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A new assembly design method for structural components is proposed. Inspired by the feathers of the grey crane,
which have an energy dissipation effect, novel re-entrant scapus component and novel re-entrant double-crank
component are proposed. Novel re-entrant structures are formed by assembling honeycomb structure (HS),
poisson structure (PS), and chiral structure (CS). Laser powder bed fusion technology (LPBF) is utilized for the
manufacturing of bio-inspired structures. And the impact of structural assembly on mechanical performance is
comprehensively analyzed through experimental, numerical, and theoretical approaches. Euler theory is
employed to predict the influence of bionic components on structural load trends, while explaining the rela-
tionship between compression load and deformation. Specifically, the average load capacity of bio-inspired
scapus re-entrant structures and double-crank re-entrant structures exceeds that of their original designs by at
least 55% and 13.2%, respectively. Moreover, specific energy absorption increases by a minimum of 8.6% and
3.4%, accompanied by improved heat dissipation performance in these structures. Finally, battery pack impact
resistance models as well as thermal conductivity models for electric-powered vehicles are presented as examples

to validate the potential application prospects of this novel bio-inspired re-entrant structure in engineering.

1. Introduction

Nature has always served as a wellspring of inspiration for humanity,
offering strategic insights for human design. Countless bio-inspired
structures with exceptional properties have emerged, bestowing
immense potential for scientific exploration [1-3]. Emulating practical
organisms found in nature to engineer functional structures holds
remarkable significance. Over the past few decades, bio-inspired design
has played a pivotal role in engineering disciplines. Porous structures
are widely employed across various engineering applications owing to
their outstanding energy absorption capabilities, lightweight composi-
tion, and superior strength. These applications encompass but are not
limited to automotive [4,5], marine engineering [6], and aerospace
sectors [7,8].

With the aid of experiments [9,10], theoretical research [11], and
simulations [12,13], the bio-inspired porous structures under different
conditions have been scientifically analyzed. While considering the
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structural protection performance, researchers also consider the struc-
tural role in various scenarios, such as thermal dissipation, magnetic
isolation, vibration control, and so on. Meran et al. [14] used a combi-
nation of finite element methods and experiments to study the crash-
resistance performance of aluminum hexagonal honeycomb structures
with structural wall expansion angle, impact speed, and mass change. To
explore the multifunctional application potential of functionally graded
materials, Hohe et al. [15] experimentally and numerically designed
multifunctional graded porous materials for aerospace applications and
optimized their properties to achieve the needed performance in appli-
cations. Inspired by the excellent mechanical properties of cuttlefish
porous bone tissue in resisting high hydrostatic pressure in the deep sea,
Mao et al. [16] studied 3D-printed honeycomb materials with high
mechanical properties. This research shows that bio-inspired structures
have stronger strength and energy absorption than common lattices,
conventional polymers, and metal foams.

There are various high-quality biological structures in nature, among

E-mail addresses: zzxu20@mails.jlu.edu.cn (Z. Xu), zlyu@jlu.edu.cn (Z. Yu), Liangping@jlu.edu.cn (L. ping).

https://doi.org/10.1016/j.compstruct.2023.117599

Received 5 June 2023; Received in revised form 30 August 2023; Accepted 3 October 2023

Available online 5 October 2023
0263-8223/© 2023 Elsevier Ltd. All rights reserved.


mailto:zzxu20@mails.jlu.edu.cn
mailto:zlyu@jlu.edu.cn
mailto:Liangping@jlu.edu.cn
www.sciencedirect.com/science/journal/02638223
https://www.elsevier.com/locate/compstruct
https://doi.org/10.1016/j.compstruct.2023.117599
https://doi.org/10.1016/j.compstruct.2023.117599
https://doi.org/10.1016/j.compstruct.2023.117599
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compstruct.2023.117599&domain=pdf

R. Liu et al.

which the various functional capacities of feathers have been recognized
by scientists around the world [17-19]. Feathers possess exceptional
mechanical properties, including their lightweight nature, remarkable
bending resistance, and efficient energy absorption capabilities. These
properties have attracted the attention of researchers. Bio-inspired
structures inspired by bird feathers are increasingly becoming a leader
in the engineering field. Sharma et al. [20] designed novel crack prop-
agation structures inspired by the rachis pattern of bird feathers, which
opened a new way toward the development of advanced functional
materials with adjustable and failure-proof designs. Sharma et al. [21]
conducted an investigation into the manufacturing structure of fuses
using both experimental and numerical methods, analyzing the impact
of thickness, shape, and loading direction on the structure’s perfor-
mance under uniaxial compression and three-point bending. The study
found that the bio-inspired design of bird feathers exhibited significantly
better compression performance.

Due to the complexity of bio-inspired structures, traditional
manufacturing methods cannot manufacture bio-inspired components
[22,23]. With the development of additive manufacturing technology,
additive manufacturing technology has accurately realized complex
component manufacturing. Inspired by the natural ultralight structure,
Pelanconi et al. [24] designed a periodic minimal surface structure to
optimize the stiffness and density under bending load and studied its
optimal performance in terms of stiffness and density by stereo lithog-
raphy printing. Additive manufacturing has effectively expanded the
design and application of novel lattice structures. Du et al. [25] con-
ducted a study on a novel 3D-printed lattice structure inspired by the
beetle front wing, investigating the impact of 3D-printing process pa-
rameters on densification behavior, microstructure, and mechanical
properties. Similarly, Pasquale et al. [26] utilized laser fusion 3D
printing (SLM) to analyze the influence of the 3D printing process on the
mechanical properties of biomimetic porous materials.

Inspired by the energy dissipation effect of grey crane feathers, novel
bio-inspired re-entrant components with exceptional energy dissipation
performance are designed. These components are assembled into
various forms of re-entrant structures: Scapus Honeycomb Structure
(PHS), Double-crank Honeycomb Structure (DHS), Scapus Poisson
Structure (PPS), Double-crank Poisson Structure (DPS), Scapus Chiral
Structure (PCS), and Double-crank Chiral Structure (DCS). Experimental
samples using LPBF have been conducted to manufacture these bionic
structures. Numerical simulations and theoretical analysis have been
employed to assist in the evaluation of their structural performance. The
novel design, inspired by biological structures, has demonstrated sig-
nificant improvements in both crashworthiness and thermal dissipation
capabilities. Structural assembly holds great potential for enhancing
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mechanical performance and enabling future engineering applications.
2. Bionic re-entrant structures’ assembly
2.1. Structural assembly

The structural configuration of the gray crane feather endows it with
great elasticity and flexibility, allowing it to absorb external impact and
reduce damage. It demonstrates excellent lightweight and impact pro-
tection capabilities. This can be explained by the unique structure of the
rachis and barbs in the gray crane feather [24], as shown in Fig. 1. The
microscopic images of gray crane feathers showcase its intricate struc-
ture and texture, revealing the unique features that provide excellent
flight performance and adaptation to the environment, as shown in
Fig. 1 (b) and (c). Firstly, the hollow and robust structure of the scapus
allows the entire feather to withstand and disperse impact when sub-
jected to external collisions, thereby reducing the occurrence of damage.
This hollow configuration also enables the feather to remain light-
weight, which is beneficial for the gray crane to minimize energy con-
sumption during flight. Secondly, there exists a barb-like mechanism
between the barbs in gray crane feathers, as shown in Fig. 1 (c¢). This
type of connection provides both strength and flexibility to the feathers.
The barb-like interlock extends from the center of the scapus to the edges
of the feather. This arrangement and combination of barbs allow the
feathers to better disperse external force and effectively reduce the
damage caused by impacts. Additionally, within the feather, we can
observe slender and curved fiber structures that connect with each other
through small curved branches, as shown in Fig. 1 (b). The curved
connections extend from the center to the edges of the feather, forming a
complex network structure. This arrangement helps to reduce external
impact forces, providing additional support and stability. These
feathers, with outstanding flexibility and strength, allow the gray crane
to withstand vibrations and external forces during flight.

By drawing inspiration from the structural features of the crane
feather, novel re-entrant scapus structures and bio-inspired re-entrant
double-crank structures are proposed, as shown in Fig. 1 (d) and (e). The
design is inspired by the scapus of the feather and double-crank
connection of gray crane barbs, which are mirrored and reconnected
to create structurally unique and functional components. In the design
process of these novel structures, traditional honeycomb structure,
negative poisson structure, and chiral structure are referenced. By
combining these traditional structures with the characteristics of crane
feathers, novel bio-inspired structures are successfully designed. The
structural dimensions of these components are shown in Fig. 2. In the
field of engineering, these innovative reentrant components can be

Fig. 1. The grey crane feathers’ inspiration. (a) The grey crane and its feathers; (b) Partial magnification of the gray crane feather (including the scapus); (c) Electron
microscopy of hyperbolic arrangement. (d) The re-entrant scapus component. (e) The re-entrant double-crank component.
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Fig. 2. Bio-inspired structures; (a;) The Z section and the vertical section size of CS; (a3) The top view section of CS; (a3) The chiral unit; (a4) CS; (b;) The vertical
section of PS; (b,) The top view section of PS; (bs) The negative poisson unit; (bs) PS; (c;) The vertical section of HS; (c3) The top view section of HS; (c3) The
honeycomb unit; (c4) HS; (d;) The scapus re-entrant chiral component; (dz) The Z section and the vertical section size of PCS; (d3) The scapus chiral unit (d4) PCS;
(D7) The double-crank re-entrant chiral component; (D,) The vertical section of DCS; (D3) The double-crank chiral unit; (D4) DCS; (e;) The scapus re-entrant negative
poisson component; (e;) The vertical section of PPS; (e3) The scapus negative poisson structure; (e4) PPS; (E;) The double-crank re-entrant negative poisson
component; (Ez) The vertical section of DPS; (E3) The double-crank negative poisson unit; (E4) DPS; (f;) The scapus re-entrant honeycomb component; (f;) The
vertical section of PHS; (f3) The scapus honeycomb unit; (f4) PHS (F;) The double-crank re-entrant honeycomb component; (F;) The vertical section of DHS; (F3) The
double-crank honeycomb unit; (F4) DHS. R; = 2 mm; r; = 1 mm; Ry = 1.5 mm; ry = 0.5 mm; Rz = 1.375 mm; r3 = 0.375 mm.

applied to lightweight design, structural optimization, and other as-
pects, providing more reliable and efficient solutions for engineering
projects.

2.2. Material properties analysis

The bio-inspired structures are prepared by using the laser powder
bed fusion (LPBF) equipment FS403P and polymers (nylon). The SLS
process is performed under argon protection to ensure that the oxygen
content is below 300 ppm. XRD characterization at room temperature
(~298.15 K) reveals that the powder composition is solely Nylon phase
with no other secondary phases observed, as evidenced in Fig. 3 (b).
Solvent precipitation is used to prepare Nylon powder, with a particle
size range between 10 ~ 100 pm, as depicted in Fig. 3 (c). The micro-
structure of Nylon powder, displayed in Fig. 3 (d), reveals that most of
the powder particles take on regular spherical shapes. Orthogonal
stacking can occur on the powder bed, which involves composite
stacking of large particle size powder and small particle size powder,
leading to reduced porosity of the powder bed and improved quality of
model form. However, the different 3D-printed parameters result in
performance differences in the manufactured structures [27,2]8. This
allows for a comparison of the differences in their structural mechanical
properties. The 3D-printing parameters for LPBF are in Table 1.

Fig. 3 (e) shows scanning electron microscope (SEM) images of the
structural surface morphology. The structural microstructure surface is
rough. The reason is that the bonding between powder mainly depends

upon the surface tension of the polymer melt in the process of sample
forming, and the particles can flow freely in the forming process. Nylon
powder presents a semi-molten state on the structural surface and sticks
to the structural surface due to heating. It results in defects such as
blocks and holes in the surface. It is also the reason why the mass of the
3D-printed sample is larger than the theoretical mass. The mass is shown
in Fig. 3 ().

The DT Series microcomputer control testing machine is utilized to
obtain the tensile and compression curves of Nylon samples, as depicted
in Fig. 4. The experiments are conducted uniaxially at a displacement
rate of 1 mm/min. The density of the Nylon material is 1100 kg/m?>,
while its elastic modulus and poisson ratio are 500 MPa and 0.38,
respectively. Due to the different material reactions under different
compression rates, Nylon material can be affected by the rate of defor-
mation. For the structural impact testing in this study, aluminum alloy is
chosen as the material because the aluminum alloy is not sensitive to
strain rate [29], aluminum alloy 6063T6 is considered in structural
impact models. The structural deformation modes and energy absorp-
tion capacity are comprehensively investigated. In this paper, the
impacted thin-walled tube model is used to verify the parameters’ cor-
rectness of aluminum alloy 6063T6. # Single Surface Contact is used for
the contact between tube walls during the process of crushing. #Surface
to Surface Contact is used to describe the contact between the thin-
walled tube and the rigid wall. The coefficient of dynamic friction is
0.15, and the coefficient of static friction is 0.15 [30]. The length of the
aluminum alloy square pipe is 200 mm, and the weight of the rigid wall
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Fig. 3. Additive manufacturing process and material samples analysis. (a) SLS manufacturing process. (b) XRD curve of Nylon powder. (c¢) Cumulative distribution of
Nylon powder size. (d) Microscopic morphology of Nylon powder. The performance verification of the aluminum alloy rectangular tube; () SEM image of the sample
surface; (f) The mass comparison of the 3D printed samples, where the ture mass refers to the samples’ mass derived from the calculation based on the material
density, and the 3D-printing mass refers to the measured mass of samples after it is produced by additive manufacturing.

Table 1
3D-printing settings for FS403P.

Parameters Scanning speed (mm/s) Build cavity temperature (°C) Laser power (W) Preheating temperature (°C) Jumping speed (mm/s) Material
Tensile sample 7.62 169 22 140 2.54 PS300
(a) 350 (b) 1600 (C)
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Fig. 4. Material performance; (a) The uniaxial tensile result of nylon; (b) The compression result of nylon; (c) The force-displacement verification of the aluminum
alloy rectangular tube; The performance of the aluminum alloy rectangular tube; (c;) The simulated deformation mode of the aluminum alloy rectangular tube; (c2)
The experimental deformation mode of the aluminum alloy rectangular tube [31]. The density of Aluminum alloy 6063T6 is 2700 kg/m>. The elastic modulus is 68.2
GPa, and poisson ratio is 0.3 [31]. The dimensions of the tensile and compression samples are shown in the attachment of models.

is 40 kg. The initial velocity of the rigid wall is 7.02 m/s. Fig. 3 (c) shows
that the numerical crushing result is in good agreement with the
experimental results, especially in terms of force and the order of
collapse modes (Fig. 4 (cj.2)). Therefore, it can be considered that
properties of aluminum alloy 6063T6 can well calculate the crashwor-
thiness of aluminum alloy structures, as shown in Fig. 4.

3. Computational and theoretical models of biomimetic re-
entrant structures

3.1. Performance analysis indicators

The evaluation criteria commonly employed for lattice structures
comprise of plateau force (F), Energy Absorption (EA), and Specific

Energy Absorption (SEA) [32]. These parameters are indicative of the
lattice structure’s crashworthiness and energy absorption potential.

F is the mean force during the compression process after reaching
structure bending, as shown in Eq. (1). A higher mean force indicates
better crashworthiness of the structure.

F= ! /xOFdx 1)

Xo — X1 Jxy

EA, which stands for energy absorption, is a crucial factor in determining
the protective capacity of a structure during the compression process. A
higher EA value indicates a better ability to absorb energy and provide
protection. It is important to note that EA refers to the energy absorption
of the entire structure during compression, as demonstrated in Eq. (2).
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SEA, which stands for structural energy absorption, is a crucial perfor-
mance parameter for evaluating the effectiveness of structural protec-
tion and energy absorption. It is calculated as the amount of energy
absorbed by a structure per unit mass during compression, as demon-
strated by Eq. (3)..

EA
SEA =

3

str
3.2. Compression theory models

Taking Fig. 5 (a) as an example. The structural wall undergoes local
tension or bending when the structure is under linear elastic compres-
sion. The load is applied vertically to the structure, and there is no lateral
load. The bending moment M of the structural wall is [34].

_ Fylsind

M
2

()]
where [ is the length of the structural wall. t is the width of the structural
wall. b is the thickness of the structural wall. S is the contact area of the
compressed structure, S = (I + h)b, as shown in Fig. 5. At the same time,
satisfy

(] S

Fy = > %)

Structural size conforms to t/I < 0.25, which meets the slender rod

(@ () ()
h h h
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2 L1

ATt
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TFb

Fig. 5. Bio-inspired structures undergo linear elastic tension or bending caused
by the bending-induced boundary deformation of the structure. (a) The original
structure undergoing compressive deformation. (b) The double-crank re-entrant
structure undergoing compressive deformation. (c¢) The scapus re-entrant
structure undergoing compressive deformation. (d) The compressive load of
the structure.
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criterion [34]. According to the Euler theorem, obtain

_ F,Psing
T 24E]

(6)

where Moment of inertia is I = bt3/12. So the strain of the structure is

o Gsind 61SPsin’0
" lcos®  24E,Icosf

)

The elastic modulus of the original structure is

E 1?3 cosd
= () —— 8
E, (z) 2(h/1 + 1)sin’@ ®

Taking Fig. 5 (b) as an example. The structural wall undergoes local
tension or bending when the structure is under linear elastic compres-
sion. The load is applied vertically to the structure, and there is no lateral
load. The bending moment M of the structural wall is [34].

Fl;si
M= ;71 1§11’19 (9)
4
S = (L + I, + h)b. satisfy
1S
F, = jT (10)
So
F)Bsin0
= 11
¢ 48E1 an
Therefore, structural strain is
_ &in@ _ 6,SBsin’0 12)

€= licosf 48E Icosf

So the elastic modulus of the double-crank re-entrant structure is

3 i
E_ (i) cosf _ 13
E; L) 2(h/ly + L/l + 1)sin*6

Similarly, the elastic modulus of the scapus re-entrant structure is

3 Q
E _ (i) cosf . (14)
E; la) 2(h/l, + 1,/1, + mr/l, + 1)sin°0

3.3. Compression models

The explicit dynamics program Ls-Dyna is utilized to simulate both
the quasi-static compression and impact of the bio-inspired structures.
The bio-inspired structures, along with the upper and lower rigid plates,
are depicted in Fig. 6 (a), with the total weight of the plates being 10.08
kg. The lower rigid plate is immobile and provides six degrees of
freedom to support the bio-inspired structure, while the upper rigid
plate moves downward continuously. During the dynamic compression
process, Surface to Surface contact is employed to establish contact
between the bio-inspired structure and the rigid plate, while Single
Surface contact is utilized to ensure that the bio-inspired structures
themselves do not interpenetrate. To prevent interpenetration, a friction
coefficient of 0.15 [30] is set.

3.4. Steady thermal conduction models

During the operation of an electric vehicle, the battery maintains
stable endurance and generates a relatively constant amount of heat.
However, there is a structural demand for heat conduction to prevent
battery loss caused by excessive temperature rise. Therefore, it is
necessary to conduct a steady-state thermal conductivity analysis. The
structural steady-state heat conduction model is shown in Fig. 6 (b). The
heat exchanger is a sandwich structure composed of the 6063T6 bio-
inspired sandwich and upper and lower panels with a length of 38
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Fig. 6. Simulation models of the bio-inspired structures (a) Dynamic impact simulation model of the bio-inspired structure; (b) steady-state heat conduction

simulation model of the bio-inspired structures.

mm, a width of 34 mm, and a thickness of 1 mm. The steady-state heat
conduction of the bio-inspired structures is calculated by ANSYS Ther-
mal. The principal equation of steady-state heat conduction is [33]

AT+BT =P+N 16)
where 7 is the temperature matrix of the mesh node. T is the tempera-
ture gradient matrix. P is the external heat flow vector. N is the
nonlinear external heat flow vector dependent on temperature. 4 is the
thermal conductivity. B is the structural heat capacity matrix.

The convective heat coefficient is 5 W/ (m2 K) on both the upper and
lower plate surfaces and the inner surface of the bio-inspired structures
with the external environment. The surface temperature of the upper
panel is 573.15 K. The initial temperature of the environment and the
overall bio-inspired structures is 295.15 K. The four faces around the
upper and lower panels of the bio-inspired structures are treated as
adiabatic boundaries. The convective heat transfer surface of the bio-
inspired structure is treated with thermal radiation at the same time.
The surface emissivity is 1, and the heat transfer of the bio-inspired
structure at 1 s is calculated.

3.5. The mesh-independence analysis

Because the mesh size of the simulation directly affects the compu-
tation efficiency and accuracy, the mesh-independent validation of 0.25
mm, 0.5 mm, 0.75 mm, and 1 mm is used for the bio-inspired units, as
shown in attachment S1. Because the simulation result is equivalent to
the structural deformation according to the given shape function, the
stiffness of the simulation is larger than the conjectural solution. And the
finer the mesh is, the closer it is to the conjectural solution. Then, when
comparing the mesh independence, the mesh size of 0.15 mm is taken as
the energy reference Ep to conduct the mesh-independence analysis
under different mesh sizes.

(b)

80 100

E-E
Aimor = ——2 % 100%
Eq

(15)

where E is the energy absorption of structures with different mesh sizes.
Qgrror 1S the calculation error under different mesh sizes.

Fig. 7 shows the energy absorption errors under different mesh sizes
when the structural unit is compressed by 3.4 mm. It can be found that
the energy absorption error increases with the increase of the mesh size.
When the models’ mesh is less than 0.5 mm, the energy absorption error
tends to be stable and the energy absorption error is less than 10 %. The
influence on the mesh size change is negligible. To better balance the
accuracy and the computation efficiency of the simulation, the mesh size
is set to 0.5 mm.

4. Mechanical property analysis
4.1. Compression properties analysis

Fig. 8 shows the data results obtained from the quasi-static
compression with a compressive speed of 1 mm/min. It can be seen
from Fig. 8 (a;) (ag) (as) that the compressive force-displacement curves
of the bio-inspired structures present three stages, namely the elastic
deformation stage, stress softening stage, and platform stress stage. The
theoretical, experimental, and simulation results have good similarity,
reflecting the accuracy of the results. The similarity is up to 85 %. Most
of the energy absorbed by the protection structures occurs during the
platform stress stage [34]. Eq. (24), Eq. (25), and Eq. (26) are used to
calculate F, EA, and SEA of the bio-inspired structures. And the results
are shown in Fig. 8 (b) (c) (d). The results show that compared with CS, F
of PCS and DCS increases by 72.2 % and 24.8 %, EA by 77.1 % and 23.3
%, and SEA by 48.2 % and 20 %, separately. Compared with HS, F of
PHS and DHS increases by 52.7 % and 27.6 %, EA by 58.1 % and 23.7 %,

(c)
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Fig. 7. Mesh independence verification; (a) Mesh independence verification of novel chiral units; (b) Mesh independence verification of novel honeycomb units; (c)

Mesh independence verification of novel negative poisson units.



R. Liu et al. Composite Structures 326 (2023) 117599

(al) 1200 (az)

——— CS-Experiment ol
—a— CS-Simulation

——— PCS-Experiment
—o— PCS-Simulation
800 —— DCS-Experiment 300
i —&— DCS-Simulation

~—— HS-Experiment
—o— HS-Simulation
~—— PHS-Experiment o0l
—o— PHS-Simulation

——— DHS-Experiment
—o— DHS-Simulation

~—— PS-Experiment
—o— PS-Simulation
——— PPS-Experiment
—a— PPS-Simulation

——— DPS-Experiment
—o— DPS-Simulation

- - - PS-Theory

- - - - HS-Theory

g - - -~ PS-Theory
200 b - - - PPS-Theory - - - - PHS-Theory - - PPS-Theory
- - - DPS-Theory - - - - DHS-Theory - - -~ DPS-Theory
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 0 1 2 3 4 5 6 7
Displacement (mm) Displacement (mm) Displacement (mm)

SEA (Ilg)

-~ == - n . < < < y 0
€S PCS DCS  HS  PHS DHS PS  PPS  DPS CS PCS DCS HS PHS DHS PS PPS DPS . CS PCS DCS HS PHS DHS PS  PPS DPS
Structure Structure Structure

Fig. 8. Quasi-static compression results; (a;) Compressive force-displacement curve of bio-inspired chiral structures; (az) Compressive force—displacement curve of
bio-inspired honeycomb structures; (a3) Compressive force-displacement curve of bio-inspired negative poisson structures; (b) F of bio-inspired structures; (c) EA of
bio-inspired structures; (d) SEA of bio-inspired structures.

Strain  (ai) (b) (c) (d) (e1)

0.02
D> € € ¢ D &D oo &
0.06 X XX D smaens
D &5 & ¢ &) &) &
0.14

T e ) € €9 ¢ DR &P &
< 2 e e~ ¢ o
Y.®_ d &5 &5 ¢ oM -
N 30MPa OMPa I . 30MPa

(iz). i

¥=

140 ym
== &

Fig. 9. Structural compression deformation; (a;) CS simulation deformation; (az) CS experiment deformation; (b;) PCS simulation deformation; (b,) PCS experiment
deformation; (c;) DCS simulation deformation; (cz) DCS experiment deformation; (d;) HS simulation deformation; (d2) HS experiment deformation; (e;) PHS
simulation deformation; (ez) PHS experiment deformation; (f;) DH S simulation deformation; (f;) DHS experiment deformation; (g;) PS simulation deformation; (g2)
PS experiment deformation; (h;) PPS simulation deformation; (h,) PPS experiment deformation; (i;) DPS simulation deformation; (i,) DPS experiment deformation.
(g1) The detail view of PS simulation deformation; (h;) The detail view of PPS simulation deformation; (i;) The detail view of DPS simulation deformation; (D) The
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and SEA by 50 % and 14.7 %, separately. Compared with PS, F of PPS This is one of the reasons for the low-energy absorption effect of HS and
and DPS increases by 93.1 % and —5%, EA by 92.3 % and 3.1 %, and SEA PS. In contrast, the deformation energy absorption of the bio-inspired

by 95 % and 15 %, respectively. It shows that the novel bio-inspired re- scapus structures is more stable during compression. The reason, why
entrant design method can effectively improve the protection perfor- the energy absorption performance of the bio-inspired scapus structure
mance of the lattice structures. and the bio-inspired double-crank structures is better than that of the
Fig. 9 (g) furthermore compares the compression deformation modes original structures, is that the bio-inspired components generate more
of the bio-inspired re-entrant structures (PCS, DCS, PHS, DHS, PPS, DPS) plastic energy absorption during the deformation.
and the original structures (CS, HS, PS). The compressive strain is 002, With the deformation of the structure, micro-voids nucleate, grow,
0.06, 0.14, and the deformation modes are similar, which moreover slip, and aggregate to form a ductile dimple fracture, as shown in Fig. 9
proves the accuracy of compression simulation. It is worth noting that (D). In the ductile dimple at the compression fracture surface, the fiber
HS and PS occur the overall transverse buckling during the compression, direction is consistent and presents a distinct herringbone pattern.
which leads to the failure of partial structures to fully dissipate energy. However, there are also some small ductile dimples with fibers torn in
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other directions, as shown in Fig. 9 (D). This indicates that the structural
damage during compression mainly occurs through ductile fracture, and
the fracture site is subjected to uniaxial bending load.

4.2. Shock properties analysis

In this section, the impact behaviors of bio-inspired re-entrant
structures (PCS, DCS, PPS, DPS, PHS, DHS) and original structures (CS,
PS, HS) at low (Vo = 10 m/s), medium (Vo = 20 m/s) and high (Vo = 30
m/s) initial velocities are comparatively studied, including impact
bearing capacity and energy absorption, as shown in Fig. 10. Based on
the impact simulation model in Fig. 6 (a), dynamic impacts with initial
velocities of 10 m/s, 20 m/s, and 30 m/s are carried out on the bio-
inspired structures. And the influence of the bio-inspired re-entrant
design on energy absorption is analyzed. Fig. 10(a;) (b1) (c1) shows the
force-displacement curves of CS, PCS, and DCS with initial velocities of
10 m/s, 20 m/s, and 30 m/s, individually. Fig. 10 (ag) (b2) (c2) and
Fig. 10 (a3) (b3) (c3) show the force-displacement curves of HS, PHS,
DHS, and PS, PPS, and DPS at initial velocities of 10 m/s, 20 m/s, and 30
m/s, individually. It can be seen that the anti-impact load of different
bio-inspired structures increases with the increase of initial impact ve-
locity. Under the same impact velocity, the impact load of the bio-
inspired re-entrant scapus structure is significantly greater than that of
the original structure, and the average bearing capacity is increased by
more than 55 %. In terms of impact resistance and energy absorption of
the bio-inspired structures, the energy absorption effect of the bio-
inspired re-entrant structure PCS is better than that of other bio-
inspired structures at low speed, medium speed, and high speed, all of
which is 26.7 % higher than that of the traditional structures, as shown
in Fig. 10 (dy) (d2) (d3). In conclusion, the crashworthiness and energy
absorption capacity of the lattice structure can be improved by the re-
entrant scapus component.

Fig. 11 compares the deformation modes of bio-inspired structures at
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different initial impact velocities. In the process of impact compression,
bio-inspired chiral structures all show a global deformation mode
(torsional energy absorption), and the stress distribution is relatively
uniform. However, other bio-inspired structures show a gradual defor-
mation mode (vertical energy absorption deformation), and the stress is
mainly concentrated in the vertical connection parts. Finally, the bio-
inspired structures enter the densification stage with the increase of
compression. An interesting phenomenon can be obeyed from defor-
mation modes. After the bio-inspired re-entrant scapus structure is
impacted, the structural re-entrant support components undergo
morphologic changes such as bending or torsion. Due to such morpho-
logical changes in the re-entrant structural components, the re-entrant
components contact the upper and lower parts to support the upper
and lower parts again after pressing. This phenomenon plays the role of
secondary support.

4.3. Analysis of steady thermal conduction properties

Fig. 12 shows the numerical analysis results gained by steady-state
heat conduction of the bio-inspired structures. In the process of
steady-state heat conduction, the re-entrant scapus structures show the
best thermal conductivity, followed by the re-entrant double-crank
structures, and the original bio-inspired structures have the worst
thermal conductivity. The results show that during the steady heat
conduction of the bio-inspired structures, the heat conduction temper-
ature of the outer panel of PCS and DCS is 2.94 K and 0.81 K higher than
that of CS. The thermal conductivity temperature of the outer wall of
PHS and DHS is 11.62 K and 5.48 K higher than that of HS. The thermal
conductivity temperature of the external wall of PPS and DPS is 4.6 K
and —0.08 K higher than that of PS. In summary, the bio-inspired re-
entrant components’ design can improve the thermal conductivity of the
traditional structures, and the re-entrant scapus structures can improve
the heat dissipation capacity of the structures. It can be widely used in
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Fig. 11. Impact deformation modes of the bio-inspired structures.
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Fig. 12. Steady-state thermal conduction of the bio-inspired structures; (a) Temperature at the heat dissipation end of the bio-inspired structure; (b) steady-state heat

conduction temperature distribution of the bio-inspired structures.

subsequent protection and heat dissipation engineering applications,
such as heat conduction and protection of battery packaging.

5. Engineering applications

In the use of the electric-powered vehicle, the electric-powered
vehicle hits nonfixed obstacles, and the obstacles then hit the bottom
of the electric-powered vehicle, similar to the situation of the dynamic
ball strike, as shown in Fig. 13 (A). The impact is likely to cause partial
deformation of the battery pack bottom shell at the bottom of the
electric-powered vehicle. In severe cases, the impact can even puncture
the inner core of the battery pack and cause thermal runaway. At the
same time, the development of the electric vehicle battery pack cooling
system is also worth discussing. It is important to use the improved
battery pack to dissipate the heat rapidly after the battery pack over-
heats, as shown in Fig. 13 (B). In this paper, the novel bio-inspired

structure is used to improve the battery pack of electric-powered vehi-
cles to achieve effective protection and proficient passive cooling of
battery packs. Taking the ball-hit battery pack and the steady-state heat
conduction after battery overheating as examples, the excellent char-
acteristics of the improved battery pack are analyzed, as shown in
Fig. 13.

When the bottom of the electric-powered vehicle is hit, the impact
stress of the improved battery pack has even distribution due to the re-
entrant lattice structure PCS. As can be seen from the stress nephogram
shown in Fig. 14 (a3, b1.3), the stress distribution area of the improved
battery pack becomes larger during the initial impact, and the impact
energy is better dispersed. PCS absorbs the energy from the impact after
the impact deformation, so the impact force is improved, as shown in
Fig. 14 (A). When the battery pack is combined with the bio-inspired
lattice structure PCS, the impact average load is increased, which im-
proves the safety of the electric vehicle. Moreover, this is only the lifting

P

Fig. 13. The original and improved battery packs of the electric-powered vehicle; (A) The non-fixed obstacle hits the bottom of the electric-powered vehicle; (B) The
battery pack overheating accident; (a) The battery pack model; (a;) The top cover of the electric-powered car battery pack; (az) Finite element magnification of
welding position of the electric-powered vehicle battery pack; (a3) Rigid connection of the battery pack; (as) Ball hits improved battery pack model and the
perspective view of the improved battery pack. The velocity of the ball is 5 m/s; (b) Inside view of the battery pack; (b;) The simplified battery in the battery pack;
(b,) The bottom cover of the electric-powered battery pack; (bs) The inner plate of the electric-powered battery pack. Point P is the temperature output point.
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Fig. 14. The crashworthiness diagram of original and improved battery packs; (A) The thermal dissipation diagram of original and improved battery packs; (B) The
crashworthiness diagram of original and improved battery packs; (a;) The stress nephogram when the original battery pack is hit 7.75 mm; (a,) The stress nephogram
when the original battery pack is hit 15.25 mm; (a3) The stress nephogram when the original battery pack is hit 22.75 mm; (b;) The stress nephogram when the
improved battery pack is hit 7.75 mm; (b,) The stress nephogram when the improved battery pack is hit 15.25 mm; (bs) The stress nephogram when the improved
battery pack is hit 22.75 mm; (c;) The temperature nephogram when the original battery pack dissipates heat for 20 s; (c3) The temperature nephogram when the
original battery pack dissipates heat for 66 s; (c3) The temperature nephogram when the original battery pack dissipates heat for 100 s; (d;) The temperature
nephogram when the improved battery pack dissipates heat for 20 s; (d3) The temperature nephogram when the improved battery pack dissipates heat for 66 s; (ds)
The temperature nephogram when the improved battery pack dissipates heat for 100 s.

protection effect of adding PCS to the impact site. It can be seen that the
re-entrant improvement of the battery pack is extremely valuable to
improve the safety of the electric-powered vehicle. In addition, the en-
ergy absorption comparison of original and improved battery packs
shows that the impact energy absorption rate of the improved battery
pack is increased to 43.26 % of the original, which is conducive to the
improvement of the impact energy absorption performance.

When the battery in the battery pack rises sharply to 333.15 K, the
electric-powered vehicle can stop in an emergency for heat dissipation.
Considering the passive heat dissipation performance of the battery
pack, the analysis results are shown in Fig. 14(c;.3, d;.3). The improved
battery pack can effectively improve the heat dissipation performance
within the effective time, as shown in Fig. 14 (B). In the initial heat
dissipation stage, the heat dissipation efficiency of original and
improved battery packs is essentially the same due to the thermal ra-
diation of the battery packs themselves. However, when the structural
temperature reaches 307.5 K at the output point P, the temperature at
the output point P of the original battery pack is unchanged in the
following 90 s due to the high environmental temperature between the
inner plate and the bottom cover. In contrast, the temperature of the
output point P of the improved battery pack continues to drop due to the
heat conduction effect of the bio-inspired structure. After the battery
pack dissipates heat for 100 s, the temperature of the improved battery
pack is 10.7 K lower than that of the original battery pack. This method
efficiently improves the heat dissipation performance of the battery

11

pack. In summary, the improved battery pack can efficiently improve
the overall protection performance and heat dissipation performance of
the battery pack structure, and this improvement method has extremely
high engineering application value.

6. Conclusion

Based on the energy dissipation effect of gray crane feathers, struc-
tural assembly components are proposed. The assembled re-entrant
structures undergo structural property tests, including compression,
shock, and heat conduction tests. Through Euler theory analysis, the
following conclusions are drawn:

(1) The re-entrant assembly provides secondary support during
compression and bending deformation, significantly enhancing load-
bearing characteristics and improving heat conduction properties.

(2) Euler theory accurately predicts the elastic modulus of complex
structures, providing a theoretical basis for small deformation engi-
neering applications.

(3) After improving the assembly of re-entrant components, the en-
ergy absorption rate of batteries in new energy vehicles increased by
143.26 %. Such improvements in re-entrant component assembly hold
significant engineering application value.
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