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ARTICLE INFO ABSTRACT

Hierarchical materials born of variable natural cellular and intricate architecture are demonstrated to have the
potential to achieve outstanding mechanical properties, thus make them excellent constituents for impact pro-
tection. Inspired by the unique microstructure of pomelo peel, this study constructed a novel hierarchical
honeycomb and investigated the crushing resistance along with energy absorption capabilities of such structural
materials. An integrated analytical-numerical approach was developed to fully elucidate the underlying quan-
titative structure-property relations by parametric studies on the evaluation of different hierarchical orders and
equivalent thickness. It is revealed that the deformation modes of pomelo peel inspired honeycomb are governed
by the geometric parameter-equivalent thickness, where three deformation modes (hexagonal mode, transitional
mode and coin mode) and two localized band (“V” mode and “I” mode) can be observed under out-of-plane and
in-plane crushing, respectively. Additionally, in conjunction with theoretical and numerical studies, improved
crushing resistance and energy absorption properties of the pomelo peel inspired honeycomb can be obtained via
increase of structural hierarchy and variation of geometric dimensions. The crushing resistance criteria, SEA
(specific energy absorption) and equivalent plateau stress of hierarchical honeycomb, can be enhanced up to 1.5
and 2.5 times than its counterpart for traditional honeycomb under out-of-plane and in-plane crushing, re-
spectively. The promising results of pomelo peel inspired honeycomb may exhibit a novel perspective on pro-
viding the superior mechanical properties of natural cellular materials and offer insights for applications of bio-
inspired engineering materials.
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1. Introduction damage of pomelo during impact on the ground may give rise to in-

tensifying competition among animals and microbes (like fungi and

Natural materials always offer novel insights into exploring, de-
signing, synthesizing and fabricating advanced materials with superior
mechanical performance (e.g., high energy absorption [1-4], low
density and high specific strength [5]) using limited continuous basic
material, especially cellular materials (e.g., wood and bone [6,7]). More
recently, researchers continue to be fascinated by novel natural mate-
rials with hierarchical or gradient structures, which largely contributes
toward customized mechanical properties for artificial materials used in
engineering applications [8-12].

Mature pomelos (Citrus maxima), weighing up to 6kg [13] and
growing on trees with heights of up to 15m [14], have considerable
kinetic energy to be absorbed as they fall to the ground, leading to the
inevitable consideration of impact protection. In addition, given the
fact that animals are the main dispersal vectors of pomelo seeds, severe

bacteria), decreasing the germination capacity of pomelo [15]. Hence,
pomelo peel, known as natural protecting barrier for pulp and seed
inside, has been identified to be capable of energy dissipation on ac-
count of the porous hierarchical structure through experimental studies
[15-18]. Fischer et al. demonstrated good impact resistance of pomelo
peel via freefall tests of whole pomelos [16]. It has been also proved
through experiments that the decomposition of fruits by microbes
would greatly block Citrus seed dispersal if the pomelo peel split open
due to the impact on the ground [15]. As depicted in Fig. 1, the
thickness of pomelo peel is typically 2-3 cm, consisting of flavedo
(exocarp) and albedo (spongy mesocarp, main part of the peel), where
dense vascular bundles surrounded by loose biological tissues can be
observed by scanning electron microscope (SEM). Researches on the
influence of governing factors (e.g., the hydration state [19], density
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Fig. 1. Multi-scale diagrams and SEM photographs for depicting detailed microstructures of typical pomelo peel (A, B, C and D represent flavedo, albedo, pulp and
vascular bundles, respectively), along with configurations and geometric parameters of pomelo peel inspired hierarchical honeycomb.

[20] and the arrangement of vascular bundles [17]) can not only help
to understand the structural properties of pomelo peel, but provide
insights in designing novel hierarchical structures with optimum energy
absorption and crushing resistance performance for engineering appli-
cations. Actually, by combining X-ray tomographic imaging technique
and digital volume correlation, the exploration on the internal me-
chanisms of structure-function relationship has revealed that the unique
microstructure, i.e., vascular bundles connected by cells, plays an es-
sential role in resistance performance of pomelo peel [21].

Compared to considerable amount of investigations on 1st order
cellular materials [22-25], only few studies on hierarchical cellular
materials are available due to the limitations in the fabrication ap-
proaches and experimental methods. Nevertheless, recent advances in
fabricating technology-3D printing have augmented the field of hier-
archical cellular materials research to help resolve the challenges and
further understanding the fundamental mechanism of tailored proper-
ties [5,26-30]. In addition, it has been widely acknowledged that
computational investigations via numerical analysis validated by robust
experimental are crucial methodologies for exploration of advanced
materials and novel structures in a computation efficient and cost ef-
fective manner [31,32]. Consequently, mechanical analysis and char-
acterization of complex hierarchical cellular materials can be pursued
by an integrated method combining theoretical, numerical and ex-
perimental approach nowadays, like the mechanical analysis of a vertex
based hierarchical honeycomb [33,34] and other two-dimensional (2D)
hierarchical honeycombs [35,36], indicating that improved mechanical
properties can be achieved by applying structural hierarchy. It is also
reported that proper arranged inclusions can help to artificially design
the deformation process and mechanical properties of honeycomb
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structures [37,38].

In the present study, a focused investigation on the crushing re-
sistance and energy absorption performance of a novel pomelo peel
inspired hierarchical (two orders of hierarchy) honeycomb (shown in
Fig. 1) under both out-of-plane and in-plane crushing is analyzed sys-
tematically via theoretical and finite element (FE) computational
method. In Section 2, the validated experimental setting together with
detailed finite element model for the pomelo peel inspired honeycomb
is depicted. Section 3 presents the validation of FE model, critical
crushing resistance criteria and representative results of pomelo peel
inspired honeycomb under out-of-plane and in-plane crushing, under-
lying the mechanisms between optimum mechanical properties and
specific structure. Finally, theoretical analysis for the equivalent pla-
teau stress, parametric studies on the equivalent thickness (a significant
parameter to describe the specific configuration, defined as t, / t;,
where t; and t, respectively represent the cell wall thickness of exterior
honeycomb and interior honeycomb as shown in Fig. 1) and structural
hierarchy are extensively performed to enhance the understanding of
the clear correlation of structure and mechanical properties in
Section 4.

2. Methods
2.1. Experimental setups

As shown in Fig. 2, the uniaxial compression experiments with a
loading rate of 5mm/min were performed on traditional honeycombs
and pomelo peel inspired honeycombs made of aluminum alloy
AA3003 H18 using INSTRON 8801 test machine with computer control

Fig. 2. Compressive test and representative
deformation mode of traditional honeycomb
and pomelo peel inspired honeycomb, where
desired progressive folding pattern was ob-
served in the tests.
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Fig. 3. Finite element models from different views for traditional honeycomb and pomelo peel inspired honeycomb.

and data acquisition system to obtain the load-displacement curves of
the specimens. The traditional honeycomb used in our study was
commercially available aluminum honeycomb core which could be cut
into desired configurations with scissors. In view of pomelo peel in-
spired honeycomb consisting of two parts (exterior and interior hon-
eycombs), we cut the interior honeycomb into separate small parts and
inserted them into different cells of exterior honeycomb accordingly to
fabricate the pomelo peel inspired honeycomb. The mechanical prop-
erties of honeycombs specimens with a thickness of t;, » = 0.05mm,
side length of L; = 6 mm, L, = 2mm and height of h = 20 mm were
investigated and three repeated tests were conducted.

2.2. Finite element model

The finite element code ABAQUS/EXPLICIT was employed to ana-
lyze the crushing properties of pomelo peel inspired honeycomb under
both out-of-plane and in-plane dynamic loading. The finite element
models with different hierarchical orders and corresponding dimen-
sions are presented in Fig. 3, where the height (h) was set to be 20 mm,
while the radius of inscribed circle for unit hexagonal cell in traditional
and pomelo peel inspired honeycomb were set as 6 mm and 2 mm, re-
spectively. The cell walls of the honeycombs in this study were mod-
elled with shell elements (type S4R) and a convergence test with four
different mesh sizes (0.2 mm, 0.4 mm, 0.6 mm and 0.8 mm) was carried
out to obtain the computational confidence. In addition, double thick-
ness was set accordingly in finite element models due to the specific
manufacturing process of aluminum honeycomb. However, we con-
sidered cell walls with uniform thickness in following sections to avoid
confusing and simplify the problem. In view of the balance between
accuracy and computational cost, a mesh size of 0.4 mm was applied in
the present study. Thus, the finite element models of traditional and
pomelo peel inspired honeycomb totally consisted of 167,000 and
332,600 shell elements, respectively. General contact with a friction
coefficient of 0.15 was defined and a rigid plane with a constant ve-
locity of 15 m/s was applied for crushing the honeycombs dynamically.
The free boundary condition was adopted on the free sides of finite
element models. The base material of honeycomb is aluminum alloy
AA6060 T4 with Young's modulus E = 68.2GPa, yield stress of
o, = 80 MPa, ultimate stress of o, = 173 MPa, Poisson's ratio of
v = 0.33, power law exponent of n = 0.23 and density of p = 2,700 kg/
m?® [39]. When taking strain hardening effects into account, the elastic-
perfectly plastic material assumption with a flow stress of
0o = 106.1 MPa calculated through oy, 0, and n was employed for
constitutive model in finite element analysis [40]. Considering the fact
that aluminum alloys are strain rate insensitive, the influence of strain

rate on material properties of honeycomb is trivial and thus neglected
in the present study [34].

3. Results
3.1. Validation of FE model

In the present study, the finite element model was validated in ac-
cordance with the experimental data of both traditional honeycomb
and pomelo peel inspired honeycomb, which may lay a solid foundation
for the following parametric study. In addition, two critical principles
are taken into consideration to guarantee the quasi-static numerical
analysis in validation: (1) the total kinetic energy can be neglected
when compared to the total internal energy during the crushing pro-
cess; and (2) the load-displacement response is independent on the
loading rate [41]. As illustrated in Fig. 4, it is obvious that numerical
results suggest a good agreement with the experimental data for both
traditional honeycomb and pomelo peel inspired honeycomb.

Apparently, the load-displacement curves can be divided into three
typical stages, including elastic stage, plateau stage and densification
stage, which is consistent with mechanical performance of other tra-
ditional honeycombs in previous literatures [[42-44]. Therefore, it is
demonstrated that current FE modeling is reliable to describe the me-
chanical properties of pomelo peel inspired honeycomb.

3.2. Typical result

3.2.1. Crushing resistance criteria

To comprehensively understand the crushing properties and energy
absorption performance of pomelo peel inspired honeycomb, crushing
resistance criteria, containing specific energy absorption (SEA),
crushing force efficiency (CFE) and equivalent plateau stress, are de-
fined on the basis of load-displacement curve.

Specific energy absorption (SEA) serves as an essential criterion to
assess the structural energy absorption per unit mass, which can be
expressed as

EA
SEA = W )
where Energy absorption (EA) capacity and m are the total dissipated
energy during the crushing process and mass of the structure, respec-
tively. EA, which is defined in Eq. (2), has a direct correlation with the
instantaneous crushing force F(x) and the effective crushing deforma-
tion d (the length of the plateau stage), thus d is specified as 12 mm for
out-of-plane crushing and 67 mm for in-plane crushing in the present
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Fig. 4. Validation of finite element model by comparing load-displacement
curves with experiments and computation results: (a) traditional honeycomb;
(b) pomelo peel inspired honeycomb. Note that blue, white and grey areas
represent for “Elastic Stage”, “Plateau Stage” and “Densification Stage”, re-
spectively.

study for a fair comparison during parametric analysis.

d
EA = [ F(x)dx
{ 2)

It is well established that crushing force efficiency (CFE) is a critical
criterion of crushing resistance assessment, especially for occupant
protection in vehicle crash accidents [45] and it can be defined as

MCF
CFE = ——,

PCF 3
where peak crushing force (PCF) can be directly obtained from the load-
displacement curve and mean crushing force (MCF) represents the
average force during the crushing process, which is expressed as

d
1 EA
MCF = — F(x)dx = —.
d { d @

Furthermore, a non-dimensional equivalent plateau stress-EA/
(d- 09 A,) is adopted to evaluate the crushing resistance of pomelo peel
inspired honeycomb quantitatively, where oy is the flowing stress of cell
wall material mentioned before and A, is defined as the authentic area
of honeycombs (top view), effectively taking the material dosage into
account.

3.2.2. Out-of-plane crushing computation
A representative load-displacement curve together with the
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Fig. 5. Representative load-displacement curve and corresponding deformation
mode of pomelo peel inspired honeycomb under out-of-plane crushing. “Three-
stage” characteristic similar to traditional honeycomb and obvious localized
plastic deformation in intersection among different panels are observed in nu-
merical analysis.

illustration of energy absorption capacity of the pomelo peel inspired
honeycomb under out-of-plane crushing is presented in Fig. 5, similar to
the results of traditional honeycomb. Namely, a sharp load appears at
the initial stage of crushing, then it falls rapidly and fluctuates around a
certain value, and finally enters a continuous increasing stage. It is also
demonstrated that the pomelo peel inspired honeycomb has a desirable
regular progressive folding deformation mode, which can be defined as
“hexagonal mode” from the top view of the structure. Nevertheless, the
deformation mode may switch to an approximate circle (defined as
“coin mode”) as the increase of equivalent thickness, which will be
carefully discussed in Section 4.2.

3.2.3. In-plane crushing computation

As Fig. 6 shows, it is surprising that some interesting results are
observed in pomelo peel inspired honeycomb under in-plane crushing,
which is intimately linked to the equivalent thickness as well.

Actually, three typical localization bands of traditional honeycomb
have already been reported and analyzed considering different loading
rates based on numerical simulations in previous literature, consisting
of “X” mode, “V” mode as well as “I” mode [46]. When it comes to the
in-plane crushing of pomelo peel inspired honeycomb in the present
study, a transitional mode: i.e. “V” mode can be obtained when t,/
t; =1 (Fig. 6(a)), followed by a densification process. The initial lo-
calization occurs in a short time when the displacement is rather small
and a “V” shaped band is developed close to the crushing plane. As the
crushing proceeds, it appears that more layer of cells crush along with
the propagation of “V” shaped band until the pomelo peel inspired
honeycomb is fully crushed during the densification stage. Therefore, a
simplified three-stage-model containing elastic, plateau and densifica-
tion stages can be adopted for analyzing the mechanical properties of
pomelo peel inspired honeycomb in this case.

However, a completely different result is observed in the case of t,/
t; > 1 (Fig. 6(b)), where “I” shaped band is found at the loading edge
due to the restriction of lateral movement of the structure during
crushing process. In addition, it is interesting to find a re-compression
phenomenon after the exterior part of pomelo peel inspired honeycomb
is totally crushed, which marks a 2nd energy absorption process. Hence,
a modified model combined simplified three-stage-model with step load
corresponding to each cell raw of the structure is constructed for de-
scribing the distinct crushing performance of pomelo peel inspired
honeycomb in the case of t,/t; > 1.
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Fig. 6. Representative load-displacement curve together with corresponding
deformation modes of pomelo peel inspired honeycomb under in-plane
crushing: (a) t»/t; < 1; (b) t/t; > 1. Note that red dash lines represent idea-
lized models demonstrating the typical characteristics of pomelo peel inspired
honeycombs with different equivalent thickness.

4. Discussion
4.1. Theoretical model

4.1.1. Out-of-plane crushing

Constitutive elements with different central angles and edges in-
cluding corner element, angle element with symmetric plane as well as
angle element without symmetric plane are considered for developing
the theoretical model of MCF for the pomelo peel inspired honeycomb
under out-of-plane crushing. It is well noted that two assumptions of
progressive thin-walled structures are adopted to simplify the problem,
i.e. the rigid-perfectly plastic material and constant local buckling
wave-length assumptions. In fact, previous literatures have investigated
the crushing properties of different constitutive elements with different
panel numbers (e.g. N = 2, 3, 4) and central angles (acute, right or
obtuse angle) [47-49]. Based on their studies, the complex structure of
pomelo peel inspired honeycomb can be divided into four different

International Journal of Impact Engineering 125 (2019) 163-172

Table 1
Summary on detailed parameters of different element types for pomelo peel
inspired honeycomb.

Element type Geometric parameters Number
Type I f,@=120° By = 11y N =38
Type II b, 6 = 120° By = %L1 Ny = 276
Type III f, b,y = 60°, By = %Ll Nyp = 276
Type IV f, B =120 B4y = éLl’ By = %Ll Ny = 100

constitutive elements (type I, II, III, IV), which is shown in Fig. 7 and
Table 1, making it accessible to a relatively simplified theoretical model
for analyzing the crushing resistance of pomelo peel inspired honey-
comb by summing up the contribution of every single element. In ad-
dition, the changes in geometric parameters of these constitutive ele-
ments, including the side length (B;, Bs, B3, B4.1, B4.2), wall thickness
(t1, to) and central angles (a, 6, v, ), play an essential role in the energy
dissipation process.

The energy dissipation during a crushing process of pomelo peel
inspired honeycomb mainly contains two parts, i.e. membrane energy
and bending energy. Firstly, we can obtain the membrane energy of
four different constitutive elements in two continuous folding wave-
length since energy dissipation is different for the angle element
without symmetric plane in two consecutive folds, which can be cal-
culated as follows [41,50].

Type I (corner element):

W _ 4MH? tan(a/2)
membranel f 0.082(B,/4)°5(tan(a/2) + 0.06/tan(a/2))’ 5)
Type II (angle element with symmetric plane):
_ 4M,H? (20/1.2)*%(4 tan(8/4) + 2sin(6/2) + 3sin(6))
WmembraneII = [2 (Bz/t2)0'6 .
(6)
Type III (angle element without symmetric plane):
W _ 4M,H?(20/1.2)°6 4AM; H?(20/1.2)%6
membranelll = 6 (B3/Iz)0‘6 2 4 (B3/t1)°'6 1> (7)
where S; and S, can be expressed as
S = sin(y/2 — 30°) + 2tan(y/4 — 15°) + 2siny (8)
and
S, = 2tan(y/4 + 15°) + sin(y/2 + 30°) + siny. 9
Type IV (angle element with symmetric plane):
4M; H?(20/1.2)%6
Winembranerv = %(Gl + GZ)’ (10)

where G; and G, can be expressed as

Bio-inspired honeycomb

Unit cell

Constitutive elements

Fig. 7. Schematics of constitutive elements of pomelo peel inspired honeycomb. Different constitutive elements with distinct geometric dimensions are considered,
consisting of corner element, angle element with symmetric plane, angle element without symmetric plane.
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_ 4tan(B/4) + 2sin(B/2) + 2sin(B)
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M; > (shown in Eq. (13)) and H are the fully plastic bending moment
of the flanges and half folding wave-length, respectively.

12)

1
M, > = =0t 52,
1,2 4 04,2 (13)

where 0y is the flow stress introduced by Santosa and Wierzbicki et al.
to calculate the energy equivalent flow stress of thin-walled material
with power law hardening. It can be calculated as [40]

[G,0y

1+n

Oy =
! a4
As a result, when taking the number of different constitutive ele-
ments into account, the total energy dissipated by the membrane de-
formation in two continuous folding wave-length is achieved by

Wmembrane = NI Wmembranel + Nll Wmembranell + NIII Wmembranelll

+ NIV WmembraneIV~ (15)

Afterwards, we can obtain the bending energy in two continuous
folding wave-length through calculating the total energy dissipated at
all the stationary hinge lines and it can be expressed as

%ending =2 X 2 (MyLe; + ML), (16)

where L, = 188L; and L., = 184L; represent the total length of all
flanges of exterior and interior part in pomelo peel inspired honey-
comb, separately.

Consequently, the energy equilibrium of the pomelo peel inspired
honeycomb is

MCF, X 4H X % = Wnembrane + Wbending’ a7

where « is the coefficient of effective crushing distance. It has been
reported that the effective crushing distance of three-panel angle ele-
ment was smaller than that of square tube since the additional panel
could reduce the available crushing distance, which is set to 0.7 in the
present study [50]. Hence, we can acquire the half folding wave-length
(H) through the stationary condition (showed in Eq. (18)) and sub-
stituting it into the energy equilibrium (Eq. (17)) to figure out the
analytical result of MCF.

OMCE,/3H = 0. @18)

Given the fact that the inertia effects of dynamic cannot be ne-
glected, a dynamic enhancement factor » is introduced to revise the
theoretical model of pomelo peel inspired honeycomb. In view of the
difference of constitutive elements discussed in present study, the dy-
namic enhancement factor was set to 1.2 in accordance with the work
on three-panel angle elements [50]. Eventually, the theoretical model
of MCF for pomelo peel inspired honeycomb can be given by

_ 2nL,*?

MCF, % (A5 + BtEY2(ci2 + D)2,
X

19
where A = 4691.93, B = 10416.93, C = 144.51, D=147.66.

Obviously, the mean crushing force we obtain is proportional to t
with an exponent of 1.8. Actually, it has been reported that the ratio of
the energy contribution between bending deformation and membrane
deformation is closely related to this exponent [51]. If the exponent is
2, we know that it is a bending-only deformation, while the exponent is
1 for a membrane-only deformation. Furthermore, the exponent will
range from 1 to 2 when both bending and membrane deformation are
included. It is worthwhile to mention that the exponent is identical for
traditional honeycomb and pomelo peel inspired honeycomb owing to
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Fig. 8. Comparison for pomelo peel inspired honeycomb between theoretical
model (dash line) and numerical analysis (solid line) under out-of-plane
crushing.

their similar configurations of hexagonal honeycomb. Nevertheless,
since the constant coefficient B in Eq. (19) is considerably larger than
three other coefficients (A, C, D), it is clear that t, serves as an essential
role in greater resistance performance to buckling. Namely, this pomelo
peel inspired structure did improve the resistance performance when
compared to traditional one.

It is obvious that the theoretical model is in good agreement with
numerical analysis for pomelo peel inspired honeycomb with different
equivalent thickness according to the comparison in Fig. 8.

4.1.2. In-plane crushing

Now that both the geometric configuration and collapse process of
pomelo peel inspired honeycomb are associated with periodic char-
acteristics under in-plane crushing (showed in Fig. 9(a) and (b)), a re-
presentative block can be obtained to analyze the crushing resistance of
the entire structure. On the basis of previous studies that focused on the
crushing resistance of traditional honeycomb and other novel config-
urations under in-plane crushing [52-54], theoretical models for po-
melo peel inspired honeycomb are developed in consideration of the
effect of equivalent thickness (t/t; < 1 and t5/t; > 1).

On one hand, it is demonstrated in Fig. 9(a) that the deformation
mode of pomelo peel inspired honeycomb is quite similar to that of
traditional honeycomb when t,/t; < 1 and the representative block of
both interior and exterior part is presented here. Theoretical static
plateau stress of traditional honeycomb has been investigated by
Gibson and Ashby [55], which is described as

a—Ea(i)z
T3 \L)

Nevertheless, the progressive localized densification under dynamic
loading can be deemed as a structural impact, which is similar as the
propagation of a plane plastic wave due to the hardening phenomenon
with a locking strain in constitutive relationship of cellular material.
Hence, a shock wave theory is applied to gain the theoretical dynamic
plateau stress by using the following equation [46,54].

(20)

*v2

04 =05 +

€q (21)

where v, p* and g4 denote the crushing velocity, density and locking
strain of the honeycomb, respectively. It has been proven that hier-
archical honeycomb has an earlier densification stage compared to the
traditional honeycomb, thus an empirical expression is adopted to re-
present the locking strain of pomelo peel inspired honeycomb, i.e.
eq = 0.8(1 — p) [52]. And the density of traditional honeycomb is cal-
culated as

p*=p><i><—.
V3L

(22)
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Fig. 9. A repeatable collapse process during the propagation of dynamic localized band and idealized representative blocks: (a) to/t; < 1, “plastic hinges” are marked

by A, B, C, D (black solid circles); (b) to/t; > 1.

Consequently, the integrated dynamic plateau stress can be esti-
mated through combining the contribution of interior and exterior part
of pomelo peel inspired honeycomb and then we can obtain the
equivalent plateau stress through dividing the integrated plateau stress
by the flow stress in the case of t,/t; < 1, which is given by

G = P04 + (1 — f,) Te- (23)

where o4, 04 and g, represent dynamic plateau stress of interior, ex-
terior part in pomelo peel inspired honeycomb and the relative density
of structure, respectively. As is illustrated in Fig. 10(a), theoretical
model for pomelo peel inspired honeycomb is in good agreement with
the oscillating numerical result.

On the other hand, in view of the distinct deformation mode shown
in Fig. 9(b), the conventional analytical method tends to be in-
appropriate for pomelo peel inspired honeycomb in the case of t,/

(a) 0.10 )
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0.08 Numerical analysis |
©
= I
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© |
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© 0.04
175
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Fig. 10. Comparison for pomelo peel inspired honeycomb between theoretical
model (dash line) and numerical analysis (solid line) under in-plane crushing:
(@) to/t; = 1; (b) to/t; > 1.

t; > 1. According to the numerical results, it is obvious that step load
occurs whenever the top edge of exterior hexagonal cell is compressed
during the in-plane crushing process, thus the energy dissipated by
other deformation can be neglected in the step load stage and the
simplified mode is also displayed in Fig. 9(b). Accordingly, the step load
is easily given by making the maximum bending moment of the top
edge (M) equals to the fully plastic bending moment (M), which can be
expressed as
%quz = io'o(zﬁ)z- (24)
where g denotes the load acting on unit length of top edge of exterior
hexagonal cell and double thickness is adopted since two edges always
overlap during the step load stage. It follows that the step stress is
_ s

= 25)

It should be noted that the interior part of pomelo peel inspired
honeycomb tends to have no deformation before the re-compression
stage, therefore the analysis method of traditional honeycomb is ap-
propriate for the re-compression stage of pomelo peel inspired honey-
comb when t,/t; > 1. Ultimately, the theoretical result combined step
load and re-compression stage is consistent with that of the numerical
analysis as presented in Fig. 10(b).

4.2. Effect of equivalent thickness

On the basis of previous analysis, it is demonstrated that the de-
formation mode of pomelo peel inspired honeycomb is governed by the
equivalent thickness, meanwhile, the variation of equivalent thickness
provides the additional flexibility in adjusting the material distribution
of the whole structure. Therefore, a parametric study has been carried
out to comprehensively understand the effect of equivalent thickness on
the mechanical properties of pomelo peel inspired honeycomb under
both out-of-plane and in-plane crushing. In addition, it is well ac-
knowledged that the plateau stress and energy absorption performance
of honeycomb structures are closely related to the relative density. The
relative density of pomelo peel inspired honeycomb gives
P* _ Vi _ Lath + Lot)h _ Lal + Lob)

ey A A 26)
where p* and p; represent the density of the structure and the density of
the solid counter-part, respectively. Ly = 188L; and L., = 184L; re-
present the total length of all flanges of exterior and interior parts in
pomelo peel inspired honeycomb. By adjusting the thickness values of
exterior and interior honeycombs, various equivalent thickness values
can be achieved for the same relative density. Fig. 11 displays the



W. Zhang et al.
0.65 0.60 415
~» 0.60 0.55 414
< —_
S (=2
= 055 40.50 67135
& 7]
050 045 412
040 -1

0.5

Fig. 11. The variation of crushing resistance criteria (equivalent plateau stress,
CFE, SEA) and the deformation modes as an increase of equivalent thickness
under out-of-plane crushing. Three typical modes (hexagonal mode, transitional
mode and coin mode) are illustrated in accordance with different equivalent
thickness levels, which is simplified by a schematic of representative block
(black dash line represent the initial contour line, while the blue and red solid
line represent inner and outer contour line after fully crushing, respectively).

numerical results of CFE, SEA and the equivalent plateau stress, to-
gether with the deformation modes of representative block in pomelo
peel inspired honeycomb as an increase of equivalent thickness with
identical relative density. Initially, there is a growing tendency of all
the listed criteria with the increase of equivalent thickness, and later it
tends to flatten, making it possible to regulate the crushing resistance
and energy absorption performance of pomelo peel inspired honey-
comb. Specifically, it is apparent that we can recover the traditional
honeycomb at the limit when t, is close to zero. However, when t; is
approaching zero, several separate traditional honeycombs will be ob-
tained, which seems to be not attractive in this study.

Furthermore, three kinds of deformation modes (hexagonal mode,
transitional mode and coin mode) of pomelo peel inspired honeycomb
are observed in numerical analysis. It is seen that hexagonal mode with
regular geometric profile appears in the pomelo peel inspired honey-
comb with low equivalent thickness (about lower than 0.75), while the
deformation mode turns into transitional mode with the increase of
equivalent thickness and finally the coin mode is formed under rather
high equivalent thickness (about higher than 2), also depicted by the
simplified contour lines of representative block in Fig. 11. Actually, on
account of growing circumferential stress under an increase of
equivalent thickness, radial expansion of the exterior part constitutes
the decisive factor for the transition of deformation modes for pomelo
peel inspired honeycomb.

When it comes to the in-plane crushing of pomelo peel inspired
honeycomb, two different cases (t/t; < 1, tp/t; > 1) with identical
relative density are discussed in the parametric study.

As illustrated in Fig. 12, on one hand, SEA and the equivalent pla-
teau stress generally increase with the equivalent thickness in the case
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Fig. 12. The variation of crushing resistance criteria (equivalent plateau stress,
SEA) and corresponding deformation modes as an increase of equivalent
thickness under in-plane crushing.
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of ty/t; < 1. Additionally, according to the deformation modes, the
angles of “V” mode of the honeycombs are different since more hex-
agonal cells of pomelo peel inspired honeycomb deform in the pre-
liminary crushing stage under a lower equivalent thickness. On the
other hand, in the case of t,/t; > 1, these two criteria both show a
slowly changing trend as the equivalent thickness increases, and all the
honeycombs reveal a consistent deformation mode, i.e. “I” mode,
whereas interior part of pomelo peel inspired honeycomb with a higher
equivalent thickness tends to be more neatly organized before re-
compression process. One possible explanation can be that the de-
formation of exterior part in the entire structure contributes less to the
energy absorption and crushing resistance as the increase of equivalent
thickness. Consequently, the influence of equivalent thickness not only
reflects on the deformation modes but on the critical mechanism of
energy absorption in pomelo peel inspired honeycomb.

4.3. Effect of structural hierarchy

Generally, the applications of hierarchical structures in engineering
enable the increase of mechanical performance, thus it is quite essential
to investigate the effect of structural hierarchy on crushing resistance
and energy absorption performance of pomelo peel inspired honeycomb
in the present study.

Due to the lack of commercially available aluminum honeycomb
with nonstandard geometric parameters, it tends to be hard to carry out
the experiments in order to compare the crushing resistance and energy
performance of traditional and pomelo peel inspired honeycombs using
a fair crashworthiness. However, this can be easily achieved by nu-
merical analysis. Fig. 13 exhibits the comparison of SEA and equivalent
plateau stress for traditional and pomelo peel inspired honeycomb with
identical relative density for a fair comparison under both out-of-plane
and in-plane crushing. It appears that SEA and equivalent plateau stress
of pomelo peel inspired honeycomb are about 1.5 times than those of
traditional honeycomb under out-of-plane crushing and approximate
2.5 times under in-plane crushing, demonstrating that structural hier-
archy can substantially improve the crushing resistance and energy
absorption property of the structure. It has been proven that both tra-
ditional and pomelo peel inspired honeycombs possess similar pro-
gressive folding deformation mode under out-of-plane crushing and “V”
mode (t/t; < 1 for pomelo peel inspired honeycomb) under in-plane
crushing, while the additional interior hexagons in pomelo peel in-
spired honeycomb provide more corners and edges for localized plastic
deformation and thus leading to outstanding energy absorption per-
formance.

When compared to other typical engineering and natural materials
as well as hierarchical structures, it is indicated that pomelo peel in-
spired honeycombs possess high energy absorption performance and
high specific strength according to Ashby plot shown in Fig. 14, making
it a potential engineering material for both vehicle structural designs
and aerospace applications.

5. Concluding remarks

In this paper, the crushing resistance and energy absorption per-
formance of pomelo peel inspired honeycomb was comprehensively
investigated under out-of-plane and in-plane crushing analytically and
numerically. Interesting deformation modes (desirable progressive
folding with hexagonal/transitional/coin type under out-of-plane
crushing and “V” /” I” type localized band with layer-by-layer crushing
in the case of in-plane crushing) are observed thanks to variation of the
equivalent thickness. On the basis of revealed deformation modes,
theoretical models are constructed to derive the analytical results for
evaluating the crushing resistance and energy absorption properties of
pomelo-inspired honeycomb, which is well validated by the numerical
analysis. It has been demonstrated that structural hierarchy plays a
critical role in optimizing the crushing resistance and energy absorption
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