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Abstract

Taking advantage of multi-cell tubes and lattice structures on improving crashworthiness
performances, a novel multi-cell thin-walled tube filled with uniform and graded lattice structures
is explored in this paper. The body-centered cubic lattice structure is employed as the uniform
lattice filler, while the graded lattice filler is constructed by varying the diameter of lattice rods in
each layer. Several geometric parameters are investigated numerically, which include the cell
number of tube, the dimension of tube and lattice, the height-to-width ratio of the enhanced tube,
and the configuration of graded lattices. These parameters are then compared for their crushing
load-displacement curves, deformation modes, and energy-absorbing mechanisms. It is observed
that the multi-cell tubes exhibit significant improvements to the absorbed energy and crushing
force efficiency over the single-cell tubes. In addition, the specific energy absorption (SEA) of the
hybrid multi-cell tube structures is improved by 78.6% with respect to the sum of its individual
constituents. Furthermore, the multi-cell tube structure filled with graded lattices can present
larger energy-absorbing capacity than its uniform lattice counterpart, and the strong end at its top
provides better SEA performance. Overall, the hybrid lattice-enhanced tube structure provides an
optimal strategy for the crashworthiness design of multi-cell tubes, which can serve as a potential
candidate for future crashworthiness applications.
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1. Introduction

The global interest in transport engineering has been oriented towards designing lightweight
components with efficient crashworthiness characteristics without compromising on occupant
safety. Particularly, thin-walled tubes are widely employed as energy absorption devices due to
their high energy absorption capabilities and stable deformation modes under crushing loads.
Recently, extensive attention has been paid to study the energy absorption capabilities of
thin-walled tubes with different cross-sectional configurations, such as square [1-4], circular [5-8],
octagonal [9], triangular [10] and other irregular cross-sectional shapes [11-13]. These studies
demonstrate that the circular cross-sectional tube can provide better energy absorption capability
as compared to other cross-sectional configurations [14]. Besides, to further enhance the energy
absorption capability of single-cell tube structures, the tapered [15, 16], conical [17] and folded
[18, 19] tubes were also proposed and investigated by several researchers through analytical,
numerical and experimental means.

Apart from varying the cross-sectional configurations of traditional single-cell tube structures,
multi-cell designs are also conceptualized to enhance the crashworthiness performance of
thin-walled structures. For instance, Kim [20] proposed multi-cell tube structures that presented
dramatic improvements to crash energy absorption and weight efficiency against the conventional
square single tubes. Similar studies were also systematically carried out by Zhang et al. [21-23],
who concluded that multi-cell structures can greatly enhance axial crush resistance and energy
absorption characteristics. Moreover, other multi-cell thin-walled tubes inspired by
micro-configuration of biological tissue were shown to improve crashworthiness capacities
[24-29]. Apart from the axial compressive load [30-32], the dynamic responses of multi-cell tube
structures subject to oblique [33], lateral [34], and bending loadings [35-37] were also widely
investigated. All these studies demonstrated that multi-cell tubes can outperform single-cell tubes
in terms of crashworthiness.

To further enhance the crushing resistance and deformation stability of thin-walled structures,
the internal empty spaces can be filled with lightweight components such as metallic foam. For
instance, Santosa et al. [38] studied the crushing behavior of aluminum foam-filled square
columns, in which the formula for the mean crushing force was proposed and good agreement was

achieved between experimental and numerical predictions. Similarly, Duarte et al. [39] analyzed
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the dynamic response of square polymer-aluminum alloy hybrid foam-filled thin-walled tubes, and
significantly higher energy absorption density and specific energy absorption capacity was
achieved as compared to empty tubes. The conclusions were also validated by several other
experimental, numerical, and analytical investigations [40-46]. Besides, honeycomb [47, 48] and
concrete [49-51] materials were also employed as fillers to enhance the mechanical behaviors of
thin-walled tubes. These studies indicate that foam and honeycomb are two effective lightweight
materials to enhance the crashworthiness of thin-walled tubes.

With developments in additive manufacturing techniques that allow for more complicated
geometrical features [52-54], the lattice structure becomes another ideal filler material to improve
the crashworthiness of thin-walled tubes. In the pioneering works of Cetin and Baykasoglu [55,
56], the mechanical behaviors of thin-walled tubes were enhanced by inserting lattice structures,
and 115% higher impact energy was achieved for the hybrid structures as compared to the sum of
its individual parts. Meanwhile, graded lattice structures were also adopted to enhance the
crashworthiness performances of thin-walled tubes [57, 58]. As a novel filler material, most works
only considered lattice structures as fillers in single tubes, and their potential application on
multi-cell tubes still needs to be explored.

In fact, substantial efforts have been devoted to investigating the multi-cell tube structures
filled by foam and other cellular materials. For instance, Chen and Wierzbicki [59] analytically
and numerically studied the axial crushing behaviors of multi-cell thin-walled tubes filled with
foam materials and found that the interaction between the foam core and the tube wall contributed
greatly to the total crushing resistance of multi-cell tubes. Googarchin et al. [60] examined the
enhanced energy absorption performance of tapered multi-cell tubes filled with foam materials,
while the improved crushing behavior of multi-cell tubes filled with honeycomb was investigated
by Zhang et al. [61]. Meanwhile, improvements in the crashworthiness of multi-cell tubes with
lightweight material fillings were also reported by several other authors [62-65]. However, no
available studies have been conducted thus far on the dynamic crushing response of multi-cell
tubes filled with lattice materials.

In this work, the uniform and graded Lattice-Enhanced Multi-cell Tubes (LEMTs) are
proposed to further explore the crashworthiness of tube-type structures. The numerical model is

first validated by comparing with previous experiments to determine the ability of the present
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numerical approach in predicting the interaction between lattice filler and tube. Subsequently,
in-depth analysis is performed on the effects of design parameters on crashworthiness
performances of the hybrid LEMT structures, with parameters that include the cell number of tube,
the dimension of tube and lattice, the height-to-width ratio of the enhanced tube, and the
configuration of graded lattices. This study presents fundamental understandings in the design and
crushing mechanism of lattice structures in multi-cell tubes for application in transport
engineering and other dynamic environments.
2. Multi-cell thin-walled tube filled with lattice structure

The hybrid LEMT structure is constructed by filling the hollow cross-sections of multi-cell
thin-walled tubes with lattice structures. Both uniform lattice and graded lattice with varying rod
diameters across different layers are taken into account. The multi-cell thin-walled tubes are
comprised of 1x1, 2x2 and 3x3 cells. Detailed geometrical descriptions of the multi-cell
thin-walled tube and lattice structures are discussed in the following sub-sections.
2.1. Configuration of multi-cell thin-walled tube

The thin-walled tube structures adopted in this study are presented in Fig. 1, in which the 3x3
and 2x2 structures are multi-cell tubes and 1x1 structure represents the single-cell tube. The
height of the multi-cell tubes is kept constant while the length L and width W are variables
depending on the number of tube cells. This is to ensure that the number of filled lattice unit along
the height of the tube can be kept constant as the cell number of tubes is increased. As shown in
Fig. 1, each cell of tube has a square cross-section with length L, and width W,, both equaling to
20 mm. Accordingly, the total dimensions for the 3x3, 2x2 and 1x1 thin-walled tubes are 60 mm
x 60 mm, 40 mm x 40 mm and 20 mm x 20 mm, respectively. The height H and thickness ¢ of the
multi-cell thin-walled tubes are set as 120 mm and 0.5 mm, respectively, unless otherwise

specified.
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Fig. 1. Schematics of multi-cell thin-walled tube with different cell numbers.

2.2. Configuration of lattice structure

In this study, the body-centered cubic (BCC) lattice structure is chosen to fill the multi-cell
thin-walled tubes. To ensure that the lattice structure fits exactly inside the hollow cross-section of
each thin-walled tube, the width of the BCC lattice structure b is designed to be slightly smaller
than the internal width of the thin-walled tube, i.e., b < W, — ¢ in Fig. 1. In addition, the total height
of the BCC lattice structure is equal to that of the multi-cell tube.

Both uniform and graded BCC lattice structures are taken into account, which comprise of
six layers of BCC unit with an equivalent height of H, = H /6 and width » = 19.5 mm, as shown in
Fig. 2. For the uniform BCC lattice, the diameter of lattice rod d for each layer is the same. For the
graded lattice structure, it is constructed by varying the lattice rod diameter for each layer, in
which the lattice rod diameter at the bottom can be calculated as a function of that at the top. This

can be expressed as [58]

d

ottom = dmp —2\/§b tana (1)
in which dy,p and dponom represent the diameter of the lattice rod in the top and bottom layers,
respectively; b is the width of the BCC lattice unit, and a represents the taper angle. The
configurations of the graded lattice structure with different taper angles are presented in Fig. 2,

which demonstrates that the lattice rod diameter of the bottom layer dpoiom decreases as the value

of taper angle « is increased.
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Fig. 2. Lattice structure with different taper angles. The lattice rod diameter of the bottom layer decreases as

the taper angle is increased.

2.3. Hybrid LEMT structures

The hybrid LEMT structure is formed by filling the hollow cross-section of each multi-cell
tube with lattice structures, as shown in Fig. 3. In practice, the multi-cell tube and lattice structures
can be manufactured separately with additive manufacturing as an option for the latter. The hybrid
LEMT structure is then established by combining the two parts together, as presented in Fig. 3. It
is assumed that the lattice structures are perfectly straight and its BCC units have constant width
and height. To avoid the potential fracture of the tube wall caused by the filling lattice rod during
the crushing process, the edge of each rod is trimmed into a plane to ensure it is parallel to the

internal wall of the multi-cell tube, as shown in Fig. 3.
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Fig. 3. Schematics for the hybrid LEMT structure with illustration on the assembly of lattice structures into
the empty multi-cell tubes.

3. Methodology

Finite element (FE) simulations are carried out to assess the crashworthiness performance of
hybrid LEMT structures. Different performance indicators such as peak crushing force, specific
energy absorption, maximum crushing displacement and crushing force efficiency are used to
reflect and compare hybrid LEMT structures of different geometrical parameters. The numerical
modeling for the crushing simulation and the crashworthiness performance indicators will be
discussed in detail in this section.
3.1. Numerical modeling

The FE simulations are performed using the commercial software ABAQUS/Explicit package.
The multi-cell thin-walled tube is built using 4-node linear shell element with reduced-integration
(S4R), while the 4-node linear tetrahedral element with reduced integration (C3D4R) is employed
for the lattice structures. As shown in Fig. 4, the hybrid LEMT structure is sandwiched between
two rigid plates, in which the bottom is fixed without movement, and the top is moving
downwards with a constant velocity of 10 m/s. The initial geometric imperfection of the multi-cell
tube is taken into account by using the eigenvalue buckling simulation [55], in which its buckling
mode magnitude is set as 0.02 of the tube thickness. The interaction between the lattice structure
and thin-walled tube, as well as the interactions between the hybrid LEMT structures and the rigid
plates are all defined as general contact property to ensure the LEMT structures do not penetrate

the top and bottom rigid plates and the inner lattice not penetrate the tube walls during the
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crushing process. The friction coefficient can reflect the contact behaviors among different contact
pairs. Here, all contacts are defined by using the penalty formulation with friction coefficient of

0.25 [55] in the tangential direction and ‘hard contact’ in the normal direction.

Moving rigid plate Moving rigid plate Moving rigid plate

Velocity Velocity Velocity

Fixed rigid plate Fixed rigid plate Fixed rigid plate

() (b) (©)

Fig. 4. Analysis model for (a) lattice only and (b) hybrid LEMT structure as well as (c) its finite element

model.

A mesh sensitivity study is first conducted to ensure that reasonable element sizes for the
thin-walled tubes and lattices are used for subsequent simulations. Considering a hybrid single
tube, Fig. 5(a) compares the force-displacement curves for different element sizes on the lattice
structure while keeping the size of elements on the thin-walled tube constant. Separately, Fig. 5(b)
compares the force-displacement curves for different element sizes on the thin-walled tube while
keeping the element size of lattice constant. Four different element sizes for the lattice, i.e., 0.3
mm, 0.6 mm, 0.9 mm, and 1.2 mm, and four different element sizes for the thin-walled tube, i.e., 1
mm, 2 mm, 3 mm, and 4 mm are employed for the convergence study. It is found that deviations
in the force-displacement curves are small for the different element sizes considered here. For
computational accuracy, the average element sizes for the thin-walled tube and lattice structure are
set as 1 mm and 0.3 mm, respectively. As a result, the FE model of the 3x3 hybrid LEMT

structure has a total of 418,104 elements, as depicted in Fig. 4(c).
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Fig. 5. Force-displacement curve of hybrid tube structure with varying element size of (a) lattice and (b)
thin-walled tube.

The materials for the thin-walled tube and lattice structure are both defined as aluminum
alloy Al6063-T5, which has mass density p = 2700 kg/m?, Young’s modulus £ = 68.2 GPa, yield
strength o, = 187 MPa, and Poisson’s ratio v = 0.3. Besides, the Cowper Symonds power-law
constitutive model is used to define the hardening behavior of the material, which can be

expressed as [55]

. \I/n
Gdyn =R=1+(%j (2)

O-stat
in which o4y, and o4 are, respectively, the dynamic and quasi-static strengths of the material, and
R is the ratio of dynamic stress to the static flow stress. & denotes the von-Mises equivalent

plastic strain rate, while D and » are material constants. Clearly, the strain-rate sensitivity of the



material due to plasticity can be considered by using this equation. Herein, D = 128,800 s™! and n
=4 are employed for the material of A16063-T5 [66].
3.2. Crashworthiness performance indicators

To quantify the crashworthiness performance of hybrid LEMT structures under axial
compression, several crashworthiness indicators are employed. The peak crushing force (PCF) can
be obtained directly from the force-displacement curve, while the total energy absorption (EA) of

the hybrid LEMT structure can be expressed as
-
EA= [ F(£)3¢ (3)

where ¢ is the crushing distance of the hybrid LEMT structure. &uar stands for the maximum
crushing distance that can be obtained when the hybrid LEMT structure just reaches the
densification region.

The specific energy absorption (SEA) represents energy absorbed per unit mass, calculated as

SEA=EA/m,,, 4)

in which m;.« denotes the total mass of the hybrid LEMT structures. In fact, SEA can be treated as
the criterion to represent the weight efficiency of structural crashworthiness.

The average crushing force (ACF) is defined as the ratio of EA to the maximum crushing distance
Emax, 1€,

ACF=EA/ £, )

The crushing force efficiency (CFE) can be formulated as
CFE = ACF | PCF 6)

which is an important indicator for evaluating the uniformity of the crush loads.
4. Validation studies

In this section, validation studies are performed on two cases to determine the effectiveness
of the numerical method on predicting the dynamic crushing behaviors of hybrid LEMT structures.
The first validation case examines the applicability of this method to analyze the interaction
behaviors between lattice and tube structures, and the second validation case checks the validity of
the numerical model in predicting the dynamic behavior of multi-cell thin-walled tubes.
4.1. Crushing response of lattice-enhanced single tube

The lattice-enhanced single tube under crush loading is investigated to determine whether the
10



interactions between the filled lattice and tube can be captured by comparing to Cetin and
Baykasoglu’s experimental work [55]. Here, the hybrid structure is made of Al6063-T5 square
tube and AISi10Mg lattice with their materials given in Ref. [55]. The single tube structure with a
20 x 20 mm external dimension and a thickness value of 1.5 mm is taken into account. The size of
the BCC lattice unit is L, = W, = H, = 16.5 mm and a total of four BCC units are adopted. Similar
to their experiment, the quasi-static loading condition with a crushing velocity of 2 mm/min is
adopted in the simulations. As illustrated in Fig. 6, the final deformation modes of the hybrid
single tube predicted by FE simulations are consistent with the experimental results. In addition,
the elastic, elastic-plastic, plateau, densification phases in the force-displacement curve predicted
by the FE simulation agree well with those obtained by experiment, which demonstrates that the

present FE model can capture the interaction effects between the lattice and tube structures during

the crushing.
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Fig. 6. Comparison between experiment [55] and present numerical simulation for force-displacement curve

(left) and deformation mode (right) of lattice-enhanced single tube under crushing.

4.2. Crushing response of empty multi-cell tube

Here, the dynamic response of empty multi-cell thin-walled tube subjected to a crushing load
is analyzed and compared to the experiment results by Zhang and Zhang [67]. In their experiments,
the bottom of the tube is welded to a supported end, and the top end is acted on by a compressive
load. Similar condition with a fixed bottom is employed in the FE modeling process. The
dimensions of the single and 2 X2 multi-cell tubes are L = W =36 mm and A = 115 mm, and the
thickness of the tubes is £ = 1.2 mm. Similar to Ref. [67], the tube is made of AA6061-O with
Young's modulus £ = 68GPa and Poisson's ratio v = 0.33. Power-law hardening behavior with

exponent n = 0.18, initial yield stress o, = 71 MPa and ultimate stress o, = 131 MPa are employed.
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The crushing force and deformation modes of single and multi-cell empty tubes predicted by the
simulations are compared to the experiments in Fig. 7. One can find that the FE model can capture
the initial peak force both for the single-cell and 2 X2 multi-cell tubes. As shown in Fig. 7(a),
slight deviations are observed in the second and following folds for the single-cell tube. This may
be caused by the following two reasons: firstly, the boundary condition in FE simulation (fixing
the bottom end of the single tube) is slightly different from the welded end in the experiment.
Secondly, the material imperfection from the experiments that is not captured by the FE
simulation. However, for the 2 X2 multi-cell tube in Fig. 7(b), this deviation is small, illustrating
that the present numerical method possesses sufficient accuracy to investigate the crushing

mechanism of multi-cell thin-walled tubes.

(@) 20 . . . .
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Fig. 7. Comparison between experiment [67] and present numerical simulation for force-displacement curve
(left) and deformation mode (right) of empty multi-cell tube under crushing: (a) single tube; (b) 2X2
multi-cell tube.

5. Results and discussion
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In this study, several parameters including the number of cells in the tube, the dimensions of

tube and lattice, the height-to-width ratio of the enhanced tube, the uniform and graded lattice

structures, and the configuration of graded lattice (taper angle a) on the crashworthiness

performance of hybrid LEMT structures will be examined. A summary of the case studies is

presented in Fig. 8.

2. Dimension of lattice and tube
1. Multi-cell tube vs. single-cell tube

L
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Fig. 8. Case studies for the hybrid LEMT structure, including the number of cells in the tube, the dimensions

of tube and lattice, the height-to-width ratio of the enhanced tube, the uniform and graded lattice structures,

and the configuration of graded lattice.

When the lattice and tube are assembled in the hybrid LEMT structure, it exhibits combined

properties that result from mutual interactions. For comparisons, the direct summation of its

constituents (i.e., the empty tube and the lattice) for the crushing force (F), EA, SEA, and CFE are

further introduced and defined as follows

E

tube-+lattice

= F;ube + F;a

ttice

E‘Alube+lattice = E‘Ambe + attice

A e +EA,
_ tube lattice
S EAtube+lattice - + -
mtube mlattice
C FE _ ACF;uhe + A CF;am'se
tube+lattice
P CEube + P CF;attice

(7

®)

)

(10)

in which the subscripts ‘tube’ and ‘lattice’ represent the empty tube and lattice structures,
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respectively. For example, mupe and muumce are the mass of empty tube and lattice structures,
respectively.
5.1. Single vs. multi-cell tube

The crushing force and energy absorption against the crushing displacement curves for the
empty tube, lattice-only, sum of empty tube and lattice, and hybrid LEMT structures are plotted in
Fig. 9 for different cell numbers. Here, the wall thickness # = 1 mm and lattice rod diameter d = 3
mm are employed. As observed, the Ilattice-only structures exhibit relatively small
force-displacement characteristics with a long plateau and no obvious peaks due to the lack of any
vertical members. This leads to a generally smooth and continuous crushing behavior that is very
similar to the crushing behavior of foam structures [68]. Accordingly, the force-displacement
curves for the sum of empty tubes and lattice structures exhibit similar trends as the empty tube.

However, the energy absorption of hybrid LEMT structures is significantly enhanced as
compared to the summation of their individual components due to the interaction between the tube
and lattice structures, while the PCF is almost unchanged. This indicates that filling lattice
structures in the multi-cell tube is an effective approach for crashworthiness design. Even though
the maximum crushing distance &nax at which the hybrid LEMT structure reaches the densification
region is reduced as the cell number increases, the absorbed energy is still greatly enhanced as the
number of cells is increased. Moreover, the enhancement of energy absorption 0EA with respect to

the sum of tube and lattice is increased by increasing the cell number of hybrid LEMT structures.
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Fig. 9. Force-displacement and EA-displacement curves for hybrid LEMT structures with different cell
numbers: (a) 1 X1 single-cell; (b) 2X2 multi-cell; (¢) 3 X3 multi-cell. The grey shaded area denotes the
enhanced force and EA of hybrid LEMT structures with respect to the summation of their individual
constituents. As the cell number increases, the maximum crushing distance &nax is reduced, while the

enhancement of energy absorption JEA is increased.

The SEA and CFE of hybrid LEMT structures with different cell numbers are depicted in Fig.
10, in which the empty tube, sum of empty tube and lattice, as well as the hybrid structures are
compared. It is found that the hybrid LEMT structures provide significantly larger SEA and CFE
as compared to empty tube structures. The SEA and CFE of hybrid LEMT structures are both
enhanced as the cell number is increased. The SEA of the 3 X3 hybrid LEMT structure is up to
78.6% higher than the sum of its individual components. The enhancements in CFE of hybrid
LEMT structures with respect to the sum of their individual components are up to 27.3% and 25.9%
for the 2X2 and 3 X3 configurations, respectively. This suggests that cell number can enhance
SEA and CFE significantly due to the interaction between the tube and lattice structures, which is

helpful for the crashworthiness design of tube structures.
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Fig. 10. (a) SEA and (b) CFE of hybrid LEMT structure with different cell numbers. As illustrated, the SEA
and CFE are both enhanced as the cell number increases. The SEA and CFE of 3 X3 hybrid LEMT structure

are, respectively, 78.6% and 25.9% higher than the sum of its individual components.

In addition, the deformation processes for the hybrid LEMT structure with different cell
numbers undergoing dynamic crushing are presented in Table 1. Clearly, the deformation first
appears in the middle of the structure for all cell numbers, followed with layer by layer
deformation during the crushing, i.e., progressive deformation pattern can be observed. More
folding knots can be observed in the hybrid multi-cell tube as compared to the single tube due to

the interaction between the center tube wall and inside lattice fillers.

Table 1. Deformation process of hybrid LEMT structure with different cell numbers. More folding knots can
be observed in the hybrid multi-cell tube as compared to the single tube due to the interaction between the

center tube wall and inside lattice fillers.

Type e=0 =03 =05 e=0.7

1x1

single-cell
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2x2

multi-cell

3x3

multi-cell

5.2. Dimension of lattice and multi-cell tube

The influence of geometrical parameters including tube wall thickness ¢ and the lattice rod
diameter d on the hybrid LEMT structure with 3x3 multi-cell configuration is investigated. Fig. 11
shows the force-displacement and EA-displacement curves for different lattice rod diameters
under a constant wall thickness of # = 0.5 mm. As observed, both the crushing force and energy
absorption are increased as the lattice rod diameter increases. Furthermore, the densification
appears much earlier, and the enhanced energy absorption dEA of the hybrid LEMT structure with
respect to the summation of the empty tube and lattice structures is increased as the lattice rod
diameter gets larger. This illustrates that the interaction between lattice and tube plays a crucial
role in the crashworthiness of the hybrid LEMT structures, and its contribution is enlarged as the

lattice rod diameter increases.
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Fig. 11. Force-displacement and energy-displacement curves for hybrid LEMT structures with different
lattice rod diameters: (a) d = 1 mm; (b) d = 2 mm; (¢) d = 3 mm; (d) d =4 mm; (e) d = 5 mm. The grey
shaded area denotes the enhanced force and EA of hybrid LEMT structures with respect to the summation of
their individual constituents. As the lattice rod diameter enlarges, the maximum crushing distance &nax is

reduced, while the enhancement of energy absorption dE4 is increased.

To further explain the influence of tube and lattice dimensions on the energy absorption of
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hybrid LEMT structures, the influence of wall thickness ¢ and lattice rod diameter d on the SEA is
shown in Fig. 12. The energy absorption capacities of empty tubes are almost equal to that of the
hybrid LEMT structures when the lattice rod diameter is equal to Imm. This illustrates that the
addition of lattice structure with small rod diameter has little effect on the energy absorption
performance of the hybrid LEMT structures. For lattice rod diameter d = 2mm and 3mm, the SEA
of hybrid LEMT structures is larger than that of empty tubes, suggesting that the crushing
behavior is dominated by the lattice structures. However, the SEA of hybrid LEMT structures
becomes smaller than that of empty tubes as lattice rod diameter is larger than 4mm under ¢ =
1.5mm and 2.0mm due to the reduced maximum crushing distance &uqr. Particularly, the SEA of
hybrid LEMT structures first increase and then decrease as the lattice rod diameter gets larger,
indicating that an optimal SEA can be achieved, which is at d = 3mm. Furthermore, the wall
thickness ¢ also plays a significant role on the energy absorption capabilities where the SEA of

hybrid LEMT structures increases as the wall thickness gets larger.
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Fig. 12. SEA versus lattice rod diameter for different wall thicknesses of hybrid LEMT structure: (a) ¢t = 0.5
mm; (b) =1 mm; (c) = 1.5 mm; (d) = 2.0 mm. It is suggested that an optimal SEA can be obtained when

the lattice rod diameter equals 3mm.

The CFE of hybrid LEMT structure with different wall thicknesses ¢ and lattice rod diameters
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d is depicted in Fig. 13. The CFE is enlarged as the lattice rod diameter d is increased, but with
diminishing returns. The enhancement of CFE for the hybrid LEMT structure against the sum of
individual parts is significant for d = 3 ~ 5 mm under the wall thickness of # < 1.5 mm. This
enhancement is less significant under # = 2.0 mm, which suggests that geometrical parameters
should be properly designed to obtain the best crashworthiness performance of hybrid LEMT

structures.
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Fig. 13. CFE versus lattice rod diameter of hybrid LEMT structures for different wall thicknesses of tube: (a)
t=0.5mm; (b) £ =1 mm; (c) £ = 1.5 mm; (d) = 2.0 mm. As the lattice rod diameter is increased, CFE is

enlarged but with diminishing returns.

The deformation modes of hybrid LEMT structures under different geometrical parameters
for compressive strain of ¢ = 0.3 are summarized in Table 2, where progressive deformation
pattern is observed for all geometrical parameters. For wall thickness ¢ of 0.5 mm and 1 mm, the
folding deformation first appears in the middle of the hybrid LEMT structure across different
lattice rod diameters. However, for the case with lattice rod diameter d = 1mm, deformation
occurs simultaneously in the top and bottom layers. For thicker walls of 1.5 mm and 2.0 mm, the

folding deformation first occurs at the top of the hybrid LEMT structures.
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Table 2 Deformation modes of hybrid LEMT structure with different geometries for ¢ = 0.3. Progressive

deformation pattern is observed for all geometrical parameters.

Parameters t=0.5mm t=1.0mm t=1.5mm t=2.0mm

d=1mm
d=2mm
d =3 mm
d=4mm

5.3. Height-to-width ratio

The influence of height-to-width ratio on the crushing performances of the hybrid LEMT
structure is investigated. Here, the variation in height-to-width ratio is achieved by changing the
height of the tube structure to accommodate different numbers of BCC unit (the dimension for
each lattice unit is the same), and three hybrid LEMT structures with 6, 12, and 18 BCC units
along the longitudinal direction (i.e., three height-to-width ratios of 6:3, 12:3, and 18:3) are
considered. The tube wall thickness and lattice rod diameter are fixed at 1 mm and 3 mm,
respectively. The force-displacement and EA-displacement performances of these three cases are
compared in Fig. 14. One can find that the total EA and maximum crushing distance &yax of hybrid

LEMT structure are both enhanced as the height-to-width ratio is increased due to the increment in
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number of BCC units. The enhancement of energy absorption dEA with respect to the sum of
individual parts first increases and then decreases as the height-to-width ratio gets larger. This is
due to the appearance of global buckling phenomenon at large height-to-width ratios, which are
clearly displayed in Table 3. As observed from Table 3, progressive deformation occurs at small
height-to-width ratios, while a slightly global instability happens when the height-to-width ratio
increases to 12:3, which evolves into global buckling as the height-to-width ratio reaches 18:3.
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Fig. 14. Force-displacement and EA-displacement curves for hybrid LEMT structures with different
height-to-width ratios: (a) 6:3; (b) 12:3; (c) 18:3. The grey shaded area denotes the enhanced force and EA of
hybrid LEMT structures with respect to the summation of their individual constituents. As the
height-to-width ratio increases, the maximum crushing distance &, is enhanced, while the enhancement of

energy absorption JEA first increases and then decreases due to the global buckling.

Table 3. Deformation process of hybrid LEMT structures with different height-to-width ratios. Progressive
deformation occurs at height-to-width ratio of 6:3, while a slightly global instability happens when the
height-to-width ratio increases to 12:3, which then evolves into global buckling as the height-to-width ratio

reaches 18:3.

Ratio e=0 e=03 e=0.5 e=0.7
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The influence of height-to-width ratio on the SEA and CFE of hybrid LEMT structures is
shown in Fig. 15. It is evident that the CFE of the hybrid LEMT structure is always larger than
that of the empty tube, illustrating improvements to CFE of multi-cell tubes through the embedded
lattice structures. However, the SEA of hybrid LEMT structures is smaller than that of empty tube
under the height-to-width ratios of 12:3 and 18:3. This indicates that increasing the number of

BCC units along the height direction does not always enhance the SEA performance of hybrid
23



LEMT structures, and the height-to-width ratio should be bounded to avoid deformation through

global buckling.
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Fig. 15. (a) SEA and (b) CFE of hybrid LEMT structures with different height-to-width ratios. The SEA of
hybrid LEMT structures becomes smaller under the height-to-width ratios of 12:3 and 18:3 due to the global
buckling.

5.4. Graded lattice vs. uniform lattice

The crushing performances of multi-cell tubes enhanced with graded lattice structure (GLS)
and uniform lattice structure (ULS) are compared for their crashworthiness behaviors. The GLS is
achieved by varying the lattice rod diameter in each layer following Eq. (1), and the taper angle is
set as o = 0.6. Two graded configurations, one with weak top and the other with strong top are
taken into account, and the wall thickness ¢ is fixed as 1 mm. By comparing the
force-displacement and EA-displacement curves in Fig. 16, the total energy absorption of the
hybrid LEMT structure with graded configurations (GLS) is slightly lower than that of ULS due to
the smaller total mass of the former. However, the maximum crushing distance &ue of the two
GLS configurations is much larger than that of the ULS, leading to the enhancement of energy
absorption 0EA of hybrid LEMT structure to the summation of empty tube and lattice structures is

slightly enhanced for the GLS.
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Fig. 16. Force-displacement and EA-displacement curves for hybrid LEMT structures with different lattice
configurations: (a) ULS; (b) GLS (weak top); (c) GLS (strong top). The grey shaded area denotes the

enhanced force and EA of hybrid LEMT structures with respect to the summation of their individual

constituents. The graded lattice design can enlarge both the maximum crushing distance &, and the

enhancement of energy absorption dEA.

The influence of lattice configuration on SEA and CFE of hybrid LEMT structures is

presented in Fig. 17. The SEA of multi-cell tube structure filled with graded lattice is larger than

that of its uniform lattice counterpart, and having a strong top at the impact end can provide much

better SEA performances. From Fig. 17(b), the graded lattice design slightly decreases the CFE of

the hybrid LEMT structures, and the GLS design with the strong top in impact end exhibits larger

CFE as compared to the weak top in impact end.
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Fig. 17. (a) SEA and (b) CFE of hybrid LEMT structures with different lattice configurations, in which
Types I, 11, and III represent ULS, GLS (weak top), and GLS (strong top), respectively. The graded lattice
configurations perform better than the uniform lattice in terms of SEA, and the strong top in the impact end
can provide much larger SEA. However, graded lattice designs slightly decrease the CFE of the hybrid
LEMT structures.

The crushing deformation patterns can be clearly observed in Table 4 where the GLS behaves
differently from ULS configuration. In the case of the GLS, it can be observed that the structure
begins its deformation at the weak end (thinnest lattice rod diameter) and progresses towards the
strong end (thickest lattice rod diameter). This crushing behavior seems to be much more

predictable for GLS designs.

Table 4. Deformation process of hybrid LEMT structures with different lattice configurations. Structure
begins its deformation at the weak end (thinnest lattice rod diameter) and progresses towards the strong end

(thickest lattice rod diameter).

Type e=0 =03 e=05 e=0.7

ULS
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GLS

(weak top)

GLS

(strong top)

5.5. Taper angle of GLS

To further understand the influence of graded lattice structures on improving the crushing
performance of hybrid GLS structures, the influence of taper angle is investigated. The GLS with
strong top is illustrated and the wall thickness is specified as £ = 1 mm. As shown in Fig. 18, it is
evident that the taper angle plays a dominant role in the force-displacement and EA-displacement
curves of hybrid LEMT structures. As the taper angle of GLS decreases, the plateau force in the
force-displacement curve enlarges, leading to a large increment in the energy absorption for the
hybrid LEMT structures. By reducing the taper angle, the densification appears much earlier, i.e.,
the maximum crushing distance &max decreases due to the enhancement of total mass of the lattice
structures. In contrast, the enhancement of energy absorption 6EA of hybrid LEMT structure to the

summation of empty tube and lattice structures is enlarged by decreasing the taper angle.
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Fig. 18. Force-displacement and EA-displacement curves for GLS structures with varying taper angles: (a)
0.6°; (b) 0.4°; (c) 0.2°; (d) 0°. The grey shaded area denotes the enhanced force and EA of hybrid LEMT

structures with respect to the summation of their individual constituents. The maximum crushing distance

&max reduces, while the enhancement of energy absorption JEA4 increases by decreasing the taper angle.

The SEA and CFE of the empty tube, sum of empty tube and lattice, and hybrid structures

with seven different taper angles, i.e., 0.6°, 0.5°, 0.4°, 0.3°, 0.2°, 0.1° and 0° are investigated in
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Fig. 19. It is observed that the SEA of hybrid GLS structures decreases as the taper angle is
reduced, while the CFE exhibits an opposite trend. This illustrates that increased taper angles can

enhance the energy absorption performance of hybrid GLS structures.
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Fig. 19. (a) SEA and (b) CFE versus taper angle of hybrid GLS structure. As illustrated, the taper angle can
enhance the SEA and reduces the CFE of hybrid GLS structures.

6. Conclusions

In this work, the crashworthiness performance of multi-cell thin-walled tube enhanced by
lattice structures is systematically investigated through a numerical approach. Both uniform and
graded lattice structures are filled into the multi-cell thin-walled tube to enhance its energy

absorption behaviours. Firstly, the numerical model is validated by comparing with previous
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experiments. Subsequently, a comprehensive analysis is conducted to explore the influence of the
cell number of tube, the dimension of tube and lattice, the height-to-width ratio of the enhanced
tube system, and the configuration of graded lattices on the crushing response of lattice filled
multi-cell tube system.

It is demonstrated that the hybrid LEMT structures can absorb more energy than the
summation of their individual components due to the interaction between the tube and lattice
structures. The enhancements in SEA and CFE are as high as 78.6% and 25.9%, respectively. The
energy absorption of the hybrid LEMT structure becomes larger as the number of unit cells and
wall thickness of the tube are increased. The addition of lattice structure does not significantly
affect SEA of the hybrid LEMT structures when the lattice rod diameter is smaller than 1 mm.
However, an optimal SEA of hybrid LEMT structures can be identified when the lattice rod
diameter is 3mm.

In addition, increasing the number of BCC units does not always enhance the SEA
performance of hybrid LEMT structures. Mild levels of global buckling appear as the
height-to-width ratio increases to 12:3, which evolves into full global buckling as the
height-to-width ratio increases further. The graded lattice configuration enhances the SEA of
hybrid LEMT structures as compared to its uniform counterpart, and having a strong top at the
impact end can provide the largest SEA. The crushing behavior is also much more predictable for
the graded lattice fillings. The SEA of hybrid LEMT structures enhances as the taper angle is
enlarged.
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