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Oz

Bu ¢aligma, 3B baski teknolojisi kullanilarak polilaktik asitten (PLA) tiretilen ve pencereler i¢eren ince cidarl kare
tiiplerin enerji soniimleme ve ¢arpisma dayanimi Ozelliklerini analiz etmek amaciyla tasarlanmistir. Bunu
basarmak igin, tliplerin analizinde her biri iki seviyeli li¢ bagimsiz tasarim parametresi dikkate alinmistir: pencere
sayisi (4, 5), pencere uzunlugu (8, 10 mm) ve pencere genisligi (10, 12 mm). Enerji soniimleme ve garpisma
dayanimi 6zelliklerini belirlemek amaciyla pencereli ince cidarh kare tiipler yari-statik eksenel basma testine tabi
tutulmustur. Tiiplerin eksenel basmasi sirasinda kuvvet ve ortaya ¢ikan yer degistirme tepkileri kaydedilmistir.
Enerji soniimleme ve c¢arpisma dayanimi performansi, toplam soéniimlenen enerji (EA), tepe carpisma kuvveti
(PCF), ozgiil enerji soniimii (SEA), ortalama ezilme kuvveti (MCF) ve carpisma kuvveti verimliligi (CFE) gibi
cesitli kritik gostergeler dlciilerek nicelendirilmistir. Deneysel sonuglar, pencere boyutundaki bir artisin hem enerji
soniimlemesinde hem de carpisma kuvveti verimliliginde bir diisiise yol actigini ortaya koymustur. Ornegin,
deneysel bulgular, 4W-1 numunesinin yaklasik %18 ve %70 oraninda sirasiyla 4W-2 ve 4W-3 numuneleri igin
kaydedilen SEA degerlerinden daha {istiin bir SEA degeri sergiledigini géstermektedir. Ayrica, 4W-1, 4W-2 ve
4W-3 numunelerinin sergiledigi CFE'nin, sirasiyla yaklasik %13, %6 ve %4'lik artiglarla SW-1, 5W-2 ve 5W-3
numunelerinden 6nemli 6l¢lide daha yiiksek oldugu goériilmiistiir.
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Abstract

This paper is designed to examine the crash performance and energy absorption of thin-walled windowed square tubes
with incorporated windows, produced from polylactic acid (PLA) using 3D printing technology. Three independent
design variables, each with two levels, were considered in the analysis of the tubes: the number of windows (4, 5),
window length (8, 20 mm), and window width (10, 12 mm). To decide the absorbed energy and crash behaviors, the
windowed square tubes were loaded under quasi-static compression. The force and resulting displacement responses
during the axial compression of the tubes were recorded. Energy absorption and crashworthiness performance were
quantified by measuring several critical indicators, including peak crash force (PCF), energy absorption (EA), specific
energy absorption (SEA), mean crushing force (MCF), and crash force efficiency (CFE). The findings indicated that an
increase in window size resulted in a reduction in both EA and CFE. For instance, the experimental findings illustrate
that the 4W-1 specimen exhibited a SEA value that was approximately 18% and 70% superior to the SEA values
recorded for the 4W-2 and 4W-3 specimens, respectively. Furthermore, The CFE demonstrated by specimens 4W-1,
4W-2, and 4W-3 considerably exceeded that of specimens 5W-1, 5W-2, and 5W-3, with percentage increases of
approximately 13%, 6%, and 4%, respectively.

Keywords: Windowed thin-walled tubes, 3D printing, Crashworthiness, Energy absorption, Fused deposition
modelling
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1. Introduction

Thin-walled tubes, due to their energy-absorbing capabilities, have found widespread application in the
design of many vehicles, including trains, automobiles, ships, and aircraft [1-4]. In the event of a real crash,
energy-absorbing structures undergo plastic deformation, gradually dissipating the crash energy and
distributing the kinetic energy [5-6]. Thus, they reduce the impact effect, ensuring passenger safety and well-
being, and minimizing vehicle damage. Most energy-absorbing structures are single-use, being discarded
and replaced once plastically deformed. Therefore, in the design of energy-absorbing structures, it is
important to select structures with low mass, low initial peak force (PCF), high specific energy absorption
(SEA), and high crash force efficiency (CFE) [7-9].

In the design of energy-absorbing thin-walled tubes, a wide variety of options are available, such as tapered,
windowed, corrugated, functionally graded, actuated, and origami structures, with various cross-sectional
areas, for example, square, cylindrical, triangular, and hexagonal. The evolution of 3D printing technology
in recent years has fundamentally increased the design freedom for energy-absorbing structures with diverse
configurations, consequently broadening the scope of design possibilities. [10-14].

While various materials are used for safety-enhancing energy-absorbing structures, steel and aluminum are
commonly used metals in the production of thin-walled tubes. Recently, thermoplastic materials have gained
increasing importance in the industry as energy absorbers due to properties such as high energy absorption,
excellent specific strength, growing environmental concerns, and sustainability for recycling. Furthermore,
thermoplastic polymers have become notable as energy absorbers in the automotive industry due to their
lower production cost compared to metals and the weight reduction opportunity they provide, leading to fuel
efficiency, as well as their easier production. Various studies are available in the literature on this subject to
improve energy absorption and crashworthiness performance. For instance, Wang et al. [15] experimentally
investigated the crashworthiness behavior of multi-cell filled thin-walled hexagonal structures, fabricated
using 3D printing with carbon-fiber-reinforced polyamide and featuring varying internal filling geometries
and densities, under both static and dynamic loading. The study revealed that filling density and geometry
substantially affect energy absorption and crushing efficiency, which further emphasized the superior
performance of the proposed structures when compared to conventional designs found in the literature. The
quasi-static crashworthiness of thin-walled multi-cell structures was analyzed by Hidayat et al. [16]
concerning 3D printing parameters, dimensions, and filament material, ultimately determining optimal
combinations for CFE and SEA. Jiang et al. [17] explored the crashworthiness of 3D-printed origami tubes
with varying thickness and printing angles, demonstrating enhanced specific energy absorption in variable
thickness designs and pinpointing optimal parameters for better energy absorption using experimental and
finite element methods. Moreover, Meram and Sozen [18] conducted an experimental study to analyze the
effect of FDM printing parameters (filling rate and pattern, specifically honeycomb, square, and concentric)
on the low-velocity impact response and energy absorption of thin-walled tubes, concluding that the square
pattern with a 50% filling rate was the most effective in absorbing impact energy. Abd El-Halim et al. [19]
examined computationally and experimentally the crashworthiness of 3D-printed circular PLA tubes with
circular hole cuts under quasi-static axial compression, employing the Taguchi method to optimize design
parameters (hole diameter, number, and position) for minimizing initial PCF and maximizing absorbed
energy.

Aside from the thin-walled tube configurations highlighted above, tubes with intentionally added windows
or perforations on their outer walls are likewise recognized as promising energy-absorbing structures. In the
literature, it has been introduced that windowed thin-walled tubes provide stabilization during the crushing
process, enable the prediction and control of the collapse mode, and are a way to reduce the initial peak force
[20-24]. However, studies investigating the crash behavior and energy absorption capabilities of windowed
or perforated tubes have received limited attention. Therefore, this study aims to investigate the impact
performance of thin-walled square tubes produced from PLA material using the Fused Deposition Modelling
(FDM) process. This research seeks to determine how windows of varying numbers and sizes affect the
resulting unique deformation modes of the structures under impact, as well as the ideal balance between
energy absorption performance and PCF. Within this scope, quasi-static compression tests were applied to
the manufactured specimens. Parameters such as different numbers of windows (4 and 5), different window
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lengths (8 mm and 10 mm), and different window widths (10 mm and 12 mm) along the tube were applied
to the walls of the thin-walled square tubes. By examining these factors, the energy absorption performance
and crashworthiness of the thin-walled tubes were evaluated by considering crash indices such as total EA,
SEA, PCF, MCF, and CFE.

2. Materials and Methods

2.1. Material properties

In this study, to investigate the effect of varying window sizes on the energy absorption of thin-walled tubes,
PLA filament rolls with a diameter of 1.75 mm were procured from eSUN (Shenzhen, China). PLA was
selected due to its advantages, including sustainability through renewability, environmental friendliness,
cost-effectiveness for various applications, and biodegradability. PLA material is highly suitable for precision
engineering applications, ensuring dimensional stability during 3D printing. Additionally, it exhibits
favorable mechanical properties under compressive loading. Therefore, PLA material was chosen in this
study to compare the crash performance of windowed tubes with varying window size parameters. Tensile
tests were conducted on PLA specimens in accordance with ASTM D638 standards to determine the
material's properties, which are listed in Table 1 (Figure 1). Using a Shimadzu Universal Test Machine,
tensile tests were performed on the specimens at a speed of 2 mm/min with a 5 kN load cell.

Upper
grips

Specimen

Lower
grips

Fixed
head

Dog Bone Specimen

Figure 1. Tensile test and 3D printed PLA dog-bone

Table 1. Mechanical characteristics of PLA

Young’s Ultimate Strain at Poisson’s Densit
modulus (E) strength max stress ratio Y
2.4 GPa 51.2 MPa 0.024 0.35 1.24 g/lcm?
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2.2. Geometrical design and specimen preparation

The selection of design parameters plays a decisive role in shaping both the research approach and its
findings. In this study, six design variables were carefully defined. Since no standard geometries exist for
crashworthy structures [20, 25-26], the ranges were determined through experimental trials and expert
knowledge to avoid any issues during fabrication.

The thin-walled tubes were fabricated from PLA material using a 3D printer employing the Fused Deposition
Modeling (FDM) method. CAD models of the square cross-section thin-walled tubes were created using
SolidWorks® 2018, a software developed by Dassault Systémes - SolidWorks Corporation, and exported in
Stereo Lithography (STL) format. Subsequently, Ultimaker Cura 5.4, a computer-aided manufacturing
(CAM) software, was utilized to convert the models into G-code, which is essential for manufacturing on the
FDM machine. The 1.75 mm diameter filament was heated in a mold, subjected to feeding by a cylindrical
mechanism, and extruded through a 0.4 mm diameter nozzle. The room temperature was maintained at
approximately 25°C throughout the printing process. This precise environmental control helps mitigate
common printing defects like warping, inadequate build plate adhesion, inter-layer delamination, and
bending, which could otherwise negatively impact part quality. The printing parameters, derived from
filament vendor recommendations and previously conducted studies, are listed in Table 2.

Figure 2 illustrates the models of the four different windowed thin-walled tubes used in this study. Here, the
height of the thin-walled tubes is denoted by H, the width by d, the thickness by t, the window heights by I,
and the window widths by w. Table 3 provides the specifications of the fabricated thin-walled tubes.

Table 2. 3D printing parameters of PLA

Parameter Unit PLA
Printing temperature [°C] 205
Substrate temperature [°C] 60
Diameter of nozzle [mm] 0.4
Thickness of layer [mm] 0.2
Infill density [%0] 100
Print speed [mm/s] 50

Table 3. Geometrical parameters of square thin-walled windowed tubes

Windowed tubes H (mm) d (mm) t(mm) I (mm) w (mm)
4W-1 90 35 2 8 12
4W-2 90 35 2 10 10
4W-3 90 35 2 10 12
5W-1 90 35 2 8 12
5W-2 90 35 2 10 10
5W-3 90 35 2 10 12
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AW-1 SW-3

Figure 2. Windowed thin-walled tubes models
2.3. Quasi-static experimental tests

The quasi-static axial compression tests were carried out by means of a 100 kN capacity Shimadzu Universal
Testing Machine. The experimental setup was conducted at room temperature and is illustrated in Figure 3.
The windowed square cross-section thin-walled tubes were placed between two rigid metal plates, and the
specimens were compressed using the test machine fixtures. Upon ensuring proper compression alignment,
the test was initiated. In the test system, the lower fixture was fixed, while a downward displacement rate of
2 mm/min was applied by the upper fixture. During the compression, displacement was controlled, achieving
a final displacement of 60 mm, corresponding to 2/3 of the initial tube height [15, 25-26]. The testing machine
automatically recorded the displacement and crushing force data. Additionally, a real-time camera was used
to capture the deformation behaviors of the windowed tubes under axial quasi-static loading. To ensure the
reliability of the results, each specimen was subjected to the test three times, and the averages were taken to
more accurately evaluate the crashworthiness behavior and energy absorption performance of the tubes.
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5 100kN -

Figure 3. Experimental setup for quasi-static axial compression tests
2.4. Energy absorption parameters

The crashworthiness behavior of the thin-walled windowed square tubes is evaluated using the following
crash criteria: EA, PCF, SEA, CFE, and MCF. EA, representing the energy absorbed by the thin-walled tubes
during the axial compression test, is calculated as the area under the force-displacement curve. Meanwhile,
SEA quantifies the energy absorbed per unit mass of the thin-walled tubes. PCF is the highest force value
initially generated during the compression process. MCF is defined as the average force sustained throughout
the compression process, calculated by dividing the total absorbed energy by the effective displacement. [27,
29]. The CFE value is obtained by dividing the MCF value by the PCF value and is used to assess the actual
crash performance of the windowed tubes. Here, it is desired that the PCF value be low to minimize passenger
safety and vehicle damage. SEA value is an important criterion for understanding the energy absorption
performance of the structure, and a high SEA value indicates the structure's superior energy absorption
capacity [30-31]. A high MCF value indicates that the energy-absorbing structure has good resistance to
impact. Additionally, the CFE value is an important criterion for the efficiency of energy-absorbing
structures, and a high CFE value indicates the structures' high impact resistance [32-33]. EA, SEA, MCF,
and CFE are expressed by the following equations:

d

EA = J‘F(x)dx (1)
SEA = —— 2
MCF:i 3)
d
M CF
CFE = 4
PCF

where F(x), d, and m represent the instantaneous crushing force at displacement x, the axial displacement,
and the mass of the thin-walled tube, respectively.
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3. Results and Discussion

This section examines the crashworthiness performance of four-windowed and five-windowed thin-walled
tubes with square cross-section under quasi-static compression loading. The crash performance of the
windowed tubes was assessed and compared using SEA, PCF and CFE responses. Figures 4-7 display the
force-displacement curves, deformation modes for each tube, EA/SEA and PCF/MCF/CFE responses,
respectively. All fabricated thin-walled tubes underwent quasi-static compression tests using a universal
testing machine at a crosshead speed of 2 mm/min. Force-displacement data, recorded at a frequency of 20
data points per second, was acquired from the testing machine to facilitate the comparison of the energy
absorption performance of the windowed square tubes. Figure 4 demonstrates representative force-
displacement curves for the thin-walled square tubes with varying window numbers and sizes. Consistent
with common presentations in the literature, the force-displacement curves of energy-absorbing structures
can be divided into three primary regions: (a) elastic, (b) plateau, and (c) densification. The elastic region is
characterized by the absence of plastic deformation. The initial response of the thin-walled tubes is elastic
deformation, continuing until a critical threshold is exceeded, leading to the onset of plastic deformation via
yielding, fracture, buckling, or creep. Subsequently, the plastic region exhibits a rapid decrease in force,
transitioning to a relatively stable force plateau as displacement increases due to internal core crushing, with
the extent of the plateau directly correlating with energy absorption capacity. Across all tested thin-walled
windowed tubes, the initial PCF was consistently identified within the displacement range of 1 mm to 10
mm. The highest IPF values recorded were 1.378 kN for specimen 4W-1 and 1.340 kN for specimen 5W-1,
while the lowest IPF values measured were 1.334 kN for specimen 4W-3 and 1.291 kN for specimen 5W-3.
A trend of decreasing IPF values with increasing window area was evident, which aligns with findings
reported in the literature [21]. Following the attainment of the IPF, all thin-walled tubes transitioned into the
post-crushing region, where the force values oscillated around the MCF. The thin-walled windowed tubes,
in all cases, displayed inconsistent PCF values between the initial peak and the onset of densification. After
the windowed thin-walled tubes had fully crushed, the force values began to ascend, signifying entry into the
densification region, a stage that reached approximately 60% of the original height of the thin-walled tubes
in this investigation. Figure 5 illustrates the deformation modes of windowed square tubes with 4 and 5
windows at various displacements, as observed during quasi-static compression tests. Figure 5 reveals that
cracks initially appeared from the central window for the 5-window tube, whereas for the 4-window tube,
they emerged from the bottom window. As the crushing event progressed, these cracks in the 4-window tube
were followed by folding, while the 5-window tube exhibited local buckling. The deformation mode of the
5W-1 tube, shown in Figure 5, was observed to be local buckling. In Figure 4, it can be seen that the plateau
region of the force—displacement curve proceeds smoothly without noticeable fluctuations, indicating good
consistency. On the other hand, the deformation mode of the 4W-1 tube progressed in a folding manner in
Figure 4, which supports the appearance of peaks in the force—displacement curve.
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S 5 \i , e
S5 | &9 \\\ - i\ /J/ﬂ
0.5 Hi 05r X ~ s 7
‘ W ¢ \ -
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Figure 4. Force-displacement graphs of four and five windowed thin-walled tubes
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4-Windowed Thin-Walled Tubes

5 mm 10 mm

Figure 5. Deformations of tested windowed square thin-walled tubes with varying window configurations

To investigate the correlation of window numbers and dimensions on the energy absorption characteristics
of thin-walled tubes, a comparative analysis of energy absorption parameters is provided in Figures 6-7.
Figure 6 specifically details the EA and SEA values for windowed thin-walled square tubes. The
experimental results revealed that the 4W-1 and 5W-1 specimens exhibited the highest EA values, quantified
as 36.35Jand 31.31 J, respectively. Conversely, the 4W-3 and 5W-3 specimens demonstrated the lowest EA
values, measured at 21.43 J and 25.49 J, respectively. This notable variation in EA capacity underscores the
critical influence of window dimensions on the performance characteristics of thin-walled tubular structures.
In contrast, when comparing the EA values of thin-walled tubes with varying numbers of windows but
identical dimensions, observations indicated that the EA value decreased as the number of windows
increased. For instance, the EA values of the 4W-1, 4W-2, and 4W-3 samples were approximately 16%,
11%, and 2.7% higher, respectively, than the EA values of the 5W-1, 5W-2, and 5W-3 samples. The findings
unequivocally illustrate the impact of augmented window quantity on the EA performance of windowed
tubular structures. An examination of the SEA plots for the windowed tubes reveals an inverse correlation
between both window size and number and the SEA value. This phenomenon can be attributed to a more
pronounced reduction in the average crushing load and energy absorption. Furthermore, an increased number
of windows may disrupt the collapse mode, diminish the available material for plastic deformation, and
consequently, reduce the extent of the plastic zones. For example, the experimental data indicate that the 4W-
1 specimen attained a SEA value of approximately 2.15 J/g, representing enhancements of approximately
18% and 70% relative to the SEA values observed for the 4W-2 and 4W-3 specimens, respectively. Similarly,
the 5W-1 specimen exhibited an SEA value of approximately 1.91 J/g, surpassing the SEA values of the 5W-
2 and 5W-3 specimens by approximately 12% and 16%, respectively.

709



Firat Univ Jour. of Exp. and Comp. Eng.,4(3), 701-714, 2025

M. Tunay
4-Windowed 5-Windowed
50 50
40 40 |
T T
S 30 S 30 c
< T <
/20 = 20
10 10
0 0
4W-1 4W-2 4W-3 SW-1 SW-2 S5W-3
Configurations Configurations
4-Windowed 5-Windowed
25 2.5
2.0 ¢ 207t ~ T
— e / 0000
054 2 st / SRR
= T = RS
< < SRR
010} m 1.0 KRS
I n RRES
XK KK
SRR
0.5 0.5 RS
‘000‘0.0.0
/ e teteted
0.0 0.0 ”
4W-1 4W-2 4W-3 SW-1 SW-2 SW-3

Configurations Configurations

Figure 6. EA and SEA values of windowed tubes under quasi-static compression loading

Figure 7 presents a comparative analysis of the PCF, MCF and CFE as metrics characterizing the crash
performance of windowed tubular structures incorporating windows. The data reveal a trend of decreasing
PCF values with the augmentation of window dimensions for both the four-windowed and five-windowed
tube configurations. This phenomenon can be attributed to the reduced material volume within the
deformation regions as the window size increases, thereby necessitating a diminished initial force to trigger
the crushing mechanism. Furthermore, the presence of windows induces local buckling along the sides of the
windowed tubes, thereby also contributing to a lower initial PCF. Similarly, thin-walled tubes with windows
of the same size but a greater number also exhibit a lower initial crushing force. The reason for this reduction
can again be attributed to the fact that thin-walled tubes with a higher number of windows possess less
material. For instance, the 4W-3 thin-walled tube specimen exhibits approximately 3.2% and 2.5% lower
PCF values compared to the 4W-1 and 4W-2 specimens, respectively, while the 5W-3 thin-walled tube
specimen demonstrates approximately 3.8% and 1.6% lower PCF values compared to the 5W-1 and 5W-2
specimens, respectively. Furthermore, the 5W-1 thin-walled tube specimen has approximately 2.8% lower
PCF value compared to the 4W-1 specimen. A reduction in the MCF is observed with both the augmentation
of the number of windows and the expansion of the window dimensions. Given that the MCF value is
assessed across a consistent deformation interval, its behavior mirrors the trends observed in the energy
absorption characteristics. This could be attributed to the fact that more windows relatively disrupt the
collapse mode and subsequently reduce the plastic regions. The CFE is valued as a notable parameter,
quantifying the effectiveness of a material or structural design in the management and distribution of forces
generated during impact scenarios. The number and size of windows in thin-walled tubes play a considerably
influential role in determining the CFE. The reason for a higher CFE is the significant increase in the MCF
rather than a decrease in the initial peak crushing load. An increased number and size of windows lead to a
reduction in the CFE value. This phenomenon is attributable to larger window sizes and a greater number of
windows relatively disrupt the collapse mode and subsequently reduce the plastic deformation areas. As
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illustrated in Figure 7, the 4W-1 specimen demonstrated peak CFE with a recorded value of 0.440, signifying
a substantially superior capacity for the management and distribution of crash forces relative to the other
tested configurations. Moreover, the CFE of the 4W-1 specimen surpassed those of the 4W-2 and 4W-3
specimens by approximately 19% and 28%, respectively, and exhibited an approximately 13% higher CFE
compared to the 5W-1 specimen, a five-windowed thin-walled tube with equivalent dimensions. When
comparing the thin-walled tubes with five windows, the CFE of 5W-1 was approximately 11% and 18%
higher than those of 5W-2 and 5W-3, respectively.
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Figure 7. PCF, MCF and CFE values of windowed tubes under quasi-static compression loading
4. Conclusion

The primary objective of this study was to investigate the crashworthiness and energy absorption
performance of 3D-printed thin-walled square tubes manufactured from PLA and featuring windows of
varying dimensions, subjected to quasi-static axial compression. To achieve this, different parameters,
specifically the window width, window length, and number of windows, were systematically varied and
experimentally analyzed. Experimental tests were conducted by applying quasi-static axial compression
loads to the windowed tubes at a displacement rate of 2 mm/min. Force-displacement data for the windowed
tubes were meticulously recorded. To evaluate the crashworthiness and energy absorption behavior, key
parameters such as PCF, EA, SEA, MCF and CFE were utilized and calculated. Firstly, PLA offers a highly
sustainable alternative to conventional polymers in crashworthy designs, as its renewable origins and
potential biodegradability align well with contemporary eco-conscious manufacturing and design principles.
The results revealed that the PCF for all windowed thin-walled tubes consistently occurred within the early
displacement range of 1-10 mm, with specimens 4W-1 and 5W-1 exhibiting the highest PCF values and 4W-
3 and 5W-3 showing the lowest. A direct inverse correlation was observed between window dimensions and
energy absorption, where larger windows consistently resulted in diminished energy absorption.
Furthermore, specimens with fewer windows (e.g., 4W-1 and 4W-2 series) demonstrated superior energy
absorption capabilities compared to their counterparts with a greater number of windows (e.g., 5W series).
Additionally, the increasing number of windows was found to adversely affect the collapse mode and limit
plastic deformation, consequently leading to reduced SEA. In contrast, specimens with fewer windows,
exemplified by 4W-1 (approx. 2.15 J/g), exhibited superior SEA, showing an 18% to 70% improvement over
4W-2 and 4W-3, respectively. Among the investigated structures, the 4W-1 configuration demonstrated the
best performance and can therefore be highlighted as the optimum design. This study also revealed that
increasing both the number and size of windows significantly diminished the CFE, a reduction attributed to
the disruption of the collapse mode and the decrease in plastic deformation areas. Correspondingly, specimen
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4W-1 exhibited an optimal CFE of 0.440, underscoring its superior capability in managing and distributing
impact forces among the tested configurations. Subsequent studies are warranted to ascertain the effect of
differing window geometries on energy absorption performance, diverging from the rectangular profiles
considered herein.
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