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Abstract

This research introduced the design, analysis and optimization of bionic shrimp chela multi-cell tubes (BSCMTs) in bending
by embedding an arthropod’s microstructure inside a thin-walled square structure. A three-point impact bending finite element
model was, in the first instance, correlated with physical tests and then modified to assess the energy absorption performance
of bionic multi-cell tubes considering initial peak force, specific energy absorption and mean crushing force. Following a
complex proportional assessment (COPRAS) approach and optimization phases, results demonstrated that the BSCMT with
a W-shape section had the best energy absorption characteristics and should be considered in future as a possible contender
for vehicle B-pillar structures that are subjected to bending and require excellent energy absorption properties to protect the

occupants in high-speed impact collisions.
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1 Introduction

Outstanding energy absorption and lightweight characteris-
tics offered by thin-walled structures (TWSs) make them
ideal candidates for energy-absorbing components [1-3].
The early studies on TWSs primarily focused on hollow
structures. For instance, Shojaeifard et al. [4] and Li et al.
[5] established finite element (FE) models of circular and
elliptical tubes based on experiments, then compared and
analyzed their energy properties. Zhang et al. [6, 7] combined
experiments and simulation methods to study the relation-
ships between thickness and energy absorption responses.
However, due to their relatively simple structures, these hol-
low TWSs cannot fully meet every industrial application.
Consequently, foam-filled and carbon fiber reinforced poly-
mer (CFRP)-reformed multi-cell tubes (MTs) were proposed
and introduced to further improve the energy absorption
performance of those energy-absorbing structures [8—10].
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For example, Zhang et al. [11] performed bending tests on
the embedded MTs, evidencing that 70% of the bending
resistance was attributed to embedded MTs compared to tra-
ditional MTs. Besides, Huang et al. [12, 13] investigated the
crashworthiness of the CFRP-enhanced MTs and found 7.9%
higher specific energy absorption than the entirely wrapped
tubes.

To date, bionic design has been another critical topic of
interest to maximize the crashworthiness of tubes. Inspired
by the microstructure of biomaterials, numerous studies have
been conducted to improve the crashworthiness performance
of MTs [14, 15]. Group studies of bionic multi-cell tubes
(BMTs) were introduced based on vascular bundles [16,
17] and the diaphragm distribution of bamboo. Chen et al.
[18-20], Zhou etal. [21], Duanetal. [22], Lametal. [23], and
Patek and Caldwell [24] systematically introduced a series of
BMTs inspired by beetle forewings and shrimp chela. Their
results indicated that the shrimp chela, a typical small-size
biomaterial hammer, could withstand an impact force of up
to 1500 N [24]. As a result, the bionic shrimp chela struc-
ture presents an interesting crashworthiness potential, and, as
such, numerous BMTs inspired by shrimp chela have been
made.

Guo et al. [25] developed double-layer structures based
on the shrimp chela architecture. Yang et al. [26, 27] investi-
gated the shrimp chela microstructure, established a series
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of BMTs, and employed a multi-objective optimization
method to further improve their crashworthiness perfor-
mance. Yang’s results revealed that the optimal bionic shrimp
chela multi-cell tubes (BSCMTs) presented 61.59% higher
energy absorption. Therefore, applying bionic structures to
design TWSs can be a novel approach to further improve
energy absorption properties.

However, little research has been undertaken to study
the energy absorption performance of BMTs inspired by
shrimp chela subjected to impact bending. As a result, a
novel study on BSCMTs, based on the structure of shrimp
chela, is proposed in this paper, focusing on their ability to
resist bending loads. The cross section, thickness parameters,
multi-objective optimization design, and structure-enhanced
design of the BSCMT are studied and proposed herein.

2 Methodology

2.1 Dynamic Experiment

Zarei and Kroge [28] conducted three-point bending exper-
imental tests using the drop test rig (as shown in Fig. 1a) to

calibrate the base finite element (FE) model. This experiment
was instrumented to extract the strain, displacement and force

of the tubes. As presented in Fig. 1b, a hollow square tube
(overall size: 55 mm x 55 mm x 550 mm) made of AA6060
aluminum alloy, was supported by two cylinders of 50 mm
diameter placed 430 mm apart, and impacted by a cylinder
of 50 mm diameter and 128 kg in the mid-span. This setup
will serve as a qualitative reference for all the computational
models and optimization processes in this paper.

2.2 Finite Element Modeling
2.2.1 Geometry and Material Description

The microstructure of the shrimp chela is depicted in Table
1, where continuous wavy V and W shapes can be observed.
The study will therefore focus on the geometry of these V-
and W-shaped BSCMTs and compare their dynamic energy
absorption capabilities with those of the square tube, three-
cell tube, and five-cell tube. Table 1 presents the cross
sections of these five TWSs (overall size: 80 mm x 80 mm
x 550 mm) made of AA6060 aluminum alloy, which has a
density of 2.7 x 103 kg/m?, Young’s modulus of 68.566 GPa,
an initial yield stress is 227 MPa, Poisson’s ratio of 0.29, and
a tangential modulus of elasticity of 173 MPa [28, 29].

2.2.2 Finite Element Model

The nonlinear finite element code LS-DYNA was employed
to create the FE models of BSCMTs, using 2 mm
Belytschko—Lin—Tsay thin shell elements and a contact fric-
tion parameter of 0.2 between the BSCMTs, impactor and
supports [7]. A *MAT_24 LS-DYNA material card was
adopted to represent the properties of AA6060. Since alu-
minum is not sensitive to strain rate [31], the FE model
omitted the rate-dependent effect. An initial impact veloc-
ity of 18 m/s (64 km/h) was chosen, which is higher than that
in the experimental test conducted by Zarei and Kroge, to
align with higher-speed vehicle test protocols.

A BSCMT without a core would be a square tube. Thus,
a square tube experiment established by Zarei and Kroge
[28] was employed to calibrate the FE model, as shown in
Fig. 2. The results revealed that the numerical force curve and
deformation modes are in good agreement with the experi-
mental results, demonstrating the correlation of the BSCMT
FE model to reality.

2.3 Structural Energy Absorption Criteria

The most relevant criteria to evaluate energy absorption
performance are the initial peak force (IPF), the specific
energy absorption (SEA) and the mean crushing force (MCF)
[32-34].
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Table 1 Macrostructure and microstructure of shrimp chela and the cross sections of five thin-walled tubes

Impact surface of the mantis shrimp and Square tube Three-cell tube
micrographs of the impact region [30]
Impact surface
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Fig.2 Comparison of crushing force versus displacement of the
BSCMT between experiment [28] and simulation

The energy absorbed (EA) can be expressed as:

d
EA — / Fx)dx )
0

where d is the crushing distance, and F'(x) denotes the crush-
ing force at displacement x.

@ Springer

SEA is an essential criterion in lightweight design, as it
represents the energy absorbed per unit mass and is defined
as:

EA
SEA = — 2
M

where M is the total mass of the tube.
MCEF is the mean crushing force, calculated as follows:

EA
MCF = — 3)

2.4 Complex Proportional Assessment Method

The complex proportional assessment (COPRAS) uses a
stepwise ranking method to evaluate design alternatives with
respect to energy absorption performance [35-37]. The steps
of the COPRAS method are described as [35-37]:

e Step 1: Define the initial decision matrix X.

X11 X12 --- Xl1n
X21 X22 ... X2
X = [x,-j] = " (4)

Xml Xm2 -+ Xmn
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where x;; is the performance of the ith alternative on the
Jjth criterion, m is the number of design alternatives, and n
is the number of criteria.

e Step 2: Determine the non-dimensionalized matrix R.
A non-dimensionalized matrix R is denoted as:

x,'j
m
Dois Xij

where the entry x;; relates to the absolute value for each
criterion, and inj represents the summation for several
positive decisions.

e Step 3: Fix the weighted normalized decision matrix D.

k=[], = ®

D =[], =rij x w; ©)

where r;; represents the normalized performance value of
the ith alternative on the jth criterion, and w; is the weight
of the jth criterion.

o Step 4: Define the weighted wj.wj could be defined as:

wj =2 ™

The total score of all criteria could be defined as:
n
G=)Y W, ®)
j=1

where the comparison sets (N) are equal to N = (n(n-1)/2),
in which 7 is the number of selection criteria.

A BSCMT is expected to absorb as much impact energy
per unit mass as possible [8], with the mean crushing force
as high as possible to make the deformation more stable.
SEA and MCF are considered to be more important than
IPF. As a result, this paper assigns higher weightings to
SEA and MCF and a lower one to IPF (0.42, 0.42, and
0.17, respectively).

The determination for the weight W; of the jth criterion
could be described as:

Wj =Y N ©)

e Step 5: Sum the weighted beneficial and non-beneficial
attributes.

m m n
Se= Su=2 D Vi (10)
i=1

i=1 j=1
m m n

S-=) S-i=) > vl (11)
i=1 i=1 j=1

S_min = minS_; (12)

where y,;; and y_;; are the beneficial and non-beneficial
attributes, respectively, and S_pip denotes the minimal
value of S_;.
In this paper, both SEA and CFE are identified as beneficial
attributes that are preferred with a higher value, while the
IPF is considered a non-beneficial attribute [38].

e Step 6: Determine the relative significance or priority Q;.

S_ min Z:‘nzl S—i

Qi =Sy S (S min/S—i)

(13)

A higher value of Q; indicates a better design case.
e Step 7: Calculate the quantitative utility U; for the ith alter-
native.

0

Ui =
Qmax

(14)

where Qmax 1S the maximum value of the relative signifi-
cance or priority.

3 Results and Discussions
3.1 Energy Absorption Properties

Table 2 depicts the stress contours of different TWSs at the
maximum bending deformation. The cross section of the
three-cell structure showed a contact between its internal
diaphragm and the tube wall, indicating that only one side
wall of the MT was supported by the internal diaphragm,
resulting in an unstable slight axial deformation mode.
In addition, Table 2 shows that the stress distribution in
BSCMTs is generally more uniform compared to traditional
MTs, making BSCMTs more efficient in energy absorption.
Furthermore, it can be seen from the cross section view that
BSCMTs have a higher stress concentration at the connection
between the internal diaphragm and the tube wall compared
to traditional MTs. Previous research [39] has also found
that stress concentration at this connection could trigger a
more progressive collapse deformation. As a result, BSCMT
sections show more stable deformation modes.

Table 3 presents the energy absorption properties of dif-
ferent TWSs. The results reveal that, except for the W-type
section, the BSCMTs’ SEA does not show evident advan-
tages over traditional MTs. However, by further observing
Table 1, it is found that the BSCMT’s internal diaphragm
extends from the top to the bottom corner, making it longer
than traditional MTs, and resulting in a slightly higher IPF
than traditional MTs. As aresult, to improve the performance
of BSCMTs, it is necessary to focus on decreasing the IPF
and increasing the SEA and MCF. The COPRAS method
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Table 2 Stress contours of various TWSs

Models

Stress(vonMises, Max) /MPa
Analysis system
Simple Average
407.02
l 362.28
317.54
Baseline - 272.79
— 228.05
— 183.31
138.57
93.83
49.08
4.34

Stress(vonMises, Max) /MPa
Analysis system
Simple Average
600.52
[ 534.74
468.97
Three-cell tube = 403.19
= 33741
= 271.64
205.86
140.08
74.31
8.53

support

Stress(vonMises, Max) /MPa
Analysis system
Simple Average
558.64
[ 497.08
435.53
Five-cell tube — 373.98
m 312.42
£ 250.87
189.32
127.76
66.21
4.65

Stress(vonMises, Max) /MPa
Analysis system
Simple Average
434.33
[ 386.72
339.10
V-type BSCMT — 291.49
— 243.87
= 196.25
148.64
101.02
53.41
5.79
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Table 2 (continued)
Stress(vonMises, Max) /MPa
Analysis system
Simple Average
471.39
[ 419.66
367.94
W-type BSCMT — 316.22
— 264.49
= 212.77
— 161.04
109.32
57.60
5.87
Table 3 Weighted normalized
decision matrix, beneficial and Models IPF (kN) SEA (kl/kg) MCEF (kN) Qi Ui (%) Rank
non-beneficial attributes, Q; and
U; Baseline 25.31 3.99 11.18 0.14763 0.63069 5
Three-cell tube 44.95 6.48 30.76 0.20870 0.89157 3
Five-cell tube 67.46 6.58 43.00 0.23146 0.98879 2
V-type BSCMT 51.24 6.01 27.17 0.18813 0.80370 4
W-type BSCMT 74.97 6.81 43.60 0.23408 1 1

was employed to rank the crashworthiness response of these
thin-walled tubes. The best design can be achieved when U;
equals one. According to the ranks given in Table 3, the W-
type BSCMT is the most promising alternative among these
thin-walled tubes. This section will be used in the following
optimization.

3.2 Influence of Thickness on Energy Absorption
Characteristic

The influence on energy absorption was investigated by vary-
ing the wall thickness #1 and the internal diaphragm thickness
t5. Sixty sample points were selected using the optimal Latin
hypercube design (Opt LHD) method and were simulated.
The results are graphed in Fig. 3, which demonstrate that the
IPF, SEA and MCF significantly augment with the increases
of #; and t;, indicating that thickness significantly affects
energy absorption characteristics. In other words, if the wall
thickness is taken as the minimum value, the minimum IPF
can be obtained, but the SEA cannot reach its maximum at the
same time. Besides, the slopes of IPF, SEA, and MCF, with
respect to 71, increase faster than those involving 77, suggest-
ing that the energy absorption performance of the BSCMT
is more sensitive to ¢;.

Moreover, the IPF, SEA and MCF reach the minimum
when t; and 7, are at a minimum. As a result, a larger value
of ¢1 and #, enhances SEA and MCF, while a greater thickness
value negatively influences IPF. Furthermore, the maximum
IPF, SEA, and MCF were recorded to be 121.55 kN, 7.41 kJ,

and 75.24 kN, respectively, suggesting that optimal val-
ues of wall thickness and internal diaphragm thickness can
lead to better crashworthiness response. In summary, the
wall thickness and internal diaphragm thickness significantly
influence energy absorption capabilities. Reducing the thick-
ness decreases IPF, SEA, and MCF. However, these cannot
simultaneously reach the optimal solution. Therefore, further
multi-objective optimization is required to obtain optimal
structural energy absorption performance.

3.3 Optimization
3.3.1 Optimization Process

A multi-objective optimization method is adopted to select
the optimal BSCMT with the lowest IPF, highest SEA, and
MCEF. A response surface methodology (RSM) is used to
establish the approximation, while the NSGA-II algorithm
is employed to optimize the thickness based on the RSM
results.

3.3.2 Optimization Results and Analysis

The correlation coefficient R? and root-mean-square error
(RMSE) are utilized as means to assess the approximations
proposed by RSM:

S G =32

RR==="
Y i =)

15)
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Fig. 3 Energy absorption characteristics of W-type BSCMT with dif-
ferent thicknesses: a IPF; b SEA; ¢ MCF

@ Springer

RMSE =

n A )2
ZZZI ()’;l yl) (16)

where y; is the ith real response value, yA, is the ith predicted
value, y is the average value, and » is the number of sample
points.

An accurate RSM is generated when R* > 0.9 and RMSE
<0.2. The higher the R? and the lower the RMSE, the greater
the approximation reliability.

The relationships between the IPF, SEA, MCEF, wall thick-
ness (¢1) and internal diaphragm thickness (#,) are

IPF = —17.1972 + 36.06391, + 4.6225¢? (17)
SEA = 3.1709 +0.1508¢% + 1.4750¢5 — 0.3839r;  (18)

MCF = —13.3294 + 13.97961 + 11.191173 — 2.045415
(19)

The R? values (0.99, 0.93, 0.99) for the IPF, SEA and
MCF RSM models are all above 0.93, while the RMSE values
(0.02, 0.07, 0.02) are all below 0.07. This indicates that the
RSM models can reasonably predict the energy absorption
response of the BSCMT and can be used in the following
steps of the research.

A Pareto front is then obtained using the NSGA-II algo-
rithm. By constraining the IPF to 75 kN (chosen as the
arbitrary midpoint of the IPF value range [8]), a final com-
promise solution can be found. The final optimization results
are listed in Table 4, which show relative errors of less than
5.5%. Furthermore, the energy absorption characteristics of
IPF, SEA and MCF have improved by 3.64%, 11.63%, and
—2.37%, respectively, compared to the initial structure.

The optimization process has demonstrated that BSCMT
structures can be optimized to generate superior energy
absorption capabilities compared to standard cross sections.
BSCMT could be used as a potential contender for B-pillar
designs that are subjected to bending and high-speed impacts.

4 Conclusions

FE analysis was used to study the performance of BSCMTs
subjected to bending load. BSCMTs were compared to
square tubes and traditional MTs under the same three-point
impact loading conditions to investigate their energy absorp-
tion characteristics. The results of the COPRAS method
suggested that the W-type BSCMT had superior IPF, SEA,
and MCEF responses compared to standard sections, and wall
thickness had a decisive influence on the crashworthiness
performance. A multi-objective optimization method was
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Table 4 Comparison of

optimized results Variables Initial structure Optimized structure Verification structure Relative error (%)
t1 (mm) 2.0 3.0 3.0 -
t2 (mm) 2.0 14 1.4 -
IPF (kN) 74.965 74.895 72.240 3.545
SEA (kJ/kg) 6.811 6.366 6.019 5.451
MCEF (kN) 43.600 44.931 44.608 0.719
employed on a W-type BSCMT section, which successfully 2. Huang H, Xu S. Crashworthiness analysis and bionic design of

minimized IPF and maximized SEA and MCF. Engineering
experience has shown that in car collisions, the body in white
(BIW) is prone to significant deformation due to lateral bend-
ing forces, which can harm occupants. Therefore, this new
technology can have its place in vehicle design, especially
as a new method for producing B-pillars to avoid excessive
bending and protect passengers in side impact accidents.

5 Future Work

In future, more bionic multi-cell tubes will be investigated,
considering the density of the chela and including the manu-
facturing processes of extrusion and 3D printing, which can
have a constraint on the number of cells, as well as the struc-
tural response.
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