Journal of Bionic Engineering (2022) 19:1024-1035
https://doi.org/10.1007/542235-022-00176-2

RESEARCH ARTICLE q

Check for
updates

Study on Functional Mechanical Performance of Honeycomb Array
Structures Inspired by Gideon Beetle

Ruiyao Liu' - Guofeng Yao' - Zezhou Xu? - Xue Guo? - Kuiyang Gao' - Qing Cao? - Zhenglei Yu?3 - Zhihui Zhang? -
Chunyang Han*- Jiabao Liu®

Received: 8 November 2021/ Revised: 21 January 2022 / Accepted: 29 January 2022 / Published online: 28 March 2022
© Jilin University 2022

Abstract

To obtain bio-inspired structures with superior biological function, four bio-inspired structures named regular arrangement
honeycomb structure (RAHS), staggered arrangement honeycomb structure (SAHS), floral arrangement honeycomb struc-
ture (FLAHS) and functional arrangement honeycomb structure (FUAHS) are designed by observing the microstructure
of the Gideon beetle, based on the optimal size bio-inspired cells by response surface method (RSM) and particle swarm
optimization (PSO) algorithm. According to Euler theory and buckling failure theory, compression deformation properties of
bio-inspired structures are explained. Experiments and simulations further verify the accuracy of theoretical analysis results.
The results show that energy absorption of FLAHS is, respectively, increased by 26.95%, 22.85%, and 121.45%, compared
with RAHS, SAHS, and FUAHS. Elastic modulus of FLAHS is 110.37%, 110.37%, and 230.56% of RAHS, SAHS, and
FUAHS, respectively. FLAHS perfectly inherits crashworthiness and energy absorption properties of the Gideon beetle, and
FLAHS has the most stable force. Similarly, RAHS, SAHS, and FUAHS, respectively, inherit mechanical properties of the
Gideon beetle top horn, the Gideon beetle middle horn, and the abdomen of the beetle. This method, designing bio-inspired
structures with biological functions, can be introduced into the engineering field requiring the special function.

Keywords Bionic structural design - Optimal size design - Euler theory - Buckling and failure theory - Additive
manufacturing

1 Introduction

With the development of anti-impact structures, researchers
have designed all kinds of novel optimization structures for
various engineering fields, such as automobile anti-collision
beams, packaging boxes, honeycomb panels of shipping
D4 Zhenglei Yu skins, and so on [1-4]. In all of these designs, lightweight
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tural performance [17]. In a variety of structural performance
comparison, honeycomb structures have superior proper-
ties. Gibson et al. [18] established a theoretical model for
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calculating honeycomb for linear elastic, non-linear elastic,
and plastic behavior. Zhang et al. [19] studied the deforma-
tion mechanism and energy absorption performance of dif-
ferent honeycomb structures under low-speed impact through
experiments and numerical simulation. For the morphologi-
cal defect, Chen et al. [20] systematically considered its effect
on the yield performance of two-dimensional honeycomb
under biaxial loading and presented a new method of replac-
ing defects with holes. To study the influence of different
defects on structures, Asprone et al. [21] studied the per-
formance of honeycomb structures, and the predicted struc-
tural response had a good correlation with the experimental
results by numerical calculation with different defects sets.
Wang et al. [22] conducted an in-depth study on the crushing
behavior of random honeycomb cylindrical shells. Similarly,
with the research of complex three-dimensional honeycomb
structures, the manufacturing methods of complex struc-
tures are likewise gradually changing. The development of
3D-printing technology simplifies the manufacturing process
to a considerable extent [23-25]. 3D-printing technology is
used for structural manufacturing in various scientific types
of researches [26]. In this paper, four bio-inspired structures
are manufactured with 3D-printing technology.

In this study, three-dimensional honeycomb cells with
excellent performance are designed and the effects of struc-
tural parameters on mechanical properties are analyzed. The
optimal size of the honeycomb cell is obtained through RSM
and PSO algorithm. According to the orderly arrangement of
the Gideon beetle top horn, the staggered arrangement of the
Gideon beetle middle horn, the overlapping arrangement of
the Gideon beetle shard, and the symmetrical arrangement
of the Gideon beetle abdominal layers, four honeycomb
arrangement structures are designed: regular arrangement
honeycomb structure (RAHS), staggered arrangement hon-
eycomb structure (SAHS), floral arrangement honeycomb
structure (FLAHS) and functional arrangement honey-
comb structure (FUAHS). The mechanical properties of
bio-inspired honeycomb arrangement structures are studied
by experiments, simulations, and theories. All results are
utilized to ensure the functional properties of honeycomb
arrangement structures.

2 The Optimal Size Design of Bio-Inspired
Honeycomb Arrangement Structures

2.1 Material Properties

In this study, the 3D-printing FS 3300PA machine is used
to manufacture complex bio-inspired structures. The struc-
tural material is nylon. Different 3D-printing parameters
seriously influence the structural forming quality and nylon
structural mechanical properties. To meet the requirements

Table 1 FS 3300PA 3D-printing parameters

Param- Volume  Scanning Build Laser Powder
eters forming  speed cavity power layer
rate (L/h) (m/s) tempera- (W) thickness
ture (°F) (mm)
Tensile 75 7.6 6422 30 0.12
sample
35" —a— The second tensile
20 | —=— The first tensile
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g
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Fig. 1 The stress—strain curves of 3D-printed tensile samples. 50 mm
is the original gauge length of tensile samples, and 60 mm is the par-
allel length of tensile samples. The tensile samples’ thickness is 4 mm

of impact resistance of structures, Nylon tensile samples and
bio-inspired structures are manufactured using the same 3D
printing parameters. 3D-printing parameters are volume
forming rate (L/h), scanning speed (m/s), build cavity tem-
perature (°F), and laser power (W), and powder layer thick-
ness (mm). 3D printing parameters are shown in Table 1,
and the tensile experiments are carried out on the tensile
samples. The stress—strain curves of nylon tensile samples
are obtained, as shown in Fig. 1.

In all of our calculations, the elastic modulus of materials
is E, E = 1000 Mpa, poisson's ratio v = 0.39, and density
D=09¢g / cm?, which are typical properties of Nylon. To
ensure the accuracy of simulation calculations, #24 elas-
toplastic material is selected for simulation calculation
because the material tensile curve can be directly imported
into #24 material for simulation calculation.

2.2 Design and Selection of Honeycomb Cell

The honeycomb cell has excellent impact resistance and
energy absorption properties. The three-dimensional
honeycomb cell is shown in Fig. 2a. The honeycomb cell
has different energy absorption and protection properties
at different sizes. Given this phenomenon, the optimal
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Fig.2 The novel three-dimensional honeycomb cell structure. a The
3D model of honeycomb cell. b The 2D cross-section cut from (a).
Due to the limitation of 3D-printing equipment, the structure section

three-dimensional honeycomb cell is obtained by changing
structural cell wall thickness and cell height with discrete
variables, as shown in Fig. 2b, c.

The honeycomb cells with different heights and width
are compressed, and the cell compression amount is all 30%
of their height. The crush peak force (CPF), crush mean
force (CMF), energy absorption (EA), and specific energy
absorption (SEA) of different parameters cell structures are
obtained by compression simulation of the honeycomb cells,
as shown in Fig. 3a;,—d, and a,—d,.

The results show that the CPF of bio-inspired cells
decreases with the increase of the cell height. EA and SEA of
bio-inspired cells show a Mongolian bag, and EA is optimal

@ Springer

thickness is t=0.8 mm and the section width size is changed. ¢ When
the section size is fixed, the height of the honeycomb cell changes
discretely and the section thickness is 7,=1 mm

when the height of the bio-inspired cell is 7-9 mm, as shown
in Fig. 3a,—d,. CPF and CMF of cells with different discrete
widths gradually increase and show a linear state. EA and SEA
are constant and only show a slight linear increase state, as
shown in Fig. 3a,—d,.

To find the optimal cell size, particle swarm optimization
(PSO) and response surface (RSM) are used [27-29].

max : f(x) =f(x1,x2,x3)
s.t.x; € (0,20) |
x, €(0,4) ’ M
x3>0
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where, x, is the height of the cell structure. x, is the width
of the cell structure, and x; is the thickness of the structural
cell rod. f(x)is SEA because SEA is the most representative
parameter.

The prediction function is

horns, which means its horns have excellent hardness,
strength, and bending resistance [30, 31]. And Gideon
beetle, which lives in trees several meters high, is at risk
of falling or being hit by hard objects, but their evolved
elytra and abdomen attached to a piece of bone protect

S(x) =ux, + wsinx; + csinx, + dxf + ex% +fx§ + gx? + hx; + rxg +s. (2)

In the particle swarm optimization algorithm, the ini-
tial population number is set as 320 and the number of
adjacent populations is set as 15. The learning factor is set
as 2.1, and the prediction function is obtained

F(x) = —0.68338x, + 0.05176 sin x; + 2.86105 sinx, + 0.01382x — 1.49202x

them from such risks, which means its elytra and abdo-
men have excellent impact resistance and energy absorp-
tion properties. To get bio-inspired structures that have
excellent functional characteristics of various parts of the

3

+ 1.11241x3 — 0.0001x7 + 0.61372x3 — 0.44637x; — 0.1163.

It can be seen from Fig. 4b that the honeycomb cell
structure with a height of 8.5 mm and a width of 2.4 mm
has the best energy absorption properties. Therefore, the
honeycomb cell, with a height of 8.5 mm and a beam
cross-section width of 2.4 mm, is selected for the bio-
inspired layout design.

2.3 Design of Bio-Inspired Honeycomb
Arrangement Structures Based on Gideon
Beetle

In nature, the Gideon beetle can lift or move heavy objects
dozens or hundreds of times heavier than itself with its

*

Population initialization
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Calculate the fitness of each particle
swarm

y

Adjust particle swarm according to the fitness,
and obtain the optimal value of the population

' X3 0.9

Evolve in terms of learning factors

v

Return

0.8

Output mathematical model

=

(@)

Gideon beetle, the bio-inspired design is implemented by
mimicking the microscopic pictures of the various parts
of the Gideon beetle in this study. Fig. Sb—e are obtained
by using the scanning electron microscope (XL-30 ESEM
FEG). It can be seen that cell structures of the top horn
in Fig. 5b are arranged neatly, and cell structures of the
middle horn in Fig. 5c are staggered, and cell structures of
the shard in Fig. 5d are staggered between layers, and cell
structures of the abdomen in Fig. 5e are curved and sym-
metrical. According to the orderly arrangement of the top
horn of the Gideon beetle, the staggered arrangement of
the middle horn, the overlapping arrangement of the shard,
and the symmetrical arrangement at the angle of rotation

1.266
1.222
1.178
1.134
1.090
1.046
1.002
0.9580
0.9140
0.8700
0.8260

Fig.4 a PSO flow chart. b Surface diagram of SEA optimization model. In b, x,, x, and x; represent height, width and SEA, respectively
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Fig.5 Four bio-inspired honeycomb structures. a A profile view of
the Gideon beetle. b Scanning electron microscopy of Gideon bee-
tle horn tip. ¢ Scanning electron microscope on the middle part of
the beetle horn. d Scanning electron microscopy of the beetle shard.
e Scanning electron microscopy of the beetle abdomen. f The regu-
lar arrangement honeycomb structure (RAHS) inspired by (b). g

between the abdominal layers, four bio-inspired structures
are designed based on the optimal honeycomb cell: RAHS,
SAHS, FLAHS, and FUAHS, as shown in Fig. 5f—i.

3 Theoretical Analysis of Quasi-Static
Compression

In the whole process of structural compression, assume
that bio-inspired structures conform to the Euler beam
theory before elastic buckling. First, the relative density
of honeycomb structures is

pr=—"Ps @

dji+1
ViLans = Vi [51[ )

J(k+ D+ *k+ l)j] +1b(l +13) G+ Dk + 1) + 12bt0k< lHTlJ - 1>(i +1)
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The staggered arrangement honeycomb structure (SAHS) is inspired
by (c¢). h The floral arrangement honeycomb structure (FLAHS) is
inspired by (d). (i) The functional arrangement honeycomb structure
(FUAHS) is inspired by (e). j—m The three-dimensional solid struc-
ture corresponding to f—i

where, p, is the equivalent density of the three-dimensional
honeycomb structure. p, is material density of the three-
dimensional honeycomb structure. V, is the solid volume of
the three-dimensional honeycomb structure. V is the overall
volume of the three-dimensional honeycomb structure.

According to the geometric relationship, the structural vol-
ume is

Vioeam = b1, 3)

_ biy(l, + 1) ©

T

Vians = Vsans = Vi [Siitk + 1) + (k + 1j] + 4Vyeumki( + 1),
(7

®)

@ Springer



1030 R.Liuetal.
Vruans = 2 Lt,,b ) F B opLansb (L — 1, sin ) 16)
FLAHS = :
Jj+1
V. = BTL, (10)

F < = 0, < A S» 17
where, V..., is the volume of a single truss beam and b, ¢, [ FUARS FUATISTFOATS {an
denotes width, thickness, and length, respectively. /,, [, is the Flsino
length of the outer and inner sides of the top hexahedron.l; M = — (18)

is the length of a cell rod. ¢, is the thickness of the top hexa-
hedron. i, j, and k is the number of deep, horizontal, and
vertical directions. V|, is the one-sixth top surface volume
of the honeycomb cell.

Because of the complexity of FUAHS, the solid volume
of FUAHS can be obtained directly by calculating the truss
beam. Then the relative density is

PRAHS = VR?ASHSl’sa (11
PsAns = VS%XHSPS’ (12)
PFLAHS = VF;/:HS Py 13)
prosps = LS _ Zbl (14)

s

Consider the compression force applied to honeycomb
structures along the vertical positive direction. The honeycomb
structures under stress can be simplified to beams as shown
in Fig. 6. The torque M and compression force F' = oA can be
obtained from the equilibrium relationship.

oV, (5ij +5j)

F. =F =
RAHS SAHS = 3 G DG+ 1) (15)

where, o is stress operating on the cross section. A is the area
of hexahedron on the top of the honeycomb cell. = %. E,
is the elastic modulus.

Strain of overall structures can be obtained as

2ks cos 6

ERAHSx = ESAHSy T EFLAHSY = — g (19)
2k,s,cos 0

EFUAHSx — —H (20

2js sin 0

ERAHS.: = EsaHS: = T 2D
2(j + 1)ssin @

EFLAHS: = — [ 22)
rs, sin @

€FUAHS.; = - (23)

where, s, r and k. are the deflection of FUAHS truss, the
number of FUAHS horizontal top and vertical edge truss,

respectively.
According to the definition formula of elastic modulus
E = 65 and poisson's ratio v = —i—‘, the elastic modulus and

poisson's ratio are

Fig.6 The honeycomb structure
buckling. a Euler beam
buckling. b The honeycomb cell
compression. ¢ Top view of the
honeycomb cell. d Front view
of the honeycomb cell.

_ FPsing
5= 12E,1 [34]

@
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2(i + 1)(j + DHE,#

Epiie = Ecppe = ,
RAHS T TSAES (545 4 5i)ki3 (1, + 1) sin 6 cos 0 (24
. _ (+DHEZ s
FLAHS ™ 2k B(L — Isin §)’ (25
E B HE bt? i
FUARS ™ 2k, Apyans® sin 6 cos 0 (26)
kL cot@
URaHS = UsaHs = — H 27
2kL cot 0
UFLAHS = "G+ DH (28)
2k,Lcotf
UFyUAHS = T H (29)

As the compression continues, the structural force
increases. The force on the truss reaches the critical force
of structural instability, and the cell buckling occurs. The
buckling force is

n’n’El  7’El
2 e’

Per = (30)

where assume that one end is fixed and the other end is
hinged, n = 0.7.[16]

That is
Frauser = Fsanser = UPers 31
Frpans.cor = UPer3s (32)
M
Fruans.er = chr,N' (33)
N=1

After the occurrence of structural instability, the honey-
comb structure gradually bends and deforms, and the force
further increases, leading to structural failure. The force
fluctuates around this failure force, and the failure force
satisfies the identity.

4M, ¢ = 2p, Pl sin 0, (34)
1 2
M, = 0,bP. (35)
2
obr
— 36
Pri= 2ising’ (30)

So
Franspl = Fsanspi = UPp1> 37
Frpanspl = UPpi3> (38)
M
Fruauspl = pruv- (39
=1

Through calculating, the information of four honeycomb
arrangement structures is shown in Table 2.

By comparison with Fig. 8a, it can be seen that the theoreti-
cal analysis results have high accuracy and the error is guaran-
teed to be within 10%.

4 Bionic Structure Analysis
4.1 Performance Indicators

To accurately and quantitatively measure the energy absorp-
tion and protective performance of bio-inspired structures,
some evaluation indicators are used in this paper, including
energy absorption (EA), specific energy absorption (SEA),
crush peak force (CPF), crush mean force (CMF), and crush
force efficiency (CFE).

EA is the total energy absorbed during compression, shown
in Eq. (40).

X0
EA = / Fdx, (40)
0

where x; is the total quasi-static compression distance,
is quasi-static compression force and x is the instantaneous
compression displacement.

Considering that mass is a critical indicator in bio-
inspired structural design, SEA is as a high indicator of
the energy absorbed per unit mass, as shown in Eq. (41).
EA and SEA are extremely vital within applications of
protective engineering.

EA
SEA = —,
- 1)

where, M is the structural mass.

Table 2 The information of four honeycomb arrangement structures

Structure Relative density Elasticity modulus Cell buckling force

RAHS  0.157 9.885 957.42
SAHS 0.159 9.885 957.42
FLAHS 0.199 10.910 1166.58
FUAHS 0.150 4.732 518.36

@ Springer
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£=0.044 £=0.125 £=0.204 £=0.285

£=0.044 £=0.125 £=0.204 £=0.285

7 Mpa

Fig.7 The deformation and stress of honeycomb arrangement structures. a—d RAHS, SAHS, FLAHS, and FUAHS stress distribution diagrams
at compression strain of 0.044, 0.105, 0.204, 0.245. e RAHS, SAHS, FLAHS, and FUAHS deformation diagrams of compression experiments

CPF is the maximum force during the deformation of
bio-inspired structures and is calculated as Eq. (42):

CPF = max (F(x)), (42)

CMF is the average force during the compression of the

structure and is calculated using Eq. (43):
Xo
CMF = 1 F(x)dx = ﬁ. (43)
X0 Jo X0

Eventually, CFE refers to the homogenization of the
force—displacement curve. CFE is the percentage of CMF
to CPF [32], as presented by Eq. (44).

CMF
=="x1
CFE = =5z X 100 % (44)

This value is presented as a percentage and CFE of
100% is optimal and well-distributed energy absorption
has taken place.

4.2 Properties Analysis of Bionic Honeycomb
Arrangement Structures

To study the energy absorption and protection performance
of four honeycomb arrangement structures, simulations and
experiments are carried out. Before conducting simulations,
the models are gridded with four-node elements. The free-
dom of the bottom surface is constrained, that is, the models
are placed in a fixed position and are compressed. To obtain
accurate deformation and response effect, contact condi-
tions are set for the simulation model. #Auto-Surface Con-
tact and #Single Surface Contact are used for simulations.

@ Springer

The friction coefficient between structures is set as 0.2. The
deformation comparison of honeycomb arrangement struc-
tures is as shown in Fig. 7a—d.

It can be seen from Fig. 7 that the models’ deformation of
simulations is consistent with the deformation in the experi-
ments, which verifies the effectiveness of simulations. Due
to the uniform compression of the rigid wall, the four hon-
eycomb arrangement structures show progressive bending
failure. FLAHS and FUAHS show overall uniform failure,
while RAHS and SAHS show hierarchical failure. It can
be clearly seen from Fig. 7 that RAHS and SAHS present
hierarchical failure. The whole deformation of FLAHS is
uniform when the structure is compressed, and FUAHS is
‘X’-type failure. This phenomenon is caused by the defects
such as geometrical gaps and holes in the sample preparation
[33]. The hierarchical failure is observed. It can be found
that the structural failure has regularity, and the dense part of
the failure has an obvious regularity, that is, the large part of
the void is prone to structural failure. In the later stage, the
failure effect will be further studied, and the induced failure
effect will be achieved by designing the structure through
the hierarchical failure phenomenon. This special regularity
can be applied to structural design, and the failure point of
impact structure can be preset to meet the engineering needs.

The mechanical properties’ curves of honeycomb
arrangement structures in quasi-static compression experi-
ments, simulations’ analysis, and theoretical analysis are
shown in Fig. 8.

It can be seen from Fig. 8a that the force—displacement
curves of all structures are basically similar in shape. In
general, the force—displacement curve of the structure can be
divided into three different stages: (1) Elastic stage, (2) yield
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Fig.8 The mechanical characteristic curves of honeycomb arrange-
ment structures. a The experiment, simulation and theoretical Force—
Displacement curves of honeycomb arrangement structures. b CFE

stage, (3) platform stage. From the perspective of crashwor-
thiness, FLAHS have higher bearing capacity than those of
RAHS, SAHS and FUAHS. The maximum force of RAHS,
SAHS, FLAHS, and FUAHS is 956 N, 1031 N, 1138 N,
and 596 N, respectively. The maximum force of FUAHS
is 62.3%, 57.8%, 52.4% of RAHS, SAHS and FLAHS.
Because of CFEg; oyg and CFEgy,yg is close to 1, FLAHS
and FUAHS have higher structural stability. FLAHS has the
strongest SEA, and its SEA is 105.3%, 109.6%, 225.4% of
RAHS, SAHS, and FUAHS and its EA is 126.95%, 122.85%,
221.45% of RAHS, SAHS and FUAHS.

From the perspective of bionic functionalization, it can
be seen from Fig. 8a that RAHS and SAHS inherit the
advantages of high strength at the tip and middle part of
the Gideon beetle, but at the same time, they also have
the disadvantage of bending and brittle fracture. As can
be seen from Fig. 7e, f, the fracture position of RAHS
and SAHS shows class fracture failure, that is, RAHS and

RAHS
145, [] Crush force efficiency

(b)

140}

FUAHS SAHS
FLAHS
800 |- [ Specfic energy absorption ¢
_ 726.5
L0700 | 697.9
E
= 600 |
£500
w7
S 400
% 339.4
2300 |
0
2
= 200 +
Q
o
“ 100 |
SAHS FLAHS FUAHS
Structures

radar figure of four honeycomb arrangement structures. ¢ EA histo-
gram of honeycomb arrangement structures. d SEA histogram of
honeycomb arrangement structures

SAHS have the effect of induced interlayer failure. Induce
damage by controlling structures. FLAHS and FUAHS
perfectly inherit the stable force properties of compres-
sion in the shard and abdomen of the Gideon beetle, and
the high strength in the shard is better. The excellent char-
acteristics of biological structures can provide ideas for
structural design objectives of engineering applications
and greatly simplify the process of optimal design.

5 Conclusion

In this paper, RSM and PSO are used to optimize bio-
inspired cells for finding the optimal honeycomb cell’s
size. Based on optimal cells, four kinds of bio-inspired
honeycomb arrangement structures are designed based
on the horn, the shard, and the abdominal layers of the

@ Springer



1034

R. Liuetal.

Gideon beetle. The crashworthiness and energy absorp-
tion properties of bio-inspired structures are experimented,
simulated, and theoretically analyzed. According to Euler
theory and buckling failure theory, compression properties
of bio-inspired structures are fully explained. The theo-
retical analysis results have high accuracy and the error
is guaranteed to be within 10%. In view of the results,
the four honeycomb arrangement structures exhibit dif-
ferent bearing capacities. The maximum force of FUAHS
is 62.3%, 57.8%, 52.4% of RAHS, SAHS and FLAHS.
From the perspective of EA, the maximum EA of FLAHS
is increased by 26.95%, 22.85%, and 121.45% than others,
respectively. Four bio-inspired structures inherit the func-
tional properties of different parts of the Gideon beetle.
This method, designing bio-inspired structures with bio-
logical functions, can be introduced into the engineering
field requiring the special function.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s42235-022-00176-2.
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