-
tionally intensive and often infeasible, particularly because certain simulations—such as
those evaluating dynamic behaviors like energy absorption, vibration analysis, or thermal–
fluid interactions, as well as complex phenomena like crack propagation—are themselves
extremely resource-demanding. As a result, the most widely applied structural optimiza-
tion methods for load-bearing components predominantly yield designs with uniform
material properties, features confined to a limited range of length scales, and optimal
performance under only a very specific load case. This approach contrasts sharply with
nature’s integrated and multi-functional strategies.

The limitations of current engineering design technologies are well known, and re-
searchers are actively working to enhance their efficiency. For example, the development
of simplified models that still accurately capture the mechanical responses of biological
structures, as discussed in the previous paragraph and described by Buehler [293] as ‘com-
putational building blocks’, is essential for reducing the computational effort required
to integrate complex materials and structures into engineering design workflows. For
instance, Feng et al. (2023) [294] developed a computational approach that generates sim-
plified models of cellular structures, which can then be integrated into engineering design
workflows. Numerical homogenization methods have also been extensively developed to
facilitate the integration of heterogeneous media, such as composite and cellular structures,
in engineering design [299–304].

Moreover, concurrent optimization across multiple scales has been a rapidly advancing
topic in recent years, producing remarkable results, as highlighted in studies mentioned
earlier [240,278]. Lee et al. (2024) [280] recently provided an extensive review of data-driven
multi-scale design and optimization methodologies, emphasizing the potential of machine
learning in multi-scale component design due to its superior ability to uncover the complex
relationships between properties and geometries. Multi-material optimization is also
an area of ongoing development, with continuous advancements being made [305–307].

Another significant recent development making computationally intensive engineer-
ing design simulations and optimization workflows more feasible is the advent of AI-
assisted methods, which have become increasingly effective for accurately predicting
complex physical phenomena [280,308–318]. These methods often employ mathematical
approximations that function as surrogate models, replacing complex explicit mathematical
equations to significantly reduce computational demands. One particularly impactful
advantage is their ability to make multi-objective optimization problems—especially those
requiring traditionally computationally intensive simulations—more feasible. For example,
Zhang et al. (2023) [308] applied a machine learning approach that combined artificial
neural networks with a genetic algorithm for the multi-objective optimization of heat
exchangers. By using CFD simulation data to train the neural networks, they were able to
predict the heat transfer coefficient and pressure drop with high accuracy in significantly
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less time, which enabled the feasible optimization of key heat exchanger design variables
such as inlet air velocity and tube ellipticity. Similarly, Faraz et al. (2023) [318] utilized arti-
ficial neural networks for the multi-objective optimization of horsetail-inspired sandwich
tubes to enhance crashworthiness. Their approach accurately predicted critical parameters
such as peak crushing force and specific energy absorption, facilitating the optimization of
geometrical features like tube thickness and core number.

Finally, efficiently designing multi-scale, multi-material components in digital environ-
ments is only one part of the challenge. The ultimate goal is to translate these designs into
physical reality, yet manufacturing remains a significant bottleneck. In nature, the forma-
tion of structures involves bottom-up self-assembly processes that span from the nano-scale
to the macro-scale. To fully unlock the potential of biomimetics in load-bearing engineering
components, manufacturing techniques capable of reproducing such multi-scale configura-
tions are crucial. A significant challenge in manufacturing bio-inspired structures lies in
the difficulty of achieving precise control over composition, gradients, interfaces, micro-
structures, and morphology [319]. Furthermore, despite the higher energy costs associated
with producing synthetic composites, their combination of stiffness and toughness still
often falls short compared to natural materials with similar compositions [78]. This shortfall
can largely be attributed to the lack of advanced multi-scale manufacturing methods and
the limited control over micro-structure and local composition in synthetic materials [320].
However, researchers are increasingly addressing these limitations through innovative
manufacturing techniques that more closely replicate nature’s processes.

Additive manufacturing processes have seen remarkable advancements in recent
decades, with some achieving the production of complex multi-material parts. For ex-
ample, Ahn et al. (2024) [321] introduced a novel filament-based additive manufacturing
method that allows for precise control over material composition and distribution, enabling
the creation of complex multi-scale structures. By blending different materials within
a single filament, they were able to fabricate objects with highly tunable properties, such as
mechanical strength and electrical conductivity, all within a single printing process

Manufacturing techniques that harness self-assembly principles have also been gaining
traction [322–326]. For example, Zhao et al. (2022) [326], inspired by the bio-mineralization
process of enamel, developed an artificial enamel with a hierarchical structure across
multiple length scales using a self-assembly pathway. Their method successfully replicates
the atomic, nano-, and micro-scale structures found in natural biomineralized materials.
Nano-indentation tests revealed that the Young’s modulus and hardness of the artificial
enamel even surpassed those of natural tooth enamel.

Moreover, manufacturing methods that incorporate living cells have also seen sig-
nificant development [320,327]. For instance, Xin et al. (2021) [327] utilized living cells to
grow materials with predefined micro-structures. They combined bacteria with 3D-printed
frameworks to create bio-inspired mineralized composites with ordered micro-structures.
These composites demonstrated remarkable specific strength and fracture toughness, com-
parable to those of natural materials, along with superior energy absorption capabilities
that exceed both natural and synthetic counterparts.

As demonstrated, significant advancements have been made in multi-scale material char-
acterization methods, in the efficient modeling of complex structures, and in the development
of feasible multi-scale and multi-material design and optimization techniques. Progress has
also been achieved in the efficient production of these complex structures. However, the full
potential of bio-inspired load-bearing strategies in engineering design is far from being fully
realized. Continued efforts in line with the studies discussed in this section are essential to
ultimately enable the creation of components that replicate the complexity and functionality
of biological structures. Furthermore, accelerating this progress will require increasingly
leveraging advancements in computing, particularly in AI.

From a wider lens, greater interdisciplinary collaboration is needed, combining in-
sights from biology, materials science, structural engineering, and advanced computing
to enhance bio-inspired engineering methods. It is also essential to adopt a system-level
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perspective in engineering design that reflects the integrative approach found in nature.
A nature-inspired strategy promotes a holistic, bottom-up approach, building complexity
from the ground up. This ensures that each component not only fulfills a specific function
but also significantly enhances the overall cohesion and effectiveness of the entire system.

The ultimate goal is to develop advanced technologies capable of designing and
fabricating large-scale structures with atomic-level precision—strategically positioning
each atom to create the most effective overall structure for its intended function. While this
remains an ambitious objective, following in nature’s footsteps is our most promising route
to converging on it.

9. Summary and Conclusions

This review has explored nature’s strategies for load-bearing design and highlighted
their potential in engineering applications by examining recent research that effectively
translates these principles into various technical advancements. The impressive outcomes
of these studies underscore the significant benefits of leveraging nature’s strategies to
tackle complex engineering challenges. By emulating nature’s holistic approach—where
multiple functions are seamlessly integrated into a single structure—engineering design
can achieve enhanced performance and versatility. As advancements in computational
tools, materials science, and manufacturing techniques continue, the insights gained from
studying and replicating nature’s design principles are set to play a crucial role in shaping
the next generation of load-bearing engineering solutions.
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131. Voicu, A..D.; Hadăr, A.; Vlăsceanu, D. Benefits of 3D Printing Technologies for Aerospace Lattice Structures. Sci. Bull. “Mircea Cel
Batran” Nav. Acad. 2021, 24, 8–16. [CrossRef]

132. Thomas, J.; Alsaleh, N.A.; Ahmadein, M.; Elfar, A.A.; Farouk, H.A.; Essa, K. Graded Cellular Structures for Enhanced Performance
of Additively Manufactured Orthopaedic Implants. Int. J. Adv. Manuf. Technol. 2024, 130, 1887–1900. [CrossRef]

133. Tan, S.L.A.; Zhao, M.; Li, Z.; Wang, Z.; Li, X.; Zhai, W. Horsetail-inspired Lattice Structures for Bone Scaffold Applications. Int. J.
Bioprinting 2024, 10, 2326. [CrossRef]

http://dx.doi.org/10.1016/S8756-3282(97)00173-7
http://dx.doi.org/10.1063/1.3156332
http://dx.doi.org/10.1179/0950660812Z.00000000021
http://dx.doi.org/10.1016/j.mser.2014.04.001
http://dx.doi.org/10.1111/ffe.12172
http://dx.doi.org/10.1038/s41598-019-39030-7
http://dx.doi.org/10.1016/j.msec.2016.11.025
http://dx.doi.org/10.1002/pat.5888
http://dx.doi.org/10.1016/j.compscitech.2024.110669
http://dx.doi.org/10.1016/S1350-4533(98)00007-1
http://dx.doi.org/10.1007/BF02645546
http://dx.doi.org/10.1038/s41467-022-33712-z
http://www.ncbi.nlm.nih.gov/pubmed/36241635
http://dx.doi.org/10.1016/S0020-7683(00)00400-5
http://dx.doi.org/10.1016/j.actamat.2004.05.039
http://dx.doi.org/10.1016/j.msea.2005.02.048
http://dx.doi.org/10.1016/j.matdes.2013.10.027
http://dx.doi.org/10.1016/j.ijmecsci.2018.07.006
http://dx.doi.org/10.1002/adfm.202305978
http://dx.doi.org/10.1002/adma.202206416
http://dx.doi.org/10.1088/1748-3190/acc373
http://dx.doi.org/10.1016/j.heliyon.2024.e26001
http://dx.doi.org/10.1016/j.jmbbm.2014.02.003
http://dx.doi.org/10.1016/j.phpro.2016.08.002
http://dx.doi.org/10.1016/j.scriptamat.2019.01.022
http://dx.doi.org/10.1016/j.procir.2017.12.202
http://dx.doi.org/10.21279/1454-864X-21-I1-001
http://dx.doi.org/10.1007/s00170-023-12843-7
http://dx.doi.org/10.36922/ijb.2326


Biomimetics 2024, 9, 545 25 of 31

134. Chang, C.M.; Wong, P.C.; Ou, S.L.; Ko, C.E.; Wang, Y.T. Optimizing Implant Lattice Design for Large Distal Femur Defects:
Stimulating Interface Bone Growth to Enhance Osseointegration. Int. J. Bioprinting 2024, 10, 2590. [CrossRef]

135. Khan, N.; Riccio, A. A Systematic Review of Design for Additive Manufacturing of Aerospace Lattice Structures: Current Trends
and Future Directions. Prog. Aerosp. Sci. 2024, 149, 101021. [CrossRef]

136. Rastegarzadeh, S.; Huang, J.; Wang, J. Architected Cellular Materials for Aerospace Components Design and Manufacturing.
In Proceedings of the ASME Aerospace Structures, Structural Dynamics, and Materials Conference, 2023, San Diego, CA, USA,
19–21 June 2023; Volume 87141, p. V001T01A007.

137. Wootton, R. The Geometry and Mechanics of Insect Wing Deformations in Flight: A Modelling Approach. Insects 2020, 11, 446.
[CrossRef]

138. Sack, L.; Scoffoni, C. Leaf Venation: Structure, Function, Development, Evolution, Ecology and Applications in the Past, Present
and Future. New Phytol. 2013, 198, 983–1000. [CrossRef] [PubMed]

139. Roth-Nebelsick, A.; Uhl, D.; Mosbrugger, V.; Kerp, H. Evolution and Function of Leaf Venation Architecture: A Review. Ann. Bot.
2001, 87, 553–566. [CrossRef]

140. Sun, J.; Bhushan, B. The Structure and Mechanical Properties of Dragonfly Wings and Their Role on Flyability. Comptes Rendus
Mécanique 2012, 340, 3–17. [CrossRef]

141. Jongerius, S.; Lentink, D. Structural Analysis of a Dragonfly Wing. Exp. Mech. 2010, 50, 1323–1334. [CrossRef]
142. Lin, S.; Chou, N.; Li, G.; Bao, D.; Cai, Y.; Xie, Y.M.; Wang, G. A Gradient-Evolutionary Coupled Topology Optimization for Sheet

Reinforcement Based on the Mechanics of Voronoi Pattern on Dragonfly Wings. Adv. Eng. Softw. 2024, 190, 103600. [CrossRef]
143. Kawabe, H.; Aoki, Y.; Nakamura, T. Novel Skin-Reinforcement Design by Cross–Longitudinal Layout Inspired by Dragonfly

Wing. AIAA J. 2024, 62, 1311–1317. [CrossRef]
144. Kawabe, H.; Aoki, Y.; Sugimoto, S.; Nakamura, T. Application of Macroscopic Structures on Dragonfly Wings to an Aircraft

Design Approach. In Proceedings of the AIAA Aviation 2020 Forum, Virtual, 15–19 June 2020; p. 2664. [CrossRef]
145. Meng, L.; Zhang, J.; Hou, Y.; Breitkopf, P.; Zhu, J.; Zhang, W. Revisiting the Fibonacci Spiral Pattern for Stiffening Rib Design. Int.

J. Mech. Sci. 2023, 246, 108131. [CrossRef]
146. Linnemann, S.K.; Friedrichs, L.; Niebuhr, N.M. Stress-Adaptive Stiffening Structures Inspired by Diatoms: A Parametric Solution

for Lightweight Surfaces. Biomimetics 2024, 9, 46. [CrossRef]
147. Andresen, S.; Meyners, N.; Thoden, D.; Körfer, M.; Hamm, C. Biologically Inspired Girder Structure for the Synchrotron Radiation

Facility PETRA IV. J. Bionic Eng. 2023, 20, 1996–2017. [CrossRef]
148. Schaedler, T.A.; Jacobsen, A.J.; Torrents, A.; Sorensen, A.E.; Lian, J.; Greer, J.R.; Valdevit, L.; Carter, W.B. Ultralight Metallic

Microlattices. Science 2011, 334, 962–965. [CrossRef]
149. Song, J.; Xu, S.; Xu, L.; Zhou, J.; Zou, M. Experimental Study on the Crashworthiness of Bio-Inspired Aluminum Foam-Filled

Tubes under Axial Compression Loading. Thin-Walled Struct. 2020, 155, 106937. [CrossRef]
150. Du, Y.; Gu, D.; Xi, L.; Dai, D.; Gao, T.; Zhu, J.; Ma, C. Laser Additive Manufacturing of Bio-Inspired Lattice Structure: Forming

Quality, Microstructure and Energy Absorption Behavior. Mater. Sci. Eng. A 2020, 773, 138857. [CrossRef]
151. Xiang, X.; Zou, S.; San Ha, N.; Lu, G.; Kong, I. Energy Absorption of Bio-Inspired Multi-Layered Graded Foam-Filled Structures

Under Axial Crushing. Compos. Part B Eng. 2020, 198, 108216. [CrossRef]
152. Thielen, M.; Schmitt, C.N.Z.; Eckert, S.; Speck, T.; Seidel, R. Structure–Function Relationship of the Foam-Like Pomelo Peel

(Citrus maxima)—An Inspiration for the Development of Biomimetic Damping Materials with High Energy Dissipation. Bioinspir.
Biomimetics 2013, 8, 025001. [CrossRef]

153. Li, T.T.; Wang, H.; Huang, S.Y.; Lou, C.W.; Lin, J.H. Bioinspired Foam Composites Resembling Pomelo Peel: Structural Design
and Compressive, Bursting and Cushioning Properties. Compos. Part B Eng. 2019, 172, 290–298. [CrossRef]

154. San Ha, N.; Lu, G. A Review of Recent Research on Bio-Inspired Structures and Materials for Energy Absorption Applications.
Compos. Part B Eng. 2020, 181, 107496. [CrossRef]

155. Sharma, D.; Hiremath, S.S. Bio-Inspired Repeatable Lattice Structures for Energy Absorption: Experimental and Finite Element
Study. Compos. Struct. 2022, 283, 115102. [CrossRef]

156. Dara, A.; Bahubalendruni, M.A.R.; Mertens, A.J.; Balamurali, G. Numerical and Experimental Investigations of Novel Nature
Inspired Open Lattice Cellular Structures for Enhanced Stiffness and Specific Energy Absorption. Mater. Today Commun. 2022,
31, 103286. [CrossRef]

157. Kumar, A.; Collini, L.; Ursini, C.; Jeng, J.Y. Energy Absorption and Stiffness of Thin and Thick-Walled Closed-Cell 3D-Printed
Structures Fabricated from a Hyperelastic Soft Polymer. Materials 2022, 15, 2441. [CrossRef]

158. Hamzehei, R.; Zolfagharian, A.; Dariushi, S.; Bodaghi, M. 3D-printed Bio-inspired Zero Poisson’s Ratio Graded Metamaterials
with High Energy Absorption Performance. Smart Mater. Struct. 2022, 31, 035001. [CrossRef]

159. Ramakrishna, D.; Murali, G.B. Bio-inspired 3D-printed Lattice Structures for Energy Absorption Applications: A Review. Proc.
Inst. Mech. Eng. Part L J. Mater. Des. Appl. 2023, 237, 503–542. [CrossRef]

160. Yin, H.; Meng, F.; Zhu, L.; Wen, G. Optimization Design of a Novel Hybrid Hierarchical Cellular Structure for Crashworthiness.
Compos. Struct. 2023, 303, 116335. [CrossRef]

161. Pham, B.; Huang, S.C. A Novel Bio-inspired Hierarchical Tetrachiral Structure That Enhances Energy Absorption Capacity. J.
Mech. Sci. Technol. 2023, 37. [CrossRef]

http://dx.doi.org/10.36922/ijb.2590
http://dx.doi.org/10.1016/j.paerosci.2024.101021
http://dx.doi.org/10.3390/insects11070446
http://dx.doi.org/10.1111/nph.12253
http://www.ncbi.nlm.nih.gov/pubmed/23600478
http://dx.doi.org/10.1006/anbo.2001.1391
http://dx.doi.org/10.1016/j.crme.2011.11.003
http://dx.doi.org/10.1007/s11340-010-9411-x
http://dx.doi.org/10.1016/j.advengsoft.2024.103600
http://dx.doi.org/10.2514/1.J063012
http://dx.doi.org/10.2514/6.2020-2664
http://dx.doi.org/10.1016/j.ijmecsci.2023.108131
http://dx.doi.org/10.3390/biomimetics9010046
http://dx.doi.org/10.1007/s42235-023-00373-7
http://dx.doi.org/10.1126/science.1211649
http://dx.doi.org/10.1016/j.tws.2020.106937
http://dx.doi.org/10.1016/j.msea.2019.138857
http://dx.doi.org/10.1016/j.compositesb.2020.108216
http://dx.doi.org/10.1088/1748-3182/8/2/025001
http://dx.doi.org/10.1016/j.compositesb.2019.04.046
http://dx.doi.org/10.1016/j.compositesb.2019.107496
http://dx.doi.org/10.1016/j.compstruct.2021.115102
http://dx.doi.org/10.1016/j.mtcomm.2022.103286
http://dx.doi.org/10.3390/ma15072441
http://dx.doi.org/10.1088/1361-665X/ac47d6
http://dx.doi.org/10.1177/14644207221121948
http://dx.doi.org/10.1016/j.compstruct.2022.116335
http://dx.doi.org/10.1007/s12206-023-2202-y


Biomimetics 2024, 9, 545 26 of 31

162. Xiang, X.; Shao, D.; Pang, T.; Ngo, T.T.; Ha, N.S.; Zhang, S. Energy Absorption of Multilayer Aluminum Foam-filled Structures
Under Lateral Compression Loading. Mech. Adv. Mater. Struct. 2024, 31, 659–675. [CrossRef]

163. Huang, J.; Durden, H.; Chowdhury, M. Bio-Inspired Armor Protective Material Systems for Ballistic Shock Mitigation. Mater. Des.
2011, 32, 3702–3710. [CrossRef]

164. Xu, T.; Liu, N.; Yu, Z.; Xu, T.; Zou, M. Crashworthiness Design for Bionic Bumper Structures Inspired by Cattail and Bamboo.
Appl. Bionics Biomech. 2017, 2017, 5894938. [CrossRef] [PubMed]

165. Wang, C.Y.; Li, Y.; Zhao, W.Z.; Zou, S.C.; Zhou, G.; Wang, Y.L. Structure Design and Multi-Objective Optimization of a Novel
Crash Box Based on Biomimetic Structure. Int. J. Mech. Sci. 2018, 138, 489–501. [CrossRef]

166. Nian, Y.; Wan, S.; Wang, X.; Zhou, P.; Avcar, M.; Li, M. Study on Crashworthiness of Nature-Inspired Functionally Graded Lattice
Metamaterials for Bridge Pier Protection Against Ship Collision. Eng. Struct. 2023, 277, 115404. [CrossRef]

167. Essa, K.; Hassanin, H.; Attallah, M.M.; Adkins, N.J.; Musker, A.J.; Roberts, G.T.; Tenev, N.; Smith, M. Development and Testing of
an Additively Manufactured Monolithic Catalyst Bed for HTP Thruster Applications. Appl. Catal. A Gen. 2017, 542, 125–135.
[CrossRef]

168. Busse, C.; Freund, H.; Schwieger, W. Intensification of Heat Transfer in Catalytic Reactors by Additively Manufactured Periodic
Open Cellular Structures (POCS). Chem. Eng. Process.-Process. Intensif. 2018, 124, 199–214. [CrossRef]

169. Haseltalab, V.; Dutta, A.; Yang, S. On the 3D Printed Catalyst for Biomass-bio-oil Conversion: Key Technologies and Challenges.
J. Catal. 2023, 417, 286–300. [CrossRef]

170. Zhao, X.; Karakaya, C.; Qian, M.; Zou, R.; Zhang, W.; Lu, Z.; Maiti, D.; Samanta, A.; Wan, W.; Liu, X.; et al. 3D Printing Synthesis
of Catalysts. Mater. Today Sustain. 2024, 26, 100746. [CrossRef]

171. Kim, T.; Zhao, C.Y.; Lu, T.J.; Hodson, H.P. Convective Heat Dissipation with Lattice-Frame Materials. Mech. Mater. 2004,
36, 767–780. [CrossRef]

172. Maloney, K.J.; Fink, K.D.; Schaedler, T.A.; Kolodziejska, J.A.; Jacobsen, A.J.; Roper, C.S. Multifunctional Heat Exchangers Derived
From Three-Dimensional Micro-Lattice Structures. Int. J. Heat Mass Transf. 2012, 55, 2486–2493. [CrossRef]

173. Careri, F.; Khan, R.H.; Todd, C.; Attallah, M.M. Additive Manufacturing of Heat Exchangers in Aerospace Applications: A Review.
Appl. Therm. Eng. 2023, 235, 121387. [CrossRef]

174. Brambati, G.; Guilizzoni, M.; Foletti, S. Convective Heat Transfer Correlations for Triply Periodic Minimal Surfaces Based Heat
Exchangers. Appl. Therm. Eng. 2024, 242, 122492. [CrossRef]

175. Zhu, H.X.; Hobdell, J.R.; Windle, A.H. Effects of Cell Irregularity on the Elastic Properties of 2D Voronoi Honeycombs. J. Mech.
Phys. Solids 2001, 49, 857–870. [CrossRef]

176. Zhu, H.X.; Thorpe, S.M.; Windle, A.H. The Geometrical Properties of Irregular Two-Dimensional Voronoi Tessellations. Philos.
Mag. A 2001, 81, 2765–2783. [CrossRef]

177. van Egmond, D.A.; Yu, B.; Choukir, S.; Fu, S.; Singh, C.V.; Hibbard, G.; Hatton, B.D. The Benefits of Structural Disorder in Natural
Cellular Solids. arXiv 2021, arXiv:2110.04607.

178. Andresen, S.; Bäger, A.; Hamm, C. Eigenfrequency Maximisation by Using Irregular Lattice Structures. J. Sound Vib. 2020,
465, 115027. [CrossRef]

179. Choukir, S.; Aranguren van Egmond, D.; Hatton, B.D.; Hibbard, G.D.; Singh, C.V. The Interplay between Constituent Material
and Architectural Disorder in Bioinspired Honeycomb Structures. Int. J. Eng. Sci. 2023, 188, 103863. [CrossRef]

180. Montemayor, L.C.; Wong, W.H.; Zhang, Y.W.; Greer, J.R. Insensitivity to Flaws Leads to Damage Tolerance in Brittle Architected
Meta-Materials. Sci. Rep. 2016, 6, 20570. [CrossRef] [PubMed]

181. Li, D.; Liao, W.; Dai, N.; Xie, Y.M. Anisotropic Design and Optimization of Conformal Gradient Lattice Structures. CAD Comput.
Aided Des. 2020, 119, 102787. [CrossRef]

182. Yang, H.; Cao, X.; Zhang, Y.; Li, Y. 3D-printed Bioinspired Cage Lattices with Defect-tolerant Mechanical Properties. Addit. Manuf.
2024, 82, 104036. [CrossRef]

183. Kiakojouri, F.; De Biagi, V.; Abbracciavento, L. Design for Robustness: Bio-Inspired Perspectives in Structural Engineering.
Biomimetics 2023, 8, 95. [CrossRef]

184. De Biagi, V. Enhancing Structural Robustness by Complexity Maximisation. In Vestnik TSUAB. English Version Appendix;
Politecnico di Torino: Turin, Italy, 2015; pp. 26–36.

185. Huber, J.A.; Ekevad, M.; Girhammar, U.A.; Berg, S. Structural Robustness and Timber Buildings—A Review. Wood Mater. Sci.
Eng. 2019, 14, 107–128. [CrossRef]

186. Liu, Z.; Meyers, M.A.; Zhang, Z.; Ritchie, R.O. Functional Gradients and Heterogeneities in Biological Materials: Design
Principles, Functions, and Bioinspired Applications. Prog. Mater. Sci. 2017, 88, 467–498. [CrossRef]

187. Miyamoto, Y.; Kaysser, W.A.; Rabin, B.H.; Kawasaki, A.; Ford, R.G. Functionally Graded Materials: Design, Processing and
Applications; Springer Science & Business Media: New York, NY, USA, 2013; Volume 5.

188. Han, S.; Chen, F.; Yu, Y.; Chen, L.; Wang, G. Bamboo-inspired Strong, Tough and Stable Composites Derived from Renewable
Bamboo. Ind. Crop. Prod. 2023, 194, 116292. [CrossRef]

189. Mao, A.; Chen, J.; Bu, X.; Tian, L.; Gao, W.; Saiz, E.; Bai, H. Bamboo-Inspired Structurally Efficient Materials with a Large
Continuous Gradient. Small 2023, 19, 2301144. [CrossRef]

190. Keaveny, T.M.; Hayes, W.C. A 20-Year Perspective on the Mechanical Properties of Trabecular Bone. J. Biomech. Eng. 1993,
115, 534–542. [CrossRef]

http://dx.doi.org/10.1080/15376494.2022.2118405
http://dx.doi.org/10.1016/j.matdes.2011.03.061
http://dx.doi.org/10.1155/2017/5894938
http://www.ncbi.nlm.nih.gov/pubmed/29118571
http://dx.doi.org/10.1016/j.ijmecsci.2018.01.032
http://dx.doi.org/10.1016/j.engstruct.2022.115404
http://dx.doi.org/10.1016/j.apcata.2017.05.019
http://dx.doi.org/10.1016/j.cep.2018.01.023
http://dx.doi.org/10.1016/j.jcat.2022.12.013
http://dx.doi.org/10.1016/j.mtsust.2024.100746
http://dx.doi.org/10.1016/j.mechmat.2003.07.001
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.01.011
http://dx.doi.org/10.1016/j.applthermaleng.2023.121387
http://dx.doi.org/10.1016/j.applthermaleng.2024.122492
http://dx.doi.org/10.1016/S0022-5096(00)00046-6
http://dx.doi.org/10.1080/01418610010032364
http://dx.doi.org/10.1016/j.jsv.2019.115027
http://dx.doi.org/10.1016/j.ijengsci.2023.103863
http://dx.doi.org/10.1038/srep20570
http://www.ncbi.nlm.nih.gov/pubmed/26837581
http://dx.doi.org/10.1016/j.cad.2019.102787
http://dx.doi.org/10.1016/j.addma.2024.104036
http://dx.doi.org/10.3390/biomimetics8010095
http://dx.doi.org/10.1080/17480272.2018.1446052
http://dx.doi.org/10.1016/j.pmatsci.2017.04.013
http://dx.doi.org/10.1016/j.indcrop.2023.116292
http://dx.doi.org/10.1002/smll.202301144
http://dx.doi.org/10.1115/1.2895536


Biomimetics 2024, 9, 545 27 of 31

191. Keller, T.S.; Mao, Z.; Spengler, D.M. Young’s Modulus, Bending Strength, and Tissue Physical Properties of Human Compact
Bone. J. Orthop. Res. 1990, 8, 592–603. [CrossRef] [PubMed]

192. Aizenberg, J.; Weaver, J.; Thanawala, M.; Sundar, V.; Morse, D.; Fratzl, P. Skeleton of Euplectella sp: Structural Hierarchy from the
Nanoscale to the Macroscale. Science 2005, 309, 275–278. [CrossRef] [PubMed]

193. Miserez, A.; Weaver, J.C.; Thurner, P.J.; Aizenberg, J.; Dauphin, Y.; Fratzl, P.; Morse, D.E.; Zok, F.W. Effects of Laminate
Architecture on Fracture Resistance of Sponge Biosilica: Lessons from Nature. Adv. Funct. Mater. 2008, 18, 1241–1248. [CrossRef]

194. Mortensen, A.; Suresh, S. Functionally Graded Metals and Metal-Ceramic Composites: Part 1 Processing. Int. Mater. Rev. 1995,
40, 239–265. [CrossRef]

195. Giannakopoulos, A.E.; Suresh, S. Indentation of Solids with Gradients in Elastic Properties: Part I. Point Force. Int. J. Solids Struct.
1997, 34, 2357–2392. [CrossRef]

196. Suresh, S. Graded Materials for Resistance to Contact Deformation and Damage. Science 2001, 292, 2447–2451. [CrossRef]
197. Tampieri, A.; Celotti, G.; Sprio, S.; Delcogliano, A.; Franzese, S. Porosity-graded Hydroxyapatite Ceramics to Replace Natural

Bone. Biomaterials 2001, 22, 1365–1370. [CrossRef]
198. Leong, K.F.; Chua, S.C.K.; Sudarmadji, N.; Yeong, W.Y. Engineering Functionally Graded Tissue Engineering Scaffolds. J. Mech.

Behav. Biomed. Mater. 2008, 1, 140–152. [CrossRef]
199. Pompe, W.; Worch, H.; Epple, M.; Friess, W.; Gelinsky, M.; Greil, P.; Hempel, U.; Scharnweber, D.; Schulte, K. Functionally Graded

Materials for Biomedical Applications. Mater. Sci. Eng. A 2003, 362, 40–60. [CrossRef]
200. Launey, M.E.; Ritchie, R.O. On the Fracture Toughness of Advanced Materials. Adv. Mater. 2009, 21, 2103–2110. [CrossRef]
201. Barthelat, F.; Yin, Z.; Buehler, M.J. Structure and Mechanics of Interfaces in Biological Materials. Nat. Rev. Mater. 2016, 1, 16007.

[CrossRef]
202. Kokkinis, D.; Bouville, F.; Studart, A.R. 3D Printing of Materials with Tunable Failure via Bioinspired Mechanical Gradients. Adv.

Mater. 2018, 30, 1705808. [CrossRef] [PubMed]
203. Magrini, T.; Fox, C.; Wihardja, A.; Kolli, A.; Daraio, C. Control of Mechanical and Fracture Properties in Two-Phase Materials

Reinforced by Continuous, Irregular Networks. Adv. Mater. 2024, 36, 2305198. [CrossRef]
204. Liu, Y.; Chen, B.; Liu, Z.; Zhang, Z.; Ritchie, R.O. Bioinspired Interpenetrating-phase Metal Composites. Prog. Mater. Sci. 2024,

144, 101281. [CrossRef]
205. Timoshenko, S.P.; Gere, J.M. Theory of Elastic Stability; Courier Corporation: Chelmsford, MA, USA, 2009.
206. Vincent, J.F.V.; Owers, P. Mechanical Design of Hedgehog Spines and Porcupine Quills. J. Zool. 1986, 210, 55–75. [CrossRef]
207. Lingham-Soliar, T.; Bonser, R.H.C.; Wesley-Smith, J. Selective Biodegradation of Keratin Matrix in Feather Rachis Reveals Classic

Bioengineering. Proc. R. Soc. B 2009, 277, 1161–1168. [CrossRef]
208. Karam, G.N.; Gibson, L.J. Elastic Buckling of Cylindrical Shells with Elastic Cores—I. Analysis. Int. J. Solids Struct. 1995,

32, 1259–1283. [CrossRef]
209. Meyers, M.A.; McKittrick, J.; Chen, P.Y. Structural Biological Materials: Critical Mechanics-materials Connections. Science 2013,

339, 773–779. [CrossRef]
210. Habibi, M.K.; Samaei, A.T.; Gheshlaghi, B.; Lu, J.; Lu, Y. Asymmetric Flexural Behavior from Bamboo’s Functionally Graded

Hierarchical Structure: Underlying Mechanisms. Acta Biomater. 2015, 16, 178–186. [CrossRef]
211. Silva, E.C.N.; Walters, M.C.; Paulino, G.H. Modeling Bamboo as a Functionally Graded Material: Lessons for the Analysis of

Affordable Materials. J. Mater. Sci. 2006, 41, 6991–7004. [CrossRef]
212. Dixon, P.G.; Gibson, L.J. The Structure and Mechanics of Moso Bamboo Material. J. R. Soc. Interface 2014, 11, 16007. [CrossRef]

[PubMed]
213. Vasiliev, V.V.; Razin, A.F. Anisogrid Composite Lattice Structures for Spacecraft and Aircraft Applications. Compos. Struct. 2006,

76, 182–189. [CrossRef]
214. Totaro, G.; Gürdal, Z. Optimal Design of Composite Lattice Shell Structures for Aerospace Applications. Aerosp. Sci. Technol.

2009, 13, 157–164. [CrossRef]
215. Chuang, W.; Zhu, J.; Wu, M.; Hou, J.; Zhou, H.; Meng, L.; Li, C.; Zhang, W. Multi-Scale Design and Optimization for Solid-Lattice

Hybrid Structures and Their Application to Aerospace Vehicle Components. Chin. J. Aeronaut. 2021, 34, 386–398. [CrossRef]
216. Dharmasena, K.P.; Wadley, H.N.; Williams, K.; Xue, Z.; Hutchinson, J.W. Response of Metallic Pyramidal Lattice Core Sandwich

Panels to High Intensity Impulsive Loading in Air. Int. J. Impact Eng. 2011, 38, 275–289. [CrossRef]
217. Xue, Z.; Hutchinson, J.W. A Comparative Study of Impulse-Resistant Metal Sandwich Plates. Int. J. Impact Eng. 2004, 30, 1283–1305.

[CrossRef]
218. Nuño, M.; Bühring, J.; Rao, M.N.; Schröder, K.U. Delamination Testing of AlSi10Mg Sandwich Structures with Pyramidal Lattice

Truss Core Made by Laser Powder Bed Fusion. Chin. J. Mech. Eng. 2021, 34, 126. [CrossRef]
219. Feng, Y.; Qiu, H.; Gao, Y.; Zheng, H.; Tan, J. Creative Design for Sandwich Structures: A Review. Int. J. Adv. Robot. Syst. 2020,

17, 1729881420921327. [CrossRef]
220. Guo, H.; Yuan, H.; Zhang, J.; Ruan, D. Review of Sandwich Structures Under Impact Loadings: Experimental, Numerical and

Theoretical Analysis. Thin-Walled Struct. 2023, 196, 111541. [CrossRef]
221. Birman, V.; Kardomateas, G.A. Review of Current Trends in Research and Applications of Sandwich Structures. Compos. Part B

Eng. 2018, 142, 221–240. [CrossRef]

http://dx.doi.org/10.1002/jor.1100080416
http://www.ncbi.nlm.nih.gov/pubmed/2355299
http://dx.doi.org/10.1126/science.1112255
http://www.ncbi.nlm.nih.gov/pubmed/16002612
http://dx.doi.org/10.1002/adfm.200701135
http://dx.doi.org/10.1179/imr.1995.40.6.239
http://dx.doi.org/10.1016/S0020-7683(96)00171-0
http://dx.doi.org/10.1126/science.1059716
http://dx.doi.org/10.1016/S0142-9612(00)00290-8
http://dx.doi.org/10.1016/j.jmbbm.2007.11.002
http://dx.doi.org/10.1016/S0921-5093(03)00580-X
http://dx.doi.org/10.1002/adma.200803322
http://dx.doi.org/10.1038/natrevmats.2016.7
http://dx.doi.org/10.1002/adma.201705808
http://www.ncbi.nlm.nih.gov/pubmed/29337394
http://dx.doi.org/10.1002/adma.202305198
http://dx.doi.org/10.1016/j.pmatsci.2024.101281
http://dx.doi.org/10.1111/j.1469-7998.1986.tb03620.x
http://dx.doi.org/10.1098/rspb.2009.1980
http://dx.doi.org/10.1016/0020-7683(94)00147-O
http://dx.doi.org/10.1126/science.1220854
http://dx.doi.org/10.1016/j.actbio.2015.01.038
http://dx.doi.org/10.1007/s10853-006-0232-3
http://dx.doi.org/10.1098/rsif.2014.0321
http://www.ncbi.nlm.nih.gov/pubmed/25056211
http://dx.doi.org/10.1016/j.compstruct.2006.06.025
http://dx.doi.org/10.1016/j.ast.2008.09.001
http://dx.doi.org/10.1016/j.cja.2020.08.015
http://dx.doi.org/10.1016/j.ijimpeng.2010.10.002
http://dx.doi.org/10.1016/j.ijimpeng.2003.08.007
http://dx.doi.org/10.1186/s10033-021-00643-7
http://dx.doi.org/10.1177/1729881420921327
http://dx.doi.org/10.1016/j.tws.2023.111541
http://dx.doi.org/10.1016/j.compositesb.2018.01.027


Biomimetics 2024, 9, 545 28 of 31

222. Ghanbari, J.; Panirani, P.N. A Hybrid Bio-Inspired Sandwich Structures for High Strain Rate Energy Absorption Applications.
Sci. Rep. 2024, 14, 2865. [CrossRef] [PubMed]

223. Karsandik, Y.; Sabuncuoglu, B.; Yildirim, B.; Silberschmidt, V.V. Impact Behavior of Sandwich Composites for Aviation
Applications: A Review. Compos. Struct. 2023, 314, 116941. [CrossRef]

224. Singh, P.; Sheikh, J.; Behera, B. Metal-Faced Sandwich Composite Panels: A Review. Thin-Walled Struct. 2023, 195, 111376.
[CrossRef]

225. Kausar, A.; Ahmad, I.; Rakha, S.A.; Eisa, M.; Diallo, A. State-of-the-Art of Sandwich Composite Structures: Manufacturing to
High Performance Applications. J. Compos. Sci. 2023, 7, 102. [CrossRef]

226. Thompson, D.W. On Growth and Form; Cambridge University Press: Cambridge, UK, 1917. [CrossRef]
227. Rhee, H.; Horstemeyer, M.F.; Hwang, Y.; Lim, H.; Kadiri, H.E.; Trim, W. A Study on the Structure and Mechanical Behavior of the

Terrapene Carolina Carapace: A Pathway to Design Bio-inspired Synthetic Composites. Mater. Sci. Eng. C 2009, 29, 2333–2339.
[CrossRef]

228. Gangwar, T.; Schillinger, D. Microimaging-informed Continuum Micromechanics Accurately Predicts Macroscopic Stiffness and
Strength Properties of Hierarchical Plant Culm Materials. Mech. Mater. 2019, 130, 39–57. [CrossRef]

229. Niklas, K.J. Plant Biomechanics: An Engineering Approach to Plant Form and Function; University of Chicago Press: Chicago, IL,
USA, 1992.

230. Roland, J.; Reis, D.; Vian, B.; Roy, S. The Helicoidal Plant Cell wall as a Performing Cellulose-based Composite. Biol. Cell 1989,
67, 209–220. [CrossRef]

231. Kerstens, S.; Decraemer, W.F.; Verbelen, J. Cell Walls at the Plant Surface Behave Mechanically like Fiber-reinforced Composite
Materials. Plant Physiol. 2001, 127, 381–385. [CrossRef]

232. Suslov, D.; Verbelen, J.; Vissenberg, K. Onion Epidermis as a New Model to Study the Control of Growth Anisotropy in Higher
Plants. J. Exp. Bot. 2009, 60, 4175–4187. [CrossRef]

233. Geitmann, A. Mechanical Modeling and Structural Analysis of the Primary Plant Cell Wall. Curr. Opin. Plant Biol. 2010,
13, 693–699. [CrossRef]

234. Cordin, M.; Bechtold, T.; Pham, T. Effect of Fibre Orientation on the Mechanical Properties of Polypropylene-lyocell Composites.
Cellulose 2018, 25, 7197–7210. [CrossRef]

235. Zhang, H.; Yang, D.; Sheng, Y. Performance-Driven 3D Printing of Continuous Curved Carbon Fibre Reinforced Polymer
Composites: A Preliminary Numerical Study. Compos. Part B Eng. 2018, 151, 256–264. [CrossRef]

236. Mu, R.; Diao, C.; Liu, H.; Wu, H.; Qing, L.; Zhao, S.; Li, L. Design, Preparation and Mechanical Properties of Full-field Aligned
Steel Fiber Reinforced Cementitious Composite. Constr. Build. Mater. 2021, 272, 121631. [CrossRef]

237. Li, N.; Link, G.; Wang, T.; Ramopoulos, V.; Neumaier, D.; Hofele, J.; Walter, M.; Jelonnek, J. Path-designed 3D Printing for
Topological Optimized Continuous Carbon Fibre Reinforced Composite Structures. Compos. Part B Eng. 2020, 182, 107612.
[CrossRef]

238. Heitkamp, T.; Kuschmitz, S.; Girnth, S.; Marx, J.; Klawitter, G.; Waldt, N.; Vietor, T. Stress-adapted Fiber Orientation along the
Principal Stress Directions for Continuous Fiber-reinforced Material Extrusion. Prog. Addit. Manuf. 2023, 8, 541–559. [CrossRef]

239. Guo, Z.; Hou, Z.; Tian, X.; Zhu, W.; Malakhov, A.V.; Polilov, A.N.; Zhi, D.; Ding, H.; Lan, H. Optimization Design and 3D
Printing of Curvilinear Fiber Reinforced Variable Stiffness Composites Based on Polar Coordinate Sweeping. Addit. Manuf. 2024,
88, 104272. [CrossRef]

240. Ren, H.; Wang, D.; Liu, G.; Rosen, D.W.; Xiong, Y. Concurrent Optimization of Structural Topology and Toolpath for Additive
Manufacturing of Continuous Fiber-Reinforced Polymer Composites. Comput. Methods Appl. Mech. Eng. 2024, 430, 117227.
[CrossRef]

241. He, S.; Ma, P.C.; Duan, M. Continuous Fiber Path Optimization in Additive Manufacturing: A Gradient-Based B-Spline Finite
Element Approach. Addit. Manuf. 2024, 86, 104155. [CrossRef]

242. Auer, D.; Bos, F.; Olabi, M.; Fischer, O. Fiber Reinforcement of 3D Printed Concrete by Material Extrusion Toolpaths Aligned
to Principal Stress Trajectories. In Open Conference Proceedings; TIB Open Publishing: Hannover, Germany, 2023; Volume 3.
[CrossRef]

243. Wong, J.; Altassan, A.; Rosen, D.W. Additive Manufacturing of Fiber-Reinforced Polymer Composites: A Technical Review and
Status of Design Methodologies. Compos. Part B Eng. 2023, 255, 110603. [CrossRef]

244. Michell, A.G.M. LVIII. The Limits of Economy of Material in Frame-Structures. Lond. Edinb. Dublin Philos. Mag. J. Sci. 1904,
8, 589–597. [CrossRef]

245. Skelton, R.E.; de Oliveira, M.C. Optimal Tensegrity Structures in Bending: The Discrete Michell Truss. J. Frankl. Inst. 2010,
347, 257–283. [CrossRef]

246. Arora, R.; Jacobson, A.; Langlois, T.R.; Huang, Y.; Mueller, C.; Matusik, W.; Shamir, A.; Singh, K.; Levin, D.I.W. Volumetric Michell
Trusses for Parametric Design & Fabrication. In Proceedings of the 3rd Annual ACM Symposium on Computational Fabrication,
Pittsburgh, PA, USA, 16–18 June 2019; pp. 1–13. [CrossRef]

247. Kwok, T.H.; Li, Y.; Chen, Y. A Structural Topology Design Method Based on Principal Stress Line. CAD Comput. Aided Des. 2016,
80, 19–31. [CrossRef]

248. Tam, K.M.; Mueller, C.T. Additive Manufacturing Along Principal Stress Lines. 3D Print. Addit. Manuf. 2017, 4, 63–81. [CrossRef]

http://dx.doi.org/10.1038/s41598-024-53521-2
http://www.ncbi.nlm.nih.gov/pubmed/38311660
http://dx.doi.org/10.1016/j.compstruct.2023.116941
http://dx.doi.org/10.1016/j.tws.2023.111376
http://dx.doi.org/10.3390/jcs7030102
http://dx.doi.org/10.5962/bhl.title.11332
http://dx.doi.org/10.1016/j.msec.2009.06.002
http://dx.doi.org/10.1016/j.mechmat.2019.01.009
http://dx.doi.org/10.1111/j.1768-322X.1989.tb00864.x
http://dx.doi.org/10.1104/pp.010423
http://dx.doi.org/10.1093/jxb/erp251
http://dx.doi.org/10.1016/j.pbi.2010.09.017
http://dx.doi.org/10.1007/s10570-018-2079-6
http://dx.doi.org/10.1016/j.compositesb.2018.06.017
http://dx.doi.org/10.1016/j.conbuildmat.2020.121631
http://dx.doi.org/10.1016/j.compositesb.2019.107612
http://dx.doi.org/10.1007/s40964-022-00347-x
http://dx.doi.org/10.1016/j.addma.2024.104272
http://dx.doi.org/10.1016/j.cma.2024.117227
http://dx.doi.org/10.1016/j.addma.2024.104155
http://dx.doi.org/10.52825/ocp.v3i.759
http://dx.doi.org/10.1016/j.compositesb.2023.110603
http://dx.doi.org/10.1080/14786440409463229
http://dx.doi.org/10.1016/j.jfranklin.2009.10.009
http://dx.doi.org/10.1145/3328939.3328999
http://dx.doi.org/10.1016/j.cad.2016.07.005
http://dx.doi.org/10.1089/3dp.2017.0001


Biomimetics 2024, 9, 545 29 of 31

249. Xia, L.; Bi, M.; Wu, J.; Wang, F.; Wang, L.; Xie, Y.M.; Ma, G. Integrated Lightweight Design Method via Structural Optimization
and Path Planning for Material Extrusion. Addit. Manuf. 2023, 62, 103387. [CrossRef]

250. Ma, C.; Qiu, N.; Xu, X. A Fully Automatic Computational Framework for Beam Structure Design from Continuum Structural
Topology Optimization. Struct. Multidiscip. Optim. 2023, 66, 250. [CrossRef]

251. Liao, Y.; Zheng, Z.; Abdullahi, H.S.; Gao, S. Lattice Structure Design Based on Singularity-Separated Parameterization. Comput.-
Aided Des. 2023, 155, 103437. [CrossRef]

252. Niño-Álvarez, L.H.; Begambre-Carrillo, O.J. Multiobjective Topology Optimization of Planar Trusses Using Stress Trajectories
and Metaheuristic Algorithms. Rev. Fac. Ing. Univ. Antioq. 2023, 107, 9–25. [CrossRef]

253. Liu, T.; Yuan, S.; Wang, Y.; Xiong, Y.; Zhu, J.; Lu, L.; Tang, Y. Stress-Driven Infill Mapping for 3D-Printed Continuous Fiber
Composite with Tunable Infill Density and Morphology. Addit. Manuf. 2023, 62, 103374. [CrossRef]

254. Huiskes, R. If Bone is the Answer, Then What is the Question? J. Anat. 2000, 197, 145–156. [CrossRef]
255. Meyer, G.H.v. Die Architectur der Spongiosa, Archiv fur Anatomie. Physiol. Und Wiss. Med. 1867, 34, 615–625.
256. Wolff, J. Das Gesetz der Transformation der Knochen. DMW-Dtsch. Med. Wochenschr. 1893, 19, 1222–1224. [CrossRef]
257. Huang, C.; Ogawa, R. Mechanotransduction in Bone Repair and Regeneration. FASEB J. 2010, 24, 3625–3632. [CrossRef]

[PubMed]
258. Sampathkumar, A.; Yan, A.; Krupinski, P.; Meyerowitz, E.M. Physical Forces Eegulate Plant Development and Morphogenesis.

Curr. Biol. 2014, 24, R475–R483. [CrossRef]
259. Sahaf, M.; Sharon, E. The Rheology of a Growing Leaf: Stress-induced Changes in the Mechanical Properties of Leaves. J. Exp.

Bot. 2016, 67, 5509–5515. [CrossRef] [PubMed]
260. Guo, K.; Huang, C.; Miao, Y.; Cosgrove, D.J.; Hsia, K.J. Leaf Morphogenesis: The Multifaceted Roles of Mechanics. Mol. Plant

2022, 15, 1098–1119. [CrossRef] [PubMed]
261. Alméras, T.; Clair, B. Critical Review on the Mechanisms of Maturation Stress Generation in Trees. J. R. Soc. Interface 2016,

13, 20160550. [CrossRef]
262. Shigley, J.E.; Mitchell, L.D.; Saunders, H. Mechanical Engineering Design; McGraw-Hill: New York, NY, USA, 1985
263. Mattheck, C. Design and Growth Rules for Biological Structures and Their Application to Engineering. Fatigue Fract. Eng. Mater.

Struct. 1990, 13, 535–550. [CrossRef]
264. Mattheck, C.; Burkhardt, S. A New Method of Structural Shape Optimization Based on Biological Growth. Int. J. Fatigue 1990,

12, 185–190. [CrossRef]
265. Mattheck, C. Design in Nature: Learning from Trees; Springer Science & Business Media: Berlin/Heidelberg, Germany, 1998.
266. Baumgartner, A.; Harzheim, L.; Mattheck, C. SKO (Soft Kill Option): The Biological Way to Find an Optimum Structure Topology.

Int. J. Fatigue 1992, 14, 387–393. [CrossRef]
267. Sigmund, O.; Maute, K. Topology Optimization Approaches. Struct. Multidiscip. Optim. 2013, 48, 1031–1055. [CrossRef]
268. Deaton, J.D.; Grandhi, R.V. A Survey of Structural and Multidisciplinary Continuum Topology Optimization: Post 2000. Struct.

Multidiscip. Optim. 2013, 49, 1–38. [CrossRef]
269. Shin, S.; Shin, D.; Kang, N. Topology Optimization via Machine Learning and Deep Learning: A Review. J. Comput. Des. Eng.

2023, 10, 1736–1766. [CrossRef]
270. Gutiérrez, A.; Guney, M.G.; Fedder, G.K.; Dávila, L.P. The Role of Hierarchical Design and Morphology in the Mechanical

Response of Diatom-Inspired Structures via Simulation. Biomater. Sci. 2018, 6, 146–153. [CrossRef] [PubMed]
271. Salimon, A.I.; Cvjetinovic, J.; Kan, Y.; Statnik, E.S.; Aggrey, P.; Somov, P.A.; Salimon, I.A.; Everaerts, J.; Bedoshvili, Y.D.; Gorin,

D.A. On the Mathematical Description of Diatom Algae: From Siliceous Exoskeleton Structure and Properties to Colony Growth
Kinetics, and Prospective Nanoengineering Applications. In The Mathematical Biology of Diatoms; Wiley: Hoboken, NJ, USA, 2023;
pp. 63–102. [CrossRef]

272. Losic, D.; Pillar, R.J.; Dilger, T.; Mitchell, J.G.; Voelcker, N.H. Atomic Force Microscopy (AFM) Characterisation of the Porous
Silica Nanostructure of Two Centric Diatoms. J. Porous Mater. 2007, 14, 61–69. [CrossRef]

273. Hamm, C.E.; Merkel, R.; Springer, O.; Jurkojc, P.; Maier, C.; Prechtel, K.; Smetacek, V. Architecture and Material Properties of
Diatom Shells Provide Effective Mechanical Protection. Nature 2003, 421, 841–843. [CrossRef] [PubMed]

274. Maier, M.; Siegel, D.; Thoben, K.D.; Niebuhr, N.; Hamm, C. Transfer of Natural Micro Structures to Bionic Lightweight Design
Proposals. J. Bionic Eng. 2013, 10, 469–478. [CrossRef]

275. Laraudogoitia Blanc, I.; Hamm, C.; García de Cortázar, M.; Kaiser, N.; Savysko, O.; Girot Mata, F.A. Bioinspired Design for
Lightweighting and Vibration Behavior Optimization in Large-Scale Aeronautical Tooling: A Comparative Study. Machines 2023,
11, 1067. [CrossRef]

276. Kaiser, N.; Goossens, N.; Jimenez, A.; Laraudogoitia, I.; Psarras, S.; Tsantzalis, S. Advanced Manufacturing Concept of a
Bio-inspired Reaction Wheel Rotor for Small-and Medium-sized Constellation Satellites. CEAS Space J. 2024, 16, 73–86. [CrossRef]

277. Guo, X.L.; Kuang, M.; Li, F.; Liu, X.Y.; Zhang, Y.X.; Dong, F.; Losic, D. Engineering of Three Dimensional (3-D) Diatom@ TiO2@
MnO2 Composites with Enhanced Supercapacitor Performance. Electrochim. Acta 2016, 190, 159–167. [CrossRef]

278. Ichihara, N.; Ueda, M. 3D-Printed High-Toughness Composite Structures by Anisotropic Topology Optimization. Compos. Part B
Eng. 2023, 253, 110572. [CrossRef]

279. Wu, J.; Sigmund, O.; Groen, J.P. Topology Optimization of Multi-Scale Structures: A Review. Struct. Multidiscip. Optim. 2021,
63, 1455–1480. [CrossRef]

http://dx.doi.org/10.1016/j.addma.2022.103387
http://dx.doi.org/10.1007/s00158-023-03704-8
http://dx.doi.org/10.1016/j.cad.2022.103437
http://dx.doi.org/10.17533/udea.redin.20220576
http://dx.doi.org/10.1016/j.addma.2022.103374
http://dx.doi.org/10.1046/j.1469-7580.2000.19720145.x
http://dx.doi.org/10.1055/s-0028-1144106
http://dx.doi.org/10.1096/fj.10-157370
http://www.ncbi.nlm.nih.gov/pubmed/20505115
http://dx.doi.org/10.1016/j.cub.2014.03.014
http://dx.doi.org/10.1093/jxb/erw316
http://www.ncbi.nlm.nih.gov/pubmed/27651350
http://dx.doi.org/10.1016/j.molp.2022.05.015
http://www.ncbi.nlm.nih.gov/pubmed/35662674
http://dx.doi.org/10.1098/rsif.2016.0550
http://dx.doi.org/10.1111/j.1460-2695.1990.tb00623.x
http://dx.doi.org/10.1016/0142-1123(90)90094-U
http://dx.doi.org/10.1016/0142-1123(92)90226-3
http://dx.doi.org/10.1007/s00158-013-0978-6
http://dx.doi.org/10.1007/s00158-013-0956-z
http://dx.doi.org/10.1093/jcde/qwad072
http://dx.doi.org/10.1039/C7BM00649G
http://www.ncbi.nlm.nih.gov/pubmed/29147717
http://dx.doi.org/10.1002/9781119751939.ch3
http://dx.doi.org/10.1007/s10934-006-9009-y
http://dx.doi.org/10.1038/nature01416
http://www.ncbi.nlm.nih.gov/pubmed/12594512
http://dx.doi.org/10.1016/S1672-6529(13)60241-3
http://dx.doi.org/10.3390/machines11121067
http://dx.doi.org/10.1007/s12567-023-00489-w
http://dx.doi.org/10.1016/j.electacta.2015.12.178
http://dx.doi.org/10.1016/j.compositesb.2023.110572
http://dx.doi.org/10.1007/s00158-021-02881-8


Biomimetics 2024, 9, 545 30 of 31

280. Lee, D.; Chen, W.; Wang, L.; Chan, Y.C.; Chen, W. Data-Driven Design for Metamaterials and Multiscale Systems: A Review. Adv.
Mater. 2024, 36, 2305254. [CrossRef] [PubMed]

281. Zhai, X.; Wang, W.; Chen, F.; Wu, J. Topology Optimization of Differentiable Microstructures. Comput. Methods Appl. Mech. Eng.
2024, 418, 116530. [CrossRef]

282. Huang, Y.; Tian, X.; Li, W.; He, S.; Zhao, P.; Hu, H.; Jia, Q.; Luo, M. 3D Printing of Topologically Optimized Wing Spar with
Continuous Carbon Fiber Reinforced Composites. Compos. Part B Eng. 2024, 272, 111166. [CrossRef]

283. Chandrasekhar, A.; Mirzendehdel, A.; Behandish, M.; Suresh, K. FRC-TOuNN: Topology Optimization of Continuous Fiber
Reinforced Composites Using Neural Network. Comput.-Aided Des. 2023, 156, 103449. [CrossRef]

284. Ruan, J.; Prasad, P. The Effects of Skull Thickness Variations on Human Head Dynamic Impact Responses. Stapp Car Crash J. 2001,
45, 395–414. [CrossRef]

285. Auperrin, A.; Delille, R.; Lesueur, D.; Bruyère, K.; Masson, C.; Drazétic, P. Geometrical and Material Parameters to Assess the
Macroscopic Mechanical Behaviour of Fresh Cranial Bone Samples. J. Biomech. 2014, 47, 1180–1185. [CrossRef]

286. Micheletti, C.; Shah, F.A. Bone Hierarchical Organization through the Lens of Materials Science: Present Opportunities and
Future Challenges. Bone Rep. 2024, 22, 101783. [CrossRef]

287. Nygård, K.; McDonald, S.; González, J.; Haghighat, V.; Appel, C.; Larsson, E.; Ghanbari, R.; Viljanen, M.; Silva, J.; Malki, S.
ForMAX–a Beamline for Multiscale and Multimodal Structural Characterization of Hierarchical Materials. J. Synchrotron Radiat.
2024, 31, 363–377. [CrossRef]

288. Holm, E.A.; Cohn, R.; Gao, N.; Kitahara, A.R.; Matson, T.P.; Lei, B.; Yarasi, S.R. Overview: Computer Vision and Machine
Learning for Microstructural Characterization and Analysis. Metall. Mater. Trans. A 2020, 51, 5985–5999. [CrossRef]

289. Lu, W.; Lee, N.A.; Buehler, M.J. Modeling and Design of Heterogeneous Hierarchical Bioinspired Spider Web Structures Using
Deep Learning and Additive Manufacturing. Proc. Natl. Acad. Sci. USA 2023, 120, e2305273120. [CrossRef]

290. Zhang, Y.; Yu, H.; Qin, Q.; Qu, C.; Wang, J. Theoretical Modeling of the Mechanical Properties of Biological Fibers and Bundles
with Hierarchical Chiral Structures. Acta Mech. Sin. 2023, 39, 622403. [CrossRef]

291. Leuther, C.; Wilmers, J.; Bargmann, S. Generation of 3D Representative Volume Elements (RVEs) of Nacre. Softw. Impacts 2023,
17, 100534. [CrossRef]

292. Hosseini, S.A.; Moretti, P.; Zaiser, M. Enhanced Fault Tolerance in Biomimetic Hierarchical Materials: A Simulation Study. Phys.
Rev. Mater. 2023, 7, 053612. [CrossRef]

293. Buehler, M.J. A Computational Building Block Approach Towards Multiscale Architected Materials Analysis and Design with
Application to Hierarchical Metal Metamaterials. Model. Simul. Mater. Sci. Eng. 2023, 31, 054001. [CrossRef]

294. Feng, F.; Xiong, S.; Liu, Z.; Xian, Z.; Zhou, Y.; Kobayashi, H.; Kawamoto, A.; Nomura, T.; Zhu, B. Cellular Topology Optimization
on Differentiable Voronoi Diagrams. Int. J. Numer. Methods Eng. 2023, 124, 282–304. [CrossRef]

295. Lew, A.J.; Jin, K.; Buehler, M.J. Designing Architected Materials for Mechanical Compression via Simulation, Deep Learning, and
Experimentation. npj Comput. Mater. 2023, 9, 80. [CrossRef]

296. Chiu, Y.H.; Liao, Y.H.; Juang, J.Y. Designing Bioinspired Composite Structures via Genetic Algorithm and Conditional Variational
Autoencoder. Polymers 2023, 15, 281. [CrossRef]

297. Hooshmand, M.J.; Sakib-Uz-Zaman, C.; Khondoker, M.A.H. Machine Learning Algorithms for Predicting Mechanical Stiffness of
Lattice Structure-Based Polymer Foam. Materials 2023, 16, 7173. [CrossRef]

298. Park, D.; Lee, J.; Park, K.; Ryu, S. Hierarchical Generative Network: A Hierarchical Multitask Learning Approach for Accelerated
Composite Material Design and Discovery. Adv. Eng. Mater. 2023, 25, 2300867. [CrossRef]

299. Kil, T.; Bae, J.H.; Yang, B.; Lee, H.K. Multi-Level Micromechanics-Based Homogenization for the Prediction of Damage Behavior
of Multiscale Fiber-Reinforced Composites. Compos. Struct. 2023, 303, 116332. [CrossRef]

300. Vazeille, F.; Lebel, L.L. Envelope Enrichment Method for Homogenization of Non-Periodic Structures. Compos. Struct. 2024,
329, 117819. [CrossRef]

301. Huang, L.; Yuan, H.; Zhao, H. An FEM-Based Homogenization Method for Orthogonal Lattice Metamaterials within Micropolar
Elasticity. Int. J. Mech. Sci. 2023, 238, 107836. [CrossRef]

302. Wu, J.; Jiang, J.; Chen, Q.; Chatzigeorgiou, G.; Meraghni, F. Deep Homogenization Networks for Elastic Heterogeneous Materials
with Two- and Three-Dimensional Periodicity. Int. J. Solids Struct. 2023, 284, 112521. [CrossRef]

303. Ganghoffer, J.F.; Wazne, A.; Reda, H. Frontiers in Homogenization Methods towards Generalized Continua for Architected
Materials. Mech. Res. Commun. 2023, 130, 104114. [CrossRef]

304. Düster, A.; Sehlhorst, H.G.; Rank, E. Numerical Homogenization of Heterogeneous and Cellular Materials Utilizing the Finite
Cell Method. Comput. Mech. 2012, 50, 413–431. [CrossRef]

305. Li, Y.; Yuan, P.F.; Xie, Y.M. Topology Optimization of Structures Composed of More than Two Materials with Different Tensile
and Compressive Properties. Compos. Struct. 2023, 306, 116609. [CrossRef]

306. Banh, T.T.; Lieu, Q.X.; Kang, J.; Ju, Y.; Shin, S.; Lee, D. A Novel Robust Stress-Based Multimaterial Topology Optimization Model
for Structural Stability Framework Using Refined Adaptive Continuation Method. Eng. Comput. 2024, 40, 677–713. [CrossRef]

307. Emmendoerfer, H., Jr.; Maute, K.; Fancello, E.A.; Silva, E.C.N. A Level Set-Based Optimized Design of Multi-Material Compliant
Mechanisms Considering Stress Constraints. Comput. Methods Appl. Mech. Eng. 2022, 391, 114556. [CrossRef]

308. Zhang, T.; Chen, L.; Wang, J. Multi-Objective Optimization of Elliptical Tube Fin Heat Exchangers Based on Neural Networks
and Genetic Algorithm. Energy 2023, 269, 126729. [CrossRef]

http://dx.doi.org/10.1002/adma.202305254
http://www.ncbi.nlm.nih.gov/pubmed/38050899
http://dx.doi.org/10.1016/j.cma.2023.116530
http://dx.doi.org/10.1016/j.compositesb.2023.111166
http://dx.doi.org/10.1016/j.cad.2022.103449
http://dx.doi.org/10.4271/2001-22-0018
http://dx.doi.org/10.1016/j.jbiomech.2013.10.060
http://dx.doi.org/10.1016/j.bonr.2024.101783
http://dx.doi.org/10.1107/S1600577524001048
http://dx.doi.org/10.1007/s11661-020-06008-4
http://dx.doi.org/10.1073/pnas.2305273120
http://dx.doi.org/10.1007/s10409-022-22403-x
http://dx.doi.org/10.1016/j.simpa.2023.100534
http://dx.doi.org/10.1103/PhysRevMaterials.7.053612
http://dx.doi.org/10.1088/1361-651X/accfb5
http://dx.doi.org/10.1002/nme.7121
http://dx.doi.org/10.1038/s41524-023-01036-1
http://dx.doi.org/10.3390/polym15020281
http://dx.doi.org/10.3390/ma16227173
http://dx.doi.org/10.1002/adem.202300867
http://dx.doi.org/10.1016/j.compstruct.2022.116332
http://dx.doi.org/10.1016/j.compstruct.2023.117819
http://dx.doi.org/10.1016/j.ijmecsci.2022.107836
http://dx.doi.org/10.1016/j.ijsolstr.2023.112521
http://dx.doi.org/10.1016/j.mechrescom.2023.104114
http://dx.doi.org/10.1007/s00466-012-0681-2
http://dx.doi.org/10.1016/j.compstruct.2022.116609
http://dx.doi.org/10.1007/s00366-023-01829-4
http://dx.doi.org/10.1016/j.cma.2021.114556
http://dx.doi.org/10.1016/j.energy.2023.126729


Biomimetics 2024, 9, 545 31 of 31

309. Wang, H.; Ji, C.; Shi, C.; Yang, J.; Wang, S.; Ge, Y.; Chang, K.; Meng, H.; Wang, X. Multi-Objective Optimization of a Hydrogen-
Fueled Wankel Rotary Engine Based on Machine Learning and Genetic Algorithm. Energy 2023, 263, 125961. [CrossRef]

310. Luo, Y.; Li, M.; Yuan, H.; Liu, H.; Fang, Y. Predicting Lattice Thermal Conductivity via Machine Learning: A Mini Review. Npj
Comput. Mater. 2023, 9, 4. [CrossRef]

311. Teimourian, A.; Rohacs, D.; Dimililer, K.; Teimourian, H.; Yildiz, M.; Kale, U. Airfoil Aerodynamic Performance Prediction Using
Machine Learning and Surrogate Modeling. Heliyon 2024, 10, e29377. [CrossRef] [PubMed]

312. Freed, Y. Machine Learning-Based Predictions of Crack Growth Rates in an Aeronautical Aluminum Alloy. Theor. Appl. Fract.
Mech. 2024, 130, 104278. [CrossRef]

313. Li, Z.; Ma, W.; Zhu, H.; Deng, G.; Hou, L.; Xu, P.; Yao, S. Energy Absorption Prediction and Optimization of Corrugation-
Reinforced Multicell Square Tubes Based on Machine Learning. Mech. Adv. Mater. Struct. 2022, 29, 5511–5529. [CrossRef]

314. Okafor, C.E.; Iweriolor, S.; Ani, O.I.; Ahmad, S.; Mehfuz, S.; Ekwueme, G.O.; Chukwumuanya, O.E.; Abonyi, S.E.; Ekengwu, I.E.;
Chikelu, O.P. Advances in Machine Learning-Aided Design of Reinforced Polymer Composite and Hybrid Material Systems.
Hybrid Adv. 2023, 2, 100026. [CrossRef]

315. Pantidis, P.; Mobasher, M.E. Integrated Finite Element Neural Network (I-FENN) for Non-Local Continuum Damage Mechanics.
Comput. Methods Appl. Mech. Eng. 2023, 404, 115766. [CrossRef]

316. Rade, J.; Jignasu, A.; Herron, E.; Corpuz, A.; Ganapathysubramanian, B.; Sarkar, S.; Balu, A.; Krishnamurthy, A. Deep Learning-
Based 3D Multigrid Topology Optimization of Manufacturable Designs. Eng. Appl. Artif. Intell. 2023, 126, 107033. [CrossRef]

317. Seo, J.; Kapania, R.K. Development of Deep Convolutional Neural Network for Structural Topology Optimization. AIAA J. 2023,
61, 1366–1379. [CrossRef]

318. Faraz, M.R.; Hosseini, S.; Tarafdar, A.; Forghani, M.; Ahmadi, H.; Fellows, N.; Liaghat, G. Crashworthiness Behavior Assessment
and Multi-Objective Optimization of Horsetail-Inspired Sandwich Tubes Based on Artificial Neural Network. Mech. Adv. Mater.
Struct. 2023, 1–18. [CrossRef]

319. Nepal, D.; Kang, S.; Adstedt, K.; Kanhaiya, K.; Bockstaller, M.; Brinson, L.; Buehler, M.; Coveney, P.; Dayal, K.; El-Awady, J.; et al.
Hierarchically Structured Bioinspired Nanocomposites. Nat. Mater. 2023. [CrossRef] [PubMed]

320. Hirsch, M.; Lucherini, L.; Zhao, R.; Clarà Saracho, A.; Amstad, E. 3D Printing of Living Structural Biocomposites. Mater. Today
2023, 62, 21–32. [CrossRef]

321. Ahn, S.J.; Lee, H.; Cho, K.J. 3D Printing with a 3D Printed Digital Material Filament for Programming Functional Gradients. Nat.
Commun. 2024, 15, 3605. [CrossRef] [PubMed]

322. Li, X.; Lim, K.M.; Zhai, W. A Novel Class of Bioinspired Composite via Ultrasound-Assisted Directed Self-Assembly Digital
Light 3D Printing. Appl. Mater. Today 2022, 26, 101388. [CrossRef]

323. Bai, X.; Sun, Q.; Cui, H.; Guerzoni, L.P.B.; Wuttke, S.; Kiessling, F.; De Laporte, L.; Lammers, T.; Shi, Y. Controlled Covalent
Self-Assembly of a Homopolymer for Multiscale Materials Engineering. Adv. Mater. 2022, 34, 2109701. [CrossRef]

324. Hamoudi, H.; Berdiyorov, G.R.; Zekri, A.; Tong, Y.; Mansour, S.; Esaulov, V.A.; Youcef-Toumi, K. Building Block 3D Printing
Based on Molecular Self-Assembly Monolayer with Self-Healing Properties. Sci. Rep. 2022, 12, 6806. [CrossRef]

325. Wang, Z.; Lin, D.; Wang, M.; Mao, R.; Zhao, H.; Huang, X.; GF Shen, S. Seamless Route of Self-Assembly and 3D Printing to
Fabricate Hierarchical Mesoporous Bioactive Glass Scaffold for Customized Bone Regeneration with Enhanced Efficacy. Chem.
Eng. J. 2022, 446, 137270. [CrossRef]

326. Zhao, H.; Liu, S.; Wei, Y.; Yue, Y.; Gao, M.; Li, Y.; Zeng, X.; Deng, X.; Kotov, N.A.; Guo, L.; et al. Multiscale Engineered Artificial
Tooth Enamel. Science 2022, 375, 551–556. [CrossRef]

327. Xin, A.; Su, Y.; Feng, S.; Yan, M.; Yu, K.; Feng, Z.; Lee, K.H.; Sun, L.; Wang, Q. Growing Living Composites with Ordered
Microstructures and Exceptional Mechanical Properties. Adv. Mater. 2021, 33, 2006946. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1016/j.energy.2022.125961
http://dx.doi.org/10.1038/s41524-023-00964-2
http://dx.doi.org/10.1016/j.heliyon.2024.e29377
http://www.ncbi.nlm.nih.gov/pubmed/38638977
http://dx.doi.org/10.1016/j.tafmec.2024.104278
http://dx.doi.org/10.1080/15376494.2021.1958032
http://dx.doi.org/10.1016/j.hybadv.2023.100026
http://dx.doi.org/10.1016/j.cma.2022.115766
http://dx.doi.org/10.1016/j.engappai.2023.107033
http://dx.doi.org/10.2514/1.J061664
http://dx.doi.org/10.1080/15376494.2023.2257689
http://dx.doi.org/10.1038/s41563-022-01384-1
http://www.ncbi.nlm.nih.gov/pubmed/36446962
http://dx.doi.org/10.1016/j.mattod.2023.02.001
http://dx.doi.org/10.1038/s41467-024-47480-5
http://www.ncbi.nlm.nih.gov/pubmed/38714684
http://dx.doi.org/10.1016/j.apmt.2022.101388
http://dx.doi.org/10.1002/adma.202109701
http://dx.doi.org/10.1038/s41598-022-10875-9
http://dx.doi.org/10.1016/j.cej.2022.137270
http://dx.doi.org/10.1126/science.abj3343
http://dx.doi.org/10.1002/adma.202006946

	Introduction
	Hierarchically Structured Composites 
	Cellular Structures
	Functional Gradients
	Hard Shell–Soft Core Architecture
	Form Follows Function
	Robust Geometric Shapes
	Challenges and Future Needs
	Summary and Conclusions
	References

