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Abstract
Four novel chiral honeycomb structures inspired by the biological arrangement shape are designed. The functional principle 
is raised to solve the large deformation of bio-inspired structures and the structural constitutive model is proposed to explain 
the quasi-static mechanical properties of chiral honeycomb array structures and honeycomb structures. Simulation and 
experiment results verify the accuracy of theoretical analysis results and the errors are all within 15%. In structural mechani-
cal properties, Equidimensional Chiral Honeycomb Array Structure (ECHS) has excellent mechanical properties. Among 
ECHS, Small-sized Column Chiral Honeycomb Array Structure (SCHCS) has the best properties. The bearing capacity, 
specific energy absorption, and specific strength of SCHCS are more than twice as much as the others in this paper. The 
chiral honeycomb array structure has the best mechanical properties at a certain size. In the structural design, the optimal 
size model should be obtained first in combination with the optimization algorithm for the protection design.

Keywords  Bionic · Gradient sizes · Function principle · Constitutive model · The global simulated annealing optimization 
algorithm

1  Introduction

In transportation, the violent crash injures passengers [1–3]. 
To better protect passengers and improve the vehicle protec-
tive behaviors, numerous efficient protective structures came 
into being [4]. More and more protective structures with 
excellent functional behaviors, which have been widely used 

in the fields of aerospace [5], transport vehicles protection 
[6], have been designed. In structural protection applications, 
bio-inspired structures have outstanding protection features 
[7]. Among bio-inspired protective structures, honeycomb 
structure [8], chiral structure [9], and so on have been widely 
researched. For example, beetle coleopteran could availably 
defend the beetle from harm. Based on the beetle coleop-
teran cell consisted of spiral tissue, Zhang et al. [9] imitated 
the beetle tissue cells to design and manufacture the chiral 
structures and found that chiral structures with torsional 
characteristics had excellent bearing and energy-absorbing 
behaviors. To better study the structural deformation mecha-
nism, Alderson et al. [10] derived Poisson ratio and elastic 
modulus formula of honeycomb structure by taking honey-
comb structures as an example, and explained the structural 
deformation mechanism. Tobias et al. [11] designed a novel 
chiral structure based on the compression-torsion coupling 
effect to achieve stable structural deformation. To further 
study the compression–torsional characteristics of the bio-
inspired chiral structure, Lin et al. [12] accurately predicted 
the buckling stress of the chiral structure on account of the 
Cosserat theory. Based on the mechanism that the chiral 
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inclined bar converts the axial compression load into tor-
sional load, Zhong et al. [13] proposed a novel chiral struc-
ture with mechanical properties. In general, the single bio-
inspired functional structure could not meet the engineering 
applications requirements. Therefore, the gradient coupling 
structure appeared at the right moment, such as the bistable 
honeycomb structure [14] and the variable gradient honey-
comb structure [15]. Combining the steady couple system, 
David et al. [16] designed the bistable honeycomb structure 
with excellent energy absorption and recovery properties. 
Taking regular hexagons with gradient density changes and 
honeycomb with irregular arrangement as the basic struc-
ture, Amin et al. [17] verified its dynamic crushing behaviors 
in plane. However, there are few comparative studies on the 
mechanical properties of different types of gradient chiral 
honeycomb array structures, which were applicable to the 
crashworthiness field. Therefore, it is chosen to design mul-
tiple chiral honeycomb structures in this paper.

In the manufacturing of functional structures, traditional 
manufacturing processes could not be used for complex 
structural manufacturing due to the complexity of the bio-
inspired structure [18, 19]. However, the emergence of addi-
tive manufacturing solved this manufacturing problem [20]. 
Complex structures with excellent mechanical properties 
are produced by additive manufacturing [21]. Chang et al. 
[22] utilized additive manufacturing to manufacture a novel 
chiral negative Poisson structure, and analyzed structural 
mechanical properties numerically and experimentally. To 
study the compression characteristics of honeycomb wing 
panels in different manufacturing methods, Zhang et al. 
[23] conducted structural functional tests on bio-inspired 
structures under different forming methods. Taking the bone 
cortex of Glyptotherium arizonae as the archetype, Plessis 
et al. [24] found that the combination of dense layer and 
porous lattice could provide an optimal energy absorption. 
Wang et al. [25] made use of additive manufacturing tech-
nology to prepare a variety of complex porous structures and 
compared the properties of prepared structures and manu-
facturing effects. Obviously, on account of the complexity 
of modern bio-inspired optimized structures, traditional 
production methods could no longer meet the production 
requirements, and the development of additive manufactur-
ing technology simplifies the manufacturing process to a 
large extent [26]. Moreover, all the research works showed 
that additive manufacturing of bio-inspired structures had a 
high credibility. In many scientific researches and practical 
application structures [27], additive manufacturing technol-
ogy has been used in the manufacture of complex structures.

In this paper, According to the biological arrange-
ment shape, bio-inspired chiral honeycomb structures 
are formed: Large Column Honeycomb Chiral Structure 
(LCHCS), Small Column Honeycomb Chiral Structure 
(SCHCS), Gradient Honeycomb Chiral Structure (GHCS), 

and Hourglass Honeycomb Chiral Structure (HHCS), as 
shown in Fig. 1. The bionic honeycomb structure is used 
as a reference to compare the excellent characteristics of 
the novel bionic structures, and the honeycomb structure 
is arranged and compared in a similar way to improve 
the reference: Big Honeycomb Structure (BHS), Small 
Honeycomb Structure (SHS). Due to the complexity of 
bio-inspired structures, the bio-inspired optimized struc-
tures are manufactured by 3D-printing technology. The 
mechanical characteristics of bio-inspired structures are 
detected by quasi-static compression experiments and 
simulations. Functional principle and deformation theory 
are used to illustrate the mechanical characteristics of the 
bio-inspired models. Finally, based on the compression 
force and deformation relationship of the bio-inspired 
structures, the constitutive model is constructed to fur-
ther illustrate the compressive bearing characteristics of 
the bio-inspired structures.

2 � Bio‑inspired Structures’ Experiments 
and Simulations Analysis

Four kinds of chiral honeycomb structures and two hon-
eycomb structures are considered in this study. The bio-
inspired cells consist of the beam. Where, the thickness of 
the beam is t, t = 1, nx = 6, ny = 3, and nz = 3 cells in x, y, and 
z directions are cells. And the gradient difference depends 
on the size of the top honeycomb and bottom honeycomb. 
Bio-inspired structures are assembled in this paper by the 
sequential crossings of front to front, front to back. And 
then six kinds of cells are combined to obtain six kinds of 
bio-inspired structures. The mass of six kinds of nylon bio-
inspired structures is shown in Table 1.

In this paper, bio-inspired structures are manufactured 
based on the additive manufacturing machine (FS 403P). 
Nylon material is selected. At the same time, the perfor-
mance of samples is easily affected by 3D-printing param-
eters, which may lead to subtle differences in the material 
interior. Therefore, material performance tests of printing 
tensile samples are carried out. The 3D print parameters are 
shown in Table 2.

When using LS-DYNA for simulation analysis, accurate 
material property setting can greatly improve the accuracy 
of simulation analysis. Because #24 material card can be 
directly input into the material stretching curve for simula-
tion, this study uses #24 material card for simulations and 
direct import nylon tensile properties curve. The density of 
nylon material is 1.1 × 10−10 kg/m3. The Poisson ratio of 
nylon material is 0.34. The elasticity modulus of nylon mate-
rial is 1000 MPa. The tensile experiment at room tempera-
ture is carried out on DDL100 testing machine. The tensile 
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experiment is carried out at a tensile rate of 2 mm/min, as 
shown in Fig. 2.

In this paper, LS-DYNA is used to analyze bio-inspired 
structures. The bottom of bio-inspired structures is fully 
constrained. Bio-inspired structures and the rigid wall are 

Fig. 1   Bio-inspired structures and feature. A A coconut tree with a 
gradient arrangement of layers and columns. a LCHCS. b SCHCS. c 
BHS. d GHCS. e HHCS. f SHS. Inspired by the gradient arrangement 
and columnar arrangement of coconut tree branches, different types 

of structural design are carried out. Each of the bionic structures is 
shown in the right magnification of the component cells. Structural 
dimensions are shown in Fig. 1

Table 1   The mass of six kinds 
of nylon bionic structures

Structure BHS SHS LCHCS SCHCS GHCS HHCS

Actual mass/g 6.77 5.91 7.17 6.33 9.18 6.75
3D-printed mass/g 6.9 6.00 7.31 6.41 9.31 6.89

Table 2   3D-printing parameters 
of FS 403P

Parameters Scanning speed 
(mm/s)

Build cavity temperature (°C) Laser power (W)

Tensile sample 7.6 169.5 22
Parameters Powder layer thick-

ness (mm)
Fill distance (mm) Material

Tensile sample 0.12 0.15 3300PA
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set to #Surface To Surface Contact for avoiding compres-
sion penetration between components. The self-contact 
process is simulated by #Single Surface Contact algorithm. 
Set up the interface friction factor of 0.2 to better simulate 
the real process of quasi-static compression [28]. In Carte-
sian coordinates, the bio-inspired models are divided into 
three-dimensional tetrahedral elements to simulate the bio-
inspired structures. To determine the appropriate size of the 
structural division grids, the convergence test is conducted. 
When bio-inspired cells are compressed by 12 mm, the 
overall absorbed energy of bio-inspired structures that have 
different size grids is shown in Fig. 3. It can be determined 
from Fig. 3 that the size of the simulation elements is limited 
to 0.5 mm.

Similarly, uniaxial compression is performed on the bio-
inspired structures under quasi-static loading using the ten-
sile test machine. All experiments are performed at a constant 
1.5 mm/min deformation rate. Under the same conditions, 
experiments are repeated for each chiral honeycomb structure 
to avoid accidental results.

3 � Theoretical Analysis of Quasi‑Static 
Compression

3.1 � Analysis of Structures’ Compression 
Characteristics

To verify the mechanical properties of bio-inspired structures, 
the relative density of bio-inspired structures can be defined as

where ρr is the absolute density of chiral honeycomb struc-
ture. �s is the density of the material. Vstr is the solid volume 
of the chiral honeycomb structure. Vs is the space volume of 
the bio-inspired structure.

According to the geometric relation, the structural volume 
is

(1)�r =
Vstr

Vs

�s,

(2)Vhoneybeam = 2t2lk, k = e, f ,

(3)Vbeam = t2lk, k = a, b, c, d,

(4)Vtsb =
t2
(
l1 + l2

)
2

,

Fig. 2   The material properties 
of the material test samples. a 
Nylon sample Tensile experi-
mental result. 50 mm is the 
original gauge length of tensile 
samples, and 60 mm is the par-
allel length of tensile samples. b 
Tensile experiment platform

Fig. 3   The convergence test of structures. Since GHCS and HHCS 
unit cells are identical, a single curve is used to test the convergence 
of both cells
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where Vbeam is the volume of a single inclined beam in a 
bio-inspired structure. la, lb, lc, ld are the length of LCHCS, 
SCHCS, GHCS and HHCS inclined beams, respectively. 
le, lf are the length of BHS and SHS beams, respectively. 
l1 , l2 are the length of the inner and outer sides of the big 
hexagon, respectively. l3 , l4 are the length of the inner and 
outer sides of the small hexagon, respectively. i , j , k are the 
number of the bio-inspired structural cells in the direction 
of Cartesian coordinate system. Vtsb , Vtss are one-sixth of the 
three-dimensional large and small hexagonal volume of the 
structural top. VR is the overlapped volume of bio-inspired 
structures. The overlap is quadratic and is ignored in the 
calculation. Vs is the space volume occupied by bio-inspired 
structures. B, T , L are the thickness, width and height of the 
space volume occupied by bio-inspired structures.

Due to the complexity of bio-inspired structures, the 
solid volume of the bio-inspired structures can be directly 
obtained by calculating the truss beam. The relative density 
of bio-inspired structures are

(5)Vtss =
t2
(
l3 + l4

)
2

,

(6)

VBHS =

n=jk∑
n=1

(2i + 1)Vhoneybeam,BHS + (k + 1)

N=j∑
N=1

(5i + 1)Vtsb − VR,BHS,

(7)

VSHS =

n=jk∑
n=1

(2i + 1)Vhoneybeam,SHS + (k + 1)

N=j∑
N=1

(5i + 1)Vtss − VR,SHS,

(8)

VLCHCS =

n=ijk∑
n=1

4Vbeam,LCHCS + (k + 1)

N=j∑
N=1

(5i + 1)Vtsb − VR,LCHCS,

(9)

VSCHCS =

n=ijk∑
n=1

6Vbeam,SCHCS + (k + 1)

N=j∑
N=1

(5i + 1)Vtss − VR,SCHCS,

(10)
VGHCS =

n=ijk
∑

n=1
6Vbeam,GHCS + (k + 1)

N=j
∑

N=1

(

(5i + 1)Vtss

+(5i + 1)Vtsb
)

− VR,GHCS,

(11)

VHHCS =
n=ijk
∑

n=1
6Vbeam,HHCS +

k
2

N=ij
∑

N=1
(5i + 1)Vtss

+
( k
2
+ 1

)

N=ij
∑

N=1
(5i + 1)Vtsb − VR,HHCS,

(12)Vs = BTL,

The three-dimension bio-inspired structures belong to new 
superstructures and the compression process is complex. The 
error of the traditional theory of mechanical equilibrium is 
large. Therefore, this paper starts from the perspective of func-
tional principle [27]. It is obtained using Hamilton’s principle.

During quasi-static compression, the structural velocity 
V = 0. The kinetic energy of the compressed bio-inspired struc-
tures is ignored and the functional relationship transformation 
occurs. In the quasi-static compression process, the compres-
sion transient energy is

Structural energy consumption is equivalent to the energy 
consumption of plastic hinge at the corner of the bio-inspired 
structures. There are two kinds of plastic hinge energy con-
sumption, namely structural bending energy consumption and 
structural torsion energy consumption.

where E is the energy dissipation of structural bending plas-
tic hinge and torsion plastic hinge. M1 is the structural bend-
ing moment M2 is structural torque. n1 and n2 is number of 
hinges with bending and torsion energy dissipation.

(13)
�BHS

�s
=

VBHS

Vs,BHS

= 0.0429,

(14)
�SHS

�s
=

VSHS

Vs,SHS

= 0.0593,

(15)
�LCHCS

�s
=

VLCHCS

Vs,LCHCS

= 0.0526,

(16)
�SCHCS

�s
=

VSCHCS

Vs,SCHCS

= 0.0683,

(17)
�GHCS

�s
=

VGHCS

Vs,GHCS

= 0.0972,

(18)
�HHCS

�s
=

VHHCS

Vs,HHCS

= 0.0495,

(19)�J = � ∫
t1

t0

Ldt − � ∫
t1

t0

Ddt = 0.

(20)

dW = ∬
S

FydudS +∭
V

Bd�dV = ∭
V

�ijd
(

�ui
�xj

)

dV

= ∭
V

�ijd
[

1
2

(

�ui
�xj

+
�uj
�xi

)]

dV = ∭
V

�ijd�ijdV = �SΔH.

(21)E = n1M1Δ� + n2M2Δ�,
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Therefore, the compression load of bio-inspired structures 
in the large deformation stage (compression platform period) is

where  n1 = n2 = 2 × 4 × 6 × 6 = 288  ,  n
3
= n

4
= n

5
=

n
6
= 4 × 3 × 6 × 6 = 432 . ΔHi(i = 1, 2, 3, 4, 5, 6) is press 

displacement, Δh ≥ 6 mm . Δ� is curving angle of bio-
inspired structures’ beams, Δ�1 = Δ�2 =

� arcsin (h∕2L)

180

−
� arcsin (h∕2L−ΔH∕12L)

180
 ,  hBHS = hSHS = 4.5mm  ,  h

LCHCS
= 

hSCHCS = hGHCS = hHHCS = 9mm , LBHS = 5.868mm,L
SHS

= 
5.197mm , LLCHCS = 10.711mm , LSCHCS = 10.155mm , 
LGHCS = LHHCS = 10.559mm , Δ�

3
= Δ�

4
= Δ�

5
= Δ�

6

=
� arcsin (h∕L)

180
−

� arcsin (h∕L−ΔH∕6L)

180
 . Δ�i(i = 3, 4, 5, 6) is the 

torsional angle of chiral structures, Δ�
i
=

� arctan (0.1ΔH∕L)

180
.

The structural compression force is divided into three 
stages: elastic section, yield section, and dense section. Gib-
son et al. [29] obtained by integrating the constitutive model 
of structural compression.

where σ is structural stress. � is structural strain. E is elastic 
modulus. �y is structural yield stress. �y is structural yield 

(22)FBHS =
n1�yst

3Δ�1

ΔH1

,

(23)FSHS =
n2�yst

3Δ�2

ΔH2

,

(24)FLCHCS =
n3�yst

3Δ�3

ΔH3

+
n3�yst

3Δ�3

ΔH3

,

(25)FSCHCS =
n4�yst

3Δ�4

ΔH4

+
n4�yst

3Δ�4

ΔH4

,

(26)FGHCS =
n5�yst

3Δ�5

ΔH5

+
n5�yst

3Δ�5

ΔH5

,

(27)FHHCS =
n6�yst

3Δ�6

ΔH6

+
n6�yst

3Δ�6

ΔH6

,

(28)𝜎 =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

E𝜀, 𝜎 ≤ 𝜎y

𝜎y, 𝜀y ≤ 𝜀 ≤ 𝜀D
�
1 − D−1

�
+ 𝜀y

𝜎y
1

D

�
𝜀D

𝜀D − 𝜀

�m

, 𝜀 > 𝜀D
�
1 − D−1

�
+ 𝜀y,

strain. �D is the strain when the structure is dense. D and m 
are constant.

To simplify the compressive mechanical relationship 
of structures and better describe the stress–strain relation-
ship, Rush model [30] was proposed

Although the proposed model simplifies the whole com-
pression constitutive model, its accuracy in describing the 
compaction stage is insufficient.

To more accurately build the multi-stage load of bio-
inspired structures, the constitutive models [31] of the bio-
inspired structures are established by model hypothesis 
and parameter fitting based on the compression response 
of the quasi-static compression experiments. The continu-
ous function method is used to construct the constitutive 
relationship for improving the accuracy of the results.

where F is the compression load of bio-inspired structure. 
a1 , a2 , a3 , a4 , a5 , a6 , a7 are the simulators and parameters. 
x is the compression displacement. In the fitting relation 
of constitutive equation, the product of exponential func-
tion and sinusoidal function in the first item is the elastic 
period and yield period of compression. The hyperbolic 
tangent function in the second item is the plateau period in 
the compression process. The tangent function in the third 
term is the compact period of compression. The trinomial 
interaction is used to accurately express the force–displace-
ment relations at each stage of the compression process of 
chiral structures.

Based on the force–displacement data obtained from 
the compression experiments, the improved global simu-
lated annealing (SA) algorithm [32] is used to identify 
the parameters and the specific process is shown in Fig. 4. 
The iteration repetition number is 400, and the control 
iteration number is 300. The obtained data results are as 
shown in Table 3.

In Table 3, R represents fitting correlation.

where Cov (x, F) is the covariance of x and F. Var[x] and 
Var[F] is the variance of x and F, respectively.

The accuracy of the parametric results can be seen from 
the result in Fig. 5. The structural constitutive equations 
can basically represent the compression process of the 

(29)𝜎 = A𝜀m + B𝜀n, 0 < m < 1 and 1 < n < ∞.

(30)F = a1e
−a2x sin

(
a3x

)
+ a4 tanh

(
a5x

)
+ a6 tan

(
a7x

)
,

(31)R =
Cov(x,F)√
Var[x]Var[F]

,
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chiral honeycomb structures, and the fitting degree error 
is within 15%.

3.2 � Structural Protection Criterion

To accurately and quantitatively measure protective perfor-
mance of the bio-inspired structure, some necessary evalu-
ation indicators are used [33].

Internal energy absorption EA of structural deformation 
is calculated, as shown in Eq. (32)

where x0 is the quasi-static compression displacement, F is 
quasi-static payload during compression.

SEA1 and SEA2 are important indicators of energy 
absorption unit mass and unit volume, as showed in 
Eqs. (33) and (34).

(32)EA = ∫
x0

0

Fdx,

(33)SEA1 =
EA

M
,

Fig. 4   The improved global 
simulated annealing (SA) algo-
rithm process. In the algorithm, 
the temperature is the parameter 
set, and the initial temperature 
is the initial parameter set

Begin

S=S+1, Tk+1=aTk(a [0,1])

Drop to termination 
temperature Tk

End 

No

Increasing 
temperature rise

No

Input data and control 
parameters

Generate the population satisfying the conditions and 
initialize the parameters

Set initial temperature

Selection, crossover, mutation and other 
genetic operations and calculate new 
individual adaptation value based on

Metropolis criterion 

Yes

Go up to predetermined

Output operation result

Yes

Table 3   Structural constitutive 
relation results

a1 a2 a3 a4 a5 a6 a7 R

BHS − 114.8 0.1 0.1 75.2 0.5 43.4 − 0.04 0.98
SHS 41.8 0.4 0.5 40.0 0.6 − 61 0.01 0.98
LCHCS − 1095.6 0.2 0.1 280.2 1.0 − 351.2 0.03 0.97
SCHCS − 250.2 0.6 − 0.8 − 79.2 − 1.0 22.5 0.07 0.85
GHCS 919.0 0.2 − 0.1 251.2 1.2 540.5 − 0.01 0.86
HHCS 613.4 0.1 − 0.1 186.8 1.0 127.3 − 0.03 0.97
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Fig. 5   Force–displacement curves theoretically, experimentally and 
numerically of the bio-inspired structures. a BHS force–displacement 
curve. b SHS force–displacement curve. c LCHCS force–displace-

ment curve. d SCHCS force–displacement curve. e GHCS force–dis-
placement curve. f HHCS force–displacement curve
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where M is the structural mass and V  is the structural vol-
ume. Given the importance of SEA in protective design, 
High SEA are extremely critical within applications of pro-
tective engineering.

PF is the maximum force during compression and it is 
calculated as Eq. (35):

SS is the specific strength during the compression of the 
structure, as shown in Eq. (36):

where ρstr is density of the whole bio-inspired structure. 
The bigger SS, the better the structural performance. It is 
a main index to measure the light weight and high strength 
of structures.

4 � Compression Properties of Bio‑inspired 
Structures

In this paper, the corresponding force–displacement curves 
of the bio-inspired structures under the condition of quasi-
static axial compression are studied, as shown in Fig. 5.

It can be seen from Fig. 5a–f that as the displacement 
increases, the force increases linearly in the initial stage 
of compression, i.e., the elastic period of compression. 
However, local damage occurs inside the structures after 
the structural strain reaches yield and the transfer route of 
structural force is offset. The structural compression load 
decreases to some extent. When the load is reduced to a cer-
tain extent, the bio-inspired structure is in the overall yield 
section, and the load is basically unchanged. Due to the low 
compression speed in the quasi-static compression process, 
the structural energy is mainly stored as internal energy. 
After the external load work is converted into structural 
energy, the bio-inspired structure dissipates internal energy 
through plastic hinge energy dissipation, that is, the yield 
stage of the structure is the main energy absorption stage. 

(34)SEA2 =
EA

V
,

(35)PF = max (F(x)).

(36)SS =
�max

�str
,

As shown in Fig. 5, the maximum compression loads of the 
bio-inspired structures are 39.4N, 53.9N, 190.8N, 221.4N, 
177.7N and 133.3N, respectively. SCHCS has the highest 
bearing capacity, followed by LCHCS. The bearing capacity 
of SCHCS is 561.9%, 410.8% 116.0%, 124.6% and 166.1% 
of BHS, SHS, LCHCS, GHCS and HHCS. It can be seen 
from Fig. 5 that the curve of prediction model is consist-
ent with the trend of experimental curve. The coincidence 
degree between the predicted model results and experimen-
tal results is up to 85%. Compared with the experimental 
results, the coincidence degree of mechanical model is more 
than 85%, which can predict the experimental load well as 
shown in Table 4. At the same time, the influence of SEA 
and CFE parameters is considered. The mechanical proper-
ties of the bio-inspired structures are shown in Fig. 6.

It can be seen from Fig. 6a–f that the overall compre-
hensive characteristics of the bionic structure, ECHS is the 
best, that is, LCHCS and SCHCS have the best mechanical 
properties. The SS of SCHCS is 515.1%, 357.8%, 214.3%, 
240.1% and 177.5% of the other bio-inspired structures. 
Meanwhile, the SEA1, SEA2 and EA of SCHCS are also the 
highest, whose SEA1 is 468.2%, 302.8%, 129.8%, 161.4%, 
156.7% of others and SEA2 is 644.4%, 324.4%, 168.9%, 
163.7%, 216.0% of others and EA is 438.1%, 324.4%, 
114.8%, 111.3%, 146.8% of others, indicating that SCHCS 
has the best mechanical properties. However, LCHCS shows 
stable force and great failure stability. At the same time, the 
SS, SEA and EA are great. The mechanical properties of the 
chiral honeycomb structures with equal width like bamboo 
joints are excellent, which are superior to other bio-inspired 
structures. The structural compression properties of polymer 
materials in existing papers [34–36]are compared, as shown 
in Fig. 7.

It can be seen from Fig. 7 that designed chiral honeycomb 
structures have good energy absorption properties. During 
the compression process of bio-inspired structures, the 
plastic hinge characteristics among the trusses lead to stress 
concentration phenomenon, which leads to structural dam-
age. To compare the protection performance of BHS, SHS, 
LCHCS, SCHCS, GHCS and HHCS, the stress nephograms 
and the deformation modes during the quasi-static compres-
sion process, as shown in Fig. 8.

It can be seen from Fig. 8 that the stress concentration 
degree of the bio-inspired structures is slightly different in 

Table 4   The error of the 
mechanical model and structural 
constitutive model

Structure BHS SHS LCHCS SCHCS GHCS HHCS

The error of the 
mechanical model 
/%

93 91 88 85 85 92

The error of struc-
tural constitutive 
model /%

98 98 97 85 86 97
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Fig. 6   Mechanical characteristics of the bio-inspired structures. a BHS properties radar figure. b SHS properties radar figure. c LCHCS proper-
ties radar figure. d SCHCS properties radar figure. e GHCS properties radar figure. f HHCS properties radar figure
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the process of uniaxial compression. Under the same dis-
placement, i.e. the same axial strain, LCHCS and HHCS 
have uniform distribution of stress. All bio-inspired chiral 
structures are in the form of one-line compression and 
honeycomb structures are multi-bending deformation and 
X-shaped multilayer deformation in the compression pro-
cess. The existence of the one-line deformation modes 
improves the energy absorption rate of the bio-inspired 
structures (Fig. 8). The compression process of the three 
shapes in two directions in the plane all presents a progres-
sive buckling deformation mode. At the beginning of the 
collapse process, the chiral honeycomb structures collapse 

into a horizontal deformation band at the middle end, and 
then gradually collapse from both ends, and finally reach 
obvious compaction state. The deformation is more stable 
on the whole and the existence of this phenomenon leads 
to a small carrying capacity. By comparing EA, SEA1, 
SEA2 and SS of bio-inspired structures of different sizes, 
it can be seen that the performance of SCHCS is better 
than that of the other three bio-inspired structures at the 
same compressive strain rate. Thus, it is of great applica-
tion and research value to carry out different structural 
transformation of the same type of energy-absorbing 
structure. When manufacturing protective applications, 
keeping the equiaxed chiral honeycomb structure (Simi-
lar to bamboo) makes the structure have better protection 
characteristics.

To further explore the influence of structural sizes, the 
mechanical properties of the bio-inspired structures with 
the size of the hexagon reduced are compared. The bear-
ing capacity and energy absorption of ECHS, GHCS and 
HHCS at different sizes are shown in Fig. 9.

In this study, the size of the honeycomb cell is taken as 
the variable x, and EA and bearing capacity F are taken as 
the objectives. When the size of cell is reduced to 4 mm, 
EA of ECHS, GHCS, and HHCS basically reaches the 
maximum value, but the maximal bearing capacity F still 
increases with the size decreasing. The mechanical proper-
ties of bio-inspired structures largely depend on the selec-
tion of size. The selection of small size is very important 
in the optimal design of bio-inspired structures. While the 
structural requirements are changed to carrying capacity 
and load stability, the size of structural units should be 
appropriately expanded within the range of load capacity. 
When the carrying capacity is required, the structural unit 
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Fig. 7   Comparison of structural SEA. The points circled in red are 
four chiral honeycomb structures in this paper

Fig. 8   The deformation process 
of bio-inspired structures at 
various stages of compression. 
a The deformation process 
of BHS. b The deformation 
process of SHS. c The deforma-
tion process of LCHCS. d The 
deformation process of GHCS. 
e The deformation process of 
SCHCS. f The deformation 
process of HHCS
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can be appropriately reduced or multi-level structure can 
be carried out (multi-level structure design). Therefore, in 
the next step, we will carry out multi-level optimization 
design and mechanical characteristics analysis of the bio-
inspired structures.

5 � Conclusions

In this paper, four types of chiral honeycomb structures 
inspired by the biological arrangement shape are manufac-
tured by 3D printing. The functional principle is proposed 
to solve the large deformation response and the structural 
constitutive relations are used to explain the structural 
mechanical properties. Compared with the experimental 
results, the mechanical models based on the functional 
theory and constitutive relation is accurate, and the errors 
are all within 15%. ECHS has the best mechanical prop-
erties, among which SCHCS has the best performance. 
SCHCS has the most excellent F, SEA, EA and SS per-
formance. The numerical model verifies that the bearing 
capacity of ECHS, GHCS, and HHCS increases with the 
decrease of the sizes. The energy absorption of bionic 
structures increases first and then remains unchanged with 
the decrease of size.
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