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Hollow hybrid structural tubes were evaluated using commercial-grade 
Diamond Micro Expanded Mesh (DMEM) thin mesh of aluminum (Al) as 
structural reinforcement. Axial, transverse (flexural), and radial 
compression tests were performed on four different layered hybrid 
structures using bamboo (Bm) and basalt (B). With a maximum force of 
34.7 kN, compressive ultimate strength of 238 MPa, and strain of 12.6%, 
AlBmB (with layers labeled from inside to outside) was the best performer 
in the axial compression test. AlBmB’s adaptability was demonstrated by 
the flexural test, showing a maximum bending force of 4.7 kN, a flexural 
strength of 97.7 MPa, and a decreased deflection of 13.2 mm. Radial 
compression test results underscored the superior energy absorption 
characteristics of AlBmB. The varying material interfaces in the hybrid 
tubes yielded distinctive performances. AlBmB, incorporating bamboo and 
basalt layers, stood out with superior energy absorption and crush force 
characteristics, indicating enhanced crashworthiness. The other hybrids 
AlBm, AlB, and BmB also exhibited commendable performances, 
emphasizing the adaptability of different material combinations. The 
meticulous selection of DMEM and innovative roll wrapping method for 
fabrication reliably influenced the tubes’ mechanical properties. The study 
contributes to advancing the design of lightweight, durable, and high-
strength components. 
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INTRODUCTION 
 

Because of several significant developments, environmental factors are receiving 

increased attention in modern manufacturing engineering. Growing global consumerism 

highlights how important it is to choose materials carefully when making products, as this 

has led to considerable advancements in a variety of industrial fields. Babazadeh et al. 

(2021), studied the selection of materials and the choices of manufacturing techniques and 

methods, which prove to be crucial factors that have an immediate impact on production 
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schedules, costs, and the environmental impact of the processing. This focus on choosing 

materials and processes carefully not only considers the environmental issues but also fits 

in with the need to maximize sustainability and efficiency in industrial production models 

(Babazadeh et al. 2021; Arumugam et al. 2022). A strategic response to current issues is 

reflected in the integration of modern materials and production techniques, which is 

reshaping industrial operations in the direction of resource and environmentally conscious 

methods (Mache et al. 2020).  

Composites are extensively utilized in the production of tubes, namely within 

sectors including petroleum, chemical plants, and aerospace. These composite tubes are 

comprised of a thermoset resin-based material with a fibre reinforcement, resulting in 

corrosion-resistant, lightweight, and solid structures. As a result, they are exceedingly 

favoured alternatives to conventional metal and concrete tubes. Ongoing studies 

investigate the utilization of various resin-based materials—specifically, Swancor-901, 

Epiran-1012, and Epiran-06FL—in the fabrication of composite tubes. The resins are 

reinforced with a variety of fibres, such as carbon, glass, and Kevlar, in accordance with 

their designated functions (Tabrej et al. 2018; Mache et al. 2020). This reinforcement is 

achieved in both unidirectional and 45° angle configurations. The winding process ensures 

that the dimensions, thickness, and diameter of the manufactured composite tubes are 

consistent. To evaluate the mechanical characteristics of the manufactured composite 

tubes, a battery of experiments was carried out, which included tensile, compressive, and 

three-point flexural strength tests.  

According to prior studies, the performance of aluminum-carbon fiber reinforced 

polymer (Al/CFRP) hybrid tubes is significantly influenced by the interfacial bond strength 

between materials, specifically when subjected to shear stress (Zhou et al. 2021). Weak 

interfacial connections have the potential to cause debonding and delamination, which can 

significantly impair the effectiveness of the high-strength CFRP layer in reinforcing Al 

tubes. This is particularly true when shear stress is applied. Therefore, there is a primary 

concern with reducing the probability of peeling and delamination (Khan et al. 2018; Ma 

et al. 2021, 2022; Padmanabhan et al. 2022).  

The concept of “bamboo woven fabric” relates to a unique manufacturing method 

that involves extracting and arranging bamboo fibres to form a woven structure that 

resembles fabric. The process starts by separating bamboo fibres from the plant, which is 

carried out through either pulping or mechanical processes. To improve the process of 

weaving, these fibres undergo processing to attain elongated filaments that are well-suited 

for traditional weaving processes. After the bamboo fabric is woven, it undergoes 

additional treatment specific to its purpose of manufacture by extraction process. The fibres 

are transformed into yarns or threads using specialised equipment (Kanaginahal et al. 

2023).  

The objective of this study was to provide valuable insights on the effectiveness 

and compatibility of various resin-fiber combinations in the production of composite tubes 

(Supian et al. 2018; Hanan et al. 2022; Palanisamy et al. 2023b). Eyer et al. (2016), studied 

compression tests and found that the failure mode of specimens can be influenced by 

factors such as slenderness. Excessive slenderness may lead to buckling affecting the 

failure, while less slender specimens may experience stress concentration and failure at the 

clamped end. In cases where structural effects play a significant role in failure, it becomes 

challenging to draw conclusions about the material’s properties. To address this challenge, 

a solution lies in employing compression tests with dumbbell-shaped tubes. The use of 

such tube geometry provides a more controlled and standardized testing environment. 
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Dumbbell-shaped tubes offer advantages in terms of mitigating issues related to specimen 

slenderness, thus allowing for a more accurate assessment of material properties.  

Additionally, these tubes enable the imposition of combined loads, such as 

shear/traction or shear/compression. Through adopting dumbbell-shaped tubes in 

compression testing, researchers and engineers can overcome challenges associated with 

specimen geometry, ensuring that the observed failure modes are more reflective of the 

material’s intrinsic properties rather than structural effects (Sadasivuni et al. 2020; 

Palanisamy et al. 2024). This approach enhances the reliability and accuracy of material 

characterization, contributing to a better understanding of how materials respond under 

different loading conditions (Eyer et al. 2016). This will facilitate the selection of materials 

for diverse industrial applications in an optimum manner.  

This study examined how intermediate diameter, wall thickness, and upper end 

diameter affect composite, metal, foam-filled, and hybrid tube SEA (Alia et al. 2015). 

Quasi-static axial compression testing was used to determine glass fibre-reinforced 

polymer failure characteristics (GFRP). Experimental stress-strain curves for polyurethane 

and aluminium foam were developed (Kulhavy and Lepsik 2017). Finite element models 

were generated for hollow GFRP, aluminium, aluminium-FRP, polyurethane foam-filled, 

and aluminium foam-filled composite tubes. Numerical models included round, square, 

and tapered tubes with five upper end sizes (Zhang et al. 2018; Kurien et al. 2023; Sumesh 

et al. 2023).  

In this research work, HSS tubes were fabricated by roll wrapping techniques by 

four difference stacking specimens, namely - a) AlBm, b) AlBmB, c) AlB, and d) BmB. 

These specimens were produced, based on Al-DMEM (Al) as metal reinforced with 

bamboo woven (Bm) as natural fibre, basalt woven (B) fibre as hybrid fibre with epoxy 

resin. By various stacking arrangements, investigation of HHS tubes was performed with 

crashworthiness analysis by axial, flexural, and radial compression testing. 

 
 
EXPERIMENTAL 
 
Materials and Fabrication Methods 

In the fabrication of HHS tube through the roll wrapping method, a specific 

combination of metal laminates including aluminum-DMEM alloys (Georgantzia et al. 

2021), bamboo fibers (Bm) (Kumar et al. 2021; Sivasubramanian et al. 2021), and basalt 

fibers (B), was employed to create composite structures with superior mechanical 

properties, in accordance with Table 2. The structural reinforcement of metal as Al-DMEM 

thin mesh as commercial-grade aluminum 6061 alloy mesh with dimensions of SWD 2 

mm, LWD 4 mm, and a thickness of 0.9 mm as shown in Table 2, were fabricated. This 

mesh was strategically positioned as the inner layer, ensuring optimal reinforcement within 

the composite structure as indicated in Fig. 1. Subsequently, the bamboo yarns were 

efficiently interwoven using standard techniques such as plain weave, which makes a 

woven fabric that exhibits the intended pattern and texture. The addition of the woven 

bamboo layer improved the strength, durability, and aesthetic appeal of composite 

buildings. Consequently, it is vital in hybrid material assemblies to enhance their durability 

and appearance. Bamboo fibers in the middle layer serve as more than spacers. They resist 

inward collapse under pressure or compressive loads due to their tensile strength and 

stiffness (Safwan et al. 2018). Bamboo fibers absorb and distribute impact energy, 

improving durability and impact resistance. Their lightweight and corrosion-resistant 
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characteristics reduce weight and environmental impact without affecting performance. 

Bamboo fibers in the middle layer strengthen the tube, enhance impact resistance, reduce 

weight, and improve environmental durability, extending its lifespan. 

 

 
 
Fig. 1. Fabrication techniques and testing specimens 

 

The roll wrapping process involves the utilization of an HHS tube with dimensions 

of 450 × 35 × 3 mm3 as the foundational structure. A matrix for the composite was 

meticulously crafted using a resin system comprising regular epoxy LY 556 and HY 951 

as a hardener, mixed precisely in a ratio of 10:1. Epoxy mixes are flexible before curing, 

which allowed easier assembly of the basalt with the bamboo woven fiber composites with 

ALDMEM. This delay in hardening allowed component alignment and positioning. Then 

the epoxy cured and strengthened the composite. Then the specimens were equilibrated for 

4 to 8 hours at the environmental temperature. In addition, as a means to achieve high 

strength in bonding, post curing was done for 3 hours in a 150 C oven.  

During the roll wrapping process, the Al-DMEM mesh acted as the inner layer in 

the AlBm sample, with bamboo woven fabric applied as the outer layer. The AlBmB 

sample introduced an additional layer of bamboo woven fabric between the Al-DMEM 

mesh and basalt woven layer. The AlB sample featured the Al-DMEM mesh as the inner 

layer and basalt woven fabric as the outer layer. In the BmB sample, bamboo woven fabric 

was the inner layer, complemented by basalt woven fabric as the outer layer from Table 1. 

Epoxy resin is meticulously applied throughout the layering process to ensure structural 

integrity and bonding. Bamboo and basalt fibers, sourced from Go Green Products Private 

Limited, Chennai, were selected for their strength, durability, and sustainable properties. 

The result is a comprehensively fabricated set of hybrid structural tubes exhibiting 

enhanced mechanical properties (Suresh and Jayakumari 2016), making them suitable for 

a wide array of engineering applications in micromobility frames. 
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Crashworthiness Indicators  
In the field of structural mechanics, the quantification of energy absorption is a 

recognized approach for evaluating the crashworthiness of materials and structures (Ma et 

al. 2022). The energy absorption (EA) indicator can be defined as the integral of force for 

displacement during axial crushing (Ye et al. 2020), expressed mathematically in Eq. 1, 

𝐸𝐴 =  ∫ 𝐹𝑑δ                                (1) 

where F represents the crushing force (kN), and δ signifies the crushing distance (mm), 

providing a quantitative measure of the energy dissipation capabilities under axial loads. 

Specific energy absorption (SEA) refines this evaluation by introducing a normalized ratio 

of absorbed energy to the total mass (m) of the structure. Mathematically,  

𝑆𝐸𝐴 = (∫ 𝐹𝑑δ)/𝑚        (2) 

 Equation 2 enables comparative analyses across various energy absorbers. Mean 

crush force (MCF) further standardizes the assessment by incorporating both absorbed 

energy (EA) and crushing distance (δ), yielding Eq. 3: 

𝑀𝐶𝐹 = 𝑆𝐸𝐴/𝛿         (3) 

Crush force efficiency (CFE), a pivotal parameter, delineates the efficiency of an 

energy absorber through the ratio of mean crushing force (Fm) to peak crushing force (Fp), 

expressed in Eq. 4: 

𝐶𝐹𝐸 =  
𝐹𝑚

𝐹𝑝
          (4) 

From Eq. 4, an optimal energy absorber achieves a CFE of 100%, indicating parity between 

mean and peak crushing forces. Collectively, these technical indicators furnish a 

comprehensive framework for the meticulous assessment and comparative analysis of 

crashworthiness characteristics in materials and structures, which are crucial for ensuring 

optimal performance and safety in diverse engineering applications (Kar et al. 2023). 

 Reinforced composites, especially FRP, are in high demand. Veeresh Kumar et al. 

(2021) stated that the natural fibres have lower density and cost than glass fibres. While 

the natural fibers in this study share properties with glass fibers in certain aspects, such as 

density and cost savings, they exhibit relatively lower strength. Bamboo fibers, woven as 

fabric, were utilized to construct a polymer composite in this investigation.  Rollers apply 

uniform pressure to impregnate fibres with adhesive resin. The study uses bamboo fibres 

as reinforcement to take use of natural fibres’ benefits while admitting their limitations 

compared to glass fibres. This technique addresses the growing interest in ecological and 

cost-effective composite materials (Kumar et al. 2021; Neto et al. 2022; Palanisamy et al. 

2023a). Zhang et al. (2018) investigated the composite tubes as energy-absorbing 

substitutes for metal structures in automotive, aerospace, and transportation applications. 
 
Axial Compression Test 
 In the assessment of the fabricated tubes’ compressive strength, axial compression 

tests followed the established ASTM D5449 (2018) standard, following the approach 

illustrated in Fig. 1. This standardized procedure involved subjecting the tubes to 

compressive forces at a consistent speed of 5 mm/min under ambient temperature 

conditions, aiming to comprehensively evaluate the tubes’ resistance and deformation 

characteristics under axial loading conditions from Fig. 2. 
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Table 1. The Feature and Layers of Fibers for the Production HHS Tubes 

S. No. Material Combination Sample 
Code 

Resin Inner  
(Each 1 
Layer) 

Middle 
(Each 1 
Layer) 

Outer 
(Each 1 
Layer) 

1. Aluminum + Bamboo AlBm Epoxy 
Al-DMEM 

mesh 
- 

Bamboo 
Woven 

2. 
Aluminum + Bamboo + 

Basalt 
AlBmB Epoxy 

Al-DMEM 
mesh 

Bamboo 
Woven 

Basalt 
Woven 

3. Aluminum + Basalt AlB Epoxy 
Al-DMEM 

mesh 
- 

Basalt 
Woven 

4. Bamboo + Basalt BmB Epoxy 
Bamboo 
Woven 

- 
Basalt 
Woven 

 
Table 2. Materials Compositions 

Materials  
Lignin 
(wt%) 

Hemi- 
cellulose 

(wt%) 

Cellulose 
(wt%) 

Moisture 
(wt%) 

Density 
(g/cm³) 

Thickness 
(mm) 

Surface 
Density     
(g/m²) 

Type 

Bamboo 27 26 46 11 0.5 0.6 250 Woven 

Basalt - - - - 2.8 0.8 350 Woven 

Al-DMEM 
6061 

- - - - 1.8 0.9 650 mesh 

Al-DMEM 6061 Composition 

 Al Cu Mg  Mn Cr Fe  Zn  Si 

 % Values 
95.6% to 
98.9% 

0.13% 
to 0.6% 

0.9% to 
1.3% 

0.16% max 
0.04% 

to 
0.38% 

0.6% max 
0.27% 
max 

0.3% to 
0.7% 

 
Material Testing 

 
 
 
Fig. 2. Specimens for crashworthiness test – a: Axial compression test, b:  Transverse 
Compression (Flexural) Test; and c: Radial compression test 

 

The tubes selected for the compressive testing exhibited specific dimensional 

attributes, featuring a length of 60 mm, a thickness ranging from 3 to 3.5 mm, and a 

a    b     c 
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diameter within the range of 34 to 35 mm. The axial compression test, adhering to both 

ASTM D5449 (2018) and Heckadka et al. (2018) standards, entailed subjecting the tubes 

to controlled compressive forces, providing invaluable insights into their compressive 

strength and behavioral responses. The carefully specified dimensions ensure a meticulous 

evaluation of the tubes’ structural performance and load-bearing capacities (Rouzegar et 

al. 2018). In axial compression tests on hybrid structural tubes combining bamboo and 

ALDMEM mesh with a basalt woven outer layer, forms a crumple-resistant structure 

relative to compressive failure. During standard axial compression tests, tubes undergo 

axial compressive forces until failure occurs. The failure mode may manifest itself as a 

crumpling collapse, where significant deformation and crushing resemble a crumpled 

structure (Zhu et al. 2020). This comprehensive evaluation, bolstered by adherence to 

ASTM D5449 standards, underscores the robustness and reliability of the conducted tests, 

reinforcing the credibility of the obtained results in informing engineering and material 

selection decisions (Ye et al. 2020). 

 

Transverse Compression (Flexural) Test  
This test serves as a pivotal assessment method to ascertain the maximum fracture 

force and flexural strength of the produced HHS tubes, offering crucial insights into their 

mechanical properties (Ishak et al. 2010). Transverse compression test observes the ASTM 

D790 (2010) standard for evaluating the flexural behavior of materials. The 4 specimens 

selected for this analysis exhibited specific dimensions: a length of 300 mm, a thickness 

ranging from 3 to 3.5 mm, and a diameter within the range of 34 to 35 mm (Fig. 2). Notably, 

the supports are strategically positioned at a distance of 200 mm, aligning with the ASTM 

D790 (2010) standard requirements (Lv et al. 2019). The three-point flexural test involves 

the controlled application of force at a speed of 5 mm/min until the outer surface of the 

specimen ruptures. Flexural failure is precisely determined by monitoring the force-

displacement curve, identifying the point where it reaches its maximum value. The flexural 

strength, a critical parameter in material characterization, is then calculated based on the 

maximum force applied and relevant relations (Gowid et al. 2020). Figure 2 provides a 

visual representation of the tubes undergoing the three-point flexural test, capturing the 

structural response under applied forces (Yin et al. 2020). The samples utilized in this 

comprehensive test correspond to the diverse material combinations outlined earlier, such 

as AlBm, AlBmB, AlB, and BmB. These combinations encompass varying configurations 

of aluminum, bamboo, and basalt components, facilitating a comprehensive assessment of 

their flexural characteristics and performance. 

 

Radial Compression Test 
The radial compression testing of the tubes involves a thorough evaluation of 

material properties according to the stringent ASTM D2412 (2016) standards from Fig. 2, 

ensuring a robust and standardized testing protocol (Firouzsalari et al. 2020). The tubes, 

featuring specific dimensions of 60 mm length, 3 to 3.5 mm thickness, and 34 to 35 mm 

diameter, undergo comprehensive assessments to determine critical parameters such as 

energy absorption (EA), specific energy absorption (SEA), mean crush force (MCF), crush 

force efficiency (CFE), and peak crushing force (PCF). Adhering to the ASTM D2412 

(2016) standards establishes a reliable and consistent approach, providing a standardized 

framework for evaluating the material's energy absorption capabilities and structural 

integrity under radial compression. 
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This extensive testing approach ensures that with industry standards, facilitating 

accurate and reproducible assessments of the tubes' radial compression performance. The 

specified parameters offer valuable insights into the tubes' behavior when subjected to 

radial forces, allowing for a comprehensive understanding of their energy absorption 

characteristics (Supian et al. 2020). The rigorous evaluation under ASTM D2412 (2016) 

ensures that the results obtained are not only precise but also comparable, contributing to 

the reliability of the findings in assessing the radial compression performance of the tubes 

(Bakar et al. 2020). This approach ensures that the tubes' performance is evaluated in a 

manner consistent with industry standards, enabling meaningful comparisons and insights 

into their suitability for various applications. 

Crashworthiness tests, including axial, transverse, and radial compressions, were 

conducted at the LMP Research and Development Lab in Erode. The tests employed a 

servo-hydraulic computerized universal testing machine (Kalpak – KIC-2-1000C, Serial 

Number 121101; Kalpak Instruments and Controls Pvt, Ltd., India) with interchangeable 

load cells and a 25 kN capacity. This setup from LMP Research and Development Lab 

ensured accurate evaluations of the tubes’ structural performance under different loading 

conditions (Prasath et al. 2020). 

 

 

RESULTS AND DISCUSSION 
 
Axial Compressive Analysis 

The axial compression tests revealed significant performance discrepancies among 

the fabricated HHS tubes. From Table 3, sample AlBm demonstrated a maximum 

compressive force of 25.3 KN, with an ultimate strength of 145.1 MPa and a strain of 

10.3%. In contrast, AlBmB showcased superior performance, with a maximum force of 

34.7 KN, an ultimate strength of 238 MPa, and a strain of 12.6%. Similarly, AlB and BmB 

samples displayed varying compressive forces of 31.2 and 27.5 KN, and ultimate strengths 

of 218.58 and 122.95 MPa, respectively. Additionally, the (EA) differed notably between 

the samples, ranging from 151 J for AlBm to 254 J for AlBmB, indicating variations in 

their crashworthiness characteristics.  

 

Table 3. Axial Compressive Analysis 

Sample Max. 
Comp. 
Force 
(kN) 

Comp. 
Ultimate 
Strength 

(MPa) 

Strain 
(%) PCF 

(kN) 
EA (J) 

MCF 
(kN) 

SEA 
(J/g) 

CFE 
Deflec-
tion (δ) 
(mm) 

AlBm 25.3 145.08 10.28 31.06 151.2 25.3 7.9 0.64 5.3 

AlBmB 34.7 237.78 12.65 44.87 253.6 34.7 11.6 0.81 3.8 

AlB 31.2 218.58 9.54 38.31 223.2 31.2 9.3 0.78 3.4 

BmB 27.5 122.95 9.53 33.56 134.7 27.5 8.7 0.51 4.5 

 

Furthermore, the MCF ranged from 25.3 kN for AlBm to 34.7 kN for AlBmB, 

suggesting differences in their load-bearing capacities under compressive loads. 

Additionally, the SEA ranged from 7.9 J/g for AlBm to 11.6 J/g for AlBmB, further 

highlighting variations in their energy absorption efficiency. Lastly, the CFE varied 

between 0.64 for AlBm and 0.81 for AlBmB, indicating differences in their efficiency in 

dissipating energy during compression. Table 1 provides details on the material 
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combinations and layers of fibers used in tube production. The composition of bamboo and 

basalt materials, as well as the ALDMEM mesh, includes key parameters such as lignin, 

hemicellulose, cellulose content, moisture, density, thickness, and surface density. The 

compressive tests, conducted following ASTM D5449 (2018), underlined the varying 

strengths and deformations exhibited by the tubes. These results underscore the importance 

of tailored material combinations and layering techniques in optimizing the 

crashworthiness characteristics of the hybrid structural tubes.  

 From Fig. 3, failure may result from buckling, which is characterized by sudden 

lateral deflection of the tube under compression. Failure in composite structures like these 

tubes may also involve delamination, especially if bonding between layers is weak or if 

discontinuities exist. Delamination, the separation of layers within the composite, 

significantly impacts structural integrity. Visual inspection, accompanied by microscopic 

analysis or non-destructive testing, may reveal specific failure mechanisms, including 

delamination, bending, or buckling. 

 

Transverse Compression (Flexural) Analysis 
The mechanical behavior and failure mechanisms of the tested HSS tubes were 

examined. Results of transverse compression analysis are shown in Table 4. Examining the 

results for all four specimens, which include (Al), (Bm), and (B) components, exposes 

characteristics under bending forces. Specimen AlBm, composed of aluminum and 

bamboo, displayed a maximum bending force of 3.5 KN, corresponding to a flexural 

strength of 86.7 MPa and a deflection of 19.8 mm. Despite exhibiting lower flexural 

strength compared to the other samples, AlBm demonstrated a distinguished EA of 82.3 J, 

indicating its capacity to absorb significant energy before failure. The failure mechanism 

primarily involved bending and localized deformation, with minor delamination observed 

under high stress conditions. Similarly, specimens AlBmB, AlB, and BmB showcased 

varying degrees of flexural strength, deflection, and energy absorption. Remarkably, 

AlBmB exhibited superior performance with a higher maximum bending force of 4.7 KN 

and a flexural strength of 97.7 MPa, accompanied by a reduced deflection of 13.2 mm and 

a remarkable EA of 91.7 J. This suggests improved stiffness and energy absorption 

capabilities in AlBmB, attributed to its unique composition incorporating bamboo and 

basalt layers.  

 

Table 4. Flexural Analysis 

Samples Max. 
Bending 

Force (KN) 

Flexural 
Strength 

(MPa) 

Deflection 
(δ) (mm) 

EA 
(J) 

PCF 
(kN) 

MCF 
(kN) 

CFE SEA 
(J/kg) 

AlBm 3.5 86.68 19.8 82.3 2.6 3.1 0.78 1.14 

AlBmB 4.7 97.72 13.2 91.7 3.9 4.9 1.14 2.21 

AlB 4.1 92.43 15.9 87.4 3.5 4.1 1.02 1.87 

BmB 3.7 88.12 18.3 83.1 3.1 3.3 0.94 1.54 

 

 Failure mechanisms observed in the HSS tubes primarily involved bending and 

localized deformation, with some specimens exhibiting minor delamination or cracking 

under high stress conditions. Overall, from Fig. 3, the results underscore the importance of 

material composition, including aluminum, bamboo, and basalt, as well as the bonding 

mechanism, in determining the flexural behavior and crashworthiness characteristics of the 
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hybrid structural tubes, offering valuable insights for their optimization in structural panels 

in automotive sector. 

 

Radial Compression Test 
Based on specimen interfaces, the radial compression study provided results on the 

energy absorption characteristics of hybrid structural tubes (Table 5). With its layers of 

basalt and bamboo, AlBmB notably exhibited improved crashworthiness and performed 

better. This implies a strong possibility for applications that need strong impact resistance. 

In contrast, although AlBm and BmB provided excellent results, their capacities to absorb 

energy were marginally less than those of AlBmB. These changes highlight the complex 

relationship that exists between the performance of a structure and its material 

combinations. AlBm, which combines bamboo with aluminium, exhibited encouraging 

qualities that may indicate potential applicability in certain situations. Comparably, BmB, 

which combines basalt and bamboo, exhibited adaptability and suggests that it can be used 

in a variety of situations. These findings highlight how crucial it is to choose materials 

specifically for hybrid structural tubes to maximise their energy absorption capabilities. 

Through the implementation of these insights, designers can optimise performance in 

dynamic environments by strengthening the robustness and safety of micromobility frames 

and other related applications. Therefore, even though AlBmB was clearly the leader, the 

subtle differences in performance between AlBm and BmB highlight the necessity of 

carefully weighing material combinations to get the desired performance results. 

 

Table 5. Energy Absorption Parameters of HSS Tubes at Different Interfaces by 
Radial Compression Test 

Samples EA (J) PCF (kN) MCF (kN) CFE SEA (J/kg) 

AlBm 99.53 5.11 4.15 0.62 2.13 

AlBmB 107.89 6.20 5.83 0.97 2.71 

AlB 104.86 5.82 5.02 0.84 2.49 

BmB 102.98 5.48 4.60 0.78 2.19 

 

 

 
 

Fig. 3. Failure of HSS tube in three test analysis 
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CONCLUSIONS 
 

In conclusion, the evaluation of hybrid structural tubes through axial, transverse 

(flexural), and radial compression tests provided a comprehensive understanding of their 

mechanical behavior, emphasizing the impact of material combinations and layering 

configurations.  

1. The AlBmB tube sample, having layers (from in to out) of aluminum, bamboo fiber, 

and basalt, in an epoxy matrix, surpassed the other formats across all tests, exhibiting 

superior compressive strength (34.7 kN), impressive flexural resistance (4.7 kN), and 

outstanding energy absorption (108). It exhibited superior performance, showcasing 

the efficacy of incorporating bamboo and basalt layers. 

2. In the Axial Compressive Analysis, significant variations in crashworthiness were 

evident among the specimens, with AlBmB exhibiting superior performance due to its 

higher maximum compressive force and energy absorption. The failure mechanisms, 

including crumpling and localized deformation, underlined the position of tailored 

material combinations and layering techniques in enhancing crashworthiness. 

3. In the Transverse Compression (Flexural) Analysis, distinguished differences in 

crashworthiness were observed among the tested specimens, with AlBmB 

demonstrating superior performance in maximum bending force and energy absorption, 

suggesting improved structural integrity.  

4. In the Radial Compression Test, AlBmB showed higher energy absorption and specific 

energy absorption, indicating better crashworthiness. Crumpling and buckling 

demonstrated the relevance of epoxy bonding and customised material combinations 

in crashworthiness. 

5. The selection of materials, including aluminum, bamboo, and basalt, coupled with the 

advanced roll wrapping method for fabrication, significantly influenced the tubes’ 

mechanical properties.  

6. The roll-wrapping method ensured uniform layering and effective bonding, 

contributing to the observed strengths and deformations in the conducted tests. These 

findings highlight the adaptability of different material compositions and layering 

techniques, offering valuable insights for optimizing crashworthiness in hybrid 

structural tubes. 

7. AlBmB, with its superior performance across all tests, emerged as a promising 

candidate for applications demanding a balance between strength and flexibility. The 

versatility showcased by AlBm, AlB, and BmB samples further emphasized the trade-

offs between various material combinations. 
 

Overall, the hybrid tubes exhibited remarkable potential for applications in 

micromobility frames, offering enhanced structural integrity, energy absorption, and 

safety. The tailored material configurations and fabrication methods contributed to the 

optimization of crashworthiness characteristics, making these hybrid structural tubes 

suitable for diverse engineering applications requiring lightweight, durable, and high-

strength components. 
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