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compression. Polylactic acid (PLA), nylon, and wood filaments were utilized in fused

deposition modeling (FDM) to create thin-walled tubes with cross-shaped, equal-shaped, and Keywords

strict inequality-shaped internal cell arrangements. The effects of material, internal geometry, Crashworthiness

build orientation, and loading orientation on the crashworthiness performance were analyzed Thin-walled structure
experimentally. The cross-shaped design demonstrated the best crashworthiness performance Additive manufacturing
among the examined configurations, especially for PLA specimens. The cross-shaped PLA Energy absorption

tube produced the highest specific energy absorption (SEA) value of 10.75 J/g under axial Axial and lateral loading
compression, characterized by sequential folding deformation. Additionally, the specimens Quasi-static loading

with a 90° orientation showed the most stable progressive collapse behavior and the greatest
energy-absorption capacity. In comparison to PLA specimens made at a 90° build orientation,
those made at a 45° and 0° build orientation absorbed 8.8% and 85.1% less energy,
respectively. However, the wood specimens displayed the most severe brittle fracture,
especially at lower build orientations. Under lateral compression, the cross-shaped
arrangement offered the best compromise between structural weight and energy absorption
(EA) capacity among the geometries examined. This result can be useful for the development
of optimal energy-absorbing 3D printed thin-walled multicell structures, such as protective
components and lightweight transportation structures.

1. Introduction

Thin-walled structures have been widely employed across various engineering sectors, including automotive [1, 2], rail
[3], and aviation [4] because of their excellentenergy dissipation capacity, low cost, and simple installation. Thin-walled
tubes, such as crash boxes, side impact beams, and bumper structures, act as energy-absorbing components in automotive
crash protection systems. The cross-sectional design significantly impacted how well a thin-walled structure absorbed
energy [5]. Zhu et al. [6] conducted a comparative analysis of the crashworthiness of carbon fiber reinforced polymer
(CFRP) tubes with various cross-sectional geometries. Their findings indicated that circular-section tubes have the
greatest potential for energy absorption (EA), making them the most promising candidates for crashworthy structural
applications. Furthermore, the aforementioned thin-walled structures, square [7-9], circular [10, 11], hexagonal [12, 13],
hat-shaped [14], and multicell tubes [15-17], have been thoroughly studied in recent years using numerical modeling [18-
201, experimental testing [21, 22], and theoretical analysis [23, 24]. For example, a parametric study has been conducted
on cylindrical multicell columns [25]. The amount of energy absorbed is influenced differently by the wall's thickness
and the‘number of cells, both.radially and circumferentially. Most of the previous research has been on assessing the EA
properties of multicell tubes made of metals and composite materials.

Thin-walled structures can be made using a variety of fabrication techniques, including extrusion, molding, welding,
and composite lay-up procedures. However, the advancement of additive manufacturing (AM) technologies has been
propelled by the increasing demand for intricate geometries, lightweight multicell setups, and quick design modification.
AM has emerged as a practical technique for producing lightweight, geometrically complex energy-absorbing structures
in recent years [26, 27]. One of the most significant developments in crashworthiness applications is the use of AM to
design complex energy-absorbing structures with special capabilities [28]. Additionally, the aerospace, automotive,
health, food, electronics, education, construction, architecture, and chemical industries have all made extensive use of
AM technology, a rapidly expanding rapid prototyping approach [29, 30]. Fused deposition modeling (FDM), selective
laser sintering (SLS), stereolithography (SLA), electron beam melting, laser melting, direct jetting, and photopolymer
jetting are some of the categories into which AM can be divided [31]. FDM has become one of the most widely used
methods due to its inexpensive cost, wide commercial availability, variety of materials, and ease of usage. Since Scott
Crump created FDM technology in the 1980s [32], it has advanced quickly and is now widely accessible for usage in
industry and research [33].
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The mechanical and crashworthiness performance of FDM-fabricated structures is strongly influenced by selecting
filament material and printing conditions. There have been reports of polylactic acid (PLA) [34], polyamide (PA/nylon)
[35], acrylonitrile butadiene styrene (ABS) [36], polyether ether ketone (PEEK) [37], and others [38]. These materials'
unigue mechanical and thermal characteristics have a big impact on thin-walled structures' crashworthiness, deformation
behavior, and EA. PLA is frequently used due to its biodegradability, renewable origin, and attractive mechanical qualities
[39], whereas nylon provides outstanding tensile strength, high toughness, and great thermal stability [40]. In addition,
composite and reinforced filaments using carbon fiber, glass fiber, or wood particles have garnered increased attention
recently due to their potential to enhance the mechanical performance of printed structures [41]. However, because of the
layer-by-layer deposition process, FDM-printed structures exhibit anisotropic behavior in contrast to conventional
materials, making their mechanical characteristics and failure mechanisms extremely sensitive to build orientation and
interfacial bonding quality [42]. Therefore, understanding the characteristics of commercially available filament materials
is critical for selecting the best material for designing thin-walled multicell structures made with FDM 3D printing.

The crashworthiness characteristics of polymeric materials produced through FDM techniques have been.investigated
in numerous studies [43, 44]. These studies have shown that the interaction between the metal and the' FDM-printed
multicell tube promotes the formation of additional deformation lobes and enhances EA. This hybrid configuration has
significant potential to improve structural crashworthiness. The impact of printing parameters on energy EA capacity was
the focus of early research. For instance, Tsouknidas et al. [45] investigated how printing parameters affect the EA
performance of additively manufactured structures. They found that infill density has a major impact on EA capability,
whereas layer height and infill pattern have comparatively less impact. Ma et al. [46] investigated.the crashworthiness
behavior of FDM—fabricated cubic structures with various infill patterns, infill densities, and material types under quasi-
static compression. Their results showed that higher infill densities and honeycomb infill structures significantly enhanced
the printed structures’ ability to absorb energy. Wang et al. [47] examined the gradual collapse behavior of 3D-printed
composite thin-walled structures and showed that bending and membrane defermation, together with matrix cracking,
fiber—matrix debonding, and microfiber fracture, are deformation mechanisms. According to Idris et al. [48], under quasi-
static compression, PLA-based FDM honeycomb sandwich structures outperformed. thermoplastic polyurethane (TPU)
and polyvinyl alcohol (PVA) based structures, achieving the maximum crashworthiness performance with a specific
energy absorption (SEA) of 23.37 J/g. Furthermore, Kumar and Ma [49]‘examined the crashworthiness performance of
lattice structures of thermoplastic polymer composites made by FDM with different geometric configurations under quasi-
static compression. Their results showed that both the lattice geometry and the carbon-fiber-reinforced material
significantly improved the SEA and crushing force efficiency (CFE) of the structures. Similarly, Alagesan et al. [50]
analyzed the crashworthiness performance of biomimetic hexagonal multicell tubes made using FDM with polyethylene
terephthalate glycol reinforced with carbon fiber (PETG-CF) filament. The silk spider web-inspired configuration
demonstrated the highest total EA and SEA capacity.among all investigated biomimetic designs under quasi-static axial
compression. These experiments clearly show that in addition to material qualities, printing-induced structural features
control the crashworthiness performance of additively built structures. The combined effects of internal multicell
geometry, material type, build orientation; and loading orientation on the crashworthiness behavior of FDM-fabricated
thin-walled tubes, particularly under both axial and lateral loading conditions, have received less attention despite the
growing number of studies on AM crashworthy structures.

Although most previous studies.have primarily focused on conventional geometries, single material systems, or
individual printing parameters. Furthermore, this study investigates the crashworthiness behavior of multicell tubes
undergoing quasi-static compression fabricated using FDM. PLA, nylon, and wood filaments were utilized to fabricate
tubes with various internal multi-cell geometries, including cross-shaped, equal-shaped, and strict inequality-shaped
configurations. The effects of filament material, internal geometry, build orientation, and loading orientation on the
deformation-behavior, EA capacity, and crushing stability were experimentally evaluated. The results of this work are
expected to contribute to the development of lightweight energy-absorbing structures with improved crashworthiness
performance and offer a deeper understanding of the crashworthiness features of FDM-printed multicell structures.

2. Materials and Methods

2.1 Materials and Prototyping

In this study, the filaments were made of PLA, nylon, and wood (Company X). The raw filament, which had a standard
diameter of 1.75 mm, was fed inside a nozzle using a roller mechanism. Then, a 0.6-mm diameter nozzle was employed
to extrude the molten filament. The material properties of the three filaments used in this study are shown in Table 1. A
3D printer creates PLA, nylon, and wood tubes one layer at a time in a height (z) direction. The specimens were fabricated
with a layer height of 0.1 mm, a 100% infill density, and linear infill pattern. For the PLA and Wood tubes, the build plate
temperature is kept at 60°C, and the nozzle temperature is set to 210°C. The printing platform and nozzle temperature for
nylon tubes are maintained at 65°C and 260°C, respectively. The remaining 3D printer parameters are set as default values.
A naming scheme is used for convenience. “P,” “N,” and “W” represent PLA, nylon, and wood tubes, respectively.

The printed multicell structure (Figure 1(a)) had three configurations inspired by mathematical symbols: cross (x),
equals (=), and strict inequality (>). The build orientation of the multicell structure (shown in Figure 1(b)) was selected
as 0°, 45°, and 90°. The tube wall thickness (t) and the structural walls of the multicell specimens were maintained at 1
mm, whereas the height (H) of all specimens was uniformly set to 50 mm. Each multicell structure had an outer diameter
(D) of 25 mm. Figure 1(c) shows a representative model of the specimen. Table 2 summarizes the sectional areas of the
various multicell configurations. In addition, all multicell structures featured a 45° chamfer on the outer top edge [51,
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52]. This feature was intentionally introduced to prevent early localized failure at the tube edge during the early stages of
crushing and promote progressive deformation in all multicell designs.

Table 1. Specification of each filament material

Properties PLA  Nylon Wood
Density (g/cm®) 125 112 0.70
Tensile strength (MPa) 64 44 39

Elongation at Break (%) 417 164.88  5.97
Flexural strength (MPa) 40.5 54.2 23.7
Flexural modulus (GPa) 2.82 1.64 1.81

Izod impact strength (kJ/m?) 2.15  4.44 1.97

Table 2. Section areas of the multicell structures

Specimens Multicell x  Multicell = Multicell >
Section area (mm?) 1.25 1.12 0.70

Specimen

Figure 1. Specimen preparation: (a) multicell configuration design; (b) build orientation; (c) specimen dimension
parameters; (d) process sequence; (e) printed multicell structures with different configurations and materials

Printing parameters were established using a 3D printing slicer software. Figure 1(d) depicts the preparation process
flow of the samples. The multicell structure with cross configuration made by PLA was named Px for convenience.
Meanwhile, configurations equal to and strict inequality are called P=and P>, respectively. The multicell with 90° build
orientation made by PLA was named P90, while those with 45° and 0° directions were named P45 and PO, respectively.
This name also applies to nylon (N90, N45, and NO) and wood (W90, W45, and WO0) multicell tubes.

2.2 The Experimental Method

A universal testing machine with a loading capacity of 100 kN was used for experimental testing to apply axial and lateral
quasi-static compressive forces. Numerous were considered when investigating the multicell tube’s quasi-static testing.
First, the experimental setup for quasi-static loading is simpler than a dynamic loading test. Second, under low-impact
velocities, the structures exhibit EA responses and deformation modes that are strikingly comparable to those found under
quasi-static loads. The testing was conducted at a crosshead speed of 5 mm/min [21, 53], with a maximum crushing
displacement of 33 mm, or 2/3 of the initial total height [54, 55]. The crushing load and its corresponding displacement
were recorded using the data acquisition system, and the entire test activity was recorded using a digital camera. Figures
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2(a) and (b) depict the test setups for axial and lateral quasi-static compression, respectively. In addition, before and after
conducting experimental quasi-static tests, microscopic analysis is used to examine the fabrication quality and fracture
surfaces and to identify the corresponding failure mechanisms under different materials.

(a) (b)
Figure 2. A quasi-static compression test experimental setup: (a) axial Joadingand (b) lateral loading

2.3 Characterization of Crashworthiness

Several distinct criteria are frequently used to assess crashworthiness performance, namely EA, mean crushing force
(MCF), initial peak crushing force (IPCF), CFE, and SEA [56]. EA denotes the total energy dissipated throughout the
crushing process and can be quantitatively determined by calculating the area beneath the force-displacement curve:

d
EA = f F(x)dx 1)
0

where F(x) represents the instantaneous crushing. force and d denotes the displacement corresponding to the collapse
distance. The MCF denotes the average force sustained throughout the crushing event and is defined as follows:

EA

MCF = — 2

CF=— )

CFE is used to describe how evenly the crushing force is applied. It can be calculated by dividing the MCF by the IPCF:
MCF

~ IPCF )

SEA represents the energy absorbed by the structure’s unit mass (m), and it is regarded as the most prevalent important
indicator of the structure’s capacity for absorbing energy, mathematically, as follows:

EA
SEA =— (4)
m

CFE

3. Results and'Discussions

3.1 The Effect of Material

The crushing processes of PLA, nylon, and wood tube under axial loading are shown in Figure 3. Following the IPCF,
the thin-walled multicell tube gradually collapsed during compression. Throughout the entire compression phase, the
plastic deformation proceeded in a continuous, stable, and uniform manner across all configurations, exhibiting a
progressive collapse mode. PLA-made thin-walled multicell tubes showed the most regular progressive collapse behavior,
characterized by sequential folding deformation and more EA during axial compression.
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Figure 3. 3D printed thin-walled multicell structures collapse modes: (a) PLA; (b) nylon; and (c) wood

Figure 4 presents the force—displacement and energy absorption—displacement curves, which illustrate the thin-walled
multicell structures” mechanical behavior and EA characteristics. All the specimens exhibited an IPCF, a force reduction,
and a stable crushing area under quasi-static compression without significant fluctuations. The crushing response and EA
characteristics of the multicell structures were strongly influenced by the type of material. The PLA specimens
consistently showed the highest crushing loads and absorbed energy for all internal configurations among all the materials
investigated. The PLA specimens typically showed smaller load reductions following. the IPCF stage, suggesting
improved structural integrity during progressive collapse. However, the nylon specimens showed the lowest crushing
force of all the investigated materials, even though their deformation behavior seemed to be rather consistent and smooth
throughout the compression process. The stiffness at early crushing, which’is indicated by the slope in the pre-crushing
area of the energy absorption—displacement curves, is another way to observe the impact of material type. Nylon
specimens had the lowest slopes, indicating poor resistance to deformation; whereas PLA specimens showed the highest
stiffness. Eventually, the wood specimens exhibited moderate stiffness and EA.

For all thin-walled multicell configurations, the IPCF for PLA and wood materials occurred within a displacement
range of 2-4 mm, whereas the IPCF for nylon was only seen in N>. /Among the three materials evaluated, the nylon
multicell tube had the lowest EA. PLA has the highest EA capability/among the three materials. The energy that the PLA
materials can absorb in the three thin-walled multicell tubes ranges from 60 to 80 J. Wood and nylon can absorb energy
between 20-30 J and 9-12 J, respectively.

The crashworthiness performance of tubes. made of various materials is shown in Figure 5, and the relevant
crashworthiness parameters derived from the axial compression tests are compiled in Table 3. The SEA and EA of the
nylon tube are the lowest of the three tubes. The SEA of PLA and wood increased by 82% and 65%, respectively,
compared with nylon. PLA had the highest. EA (79.78 J) and SEA (10.75 J/g) values, as shown in Figure 5(a). The IPCF
value of nylon was significantly-lower than that of PLA and wood, but it had the highest CFE value (0.67). This is also
shown in Figure 4, where the MCF of nylon was high and very similar to the IPCF. Figure 5(b) shows that the CFE values
of PLA and wood were similar, but the IPCF of PLA was 59.1% higher than that of wood. As a result, the PLA thin-
walled multicell tube displayed the highest EA stability over the entire plastic deformation process.

Scanning electron microscopy (SEM) was employed to characterize the morphology of the walls of FDM 3D-printed
multicell tubes. Figure 6(a) shows a magnified view of the PLA tube wall. The printed sample has a layer thickness of
about 99.5 um, while the nylon-and wood tubes have a layer thickness of 104 um (Figure 6(b)) and 94.4 um (Figure 6(c)),
respectively. Micro and interlayer voids [57] appear in nylon tubes, and wormhole defects and interlayer voids appear in
wood tubes: Interlayer voids Are typically smaller than worm-hole defects. The problem is most likely caused by a drop
in layer thickness that increases the number of layers. As a result, uneven temperatures, unfavorable cooling, and poor
melting quality [58]:

Figure 7 illustrates the fracture patterns observed in PLA, nylon, and wood thin-walled multicell structures under axial
quasi-static loading conditions. All materials exhibit plastic folding mode until the formation of the initial crack. A crack
develops into the interlayer fracture in PLA and nylon, whereas wood fracture occurs, and large fragmentation is formed.
The SEM image of the interlayer fracture between the PLA layers is shown in Figure 7(a). Along with horizontal bending
deformation, the interlayer fracture was produced. The interlayer fracture started due to cracks that appeared when the
bending force was greater than the adhesion force between the layers [47]. The interlayer fracture phenomenon also occurs
in nylon (Figure 7(b)). The fracture pattern in multicell tubes made of PLA (Figure 7(a)) and wood (Figure 7(c)) is called
ridge marking [59], which is an irregular micropattern on the fracture surface. More ridge marking on the fracture surface
indicates greater energy dissipation upon collapse. A thin-walled multicell folding process, interlayer fracture, and
intralayer fracture are the stages of the EA process. Interlayer fracture occurs when the crack plane runs parallel to the
build plane, whereas intralayer fracture develops when the crack plane is perpendicular to the build plane [57].
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Figure 4. Force—displacement curves of multicell tubes of various materials and configurations: (a) cross-shaped;
(b) equal-shaped; and (c) strict inequality-shaped

Table 3. Experimental result of quasi-static axial compression

Materials g'e“otfnrgi'y S CUIPCF (kN)  MCF (kN) CFE EAQJ)  SEA (J/g)
PLA  sSinglecell | 90° 409031  2.09t0.55 0512011  8.02:0.76 164015
x 90° | 411+0.08 2.38+0.10  058+0.03 79.78+2.77 10.75:0.47

45° 397032 215018  057:002 7153607 9.85:0.84

0° 4974049  145+015 0294001 12.82+4123 1.65:0.41

- 90° 3524025 203006  058:002 66994187 8.65:0.24

5 90° 3004022  185:009 0624003 61.05:293 8.30+0.39

Nylon x 90° 0544003  0.36+0.03  067+0.03 11.88+101 1.84+0.14
45° 0.63£0.05 0.25:062  039+0.04 611+2.84  0.92+0.58

0° 0.66+0.06  0.30+0.06  046+0.12 1.89+0.21  0.29+0.06

- 90° 0.40+0.02  023+0.04  058+011 7.59+1.37  1.19+0.19

> 90° 0544002 0294003  054:006 0.57+0.83 151+0.15

Wood x 90° 168004 093:010  055:0.06 30.69+332 5.26+0.53
45° 116052  068:029  059+0.03 1284071  0.22+0.12

0° 18240.19  0.81+0.04 045006 2.46+0.67  0.42+0.11

- 90° 138029  0.72+0.08 0524010 23.76+258 4.10+0.54

5 90° 11440.18  0.63t0.05 055007 20.79+149 3.86+0.36
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Figure 5. Effect of materials on crashworthiness properties: (a) EA and SEA and (b) IPCF and CFE
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Figure 6. SEM images of the observed microstructure: (a) PLA; (b) nylon; and (c) wood

journal.ump.edu.my/ijame

08

06

04

02

00

CFE

13589



Hidayat et al. | International Journal of Automotive and Mechanical Engineering | Volume 23, Issue 2 (2026)

Squeezed and
buckle layers

Ridge markings

Inter-layer
fracture

(a)

Inter-layer
fracture

S

Ridge markings

Intra-layer
fracture

(©)

Figure 7. SEM images of the tube fracture surfaces of various materials: (a) PLA; (b) nylon; and (c) wood

3.2 Effect of Multicell Shape

Figures 8(a) and (b) illustrate the load-displacement curves and crushing processes of different shapes of multicell tubes,
especially for PLA material. In the pre-crush stage, the crushing force immediately increased to its peak value, followed
by an abrupt decrease to a lower value. These curves could be viewed as having similar patterns. The response curve can
be categorized into three distinct stages: the pre-crushing stage, which is marked by the initiation of material failure; the
post-crushing stage, which is characterized by the progressive propagation of damage throughout the specimen; and the
compaction stage, which is characterized by the densification of the remaining debris [60]. Owing to the rise in yield
strength and toughness, the IPCF of Px came out later. For Px and P=, after the IPCF, the biggest decline was observed.
Compared with the other two structures, P> showed the lowest fluctuation and the highest CFE value.
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Figure 9 shows that both the material type and multicell configuration significantly influence the SEA and CFE values
of the multicell tubes. Among the investigated configurations, the cross-shaped configuration consistently exhibits the
highest SEA values. For example, the Wx and Nx configurations showed greater SEA values than the other configurations
within their respective material groups, while the Px configuration attained the maximum SEA value of 10.75 J/g. The
cross-shaped internal design, which improves wall interaction during the crushing process, is responsible for this behavior.
As a result, the progressive folding mechanism dissipates more plastic energy. However, for PLA and wood materials,
the cross-shaped arrangement typically shows subtle CFE values, indicating larger IPCF values in comparison to the MCF
during the crushing process. It's interesting to note that, of all the nylon-based structures, the Nx configuration had the
highest CFE value (0.67), which was also the highest CFE observed in this study. This result implies that nylon materials'
cross-shaped design can encourage more stable deformation while preserving effective EA.
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Figure 8. (a) Force—displacement curves and (b) crushing deformation.sequences of multicell tubes with various cross-
sectional geometries
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Figure 9. Effect of materials and multicell shape on crashworthiness characteristics: CFE and SEA

Conversely, for PLA and wood materials, the rigid inequality-shaped design typically yields larger CFE values than
the other configurations. This trend is evident from the positions of the P> and W> configurations, which are located
further to the right along the horizontal axis, indicating improved crushing-force stability during axial compression. The
higher CFE values imply that the strict inequality-shaped configuration can more uniformly distribute the crushing load,
thereby reducing the difference between IPCF and MCF, except in the case of nylon materials. However, the SEA values
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of the strict inequality-shaped configurations are generally slightly lower than those of the cross-shaped configurations,
indicating that the improved deformation stability does not necessarily correspond to the enhanced EA capacity.
Meanwhile, the equal-shaped configuration demonstrates relatively balanced performance characteristics between SEA
and CFE. In general, this configuration lies between the cross-shaped and strict inequality-shaped configurations in terms
of both EA capacity and crushing efficiency. Nevertheless, the equal-shaped configuration consistently exhibits lower
SEA and CFE values than the cross-shaped configuration for all investigated materials. Additionally, as shown on the
graph’s right side, the current findings were compared with previously documented energy-absorbing structures,
specifically quadruple-cell square tubes fabricated from aluminum/nylon (Al/N+) hybrid materials [43], PETG-CF
hexagonal tube inspired as a spider web [50], and hexagonal tubes filled with triangular cell made of short carbon-fiber-
reinforced polyamide (PACF) [55]. These structures display relatively high CFE values (>0.7), indicating exceptional
crushing stability. However, several combinations created in this study, especially Px and P>, continue to show
competitive SEA performance. In addition, all PLA designs in this study performed better in terms of CFE and SEA than
the hexagonal bi-tubular structure with wall-to-wall multicell manufactured of ABS [61]. Overall, the cross-shaped
configuration is more effective in maximizing the EA capacity, whereas the strict inequality-shaped”configuration
provides better crushing-force stability. These results imply that, depending on whether the main goal is to maximize
energy dissipation capacity or enhance deformation stability during impact loading, thecinternal arrangement can be
customized to meet application requirements. Specifically, when compared to the other  configurations under
investigation, the cross-shaped structures exhibit better overall SEA performance.

A schematic of the folding feature lines for deformation in a single folding wavelength is presented in Figure 10. The
Px specimen can be categorized as a Type-I deformation mode, in which the internal multicell members and the exterior
tube wall fold in the same direction following axial crushing, according to Zhang's deformation mode categorization [10].
As the deformation pattern progressively and symmetrically develops along the tube axis in this manner, a stable folding
mechanism is encouraged throughout the crushing operation. The folding feature lines formed during a single fold are
represented by the dashed blue lines, which subsequently reverse direction in the next fold. Because the external wall and
interior ribs work together to deform within the same folding wavelength; the Px design strengthens the bond between
the tube wall and the multicell structure. The horizontal internal ribs in the'P= arrangement, on the other hand, tend to
direct the deformation along the transverse direction, exhibiting a somewhat simpler folding process that produces more
uniform but less interactive folding patterns. The horizontal plastic hinge sections formed between the external wall and
the internal parallel ribs are where the deformation is primarily concentrated. Consequently, the plastic's ability to disperse
energy is reduced since there are fewer interacting folds and concentrated deformation zones than in the cross-shaped
design. The P> configuration's inclined interior ribs display an asymmetric folding mechanism in which the deformation
propagates preferentially toward one side of the cross-section. Because the inclined elements aid in the more gradual
redistribution of the axial load throughout the structure, this process produces more stable progressive folding than the
equal-shaped design. Even though the asymmetrical collapse mode shows comparatively stronger crushing stability, it
also restricts the production of many simultaneous plastic hinges, resulting in lower SEA values as compared with the Px
arrangement. The interaction between the‘internal. members and the tube wall occurs primarily through the creation of
inward folds along the tube walls, whereas the multicell structure primarily collapses inside the original cross-sectional
boundary [62].

Figure 10. Deformation modes for multicell constituent elements

3.3 Effect of the Build Orientation

Thin-walled multicell tubes fabricated with 90°, 45°, and 0° build orientations were tested to characterize their
crashworthiness behavior. Figure 11 shows the crushing behavior of thin-walled multicell tubes fabricated with different
build orientations and materials under the same cross-shaped configuration. Every specimen exhibited steady progressive
collapse behavior for the 90° construction orientation (Figure 11(a)). Because the deposited layers are positioned
perpendicular to the loading direction in this arrangement, the compressive load is distributed more evenly throughout
the tube structure. Under compressive loading, the materials’ layers are squeezed out and compressed, and the structure
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becomes compact. The squeezed layers are pulled away; this could be the result of the layer initially buckling and then
breaking when the plastic deformation is too great or when it exceeds the material’s fracture toughness [63]. At a 45°
build orientation (Figure 11(b)), only the PLA and nylon tubes exhibited progressive collapse, whereas the wood tube
fractured and disintegrated into large fragments. This behavior suggests that under oblique loading conditions, the
interlayer cohesiveness of the wood-filled material was poorer and less resistant to shear-induced fracture propagation.
Therefore, the structure failed before it could fully acquire steady progressive folding. All specimens showed interlayer
fracture after axial crushing for the 0° build orientation (Figure 11(c)). The compressive load acts directly along the layer
interfaces in this design because the deposited layers are oriented parallel to the loading direction. The main cause of
failure was poor interfacial bonding between neighboring printed layers. Instead of forming progressive folds, the
structures tended to separate layer by layer, which resulted in early delamination and unstable collapse behavior. The
capacity of the tubes to withstand successive plastic deformation was greatly diminished by this interlayer fracture
process, which also restricted their capacity to absorb energy.

ase

Inter-layer fracture

Figure 11. The effect of building orientation on the fracture mode
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Figure 12. Comparison of the absorbed energy of the three-building orientation

The crushing behavior of FDM 3D printed thin-walled multicell tubes is significantly influenced by the build
orientation. Simultaneously, EA reveals a prominent dependence on both building orientation and the type of materials.
During the crushing process, a noticeable difference between the intralayer and interlayer fracture mechanisms can be
observed. Intra-layer fracture became more prevalent in the 90° orientation, where the applied strain was mostly supported
by the filament strands themselves, whereas inter-layer fracture was more common in the 0° build orientation due to
debonding between adjacent deposited layers. The greater crushing stability observed in specimens made at higher
construction orientations can be explained by this shift from interlayer to intralayer failure. Figure 12 depicts the
crashworthiness characteristics of tubes made of various build orientations and materials. Among the investigated
configurations, the specimens fabricated at a 90° build orientation consistently exhibited the highest EA capability. The
P90 configuration, which reached approximately 79 J, had the maximum absorbed energy for the PLA specimens. In
contrast, the absorbed energy dropped by 8.8% for the P45 specimen and by 85.1% for the PO specimen. The very slight
decrease in the 45° orientation indicates that even under inclined loading conditions, PLA materials retained sufficient

Energy Absorption (J)

journal.ump.edu.my/ijame 13593



Hidayat et al. | International Journal of Automotive and Mechanical Engineering | Volume 23, Issue 2 (2026)

interlayer bonding strength for progressive collapse to proceed during crushing. The nylon multicell tubes showed a
similar pattern. Among the nylon specimens, the N90 configuration exhibited the highest absorbed energy. The absorbed
energies of N45 and NO dropped by 38.9% and 86.4%, respectively. For the wood-filled specimens, the impact of the
build orientation increased even more. While the absorbed energies of W45 and WO dropped by 94.4% and 93.6%,
respectively, the W90 configuration absorbed ~30 J of energy. In contrast to PLA and nylon, the wood-filled constructions
showed severe brittle breakage and fragmentation at lower build orientations, especially at 45°. This behavior suggests
that under combined compressive and shear stress conditions, the wood-filled material has low interlayer cohesion and
limited fracture resistance. These findings are in line with earlier research published in the literature [64], which suggests
that the build orientation affects the anisotropic mechanical properties produced by the layered manufacturing process in
FDM 3D printing, primarily due to differences in the interfacial bonding between deposited layers.

3.4 Lateral Quasi-Static Loading

In addition to axial and oblique loading conditions, lateral loading may also be applied to structures. Figures 13 and 14
show the lateral deformation processes and compressive load-displacement curves of the multicell and single cell tubes,
respectively. In contrast to the axial crushing of the same specimens, all multicell tubes have a low load-carrying capacity
when subjected to lateral crushing [65]. The cross-sections of all the tubes instantly changed from.round to elliptical as
soon as the indenter made initial contact with the specimen.

0 mm 5 mm 10 mm 15 mm 20 mm
Wall plastic hinge formation Global beadingy, /| Densification
Localized wall bugkling Inward folding
® - - ; —
Mulgiple plastic hinge formation  Progressive crushing
Rib bending Localized wall buckling  Densification

Figure 13. The deformation process of thin-walled multicell tubes subjected to lateral quasi-static loading

During lateral compression;. the single-cell tube exhibited the most straightforward deformation mechanism. The
crushing load increased to approximately 0.16 kN at a compression displacement of ~10 mm. Global structural bending
with minimal-internal interaction dominated the deformation, resulting in low compressive resistance and limited EA
capability. During the crushing process, four plastic hinges were formed along the single-cell tube wall [66]. The multicell
cross=shaped arrangement exhibited the most stable and progressive deformation behavior of all the structures examined.
The crossed internal ribs continuously supported the outer wall during the crushing process, which led to a more even
distribution of stress during lateral compression. With only slight local distortion, the cross-shaped arrangement structure
maintained its geometric stability at a displacement of 5 mm. The IPCF value of the multicell cross-shaped tube is 0.97
kN at a displacement of 11 mm. Both the interior ribs and the outer wall experienced progressive folding simultaneously
as the displacement increased to 10 and 15 mm, creating several plastic hinge regions. Instead of flattening completely,
the structure retained a compact and interconnected collapse pattern even after a displacement of 20 mm.

The crushing load of the multicell strict inequality-shaped tube progressively increased until it reached an IPCF of
0.47 kN at a compression displacement of approximately 7.5 mm. Then, there was an abrupt drop in force, which was the
beginning of the fracture at the bottom of the tube. Before the multicell tube totally collapsed, the crushing force steadily
decreased as the compression process went on, reaching a displacement of 15 mm. In the meantime, an intermediate
deformation response was displayed by the multicell arrangement with an equal shape. The IPCF in this configuration
happened earlier, at a displacement of about 3 mm, but the parallel vertical ribs initially strengthened the lateral stiffness
of the structure by limiting inward wall deformation. But as the compression grew, the internal ribs experienced global
bending and eventually collapsed in the direction of the tube's center. Compared to the cross-shaped form, equal structure
provided fewer contact points and easier folding patterns, which reduced the crushing resistance and EA capacity.
However, because of the additional support provided by the internal ribs, the deformation remained more stable than that
of the single cell structure.
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Figure 14. Load-Displacement curve of specimens subjected to lateral quasi-static loading

The quasi-static lateral compression test results for the examined thin-walled tubular structures are shown in Table 4.
The multicell cross-shaped specimen demonstrated the best overall crashworthiness performance in accordance with the
lateral compression crushing process. With IPCF, MCF, EA, and SEA values of 0.97 kN;.0.44 kN, 8.80 J, and 1.16 J/g,
respectively, this setup attained the highest values. The cross-shaped internal reinforcement significantly enhanced the
energy dissipation capabilities during lateral compression, as evidenced by the SEA value increasing by about 127% as
compared to the single-cell tube. The greater connection between the internal ribsiand outer wall, which encourages more
stable deformation and produces more plastic hinge formations during crushing, is responsible for the improved
performance. The efficacy of the suggested multicell designs is further demonstrated by a comparison with previously
documented structures from the literature. Despite having a far lower mass, the multicell cross-shaped specimen attained
a greater SEA value (1.16 J/g) than the single cell.steel construction.described in Ref. [65], which showed a SEA of 0.68
J/g. Furthermore, the composite single cell structure described in Ref. [66] absorbed a much higher total energy (137.45
J), but due to its much larger mass, the SEA value'was only 0.30 J/g. These comparisons show that the suggested
lightweight multicell designs provide better mass efficiency for EA applications, especially the multicell cross-shaped
arrangement.

Overall, the findings show that adding internal multi-cell reinforcements significantly improves thin-walled tubes'
lateral crashworthiness performance. The cross-shaped structure is a viable option for lightweight energy-absorbing
applications because it offers the best balance between structural weight and energy absorption capacity among the
geometries under investigation. Additionally, this study helps close the current knowledge gap about how the
crashworthiness performance of FDM 3D-printed thin-walled multi-cell tubes is affected by material type, multi-cell
geometry, build orientation, and loading orientation.

Table 4. Experimental result of quasi-static lateral compression

Specimens IPCF (kN)  MCF (kN) EA (J) SEA (J/g)
Single cell 0.21+0.03  0.13+0.01 2.60+0.19 0.51+0.04
Multicell > 0.47+0.08 0.27+0.05 4.05+0.96  0.55+0.13
Multicell x 0.97+0.14  0.44+0.10 8.80+0.23  1.160.27
Multicell = 0.69+0.03  0.30+0.01  6.00+0.08  0.78+0.01
Single cell steel [65] - 0.51 9.31 0.68

Composite single cell [66] 1.97 0.85 137.45 0.30

3.5 The Effect of Loading Direction

The loading direction has a significant impact on the crashworthiness performance of additively manufactured thin-walled
multicell tubes. Figure 15 displays the PLA multicell tubes' SEA and CFE values during axial and lateral quasi-static
compression. The axial loading condition produced significantly higher SEA values (about 8-10.75 J/g) than the lateral
loading condition (about 0.55-1.16 J/g) for all designs. This pattern implies that axial compression promotes more
effective energy dissipation through stable progressive folding and improves the internal multicell walls' contribution
during deformation.
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Figure 15. Impact of lateral and axial quasi-static pressure on the performanceof CFE and SEA

The cross-shaped arrangement (Px) displayed the largest SEA under axial stress, whereas the strict inequality-shaped
design (P>) demonstrated the maximum CFE, indicating superior crushing force stability. All specimens showed
significantly lower SEA values because the deformation under lateral load was dominated by ovalization andocalized
bending rather than progressive folding. Nevertheless, with lateral compression, the cross-shaped arrangement remained
to provide the best EA performance, while the rigid inequality-shaped configuration maintained the maximum CFE.
Across all investigated geometries, the cross-shaped arrangement consistently demonstrated the highest crashworthiness
behavior, and axial loading typically resulted in noticeably better EA performance than lateral loading.

4. Conclusions

The crashworthiness behavior of FDM-printed thin-walled multicell tubes‘under axial and lateral quasi-static loads was

examined in this work. Several crashworthiness indicators, such as EA, MCF, IPCF, CFE, and SEA, were used to assess

the effects of the filament material, multicell arrangement, build orientation, and loading direction. The following
conclusions can be made considering the experimental findings:

e The material utilized has a significant impact on the printed tubes' crushing stability and EA capacity. Among the
PLA, nylon, and wood specimens under axial quasi-static compression, the PLA multicell tubes exhibited the most
reliable and progressive collapse behavior. PLA-also demonstrated the best EA performance, with maximum EA and
SEA values of 79.78 and 10.75 J, respectively. Nylon specimens exhibited the lowest EA capacity, whereas wood
specimens tended to exhibit more severe fractures and. fragmentation.

e The crashworthiness performance was:significantly enhanced by the multicell structure. The cross-shaped multicell
tube had the best EA capability among the examined cross-shaped, equal-shaped, and rigorous inequality-shaped
arrangements. The cross-shaped interior wall structure offered a more efficient load transmission path and encouraged
stable progressive deformation during crushing; as seen by the cross-shaped PLA specimen’s maximum SEA of 10.75
Jig.

e The FDM-printed tubes' mechanical response was also significantly impacted by build orientation. When compared
to the 45° and 0° orientations, the specimens printed with a 90° construction orientation showed the highest EA
capacity. When compared to PLA‘with a 90° orientation, the absorbed energy of P45 and PO for PLA specimens
dropped by 8.8% and 85.1%, respectively. This outcome demonstrates that the layer arrangement used in the FDM
technique has a significant impact on the energy dissipation capacity, failure mechanism, and crushing behavior of
additively built thin-walled tubes.

o /The loading direction has a major effect on the multicell tube crashworthiness response. Because progressive folding
along the tube height was encouraged in the axial direction, axial quasi-static loading resulted in much greater SEA
values than lateral quasi-static loading. By inducing cross-sectional ovalization, local buckling, plastic hinge
formation, flattening, and compaction, lateral loading, on the other hand, decreased EA. The cross-shaped multicell
structure performed best under lateral stress with IPCF = 0.97 kN, MCF = 0.44 kN, EA =8.80 J, and SEA = 1.16 J/g.

Overall, the PLA cross-shaped multicell tube with a 90° build orientation demonstrated the most promising

crashworthiness performance. Compared with the other investigated configurations, this configuration provided stable

deformation, high EA, and superior SEA. Therefore, FDM-printed PLA multicell tubes, particularly those with cross-
shaped internal walls, have strong potential for lightweight energy-absorbing applications in protective structures,
transportation components, and unmanned aerial vehicle (UAV) related crashworthiness systems.
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