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ABSTRACT

hin-walled tubes are widely used as passive energy-absorbing structures in a variety of

industries. These structures are typically filled with lightweight materials to improve
their energy absorption capabilities. At this point, additive manufacturing technology offers
a great chance researchers for the production of novel filler structures to increase the crash-
worthiness performance of thin-walled tubes. In the current work, additive manufacturable
body-centered cubic (BCC) lattice structures are suggested as filling materials for thin-
walled tubes, and the bending response of these structures is investigated under transverse
loads via a finite element modeling approach. The aspect ratio and strut diameter are consid-
ered as design parameters, and three-point bending simulations are conducted to understand
the transverse load bearing behaviors of the structures. Different loading offsets are also
taken into account for three-point bending simulations. The numerical results revealed that
the BCC lattice structures used as filler materials significantly increase the energy absorption
performance of thin-walled tubes due to synergetic interactions. In particular, the simula-
tion results revealed that the hybrid tubes can absorb up to 84% more energy than the empty
tubes, while the crush force efficiency of these structures is up to 42% higher compared to
the empty tubes. The present study also showed that the transverse crushing characteristics
of tubes can be considerably improved by suitable selection of the design parameters. These
primary outcomes reveal that the proposed lattice structures can be considered as a potential
alternative to traditional filler materials for enhancing the bending response of thin-walled

tubes under transverse loading.
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INTRODUCTION

Thin-walled metallic tubes have been extensively
used in many engineering fields as energy absorbers
due to their excellent energy absorption capacities
as well as their low cost [1,2]. Due to these features,
the energy absorption performance of the tubes att-
racts the attention of researchers, and hence there are
numerous analytical, numerical and experimental
works have been carried out to improve the crash-
worthiness performances of the tubes. Different ma-
terials, geometric patterns, cross-sectional shapes
and semi-apical angles are suggested in literature [2—
8]. The studies reveal that the thin-walled tubes are
quite successful for energy absorption applications
under various load conditions including axial [9-13],
oblique [14-16], lateral [17] and transverse bending
[18] loads.

In recent decades, researchers have proposed low-
density materials including foams [19-23], honeycombs

[24,25] and composites [26—28] as filler/covering mate-
rials to enhance the crashworthiness performances of
the thin-walled structures. These studies revealed that a
minor increase in structural mass can significantly imp-
rove the tubes' energy absorption capabilities by using
suitable filler or covering materials [5,29].

Along with the developing production technology,
additive manufacturing technology enables researc-
hers to produce complex geometries with ease. In the
literature, several forms of lattice structures have been
proposed, including face-centered cubic (FCC), dia-
mond, rhombic, gyroid, body-centered cubic (BCC)
and body-centered cubic with a vertical strut (BCC-Z)
[30,31]. The studies reveal that low-density lattice struc-
tures as filling materials can significantly enhance the
energy absorption performance of tubes without ca-
using a significant increase in the peak crushing force
of the structure. Among these structures, BCC lattice
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structures stand out as the most preferred structures due to

their simplicity and energy absorption performance. Herein,
the energy absorption capacity, deformation behavior and

mechanical properties of proposed BCC lattice structures

are explored in depth in Refs. [32-40]. The corresponding

studies are summarized as follows. Maskery et al. [32] inves-
tigated the influence of the cell numbers and cell size on the

mechanical characteristics of BCC lattice structures sub-
jected to tensile load. Gimriik and Mines [33] used various

approaches to examine the compression behavior of BCC

structures. Turner et al. [34], Shen et al. [35], Mines et al. [36]

conducted research on the impact response of sandwich

structures having BCC lattice structures. Gimriik et al. [37]

examined the mechanical behaviors of lattice structures for

BCC structures under static tensile and compressive condi-
tions. McKown et al. [38] examined the mechanical charac-
teristic of BCC lattice cells under both blast and quasi-static

loads. In another work, in order to estimate the compressive

response of BCC lattice materials, Smith et al. [39] supposed

numerical models. Merkt et al. [40] investigated the mecha-
nical response of BCC lattice materials subjected to dyna-
mic and quasi-static loadings.

With a similar motivation, we already proposed novel
BCC lattice materials as filler structures for thin-walled
structures under axial and oblique loadings for the first time
in the literature [41-43]. These pioneering studies revealed
that the crashworthiness performance of the thin-walled
tubes is remarkably enhanced by lattice structures due to
the synergistic interactions. On the other hand, although
the thin-walled structures are subjected to transverse loa-
ding as well as axial and oblique loads, as far as we know,
no study has been studied on the energy absorption of the
lattice structures filled thin-walled tubes under transverse
loading. To this motivation, in the present study, the crash-
worthiness of thin-walled tubes improved by BCC lattice
materials is investigated under transverse loads. The aspect
ratio and strut diameter of the lattice structures are used
as design parameters, and the hybrid structures are exami-
ned under various bending scenarios via the finite element
modelling approach. At this point, five different aspect ra-
tios, five different lattice strut diameters and five different
loading scenarios are considered, and these structures are
investigated by considering various crashworthiness perfor-
mance criteria.

MATERIALS AND METHODS

Crashworthiness Indices

Several crashworthiness indices are used to evaluate the
energy absorption performance of the energy absorber
tubes under lateral loading. These indices are the total
energy absorption (EA), specific energy absorption (SEA),
mean crush force (MCF), peak crush force (PCF) and
crush force efficiency (CFE). The EA is the total energy
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absorption during the crushing period, and is calculated
as follows:

EA= TF(&)dé 1)

where & refers to instantaneous crushing force value

throughout the effective displacement (6 ). The SEA is defi-

ned as the amount of total energy absorption per unit mass,
and is given as follows:
EA

SEA=—
m

@)

where m is the total mass of the structure. The MCF
is the ratio of total energy absorption to effective crushing
displacement and is calculated as follows:

EA

MCF === 3)

The higher EA, SEA and MCF refer to better crash-
worthiness performance of the absorber structures [44,45].
The PCF is the maximum crushing force during the crus-
hing period, and the high peak crushing force values may
cause death or severe injury to occupants due to high dece-
leration. The CFE refers to the ratio of mean crush force to
peak crushing force, and is calculated as follows:

MCF

CFE =——

PCF @

It is should be noted that when the CFE value appro-
aches unity, the deceleration will be minimized, and this is
also desirable for energy absorbing structures [46].

Design Parameters

In this study, the body-centered cubic (BCC) lattice ma-
terial are proposed as lightweight filler structures to en-
hance the crashworthiness performance of thin-walled
square tubes under quasi-static lateral loadings. The as-
pect ratio and strut diameter are selected as design para-
meters. Five different aspect ratios and strut diameters
of lattice structures are considered in this study. On the
other hand, the tube thickness (t) and length of the struc-
tures (L) are considered as design constants and are cho-
sen as 1.5 mm and 240 mm, respectively. The corners of
the proposed lattice structures are trimmed to fit inside
to tubes similar to Ref. [47]. Besides, the struts of lattice
structures are designed to have an ideal geometry, which
is perfectly straight. Besides, a series of bending loading
conditions, namely five different offset loading for three-
point bending simulations (i.e., 0, 10, 20, 30 and 40 mm)
are taken into account to investigate the crashworthiness
of the hybrid tubes. The proposed filler lattice structure
design parameters are given in Table 1. It is should be no-
ted that the dimensions of the proposed lattice structures
vary depending on the number of lattice unit cells (i.e.,



aspect ratio) because of their cubic forms. For instance,
the widths of the lattice structures having 15, 12, 10, 8
and 6-unit lattice cells are 16, 20, 24, 30 and 40mm, res-
pectively. The hybrid tubes having several aspect ratios
(i.e., L/w) are illustrated in Fig. 1, where L and w are the
length and width of the structures, respectively.

Table 1.The lattice structure design parameters

Parameters Case1 Case2 Case3 Cases4 Cases
Aspect ratio, L/w 6 8 10 12 15
Strut diameter of lattice
2 3 4 5

structure (mm), d

O &

Figure 1. The representative view of hybrid structures having different
filler lattice configurations a) 6 cells (L/w = 6), b) 8 cells (L/w = 8), ¢) 10
cells (L/w =10), d) 12 cells (L/w = 12) and e) 15 cells (L/w = 15)

Finite Element (FE) Models and Their Validation
A commercial software, SolidWorks, is used to create the
geometric lattice models, and then the lattice structures
are imported into the finite element software ABAQUS
for the simulations. First, the hybrid structures are ob-
tained by placing the proposed lattice structures inside
thin-walled square tubes. Then, as shown in Fig. 2, three-
point bending conditions are created by positioning the
hybrid tube between two rigid cylindrical supports with
a 200 mm-support distance (S). A movable rigid cylindri-
cal mandrel having a prescribed velocity in the transverse
direction is also situated from the top. It should be noted
that the diameters of the supports and mandrel are equal
to each other and are 10 mm, and the mandrel is positio-
ned by considering the desired loading offsets (p).

4-node tetrahedral C3D4 solid elements, 4-node re-
duced integration S4R shell elements and 4-node linear
quadrilateral R3D4 rigid elements are respectively used in
the modeling of the lattice structures, thin-walled tubes and
rigid structures. A mesh sensitivity analysis is carried out to
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Figure 2. The schematic view of the proposed FE model of the hybrid
structures under transverse loading.

provide a rational mesh size in the proposed FE model. As
a result of the mesh sensitivity analyses, the mesh sizes for
the tube and lattice structures are obtained as 1 mm and 2
mm, respectively. Besides, at least 3 elements are employed
throughout the diameters of the lattice structures similar
to Ref. [48]. The interaction between the hybrid tubes and
rigid structures is introduced by the general contact formu-
lation and the friction coefficient is considered as 0.3 for all
contact situations [49]. The material of the tube, Al6063-T5,
has yield strength of 187 MPa, Young’s modulus of 68.2 GPa,
Poisson ratio of 0.33 and density of 2700 kg/m3 [50]. On the
other hand, the material of the lattice structure, AlSil0Mg,
has yield strength of 160 MPa, Young’s modulus of 69.3 GPa,
Poisson ratio of 0.3 and density of 2670 kg/m3 [51]. The von
Mises yield criteria is used to define isotropic yielding. It is
should be noted that the 6-series aluminum alloys generally
show low strain-rate sensitivity, thus, the strain rate effect

is not considered in the FE analysis, similar to literature
52,53,

Experimental
FE

0 5 10 15 20
Displacement (mm)

Figure 3. Comparison of deformation shapes and force-displacement
curves obtained from experimental test and FE simulation.

In our previous studies [41-43], the numerical model
are already validated by considering different loading condi-
tion (i.e., axial and oblique loads) by comparing the predic-
ted force-displacement responses and deformation modes
with the experimental results. In this study, the transver-
se loading case is also taken into account as a scenario to
further strengthen the model validation. At this point, the
quasi-static experimental tests are executed at a constant
crosshead speed of 0.5 mm/s [49], using Shimadzu univer-
sal testing machine with a load cell of 100 kN. Al6063-T5
thin-walled square tubes with a length of 250 mm, cross-
sectional area of 20x20 mm? and 1.5 mm tube thickness are
used for validation tests. At least three quasi-static bending
tests are performed to check the consistency of the expe-
rimental results. The bending deformation process is cap-
tured by a high-resolution digital camera. The three-point
bending test set-up is shown in Fig. 3. It is should be noted
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Table 2.Comparison of crashworthiness performances of empty and hybrid tubes

Lattice strut

Structure Type Asp (ez:/l;‘:)atio diar(n”?::)r (d) l\/;;)ss 0 ﬁ‘i:ta (dp’)’;i m) 'Z: ngA) I(\Z%: Z{C I\f CFE
o 183.28 1.85 3.67 7.65 0.48

Tube 10 99.10 20 188.26 1.90 3.77 7.74 0.49
40 202.70 2.05 4.06 7.67 0.53

o 318.54 1.87 6.37 10.27 0.62

Hybrid 10 5 170.70 20 319.67 1.87 6.39 11.15 0.57
40 330.58 1.94 6.61 8.85 0.75

o 154.47 1.85 3.09 6.80 0.45

Tube 12 83.60 20 160.50 1.92 3.22 6.94 0.46
40 175.72 2.10 3.52 6.83 0.52

o 275.53 1.81 5.52 10.01 0.55

Hybrid 12 5 151.90 20 285.87 1.88 5.73 9.93 0.58
40 323.90 2.13 6.48 9.17 0.71

that the quasi-static simulations can be carried out by using

various methods such as mass and/or velocity scaling app-
roaches. In the present work, the FE simulations are execu-
ted via Abaqus/Explicit code using a scale-up method, simi-
lar to Refs. [54—56], in order to achieve the optimal balance

between computing efficiency and accuracy. At this point, a

ramp profile is defined to reduce the inertial effect, and then,
at a constant speed of 2 m/s, the FE simulations are run. To

use this approach, the force-displacement curve must be in-
dependent of loading velocities, and the ratio of total kinetic

energy to total internal energy must be less than 5% throug-
hout the crushing process. The force-displacement curves

obtained by experimental measurement and FE simulation

are also compared in Fig. 3. The results show that the ma-
ximum difference between the experimental and FE results

is approximately 2%, which means that the results from the

proposed FE model are quite reliable.

RESULTS AND DISCUSSION

In this section, firstly, the energy absorption performan-
ces of hybrid designs are compared with empty tubes in
order to reveal the contribution of synergistic effects to
the improvement of the energy absorption capacity at the
same volume. Then, the effects of strut diameter and as-
pect ratio on the bending responses of hybrid tubes are
examined by considering different offset loading conditi-
ons. In Table 2, the bending responses of the empty tube
and hybrid tube having different aspect ratios are compa-
red by considering different loading conditions.

It is clearly seen from the table that when a lattice struc-
ture is placed in the thin-walled tube, the EA increases as
expected. However, the low-density lattice structures as fil-
ler material can significantly improve the energy absorption
performance of the square tubes without increasing the vo-
lume of the structures. For instance, although the SEA valu-
es of the empty and hybrid tubes with an aspect ratio of 10

are similar, the hybrid tube has 74% higher EA values than
that of the empty tube for central loading. Similarly, the EA
value of the hybrid structure having an aspect ratio of 12 is
about 84% higher than that of the empty tube for a 40 mm
loading offset. On the other hand, since the proposed lattice
structures are lightweight materials with low density, the
PCF values of the structures do not increase much. At this
point, when the CFE which is a parameter that determines
the correlation between MCF and PCF, is examined, it is
seen that the CFE value of the hybrid tube with an aspect ra-
tio of 10 is approximately 42% higher than that of the empty
tube. The results reveal that the crushing performances of
the empty tubes can be remarkably improved with the sug-
gested lattice structures under transverse loading owing to
synergetic interactions between lattice structures and tubes.

hllll#

strut dmmctcl (mm)

MCF (kN)
oA
MCF (kN)
[=1NF NN

6 8 10 12: 15
aspect ratio

MCF (kN)
(=1 SN
MCF (kN)
(=TSN
}

6 8 10 12 15 1 2. B8 4 5
aspect ratio strut diameter (mm) P’I

MCF (kN)
(=R S I NN
MCF (kN)
(=1 ¥ N\

6 8 10 12 15 1 2 3 4 5
strut diameter (mm)

MCF (kN)
(=R SR NN

MCF (kN)

[=1NF NN

6 8 10 12 15 1 2 3 4 5
aspect ratio strut diameter (mm)

6 8 10 12 15

aspect ratio slrut dldmctcx (mm)
a) b)
Figure 4. The MCF values of hybrid tubes having different a) aspect
ratios and b) strut diameters of lattice element for different offset loading
positions.
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The MCEF values of the hybrid tubes having 3 mm strut
diameter and different aspect ratios are given in Fig. 4a for
different offset loading conditions. As the aspect ratio of
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the hybrid tubes increases, the cross-sectional areas of the
structures and accordingly load-carrying capacities decrea-
se. Hence, the MCF values of the hybrid tubes decrease in all
cases as the aspect ratio increases. For instance, the MCF
value of the 6-cell hybrid tube is about 99.2% higher than
that of the 15-cell for central loading condition. On the ot-
her hand, the MCF values of the hybrid tubes with different
lattice strut diameters are shown in Fig. 4b for the aspect
ratio of 10. As seen in the figure, the MCF values increase as
the increasing strut diameter. However, a remarkable imp-
rovement in MCF values can be achieved for strut diameter
values above 3 mm. In particular, for the 10-cell design, the
MCEF value of the hybrid structure with a strut diameter of 5
mm is about 94 % higher than that of a hybrid structure with
a strut diameter of 1 mm. Besides, as shown in the figure,
the MCF values of the hybrid tubes slightly increase as the
mandrel is positioned away from the center. At this point,
the MCF value of the hybrid tube under bending loading
with an offset position of 40 mm is up to 24.2% higher than
that of the center loading condition.
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Figure 5. The SEA values of hybrid tubes having different a) aspect

ratios and b) strut diameters of lattice element for different offset loading
positions

<
o
w
IS
w

The SEA values of the hybrid tubes with a strut dia-
meter of 3 mm and different aspect ratios are shown in Fig.
5a for different offset loading positions. It can be observed
from the figure that there is a slight increase in the SEA va-
lues of the hybrid tubes as the aspect ratio increases. At this
point, the 12-cell hybrid structures have the highest SEA
performance since the intersection areas of the lattice struc-
ture in the hybrid design are close to the support which lead
to extra rigidity. Furthermore, when the hybrid tubes having
the same aspect ratios are considered, no significant incre-
ase is observed in SEA values among the different loading
conditions. On the other hand, the SEA values of the hybrid
tubes having different strut diameters are given in Fig. 5b for
an aspect ratio of 10. As shown in the figure, the SEA values
of the hybrid tubes are similar for the strut diameter range

of 1-3 mm while the SEA values relatively increase as the
strut diameter increase for strut diameter greater than 3
mm. For example, the SEA value of the hybrid structure
with a strut diameter of 5 mm is approximately 17% higher
than that of a 3mm-hybrid structure for central loading.
Similar values are observed for other loading offsets.

The CFE values of the hybrid tubes having a strut
diameter of 3 mm and different aspect ratios are shown
in Fig. 6a for different offset loading positions. It is seen
that the CFE values for all loading conditions are around
0.5 and the aspect ratios have no significant effect on the
CFE values of the tubes. On the other hand, the CFE va-
lues of 10-cell hybrid tubes with different strut diameters
under transverse loading are shown in Fig. 6b. As seen in
the figure, CFE values increase as the diameter value inc-
reases for the same loading condition. In particular, for the
central loading, the CFE value of the hybrid structure with
a strut diameter of 5 mm is approximately 67.6% higher
than that of the hybrid structure with a strut diameter of 1
mm. The reason for this can be explained as the fact that
although the PCF values of the hybrid tubes are similar
to each other, the MCF values with a 5 mm strut diame-
ter are higher than the others. Similarly, this case is also
valid for different loading offsets. For example, the CFE
value of the hybrid structure having a strut diameter of 5
mm is approximately 56.3% higher than that of the hybrid
structure with a strut diameter of 1 mm, for the 40 mm
loading offset.
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aspect ratio strut diameter (mm)

a) b)
Figure 6. The CFE values of hybrid tubes having different a) aspect
ratios and b) strut diameters of lattice element for different offset
loading positions

There are various deformation modes such as inden-
tation, bending with indentation and bending collapse
modes for hybrid tubes under bending load in the litera-
ture. These modes can be seen in the collapse of empty
[57,58], foam-filled [59], tube-filled [60] and embedded
multi-cell [61] tubes for three-point bending. The illust-
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S R

Indentation Bending with indentation Bending collapse
mode mode mode

Figure 7. The illustration for indentation, bending with indentation
and bending collapse modes under three-point bending [57].

ration and final deformation views of the hybrid tubes for
transverse loading conditions are shown in Fig. 7 and Fig. 8,
respectively. As can be observed from the figures, the in-
dentation mode of the tubes is generated by the higher resis-
tance, which delays the formation of the inward fold compa-
red to the bending collapse mode [59,61]. Besides, the aspect
ratios have a dominant effect on the deformation modes of
the hybrid tubes. It is observed that there is a transition from
indentation mode to bending mode as the aspect ratio inc-
rease. For example, the indentation mode is dominant in the
6-cell hybrid structure while the bending mode is dominant
in the 15-cell structure.

6-cell

8-cell
10-cell

12-cell

15-cell

QW
\({(

Central loading 40 mm loading offset

Figure 8. Final bending view of hybrid structures having different
aspect ratios for central loading and 40 mm loading offset.

CONCLUSION

In this work, the bending response of thin-walled tubes
filled with body-centered cubic (BCC) lattice materials
is investigated under transverse loads via finite element
modeling approach. As design parameters, the aspect
ratio and strut diameter are chosen for hybrid tube con-
figurations, and various transverse loading scenarios are
used for bending simulations. At this point, five different
aspect ratios, five different strut diameters and five dif-
ferent loading offsets are considered in the present study.
The numerical results showed that the hybrid tubes could
absorb up to 84% more crushing energy compared to the
empty tube while the CFE value of the hybrid tubes is 42
% higher than that of the empty tube due to synergetic in-
teractions between lattice structures and tubes. Besides,
it is seen that as the aspect ratio increases, the MCF va-
lues of the hybrid tubes decrease for all proposed designs.
In particular, the MCF of the 6-cell hybrid tube is found
to be approximately 99.2% higher than the MCF of the
15-cell tube for central loading conditions. In addition, it
is seen that the proposed structures have more effective

when the strut diameter values of the lattice structures
placed in the tube are higher than 3 mm. This study also
revealed that the bending deformation behavior of the
tubes can be enhanced with the proper selection of the
lattice design parameters. The main findings show that
the proposed lattice structures could be used instead of
traditional filler structures to enhance the energy ab-
sorption capacity of thin-walled tubes under transverse
loading. Further studies will focus on other various fil-
ler lattice topologies (e.g., face-centered cubic, gyroid)
unlike the BCC lattice structures proposed in this study.
In addition, further studies will also be investigated the
crashworthiness performances of the functionally gra-
ded lattice structures with variable stiffness for the filler
materials of the tubes.
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