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Abstract: Metallic thin-walled porous tubes have been widely applied in energy absorption
fields due to their unique mechanical properties. Inspired by foam-filled structures, liquid
crystal elastomers as a new category of metamaterials were filled in metallic thin-walled
porous tubes to obtain a novel composite energy-absorbing structure that can improve
energy-absorbing capabilities. By means of experiments and numerical simulations, this
paper investigated deformation modes and the energy-absorbing performance of metal-
lic thin-walled porous tubes filled with liquid crystal elastomers under dynamic crush.
Moreover, the effects of geometric parameters on deformation modes and the energy-
absorbing performance of the metallic thin-walled porous tubes filled with liquid crystal
elastomers were analyzed. The results show that liquid crystal elastomers can enhance
energy-absorbing capabilities under dynamic crush and geometric parameters can af-
fect deformation modes, further affecting the energy-absorbing performance of metallic
thin-walled porous tubes filled with liquid crystal elastomers.

Keywords: energy absorption; metallic thin-walled porous tubes; liquid crystal elastomers;
dynamic crush

1. Introduction

Metallic thin-walled porous tubes (MPTs) possess remarkable properties such as
ultra-light weight, high specific strength, high specific stiffness, and outstanding impact
resistance. Notably, the abundant voids within these structures offer the potential for filling
with other materials, which significantly facilitates the realization of structure-material
composite designs. This exceptional feature has attracted the attention of numerous scholars
worldwide. Consequently, MPTs and their filled composite structures have been widely
applied in energy-absorbing devices across various fields, including automobile [1], rail
transit [2], and aerospace [3].

The energy-absorbing behavior of MPTs has undergone extensive research. Alexander
developed an approximate theory for the collapse process of thin-walled cylindrical shells
under axial loading and conducted a comparative analysis between the theoretical results
and experiments [4]. Andrews et al. carried out an experimental study on the axial collapse
of aluminum alloy tubes under quasi-static loading. Their research explored axial extrusion
modes, energy absorption characteristics of cylindrical tubes during quasi-static compres-
sion, and the influence of factors such as tube length. They also presented a classification
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chart [5]. Tarlochan et al. utilized finite element simulations to study the energy absorption
performance of six thin-walled structures with different cross-sectional shapes under axial
and oblique impacts. After a multi-step design optimization process, they discovered that
an optimized hexagonal tube structure demonstrated excellent energy absorption capabili-
ties [6]. Nia et al. conducted a comparative study on the energy absorption capabilities of
simple and multi-cell thin-walled aluminum tubes with triangular, square, hexagonal, and
octagonal cross-sections under quasi-static loading through experiments and numerical
simulations [7].

Although conventional thin-walled tubes generally exhibit ideal energy-absorbing
performance after an optimized design, their crushing behavior remains highly sensitive
to machining errors and initial geometric imperfections [8]. In recent years, holes have
been introduced into conventional thin-walled tubes to generate ideal deformation modes
and effectively reduce the initial peak crushing force. Moradpour et al. introduced a
new type of thin-walled tube structure with holes. Through experimental research and
theoretical analysis, they explored the influence of its geometric parameters on the extrusion
performance and energy absorption capacity of thin-walled tubes made of aluminum alloy
and mild steel and obtained the optimal structural parameters [9]. Yilmaz et al. analyzed the
load-bearing capacity of medium-length steel cylindrical shells with circular cutouts under
axial compression through numerical simulations and experimental studies and proposed
empirical equations for predicting the ultimate load [10]. Montazeri et al. conducted a
comparative study on the crushing performance, energy absorption capacity, and specific
energy absorption of holed and grooved thin-walled tubes under axial loading through
experiments, numerical simulations, and theoretical analyses and evaluated the influence
of different materials and structures [11].

In addition to introducing holes into the MPTs mentioned above, filler materials are
another effective method to significantly enhance the energy-absorbing performance of
MPTs. The most common filler materials proposed in the literature include polymeric
foams such as polyurethane and metallic foams such as aluminum foam. Niknejad et al.
explored the energy absorption characteristics of polyurethane foam-filled quadrangular
tubes during the axial extrusion process through theoretical analysis and experimental
research. They considered the interaction effects to predict the relationship between ax-
ial force and displacement and compared the theoretical and experimental results [12].
Hussein et al. experimentally investigated the performance of square aluminum tubes
filled with polyurethane foam and aluminum honeycomb under axial compression. They
analyzed the effects of various factors on deformation modes, crushing forces, energy ab-
sorption, etc., and drew conclusions such as the optimal performance of the combined-filled
tubes [13]. Altin et al. investigated the effect of different foam filler ratios on the energy
absorption capacity of axially compressed, thin-walled, multi-cell, square and circular
tubes through experiments and numerical simulations. They analyzed the effects of factors
such as wall thickness and concluded that foam-filled square tubes had the best crash
performance [14]. Yao et al. investigated the energy absorption behavior of foam-filled
holed tubes under axial crushing through experiments and theoretical analyses. They
proposed a new theoretical model and analyzed the influence of relevant factors [15].

Liquid crystal elastomers (LCEs), due to their excellent energy-absorbing abilities, have
attracted increasing attention from researchers in the field of impact protection. Xiao et al.
reviewed the progress of liquid crystal elastomers in preparation methods, design and
actuation mechanisms, and application fields and proposed prospects for future research
directions [16]. Chen et al. reviewed the 4D printing technology of liquid crystal elastomers,
covering the basic properties of LCEs, the principles of 4D printing techniques, the ma-
terials of printed LCEs, and their applications, and also explored challenges and future
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development directions [17]. Wang et al. investigated the mechanical behavior of isotropic
genesis, polydomain liquid crystal elastomers (I-PLCEs) at different strain rates through ex-
periments, theoretical analysis, and numerical simulations. They established a compressible
visco-hyperelastic constitutive model and analyzed its strain rate sensitivity [18].

In order to present the current research status more clearly and intuitively, Table 1 was
created to summarize the key information and limitations of the literature mentioned above.

Table 1. Summary of literature mentioned above.

Authors

Research Object

Research Methods

Main Findings

Limitations

Alexander [4]

Andrews et al. [5]

Tarlochan et al. [6]

Nia et al. [7]

thin-walled
cylindrical shell

aluminum alloy tubes

six different
cross-sectional shapes
of thin-walled
structures

simple and multi-cell
thin-walled tubes with
different sections

theoretical analysis and
experimental
comparison

experiments

simulations

experiments and
simulations

PI'OpOSG an approximate

theory for the collapse
process of thin-walled
cylindrical shells under
axial loads.
Study the axial
compression mode and
energy absorption
characteristics, explore
the influence of tube
length, and provide
classification charts.
Optimized hexagonal
tube structure with
excellent energy
absorption capacity.
Multi-cell cross-section
has stronger energy
absorption capacity than
simple cross-section.

The ideal model is
overly simplified and
differs from the
actual situation.

Idealization of
experimental
conditions and limit to
quasi-static loading
conditions.

Lack of experimental
verification.

Under quasi-static
loading conditions,
without considering

dynamic loading.

Moradpour et al. [9]

Ylmaz et al. [10]

Montazeri et al. [11]

a new thin-walled tube
structure with holes

medium-length
cylindrical shells with
circular cutouts

holed and grooved
thin-walled tubes

theoretical analysis and
experiments

theoretical analysis,
experiments, and
simulations

theoretical analysis,
experiments, and
simulations

The thin-walled tube
with five rows, 12 holes
per row, and a diameter

of 6 mm has ideal
extrusion performance.

Circular notches
significantly reduce the
ultimate load of
cylindrical shells.

Compared to steel
perforated pipes and
slotted pipes, perforated
pipes absorb more energy
and have a higher
mass-to-energy ratio.

Only considers
quasi-static loading
conditions without

considering dynamic
loading situations.
Only considers axial
compression loading
conditions without
involving other
complex loading
conditions.
Only considers axial
compression loading
conditions without
involving other
complex loading
conditions.

Niknejad et al. [12]

Hussein at al. [13]

polyurethane
foam-filled
quadrilateral tubes

square aluminum tubes
with different filler
structures

theoretical analysis and
experimental
comparison

experiments

The quadrilateral tube
filled with hard foam
absorbs more energy

than that filled with
soft foam.

The square aluminum
tube filled with
polyurethane foam and
aluminum honeycomb
has the best
crashworthiness.

The quantification
method of interaction is
not precise enough.

Only considers
quasi-static loading
conditions without

considering dynamic
loading conditions.
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Table 1. Cont.

Authors Research Object Research Methods Main Findings Limitations
Only considers
thin-walled multi-cell The square tube filled quasi-static loading

Altin et al. [14]

Yao et al. [15]

square and circular
tubes filled with foam

foam-filled holed tube

experiments and
simulations

theoretical analysis and

with foam performs best
in crashworthiness.

Filling aluminum foam
can significantly improve
the total energy

conditions without
considering dynamic
loading conditions.

Insufficient exploration

of the effect of other
parameter changes on

Xiao et al. [16]

Chen et al. [17]

Wang et al. [18]

the design, fabrication,
actuation mechanisms,
and applications
of LCEs

4D printing of LCEs

isotropic genesis,
polydomain LCEs

experiments absorption and average .
. energy absorption
extrusion pressure of
performance.
empty perforated tubes.
This literature Limitations in

literature review

literature review

theoretical analysis,
experiments, and
simulations

summarized the
fabrication methods,
actuation mechanisms,
and diverse applications
of LCEs.

This literature introduced
the properties and
fabrications of LCEs, 4D
printing technology, and
application fields.
I-PLCEs exhibit
significant nonlinearity
and strain rate
correlation. A
visco-hyperelastic
constitutive model for
the material is
established.

fabrication technology,
insufficient actuation
performance, and
difficulties in
3D printing.
Limitations in material
systems, insufficient
theoretical modeling,
and pour
printing technology.

There are certain
limitations to the
applicability of model
parameters under
different loading
conditions.

However, although metallic thin-walled porous tubes (MPTs) and liquid crystal elas-

tomers (LCEs) both exhibit excellent mechanical properties, experimental and numerical
studies bringing the advantages of both together for composite structures are still lack-
ing. In this paper, a novel type of composite energy-absorbing structure was proposed,
which is composed of the metallic thin-walled porous tubes (MPTs) and liquid crystal
elastomers. The MPTs were fabricated using metal 3D printing technology. The LCEs
were synthesized through chemical methods and then poured into the MPTs to form the
composite energy-absorbing structure. Through drop-weight dynamic impact experiments
and numerical simulations, the deformation modes and energy-absorbing characteristics of
the MPT-LCE were analyzed. Meanwhile, the influence of geometric parameters on the
deformation modes and energy-absorbing performance of the MPT-LCE was investigated.
The goal of this paper is to reveal the deformation process and energy-absorbing properties
of MPT-LCEs as energy-absorbing components.

2. Design and Fabrications

This section presents the design methods and geometric parameters of metallic thin-
walled porous tubes filled with liquid crystal elastomers (MPT-LCEs). The metallic thin-
walled porous tubes (MPTs) were prepared using selective laser melting (SLM) technology,
and the liquid crystal elastomers (LCEs) were synthesized. LCEs were infused into MPTs
to form MPT-LCEs. What is more, in order to obtain the mechanical properties of the
base material used for MPT fabrication, quasi-static tensile testing and Split Hopkinson
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Pressure Bar (SHPB) testing were performed. Finally, the evolution indicators of measuring
energy-absorbing performance were described.

2.1. Structural Design

In order to enhance the energy-absorbing capacities of MPTs, a novel composite
structure was proposed. This composite structure was named MPT-LCE, as it consists of
MPTs and LCEs.

The unit cell of the MPTs is displayed in Figure 1. The geometric shape of the unit
cell was defined by four independent variables: | represents the length of the unit cell, w
represents the width of the unit cell, r represents the circular radius of the four corners of
the unit cell, and ¢ represents the thickness of the unit cell. Moreover, r; and r; represent
the inner and outer radii of the circular arc at the center of the unit cell, respectively. They
are both dependent variables and can be obtained through r and t. The parameter values of
the unit cell are as follows: [ =14 mm, w = 14 mm, r =2 mm, { = 0.8 mm, r; = 1.6 mm, and
rp = 2.4 mm.

S rert0St

e
w : <,;,=r-0.qt

L |

1

Figure 1. The unit cell.

The deformation modes and mechanical properties of MPTs are related to their relative

density. The relative density expression of the MPTs is shown in Equation (1):
Os m Ss
T Ve S,

In the equation, p; is the relative density of the MPTs, p; is the actual density of the
structure, py, is the density of the base material, m is the total mass of the MPTs, V is the
total volume of the MPTs, S; is the area of the MPTs, and S;, is the area of the unit cell
base material.

S = n(t2 n 4rt) — 20t — 122 — 4t/72 — 2 +4(f2+ 1)tl @)
Sb =lw (3)

The relative density of the MPTs can be obtained from these equations:

(2 4 drt) — 20tr — 128 — 4t/ — P+ 4(V2+ 1)H
Pr = 4)

lw

The entire design process of the MPT is shown in Figure 2. On the basis of the unit
cell (Figure 2a), configuring the unit cell array as 3 x 3, the planar structure of the MPT is
obtained (Figure 2b). The length and width of the planar structure are both 42 mm. Then,
the planar structure of the MPT is bent at an angle of 180 degrees (Figure 2c). The MPT
ultimately forms (Figure 2d). Table 2 presents the geometric parameters of the MPT.
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(a)

(©) (d)

Figure 2. The entire design process of the MPT. (a) The unit cell; (b) the planar structure; (c) bending
at an angle of 180 degrees; (d) the MPT.

Table 2. The geometric parameters of the MPTs.

Parameters Symbol Value
height hMPTs 42 mm
the inner radius b Ts 6.28 mm
the outer radius router 7.08 mm
thickness EMPTs 0.8 mm

2.2. Fabrications

The fabrication of MPT-LCEs can be divided into three procedures. Firstly, due to
the relatively complex structure of the MPTs, it is difficult to fabricate using traditional
machining techniques. Therefore, metal 3D printing technology was selected for fabrication.
The MPTs were fabricated using an industrial-grade metal 3D printing system, iSLM280 (3D
printer, ZRapid Tech, Suzhou, China), based on selective laser melting (SLM) technology, as
shown in Figure 3a. Use SOLIDWORKS (SOLIDWORKS 2022, Dassault Systemes, Concord,
MA, USA) for drawing, generate the STL file format, and import it into slicing software
for slicing processing, and then the printing system starts printing layer-by-layer. During
the manufacturing process, the printing system uses a high-power laser to selectively melt
and fuse each layer of metal powder and then repeats the SLM process by lowering the
platform to lay new metal powder, as shown in Figure 3b. To ensure the strength and
accuracy of the MPTs, the base material of AlSilOMg was selected and used to fabricate
the MPT samples according to the geometric parameters shown in Table 2. The physical
properties of AlSi10Mg powder are presented in Table 3. After fabrication, it is necessary to
perform powder cleaning, annealing, removal of supporting materials, and polishing of
the samples. The sample fabricated using SLM technology is shown in Figure 3c.
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(©)

Figure 3. The fabrication process of MPTs. (a) iSLM280 printing system; (b) the printing process;
(c) the MPT sample.

Table 3. The physical properties of AlSi10Mg powder.

Granularity Range/um

Flowability/s Apparent Density/(g-cm3)  Tap Density/(g-cm—3)

15-53

<100 >1.2 >1.5

Moreover, the chemical synthesis process of LCEs is carried out as displayed
in Figure 4a. Specifically, a 1:1:1 molar ratio of 1,4-Bis-[4-(3-acryloyloxypropyloxy)
benzoyloxy]-2-methylbenzene (RM257, liquid crystal monomer) and n-butylamine (n-
BA, chain extender), 0.2 wt% butylated hydroxytoluene, and 2 wt% 2,2-bimethoxy-2-
phenylacetophenone (1651) are added into a round-bottomed flask [18]. The mixtures are
then heated under stirring at 85 °C for 20 h to obtain liquid crystalline oligomer (LCO).
Then, 1 g of the obtained LCO is dissolved in 2.5 mL of tetrahydrofuran with the assis-
tance of ultrasound dispersion. In this way, we obtain an unpolymerized liquid crystal
elastomer. 1,4-Bis-[4-(3-acryloyloxypropyloxy) benzoyloxy]-2-methylben-zene (RM 257)
was purchased from Sdynano Fine Chemicals in Shijiazhuang, China. 2,2-bimethoxy-
2-phenylacetophenone (1651) and n-butylamine (n-BA) were obtained from Aladdin in
Shanghai, China. The synthesized liquid crystal elastomers were cut into appropriate sizes
for subsequent testing (Figure 4b). The SEM image (Hitachi S-3000N, 200x magnification,
Hitachi, Tokyo, Japan) of the LCE sample is shown in Figure 4c, which indicates that the
surface of the LCEs is flat, defect-free, and has no directional orientation. Figure 4d shows
the differential scanning calorimetry (DSC 404 F3 Pegasus, differential scanning calorimeter,
NETZSCH, Selb, Germany) data of the LCEs, with a temperature range of —10 °C to 110 °C
and a heating rate of 5 °C/min. As shown in the figure, the glass transition temperature Tg
is 10 °C and the isotropic transition temperature T; is 90 °C.
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Figure 4. The fabrication and characterization of the LCE and the MPT-LCE samples. (a) Synthesis
procedures of LCEs; (b) the LCE sample; (c) SEM image; (d) DSC curve; (e) the MPT-LCE sample.

Finally, the unpolymerized liquid crystal elastomer was poured into the polycarbonate
mold, followed by being exposed to UV light at room temperature for photopolymerization.
The MPTs were pre-placed into the polycarbonate mold. After photopolymerization, the
obtained MPT-LCEs (Figure 4e) were dried in a vacuum oven at 80 °C for 5 days.

2.3. Mechanical Properties of AISi10Mg
2.3.1. Quasi-Static Tensile Testing

There are certain differences in the mechanical properties between meta 3D printing
materials and those manufactured by traditional processes. Before conducting experimental
tests and numerical simulations on the 3D-printed MPTs, it is necessary to perform mechan-
ical property characterization tests on its base material, which is crucial to comprehensively
understand the mechanical properties of the base material so as to accurately predict its
performance during the structural design and analyze the experimental results.

As an initial step, the quasi-static mechanical properties of 3D-printed AlSi10Mg sam-
ples were investigated. Three standard AlSi10Mg tensile testing samples were fabricated
using SLM technology, as shown in Figure 5. The quasi-static uniaxial tensile tests on
the three standard tensile testing samples were conducted at a speed of 3 mm/min until
the standard tensile samples fractured. As shown in Figure 5, the stress—strain curves
of the three AlSi10Mg standard tensile testing samples were obtained. It can be seen in
Figure 5 that the changing trends of the stress—strain curves are quite similar. To increase the
accuracy of the mechanical properties of the base material, the quasi-static tensile tests were
conducted three times. The average of three sets of stress—strain data and the calculated
material parameters are presented in Table 4.
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Figure 5. The true stress—strain curves of AlSi10Mg.
Table 4. Mechanical properties of AlSil10Mg.
Parameters Symbol Value Standard Deviations
density 0 2.6 g/cm? 0.17
Young’s modulus E 9.92 GPa 0.39
Poisson’s ratio v 0.30 0.04
0.2% offset yield stress oy 210 MPa 15
ultimate stress oy 283 MPa 24
fracture strain ef 0.11 0.03

2.3.2. Split Hopkinson Pressure Bar (SHPB) Testing

To investigate the dynamic mechanical properties of the base material, SHPB tests
were conducted. Standard AlSi10Mg compressive test samples were fabricated using SLM
technology, as shown in Figure 6. The size of the sample is 4.00 mm x 4.00 mm. SHPB
tests were conducted at three different strain rates: 3464 s—1, 4570 s~ 1, and 5507 s—1. The
stress—strain curves of the AlSi10Mg samples under 3464 s~!, 4570 s~!, and 5507 s~! strain
rates obtained from the SHPB tests are as shown in Figure 6. From Figure 6, it can be seen
that when the strain reaches 0.07, AISi10Mg enters the yield stage. When the strain rate is
3464 571, 4570 s71, and 5507 s~!, the yield stresses of AlSi10Mg samples are, respectively,
about 400 MPa, 410 MPa, and 430 MPa. Compared with the yield stress at strain rate
3464 s, the yield stresses at strain rates 4570 s~! and 5507 s ! increased by 2.5% and 7.5%,
respectively. Therefore, the yield stress of the AlSi10Mg samples conducted using SLM
technology slowly goes up with the slow increase of the strain rate. The plateau stress of
the AlSi10Mg samples under dynamic crush is about 400 MPa, indicating that the dynamic
mechanical properties of the base material AlSi10Mg have a certain strain rate sensitivity.

500 —6—s55075""

450

400
£WOr
< i
@ 300
a §
£ ¥
B 250 3
o

8
2 200 ff

0 0.1 0.2 03 0.4 0.5
True Strain

Figure 6. The dynamic stress—strain curves of AlSi10Mg samples at 3464 s71,4570 571, and 5507 s—1

strain rates.
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2.3.3. Evaluation Indicators of Energy-Absorbing Performance

The most important thing in quantitatively evaluating the energy-absorbing capacities
of a structure is to employ appropriate energy-absorbing evaluation indicators. The energy-
absorbing performance of the samples can be evaluated using specific energy absorption
(SEA), mean crushing force (MCF), crushing force efficiency (CFE), and peak crushing force
(PCF). Specific energy absorption (SEA) is widely used to describe the energy absorbed per
unit mass. The SEA of the MPT-LCE is calculated using the following equation:

spa_ EA _ Jo F(x)dx
m m

)
where EA represents the total energy absorbed, defined as the area enclosed by the force-
displacement curve when the MPT-LCE reaches densification. m represents the mass of
the structure. s represents the densification displacement of the MPT-LCE. F represents the
compression force.

The mean crushing force (MCF) represents the average force level during the plateau
phase of the MPT-LCE, which is known as plateau force and serves as an important
indicator of evaluating the energy absorption performance of the MPT-LCE. The calculation
is as follows: .

S
MCF = f/ F(x)dx
5J0

EA
= ©
Crushing force efficiency (CFE) is the key indicator to characterize the force uniformity

of the MPT-LCE in the force—displacement curve, which is calculated as follows:

MCF o
CFE = PCF & 100% (7)
where peak crushing force (PCF) is directly related to the energy-absorbing perfor-
mance. Before elastic buckling occurs, most energy-absorbing structures will generate
a large initial peak force. The initial peak force is usually the peak crushing force (PCF)
during the effective crushing process, which can be directly obtained from the force—
displacement curve.

3. Experiments, Finite Element Model, and Verification

In order to analyze the influence of geometric parameters on the energy-absorbing
performance of the MPT-LCE, a nonlinear finite element solver LS-DYNA was used for
numerical simulations. The finite element results were verified and analyzed through drop
hammer tests.

3.1. Drop Hammer Testing

In order to investigate the energy-absorbing performance of MPT-LCEs under impact
loading, drop hammer tests were conducted on MPT-LCE samples using an INSTRON
CEAST 9350 test system, as shown in Figure 7. The three samples were placed on a
fixed lower steel platform and crushed by a drop hammer. The force and displacement
data of the whole crushing process were automatically recorded by the testing machine.
The deformation process of the samples was captured using a high-speed camera. Drop
hammer tests were carried out on the MPT-LCE with a mass of 11.95 kg and velocity of
3 m/s using the INSTRON CEAST 9350 test system to analyze its deformation modes and
energy-absorbing performance. The mass of the MPT-LCE sample was 8 g.
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INSTRONCEAST 9350 2 I

movement control device

high-speed camera

Figure 7. INSTRON CEAST 9350 drop hammer test system.

3.1.1. Deformation Modes

The deformation modes of the MPT-LCE under dynamic crush with a mass of 11.95 kg
and velocity of 3 m/s are shown in Figure 8. Figure 8a presents the initial state of the
MPT-LCE under dynamic crush with the drop hammer. As demonstrated in Figure 8b,
when the strain reaches 0.2, fractures initiate at the circular arcs where the unit cells of the
MPTs are joined. Meanwhile, the rods connected to these arcs also break. This breakage
of the rods leads to an uneven distribution of force on the MPTs by the LCEs, causing the
entire structure to incline towards the fractured side.

r

(d)

Figure 8. Deformation modes of the MPT-LCE. (a) The strain is equal to 0; (b) the strain is equal to

0.2; (c) the strain is equal 0.4; (d) the strain is equal to 0.7.

When the strain reaches 0.5, as shown in Figure 8¢, the first layer of the unit cells of
MPTs experiences a 45° shear failure, slanting towards the lower right along the fracture of
the circular arc. Thanks to the supporting role of the LCEs, the whole structure does not fail
instantaneously and remains capable of continuously bearing loads and absorbing energy.

With the continuous downward crush of the drop hammer, MPTs gradually fracture
and lose their functionality. Nevertheless, due to the support provided by LCEs, the whole
structure still maintains the ability to absorb energy.

When the strain reaches 0.7, as depicted in Figure 8d, the first and second layers of
the unit cells of MPTs are completely fractured. Only a few unit cells in the third layer
and LCEs can persist in resisting deformation and absorbing energy, at which point the
structure enters the densification stage.
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3.1.2. Energy Absorption

Figure 9 shows the force—displacement curve of the MPT-LCE under dynamic crushing
with a mass of 11.95 kg and velocity of 3 m/s. As can be seen from Figure 9, under dynamic
crushing, the deformation process of the MPT-LCE roughly goes through two stages,
namely the linear elastic stage (before the peak crush force) and the plateau stage (from
the peak crush force to a compression displacement of 30 mm). The force-displacement
curve of the MPT-LCE shows a multi-peak oscillation pattern. This phenomenon can
be attributed to the fact that the MPT-LCE undergoes layer-by-layer crushing under the
dynamic impact. The first three peak loads correspond one-to-one to the three layers of
unit cells in the MPT-LCE. The subsequent oscillations may be caused by the vibration of
the lower platform during the downward crush of the drop hammer.
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Figure 9. Force-displacement of the MPT-LCE under dynamic crush.

According to the calculation method of the energy-absorbing performance evaluation
indicators in Section 2.3.3 and combined with the experimental data obtained from the drop
hammer test, the energy-absorbing performance evaluation indicators of the MPT-LCE
under dynamic crush are calculated as shown in Table 5.

Table 5. The energy-absorbing performance evaluation indicators of the MPT-LCE.

Indicators Value Standard Deviations
SEA 6.89]/g 0.22
PCF 23534 N 94
MCF 1383.7 N 42
CFE 0.76 0.06

3.2. Establishment of Finite Element Model

The geometric modeling used in the finite element analysis was in line with the
parameters of the corresponding experimental samples. The finite element model of the
MPT-LCE, which was acquired by modeling the structure with solid elements, is presented
in Figure 10. With the consideration of achieving a balance between simulation efficiency
and accuracy, a mesh size of 1 mm was utilized in our finite element model.

The MPT-LCE consists of four parts, including the upper rigid platen, MPTs,
LCEs, and the lower rigid platen. *MAT_RIGID was used for the upper rigid platen
and the lower rigid platen. The lower platen was stationary and the upper platen
moved downward with a velocity equal to 3 m/s along the negative Z-axis direction.
*MAT_PIECEWISE_LINEAR_PLASTICITY was applied in the constitutive model of MPTs
and LCEs. The true stress—strain curve (Figure 6) obtained from SHPB tests and the ma-
terial parameters in Table 4 were introduced into the constitutive model of the MPTs.
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With reference to the literature [18], the true stress—strain data were also introduced in the
constitutive model of the LCEs. The material parameters of the model *MAT_RIGID and
*MAT_PIECEWISE_LINEAR_PLASTICITY are shown in Tables 6 and 7, respectively.

l v
: jl upper rigid platen

SSEs, <——-{ lower rigid platen |

Figure 10. The finite element model.

Table 6. Material parameters for *MAT_RIGID.

RO E PR CMO CON1 CON2
7.8 g/cm? 200 GPa 0.3 1 4 7

Table 7. Material parameters for *MAT_PIECEWISE_LINEAR_PLASTICITY.

Material RO E PR SIGY ETAN
MPTs 26g/ cm? 9.92 GPa 0.3 210 MPa 0
LCEs 1.08 g/cm3 1MPa 0.33 0.25 MPa 0

*CONTACT _AUTOMATIC_SURFACE_TO_SURFACE was used to describe the con-
tact between the MPT-LCE and the upper platen, as well as the contact between the MPTs
and LCEs. The static and dynamic friction coefficients between the contacts were set to 0.3
and 0.2, respectively. To prevent slippage of the samples and be close to the drop hammer
experiments, the lower surface of the MPT-LCE was stuck to the lower platen using the

*CONTACT_TIED_NODES_TO_SURFACE.

3.3. Model Verification

In order to validate the accuracy of the finite element model, a comparison between
the finite element model and the experimental results was conducted based on deformation
modes and the force-displacement curve. Figure 11 shows the deformation modes of
the MPT-LCE samples under dynamic crush, which were obtained from drop hammer
experiments and finite element simulations. Figure 12 compares the energy-absorbing per-
formance evaluation indicators of the MPT-LCE samples from drop hammer experimental
results and finite element calculations.

It can be obviously seen from Figure 11 that the deformation processes of the experi-
ment and the simulation are similar. Not only in the experiment but also in the simulation
do the fractures first appear at the circular arcs where the unit cells of the MPTs are joined.
The rods that are linked to the circular arcs also experience fracture. Owing to the uneven
distribution of the force, the MPT-LCE deviates towards the side where fractures have
occurred. With a continuous dynamic crush, the MPT-LCE experiences progressive layer-
by-layer failure. Thanks to the support provided by the LCEs, the whole structure still
maintains the ability to absorb energy, up to the point when the MPT-LCE reaches the
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densification stage. There is a good consistency between the simulated deformation process
and the experimental deformation process of the MPT-LCE.

‘r_

l

(a)

I

(b)

I

(9 ‘
I

(d)
Figure 11. Comparison of deformation process between experiments (on the left) and simulations

(on the right). (a) The strain is equal to 0; (b) the strain is equal to 0.2; (c) the strain is equal to 0.4;
(d) the strain is equal to 0.7.

Figure 12 shows the force-displacement curves of the experiment and the simulation
under dynamic crush. As can be seen from the figure, the trends of the force-displacement
curves of the experiment and the simulation are the same, both showing an oscillatory
pattern. It is attributable to the fact that the MPT-LCE undergoes layer-by-layer crushing
under the dynamic impact. The curve obtained from the simulation oscillates more gently
compared with the curve obtained from the experiment. This is due to the fact that the
simulation represents a relatively ideal situation, and the vibration of the lower plane that
occurs in the experiment does not appear.

According to the calculation method of the energy-absorbing performance evaluation
indicators in Section 2.3.3, the energy-absorbing performance evaluation indicators of the
MPT-LCE under dynamic crush are calculated as shown in Table 8.
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Figure 12. Comparison of force-displacement curves between experiments and simulations.

Table 8. The evaluation indicators of the experiment and the simulation.

PCF/N  SEA/(J.g"!) MCF/N  CFE

experiment 2353.4 6.69 1783.7 0.76
experimental standard deviations 94 0.22 42 0.06
simulation 2485.9 6.74 1800.9 0.72

error 5.6% 0.7% 1.0% 5.3%

By comprehensively analyzing Figure 12 and Table 8§, it can be seen that the simulation
results of the MPT-LCE under dynamic crush are in good agreement with the experimental

results. In the comparison between the simulation results and the experimental results, the
error of PCF is 5.6%, the error of SEA is 0.7%, the error of MCF is 1.0%, and the error of

CFE is 5.3%. Overall, the error is within an acceptable range.

In conclusion, the finite element model can effectively demonstrate the deformation
processes and evaluation indicators of the experiment, which proves the effectiveness
and reliability of the finite element model. Therefore, it can be used for the subsequent

simulation analysis of the MPT-LCE.

4. Results and Discussions

By means of the validated finite element model, the effects of three geometric param-
eters, namely the length of the unit cell /, the width of the unit cell w, and the circular
radius of the four corners of the unit cell ¥, on the MPT-LCE under dynamic crush were

analyzed from the perspectives of deformation modes and energy-absorbing performance

evaluation indicators.

The simulations were divided into three groups. Each group of MPT-LCEs was

generated by varying one geometric parameter of the unit cell, keeping the other two
geometric parameters constant. Table 9 presents the geometric parameters of each MPT,

where f = 0.8 mm for the fixed values.

Table 9. The geometric parameters of each MPT-LCE.

Group Lynir/mm Wi/ MM Funir/MmM hprps/mm MPS imm APS Imm
12 14 2 42 5.33 6.13
1 14 14 2 42 6.28 7.08

16 14 2 42 724 8.04
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Table 9. Cont.
Group Lpit/mm Wyip/ MM Fypir/mm hpps/mm MPS imm MPS Imm
14 12 2 36 6.28 7.08
2 14 14 2 42 6.28 7.08
14 16 2 48 6.28 7.08
14 14 1.5 42 6.28 7.08
3 14 14 2 42 6.28 7.08
14 14 25 42 6.28 7.08

4.1. Deformation Modes

In order to investigate the influence of the unit cell length I/ on the deformation modes
of the MPT-LCE under dynamic crush, a verified and reliable finite element model was
used to simulate the deformation processes of the MPT-LCE with unit cell lengths of
12 mm, 14 mm, and 16 mm. The geometric parameters of the MPT-LCE are shown in
Table 9, Group 1. Then, a comparative analysis was conducted on the differences in the
deformation modes of the MPT-LCE with different unit cell lengths.

Figure 13 shows the deformation processes of the MPT-LCE with unit cell lengths of
12 mm, 14 mm, and 16 mm, respectively, under dynamic crush. As is shown in Figure 13,
the fractures first appear at the circular arcs where the unit cells of the MPTs are joined.
The rods that are linked to the circular arcs also experience fracture. Subsequently, due to
the non-uniform distribution of the force, the MPT-LCE inclines towards the side where
fractures have taken place. The distinction is that the MPT-LCEs with unit cell lengths
of 12 mm and 16 mm incline to the left, while the MPT-LCE with a unit cell length of
14 mm inclines to the right. Moreover, as the crush continues, the inclination angles of
the MPT-LCEs with unit cell lengths of 12 mm and 14 mm are far greater than that of the
MPT-LCE with a unit cell length of 16 mm. An excessively large inclination angle leads to a
reduction in the contact area between the MPTs and the LCEs. This is not only unfavorable
for the stable deformation of the MPT-LCE but also reduces the energy absorbed by the
MPT-LCE.

In conclusion, compared with the MPT-LCE with unit cell lengths of 12 mm and
14 mm, the MPT-LCE with a unit cell length of 16 mm only exhibits a slight twisting
phenomenon, and its deformation mode is more stable.

In order to investigate the influence of the unit cell width w on the deformation modes
of the MPT-LCE under dynamic crush, a verified and reliable finite element model was
used to simulate the deformation processes of the MPT-LCEs with unit cell widths of
12 mm, 14 mm, and 16 mm. The geometric parameters of the MPT-LCE are shown in
Table, 9 Group 2. Then, a comparative analysis was conducted on the differences in the
deformation modes of the MPT-LCEs with different unit cell widths.

Figure 14 shows the deformation processes of MPT-LCEs with unit cell widths of
12 mm, 14 mm, and 16 mm, respectively, under dynamic crush. As shown in Figure 14, the
fractures first appear at the circular arcs where the unit cells of the MPTs are joined. The
rods that are linked to the circular arcs also experience fracture. Later, on account of the
uneven force distribution, the MPT-LCE inclines towards the side where fractures have
taken place. The difference is that MPT-LCEs with unit cell widths of 14 mm and 16 mm
incline to the right, while the MPT-LCE with a unit cell width of 12 mm inclines to the left.
As the crush continues, the inclination angles of MPT-LCEs with unit cell widths of 14 mm
and 16 mm are far greater than that of the MPT-LCE with a unit cell width of 12 mm. An
excessively large inclination angle leads to a reduction in the contact area between the
MPTs and the LCEs. This not only has a negative impact on the stable deformation of the
MPT-LCE but also reduces the energy absorbed by the MPT-LCE.
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Figure 13. Deformation modes with different unit cell lengths. On the left is the length of 12 mm, the
middle is the length of 14 mm, and on the right is the length of 16 mm. (a) The strain is equal to 0;
(b) the strain is equal to 0.2; (c) the strain is equal to 0.4; (d) the strain is equal to 0.7.

In conclusion, compared with MPT-LCEs with unit cell widths of 14 mm and 16 mm,
the MPT-LCE with a unit cell width of 12 mm demonstrates more stable deformation
modes, which is beneficial for energy absorption.

In order to investigate the influence of the unit cell radius 7 on the deformation modes
of MPT-LCEs under dynamic crush, a verified and reliable finite element model was used
to simulate the deformation processes of the MPT-LCEs with unit cell radii of 1.5 mm,
2 mm, and 2.5 mm. The geometric parameters of the MPT-LCEs are shown in Table 9,
Group 3. Then, a comparative analysis was conducted on the differences in the deformation
modes of the MPT-LCEs with different unit cell radii.

Figure 15 shows the deformation processes of the MPT-LCEs with unit cell radii of
1.5 mm, 2 mm, and 2.5 mm, respectively, under dynamic crush. As shown in Figure 15, the
fractures first appear at the circular arcs where the unit cells of the MPTs are joined. The
rods that are to the circular arcs also experience fracture. Then, as a result of the unevenly
distributed force, the MPT-LCE inclines towards the side where fractures have taken place.
The MPT-LCEs with unit cell radii of 1.5 mm, 2 mm, and 2.5 mm all incline to the right.
Compared with the MPT-LCEs with unit cell radii of 1.5 mm and 2.5 mm, the MPT-LCE
with a unit cell radius of 2 mm has the largest inclination angle and the most unstable
deformation mode. It is unfavorable for energy absorption.
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(d)

Figure 14. Deformation modes with different unit cell widths. On the left is the width of 12 mm, the
middle is the width of 14 mm, and on the right is the width of 16 mm. (a) The strain is equal to 0;
(b) the strain is equal to 0.2; (c) the strain is equal to 0.4; (d) the strain is equal to 0.7.

In conclusion, compared with the MPT-LCEs with unit cell radii of 1.5 mm and 2.5 mm,
the MPT-LCE with a unit cell radius of 2 mm demonstrates more unstable deformation
modes, which should be avoided as much as possible.

4.2. Energy Absorption Characteristics

Figure 16 shows the energy-absorbing performance of the MPT-LCE with different
unit cell lengths I under dynamic crush. The force-displacement curves with different unit
cell lengths of the MPT-LCE are shown in Figure 16a. As can be seen from Table 10 and
Figure 16b,c, the MPT-LCE with a unit cell length of 16 mm has the maximum SEA, MCF,
and CFE, exhibiting the best energy-absorbing performance. This is consistent with the
analysis of the influence of the unit cell length on the deformation modes in Section 4.1.
Since the MPT-LCE with a unit cell length of 14 mm has the maximum PCF, it results in
the lowest CFE. The CFE of the MPT-LCE with a unit cell length of 12 mm is in the middle.
As the unit cell length increases, both SEA and MCF show an upward trend.
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(d)

Figure 15. Deformation modes with different unit cell radii. On the left is the radius of 1.5 mm, the
middle is the radius of 2 mm, and on the right is the radius of 2.5 mm. (a) The strain is equal to 0;
(b) the strain is equal to 0.2; (c) the strain is equal to 0.4; (d) the strain is equal to 0.7.

Table 10. The evaluation indicators of the MPT-LCE with different unit cell lengths.

PCF/N SEA/(J-g 1) MCF/N CFE
/=12 mm 2117.9 6.45 1721.1 0.81
I=14mm 2485.9 6.74 1800.9 0.72
I=16 mm 2208.7 6.93 1854.9 0.84

Figure 17 shows the energy-absorbing performance of the MPT-LCE with different
unit cell widths w under dynamic crush. The force-displacement curves with different
unit cell widths of MPT-LCEs are shown in Figure 17a. As can be seen from Table 11 and
Figure 17b,c, the MPT-LCE with a unit cell width of 12 mm has the maximum SEA, MCF,
and CFE, exhibiting the best energy absorption performance. This is consistent with the
analysis of the influence of the unit cell width on the deformation modes in Section 4.1.
Since the MPT-LCE with a unit cell width of 14 mm has the maximum PCF, and it results in
the lowest CFE. The CFE of the MPT-LCE with a unit cell width of 16 mm is in the middle.
The MPT-LCE with a unit cell width of 12 mm has the minimum PCFE The PCF of the MPT-
LCE with a unit cell width of 16 mm is in the middle. As the unit cell width increases, the
SEA of the MPT-LCE gradually decreases. However, the CFE shows a decrease followed
by an increase.



J. Compos. Sci. 2025, 9, 190

20 of 23

Force-Displacement Curve
2500

2000

1500

Force/N

1000
500
0
0 5 10 15 20 25 30
Displacement/mm
(a)
9 1
[ BN I vcF
8t —O—CFE 2500 - [ PeF |4
0.95
7
2000 [
il 0.9
"o z
S g § 1500
24 0.85 5
@»
sl 1000
0.8
2|
500
1 0.75
0 0
12 14 16 12 14 16
I/mm I/mm
(b) (c)

Figure 16. Energy-absorbing performance of the MPT-LCEs with different unit cell lengths. (a) The
force-displacement curves with different unit cell lengths; (b) SEA-CFE; (¢) MCF-PCF.
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Figure 17. Energy-absorbing performance of the MPT-LCE with different unit cell widths. (a) The
force-displacement curves with different unit cell widths; (b) SEA-CFE; (c) MCF-PCF.
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Figure 18 shows the energy-absorbing performance of the MPT-LCE with different
unit cell radii under dynamic crush. The force-displacement curves with different unit
cell radii of the MPT-LCE are shown in Figure 18a. As can be seen from Table 12 and
Figure 18b,c, the MPT-LCE with a unit cell radius of 2 mm has the maximum SEA and PCF.
The MPT-LCE with a unit cell radius of 2.5 mm has the maximum CFE and MCEF. Since the
MPT-LCE with a unit cell radius of 2 mm has the maximum PCEF, it results in the lowest
CFE. As the unit cell radius increases, the SEA and PCF of the MPT-LCEs show an increase
followed by a decrease. However, the trend of the CFE is opposite to that of the SEA and
the PCF. Moreover, as the unit cell radius increases, the MCF shows an upward trend.

Niknejad et al. [12] and Hussein et al. [13] studied the influence of different filling
materials (polyurethane foam, aluminum honeycomb, and their combination) on the axial
crushing behavior of square aluminum tubes. Their results showed that the deformation
mode of hollow tubes, aluminum honeycomb-filled tubes, and foam-filled tubes was the
progressive folding mode. The tube filled with foam and aluminum honeycomb was
deformed in a way that the tube corner was split first and then folded outward to form a
four-petal shape. However, in our study of MPT-LCEs, due to the unique properties of
liquid crystal elastomers, the structure first fractured at the circular arcs where the unit
cells were joined, which was different from the behavior of foam-filled tubes, aluminum
tubes, and tubes filled with a combination of foam and aluminum. Regarding the energy-
absorbing performance, the force-displacement curve of MPT-LCEs is smoother and has
less fluctuation than that of their tubes. In addition, the MPT-LCE has a lower peak
crushing force and its crushing force efficiency is higher than that of their tubes under
dynamic crush conditions. In summary, compared with previous studies on metallic
thin-walled tubes filled with other materials, the MPT-LCE designed in this paper has
several advantages.
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Table 11. The evaluation indicators of the MPT-LCE with different unit cell widths.

PCF/N SEA/(J-g™ 1) MCF/N CFE
w =12 mm 2079.6 6.91 1848.7 0.89
w =14 mm 2485.9 6.74 1800.9 0.72
w =16 mm 2261.3 6.60 1763.2 0.78

Table 12. The evaluation indicators of the MPT-LCEs with different unit cell radii.

PCF/N SEA/(J-g 1) MCF/N CFE

r=15mm 2056.9 6.25 1667.9 0.81
r=2mm 2485.9 6.74 1800.9 0.72
r=2.5mm 2155.6 6.66 1780.8 0.83

5. Conclusions

In this paper, a novel metallic thin-walled porous tube was designed, and metallic
thin-walled porous tubes filled with liquid crystal elastomers (MPT-LCEs) were obtained.
Through experiments and numerical simulations, the deformation modes and energy-
absorbing performance of the novel MPT-LCEs under dynamic crush were studied. The
main conclusions were drawn, as follows:

(1) Under dynamic crush, the MPT-LCE first fractures at the circular arcs where the
unit cells of the MPTs are joined. Due to the uneven distribution of the force, the structure
inclines towards the fractured side. As the crush continues, the MPTs collapse layer by
layer. However, due to the supporting effect of LCEs on MPTs, the entire structure can
still continue to resist deformation and absorb energy continuously until it enters the
densification stage.

(2) A verified and reliable finite element model is used to simulate the deformation
processes of the MPT-LCE with different unit cell lengths, widths, and radii. By comparing
and analyzing the effects of unit cell length, width, and radius on the deformation modes
and energy-absorbing performance, we find that changing the geometric parameters can
affect the deformation modes of the MPT-LCE, which in turn affects the energy-absorbing
performance of the MPT-LCE.

The conclusions obtained from this paper can provide a reference to the study of the
energy absorption of metallic thin-walled porous tubes filled with liquid crystal elastomers
under dynamic crush.
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Abbreviations

The following abbreviations are used in this manuscript:

MPTs Metallic thin-walled porous tubes
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LCEs Liquid crystal elastomers
MPT-LCE  Metallic thin-walled porous tubes filled with liquid crystal elastomers
SLM Selective laser melting
SHPB Split Hopkinson Pressure Bar
SEA Specific energy absorption
MCF Mean crushing force
CFE Crushing force efficiency
PCF Peak crushing force
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