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ABSTRACT - This study examined Eichhornia Crassipes (water hyacinth) fiber integrated with an QeRCT;i(\:/:E HI§TO§5\(h Nov. 2024
epoxy matrix to determine the optimal weaving pattern for maximizing the mechanical properties of Revised 301 Ap r.‘2025
composites. Composite manufacture was performed via the hand lay-up technique, including 40% Accepted : 15 May 2025
matrix and 60% fiber. The fibers underwent treatment with 20% NaOH for a duration of 3 hours. Published 061 Sept. 2025

Samples were produced featuring variations of plain, twill, and basket weave patterns, utilizing a car
bumper as the control product. The findings indicated that the twill weave pattern had the greatest KEYWORDS
mechanical strength, with an impact value of 0.034 J/mm? and a bending strength of 122.9 MPa,

followed by the basket weave pattern, which had an impact value of 0.030 J/mm? and a bending I\Vlvaattuer:a%zgrng;mposites
strength of 90.7 MPa. Each weave pattern exhibited unique characteristics influenced by the Woven

number and direction of yarn crossings and interlocking, affecting the composite's mechanical Car bumpers

strength. Therefore, the study concludes that composites made from water hyacinth fiber and epoxy Mechanical properties

resin, particularly with twill and basket weave patterns, have significant potential as competitive
substitutes for non-renewable materials in the automotive industry, especially for car bumpers,
providing comparable quality in terms of safety and cost. This research aims to improve the
performance of composites reinforced with natural fibers while promoting environmental
conservation through the utilization of natural fibers and resource efficiency, in alignment with
Sustainable Development Goals (SDGs), particularly SDG 12 concerning responsible consumption
and production.

1. INTRODUCTION

Indonesia's rich diversity and abundance of natural fibers, combined with the increasing global emphasis on
environmental sustainability, provide a critical foundation for advancing the development of sustainable materials and
technologies. This goal highlights the importance of resource efficiency, effective waste management, and the
development of environmentally friendly products in achieving the Sustainable Development Goals (SDGs) [1].
However, this great potential has not yet been fully realized in the development of composite materials. On the contrary,
the manufacturing industry still tends to rely on synthetic fibers such as glass and carbon fibers, which, despite their
superior mechanical strength, have negative environmental impacts and involve high production costs. This gap reflects
the underutilization of eco-friendly natural fibers as a sustainable material solution. Despite the vast amount of research
that has been conducted, significant challenges remain that need to be overcome. These challenges are particularly related
to enhancing the mechanical properties and engineering of natural fiber-based composites for structural and functional
applications. These challenges continue to impede the broader acceptance of these composites within the manufacturing
sector. The development of environmentally favorable materials derived from natural resources is a crucial part of the
solution to these problems [2]. Material selection is a crucial element in the production process, particularly for companies
in the manufacturing sector. Materials are the main components in product manufacturing and play a key role in
determining the quality of the final product. With the advancement of technology and knowledge, various innovations in
composite material techniques have emerged to create high-quality materials. One such innovation is the use of natural
fibers to produce sustainable and eco-friendly materials. The rapid growth of the manufacturing sector has increased the
demand for materials with better strength, stiffness, low density, and low cost, making natural fiber composites a strong
candidate for various applications [3], [4]. Increasing public awareness of environmental issues has also made natural
fiber composites an attractive option for the industry [5]. Since the mechanical performance of composites may be
precisely controlled by modifying the characteristics of natural fibers, many developments have benefited civilization.

Today, water hyacinth, with the scientific name Eichhornia crassipes, is a fast-growing invasive flowering plant in
warm climates, now considered the world's worst aquatic plant, covering more than four million hectares of water surface
[6]. Weighing around 450 tons per hectare, water hyacinths can damage infrastructure, create poor habitats for aquatic
life, block oxygen exchange in water, triple water evaporation, and clog irrigation equipment [7], [8]. Due to the numerous

*CORRESPONDING AUTHOR | H. Yudiono | < heri_yudiono@mail.unnes.ac.id
© 2025 The Author(s). Published by Universiti Malaysia Pahang Al-Sultan Abdullah Press. This is an open access article under the CC BY-NC 4.0 International license 12640



Muhammad Arryyanto et al. | International Journal of Automotive and Mechanical Engineering | Volume 22, Issue 3 (2025)

negative impacts caused by this plant, governments and agencies allocate a significant amount of resources every year to
control its invasion. Therefore, water hyacinth from an environmental perspective helps reduce weed growth, promote
clean energy, and maintain aquatic ecosystems [9], [10]. Furthermore, water hyacinth has the potential to serve as a viable
substitute for natural fibers in a variety of engineering applications, such as automotive components, when used as a
composite reinforcement material. The high cellulose and hemicellulose content of water hyacinth renders it an
exceptional material for composite reinforcement. It contains nearly 20% cellulose, 48% hemicellulose, and 3.5% lignin
[11]. Therefore, developing natural fibers as eco-friendly polymer composite materials from water hyacinth plants is an
ideal solution for producing versatile materials, especially in the automotive industry, and contributes to achieving SDGs
[12].

With population growth and increased vehicle usage comes congestion and the risk of collisions. Therefore, strong
bumpers are required to protect the vehicle, absorb impact energy, and minimize damage to the vehicle body to improve
passenger safety. Bumper design plays an important role in improving impact resistance and overall vehicle safety [13],
[14], [15]. Car bumpers are usually made of steel, aluminum, rubber, fiber, or plastic. Bumpers made of fiber are less safe
as they are easily damaged, whereas plastic has the disadvantages of reduced impact resistance and high production costs
[16], [17]. Natural fiber composites have significantly improved their structural, mechanical, and tribological properties
over the past two decades [18], [19]. Currently, numerous automobile bumpers are constructed from natural fiber
composites. Despite substantial studies on natural fibers as reinforcement in composite materials, the majority of studies
continue to concentrate on widely utilized fibers such as kenaf, ramie, and coconut coir. Eichhornia crassipes (water
hyacinth), despite its abundance and promising mechanical properties, has received limited attention, particularly in
automotive applications, especially for bumper components [20], [21]. Furthermore, the weave pattern in fiber-based
composites plays a crucial role in determining their impact and bending strength. However, studies combining Eichhornia
crassipes fibers with specific weaving patterns remain scarce, especially in the context of impact-absorbing vehicle
structures. This gap underscores the need for systematic research into the mechanical properties of woven Eichhornia
crassipes composites for environmentally friendly, lightweight, yet strong automotive applications.

This research focuses on polymer matrix composites combining water hyacinth fiber and epoxy, because epoxy has
better strength, stiffness, and corrosion resistance than other polymers, with better yield strength than thermoplastics, and
is resistant to alkalis, acids, moisture, and high temperatures [22], [23]. However, most polymer composites with natural
fibers have the disadvantage of being hydrophilic, leading to a weak interaction between the reinforcement and the matrix
[24]. To mitigate this issue, alkali treatment is an approach that enhances the stress transfer capability and interfacial
contact [25]. The alkaline treatment of natural fibers enhances surface irregularity, thereby facilitating a more effective
interaction with the polymer matrix [26], [27]. Without alkalization, the bonding of fibers and resin is imperfect due to
the waxy coating on the fibers. However, parameters such as alkali concentration, temperature, and soaking time must be
well-regulated to prevent fiber damage, as excessive soaking can decrease fiber strength due to excessive delignification
[28]. The mechanical strength of composites depends on the bonding of fibers and matrix, as well as factors such as fiber
orientation. In this case, the water hyacinth fibers were woven in a specific orientation. Matting ensures the fibers are
more organized, evenly distributed, and reduces anisotropy in the composite sheet [29], [30]. Fiber webbing provides
better composite strength than parallel fibers, mainly since the reinforcement occurs in two mutually perpendicular
directions, increasing the overall strength of the composite [31], [32]. For use in automobile bumpers, this research
developed a composite material comprising 60% water hyacinth fiber and 40% epoxy resin by volume. Therefore, it is
important to find out how strong this combination is mechanically, so that the study can lead to a different material for
car bumpers that is just as safe and does not cost as much.

2. METHODS AND MATERIALS

This methodology can be divided into three main processes, starting with the initial preparation, which involves setting
up the essential elements needed to begin the composite fabrication. At this stage, the preparation of materials, fiber
treatment, and fiber orientation are explained in detail. The second and last phase involves composite molding into
samples and conducting mechanical testing to assess the composite's mechanical strength. The subsequent phases are
elucidated below.

2.1 Material
2.1.1 Water Hyacinth (Eichhornia Crassipes)

The water hyacinth stems used in this study were obtained from Ambarawa, Semarang, Indonesia (Figure 1). The
water hyacinth plants in Lake Ambarawa, which grow prolifically and nearly cover the lake's surface, have stems that are
rich in fiber [33]. These fibers are of high quality due to their strength and elasticity, and they are biodegradable.
Furthermore, the raw material is readily available, abundant, inexpensive, and non-toxic, making its use as a composite
material a potential solution to address this invasive plant [34]. The water hyacinth fiber has a Young’s modulus of 10.60
MPa, tensile strength of 540 MPa, breaking strain of 1.3 MPa, and a density of 1.23 to 1.45 g/cm? (Table 1).
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Figure 1. Water hyacinth

Table 1. The physical and mechanical characteristics of water hyacinth fiber [35]

Properties Value
Young’s modulus (MPa) 10.6
Tensile strength (MPa) 540
Breaking strain (MPa) 1.3
Density (g/cm?) 1.23-1.45

2.1.2 Epoxy Resin

Epoxy resin and hardener were purchased from the Nusakimia Abadi store in North Jakarta, Indonesia (Figure 2).
This matrix adhesive is used to bond woven water hyacinth fibers. The resin consists of a blend of resin and hardener in
a 2:1 ratio. Epoxy resin can enhance toughness, resistance to corrosion, heat resistance, and dimensional stability, and it
is also easy to repair and adjust [36]. The high tensile and compressive strength of epoxy resin renders it an optimal choice
for structural adhesives, as it is capable of withstanding hefty loads and pressure and preventing deformation [37]. Its
high bonding strength makes it widely used in construction, shipbuilding, automotive, and aerospace industries. Epoxy
resin has a tensile strength of up to 85 MPa and an elongation of 5%, with a density between 1.11 and 1.23 g/cm?, as seen
in Table 2.

- oo -

ERPOXY RESIN

1 Kg

Figure 2. Epoxy resin and hardener

Table 2. The physical and mechanical characteristics of epoxy resin [38]

Properties Value
Elongation at break (%) 5
Heat distortion temperature (°C) 120
Tensile strength (MPa) ~ 85
Density (g/cm?) 1.11~1.23
Compressive strength (MPa) ~11
Tensile elastic modulus (GPa) ~3.2
Flexural strength (MPa) ~ 130
Linear expansion coefficient (in 10— 6 /°C) 60
Water absorption/24 h (%) 0.14
Rockwell hardness/6.35 mm,100 kg 100
Shrinkage rate (%) 1~2
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2.2 Alkali Treatment

Sodium hydroxide (NaOH) was purchased from Indrasari Chemical Store, Semarang, Indonesia (Figure 3). The NaOH
used is in powder form, which must be dissolved in distilled water (also known as aquades) for the alkalization mixture.
The stems of the water hyacinth are cleaned with a wire brush to get fibers, which measure 350 mm in length. Next, a
20% sodium hydroxide (NaOH) solution is used for fiber processing. This 20% concentration is made by dissolving 200
grams of NaOH in 1000 ml of distilled water. The water hyacinth fibers are soaked in the alkaline solution for 3 hours,
fully submerging the entire fiber. The fibers are then washed with clean water to remove any remaining alkaline solution.
The fibers are rinsed and then left to dry at room temperature for 24 hours. Following the alkalization process, a visible
physical change in the fibers is the color change, where the initially light brown fibers before alkalization turn dark brown
after alkalization (Figure 4). The previous study has established that the optimal alkaline process for natural fibers,
specifically water hyacinth fibers, is using a 20% NaOH solution for 3 hours, which increases the load-bearing capacity
by 13.33% compared to composites treated with a 10% NaOH solution [39], [40]. A 20% NaOH treatment on natural
fibers produces a rougher surface, enhancing adhesion between the fibers and the matrix during composite production.
Among the myriad parameters, concentration emerges as the paramount factor in augmenting the mechanical strength of
the composite material [41].

Figure 4. Water hyacinth fiber (a) before alkalization; (b) after alkalization

2.3 Orientation of Woven Fiber Composite

In composites with aligned fibers, optimal strength is achieved when the load is applied parallel to the fibers.
Nevertheless, its strength markedly diminishes when the force is exerted perpendicular to the fiber orientation. Therefore,
optimizing the composite constituents requires weaving the reinforcing fibers. The weaving process aims to arrange the
fibers more regularly and evenly in their distribution, thereby preventing anisotropy in the composite sheets. Woven fibers
can enhance the composite's strength because the bonds between the woven fibers are stronger than those in non-woven
fibers [42]. The weaving pattern involves various types of warp and weft orientations, which can be either homogeneous
or hybrid. This study selected plain, twill, and basket weave patterns as variations for composite fiber orientation. The
weaving process was conducted manually, without the use of a weaving machine. It begins with preparing twisted fibers,
each measuring 300 mm in length. A frame or base is then constructed to hold the fibers in place. Several fibers are first
positioned as the frame's warp (vertical fibers) at evenly spaced intervals. The weft fibers (horizontal fibers) are then
interlaced with the warp using an 'over-under' pattern, reversing direction on each subsequent row to form a plain weave
pattern. For the twill pattern, the weft fibers are woven in an 'over two, under one' sequence, with a one-fiber shift in each
row to create a diagonal effect. A similar technique to the plain weave is applied in the basket weave pattern, but two weft
and two warp fibers are woven together (two over, two under) to produce a checkerboard-like appearance. These steps
are repeated until the weaving is complete, and the weave is tightened to ensure neatness and structural integrity. The
weaving process is illustrated in Figure 5.

The advantage of plain weaving is its ease of fabrication, time efficiency, and strong weave. The plain weave structure
was selected due to its tight construction and minimal yarn mobility, resulting in a sturdy and strong weave [32], [43],
[44]. On the other hand, twill weaving offers good strength and durability due to its diagonal pattern, which evenly
distributes the load and provides good drapability, as well as attractive visual aesthetics [45], [46], [47]. Meanwhile,
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basket weaving involves two warp threads placed over two weft threads, with double interlocking at each crossing, which
makes the load distribution more uniform, resulting in a structure that provides strength with slight flexibility, and
enhances frictional force and strength per unit length during loading [48], [49]. Figure 5 below illustrates the water
hyacinth fiber weaving pattern used in this study.
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Figure 5. Water hyacinth fiber woven pattern (a) plain; (b) twill; (c) basket

2.4  Sample Fabrication

The alkali-treated water hyacinth fibers were twisted into 1.5 mm diameter ropes with 20 strands of fiber per twist,
and then woven into sheets with plain, twill, and basket patterns, as shown in Figure 5. The next stage involves mixing
epoxy resin and hardener in a 2:1 ratio in a measuring cup to create the matrix solution. The molding procedure involves
the amalgamation of woven fiber sheets and epoxy resin within a mold of 150 mm x 200 mm X 50 mm, utilizing the hand
lay-up technique. An adequate quantity of resin is introduced into the mold cavity. Subsequently, woven sheets are
positioned in parallel on top of the resin. This process is repeated in layers, alternating between pouring resin and placing
the woven sheets, until three layers of laminated composite are formed with parallel fiber orientation and a thickness of
up to 6 mm. During the process, a roller is used to smooth the surface, ensure even resin distribution, and prevent air
bubble formation [50]. This process further enhances the adhesion between the fabric and the matrix compared to
conventional coating processes. The mold is, subsequently, allowed to cure at room temperature for 24 hours. Composite
material is extracted from the mold for cutting after it has dried. Material waste is minimized by employing a hacksaw
during the cutting procedure. The composite material must be cut in accordance with ISO 179 standards for impact testing
and ASTM D790 standards for bending testing. To ensure precise and smooth edges that meet testing requirements, the
specimen is to be sanded using sandpaper. Once the edges are soft, the specimen is cleaned with a cloth to remove dust.
Figure 6 below shows the process flow in this study, from material preparation and fiber treatment to composite
fabrication.

Figure 6. Composite manufacturing process
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2.5 Impact Test

The research employs the Charpy impact test method according to ISO 179 standards, utilizing the GOTECH GT-
7045-MD machine (Figure 7). The energy imparted to the specimen is 25 joules, accompanied by a pendulum velocity of
3.46 m/s. Before testing is conducted, the impact testing machine is calibrated to ensure accurate test results. The
calibration is performed by operating the machine without a specimen to ensure that the initial and final energy values
are zero, eliminating energy loss due to friction or reading errors. If discrepancies are found, the equipment will be
adjusted or maintained. The impact test is conducted three times for each specimen variation, and the average value is
calculated from the results.

(b)

Figure 7. (a) Impact testing machine; (b) Impact testing process

The impact test is performed to replicate the resilience of the test specimen under shock loads, to assess the material's
mechanical characteristics and toughness value [31]. The results of this test indicate the amount of energy the material
can absorb, allowing us to conclude whether the material is brittle or ductile. The absorbed energy from the test results is
utilized to determine the impact intensity by employing the subsequent equation:

Is=~ (1)

where Is represents the impact intensity, E represents the impact energy, and A represents the area. Figure 8 illustrates
the dimensions of the impact test specimen in accordance with the ISO 179 standard.
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Figure 8. Impact test dimensions
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2.6 Bending Test

The three-point bending method was followed under ASTM D-790 (Figure 9), and the testing was performed using a
Gotech universal testing machine model UN-7001-LC30, series TC180200162 (2018). The testing apparatus was
calibrated before the test to guarantee the reliability and accuracy of the bending test results. It is essential to verify the
proper functioning of both the machine and the load measurement system, and to check the deflection indicators to ensure
precision and consistency in the readings. Three tests were performed for each specimen variation in the bending test, and
calculations were carried out to determine the average value.

3| GOTECH TESTING MACHINES s

(a) (b)
Figure 9. (a) Bending test machine; (b) Bending test process
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During bending tests, the top section is subjected to compression. However, the lower section experiences tension,
resulting in a fracture in the lower section that fails to endure the tensile stress. The bending test elucidates the behavior
of materials when exposed to bending stresses under practical settings [S1]. To calculate the modulus of elasticity and
tensile strength using the equation:

3FL FL?
= 5792 E = 7 i3s (2)

2bd 4bd>s
where F is the greatest load that the test specimen can withstand, L, b, and d are the span length, breadth, and height,
respectively, and § is the energy that the specimen absorbs at the area where it is loaded. Figure 10 displays the size of
the bending test specimen in accordance with ASTM D-790 standards.
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Figure 10. Bending test dimensions

3. RESULTS AND DISCUSSION
3.1 Fiber Surface Morphology

The microstructure analysis results, as illustrated in Figure 11, illustrate the surface diameter of a single water hyacinth
fiber before and after alkali treatment. The fiber was observed through a microscope at a magnification of 50x. The
diameter of the unadulterated water hyacinth fiber is 93.6423 um, as illustrated in Figure 11(a). In contrast, Figure 11(b)
illustrates the water hyacinth fiber that has been subjected to an alkali treatment with a 20% NaOH concentration for a
duration of three hours. The diameter of the treated fiber is 54.4574 um, which is 58.15% smaller than that of the untreated
fiber.

(b)

Figure 11. Fiber microphoto 50x magnification (a) before alkalization; (b) after alkalization

In this work, surface morphology photos of water hyacinth fibers reveal that soaking them in an alkaline solution can
decrease their diameter. Fibers undergo shrinkage as a result of this treatment's elimination of lignin, hemicellulose, and
other contaminants; at the same time, moisture content is reduced, which lessens the fibers' inherent hydrophilic
characteristics while increasing the strength of the interfacial bond with the matrix [50], [52]. The fiber surface undergoes
modification by alkaline treatment, as seen in Figure 3. This alteration can increase the adhesion to the polymer matrix,
yielding composites with enhanced mechanical characteristics and greater environmental resilience. The mechanical
strength and compatibility with the polymer composite matrix increase in fibers treated with NaOH [53].

3.2 Impact Test Result

From Figure 12, the impact test results on the specimens show that the water hyacinth fiber composite with a twill
weave pattern has higher energy absorption and impact strength compared to other composite weave patterns, with values
of 1.36 J and 0.034 J/mm?, followed by the basket weave pattern with values of 1.23 J and 0.031 J/mm?. In contrast, the
plain weave pattern showed the lowest values, namely 0.9 J and 0.023 J/mm?. For comparison, the energy absorption and
impact strength values for the car bumper specimen were recorded at 1.07 J and 0.027 J/mm?, which are lower than those
of the twill and basket patterns but higher than those of the plain pattern.
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Figure 12. Effect of impact properties on different weave patterns

Based on the impact strength of the composite woven patterns above, the composite with the twill woven pattern
exhibits the highest impact strength. In contrast, the composite with the plain-woven pattern shows the lowest impact
strength. This is because the twill woven pattern provides good strength and durability to the weave, as it has more
crossings and a higher angle of yarn compared to the plain-woven pattern, allowing the shock load applied to the
composite to be well distributed across the weave, resulting in strong interlocking [54]. The high crimp of the yarn in the
twill pattern compared to other woven patterns also significantly reduces damage from impacts and increases the
laminate's damage tolerance [55], [S6]. The vertical and horizontal crossings are critical in determining the strength of
the weave, as the number of crossings, interlocking, and the structure of the woven pattern affect the distribution of
composite strength in an evenly distributed manner, withstanding loads [57]. Twill weave is typically more flexible than
other patterns, such as plain weave, which enables it to absorb impact energy more effectively. Its distinctive diagonal
fiber arrangement also contributes to greater tensile strength and improved resistance to deformation, resulting in better
overall structural performance [58]. This structural advantage comes from the intersecting fiber directions, which enhance
the material’s ability to withstand impact and minimize damage.

Fiber breakage

Fiber breakage

(b)

Figure 13. Fracture of impact test specimen (a) plain; (b) twill; (c) basket; (d) car bumper

(d
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The fracture analysis results on the impact test specimens are illustrated in Figure 13, which illustrates the occurrence
of fiber pull-out. Although the fibers were alkalized, this condition was observed in all test specimens due to the
insufficient adhesion between the fiber and the matrix [50]. Fiber pull-out occurs when the interfacial link between the
fiber and the matrix is inadequately robust to maintain cohesion under impact loading [59]. The insufficient resin
penetration into the inter-fiber cavities and the lack of chemical compatibility between the hydrophilic fiber surface and
the hydrophobic polymer matrix are the possible causes of this feeble adhesion [60]. These conditions may act as stress
concentration points or crack initiation sites when impact loading is applied, reducing energy absorption capacity. In
addition, fiber breakage was also observed in the natural fiber composites, which occurs when the fibers are damaged and
fracture under mechanical loads exceeding their tensile strength. Fiber breakage indicates that the load was effectively
transferred from the matrix to the fiber until it reached its ultimate strength. Therefore, fiber breakage reflects relatively
better interfacial stress transfer than fiber pull-out failure [61]. Despite the presence of both fiber pull-out and fiber
breakage, the vertical and horizontal interlacing points in the plain weave pattern help distribute the load more evenly and
enhance the material’s ability to absorb impact energy to the maximum extent, owing to the mechanical interlocking
effect that reinforces the composite structure.

3.3  Bending Test Result

Based on the average bending strength graph in Figure 14, this study shows that the twill weave pattern has the highest
bending strength compared to other composite weave patterns, with a value of 122.9 MPa. Next, the basket weave pattern
has a value of 90.7 MPa, while the composite with a plain weave pattern shows a value of 51.7 MPa. This value is lower
than the bending strength of the car bumper specimens, which is 86.2 MPa. The results of the bending strength show that
the twill woven pattern yields the highest bending strength, while the plain-woven composite pattern results in the lowest
bending strength. This results from the attributes of the woven construction of the twill pattern. This design features bigger
interstices than other woven patterns, hence improving the mechanical adhesion between the fibers and the matrix [62].
Complex weaving patterns, such as the twill weave, distribute damage more uniformly. This behavior is attributed to the
enhanced ability of the fibers within these patterns to conform to applied loads, thereby minimizing stress concentration
and reducing localized damage [57].
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Figure 14. Effect of flexural strength and flexural modulus on different weave patterns

Another factor influencing the twill woven pattern's strength is the threads' cross-direction. In twill weaving, the points
of intersection between the threads run diagonally, forming a diagonal line pattern. This diagonal pattern plays a role in
distributing the load evenly, making the weave more resistant to strain and pressure [63], [64]. This ultimately contributes
to enhanced structural performance. Although the twill weave exhibits the highest impact resistance, its superior structural
performance is attributed not only to its impact resistance but also to the inherent characteristics of its diagonal pattern,
which facilitates a more effective distribution of forces and improves the material's overall strength [65]. Additionally,
the twill woven pattern also has good drapability.

Meanwhile, in terms of elastic modulus, the plain weave pattern exhibited the highest value at 9.1 GPa, followed by
the car bumper at 7.6 GPa, the basket weave pattern at 6.4 GPa, and the lowest was the twill weave pattern at 6.1 GPa.
Based on the analysis in Figure 14, it can be concluded that the elastic modulus is inversely proportional to the flexural
strength. These results align with the research undertaken by Wu et al. [66] and Tefera et al. [67], which indicate that
composite materials with high flexural strength tend to have lower flexural modulus values. This suggests that materials
with high flexural strength can withstand greater loads before breaking, but are more flexible due to their lower modulus.
The flexural modulus is a measure of the material's rigidity during the elastic phase of loading, while flexural strength is
a measure of its resistance to failure under continuous loading. The bond strength between the fibers and the matrix
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influences flexural strength, while the weave pattern structure and fiber orientation have a greater impact on flexural
modulus. In this instance, the material is capable of withstanding substantial bending stresses before failing, while also
remaining sufficiently flexible, allowing it to undergo significant deformation before reaching its breaking point [68]
[69].

Several phenomena were disclosed by the flexural test results on fractured speciments, as illustrated in Figure 15. The
fibers were hauled out due to the low adhesion between the fibers and the matrix, even though the fibers had undergone
alkali treatment. This was due to the decreasing binding between the epoxy resin and the fibers as the load increased.
Interfacial adhesion has a substantial impact on the mechanical efficacy of fiber-reinforced composites. The robust
interfacial bonding that occurs during the stress transfer process between the matrix and the fibers enables the composite
to withstand loads that exceed its strain limits [70]. However, powerful interfacial bonds can initiate crack propagation,
ultimately reducing the toughness and strength of the material [71]. Moreover, fiber breakage was noted, resulting in the
fracturing of natural fibers inside the composite, which further impacted its mechanical capabilities [72]. All samples
exhibited a typical failure mechanism characterized by a combination of fiber pull-out and fiber breakage, with the extent
of damage varying according to the arrangement of the woven structure. Nevertheless, the composite with a twill weave
pattern exhibited a lower level of fiber damage as a result of the diagonal alignment of the strands. This alignment
facilitates the more even distribution of the load, delays the initiation of cracks, and enhances resistance to flexural loads
compared to other weave pattern configurations. As a result, the interfacial bonding quality and weave configuration have
a substantial impact on the composite's mechanical performance and durability.

Fiber pull-out Fiber pull-out

Fiber pull-out

(©) @
Figure 15. Fracture of bending test specimen (a) plain; (b) twill; (¢) basket; (d) car bumper

4. CONCLUSIONS

The utilization of water hyacinth fiber as reinforcement in composites aims to provide an alternative material to non-
renewable resources, especially within the automotive sector. This research investigates the influence of various weaving
patterns on the mechanical strength of the material. Testing results indicate that the twill weave pattern provides the
highest impact and bending strength values, at 0.034 J/mm? and 122.9 MPa, respectively, compared to other weave
patterns. Furthermore, cross-sectional examination of specimen fractures resulting from bending and impact testing
reveals prevalent failures, including fiber pull-out and breaking. Nonetheless, a reduced degree of fiber damage in the
twill weave composite enhances its load-bearing capacity compared to other weave configurations, hence influencing the
composite's bending and impact strength. Additionally, the mechanical strength analysis of the water hyacinth fiber
composite with twill and basket weaves yielded higher values than the car bumper specimen used as a product control.
Therefore, the findings from this study suggest that water hyacinth fiber has excellent potential to produce competitive
and environmentally friendly materials for automotive applications, particularly as an alternative to traditional materials
for car bumpers. Moreover, utilizing water hyacinth plants as natural fiber composite materials is expected to provide a
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solution for managing this plant, which is considered a weed in various aquatic areas worldwide. As such, it can contribute
to the Sustainable Development Goals (SDGs) through advancing resource efficiency and environmental sustainability.
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