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The ability of a vehicle to protect its occupants from serious injuries in the event of a
collision is defined as crashworthiness. The proper design of lightweight energy absorption
components is a topic of interest because it can enhance the occupant's safety and lead to
less fuel consumption and gas emission. Honeycomb structures are known to have
excellent mechanical performances, which are mainly due to the configurations of the unit
cell. Thus, they have attracted attention in the field of automobiles, railway vehicles, etc. In
the present work, the criteria of crashworthiness as well as the nature-bioinspired cellular
structures are first introduced. Then, the various classifications of advanced honeycomb
design, including graded, hierarchical, and sandwich panel-based honeycomb structures,
are established and discussed with a focus on the advantageous effect of various designs
on the crashworthiness of honeycomb-based structures. Finally, the importance of po-
tential design to enhance the crashworthy performance of honeycomb structures together
with the future challenges is summarized. This work provides a good understanding of
architectural design for a new generation of advanced honeycomb-based structures with
efficient energy-absorbing properties.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Nature can provide solutions for the current automotive in-
dustry, public healthcare, and technologies such as sensor
and energy systems. The impact during an accident can cause
occupant injury and even death in severe cases. A collision
during transportation largely contributes to global injury and
death. Additionally, the annual economic burden related to
the impact collision is estimated to be 7.2 billion USD in 2018
[1]. Given the massive social and economic effects, the de-
mand for lightweight structures possessing high energy-
absorbing capability is increasing in various engineering
fields, comprising the automobile, aerospace, energy storage,
sensor, etc., [2—4]. Given the design concept, nature has pro-
vided us with novel structures with high-impact tolerance
capabilities [5,6]. This led to the introduction of bio-
inspiration, which is known as the integration of scientific
fields including biology and materials science. The bioinspired
design typically mimics the natural structures using modern
manufacturing techniques to obtain comparable functionality
[7]. For example, wood and bones with lattice structures often
show remarkable mechanical properties and are known as
natural energy absorbers [8]. Furthermore, the peel of pomelo
fruit provides significant impact protection when falling on
the ground [9]. Thus, nature can be an inspiration to develop
and design man-made structures with high energy absorption
[10].

Public healthcare has been progressively utilizing various
types of sensors to reduce the burden on the medical organi-
zation and the total costs [11]. Nonetheless, their rigidity, low
sensitivity, and sensing range significantly limit their practical
applications in eco-friendly and real-time accurate moni-
toring. Hung et al. [12] fabricated a dual type of sensor using
MXene/cellulose nanofibers and their findings showed that
the sensor possesses excellent stability and degradability.
Additionally, small external stimulus and huge pressure load
were both sensed by the sensor which indicates its high
sensitivity. In another study, Shan et al. [13] introduced ferric
ions into the poly (N- [tris (hydroxymethyl) methyl]
acrylamide-co-acrylamide) (P (THAM/AM) hydrogel cross-
linked with cellulose nanofiber. The hydrogel strain sensor
was found to be highly sensitive with superior durability by
which both large and small motions were translated into the
relative resistive changes when attaching to the human skin.

The production of energy from renewable energy sources
as an alternative to fossil fuel is growing and this further in-
creases the need for efficient energy storage systems such as
batteries [14]. In this framework, gel polymer electrolytes
(GPE) as nature-sourced constituents can be considered
valuable alternatives in the large-scale manufacturing of cells.
In this regard, cardanol-derived epoxy resin [15] and lignin [16]
were used to produce biobased GPE in potassium-ion batteries
and the results showed excellent electrochemical stability and
proper ion conductivity in the potassium-ion battery. Also,
dextran-based nanosponge [17] and carbonized hyper cross-
linked cyclodextrins-based nanosponge [18] have been used
as organic filler in the liquid electrolyte for lithium-ion battery
and high-capacity electrodes for lithiated Si—S batteries,
respectively. The findings showed that nanosponge could

significantly enhance the safety and cyclability of the cell by
the stabilization of the metallic lithium interface [17] and lead
to stable cycling performance by limiting the dissolution of
polysulfide on the sulfur cathode [18].

The cellular structures have the potential to absorb severe
energy. The optimal design of cellular structures is a key
parameter that can influence the load transfer and lower the
damage severity [19]. The honeycomb bee is another type of
natural structure, which possesses a cellular structure with a
periodic topology. Different configurations have been devel-
oped, including hexagonal, triangular, circular and square, by
inspiration from honeycomb [20]. Additionally, the honey-
comb core has been the topic of interest among researchers
and industries to produce sandwich structures for certain
applications such as crashworthiness [21]. The rationale
behind this is due to their extraordinary properties such as
negative Poisson's ratio (NPR), negative stiffness, etc [22]. As it
can be observed from Fig. 1, the investigation of the
honeycomb-based structures for energy-absorbing has been
started since 2000 and the number of publications is rapidly
increasing. Thus, they have been widely used in the field of
railway vehicles, automotive and aerospace [23,24].

Some prominent reviews have been published on bio-
inspired structures with a focus on additive manufacturing of
bioinspired structures such as “Bioinspired energy absorption
material designs using additive manufacturing” [25], “A re-
view of recent research on bio-inspired structures and mate-
rials for energy-absorbing applications” [26] and “A review of
impact-resistant biological and bioinspired materials and
structures” [27]. Moreover, reports have shown the great po-
tential of honeycomb structures for impact-absorbing appli-
cations [28,29]. Although previous reviews focused on the
description of unique characteristics and remarkable me-
chanical properties of biological structures including plants
and animals and showed their potential to be mimicked for
designing efficient energy absorbers, nonetheless the specific
design of crash-absorbent structures inspired by honeycomb
is not fully covered. Therefore, the objective of this review
paper is to comprehensively investigate the latest de-
velopments in the bioinspired design of advanced
honeycomb-based structures for impact tolerance applica-
tions. Therefore, studies are mainly focused on material
properties, geometric parameters and the presence or absence
of defects in the structural behavior aiming at achieving
higher energy absorption capacity [30—35].

2. Search strategy

Database PubMed was used for the bibliographic search. The
electronic search was done by gathering the previously pub-
lished papers from January 2011 until December 2021 to look
for related papers on the crashworthiness of honeycomb-
based structures. The authors used the terms “Honeycomb”
AND Crashworthiness”, “Bioinspired” AND “Energy absorp-
tion” or a combination of thereof in the search. The following
criteria were considered for this review paper: (1) English
written papers; (2) original research articles and review pa-
pers; (3) energy absorption; (4) buckling deformation. A total
number of 430 articles were retrieved. After the elimination of
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Fig. 1 — The number of publications of honeycomb-based structures for crashworthiness applications, based on the PubMed
database (https://pubmed.ncbi.nlm.nih.gov/) a web-based information service.

duplicate references, 161 articles were selected for this review
paper.

3. Crashworthiness criteria

The performance of energy absorption is a key mechanical
characteristic in energy-absorbing structures. The energy ab-
sorption process converts the input kinetic energy during
collision into strain energy by plasticity, friction as well as
viscoelasticity. Thus, the kinetic energy, which is released
during the impact of a moving vehicle, is converted into
plastic deformation energy through an installed energy-
absorbing device. The material properties, deformation
modes, loading conditions as well as structural configuration
significantly affect the performance of energy absorption in a
structure [36]. The dampers and energy absorbers are useful
constituents that are used for energy absorption applications
in modern industry [25]. The energy is absorbed via plastic
work in mechanical dampers. Among commonly used
dampers, cylindrical shells are capable of damping energy via
plastic deformation under axial loading. Crashworthiness is
defined as the vehicle capability to protect passengers from
serious damage during an impact collision [37,38]. The initial
purpose of conducting the crashworthiness in several frames
such as vehicles, helicopters, etc. Is to protect people during
unfortunate occurrences including crashes and collisions. In
this regard, the performance of energy-absorbing structures is
measured by the parameters comprising energy absorption
capacity (EA), specific energy absorption (SEA), mean crushing
force (MCF), crush force efficiency (CFE) and energy absorption
efficiency (EAE). These parameters are obtained from the
force-displacement curve under crushing load. The SEA and

EA parameters have been used as key indicators to measure
the crashworthiness of composite structures (Table 1).

Three steps are involved in the axial crush process. In the
first step, the crushing load is reached a maximum value.
Then, the initial resistance of the cylindrical sample is over-
come. Thereafter, the load is reduced and fluctuated simul-
taneously; the crush and deformation are started and
continued. A dramatic increase in the force is observed in the
final stage; the increase in deformation is also observed until
reaching a final amount. This slight difference in this final
stage may be due to the structure of the damper [34]. The
parameters that should be measured for the evaluation of a
damper sample are initial peak force (Ppeax), average force
(Pm), energy-absorbing capacity (E,) and the shape factor (h).
Also, the limiting factor in design is the weight.

Table 1 — Formulas and the corresponding definition of
crashworthiness indicators [26].

Parameter Equation
EA de
/ F(x)dx
0
SEA EA
me
1§
MCF — / F(x)dx
dc
0
CFE MCF
F p
17
EAE — / a(e)de
Os .
0
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Fig. 2 — Schematic representation of force-displacement curve in an energy-absorbing structure under dynamic

compression. Reprinted with permission [40].

The SEA is the energy absorption of the crushed mass (m,),
which is frequently used for the comparison of the energy-
absorbing capabilities of various structures. The energy
absorber is expected to have a long stroke and experience
more plastic deformation along the loading direction. This
leads to achieving a high SEA. The crushing energy dissipation
through plastic deformation of an energy-absorbing structure
is mainly evaluated by EA, which is defined as the integration
of crushing force F(x) to displacement over the crushed
structure distance (d.). The MCF is defined as the division of
total absorbed energy by the crushed structure distance. In
addition, the ratio of the mean crushing force to the peak
crushing force (Fp) is the definition of CFE. Finally, the division
of total stress o(e) by the stress (og) at the strain (es) is EAE.
Increasing SEA, EA and CFE and decreasing initial peak force
during collision indicate that the energy absorber can be
potentially used for crashworthiness applications. Neverthe-
less, increasing the initial peak force lowers the overall per-
formance of crashworthiness. The EA is commonly analysed
by the displacement versus load plot under impact loading.
The diagram of a typical force-displacement curve in an
energy-absorbing material under dynamic compression is
schematically illustrated in Fig. 2 [40].

Four stages can be found in the curve: elastic, region in
between peak and plateau, plateau and irreversible. In the
elastic region, the material deformation is elastic and revers-
ible, while in the plateau stage the reactive force is kept con-
stant due to the irreversible plastic deformation. The shaded
area, which is enclosed under the curve, indicates the total
energy absorption. Djamaluddin et al. [41] have optimized the
foam-filled tubes under axial and transverse impact loading.
They have achieved the suitable peak and the mean force with
maximum energy absorption through the evaluation of failure
in three distinct energy-absorbing structures. An energy-
absorbing structure such as a crash box is the key subject in
any kind of crashworthiness study [42]. The installed crash
box in a vehicle is a thin-walled structure that is made up of
metal or composite materials. It is mounted on at frontal area
of the vehicle and is employed as an energy-absorbing con-
stituent to the vehicle because of collision during crashes [43].
This crash box is expected to have the capability to absorb the

kinetic energy in a frontal crash, maintain the deceleration of
the vehicle in a safe range and minimize the chances of injury
to the occupants during collision [44]. Since most vehicle
manufacturers are inclined to produce lightweight and safe
vehicles, many lightweight materials have been studied as an
alternative to metals to comprehend the reliability of these
materials as the energy-absorbing constituent in the vehicle
[45].

4. Experimental testing

The impact resistance of nature-bioinspired structures can be
measured by simple compression, flexural and tensile tests
utilizing the universal testing machine. Although the strain
rate in these tests is limited to an impact regime of around 1-
2 S~ however, it can still provide insight into deformation
mechanisms. The loading conditions, orientations as well as
strain rates make these testing methodologies different from
each other. For instance, in quasi-static deformation, the
sample is in static equilibrium. In contrast, the propagation of
elastic and plastic waves is observed in dynamic de-
formations. Drop-weight testing is one of the most famous
techniques which can reproduce impacts with a velocity
below 25 m/s in the natural regime. These testing methods
can provide a better understanding of impact resistance and
the energy absorption of materials and is useful for the com-
parison of various materials under comparable circum-
stances. Low velocity (below 2 m/s), high velocity (0.5—-1.5 km/

Table 2 — Impact testing methods and their
corresponding strain rate.

Impact type Method Strain rate (s)

Low velocity — Drop weight 102
Charpy/Izod pendulum

High velocity Hopkinson bar Taylor anvil 10*

Quasi-static Conventional testing machine 107
Servo-hydraulic 1072
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Table 3 — A summary of impact resistant design and their mechanism of energy absorption.

Material property Mechanism Reference

Hierarchical The synergetic performance of each layer enhances the overall impact of [48—50]
energy absorption

Gradient Crack deflection, the collapse of the pore, fracture energy [51-53]

Tubular Buckling, collapse, delamination, crack deflection [54,55]

Sandwich Wrinkling of top face sheet, buckling of core, densification, shearing [56—59]

s), and hypervelocity (2—3 km/s) are different types of impact
[46]. The low and high-velocity impacts are usually applied to
evaluate the energy-absorbing properties of structural mate-
rials. In low-velocity impact, there is sufficient duration for
the contact between the impactor and the target and in turn,
the structural material to respond and the overall deformation
of the structure is coupled with local penetration. In contrast,
there is not sufficient time for the structure to respond under
high-velocity impact and localized deformations occur due to
the propagation of stress waves through the structure. A
summary of impact testing methodologies with their corre-
sponding strain rates is summarized in Table 2.

5. Natural impact-resistant structures

Since the term biomimetic was introduced by Otto Schmitt in
the 1950s [47], scientists and engineers have made effort to
learn from biological structures. There are many structures of
animals in nature offering excellent structures with high
energy-absorbing capacity that can be inspired to design and
fabricate novel structures with significant energy absorption.
The impact resistance materials that can be found in nature
possess porous, hierarchical, gradient, tubular and sandwich
characteristics. The arrangement and magnitude of the
above-mentioned characteristics. The hierarchical charac-
teristic is defined as the distinct structural constituents in
different length scales. The overall mechanical properties of
the structure are improved by the synergistic performance of
these elements. The self-assembly from the atomistic to

lak
Pl e

SIToR 15 T 0 B0 B o metial hasgl

- Avarage crush bhad
¥

Load [ink

praciuahing

-~ Peak load eliminaied by :—E. Hcanad o

macro-scale renders the hierarchical characteristics of natu-
ral structures. In hierarchical structures, the combination of
small molecules into the larger constituents via bottom-top
development results in the formation of a functional macro-
scale constituent. The porous structure with different shapes
and densities can be found in nature. The porous structure
can enhance energy absorption while decreasing the overall
weight. The gradient characteristic is defined as the changes
in the architecture (for example porosity) and the properties
(for example density) of a material. The tubular structure is
made up of hollow channels, which are aligned along a
particular axis. Finally, the sandwich structure is formed by
two strong layers (face sheet) and one softer porous layer,
providing a lightweight and strong energy-absorbing struc-
ture. The mechanism of impact energy absorption by each
design element can be found in Table 3.

6. Nature-inspired cellular structure

Bioinspired design is defined as the incorporation of some of
the functions and characteristics of biological organisms into
novel structures. Currently, the development of new bio-
mimetic materials with excellent energy-absorbing properties
is desired [25]. The cellular structures can be potentially uti-
lized as lightweight constituents due to their porous charac-
teristic [60]. Porous materials are lightweight materials that
enhance energy absorption [27]. The porous structure plays a
key role in determining the impact resistance of the
material. The arrangement and distribution of the porous

Deformalion dn)

Fig. 3 — Honeycomb structure: (a) typical force-displacement curve for a regular honeycomb structure, (b) natural beehive.

Reprinted with permission [69,70].
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Fig. 4 — A schematic representation of graded honeycomb structure and cell structure. Reprinted with permission [79].

characteristics significantly affect the reaction of materials to
dynamic stress. The biomimetic porous structures are natu-
rally two-dimensional (2D) or three-dimensional (3D), such as
honeycombs and tubes. Honeycomb is one of the biomimetic
absorbers, which is called a nature-inspired energy-absorbing
structure, which is discussed in the following section.

6.1.  Honeycomb

The first artificial honeycomb was fabricated up of paper in
China 2000 years ago. Then, the modern honeycomb products
were manufactured probably in the late 1930s and the first
aluminium sandwich panel was manufactured in 1945. Hon-
eycomb is a porous material that possesses a high stiffness-
to-weight and strength-to-weight ratio [61]. The commercial
honeycomb unit cells are characterized by edge width, edge
length, foil thickness and inclined angle, respectively. The
pattern of the honeycomb structure is repeated unit cells that
are extended in 2D unlike the other counterparts such as
foams [62]. These repeated cellular arrays possess inherent
adaptability and full surface compression is allowed due to
their geometry [63].

The honeycomb structure is a thin-walled hollow shell
with periodic cells (Fig. 3), that is developed through a cluster
of hollow cells based on the ASTM C297-94 [59]. It is one of the
prominent natural structures for bioinspiration to design
thin-walled structures [65]. The lightweight honeycomb
structure can be made from different materials such as
aluminium, carbon, steel and fiberglass. From crashworthi-
ness aspects, the honeycomb structure is particularly a good
choice as an energy absorber [66] and is cost-effective. Thus,
they have attracted attention for the applications such as a
vehicle, automobiles, railways, etc. In a honeycomb structure,
the energy-absorbing capacity of individual cells is inclined to
be improved compared to those with singular extrusions. This

is attributed to the interactions between the adjacent cells
[67]. The crushing behavior of different honeycomb arrays
under large deformation has been thoroughly reviewed by
Thomas and Tiwari [68].

The mechanical behavior of honeycomb structures has
been investigated in the past last decades including
compression [71], buckling [72] and fatigue [73] tests,
depending on the load-displacement, position and velocity.
Therefore, they can be classified as elastic/plastic responses,
static/quasi-static and dynamic responses, out-plane and in-
plane responses, axial and oblique responses. The static/
quasi-static and dynamic responses can be low, medium,
high and hyper-velocity based on the speed of applied loading.
In addition, the honeycomb structure shows the different
mechanisms of energy absorption under different loading
directions. The energy in honeycomb structure is mainly
absorbed through the bending deformation of cell walls and
plastic hinges at the cell wall joints under in-plane loading,
while the energy is absorbed through buckling of cell walls
and membrane deformations under out-plane loading [74]
(Fig. 3). Thus, a high level of energy absorption is usually
observed in the honeycomb structures under the out-plane
direction. The nature-inspired honeycombs show a higher
SEA compared to most metallic foam such as Cymat and Al-
Poras foam at similar plateau stress [26]. Apart from the
hexagonal honeycomb structure imitated by natural beehives,
the triangular, square and circular honeycomb structures
have also been proposed based on different polygonal vari-
ables. For example, Papka et al. [75] demonstrated that the size
of the specimen has not significantly affected the energy ab-
sorption of a polycaprolactone circular honeycomb. Addi-
tionally, energy absorption capability was accurately
predicted for different biaxiality. Conventional honeycomb
structures have been extensively used as energy absorbers
because of their low cost, simple structural configuration as
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Fig. 5 — A sample of cell wall thickness-graded honeycomb structure with various thicknesses. Reprinted with permission

[80].

well as ease of processing. Nonetheless, they showed poor
energy absorption characteristics. Thus, researchers have
made efforts to enhance the crashworthiness of the systems,
particularly in terms of force efficiency.

7. Different types of honeycomb structures
7.1. Graded honeycomb structures

The gradients can be introduced into the wall thickness and
cell width to manufacture the graded honeycomb structures.
This stems from the anisotropic characteristics of honey-
comb, which shows different properties in various directions.
In the honeycomb with a graded configuration, the geometry
is varied across the whole unit cells, unlike the honeycomb
with a typical configuration [76]. The introduction of a
gradient into the structure of a material can significantly
reduce the weight and simultaneously enhance the perfor-
mance using a reasonable design of gradient parameters [77].
The graded properties could be stemmed from geometrical
parameters such as diameter, width and wall thickness. Also,
they can arise from material parameters such as density,
strength and type of material. Generally, the introduction of
gradients provides bigger flexibility and a wider domain of
design for the crashworthy performance of materials [67]. The
graded honeycomb as a cellular material has been widely
studied in energy-absorbing applications [78,79]. A typical
graded hexagonal honeycomb is shown in Fig. 4. In this hon-
eycomb structure, there are five edges with comparable values
of yield stress and one cell on the right side with a different
value. The material properties of these two adjacent cell walls
bring graded characteristics aiding to have flexible control of
the in-plane crushing collapse [79].

The sub-honeycomb structure with different characteris-
tics could be constructed by the concept of the gradient in
which a graded honeycomb is formed by the assembly of sub-
honeycombs. Grading in the honeycomb could be induced by
cell thickness [80—82], configuration parameter [83], cell

configuration [84], material property [85], and hierarchical [28]
structure, which yields different types of graded honeycomb
structures. A typical structure of a thickness-graded honey-
comb is depicted in Fig. 5.

The thickness of the cell wall, cell configuration, cell pa-
rameters and hierarchical filling control the grading proper-
ties of each sub-honeycomb. For example, Bates et al. [80]
have studied the energy absorption of the graded hexagonal
honeycomb structure and have shown great impact protec-
tion by cell wall thickness graded hexagonal honeycomb. In
addition, Wu et al. [85] have investigated the energy-absorbing
capacity of graded circular honeycomb structures. It was
found that the matrix density gradient can control the energy
absorption and dynamic response under in-plane loading. Ali
et al. [81] have also shown the superior energy-absorbing
capability of graded honeycomb over regular honeycomb
structure. Zhang et al. [82] have shown a higher energy-
absorbing capability and reduced tress peak for gradient
hexagonal honeycomb structure with proper selection cell
wall thickness gradient. Nian et al. [28] have studied the
energy-absorbing capability of graded hexagonal honeycomb
and demonstrated a better energy absorption for hierarchical
filling graded hexagonal honeycomb than the uniform hex-
agonal honeycomb. The cell-angle gradient re-entrant hon-
eycomb structure was also investigated. Wu et al. [83] have
found that the energy-absorbing capability is improved by
graded design under low velocity or quasi-static impact.
Nonetheless, the enhanced energy absorption under high-
speed impact could only be observed when the crushing di-
rection is along the structural weak-to-strong direction. In
another study, Hou et al. [86] manufactured the angle-gradient
re-entrant honeycomb structure and showed that the extent
of gradient (i.e., internal angle increment) has significantly
affected the properties of the composite gradient sandwich
panel and the angle-gradient configuration is inclined to
strongly localize the damage surrounding the loaded region.

The realistic honeycomb inherently has defects such as
cell irregularity, missing cell walls and disordered when
compared to periodic honeycomb structures (Fig. 6). The
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Fig. 6 — A schematic representation of (a—d) normal, left-leaned transition and right-leaned irregularity, (e) missing cell wall

and (f) disordered. Reprinted with permission [90,93,94].

missing wall defects can be used to manufacture graded
honeycomb structures. In this regard, Fan et al. [87] have re-
ported that the missing-wall defect showed a stronger ca-
pacity for energy absorption for positively graded honeycomb
than its negative counterpart. In addition, the effect of defect
positions on energy-absorbing capacity was decreased by
increasing impact velocity. Hu et al. [88] have found that the
crushing strength of honeycomb structure shows the least
sensitivity to impact velocity of 10 m/s and 100 m/s and the
cell wall angle of 45° yields the maximum energy-absorbing
capacity for both low and high-velocity impact. Yang et al.
[89] have compared the energy-absorbing capacity of circular-
celled, single-petal and petal-shaped honeycomb structures
under impact velocities of 1 m/s and 35 m/s. The LS-DYNA
simulation showed a SEA value of 4.12 J/g and 5.52 J/g
compared to 2.4 J/g and 3.06 J/g for circular-celled honeycomb,
indicating an increase of 71.3% and 80.4%, respectively.

Further, Fan et al. [90] have shown that the larger ratio of
missing-wall defects lowered the energy-absorbing capacity.
The change in density also can cause gradient properties in
the honeycomb structure. In this regard, Zhang et al. [91] have
investigated the crashworthiness of graded honeycomb
structures in a circle-arc mode. Their results showed that the
gradient density had a significant influence on the energy-
absorbing capacity of the structure. Ouyang et al. [92] have
simulated the octagonal gradient honeycomb structure using
missing cell walls to mimic the stress concentration to defect.
Their results revealed that the stress concentration is affected
by the number of missing cell walls and the aspect ratio.

The double functionally graded structure comprising of
functionally graded honeycomb filler and functionally graded
thickness tube was found to exhibit superior energy-
absorbing capability by increasing crushing displacement.
This structure showed a higher energy-absorbing capability
than a single functionally graded tube and traditional uniform
honeycomb-filled uniform thickness, which was associated

with the impact angles [95]. In a different study, de Waal et al.
[96] fabricated a graded honeycomb structure using origami
and their results showed a decrease in peak force and an in-
crease in energy absorption capacity. These honeycomb-filled
structures revealed an increase in energy absorption and load-
carrying capability due to the presence of honeycomb filler.
Nian et al. [29] have demonstrated the superior energy-
absorbing capability of graded circular honeycomb struc-
tures through parametric studies and further increased en-
ergy absorption by multi-objective optimization. Many
structural defects are brought into honeycomb structures
during the manufacturing process via conventional methods.
This structural defect in a large ratio causes instability in the
mechanical behavior of honeycomb structures and reduces
the energy-absorbing capabilities in the collision process
particularly high-speed ones [93,97]. To this end, the intro-
duction of gradients into the structure can bring difficulties in
the manufacturing of such structures. To tackle this, tailoring
and foaming technologies, such as tailor welded blank (TWB)
[98] and tailor rolling blank (TRB) [99], have been employed to
manufacture structures with graded properties. The TWB is a
technology by which different materials with different thick-
nesses can be effectively combined to enhance the crash-
worthiness of the structures. The TWB uses lasers and
electrons to manufacture structures. However, the main
shortcoming of this technology is the changes in the thickness
between the sections leading to stress concentration. On the
other hand, TRB technology can overcome this shortcoming
by using a cold rolling mill, which provides a continuous
change in thickness [100].

7.2.  Hierarchical honeycomb structures
Generally, the hierarchical honeycomb structures could be

fabricated in different orders. The regular honeycomb struc-
ture, which is made up of continuous solid walls and has no
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Table 4 — A summary of the comparison between the crashworthiness of regular and hierarchical honeycombs is outlined
in the literature.

Material Type of loading Structure Control Major finding Ref.

Verowhite Quasi-static Square hierarchical Regular square honeycomb (RSH)  54.4%, 117.3%, and [103]
honeycomb (SHH) 126.7% increase in

SEA

AA6061-0 Quasi-static Second-order hierarchical Regular honeycomb and 2.63 and 4.16 greater  [105]
honeycomb aluminum foam plateau stress

AA3003H18 Dynamic Horseshoe honeycomb Triangular, square, hexagonal, 37%,38.4%,6.5%,and  [106]

and Kagome honeycomb 12.4% increase in
SEA

Al6061-T5 Quasi-static Bionic honeycomb tubular = 29.3)/g [52]
nested structure (BHTMS)

AA6060-T4 Quasi-static and  Self-similar hierarchical Regular honeycomb Higher plateau stress ~ [107]

dynamic honeycomb

Al6063-T5 Quasi-static 1st, 2nd, 3rd and 4th order Regular honeycomb (zero order) 71%, 114%, 201%,and  [101]
hierarchical honeycomb 309% in MCF

AA3030-H19 Dynamic 1st, 2nd, 2nd, 3rd hexagonal, Regular honeycomb Twice greater EA [102]
Kagome and triangular
honeycomb

AA6060-T4 Dynamic 1st order and 2nd order Regular honeycomb (0 order) 62.1% and 82.4% [108]
hierarchical spider-web higher SEA

Solid steel Q235 Quasi-static Hierarchical lattice tube (HLT) Single-cell tube (ST) 108% and 176% [109]
and super hierarchical lattice increase in MCF
tube (SHLT)

AA3003 Quasi-static Ripplecomb (corrugated Regular triangular honeycomb 73.8% increase in [110]

triangular honeycomb)

SEA

small-scale hierarchical structure, is in zero order (Table 4).
The conventional honeycomb structure is zero-order. The
honeycomb structure, which has a small-scale configuration
filling or replacing the zero-order honeycomb, is called a first-
order hierarchical honeycomb. Finally, if there are two levels
of small-scale configurations, in the structure, the hierarchi-
cal honeycomb is called a second-order hierarchical honey-
comb. Generally, the hierarchical honeycomb structure is
made up of a large-scale configuration, in which the small-
scale configurations fill the unit cells. The consistent large-
scale and small-scale configurations form the self-similar hi-
erarchical honeycomb, while non-consistent configurations
form the non-self-similar hierarchical honeycomb [101]. Yin
et al. [102] have presented the hierarchical honeycomb
structure based on the hexagonal, Kagome and triangular
tessellations. The results demonstrated superior performance
to regular honeycomb. The energy absorption for hierarchical
honeycomb with triangular tessellation was found to be 65 ]
compared to 34 ] and 15 ] for Kagome and hexagonal tessel-
lations, respectively, under impact loading with a velocity of
5 m/s. Tao et al. [103] fabricated the square hierarchical hon-
eycombs by replacing each solid cell wall with a smaller
square substructure. The results showed a 126.7% increase in
SEA compared to regular honeycomb by increasing the num-
ber of structural hierarchies under quasi-static loading with a
loading rate of 1 mm/min.

Different locations of small configurations, such as vertex,
fractal and spider web, can lead to various hierarchical hon-
eycomb structures (Fig. 7). The structural hierarchy can
improve the performance of structures and tailor their prop-
erties. Wang et al. [104] have studied the effect of the half

length of folding on the crashworthiness of double-head and
triangular under an impact velocity of 35 m/s. Their results
revealed an increase in SEA value from 16.62 J/kg to 17.73 J/g
and 24.56 J/g for triangular and double-head honeycombs,
respectively, indicating a higher SEA.

Qiao et al. [111] have aimed to enhance the energy-
absorbing capacity of a second-order hexagonal honeycomb
by adding hierarchy to its structure. The results revealed an
enhancement in the collapse stress compared to conventional
hexagonal and triangular honeycomb structures, which were
more noticeable for low-velocity impact than high-velocity
impact.

The vertex-based hierarchy is produced by the replace-
ment of large-scale configurations at the vertices of the
structure with small-scale configurations and this can be
repeated for higher orders [114]. Tao et al. [115] have replaced
the vertex of regular hexagonal and square honeycombs with
three small polygon configurations (hexagon, circle and
square). Their findings showed an increase of 82.2%, 72.4%
and 91.8% in the SEA for joint-to-joint, edge-to-edge and
hollow-cylindrical joint hierarchical hexagonal honeycomb
structures, respectively, which was higher than regular hon-
eycomb structures under out-plane loading with a velocity of
20 m/s. Similar results were found for hierarchical circular
61.7%, 66% and 75%, but the latter is smaller than the former.
Zhang et al. [105] have introduced the triangular configuration
of each vertex of a regular hexagonal honeycomb and found
the values of SEA as 2.99 J/kg and 2.80 J/kg, 45.99 J/kg under
loading for L-direction (in-plane ribbon direction), W-direction
(in-plane width) and T-direction (out of plane), respectively,
under the loading rate of 5 mm/s showing an increase of 109%,
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108% and 34% in SEA, respectively. Also, Sun et al. [113] have
designed vertex-based hierarchical honeycomb structures
and shown a significant increase of 81.3% and 185.7% in SEA
for first-order and second-order hierarchical honeycombs
compared to regular honeycombs under the out-of-plane (z-
direction) impact velocity of 15 m/s and weight of 400 kg.

The cell-wall-based hierarchy is produced by the replace-
ment of cell walls of large-scale configurations with small
configurations. Zhang et al. [105] arranged an array of sub-
triangular configurations on the cell wall of a regular trian-
gular honeycomb and showed an increase in the energy ab-
sorption of the side hierarchical honeycomb structure, which
was mainly attributed to a more stable deformation. The out-
of-plane SEA values for ordinary triangular honeycomb,
double-triangular honeycomb and side hierarchical honey-
comb structures were found to be 5.46 J/g, 3.55 J/g, 9.79 J/g,
respectively, under the axial impact of loading with a velocity
of 10 m/s and weight of 200 kg. Chen et al. [116] have replaced
the cell walls in regular honeycombs with triangular lattice
configurations. The results showed the energy absorption was
7.5 times greater than the regular honeycomb structure by
adding the hierarchy to the regular honeycomb structure
under quasi-static loading with a strain rate of 0.001 s~

The fractal-based hierarchy is produced by filling the cen-
ter of large-scale configurations with similar small-scale
configurations. In this regard, Zhang et al. [117] have studied
the crashworthiness of triangular, square and hexagonal side

Regular

First order

fractal thin-walled structures and have found the SEA values
were 14.11J/kg, 12.76 J/kg, 23.90]/g, respectively, for triangular
side, square side fractal and hexagonal side fractal structures
under impact loading with a velocity of 10 m/s and weight of
500 kg. Also, the excessive increase in fractal factor changes
the folding style from progressive mode to large wavelength
which decreases the energy-absorbing capability of the
structure. Xu et al. [118] have investigated the crashworthi-
ness of self-similar hierarchical honeycomb structures and
found that the size ratio of hierarchy and the impact velocity
in the range of 10—30 m/s enhanced the energy absorption of
self-similar hierarchical honeycomb compared to the non-
hierarchy honeycomb structure. The maximum energy ab-
sorption was found to be 428.44 ] and 275.76 ] for first and
second-order hierarchical structures, which was greater than
176.82 ] for non-hierarchy honeycomb structures. According
to the above-mentioned research, the introduction of struc-
tural hierarchy can significantly enhance the energy-
absorbing capacity of conventional honeycomb structures.
In addition, adjusting the hierarchical parameters, such as the
order of small-scale configurations, can improve the energy-
absorbing capability of honeycomb structures. Thus, it is
vital to accurately understand the energy absorption between
the conventional honeycomb and its corresponding small-
scale configuration for the promotion of engineering applica-
tions such as bumpers and airframes. Nevertheless, it be-
comes more difficult to manufacture a hierarchical

Second order

(@)

(b)

b
4 p
b b
d b
S| | =]

Fig. 7 — A schematic representation of 0% order, 1° and 2nd order (a) fractal (b) spider and (c) vertex honeycomb structure,

respectively. Reprinted with permission [101,112,113].
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Fig. 8 — (a) Guadua Angustifolia bamboo plant and its wall cross-section. (b) Scanning electron microscopy (SEM) micrographs
of bamboo culm wall. (c) SEM micrographs of vascular bundles. (d) Bamboo-inspired tubular honeycomb structure.

Reprinted with permission [123,125].

honeycomb structure with increasing hierarchy because the
main manufacturing process for a hierarchical honeycomb
structure is the 3D printing technique. Therefore, a high-
precision manufacturing process is required to increase the
hierarchical order.

8. Biomimetic-based honeycomb structures

The tubule design is comprised of hollow or flowing channels
in similar orientations. This design can be found in bamboo
plants and beetle forewings in micro and nanoscale observa-
tions. The mechanical properties of these tubules are affected
by radius, volume fraction as well as wall thickness. The
mechanism of energy absorption in tubule structures includes
buckling, bending, collapse and delamination. Furthermore,
they enhance the resistance to impact via the deformation
and cracking due to the disintegration of the tubule walls. As
already mentioned, the honeycomb structure possesses
outstanding impact resistance and energy-absorbing capa-
bility [20,119]. The focus of following section is to focus on the
biomimetic-based honeycomb structures with distinct ge-
ometries imitated by natural animals and plants such as
pomelo peel [119], bamboo [52], horse hoofs, beetle forewing
[121] and spider-web [108] using their natural hierarchical
structures.

8.1. Bamboo plant

The bamboo plant shows a greater stiffness than metallic
materials such as aluminium and steel. Bamboo is a light-
weight material that possesses praiseworthy mechanical
properties such as high strength and impact resistance [122].
The exertion of the wind force leads to the high bending stress
of the bamboo plant. The distinct structure of bamboo com-
prises a cylindrical column with symmetrical nodes. Besides,
its culm is composite with gradient structures which are made
up of interconnected channels and multi-cell networks. The

high impact resistance capability of bamboo is ascribed to the
gradient distribution and the presence of vascular bundles
and nodes. This makes it one of the most interesting candi-
dates for thin-walled structural design. The comparable
structure and function of the bamboo plant and thin-walled
tubes led to the design of thin-walled tubes inspired by
bamboo as stated below. Hu et al. [52] have inspired the
bamboo tissue to fabricate non-similar nested hierarchical
honeycomb structures. The hierarchical honeycomb structure
under impact loading with a velocity of 4.4 m/s and a weight of
261.1 kg showed a maximum energy absorption of 35 J/g,
which was significantly higher than the traditional metallic
honeycomb structure. Zhang et al. [123] have designed a
bamboo-inspired tubular honeycomb structure and their
findings showed that the energy-absorbing capability of the
bio-inspired tubular structure under quasi-static loading with
a loading rate of 5 mm/min was affected by coupling effects of
structural hierarchy and topological parameters (Fig. 8). Ufo-
dike et al. [124] have designed a functionally-graded honey-
comb structure which was inspired by bamboo
microstructure. The in-plane compression loading with a
loading rate of 5 mm/min on the structure together showed a
four times impact energy absorption than that of the graded
honeycomb structure. This was ascribed to the variation of
density and the uniform distribution of stress throughout the
structure.

8.2. Fruit peel

The pomelo fruit has a weight of 6 kg and the height of its tree
is 15 m, respectively [9]. This causes a large impact on energy
dissipation in pomelo upon falling on the ground. This high
impact-resistance characteristic of pomelo peel is attributed
to its hierarchical organization (Fig. 9). It has three distinct
layers, including the exocarp, mesocarp and endocarp. These
three layers structure conventionally makes a sandwich
structure in which the elastic collapse of a highly porous
mesocarp can absorb the strain energy [126]. A significant
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amount of energy is absorbed via the pore collapse and the
peel is damaged only after the compaction of the pores. This
structure can endure the high strain and spread the impact all
over the porous network when it is collapsed. This enables the
pomelo peel to resist impact energies up to 1.5 kJ [126]. Zhang
et al. [120] have designed a hierarchical honeycomb inspired
by pomelo peel. The hierarchical honeycomb under uniaxial
compression loading with a rate of 5 mm/min showed an in-
crease in SEA, which was 1.5 times greater than traditional
honeycombs both out-plane and in-plane due to the increase
in the structural hierarchy and different geometrical di-
mensions. Also, Yang et al. [127] have designed a porous
structure inspired by pomelo peel for impact energy absorp-
tion. The pomelo-peel-inspired structure showed a SEA of
12.94J/g, which was higher than that of 10.21]/g, 11.92 J/g and
10.89 J/g for homogenous, one-end gradient cube and both-
end gradient, respectively, under quasi-static loading with
loading rate of 0.02 mm/min. The durian shell is also another
source of bioinspiration to design energy-absorbing structures
in which thorns and mesocarp play a key role in energy ab-
sorption [128]. The durian shell can provide effective impact
energy absorption when falling from its 12 m tree. Ha et al.
[129] have found a more effective impact energy absorption
for durian shells along lateral direction compared to that of
axial counterpart. This was due to the orientation of fibers.

Constitutive
alemant
i

Traditional
hnncycrrﬂ1

The quasi-static loading was conducted using 50 kN loading
and a strain rate of 2 x 1072 s™%. The SEA of thorns was found
to be 0.38 J/g, which is greater than that of 0.19 J/g for meso-
carp under axial loading. However, half-shell durian revealed
a SEA of 390 J/g.

8.3. Plant stem

The plant stem naturally has a hierarchical configuration in
which the honeycomb-like core is introduced into its tubular
structure (Fig. 10). In this regard, Chen et al. [130] have inspired
the grassy stem to design a hierarchical honeycomb structure.
They have used a top-bottom approach and showed an in-
crease in the SEA by increasing the hierarchical level n. Fang
etal. [131] have replaced the sides of the hexagon with smaller
hexagons in a bioinspired grass stem honeycomb structure.
The results revealed that applying this hierarchy to the hon-
eycomb structure enhanced the plateau stress, which was
2.63 times greater than the regular honeycomb. This was
attributed to the increase in the ratio of thickness to cell-edge
length. The quasi-static loading with a loading rate of 2 mm/
min was applied to the structure. Also, Ha et al. [132] designed
the hierarchical circular honeycomb design with the inspira-
tion of natural wood. The nature-inspired hierarchical hon-
eycomb structure under quasi-static compression loading

A: Flavedo (Exocarp)
£: Albedo (Mesocarp)
: Pulp (Endacarp)

Pomelo peel inspired
honeycomb

—:ﬂr

Structure inspiration evolution

Fig. 9 — SEM photographs for detailed microstructures of typical pomelo peel (A, B, C and D represent flavedo, albedo, pulp
and vascular bundles, respectively), together with configurations of pomelo peel-inspired hierarchical honeycomb.

Reprinted with permission [120].
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Fig. 10 — Natural hierarchical structure. (a) SEM photographs for the grassy stem, (b) second-order hierarchical honeycomb
structure, (c) hierarchical honeycomb structure specimen. Reprinted with permission [131,133].

with a loading rate of 5 mm/min showed higher SEA compared
to conventional honeycomb. The SEA values were increased
from 6.7 J/g to 8.82 J/g indicating, an increase of 31.64%.

8.4. Beetle elytra

The beetle elytra are rigid and lightweight and can efficiently
protect the beetles from external impact loadings. For
instance, they can tolerate a punch load up to 23 N [134]. This
high mechanical property may be ascribed to irregular cellular
patterns with hollow pillars on the walls and intersections of
elytra [135]. Further, the trabecular structure between
different laminas of elytra strengthens the beetle forewing.
The comprehensive understanding of the internal micro-
structure of the beetle elytra led to the design of beetle-based
biomimetic energy-absorbing structures. Wang et al. [136]
have fabricated a lattice structure inspired by the configura-
tion of the beetle forewing and arranged it into a honeycomb
structure (Fig. 11). The bio-inspired structure under dynamic
loading of Split Hopkinson Pressure Bar with a strain rate of
102 and 10* s~ was found to be affected by printing parame-
ters and showed a maximum SEA of 9.088 J/g. Additionally, an
increase of 90.8% was found for dynamic loading rates in the
range of 0.0005/s and 1000/s.

Hao et al. [137] have also inspired beetle elytra to manu-
facture honeycomb column thin-walled structures by locating
the hollow columns on the walls, wall junctions and both on
walls and junctions. It was found that thin-walled structures
with filled columns showed better energy absorption than
honeycomb structures in which the diameter of the column
affected the energy absorption. The axial impact loading with
a velocity of 10 m/s demonstrated a better SEA with a column
diameter of 16 mm (29.73 J/g and 29.26 J/g).

Xiang et al. [138] have designed circular tubes comprising
different polygon cross-sections inspired by lady beetle fore-
wing. The regular hexagonal honeycomb structure under axial
impact loading with a weight of 500 kg and velocity of 10 m/s
showed a significant SEA for the tubes, with diameters in the
range of 18.13 mm and 23.56 mm. Xiang et al. [139] have
designed multi-cell tubes comprising honeycomb and circular
tubes inspired by ladybeetle. In this structure, the circular
tubes were located at the center of the walls of the honey-
comb. The axial impact loading with a weight of 100 kg and a
speed of 10 m/s demonstrated a higher SEA compared to the
traditional aluminium honeycomb structure. Zhanget al. [140]
have designed multicellular tubes inspired by beetle fore-
wings with quadrilateral, hexagonal and octagon cross sec-
tions. The axial impact loading with a velocity of 10 m/s

Fig. 11 — Fabrication of biomimetic lattice structure (a,c), honeycomb structure (b,d), the microstructure of beetle front wing

and (e) lattice structure. Reprinted with permission [136].
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showed the highest SEA of 36.09 J/g for octagonal cross section
compared to that 29.94 J/kg for quadrilateral, and 33.86 J/g for
hexagonal, respectively. All the multicellular tubes showed a
higher SEA than that of 22.99 J/g for designs without tubes. Du
et al. [141] have introduced filling cellular structures with
different orders of hierarchy and investigated the energy ab-
sorption under impact loading with a velocity of 10 m/s and a
weight of 500 kg. Their findings showed SEA values of 21.88 J/g
and 28.45 J/g for the first- and second-order hierarchy. The
enhancement in the energy-absorbing capacity is ascribed to
the increase in the number of connections inside the bio-
inspired structures providing an extrusion effect and pro-
ducing a more stable buckling mode (Fig. 12).

Yu et al. [142] have manufactured a crash box by inspiring
an end-trabecular beetle elytron sandwich plate. The energy
absorbed by the conventional crash box and elytra-based
trabecular honeycomb was found to be 75.6 J and 375.5 ],
respectively, indicating a 5 times greater energy absorption for
elytra-based trabecular under compression with aloading rate
of 1 mm/min. Du et al. [143] have investigated the energy-
absorbing capacity of beetle elytra-inspired honeycomb thin-
walled structures with different topological structures
including circular, hexagon octagon and triangle. Their find-
ings showed that the hexagon and octagon configurations
showed excellent energy-absorbing capability under the ve-
locity of 10 m/s and weight of 400 kg due to the production of
more uniform folds compared to circular and triangle coun-
terparts with poor energy absorption.

8.5.  Spider web

The spider web was also a source of inspiration for designing
hierarchical structures. In this regard, Zhang et al. [144] have
inspired the spider web and presented a fractal hierarchical
hexagon. The computational results revealed that both hi-
erarchical and fractal structures significantly enhanced the
energy absorption compared to single-wall non-hierarchical
structures. Also, fractal configuration and order can signifi-
cantly affect the energy absorption of hierarchical structures.
The second-order fractal hierarchical structures were found
as the optimal design. He et al. [108] have introduced the
spider web hierarchy into the honeycomb structure. The
first-order and second-order spider web hierarchical honey-
comb structure under impact loading using a weight of 400 kg
and a velocity of 15 m/s showed an increase of 62.1% and
82.4% in SEA compared to the regular honeycomb structure,
which can be ascribed to an increase in density of the
structure (Fig. 13).

8.6. Woodpeckers

The woodpeckers can exceptionally mitigate the shock during
rhythmic drumming using their beaks. The speed of the
repeated impact during pecking is approximately in the range
of 6—7 m/s, nonetheless their head is not injured after the
impact [145]. This remarkable impact-resistant capability in
woodpeckers is ascribed to the tightly packed wavy

P

(a)

(b)

(c)

Fig. 12 — Different types of biomimetic structures: (a) original honeycomb, (b) first-order hierarchy and (c) second-order

hierarchy. Reprinted with permission [141].
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Fig. 13 — Natural hierarchical structure: (a) natural spider web, (b) hierarchical and fractal honeycomb structure. Reprinted

with permission [144].

configuration, which is found at the grain boundaries admit-
ting local shearing. The upper beak of the woodpecker pos-
sesses a honeycomb structure. However, the cell walls of this
honeycomb have a sinusoidal structure, unlike the traditional
honeycomb. The energy-absorbing performance can be
enhanced by this wavy structure. This high impact resistance
makes them suitable to design energy-absorbing structures
(Fig. 14). Ha et al. [58] have inspired the microstructure of the
woodpecker beak to construct the bioinspired honeycomb
sandwich panel. The bioinspired sandwich panel under
compression loading with a constant speed of 10 m/s in the

out-of-plane direction revealed that the SEA of the panels was
125% and 67% greater than that of a conventional honeycomb
sandwich panel with a similar thickness core. The reason is
that the energy absorption in the honeycomb is only through
the buckling of cell walls while the nature-bioinspired wavy
honeycomb is buckled and bent at the peak of the wave
allowing plastic deformation without any catastrophic failure.
Additionally, the energy absorption was found to be tailorable
by the adjustment of wave number and amplitude. Further,
the increase in wave number, amplitude and core thickness
also enhanced the SEA.

Fig. 14 — (a) Red-bellied woodpecker, (b) wavy structure of its beak, (c and d) transmission electron microscopy (TEM)
micrographs of the beak and (e) wavy honeycomb inspired by woodpecker beak. Reprinted with permission [146,147].
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Fig. 15 — (a) Mantis shrimp (b) dactyl club, (c) SEM of the periodic region in dactyl club, (d) and dactyl-based honeycomb

sandwich panel Reprinted with permission [150,152].

8.7.  Shrimp dactyl

The peacock mantis shrimp can produce acceleration and
impact speeds of 10° m%s and 20 m/s, respectively. This shows
one of the most impact-resistant structures in nature [148].
This high mechanical property is attributed to the crack
deflection and twisting, as well as the presence of herringbone
architecture [149]. Han et al. [150] have fabricated the
sinusoidal-corrugated helicoidal honeycomb sandwich panel
by the combination of helicoidal periodic region and herring-
bone architecture. The low-velocity impact loading with a
weight of 3 kg and 12.63 ] impact energy on the structure was
found to enhance the resistance to damage compared to
traditional unidirectional skin sandwich-structural honey-
comb (Fig. 15). Similarly, Han et al. [151] have fabricated the
sinusoidal-corrugated helicoidal honeycomb sandwich panel
by the combination of helicoidal periodic region and herring-
bone architecture. The low-velocity impact loading with a
weight of 3 kg and 12.63 J impact energy on the structure
revealed an increase of 106.0% in the average impact force
compared to the unidirectional skin sandwich-structural hon-
eycomb. This indicated the improved impact resistance.

8.8.  Horse hoof

The horse hooves are porous structures that possess prom-
ising energy-absorbing capacity due to their sustainability

under high-impact circumstances. Yang et al. [106] have
added the horseshoe mesostructure to the regular triangular,
square, hexagonal and Kagome honeycomb. The honeycomb
structure comprising horseshoes under out-of-plane uniform
compression with a velocity of 1 m/s showed a significant
increase in the SEA compared to the conventional honeycomb
structure which was attributed to the increased plateau region
(Fig. 16). The SEA was found to be 9.80]/g, 8.25J/g, 7.47 J/g and
8.03 J/g for Kagome, hexagonal, square and triangular hon-
eycomb structure, respectively.

o. Sandwich panels

The sandwich structures frequently have porous character-
istics due to the presence of cellular cores with complex to-
pologies. Therefore, one of the commonly used engineering
structures for energy absorption in the automotive industry is
the sandwich structure as they possess a high ratio of flexural
stiffness to weight as well as excellent energy-absorbing
capability. In the sandwich panel, the energy is dissipated
through the core and the cracks are inhibited. The prevention
of catastrophic failure under impact loading is the final pur-
pose of using sandwich structures. The cellular core could be
found in the form of a honeycomb. The sandwich structure is
comprised of an inner layer (core) and two outer layers (face
sheet). The inner layer is softer with more flexibility while the
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Fig. 16 — (a) Natural horse hoof, (b) tubules and intratubular structure of horse hoof, (c) horse hoof-inspired honeycomb
structure with triangle, square, hexagon and Kagome cross sections. Reprinted with permission [106,153,154].

two faces are stronger with more rigidity [150]. The face sheets
in this sandwich panel are typically made up of metals such as
aluminium or stainless steel or fiber composite as the face
sheets. Aluminum and polymeric papers are commonly used
for honeycomb cores. A typical honeycomb sandwich panel is
illustrated in Fig. 17.

The damage mechanism of sandwich panels under impact
loading is comprised of local buckling of the core wall, face
sheet yielding and core shearing playing an important role in
the energy absorption capability of the structure [56,157]. The
mechanisms of impact energy absorption in sandwich panels
strongly rely on the geometry and properties of the face sheet
and the core materials [158]. The deformation of the core in
the sandwich structure plays the principal role in energy ab-
sorption [159]. The metallic sandwich structures have been
widely used in recent years due to their plastic deformation,
which can absorb impact energy during a crash. The crash-
worthiness of sandwich panels has been enhanced by the
replacement of porous cores such as honeycombs [160]. The
sandwich panels with porous honeycomb cores have distinct
advantages [161,162]; however, consideration of certain re-
strictions is necessary. For instance, the bonding faces of
sandwich panels completely cover the honeycomb

accommodating water and vapor. This leads to the deterio-
ration of mechanical performance as well as an increase in the
weight of the structure [163]. The design core inspired by na-
ture is summarized in the following section. Solak et al. [164]
have designed a wavy honeycomb sandwich panel and their
findings revealed an increase of 7—110% in SEA compared to
that of the ordinary flat-walled sandwich structure. The SEA
was also increased by increasing wave amplitude and wave-
number. Nonetheless, the optimization of the values of me-
chanical performance and weight gain is vital.

The upper and lower skins in dichotoma beetle are sand-
wiching a trabecular-honeycomb structure. In this regard,
Chen et al. [121] have investigated the energy-absorbing
capability of beetle elytra-inspired sandwich panels under a
loading rate of 1 mm/min. The results showed that the energy
absorption of beetle elytra-inspired sandwich panels and
honeycomb plates was 5.8 Mj/m® and 2.7 MJ/m?, respectively,
showing an increase of 115% in energy absorption compared
to honeycomb plates. This was due to the prevention of
complete failure of honeycomb walls and trabeculae and
jointly bearing the vertical load (Fig. 18).

The beetle forewing was inspired to construct the bio-
inspired sandwich panel using aluminium honeycomb as the
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Fig. 17 — A schematic representation of a honeycomb sandwich panel. Reprinted with permission [156].

core and carbon-reinforced plastic as the plates at the top and
bottom of the structure [166]. The results demonstrated higher
energy absorption and lower peak force compared to carbon-
reinforced plastic. The leaf of plants in nature can efficiently
withstand long-term alternating stress which is caused by
wind and rain. The mechanism of stress-resistance of plant
leaves can be ascribed to the reorientation of the vascular vein
throughout the growing process [167]. Sun et al. [168] rein-
forced the porous honeycomb core with grit (lattice) and
designed the sandwich panel. The sandwich panel is under
quasi-static loading with a loading rate of 10 mm/min. The
energy absorption of grit-reinforced honeycomb core sand-
wich panels was 151 J, which was higher than that of 136 ] and
31 J for honeycomb and grid core sandwich panels alone,
respectively. Nian et al. [29] have fabricated a nature-inspired
functionally graded honeycomb core with circular tubes by
inspiration from a natural functionally graded structure, such
as a horse hoof and bamboo stem. Their findings showed the
SEA of graded honeycomb-filled circular tubes was improved
by 89.73% and 23.68%, respectively. The findings in the open
literature can give a valuable understanding of the structural
design of sandwich panels in the future for various engi-
neering applications. The purpose of inspiration from nature
is to achieve excellent structures with high-impact energy
absorption to meet the requirements for engineering appli-
cations. A comparison between the impact energy-absorbing
capacity of nature-inspired design and the hexagonal
aluminum honeycombs and metallic foams.

10. Manufacturing techniques

Different ways have been utilized to manufacture the hon-
eycomb structures including adhesive bonding [69], resistant
welding [169], diffusion bonding [170], brazing diffusion [171],
thermal diffusion [172] as well as expansion and corrugation
techniques [173]. Regardless of manufacturing technique, a
single block of honeycomb possesses a weak energy-
absorbing ability, which is far from the requirement for
extreme dynamic conditions such as high-speed train
crashes, etc. For example, a honeycomb energy absorber
needs to show massive dissipation of kinetic energy during
train collision operation at a high speed of around 200 km/h.
The fabrication of complicated biomimetic-based structures is
difficult for the conventional manufacturing process. In

conventional techniques, the structure is manufactured by
the subtraction of materials from the workpiece [174]. None-
theless, the additive manufacturing (AM) process can offer
methods that are capable of manufacturing the detailed
nature-inspired structure. The reaction of biological struc-
tures to the exterior forces as well as the internal mechanics
can be studied by AM methods [175]. In the AM manufacturing
techniques, the overall structure is built by the connection of
materials using the utilization of a layer-by-layer approach.
The commonly-used AM techniques are material extrusion,
material jetting, powder-bed fusion, vat polymerization and
binder jetting. Several AM techniques have been utilized to
create nature-inspired structures, as previously reviewed by
other authors [25,175-178].

10.1. Material extrusion

Material extrusion is extensively utilized as the AM technique
in which the three-dimensional (3D) object is created by the
continuous passing of material through a heated nozzle fol-
lowed by deposition in a layer-by-layer formation. The focus
of this process is on the thermoplasticity of the polymer fila-
ment, which let fusing during printing and hardening at room
temperature. The impact properties of the prototype fabri-
cated by this method are affected by the thickness of the layer
and the orientation of filaments [179]. This straightforward
and cost-effective AM technique is suitable for the fabrication
of prototypes of different sizes and shapes. Besides, the final
prototype can be fabricated by using various thermoplastic
materials [180]. This technique has been investigated to
enhance the design of porotype for energy absorption [181].
Nonetheless, the distortion of the interlayer weakens the
mechanical properties of the printed prototype [182]. The
lightweight impact-resistant nature-inspired structures have
been fabricated by the dual material extrusion process. Soft
and rigid materials can be integrated into a single structure
similar to many natural structures by using multi-material
printing. However, there are some restrictions related to this
technique that yet needs addressing such as a slow rate of
printing and poor surface quality.

10.2. Material jetting

The materials jetting is another AM technique, in which the
photopolymer resin is sprayed in droplets and is thereafter
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cured by using ultraviolet (UV) light. This technique is similar
to 2D inkjet printing; thus it is also referred to as 3D inkjet
printing [183]. The disadvantages of this technique are its
expensiveness and the involvement of photosensitive mate-
rials that may compromise the quality of the final prototype
due to the inattentive curing. Besides, the final prototype
needs post-processing, which increases the production time
[184].
10.3. Powder bed fusion

Powder bed fusion is one of the AM techniques in which the
powders are melted and fused in each layer using an electron
or laser beam or binder. In this technique, the 3D final pro-
totype is fabricated by rolling the consecutive layers of
powder on top of the preceding layer and their subsequent
fusing. Subsequently, fine powders are closely packed on the
platform with even distribution forming thin layers. Finally,
the surplus powder is eliminated and other processing such
as coating and infiltration is carried out on the final proto-
type. The use of a powder bed as the support is the key
advantage of this technique as the need for removing the
supporting material is eliminated. However, this technique is
expensive and time-consuming as it needs post-processing.
Besides, the fusion with binder leads to undesirable proper-
ties due to the presence of high porosity. The beetle-inspired
honeycomb structure has been fabricated by powder bed
diffusion [185].

Although the design of nature-inspired structures by AM
techniques is promising and can pave effective ways to design
and fabricate the next generation of lightweight structures for
energy-absorbing applications; however, the AM machines
that are currently available cannot fabricate the structures
from the nano-to-macro scale. The above-mentioned tech-
niques are capable of creating structures with complex ge-
ometries. However, a detailed design smaller than 1 um
cannot be created using these AM techniques. Additionally,
the susceptibility of AM-made porotypes to fatigue damage is
another critical challenge. This is attributed to the poor
geometrical accuracy and porous architecture, which further
weaken the structure [186]. Due to these restrictions
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mentioned above, the current restrictions of AM techniques
should be identified and extended in future studies for
optimal replication of intricate biological architectures. The
AM techniques for the fabrication of nature-inspired struc-
tures are depicted in Fig. 19.

11.  Concluding remarks and future direction
Nature has shown pleasingly organized structures, which
possess an excellent energy-absorbing capacity. These inter-
esting structures are found in nature and have undergone an
evolutionary process over a long period. The researcher can
use these structures as a source of inspiration to get practical
novel ideas to design highly-impact resistant structures. This
review paper aims to establish a relationship between nature-
inspired structural design (particularly honeycomb) and their
capacity to absorb energy and to provide guidelines to develop
impact-resistive structures. The advanced honeycomb de-
signs, including hierarchical, functionally gradient and sand-
wich structures, were found to increase the energy-absorbing
capabilities of the conventional honeycomb structures by
reviewing several research papers in the literature. Addition-
ally, the different biomimetic-based honeycomb structures
inspired by different species were highlighted in this review.
The conventional cellular structures comprising such tradi-
tional honeycomb and metallic foams usually show a SEA of
10 J/g or below [188,189]. However, the SEA of nature-inspired
honeycomb structures can reach the value of 35 for bamboo-
inspired honeycomb structures, which reveals the superior
energy-absorbing capacity of nature-inspired honeycomb
structures. Finally, a discussion on the AM techniques for the
fabrication of nature-inspired structures was also provided
together with a listing of the advantages and disadvantages of
each technique.

Machine learning (ML) is known as a powerful tool to guide
the design of impact-resistant structures by the sufficient
gathering of data and reducing the cost of computation.
The particular relationship between the single critical char-
acteristic and mechanical properties of nature-inspired
structures can be illuminated by ML. Also, the extraction of
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Fig. 18 — Microstructure of adult Allomyrina Dichotoma beetle elytra and the corresponding plate. Reprinted with permission

[121,165].
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Fig. 19 — A schematic representation of AM techniques to fabricate nature-inspired structures: (a) material extrusion, (b)
material jetting, and (c) powder bed fusion. Reprinted with permission [187].

critical structural characteristics from geometric parameters
can play a key role in optimizing nature-inspired structures
with desirable mechanical performance. Although ML has
widely been used in various fields of engineering, the research
which focuses on the implementation of ML in nature-
inspired structures is restricted in the literature. For
example, the feasibility of ML in studying the effect of design
parameters on the performance of wavy honeycomb inspired
by woodpeckers was proven [164]. Thus, the ML-assisted
design of nature-inspired architectures as mentioned in this
review is still open and can be further explored.

One of the challenges here is to explore the deformation
and energy absorption of these honeycomb-based structures
using advanced manufacturing techniques, proper mechani-
cal testing and modelling. Manufacturing technology is a key
factor that limits the development of advanced honeycomb-
based structures. The manufacturing technology should
overwhelm the geometric complexity of high-order honey-
comb-based structures and should be highly precise and low-
cost. Thus, economic and effective manufacturing technology
should be further developed. Further, more theoretical models
should be developed to give a better understanding of the
mechanisms involved in the enhanced crashworthiness of
honeycomb-based structures. Finally, the combinatory effect
of honeycomb structures on crashworthiness needs to be
explored such as hierarchical with graded honeycomb struc-
tures under different loading conditions. Additionally, 3D

cellular structures are required to be developed based on the
honeycomb configurations with enhanced crashworthiness
under multiple loads and directions. In conclusion, it is ex-
pected that the advanced honeycomb-based structures open a
new window into the era of multifunctional lighter and
stronger materials for transportation.
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