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A B S T R A C T

This study investigates the crashworthiness performance and energy absorption characteristics of circular 
aluminum-composite hybrid tubes reinforced with layers of waru bark fiber. Four tube configurations were 
fabricated: Aluminum Circular Tube (ACT), Composite Circular Tube (CCT), Hybrid Inner Circular Tube (HICT), 
and Hybrid Outer Circular Tube (HOCT). These tubes were subjected to quasi-static axial compression loading 
tests. The reinforcement layers, oriented at 0◦–90◦, were bonded using epoxy resin. The experimental results 
revealed that the addition of reinforcement layers introduced new progressive crushing behaviors, such as in-
ternal curling and corkscrew patterns, which effectively mitigated buckling failure. The hybrid designs signifi-
cantly enhanced energy absorption, with HOCT and HICT achieving improvements of 49.18% and 43.78%, 
respectively, compared to the unreinforced ACT. Among the configurations, HOCT demonstrated the highest 
crashworthiness, with a peak crushing force (IPFC) of 42.36 kN, a mean force (MF) of 24.66 kN, and a crush force 
efficiency (CFE) of 0.49%. However, the specific energy absorption (SEA) decreased as tube diameter and 
reinforcement density increased. These results offer valuable insights into the optimization of reinforced com-
posite tube designs, highlighting their potential for advanced crashworthiness and energy absorption 
applications.

1. Introduction

The advancement of security system technology in transportation 
and the growing demand for community mobility are becoming 
increasingly significant. According to data from the Indonesian Statis-
tical Agency, the number of traffic accidents recorded in 2017–2018 
reached 116.411 cases, resulting in 25.671 fatalities. These statistics 
highlight the urgent need to integrate safety technologies into trans-
portation equipment manufacturing to mitigate the impact of accidents. 
Among passive safety technologies, crashworthiness plays a pivotal role. 
A crashworthy system functions as an energy absorber, reducing colli-
sion severity through controlled deformation mechanisms. [1]. Crash-
worthiness is typically achieved using thin-walled circular tube 

structures designed to undergo permanent deformation upon impact. 
These circular tubes are widely utilized due to their superior specific 
energy absorption capacity and ease of fabrication [2,3].

In the typical behavior of energy-absorbing tubes made from metallic 
materials such as mild steel or aluminum, energy is generally absorbed 
through plastic deformation mechanisms [4–6]. Studies on thin-walled 
energy-absorbing tubes using metallic materials have demonstrated 
that their performance can be enhanced by incorporating metal fillers, 
polymer foams, or reinforcement layers made of composite materials, 
effectively reducing axisymmetric plastic buckling modes [7,8]. These 
designs have been further developed to achieve tubes with higher en-
ergy absorption capacities [9].

Further research on thin-walled tubes has explored the incorporation 
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of new materials, such as composite materials derived from natural fi-
bers [10]. The addition of these composite materials to thin-walled 
aluminum tubes is shown to enhance their energy absorption capacity 
significantly [11,12]. The collapse behavior of composite fiber materials 
in energy-absorbing tubes demonstrates progressive crushing and frac-
ture patterns [13,14]. Natural fiber-reinforced composites in hybrid 
tubes offer several advantages, including high impact resistance, a high 
strength-to-weight ratio, ease of installation, malleability, and light-
weight properties [15,16]. Incorporating natural fibers into hybrid 
composite structures aims to enhance performance and mitigate the 
limitations of individual materials in energy-absorbing tubes, making it 
a promising area for further exploration [17].

Recently, there has been growing interest among researchers and 
environmentalists in products made from natural fiber composites. The 
primary motivations for developing such products are environmental 
sustainability and the shift toward more eco-friendly energy solutions 
[18]. Research on natural fiber-reinforced composites is highly diverse, 
encompassing various types of fibers, matrices, and manufacturing 
methods to produce materials with superior mechanical properties 
while maintaining environmental friendliness. Numerous natural fibers 
have been explored, including sisal, jute, kenaf, and waru fibers [19]. 
The abundant availability of lignocellulosic fibers in tropical countries 
presents significant opportunities for their development in various ap-
plications, such as hybrid crashworthiness materials.

Studies on hybrid energy-absorbing tubes based on natural fiber 
composites are relatively limited. The initial exploration and develop-
ment of natural fiber-based hybrid energy-absorbing tubes utilized 
kenaf-epoxy fiber. The results indicated that a kenaf fiber hybrid tube 
with a winding orientation angle of 70◦ could enhance energy absorp-
tion by 56%. Additionally, it exhibited a more favorable progressive 
crushing failure mode compared to buckling failure [20,21]. Further-
more, the study examined the effect of winding orientation on the per-
formance of hybrid and non-hybrid kenaf composite tubes. The findings 
demonstrated that the hybrid effect improved progressive crushing 
behavior by incorporating a combination of local buckling, delamina-
tion fractures, and brittle fractures as part of the crushing mechanism 
[22]. Regarding the aspect of winding orientation, results showed that 
higher winding orientations in hybrid composite tubes significantly 
enhanced crush load efficiency, specific energy absorption, and overall 
energy absorption capability compared to glass fiber-reinforced polymer 
(GFRP) composite tubes [23–26]. The development of crashworthiness 
designs has advanced considerably, with recent studies on hybrid effects 
revealing diverse crashworthiness behaviors and optimal configurations 
that improve energy absorption. Hybrid composites in energy absorp-
tion tube studies, such as metal/natural fiber-reinforced polymers, have 
been identified as effective in increasing crashworthiness and overall 
energy absorption capacity [27,21,28].

The combination of aluminum with carbon fiber-reinforced polymer 
(CFRP) and glass fiber-reinforced polymer (GFRP) significantly en-
hances the specific energy absorption (SEA) capacity compared to 
single-material tubes. For example, aluminum-CFRP hybrid tubes ach-
ieve an SEA of 2.41 J/g, representing a 58% increase compared to the 
combined contributions of individual aluminum and CFRP components. 
Similarly, aluminum-GFRP hybrid tubes demonstrate a 47% improve-
ment in SEA. Moreover, a symmetric stacking sequence, such as [CF-P4- 
AL-T1]s, has been shown to achieve the highest SEA of 3.43 J/g in 
aluminum-CFRP hybrid systems [29].

Compared to synthetic fiber-based hybrid systems, recent studies 
have also investigated the use of natural fibers, such as ramie, in com-
bination with glass fibers. Although natural fibers offer benefits such as a 
22% weight reduction and lower production costs, their mechanical 
performance and crashworthiness remain inferior to those of synthetic 
fibers [15]. Meanwhile, tri-hybrid aluminum-CFRP-GFRP tubes 
demonstrate an SEA improvement of 4.90% compared to 
aluminum-GFRP configurations. This enhancement is attributed to the 
GFRP layers on the outer surface, which provide additional flexibility, 

while the CFRP layers contribute to increased structural stiffness [25]. 
Further research highlights the importance of optimizing parameters 
such as stacking sequence, hybrid ratio, and layer thickness of aluminum 
and composite materials to achieve superior energy absorption 
performance.

The growing interest in hybrid composite energy-absorbing tubes has 
prompted research into using natural fibers as reinforcements to 
improve impact resistance and energy absorption. Hybridization with 
natural composites offers innovative prospects for high-performance 
systems. This study investigates using Hibiscus tiliaceus fibers as re-
inforcements in hybrid composites, incorporating layers on aluminum 
tubes’ inner and outer surfaces. The findings highlight the potential of 
such designs to enhance crashworthiness and energy absorption effi-
ciency, advancing natural fiber-reinforced hybrid tubes as viable solu-
tions for energy absorption systems.

2. Materials and methods

2.1. Materials

In this study, Al 6063-T5 is utilized as the metallic material. Based on 
the results of material testing (Fig. 1), the specific properties of the 
material are as follows:the specific properties of the material were 
determined as follows : density ρ =2700 kg/m3, Young’s modulus E = 66 
GPa, Poisson’s ratio ν =0.33, Yield stress σs = 72.68 MPa, ultimate stress 
σb = 99.62 MPa and Tangent Modulus H = 278.84 MPa. The composite 
material consists of a natural fiber composite made from waru bark fiber 
and epoxy resin, with its material properties detailed in Table 1.

2.2. Geometric and tube design

The proposed hybrid design concept utilizing natural fibers as rein-
forcement holds significant potential for the development of high- 
performance, environmentally friendly energy-absorbing tubes. More-
over, the simplicity of manufacturing these tubes, due to their conven-
tional straight-tube geometry Fig. 2 enhances their practical feasibility. 
Incorporating Composite Circular Tubes (CCT) on both the outer and 
inner surfaces effectively mitigates buckling, facilitating controlled 
folding mechanisms that significantly increase the maximum force (F 
max) achieved during compression.

This study examines the energy absorption performance of a hybrid 
crashworthiness Aluminum Circular Tube (ACT) and Composite Circular 
Tube (CCT) system across four specimen models. 

Model I Composite Circle Tube (CCT): composite tube is constructed 
using natural waru bark fiber as reinforcement and an epoxy matrix.
Model II Aluminium Circle Tube (ACT): metallic tube fabricated 
from Al-6063-T5 aluminum alloy with a circular cross-section
Model III Hybrid Inner Circle Tube (HICT): aluminum metal tube 
lined with a Composite Circular Tube (CCT) layer on its inner 
surface.
Model IV Hybrid Outer Circle Tube (HOCT): aluminum metal tube 
encased in a Composite Circular Tube (CCT) layer on its outer 
surface.

The external dimensional parameters of the aluminum tubes were 
designed with a fixed inertial cross-section, and the following di-
mensions were constructed to ensure manufacturing accuracy of the 
specimens. The aluminum tubes have a length (l) = = 150 mm, external 
diameter (d) = 65 mm, thickness (t) = 1.5 mm, and tube end chamfer 
angle (φ) = 45⁰. Additionally, composite tubes with a fiber angle 
orientation of 0/90⁰ and three layers were added to the outer and inner 
sides of the aluminum tubes. The details of the crashworthiness spec-
imen dimensions for each specimen made in this study can be seen in 
Table 2.
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2.3. Hybrid specimen crashworthiness

The hybrid crashworthiness manufacturing process was carried out 
by continuously spinning waru fibers on the aluminum surface by 
forming a 2-2 basket weave pattern, ± 10 mm fiber diameter, and 0/90 
fiber orientation angle. Waru fibers were spun on the outer side for 
HOCT specimens, while inner fibers were spun for HICT specimens. The 
fibers were then enclosed in a circular mold and processed using the 
vacuum infusion method, as illustrated in Fig. 3. The vacuum infusion 
process was conducted with a VALUE VE280N vacuum machine, 
featuring an ultimate vacuum of 15 microns and a free air displacement 
flow rate of 9.0 FCM.

After completing the molding process using the vacuum infusion 
method, the specimens were cleaned and dried at room temperature ±
23⁰C for six days. Subsequently, the specimens were inspected and 
measured for length (l), diameter (d), thickness (t), and mass (m). The 
preparation and selection of specimens were conducted rigorously to 
ensure sample homogeneity prior to quasi-static testing. Each quasi- 

static crashworthiness test specimen used in this study is shown in Fig. 4.

2.4. Quasi-static - axial crushing test experiments

In this study, quasi-static crushing experiments were performed 
using a 300 kN SHIMADZU Universal Testing Machine (UTM) from 
Japan. The quasi-static test was conducted by positioning the specimen 
on the fixed support of the testing machine, after which the impactor, 
functioning as a rigid body, compressed the tube at a constant speed of 2 
mm/s, as illustrated in Fig. 5. During the compression, the displacement 
distance was controlled at 75% of the tube height, approximately 100 
mm. The testing machine recorded the force response and displacement 
data throughout the experiment. Mechanical fracture behavior was 
documented using a Canon PowerShot SX430 IS digital camera [31,25].

2.5. Crashworthiness performance

Common criteria for evaluating crashworthiness include Specific 
Energy Absorption (SEA), Mean Force (MF), Initial Peak Force (IPFC), 
Crush Force Efficiency (CFE), and Energy absorption (EA) [31,32]. EA 
represents the total energy absorbed during impact, which is determined 
by calculating the area under the load-displacement curve. The energy 
absorption is mathematically expressed using the following integral 
equation. 

EA =

∫d

0

f(δ)dδ (1) 

Fig. 1. True strain–stress curves of Al 6063-T5.

Table 1 
Material properties of natural fiber composite [19,30].

Properties Value

Young’s Modulus X direction (MPa) 401.36
Young’s Modulus Y direction (MPa) 401.36
Young’s Modulus Z direction (MPa) 65.23
Poisson’s Ratio XY 0.04
Poisson’s Ratio YZ 0.3

Fig. 2. Tube models (a) Composite Circle Tube (CCT) (b) Aluminium Circle Tube (ACT) (c) Hybrid Inner Circle Tube (HICT) (d) Hybrid Outer Circle Tube (HOCT).
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F(δ) is the crushing force and crushing distance
MF represents the average load exerted on the crusher as the energy 

absorber transitions to a stable form. It is defined mathematically by the 
following equation. 

MF =
1
d

∫d

0

f(δ)dδ (2) 

Crush Force Efficiency (CFE) is defined as the average ratio of the 
crushing force, calculated by dividing the mean force (MF) by the initial 
peak force (IPFC). 

CFE =
MF

IPFC
x 100 (3) 

Specific Energy Absorption (SEA) is a criterion used to quantify the 
energy absorbed (EA) per unit mass, serving as a critical indicator of a 
structure’s energy absorption capability. SEA is determined using the 
following mathematical equation. 

SEA =
EA
m

(4) 

3. Results and discussion

3.1. Load-displacement response

Fig. 6 illustrates the graph depicting the relationship between load 
and displacement. Generally, it is evident that during the initial phase of 
loading, a significant force is required to compress the tube, resulting in 
the generation of the initial peak force. This phase marks the beginning 
of the energy absorption process, where the impactor’s push causes 
progressive folding, leading to an increase in the reaction force for each 
crashworthiness model.

In Fig. 6. it can be observed that folding occurs sequentially across 
the crashworthiness designs, beginning with the ACT design, followed 
by the HICT design, and finally the HOCT design. The crashworthiness 
ACT design exhibits a peak reaction force of 42,369.39 N, initiating 
folding and forming the first ring at 4.61 mm. In the ACT design, six 
folding events are observed, with the second and sixth foldings showing 
a consistent reaction force value of 25,037.08 N. The second folding 
occurs at 21.96 mm, the third at 39.52 mm, the fourth at 55.59 mm, the 
fifth at 72.24 mm, and the final folding at 88.26 mm.

The crashworthiness Hybrid Inner Circle Tube (HICT) design exhibits 

Table 2 
Dimensions of the primary specimens of the crashworthiness outer section.

Specimen 
crashworthiness

Tube 
number

d (mm) t 
(mm)

l 
(mm)

m (g)

Composite Circle Tube 
(CCT)

NCT-1 65.1 1.50 150.1 40.1 (±
0.5)

NCT-2 65.0 1.52 150.0 39.9 (±
0.5)

NCT-3 65.2 1.52 150.3 40.9 (±
0.5)

Aluminium Circle Tube 
(ACT)

CT-1 65.0 1.50 150.0 106.1 (±
0.1)

CT-2 65.0 1.50 150.0 106.1 (±
0.1)

CT-3 65.0 1.50 149.8 105.9 (±
0.1)

Hybrid Inner Circle 
Tube (HICT)

HICT-1 65.0 3.30 150.2 146.7 (±
0.4)

HICT-2 65.0 3.10 149.9 145.9 (±
0.4)

HICT-3 65.0 3.10 150,0 146.3 (±
0.4)

Hybrid Outer Circle 
Tube (HOCT)

HOCT-1 68,0 3.10 149.8 146.9 (±
0.3)

HOCT-2 68.1 3.20 150.0 147.4 (±
0.3)

HOCT-3 68.2 3.10 150.1 148.8 (±
0.3)

Fig. 3. The hybrid crashworthiness design manufacturing process is made from ACT/CCT using filament winding and vacuum infusion methods.
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Fig. 4. Crashworthiness specimens (a) CCT (b) ACT (c) HICT (d) HOCT.

Fig. 5. Quasi-static crashworthiness testing scheme.

Fig. 6. Load-displacement response of hybrid crashworthiness.
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a peak reaction force of 47,217.49 N. The initial phase of displacement 
begins with folding caused by the debonding of the aluminum and 
composite materials under the impactor load, forming a fold at 3.74 mm. 
The crashworthiness HICT design shows uneven and irregular reaction 
peak values compared to the ACT and HOCT designs. This irregularity 
may result from the composite material on the inner surface undergoing 
progressive collapse [11]. The impact energy is partially dissipated 
before the tube is fully destroyed. The combined interaction between the 
aluminum and the failed composite material plays a significant role in 
this behavior.

The crashworthiness Hybrid Outer Circle Tube (HOCT) design ex-
hibits a peak reaction force of 49,983.91 N. The initial phase of 
displacement begins with the aluminum and composite materials 
forming similar folding patterns, with the first folding occurring at 4.61 
mm. Subsequent folding occurs at 22.4 mm, 39.52 mm, 58.19 mm, 
77.73 mm, and 92.44 mm. Analysis of the load-displacement curve re-
veals that the HOCT and ACT crashworthiness designs exhibit similar 
reaction peak characteristics. However, the HOCT design demonstrates 
a more effective crushing distance and strain rate effect [33]. This in-
dicates that the addition of composite materials in the HOCT design 
enhances rigidity and achieves more complete plastic deformation [22].

3.2. Initial peak crushing force (IPFC)

Thin-walled tubes generally exhibit an initial peak crushing force 
during the early stage of a collision. This peak force, referred to as the 
initial or highest peak force, occurs at the onset of the crushing process. 
Under actual conditions, when absorbing crash energy, the crashwor-
thiness design often experiences an excessively high initial peak force 
compared to the subsequent folding stages. This may result in a buckling 
phenomenon and a reduction in energy absorption efficiency [34]. The 
initial Peak Crushing Force for each crashworthiness design is shown in 
Fig. 7.

In Fig. 7, it is evident that adding layers of reinforcement using waru 
fiber composite material contributes to an increase in peak force and 
pre-crushing values. Experimental results indicate that during the initial 
stage of the impactor striking the crashworthiness structure, the peak 
force of each hybrid crashworthiness design increased without any 
observable buckling phenomenon. This serves as evidence that the axial 
loading force (Peak Force) can effectively resist initial deformation in a 
stable manner. Following this, a sharp fluctuation in force (secondary 
force) occurs, followed by an increase in force (first fold). The Initial 
Peak Crushing Force (IPFC) values for the Crashworthiness Circle Tube, 
Hybrid Inner Circle Tube (HICT), and Hybrid Outer Circle Tube (HOCT) 
designs are 42.36 kN, 47.21 kN, and 49.98 kN, respectively. The 

increased IPFC in hybrid crashworthiness designs can be attributed to 
the enhanced force response provided by the waru fiber composite 
material. The IPFC is also influenced by the presence of materials that 
significantly enhance the stiffness of the composite tube at displacement 
values between 2 mm and 4 mm [35]. Due to the alignment of the fibers, 
the hybrid tubes exhibit greater load-bearing capacity before collapsing, 
benefiting from the superior impact resistance and high fracture energy 
of the fibers. This phenomenon is also observed in crashworthiness de-
signs utilizing CFRP tubes, where the structure responds with higher 
resistance at the IPFC during impact loading [36]. The IPFC response of 
the HICT design is slightly lower than that of the HOCT design, likely 
due to the composite frame reinforcement being located on the inner 
wall in HICT. In HICT, the deformation of the composite skeleton on the 
unstable inner wall causes twisting and cracking into large fragments at 
the onset of impact. The twisted composite skeleton applies lateral 
compression to the inner tube wall, acting as a blade trigger and 
reducing the initial peak force. This behavior is further evidenced by the 
uneven and less stable secondary force and first fold [13].

3.3. Crashworthiness characteristics

The performance characterization of hybrid tube structures, 
encompassing key parameters such as Energy Absorption (EA), Mean 
Force (MF), Specific Energy Absorption (SEA), and Crush Force Effi-
ciency (CFE), is comprehensively depicted in Fig. 8. This analysis offers a 
detailed evaluation of the structural efficiency and energy absorption 
capacity, which are essential for assessing the effectiveness and reli-
ability of the hybrid tube design under specific loading conditions.

The highest energy absorption value is observed in the HOCT 
crashworthiness design, with an absorption value of 2.76 kJ, while the 
lowest energy absorption value is recorded in the ACT crashworthiness 
design, at 1.85 kJ. The superior energy absorption in the HOCT design is 
attributed to the addition of a reinforcement layer on the outer tube 
wall. Since energy absorption is directly proportional to the applied 
load, a higher load results in greater energy absorption. The addition of a 
reinforcement layer to the composite significantly influences crash-
worthiness parameters [37,38]. As highlighted in Haiyang Yang’s 
research, the energy absorption in CFRP/GFRP tubes generally increases 
with the number of GFRP layers due to the enhanced force response of 
the material [13]. The improved energy absorption in the HOCT 
crashworthiness design is also influenced by the increased thickness of 
the deformed outer crashworthiness wall’s cross-sectional area, which 
enhances the moment of inertia. According to Euler’s equation, the 
moment of inertia is directly proportional to the critical load, meaning 
that a higher critical load leads to greater energy absorption.

Fig. 7. Initial Peak Crushing Force (IPFC).
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From the load-displacement graph, the MF value was calculated as 
the average peak force of each crashworthiness design. The mean force 
region represents the amplitude of the mean oscillation force, indicating 
the force required to initiate and propagate new folds. The results 
demonstrate that the MF value is directly proportional to the energy 
absorption (EA) of each design. The MF value varies depending on the 
crushing test parameters, with the ACT design showing an MF of 18.95 
kN, the HICT design 23.69 kN, and the HOCT design achieving the 
highest MF of 24.66 kN. The load-displacement curves further indicate 
that the average force ratio increases by 25% for the HICT design and 
30% for the HOCT design. A corresponding trend is observed in energy 
absorption. The addition of composite material on the inner side of the 
HICT design leads to a collapse mechanism, resulting in uneven peak 
force values and lower MF compared to the HOCT design. Consequently, 
adding a reinforcement layer to the outer side, as in the HOCT design, is 
recommended to provide a more stable folding sequence with reduced 
peak and average forces, offering improved crashworthiness perfor-
mance. [39].

The comparison of energy absorption capabilities for different ma-
terials and structures, represented in the load-displacement curve, is 
quantified as specific energy absorption (SEA). The SEA values for each 
crashworthiness design are presented in Fig. 7b. The crashworthiness 
ACT design exhibits an SEA value of 17.48 kJ/kg, the HICT design shows 

an increased SEA value of 18.24 kJ/kg, and the HOCT design achieves 
the highest SEA value of 18.82 kJ/kg. The increased SEA in the HICT and 
HOCT designs is attributed to the addition of reinforcement layers using 
waru fiber composites, resulting in higher performance compared to the 
ACT design, which lacks composite reinforcement. The energy absorp-
tion characteristics of hybrid tubes with pure aluminum and composite 
materials reveal that lightweight hybrid tubes exhibit superior specific 
energy absorption capabilities [9,40]. Similarly, a crashworthiness 
study by Reuter and Troster on circular-section hybrid aluminum/CFRP 
tubes demonstrated that the specific energy absorption of the hybrid 
mechanism was higher than that of pure aluminum structures [41].

Another critical metric for evaluating crush performance is Crush 
Force Efficiency (CFE), which measures the crushing efficiency of each 
crashworthiness design. The CFE is a key aspect of the load- 
displacement curve, reflecting the crushing characteristics of the struc-
ture. It is calculated as the ratio of the average load-to-crush force to the 
initial peak load (P max). The CFE values for each crashworthiness 
design are presented in Fig. 7c. The CT design with pure aluminum 
exhibits a lower CFE value of 0.44% compared to the hybrid designs, 
with the HICT achieving 0.50% and the HOCT reaching 0.49%. At the 
initial loading phase, the load-displacement curve shows a sharp drop in 
load after reaching the peak, followed by continued collapse at lower 
loads. The ratio of the average load to the peak load is sufficiently large 

Fig. 8. (a) EA (b) MF (c) SEA (d) CFE.
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to indicate the composite’s failure mechanism, which may be cata-
strophic or progressive. The slight difference in CFE values between the 
HICT and HOCT designs suggests that catastrophic failure occurs across 
all composite tubes and is influenced by the specimen’s geometry [42]. 
In hybrid designs, high peak failure during the early crushing stage leads 
to an overall failure mechanism, resulting in low CFE values during the 
post-crush phase and unstable load-displacement behavior. However, 
these designs exhibit significant energy absorption when the structure 
fails completely [34,43].

3.4. Deformation pattern crashworthiness

The deformation pattern of crashworthiness represents the structural 
response to shape changes caused by impactor pressure or collision. The 
experimental results from quasi-static tests for each crashworthiness 
design are presented in Fig. 9.

Fig. 9. shows the stages of deformation during the impactor’s 
compression of each crashworthiness design. It is evident that the 
deformation behavior tends to remain stable across all crashworthiness 
designs. Thin-walled structures, such as those used in crashworthiness 
applications, can exhibit three potential deformation patterns (modes) 
under axial loading: the concertina pattern (symmetrical mode), the 

diamond pattern (asymmetrical mode), and the mixed mode, which 
combines elements of concertina and diamond patterns [44]. The ACT 
design exhibits a highly stable deformation pattern throughout the 
crushing process, characterized by consistent folds forming a ring or 
concertina-like pattern (symmetrical mode). This deformation pattern 
demonstrates superior specific energy absorption (SEA) compared to the 
diamond deformation pattern typically observed in aluminum tubes. 
The SEA value of the ACT design is comparable to that of the HICT 
hybrid tube design, with only a slight difference of 0.76 kJ/kg, despite 
the HICT design exhibiting a diamond pattern on the metal side. Pre-
vious research has noted that ring or concertina deformation patterns 
generally yield higher SEA values than diamond patterns, as the con-
certina mode promotes greater plastic deformation and energy dissipa-
tion. [45]. This phenomenon indicates that the waru fiber composite 
material in hybrid tubes plays a supportive role, reinforcing the metal 
without compromising its structural integrity. Hybrid crashworthiness 
structures can exhibit six potential deformation patterns under axial 
loading: (1) Debris wedge formation, (2) Matrix fracture, (3) Elastic 
bending and pressure deformation, (4) Central delamination cracking, 
(5) Local buckling, and (6) Interlaminar shear or delamination [41,46].

Typical crushing modes in metal and metal-composite (hybrid) tubes 
are illustrated in Fig. 10. In most HICT and HOCT specimens subjected to 

Fig. 9. Crashworthiness Deformation under Quasi-Static Loading by Time Progression (a) ACT (b) HICT (c) HOCT.
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metal-fiber tube crushing, the waru fiber composite remains perfectly 
bonded. However, delamination is observed at the metal-composite 
interface, while the debonding mechanism is absent in the folds 
formed during the crushing process. This behavior can be attributed to 
the NaOH-Silane treatment applied to the waru fibers, which enhances 
the bonding strength between the fiber surface and the matrix, thereby 
improving the mechanical properties of the composite [19,18].

Most of the crushing energy is absorbed within the folds, and for 
average crushing loads, it can be assumed that the metal-fiber tube is 
perfectly bonded [47]. In the hybrid tube design, the deformation pro-
cess begins with an initial force stage that counteracts the initial resis-
tance to tube deformation; this may lead to delamination on the 
aluminum-composite interface. Detailed observations of the crashwor-
thiness cross-section (Fig. 10), confirm this, supported by the high Initial 
Peak Force (IPFC) results. In the second stage of the load-displacement 
curve, the force undergoes a sharp decrease, followed by fluctuations 
around the average load value during the deformation process. This 
stage is characterized by plastic folding, elastic bending, and 
pressure-induced deformation. The observed fluctuations indicate the 
sequential progression of plastic folding.In the third stage, the force 
increases sharply due to reduced deformation near the end of the pro-
cess, leading to the formation of curling and corkscrew deformation 
patterns (Fig. 11).

A detailed analysis of the crushing load ratios indicates that metal- 
fiber composite tubes exhibit significantly greater strength compared 
to their individual components. This finding underscores the critical role 
of the bond between the metal and composite, which consistently en-
hances performance regardless of the type of metal or tube geometry. 
Similar trends have been observed in CFRP-metal tubes [34,48]. The 
crushing mode of the HOCT tube demonstrates that the metal layer 
expands outward while compressing the external composite layer. This 
compression induces the composite to form additional folds (lobes), 
driven by the bending properties of the metal wall. The fiber composite 

reaches its fracture strain in regions of high curvature during lobe for-
mation, allowing it to become trapped and facilitating the development 
of a corkscrew folding mechanism [49,50].

In the design of HICT tubes, the crushing mechanism involves a 
combination of compression and bending of the tube wall, leading to 
fiber strain and subsequent stress on the composite side, ultimately 
resulting in a curling fracture mechanism. This novel deformation 
pattern aligns with observations by Zhen Wang et al [51], in their study 
on AL-CF hybrid tubes. Their findings revealed that the deformation 
behavior of a single CF component in a hybrid AL-CF tube transitioned 
from a typical dilation mode to an internal curling mode [51]. The 
flexure and delamination occurring at the onset of deformation in the 
HICT tube caused a sudden reduction in the tube’s bearing capacity, 
impacting its overall energy absorption efficiency.

3.5. Comparison of energy absorption CCT and ACT

Fig. 12 presents the load-displacement graph, highlighting signifi-
cant differences in the mechanical properties of CCT and ACT materials. 
The ACT material demonstrates a higher displacement peak during the 
initial loading phase, indicating a lower elastic modulus and superior 
energy absorption capacity during the early stages of deformation. 
Despite its ability to sustain significant deformation under initial 
loading, ACT exhibits repetitive oscillatory patterns with large ampli-
tudes that persist throughout multiple loading cycles. Conversely, the 
CCT material displays exceptional damping performance, characterized 
by an exponential reduction in amplitude that rapidly stabilizes. This 
behavior is attributed to the material’s dominant viscoelastic properties, 
which allow for efficient dissipation of dynamic energy and enhanced 
structural stability. These features render CCT particularly suitable for 
applications requiring high energy dissipation efficiency and stability 
under dynamic loading conditions.

An analysis of the area under the load-displacement curve reveals 

Fig. 10. Final deformation under quasi-static loading (a) ACT (b) HICT (c) HOCT.
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that ACT exhibits superior energy absorption capacity compared to CCT, 
with integrated curve values of 0.05 kJ and 0.03 kJ, respectively. This 
confirms the suitability of ACT for applications requiring high energy 
absorption, such as protective structures or impact mitigation systems. 
However, ACT’s lower stability, as indicated by persistent displacement 
fluctuations, renders it less ideal for applications requiring long-term 
load stability, such as structural components in cyclic loading or dy-
namic environments. In comparison, CCT demonstrates a specific energy 
absorption (SEA) of 12.30 kJ/kg, Crushing Force Efficiency (CFE) of 
0.268%, Initial Peak Force Capacity (IPFC) of 2.689 kN, and Maximum 
Force (MF) of 0.721 kJ, indicating a more balanced performance be-
tween energy absorption and structural stability. To capitalize on the 
strengths of both materials, a hybrid configuration combining CCT and 
ACT could provide an effective solution. In this arrangement, ACT would 
function as the energy-absorbing layer during impact events, while CCT 
would serve as the core layer to enhance stability and suppress excessive 
dynamic oscillations. This hybrid approach enables the material to 
achieve both high energy absorption and structural stability, making it a 

versatile choice for multifunctional applications [43,29,25].
Deformation in the CCT begins with local buckling under applied 

loading, likely attributed to the anisotropic properties of the waru 
composite material. The onset of local buckling results in uneven force 
distribution across the crashworthiness wall, leading to structural 
instability and the progression of global buckling (Euler buckling), 
which persists until the end of the test. This buckling mechanism limits 
the energy absorption efficiency of the waru composite tube, resulting in 
a relatively low energy absorption value. Hybridizing waru composite 
with aluminum materials significantly enhances the energy absorption 
capacity of the crashworthiness tube design, achieving a value of 2.76 
kJ. This improvement is primarily due to the hybrid’s ability to deliver a 
more substantial force response, attributed to increased cross-sectional 
inertia [37,13]. The comparison suggests that the incorporation of 
waru fiber composite in hybrid tubes supports the metal layer, 
enhancing its performance without compromising the integrity of the 
metal component when used independently. (Fig. 13).

Fig. 11. Deformation Cutout of crashworthiness.
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Fig. 12. Load-Displacement of CCT and ACT Materials.

Fig. 13. Crashworthiness deformation of CCT under Quasi-static Loading based on time progression (a) Elastic micro buckling (b) Fiber Kinking (c) Fiber crushing 
(shear and band formation) (d) Cracking (e) Buckle delamination.
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3.6. Specific energy absorption (SEA) and crushing force efficiency (CFE)

An analysis of Specific Energy Absorption (SEA) and Crushing Force 
Efficiency (CFE) in hybrid structures such as ACT (Aluminum Circle 
Tube) and CCT (Composite Circle Tube) reveals key factors in crash-
worthy design, ensuring safety and energy efficiency during impact. SEA 
measures a structure’s ability to absorb energy per unit mass, which is 
crucial for minimizing damage during collisions. Meanwhile, CFE as-
sesses the efficiency of impact force distribution, ensuring controlled 
progressive deformation without dangerous peak force spikes. A balance 
between both factors is essential to create designs that optimally absorb 
energy while maintaining force stability.

Fig. 14 represents the combination of SEA and CFE values for the 
CCT, ACT, HICT, and HOCT tube designs. It illustrates that an increase in 
Crushing Force Efficiency (CFE) does not always result in a significant 
improvement in Specific Energy Absorption (SEA) for each crashwor-
thiness tube design. In the CCT design, which utilizes composite mate-
rials, the structure tends to exhibit low energy absorption, being more 
susceptible to damage and rapid collapse. This is further evidenced by 
the high Initial Peak Force (IPFC) value (stiffness) and the observed 
deformation patterns in CCT, which undergo several deformation 
mechanisms such as elastic micro-buckling, fiber kinking, fiber crush-
ing, cracking, and buckle delamination. In contrast, the ACT configu-
ration represents a design or material that demonstrates more elastic 
impact forces with a good energy absorption capacity.

The hybrid designs of HICT and HOCT tend to show higher values 
compared to single tubes like CCT and ACT. The combination of these 
two materials can lead to significant improvements in both energy ab-
sorption and force stability, as the configuration of the materials com-
plements each other. Research across various studies indicates that 
increasing the thickness of aluminum tubes can enhance energy ab-
sorption (EA) and load-carrying capacity, but may reduce Crushing 
Force Efficiency (CFE) due to higher initial peak forces (IPFC) [29,40,
52]. A combination of thin aluminum layers and more CFRP layers, such 
as in the hybrid tube AC-1.0-8 (1.0 mm aluminum, 8 layers of CFRP), 
optimizes both SEA and CFE, with better EA compared to individual 
materials like pure aluminum or CFRP [25].

An interesting finding in this study is that the addition of composite 
material on the outer surface of the HOCT tube results in a better Spe-
cific Energy Absorption (SEA) configuration compared to the addition of 
composite material on the inner surface of the HICT tube. Conversely, 
the HICT design exhibits higher Crushing Force Efficiency (CFE) than 
HOCT. This can be attributed to the fact that the addition of composite 
layers on the outer surface of the tube (as in the HOCT design) enhances 
the tube’s ability to absorb energy (SEA), as external composite layers 
are more effective in dissipating and managing impact energy during the 
initial collapse phase. Composites possess high elasticity, which allows 
the HOCT tube to absorb more energy; however, the force distribution 
within this structure is less uniform, leading to a decrease in CFE. On the 
other hand, adding composite layers to the inner surface of the tube, as 
in the HICT design, improves the efficiency of force distribution during 
collapse. This helps to reduce the peak forces experienced during the 
initial compression phase and results in less local damage. The higher 
CFE observed in the HICT design indicates that it is more effective in 
managing compressive forces during the compression process, with a 
more stable force distribution and reduced potential for structural fail-
ure. The addition of composite material on the inner surface offers an 
advantage in terms of more uniform collapse resistance, efficiently 
enhancing force absorption, although its SEA is lower compared to 
HOCT. Overall, the differences between HOCT and HICT highlight a 
trade-off between SEA and CFE in hybrid composite tube design. The 
HOCT design emphasizes greater energy absorption, while the HICT 
design excels in force distribution efficiency and better management of 
compressive strength. Both designs can be selected based on the desired 
priority for crashworthiness applications, whether emphasizing energy 
absorption capability or efficient force distribution for optimal 
protection.

4. Conclusions

The experimental findings on hybrid tube design engineering 
demonstrate that the addition of composite reinforcement layers to 
aluminum significantly enhances both structural strength and energy 
absorption capacity. The HICT and HOCT tube designs, reinforced with 

Fig. 14. SEA-CFE Configuration.
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waru fiber composite layers, achieved superior energy absorption values 
of 2.66 kJ and 2.76 kJ, respectively, compared to the CCT and ACT 
tubes, which had energy absorption values of 0.05 kJ and 0.03 kJ. The 
HOCT tube design experienced a substantial increase in energy ab-
sorption, with a 49.18 % improvement, highlighting its potential for 
high-performance applications. This increase was accompanied by im-
provements in other performance metrics, including an IPFC value of 
42.36 kN, MF of 24.66 kN, SEA value of 18.82 kN, and CFE value of 0.49 
%. The deformation pattern of the HOCT tube was characterized by 
stability, progressive folding, and the emergence of unique curling and 
corkscrew mechanisms. These deformation features highlight new op-
portunities for developing high-performance, environmentally friendly 
energy-absorbing tube designs.
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