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Abstract. The present study highlights the effective utilization of waste fibers in structural
composites for drone frame applications, offering a sustainable pathway for developing high-
performance materials while simultaneously addressing the issue of textile waste pollution. This
study investigates the effect of ramie and cotton fiber waste fabric stacking sequences on the
physical and mechanical properties of composites for quadcopter drone frames. Waste fabric was
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selected as an eco-friendly material to address textile pollution. The composites were fabricated
using the hand lay-up technique with a 3:1 epoxy resin to hardener ratio, incorporating five layers
of fabric in different configurations. The physical and mechanical properties, including density,
water absorption, material hardness, flexural strength, and macro photography, were tested. The
results showed that the composite made from fully cotton fabric (K-K-K-K-K) had the best
density (1.182 g/cm3), lowest water absorption (2.22%), highest hardness (85.6 HD), and flexural
strength of 179.1 MPa. These findings indicate that cotton fabric waste is a promising,
sustainable material for composite reinforcement in quadcopter drone frame applications.

Keywords: drone frame materials, hybrid composites, mechanical characterization, natural fiber
reinforcement, textile waste recycling
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1. Introduction

Drones, also known as unmanned aerial vehicles (UAVS), are remotely operated aircraft that are
important for numerous purposes [1]. Their capacity to execute airborne surveys and deliveries depends
on the drone frame's design [2]. The frame is the fundamental structural element, providing stability,
agility, and strength to sustain delicate electronics and mechanical components [3]. The configuration,
composition, and frame materials significantly influence flying performance and safety. Quadcopters
are the most prevalent type, providing stability and control with their four arms equipped with engines
and propellers [4,5]. Conventional materials like synthetic fibers (carbon fiber, glass fiber) and
aluminum offer strength and durability; however, their elevated cost of production and environmental
consequences present significant challenges [6-8]. Consequently, investigating alternative materials for
drone frames is essential to decrease costs and improve sustainability.

Natural fiber composites (NFCs) are attracting attention because of their versatility and ecological
advantages [9,10]. Additionally, they function as a sustainable substitute for polymer composites
reinforced with glass or carbon fiber. Renewability, availability, high proficiency, lower abrasiveness,
biodegradability, high specific strength, cost-effectiveness, safety, non-corrosive properties, and
manufacturing flexibility are numerous benefits of NFCs compared to synthetic fiber composites
[10,11]. Nevertheless, to operate efficiently in various applications and under extreme conditions, NFCs
frequently require additional enhancements [12].

Improving composite material with textile waste helps mitigate the shortcomings of synthetic fibers.
Textile waste possesses considerable potential for recycling in composites owing to its ductility,
stiffness, flexibility, strength, and processability [13—15]. Priyahapsara et al. [16] showed that changing
the configuration of the layers of cotton fabric waste (CF) and WR 600 glass fiber (GF) composites
improved the mechanical performance for drone frames. The CF-GF-GF-CF specimen exhibited the
highest tensile strength at 113.305 MPa, while the GF-CF-CF-GF specimen showed the best flexural
strength at 229.996 MPa. Muslim et al. [17] found that bamboo fiber composites for drone shafts
exhibited tensile strengths ranging from 220 to 547 MPa and lower densities than carbon fibers (0.9720-
0.7790 g/cm?®). While the tensile strength required improvement, the reduced density improved
maneuverability and extended flight duration.

Currently, there is limited exploration of sustainable composite materials for drone frames that utilize
natural fibre waste, particularly from ramie and cotton fabrics. Composite materials reinforced by
recycled fabric waste, mainly from ramie and cotton fibers, present a sustainable, economical, and
readily accessible option [18,19]. Ramie offers superior tensile, compressive, and flexural strength,
whilst cotton improves pliability, flexibility, and thermal stability [18-21]. Therefore, this study aims to
design and evaluate a novel sustainable composite for quadcopter drone frames, employing ramie and
cotton fiber fabric waste with different stacking sequence variations. The present study is distinguished
from previous textile composite studies by its emphasis on recycling waste fabric and its application to
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UAVs. It contributes to the materials' performance and sustainability in aerospace applications.
2. Methods.

2.1 Materials

The materials used in this research are ramie and cotton fabric waste obtained from the convection
industry in Kudus Regency, Indonesia. As an initial stage, the fabrics were cut into sizes with dimensions
of 20 cm x 15 cm. This cutting process is an important step before the fabrics are combined with resin
to form a composite. To produce a strong and durable composite, this research uses Bisphenol A-
Epichlorohydrin epoxy resin as the matrix, then mixed with Cycloaliphatic Amine type hardener
obtained from Justus Semarang chemical store, Indonesia.

2.2. Fabrication Method

This study utilized the hand lay-up method to fabricate composites from fabric waste, a process selected
for its straightforward application and versatility in producing components with diverse shapes [22].
The fabric waste was initially cut and organized according to the variations outlined in Figure 1. This
study fabricated three kinds of laminate with distinct stacking sequences: specimens consisting of five
layers of cotton fiber, five layers of ramie fiber, and hybrid specimens incorporating five layers of both
fibers. In addition, a matrix specimen was added as a control. Das et al. [23] reported that the five-layer
glass/pure polyester composite had superior flexural strength compared to the five-layer jute/pure
polyester laminate. In the present study, the matrix and fiber volume fractions were calculated at 60%
and 40% respectively. Barman et al. [24] and Lu et al. [25] concluded that composites with a 40% fiber
volume fraction had the best tensile and flexural strengths. A mixture of epoxy resin and hardener (3:1
ratio) [26,27] was manually poured into a 20 x 25 cm mold. The mixture was smoothed using a brush
with counterclockwise strokes for three minutes. To ensure uniform coating and effective bonding
between layers, the mold surface was pre-coated with resin, and a heat gun was applied to each layer to
remove air bubbles. Once all fabric and resin layers were arranged as specified, the specimens were left
to cure at room temperature (20-25°C) for 24 hours, allowing the resin to achieve full hardness.

(a) (b) (c) (d) (e)
Figure 1. Specimens with different stacking sequences. () R-R-R-R-R (Ramie-Ramie-Ramie-Ramie-
Ramie), (b) K-K-K-K-K (Cotton-Cotton-Cotton-Cotton), (¢) R-K-R-K-R (Ramie-Cotton-Ramie-
Cotton-Ramie), (d) K-R-K-R-K (Cotton-Ramie-Cotton-Ramie-Cotton), and (e) Epoxy Resin.

€

2.3. Testing

The density, hardness, flexural, and water absorption tests conducted in this study were repeated three
times, with average values calculated to ensure result accuracy and reliability. Density testing in this
study was conducted using an electronic density meter (DME 220 series) from Vibra Canada Inc.
(Mississauga, ON, U.S.A.), following the ASTM D-570 standard. The specimens used for the density
test measured 50 mm x 50 mm x 3.2 mm. Hardness testing was conducted using a Shore-D durometer
(HT-6600D) manufactured by Jiancaicheng, Haidian District, Beijing, China. The test specimens, with
a thickness of 6 mm, were prepared according to the ASTM D2240 standard. Flexural testing, carried
out using the three-point bending method, adhered to the ASTM D790 standard. This test employed a
universal testing machine from Hung Ta Instrument Co., Ltd., located in Samutprakarn, Thailand. The
specimens used for flexural testing measured 127 mm in length, 12.7 mm in width, and 3.2 mm in
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thickness. Water absorption testing was also conducted in this study to evaluate the composite material's
water uptake and its resistance to wet environments.

The test followed the ASTM D570 standard, where specimens were immersed in water for 14 days to
measure weight changes resulting from water absorption. The surface of the flexural-tested composite
specimens was analyzed fractographically using an Olympus CX41 microscope (Olympus Corporation,
Tokyo, Japan). This examination offered critical insights into the internal structure of the composite,
facilitating the identification of defects or imperfections that could potentially affect its performance
and reliability.

3. Results and Discussion

3.1. Density Test
The present study demonstrates that the stacking sequence of waste fabric layers is crucial in influencing
the density of composite specimens (Figure 2). Specimens with a higher proportion of cotton waste
typically showed increased density values, whilst those primarily composed of ramie waste fabric had
lower densities. The highest density of 1.182 g/cm3 was achieved in specimen K-K-K-K-K, while the
lowest density of 1.112 g/cm3 was noted in specimen R-R-R-R-R. The density of the K-R-K-R-K and
R-K-R-K-R specimens was 1.178 g/cm?3 and 1.146 g/cm3, respectively. Additionally, the neat epoxy
resin specimen demonstrated a density of 1.159 g/cm3,
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Figure 2. The effect of stacking sequences on the density of composite specimens

The density value of composite materials is strongly influenced by the type of reinforcing fiber and the
layering sequence. The results show that specimens with layering sequences using cotton fabric have
higher density compared to ramie fiber. This is due to the tighter structure of the cotton fabric, allowing
better distribution of the polymer matrix. Specimens with a predominance of cotton layers (K-K-K-K-
K and K-R-K-R-K) have a higher density compared to the ramie fiber dominant specimens (R-R-R-R-
R and R-K-R-K-R). The density difference between cotton and ramie fabric composites depends upon
the fibres' arrangement. Cotton fibers are more compact, resulting in reduced interstitial space. This
compact structure renders cotton fabric denser and, when included in composites, yields a greater overall
density. Conversely, ramie fiber possesses a more open and porous structure, featuring more excellent
interstitial space among its constituent fibers. This generates 'voids' in the material, reducing density
when included in composites. Zhang et al. [28] assert that ramie, a natural cellulosic fiber, possesses
numerous advantages over cotton, such as its length, strength, moisture absorption, breathability, and
lightweight characteristics. This finding is in line with the research of Gao et al. [29] which states that
the distance between fibers affects the distribution of the matrix, thus having an impact on the density
value of the composite. Thus, the selection of the right fiber type and layer arrangement can be used to
optimize the density value of the composite material.
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3.2. Hardness Test
The findings of this study indicate that variations in the stacking sequences of waste fabric layers
significantly affect the hardness of the composite specimens, as illustrated in Figure 3.
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Figure 3. The effect of stacking sequences on the hardness of composite specimens

Specimens with a greater number of cotton waste fabric layers generally exhibited higher hardness
values. In contrast, those incorporating more ramie waste fabric displayed lower hardness. The highest
hardness value, 85.6 HD, was observed in specimen K-K-K-K-K, while the lowest, 82.3 HD, was
recorded in specimen R-R-R-R-R. These results highlight the considerable contribution of cotton waste
layers to enhancing the hardness of composite materials. The hardness of composite materials is strongly
influenced by the quality of adhesion between the matrix and the fibers [30-32]. Specimens with cotton
fabric waste reinforcement have better adhesion, resulting in a more homogeneous matrix distribution
and reduced pore formation. In addition, it increases the density of the material and its resistance to
deformation. Meanwhile, in ramie fibers having weaker adhesion may result in uneven matrix
distribution and pore formation, which decreases the hardness of the material. Thus, improving
interfacial adhesion can result in composites with higher hardness and better mechanical performance.
This study provides strong empirical evidence of the correlation between density and hardness of
composite materials. This finding is in line with Abbass et al. [33] and supported by the research of
Kerche et al. [34] which shows that an increase in density in a material correlates with an increase in
hardness value. This suggests that the denser a material is, the higher its resistance to plastic
deformation. This finding has important implications in material design, where increasing density can
be one of the strategies to increase the hardness of composite materials.

3.3. Flexural Test

The results of this study demonstrate that the stacking sequences of waste fabric layers significantly
influences the flexural strength of composite specimens, as depicted in Figure 4a. The composite entirely
composed of cotton waste layers (K-K-K-K-K) achieved the highest flexural strength, measuring 179.11
MPa, which is more than twice that of pure epoxy resin (74.52 MPa).
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Figure 41. (a) Flexural Strength and (b) Load-Displacement Behavior of Specimens

This outcome underscores the superior reinforcing capabilities of cotton waste layers, likely
attributed to their stronger bonding with the matrix and enhanced structural integrity. Conversely, the
composite comprising only ramie waste layers (R-R-R-R-R) exhibited the lowest flexural strength at
62.01 MPa, falling slightly below that of epoxy resin. Mixed-layer composites, such as K-R-K-R-K and
R-K-R-K-R, displayed intermediate strengths of 95.02 MPa and 63.78 MPa, respectively, suggesting
that combining cotton and ramie layers compromises the flexural performance compared to composites
with pure cotton layers. The findings underscore the substantial role of cotton waste layers in increasing
the flexural strength of composites, rendering them exceptionally appropriate for applications requiring
enhanced structural performance. In contrast, composites mostly made from ramie waste or mixed
layering configurations may be more suitable for applications with reduced structural requirements,
where a balance of moderate strength and cost effectiveness is essential.

Shivakumar et al. [35] revealed the complexity of the relationship between density and flexural
strength in composite materials. Although in general higher density correlates with higher flexural
strength, the results of this study show that the factor of interfacial adhesion also plays an important
role. It was found that in specimens with a combination of fibers showing poor adhesion the flexural
values were lower than those with a single fiber arrangement. This is due to uneven stress distribution
and decreased bonding effectiveness between layers. This finding is in line with the research of Khalili
et al. [36] which showed that composites with poor adhesion quality can cause a significant decrease in
mechanical properties. Meanwhile, flexural strength is a critical parameter in composite performance
evaluation. Composite layers that have high flexural strength are not only able to maintain their shape
under load but can also withstand larger loads without being damaged. The load-displacement graph in
Figure 4b provides a visual representation of the flexural behavior of each composite specimen. Analysis
of this graph makes it possible to compare the flexural capabilities of different types of composites and
select the most suitable material for a particular application.

3.4. Water Absorption Test

The results of the study on the effect of water absorption on composite materials are presented in Figure
5. This test shows that layer arrangement has a significant influence on the ability of the composite to
absorb water. Specimens with a combination of cotton fabric and ramie fiber, especially in the R-K-R-
K-R variation, showed the highest percentage of water absorption, which was 4.91%. This indicates that
the combination of certain fiber types can increase the water absorption potential of the composite. In
contrast, specimens with a single fiber arrangement and pure epoxy resin showed lower water absorption
values.
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Figure 5. The effect of stacking sequences on the water absorption of composite specimens

These results indicate that both fiber type and layer arrangement contribute to the water absorption
properties of the composite. The surface structure and adhesion properties between fibers play an
important role in determining the level of water absorption in composites.

The porous cellulose fiber network in the fiber causes water to be easily absorbed [37]. The research
findings show that ramie fibers have a more porous structure and weaker adhesion than cotton fibers
which have a tighter structure. Thus, cotton fibers have better resistance to water absorption compared
to ramie fibers. This is consistent with the natural hydrophilic nature of ramie fiber. As a result,
composites with a higher percentage of ramie fibers also show higher moisture absorption values. Water
absorption is one of the main factors that cause a decrease in the mechanical properties of composites.
This finding is in line with the research of Hamdan et al. [38] which shows that water molecules entering
the composite can interact with matrix components, triggering hydrolysis reactions that damage the
fiber-matrix interface bond. In addition, the presence of water can also cause micro-cracks to form in
the matrix, disrupt stress distribution, and reduce the ability of the composite to withstand loads. As a
result, the strength and resistance of the composite to various types of loads will be significantly reduced.

3.5. Visual observations

A visual analysis using macro photographs captured with a digital camera and macro lens was
conducted to examine the failure mechanism in the composite specimens after the flexural test (Figure
6). The analysis results showed the presence of several defects, such as porosity, voids, and fiber pull-
out. Microscopic observation of the fracture area provides detailed information on the location and type
of damage. Thus, it can be concluded that these defects play an important role in the failure process of
composite materials. Observations showed that both specimens with a single fiber arrangement and a
combination of cotton and ramie fibers experienced similar defects, namely voids and fiber pull-out.
Voids are formed due to air trapping in the layers during the manufacturing process [39], which may be
caused using a less-than-optimal heatgun. Meanwhile, fiber pull-out occurs due to weak fiber-matrix
interface bonding and fiber damage. Monazami & Gupta explained that fiber pull-out occurs due to
damage to the fiber, weak interfacial bonding, and uneven stress concentration [40]. These defects can
reduce the strength and stiffness of the composite, so efforts need to be made to minimize the occurrence
of voids and increase the strength of the fiber-matrix interface bond. Microscopic analysis of specimens
with a combination of ramie fiber-cotton fabric (R-K-R-K-R) and cotton fabric-ramie fiber (K-R-K-R-
K) showed delamination, debonding, and waviness. Delamination occurs due to uneven stress
distribution [41], while debonding is caused by weak bonds between fibers and matrix, reducing the
strength between layers. Meanwhile, waviness occurs when the composite manufacturing process is
improper, causing a decrease in composite stiffness. The existence of these current defects results in a
significant decrease in the mechanical characteristics of the specimens, highlighting the imperative to
optimize the production process for the attainment of composites with improved performance.
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(a) (b)
Figure 6. Photographs of surface fracture in (a) K-K-K-K-K, (b) K-R-K-R-K, (¢) R-K-R-K-R, (d) R-
R-R-R-R, and (e) epoxy resin Specimens

4. Conclusion

The present study emphasizes the potential of employing textile waste as a reinforcement in high-
performance composites, enhancing sustainability in materials engineering. This study's findings
demonstrate that variations in the layer arrangement of hybrid composites composed of ramie and cotton
fiber waste substantially influence their physical and mechanical properties.

In comparison to other specimens, the specimens with the pure cotton fabric sequence (K-K-K-K-K)
exhibit enhanced performance regarding density, water absorption, hardness, and flexural strength,
rendering it highly appropriates for quadcopter drone frame applications. The density, water absorption,
hardness, and flexural strength of the K-K-K-K-K specimen are 1.182 g/cm3, 2.22%, 85.6 HD, and 179.1
MPa, respectively. Nevertheless, additional assessment is required to evaluate other critical performance
criteria, including fire resistance, fatigue behavior under cyclic loading, and long-term environmental
durability. These factors are crucial for guaranteeing the safety and dependability of drone operations in
various environments. Future studies should investigate manufacturing ability and cost-effectiveness to
facilitate industrial applications.
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