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Abstract

Thin-walled structures are used extensively in the passive safety of vehicles to absorb energy. The thin-
walled tube is already a traditional structure with excellent energy absorption. Negative Poisson's ratio (NPR)
structures produce an inward concentration to increase the stiffness of the structure during axial compression.
The concept of fluctuation of crushing force (FoCF) is introduced in this paper to evaluate this new energy
absorbing box as an energy absorbing device based on the traditional energy absorption evaluation index.
Based on experimental validation, a finite element model has been developed that can accurately predict the
crashworthiness of the double-V NPR-filled square tube (DVFST). The following parameters, such as out-
of-plane thickness meta cell half-width beam thickness beam angle tube thickness were carried out to assess
the crashworthiness of the DVFST structure. The first thing that should be considered in the design of a
DVEFST structure is the half-width of the cell, followed by the angle of the long beam and then the relative
wall thickness of the long and short beams. The DVFST structure has the potential to become an excellent

energy-absorbing device by adjusting its parameters.

1 Introduction

With the application of autonomous driving technology, a vehicle with significant quality in terms of
crashworthiness is a growing concern. Crashworthiness refers to the ability of the structure to absorb and
convert excessive energy into plastic strain [1]. The superior performance of crashworthiness on vehicles
can reduce the death and injury risk of the occupants in case of collision [2]. Thus, a good crashworthiness
design has become a major safety standard for occupants-carrying vehicles. A wide variety of thin-walled
tubular components have been developed for use in energy-absorbing structures to improve the
crashworthiness performance of a structure [3]. According to a review of the available literature, structural
geometry, materials, and loading mode are the principal factors that affect the energy absorption capability
of the thin-walled tubular components [1, 3, 4].

The ability of thin-walled structures to absorb energy has been demonstrated in numerous types of
research. Traditional cell tubular structures, consisting of a square, rectangular, circular, triangular, top-hat,

double top-hat, w-shaped, tapered/conical, and polygonal cross-sections, have been widely used in thin-



walled structures with high crashworthiness [2, 5, 6]. Generally, square and circular thin-walled tubes are
preferred in terms of energy absorption under impact loading due to their excellent crashworthiness
characteristics, low economic costs, convenience, and accessibility [7, 8]. As structure complexity and
crashworthiness requirements increase, hybrid structures with simple configurations are becoming the focus
of research. Filling thin-walled tubes with aluminum foam can be a more effective method, as the interaction
between the tube and foam can absorb additional energy [9-11]. Experiments show that auxetic structures
with negative Poisson's ratio (NPR) property display anomalous expansions and contractions along the
transverse direction when compressed and stretched [12]. Recently, it has been used as novel-filled thin and
thick-walled materials [13, 14]. Further analysis with the fixed slenderness ratio finds that hybrid structures
with double-arrowed auxetic (DAA) NPR as the filler could enhance crash energy absorption [15].

Material types for constructing thin-walled energy absorbers can be categorized into three types:
metal/alloys, composites, and hybrid of composite-metal/alloys [16]. Among the metal/alloy categories,
studies have mainly focused on steel and aluminum, such as aluminum alloy and mild steel. Reyes et al. [17]
report that steel is normally chosen as the filler material due to its accessibility and cost efficiency, which
has widely used in vehicle body constructions. As a lightweight yet strong material, aluminum alloy as a
filler has been verified to increase the ability to absorb energy in either single or double wall conditions [18].
In contrast, composite materials are becoming increasingly popular in crashworthiness applications due to
their high specific strength, stiffness, and energy absorption properties. In light of the strain rate effect of
composite materials, thin-walled structures are susceptible to brittle fracture rather than ductile damage [19].
The composite structures absorb a greater amount of energy per unit mass (SEA) than the metallic structures.
It must be noted, however, that it is difficult to recycle used composite materials and design composite
structures because of their anisotropic material properties [20]. In addition, the manufacturing cost of
composite materials is relatively higher than that of metallic structures, which has restricted their application
[2]. Absorbers designed from renewable materials and wood-based composites meeting the criteria of a
circular economy may be a good optional alternative in the future [21, 22]. Also, hybrid structures of
composite-metal/alloys gain much more attention. Hybrid structures combined with desirable properties of
material and composites, with the advantage of high strength, ductility, and stability, can absorb a greater
amount of energy [23]. As metallic structures are widely used as energy absorbers in the vehicle body, this
paper focuses on the metallic materials in thin-walled tubes to analyze the energy absorption behavior.

The concept of fluctuation of crushing force (FoCF) is introduced in this paper to evaluate this new
energy absorbing box as an energy absorbing device based on the traditional energy absorption evaluation
index. This article contains the following main sections: First, the structure of double-V NPR-filled square

tube (DVFST) is described; the next is an introduction to finite element modelling; and then is the



description of model validation tests and crashworthiness evaluation indicators; finally, the parametric
analysis of DVFST are conducted regarding evaluation index.
2 Structure and methodology
2.1 Structural Description

A host of reSEArchers applied aluminum foam and common honeycomb as the filler of thin-walled
tubes. In this paper, a novel tube structure is presented to improve the energy absorption performance, which
is composed of the thin-walled square tube in Fig.1(a). and Double-V NPR structure in Fig.1(b). Its

geometry is shown in Fig.1(c).

(a) Square Tube (b) Double-V NPR (c) DVEST
Fig.1 DVFST structure

The parameters of DVFST mainly include tube width W, tube height H, and tube thickness 7. As is
shown in Fig2, the parameters of the double-V NPR structure include the meta cell half-width L, the short
beam angle 6;, the long beam angle 6, the short beam thickness 7, the long beam thickness 7>, and the
effective height of a single meta cell he. The number of cells of the double-V NPR structure in the X/Y-axis

direction is the same, and the number of cells in the Z-axis direction is determined by the height of the tube.
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Fig.2 Schematic diagram of the three-dimensional NPR-filled core

2.2 Finite element models

In this study, the simulations of the validated model were carried out by non-linear finite element
software Abaqus. All the models are made of AlSil0Mg with density p=2700kg/m> Young’s modulus
E=70GPa, initial yield stress=152MPa, ultimate strength=234MPa, and Poisson’s ratio »=0.3. Material
properties for DVFST structure are shown in Fig3. The tube and cell wall mesh with shell elements (type
S4R). Five integral points are set in the direction of shell element thickness to ensure the accuracy of the
calculation. Fig4 illustrates the grid sensitivity analysis for tube and NPR. The grid sizes for tube are 2mm,
Imm, 0.75mm 0.5mm and for NPR 1mm, 0.75mm, 0.5mm, 0.25mm. Convergence is judged on the basis
that the adjacent difference is less than 5%. The convergency test shows a suitable element size of 1mm for
the tube and 0.5mm for the filled core. The bottom of the tube is constrained with all freedoms and the top is
impacted with a rigid wall to simulate axial impact loading [24]. To simulate the self-contact of the
structures themselves and mutual contact, ‘General Contact’ algorithms are employed. Both the static and

dynamic friction coefficients are set as 0.2 and 0.3 [25, 26]. The impact velocity is 10m/s.
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2.3 Experiment

As shown in Fig.5. The experimental prototype of DVFST was made by additive manufacturing.
During the process, an input power of 370 W, a scan speed of 1300 m/s, and a spacing between scan tracks
of 190pum AlISi10Mg powders were supplied by EOS GmbH Electro Optical Systems. The thickness of each
powder layer was set as 30um in the printing direction. The prototypes were also performed at 250°C for

four hours to relieve the stress.



(a) Tube (b) Double-V NPR (c) DVFST Structure

Fig.5. Experimental prototype made by additive manufacturing

Table 1 summarizes the geometric parameters of the DVFST experimental prototype.

Tab.1 Geometric parameters of DVFST

Parameters Values Parameters Values
w 40mm Y 2
T Imm VA 4
H 77mm 6, 45°
L 9.25mm 6, 20°
B Imm T, Imm
X 2 T, Imm

The quasi-static compression test was conducted to validate the FE model. The electronic universal
testing machine CSS-44200 was employed. The force and displacement can be recorded with the equipped
sensors whose error can be controlled by less than 0.5%. The maximum force can reach 200kN. The
compression / tensile speed is continuously viable from 0.01 mm/min to 500 mm/min. The prototype is
placed on the bottom plate and the top plate compresses downwards at a speed of 3 mm/min.

2.4 Evaluation index of structural crashworthiness

Usually, the total energy absorption (EA), peak crush force (PCF), mean crush force (MCF), specific
energy absorption (SEA), crush force efficiency (CFE), and fluctuation of Crushing Force (FoCF) are
considered to investigate the crushing response of DVFST. These indicators can be obtained and derived
from the force-displacement responses of the DVFST. PCF values are the maximum force in the force-
displacement graph and the structural design [25].

The EA is defined as the total energy absorption during the crushing displacement, which can be
expressed as:

Ed=[" F(x)dx (1)

Where the dmax 1s the maximum crushing length and F(x) is the instantaneous force throughout the

displacement x.

The MCF is calculated by dividing the E4 by the crushing length and can be given by:



mcr =4 (2)
X

The SEA is defined as the ratio of total energy absorption to the total mass of the DAFT and can be

calculated as follows:

sea=F4 (3)
M
Where the M is the total mass of the structure.

The CFE can be defined as MCF divided by PCF"

ser @

CFE =

The standard deviation is the arithmetic mean of the squared deviation from the mean and reflects the
degree of dispersion of a data set. Here we use the standard deviation to measure the deviation of the
crushing force from the MCF during compression to evaluate the stability of thin-walled filled structures
during impact. The FoCF is defined as the standard deviation of crushing force:

FoCF = o(F) = sqrt((F, - MCF)* + (F, = MCF)* +.....(F, - MCF)*) / n) (5)

For each structure, the higher EA, MCF, SEA, and CFE, and the lower PCF and FoCF indicators are,
the better the energy absorption capacity is.
2.5 Description of benchmark model parameters

Geometrical parameters have a strong influence on the crashworthiness of a structure. A parametric
analysis of the crashworthiness of the DVFST structure is presented. The DVFST structural base model
parameters are, nx=ny=3, nz=7, L=6.17mm, B=2mm, 6,=45°, 6,=20°, T'=1mm, 7>=1mm, 7=1mm, the total
height is 85mm. The overall height is maintained at 85 mm by adjusting the number of cells in the Z-
direction for each parameter change.
3 Results and discussion
3.1 Finite element model validation

The force-displacement curve was captured as shown in Fig.6(b). The force-displacement curve
predicted by the FE model with the same boundary conditions is plotted. The PCF values of experimental
and FEA are 24.77kN and 26.96kN, respectively. The MCF values of experimental and FEA are 6.65kN and
7.02kN, respectively. It can be easy to calculate the relative error of PCF and MCF are 8.12% and 5.27%.
Although, the initial fold deformation in the experiment is larger compared to the simulation, resulting in a
backward shift of the second PCF in the experiment. However, this does not affect the trend of the
compression force during compression, as the subsequent study of the manuscript is mainly focused on the
compression force during compression. This illustrates the FE model is accurate to predict the mechanical

properties of the DVFST [27, 28].
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Fig. 6 Quasi-static compression test of the DVFST

3.2 Effects of out-of-plane thickness
The out-of-plane thickness variation parameters of the filled core are shown in Table 2.

Tab.2 Table of out-of-plane thickness variation parameters of filled core

nx | ny | nz L/mm B/mm 0,/° 0,/° Ti/mm | T»/mm T/mm m/g
Bl | 3 3 7 6.17 1 45 20 1.0 1.0 1.0 54.60
B2 | 3 3 7 6.17 2 45 20 1.0 1.0 1.0 66.30
B3 | 3 3 8 6.17 3 45 20 1.0 1.0 1.0 86.00
B4 | 3 3 9 6.17 4 45 20 1.0 1.0 1.0 104.90
B5 | 3 3 (110 6.17 5 45 20 1.0 1.0 1.0 122.20

The out-of-plane thickness can significantly improve the relative density of the filled structure. As
Shown in Fig7-9, an increase in the out-of-plane thickness results in a substantial advance in the
densification strain of the structure. The PCF increases dramatically when the thickness increases to 4mm
and Smm in the out-of-plane. So, the CFE tends to increase and then decrease, with a maximum of 58%
achieved in the out-of-plane direction at a thickness of 4mm. FoCF is more consistent with PCF changes.
Compared to the FOCF of the structure at 2 mm in the out-of-plane direction, the FOFC increases by 10.60%
when the thickness in the out-of-plane direction is 4 mm and by 25.82% when the thickness in the out-of-
plane direction is 5 mm. At compression distances of less than 30 mm, a smaller thickness in the out-of-
plane direction results in a larger SEA. As the impact distance increases, the state of the SEA begins to
diverge, as shown by the fact that those with a thickness of 1mm show a lack of back strength, while the rest
maintain a strong tendency to increase, with the three structures with a greater thickness leading to a sharp
increase in SEA as they enter the densification phase. Taking the above analysis into account, the ideal

outside the face thickness is around 4mm.
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3.3 Effects of meta cell half-width
The meta cell half-width variation parameters of the filled-core are shown in Table 3.

Tab.3 Table of meta cell half-width variation parameters of filled core

nx | ny | nz | L/mm B/mm 0,/° 0,/° Ti/mm | To/mm | T/mm m/g
XY2 | 2|2 5 9.25 2 45 20 1.0 1.0 1.0 53.92
XY3 | 3|3 7 6.17 2 45 20 1.0 1.0 1.0 66.30
XY4 | 4| 4 |10 4.63 2 45 20 1.0 1.0 1.0 93.61
XY5| 5|5 |12 3.70 2 45 20 1.0 1.0 1.0 115.70
XY6 | 6 | 6 |15 3.08 2 45 20 1.0 1.0 1.0 150.12

The meta cell half-width variation can also increase the relative density of the filled structure. As the
number of cells in the XY direction increases, the half-width of the cells decreases, and the number of cells
filling the space increases. Since the half-width of a cell is an integer, the half-width is adjusted to suit the
number of cells in the XY direction. At the same time, the overall height of the structure was adjusted to
around 85 mm by adjusting the number of vertical cells.

As is shown in Fig.10, the PCF increases as the cell half-width decreases, due to the stiffening of the
structure because of the increased relative density of the filled structure. For the same problem, the
densification strain of the structure is advanced due to the increase in the number of cells filled. From the fig
11, it can be found that the CFE increases significantly as the number of cells increases, indicating that the
filled core has a significant effect on the improvement of the structural impact resistance. At the same time,
the FoCF is not particularly sensitive to changes in the number of cells in the XY direction. The trend in
SEA can be seen in Fig.12, where the difference in SEA is not very pronounced when the number of cells in
the XY direction is 2, 3, and 4. When the number of cells is 5 and 6, the SEA of the structure is greatly
increased concerning the previous parameters. In summary, the XY direction is a good choice for a meta cell

number of 5, which balances the evaluation metrics.
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3.4 Effects of the beam thickness

The thickness of the long and short beams of a structure can greatly influence the crashworthiness of
the structure. The discussion of the variation in the thickness of the long and short beams is divided into
three cases: 1) fixing the wall thickness of the short beam at 1mm and observing the effect of the variation in
the thickness of the long beam on the crashworthiness; 2) fixing the wall thickness of the long beam at Imm
and observing the effect of the variation in the thickness of the short beam on the crashworthiness; 3) the
difference in the crashworthiness of the structure when the long and short beams are varied simultaneously.
The beam thickness variation parameters of the filled core are shown in Table 4.

Tab.4 Table of Effects of the beam thickness variation parameters of filled-core

No. nx | ny | nz | L/mm B/mm 0,/° 0,/° Ti/mm | To/mm | T/mm m/g
1 3 3 7 6.20 2 45 20 1 0.8 1.0 61.60
2 3 3 7 6.17 2 45 20 1 1 1.0 66.30
3 3 3 7 6.13 2 45 20 1 1.2 1.0 70.90
4 3 3 7 6.10 2 45 20 1 14 1.0 75.40
5 3 3 7 6.07 2 45 20 1 1.6 1.0 79.90
6 3 3 7 6.17 2 45 20 0.8 1 1.0 63.70
7 3 3 7 6.17 2 45 20 1 1 1.0 66.30
8 3 3 7 6.17 2 45 20 1.2 1 1.0 68.90
9 3 3 7 6.17 2 45 20 14 1 1.0 76.50
10 3 3 7 6.17 2 45 20 1.6 1 1.0 81.60
11 3 3 7 6.20 2 45 20 0.8 0.8 1.0 59.10
12 3 3 7 6.17 2 45 20 1 1 1.0 66.30
13 3 3 7 6.13 2 45 20 1.2 1.2 1.0 73.50
14 3 3 7 6.10 2 45 20 14 14 1.0 80.60
15 3 3 7 6.07 2 45 20 1.6 1.6 1.0 87.70

From Figure 13, the PCF fluctuates relatively little for long beams less than 1.6mm thick, with a rise in
the PCF when the maximum thickness of the long beam is achieved. In contrast, Figure 14 shows that the
CFE at this point decreases significantly with the long beam thicknesses of 1.2mm and 1.4mm. Combined
with the SEA results in Figure 15, it is easy to see that when the thickness of the long beam is slightly greater
than the thickness of the short beam, the structure can achieve good crashworthiness, by maintaining the
relative thickness of the long and short beams is important in the design. This can be explained by the fact

that during compression in the axial direction, flexure occurs in long beams subjected to compression, while



short beams behave mainly in tension. When the thickness of the long beam is less than or equal to that of
the short beam, the premature buckling of the long beam affects the deformation of the short beam, which
reduces the energy absorption of the structure. As the thickness of the long beam continues to increase, the
stiffness of the long and short beams tend to be in relative equilibrium, which allows both to deform
sufficiently to absorb energy. However, as the thickness of the long beam increases further, the overall
weight of the structure rises and not only does the PCF of the structure increase significantly but also the

SEA decreases. A ratio of 1.2 to 1.4 between the long and short beams gives better crashworthiness.

50— 0 . 45
——7=0.8mm| CFE
- I'=1.0mm| ., 05 RoCF) ] — 4
b S —
404 [(——7=1.2mm :m Las
. ——TI=14mm 3 04 - — [—
1 T~16mm| © *a
3.,,|\ = —~ 25
] S o &
= B xn e
20 a2
15
10 ol 18
o5
o T T T T T 1 oo oo
[] 10 o 30 40 50 &0 LE] 1 12 14 16
dinm) Ty(mm)

d{mm)
Fig13 The effect of long beam Figl4 The effect of long beam thickness  Figl5 The effect of long beam thickness
thickness varies on /" and PCF varies on CFE and FoCF varies on SEA

As can be seen from Figure 16, the PCF is less sensitive to changes in the thickness of the short beam.
The PCF achieves a maximum value when the long and short beam thicknesses are the same, Figure 17
which corresponds to the lowest CFE as well as the largest FoCF. Figure 18 clearly shows that an increase
in the thickness of the short beam inhibits the growth of the SEA and that a thinner short beam thickness

should be adopted in the design to improve the SEA of the structure.
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As can be seen in Figure 19, the PCF increases and then decreases as the length of the beam increases
simultaneously, achieving a maximum value of 43.15kN at 1.2 mm. This is exactly the opposite of the trend
in the CFE (Figure 20). When the thickness is 1mm, the structure has a minimum FoCF of 3.68, which

corresponds to the smallest variation in the crushing force of the structure. From Figure 21, the difference in



SEA is not large but shows a general upward trend.
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3.5 Effects of the beam angle
The beam angle variation parameters of the filled core are shown in Table 5.

Tab.5 Table of Effects of the beam angle variation parameters of filled-core

No nx | ny | nz L/mm B/mm 0./° 0,/° Ti/mm | Tp/mm T/mm m/g
1 3 3 5 6.20 2 45 15 1 1 1.0 63.40
2 3 3 7 6.17 2 45 20 1 1 1.0 66.30
3 3 3 |10 6.13 2 45 25 1 1 1.0 75.00
4 3 3|14 6.10 2 45 30 1 1 1.0 86.50
5 3 3119 6.07 2 45 35 1 1 1.0 99.00
6 3 3 8 6.17 2 40 20 1 1 1.0 74.00
7 3 3 7 6.17 2 45 20 1 1 1.0 66.30
8 3 3 7 6.17 2 50 20 1 1 1.0 67.40
9 3 3 7 6.17 2 55 20 1 1 1.0 68.30
10 3 3 6 6.17 2 60 20 1 1 1.0 59.70

As shown in Figures 22 and 23, the PCF of the structure tends to decrease as the angle of the long
beams increases, since the increase in the angle of the long beams causes the metamorphic cells to be prone
to plastic collapse. At the same time, the CFE of the structure shows an increasing trend due to the increase
in relative density. At a long beam angle of 35°, the FoCF changes drastically from the previous values. As
can be seen in Figure 24, the SEA of the structure decreases as the angle of the long beam increases, where

the SEA of the structure is superior at a long beam angle of 20°.
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As can be seen from Figures 25 and 26, the PCF of the structure fluctuates within a small range as the

angle of the short beam increases, with the CFE showing a downward trend and the FoCF showing a steady

trend, indicating that the FoCF is not sensitive to changes in the angle of the short beam. In contrast to the

effect of the long beam angle on the SEA, an increase in the short beam angle causes the SEA to fluctuate in

the form of an increase, then a decrease, and then an increase (Figure 27).
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3.6 Effects of the tube thickness
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The tube thickness variation parameters of the filled core are shown in Table 6.

varies on SEA

Tab.6 Table of effects of the tube thickness variation parameters of filled core

No. nx | ny | nz L/mm B/mm 0./° 0,/° Ti/mm | Tp/mm T/mm m/g
1 3 3 7 6.23 2 45 20 1 1 0.8 60.21
2 3 3 7 6.17 2 45 20 1 1 1 66.30
3 3 3 7 6.10 2 45 20 1 1 1.2 72.20
4 3 3 7 6.03 2 45 20 1 1 14 77.80
5 3 3 7 5.97 2 45 20 1 1 1.6 83.30

As is shown in Fig.28 to Fig.30, with the increase of the tube thickness, all crashworthiness indicators
also simultaneously increase. The thicker the wall thickness of the square tube, the greater the PCF and SEA
of the structure will increase, but at the same time exhibit a greater degree of load fluctuation. It is necessary

to choose a relative wall thickness that is appropriate to the filled core.

® - o0
—— T=0.8mm 30 os T T T T T 1o
——T=1.0mm A0
=
DA\ ——T=12mm| S 5
L
o4
— L6
&
on "?,
=
& F4
oz
L2
L1}
0 e ' o T T 1
T T T T T 1 oz 1 12 14 16
0 10 20 30 0 50 & ] 10 0 30 40 50 -]

Fig.28 The effect of tube thickness
varies on F and PCF

Fig.29 The effect of tube thickness
varies on CFE and FoCF

Fig.30 The effect of tube thickness

varies on SEA



4 Conclusions

In this paper, multiple crashworthiness evaluation of DVFST structure was analyzed. This paper
introduces FoCF' as an evaluation indicator to enrich the evaluation dimension of the structure during the
crushing process. The results show that by adjusting the structural parameters, the DVFST structure can be
made more crashworthy. Through the parametric analysis of DVFST, we can conclude the following:

1. A reasonable selection of thicknesses in the out-of-plane direction can significantly improve the CFE
and SEA of the structure with a small uplift in PCF and FoCF. The CFE tends to increase and then decrease,
with a maximum of 58% achieved in the out-of-plane direction at a thickness of 4mm. Compared to the
FoCF of the structure at 2 mm in the out-of-plane direction, the FoFC increases by 10.60% when the
thickness in the out-of-plane direction is 4 mm and by 25.82% when the thickness in the out-of-plane
direction is 5 mm. The ideal outside the face thickness is around 4mm.

2. A suitable choice of cell half-width is important to obtain a high CFE and SE4A where PCF and FoCF
are acceptable. A reasonable number of cells for analysis in this paper is 5 in each XY direction.

3. A thinner short beam thickness should be adopted in the design to improve the SEA of the structure.
The relative thickness of the long and short beams is important, and analysis shows that a ratio of 1.2 to 1.4
between the long and short beams gives better crashworthiness.

4. Crashworthiness parameters are more sensitive to changes in the angle of long beams than to changes
in the angle of short beams. It is necessary to choose a relative wall thickness that is appropriate to the filled
core.

The first thing that should be considered in the design of a DVFST structure is the half-width of the cell,
followed by the angle of the long beam and then the relative wall thickness of the long and short beams. The
thickness of the inner core in the out-of-plane direction and the wall thickness of the tube can use to adjust
the relative stiffness of the tube and the inner core to obtain a greater energy absorption capacity. This paper
can be used as a basis for the optimization of DVFST and its extension to multi-cell thin-walled tubes in the

future.
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