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ABSTRACT: This study aimed to produce and characterize mycelium leather (Mylea) derived from oil palm empty
fruit bunch (OPEFB). Variations in OPEFB composition (10%, 20%, 30%, and 40%) were tested using a 10% w/w
Ganoderma lucidum inoculum. The mycelium underwent boiling, plasticization, drying, pressing, waxing, and Tencel
fabric reinforcement to form Mylea. The physical, mechanical, and flammability properties of OPEFB-based Mylea
were evaluated as a potential animal leather substitute. The highest tensile strength (8.47 MPa) was observed in the
0% OPEFB sample due to reinforcement with the Tencel fabric layer. Meanwhile, the 20% OPEFB sample after drying
exhibited a tensile strength of 5.78 MPa and a lower elastic modulus (14.48 MPa), indicating increased flexibility but
reduced stiffness. Among the tested compositions, 20% OPEFB provided the best balance between growth time and
material quality. Flammability tests showed that Mylea with 20% OPEFB had a longer burn time (43.5± 7.78 s) compared
to 0% OPEFB (21.0 ± 1.41 s). However, the addition of OPEFB did not improve fire resistance, as none of the samples
met UL 94 V-0, V-1, or V-2 standards.
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1 Introduction
Over the past twenty years, a global movement has emerged focused on advancing and employing

more sustainable materials and technologies for the production of industrial and technological goods [1].
Renewable resources, such as mycelium-based materials, exhibit positive effects, including reduced embod-
ied energies and increased energy efficiencies [2,3]. Mycelium-based materials, either on their own or as
composites, are created by cultivating the vegetative component of mushroom-producing fungi on various
organic substrates. This growth can occur both on the substrate’s surface and within it [4]. In some cases,
the fungi extend beyond the substrate, forming a dense or soft layer known as fungal skin. Mycelium-based
materials find potential application in different fields, including paper [5], biomedical [6], packaging [7],
films [8], textile [9], cosmetic [10], bricks and panels [11], construction industry [12], noise reduction [13],
thermal degradation resistance [14] and imitation leather [15–17].
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Furthermore, the use of mycelium in composite production aligns with the growing demand for
sustainable materials derived from renewable resources [18]. The filamentous part of a fungus is the mycelium
on an organic substrate, which results in the development of fascinating biocomposite with a wide range of
properties and applications such as mycelium leather (mylea). Mylea from mushroom mycelium, which is an
environmentally friendly alternative to animal and synthetic leather. Fungi and agro-residue such as oil palm
empty fruit bunch (OPEFB) are the most suitable combinations for future mylea development. The organism
(fungal species) has been identified as one of the factors that determine the properties of the mycelium [19].
It was reported that the activity of Trametes multicolor on rapeseed straw results in a smooth and foam-like
structure whereas the colonization of P. ostreatus on the same substrate (rapeseed straw) produced mycelium
with rough structure [20]. However, the white rots saprotrophs species of fungi were noted to exhibit good
substrate colonization rate, have strong mycorrhizal, endophytic, or pathogenic character, and are most
efficient in digesting plant cell wall material (lignocellulose) due to secretion of ligninolytic enzymes [20].

Early studies on mycelium materials were primarily focused on their applications in packaging and
insulation [21]. However, recent advancements in fungal biotechnology, substrate optimization, and biofab-
rication techniques have expanded the scope of research into flexible composites suitable for textiles and
consumer products. Notably, studies have explored the effects of fungal species (e.g., Ganoderma lucidum,
Pleurotus ostreatus) [22,23], substrate composition [24], and environmental growth conditions [25] on the
morphology, density, and mechanical properties of the resulting mycelium leather. Concurrently, post-
processing methods such as plasticization, drying, pressing, coating, and reinforcement (e.g., with fabrics
or natural waxes) have become central to improving the functional characteristics of mycelium leather-such
as durability, water resistance, and flame retardancy-enabling comparisons with conventional materials like
polyvinyl chloride (PVC), polyurethane (PU), and animal hides.

The empty fruit bunch (EFB) is classified as a lignocellulosic compound, which contains cellulose and
hemicellulose as well as polysaccharide and lignin in its cell wall [26]. Every year, more than 15 million tons
are produced from palm oil processing in Indonesia [27], most of which are not efficiently utilized. The
higher the oil palm production is, the more OPEFB waste is produced. OPEFB waste can reach more than
50% of the total weight of the solid waste. In addition to being inexpensive and widely available, OPEFB
contains approximately 34.9% glucose [20], which can be used as carbon source for bacterial metabolism
and fungal [28,29].

On the other hand, global leather demand continues to increase every year, reaching a value of 93.2
billion USD in 2016 and is projected to reach 121.16 billion USD in 2022 [30]. This rise in the leather market
is believed alternatives pose new challenges, which include their non-biodegradability and the release of
various hazardous chemicals which is synonymous with their production processes. The production of
animal skins for leather raw materials requires high water, energy and land, resulting in large greenhouse
gases (CO2 and NH4) [31]. Animal leather production also requires chemicals such as chromium salts and
heavy metal dyes. The use of chromium compounds requires a lot of water, is toxic and carcinogenic to
the environment and humans if spilled [31]. Furthermore, the fashion and textile industry is starting to
popularize the concept of sustainable fashion as an effort to protect the environment from the dangers of
non-biodegradable waste and waste that endangers human life. Sustainable fashion emphasizes the use of
environmentally friendly raw materials, minimizing waste, processing production waste, and processing
used products [32,33].

The challenge in producing mylea primarily lies in selecting the appropriate media and fermentation
agents [2,34,35]. Several studies have explored cost-effective and readily available media options, such
as molasses, industrial waste, and fruit waste [36]. Fruit waste like banana, mangosteen, sapodilla, pear,
apple, and coconut water are recognized for producing mylea with higher yields [37]. Nevertheless, the
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mylea produced by this fruit waste does tend to be less durable than premium animal leather or synthetic
polyurethane (PU). Being made from organic matter, mycelium leather is vulnerable to degradation in high-
humidity conditions and may also pose a flammability risk. Ongoing research in fungal biotechnology,
substrate engineering, and post-processing techniques will be critical to enhancing its viability and com-
petitiveness in commercial markets. Furthermore, the economic feasibility of scaling up the production
of mycelium-based composites (MBCs) remains uncertain, largely due to the limited amount of research
focused on this area [38]. Likewise, there is a noticeable lack of studies examining the long-term performance
of MBCs, particularly when used as imitation leather, highlighting the urgent need for further investigation
in this field.

Considering the potential of OPEFB waste and white rot fungi as a fermentation starter for mylea
production, this study focused on producing mylea using OPEFB waste as a substrate and white rot fungi as
an inoculum. Mycelium is treated with boiling, plasticization, drying, pressing, waxing, and adding tencel
cloth to become mylea. The study involved morphological evaluation using scanning electron microscopy
(SEM), tensile strength tests of the resulting mycelial sheets, and flammability behavior. The characterization
results of mylea derived from OPEFB waste can be further investigated regarding its potential utilization for
imitation leather.

By integrating fungal biotechnology with waste valorization and material engineering, this study
significantly advances the development of regionally relevant, sustainable biomaterials and fills a gap in the
current literature concerning the use of oil palm biomass for bioleather production.

2 Materials and Methods

2.1 Materials
In this study, the substrate utilized was oil palm empty fruit bunch (OPEFB) fiber, obtained from the

Kertajaya Palm Oil mill located in Banten, Indonesia. The bunches were air-dried for two weeks until they
reached a moisture content of 8.0%. Subsequently, they were processed using a screw press and cut into fibers
measuring approximately 10 to 15 mm in length (Fig. 1).

Figure 1: Crushed and dried OPEFB powder for use in this study

The white rot fungus Ganoderma lucidum used in this study was obtained from the Microbiology
Laboratory at the School of Life Sciences and Technology, Institut Teknologi Bandung, Indonesia. The fungal
cultures were initially grown on agar plates containing 3% malt extract, 0.3% soy peptone, and 1.5% agar at
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pH 5.6. Incubation was carried out at 25○C–26○C with 60% relative humidity using 9.4 cm diameter petri
dishes. All chemicals utilized in this study were sourced from Bratachem, Jakarta, Indonesia.

2.2 Methods
2.2.1 Preparation of Inoculum

A culture of G. lucidum grown on potato dextrose agar (PDA) was sectioned into squares measuring
1.0 cm × 1.0 cm. These culture segments were then inoculated into a 400-g substrate composed of a mixture
of 313 g of dried cracked corn and 36.36 g of sawdust.

To prepare the substrate, cracked corn was hydrated until its weight reached 363.64 g. Sawdust was
subsequently added to achieve a total substrate weight of 400 g. The mixture was transferred into a heat-
resistant container and sterilized in an autoclave at 121○C for 15 min to ensure it was free from contaminants
prior to inoculation.

Once the substrate had cooled after sterilization, it was inoculated with pieces of the fungal culture and
incubated at room temperature (around 25○C) in darkness for 2–3 weeks. During this period, the fungus
proliferated, forming a white mycelial layer that completely covered the substrate. After full colonization, the
mycelium-covered substrate was ground using a mechanical grinder to produce a uniform particle size of
approximately 1–3 mm, which was then used as powdered inoculum for the next stage. The grinding process
was carried out under sterile conditions, with all equipment disinfected using 70% ethanol and sterilized
under UV light to reduce the risk of contamination.

2.2.2 Production of Mycelium Leather (Mylea)
The baglog substrate was formulated by combining materials based on the composition variations

outlined in Table 1, incorporating OPEFB at proportions of 0%, 10%, 20%, 30%, and 40% of the total substrate
weight. The mix of sawdust, tapioca flour, and pollard offered a well-balanced combination of structure,
nutrients, and aeration, creating optimal conditions for vigorous and uniform mycelial development,
essential for producing high-quality mycelium-based materials. These composition variations were intended
to evaluate the impact of OPEFB content on the quality of the resulting mycelium leather. This procedure
was adapted from the method described by Bentangan et al. [39]. After thoroughly mixing all components,
distilled water was added at a ratio of 60% (v/w) relative to the substrate weight. The mixture was then
homogenized and packed into heat-resistant plastic bags. To ensure sterility prior to inoculation, the baglog
substrates were sterilized in an autoclave at 121○C for 15 min, with the process repeated twice.

Table 1: Baglog media composition variations

Materials OPEFB
0% (% w/w)

OPEFB
10% (% w/w)

OPEFB
20% (% w/w)

OPEFB
30% (% w/w)

OPEFB
40% (% w/w)

OPEFB 0 10 20 30 40
Sawdust 80 70 60 50 40

Tapioca flour 10 10 10 10 10
Pollard 10 10 10 10 10

Following sterilization, the powdered fungal inoculum from Section 2.2.1 was introduced into the
baglog substrate under aseptic conditions at a 1:10 ratio of inoculum to substrate. The inoculated baglogs
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were then incubated in dark conditions at a temperature range of 25○C to 35○C for 2–3 weeks, allowing the
mycelium to fully colonize the surface of the substrate.

After complete mycelial colonization, the entire contents of the baglog were aseptically transferred into
sterile molds measuring 12 cm × 19 cm. These molds were then incubated in the dark at a temperature range
of 22○C to 26○C for a period of 4–6 weeks. Throughout this incubation phase, the surface of the developing
mycelial mat was gently pressed with a sterile instrument every four days to ensure even growth and to inhibit
the development of fruiting bodies.

Once the mycelial mat had developed on the surface of the substrate, it was gently separated to obtain
the raw mycelial layer. This involved peeling the mat away from the substrate and cleaning off any residual
substrate particles. The resulting unprocessed mycelial mat was then prepared for subsequent processing into
mycelium leather.

2.2.3 Finishing Treatment of Mylea
The harvested mylea undergoes post-harvest treatment to enhance its quality, following a method

adapted from Bentangan et al. [39]. First, the mycelium layer is separated from the solid OPEFB substrate.
It is then sterilized by boiling at 45○C for 15 min, followed by plasticization using a 15% glycerol solution
for 1 h, followed by air drying at ambient temperature for 24 h. The air dried mycelium is dried in an oven
at 45○C for 6 h in a stretched position, similar to the method used for drying cow leather, ensuring that
the mycelium does not shrink. Next, the plasticized mycelium leather was pressed using a hydraulic press
at 6 MPa and 60○C for 5 min. After pressing, the mycelium leather was coated with melted paraffin wax
applied by brushing. The sheet was heated at 50○C for 10 min to ensure wax penetration, then allowed to
cool and dry. In the final stage, Tencel fabric was applied as a reinforcement layer to improve the mechanical
strength of the mycelium leather. This fabric was laminated onto the dried mycelium mat using a plasticizer
or adhesive and then pressed at 5 MPa for 5 min to ensure proper bonding and integration. Subsequently,
the composite material was further pressed and waxed, resulting in a more flexible and durable mylea. The
production process of the mylea specimens is illustrated in Fig. 2.

Figure 2: Flow chart of production process of mycelium-based composites

2.2.4 Characterization of Mylea

Morphological Analysis
Morphological characterization of mycelium with different OPEFB ratios was performed using SEM

(EVO MA10, Carl Zeiss, Oberkochen, Germany). The samples were coated with a thin layer of carbon
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(around 20 nm) before imaging with micrographs taken at 10.0 kV at room temperature. The prepared
samples were placed in carbon tubes, and micrographs were recorded at 500×magnification.

Mechanical Analysis
The mechanical strength of the mylea was analyzed using the tensile strength to describe the capacity

of the material to withstand loads. Testing was conducted using a universal testing machine (ZwickRoell
GmbH & Co. KG, Ulm, Germany) with tensile strength sample dimensions of 40 mm in length, 20 mm in
width, and 0.3–0.7 mm in thickness and a crosshead speed of 2 mm/min.

Flame Retardant Behavior Analysis
The investigation of fire behavior using vertical burning test (VBT), mylea were tested using samples

with dimensions of 120 mm × 13 mm × 0.78–0.93 mm. Flammability Tester (Wire & Cable Vertical Flame
Tester, TF 342, China) used for VBT in accordance with UL 94–2013, as shown in Fig. 3. VBT was determined
by using A 40 mm blue methane flame (gas lighter) was then used to ignite the mylea specimen from its
short side (flame application time: 10 s).

Figure 3: The scheme for the UL 94 vertical burning test (adapted from Laoutid et al. [40]). Copyright © 2008 Published
by Elsevier Ltd.

Flammability testing ratings according to an international standard IEC 60695-11-10, including V-0
(flame extinguishes within 10 s with no dripping), V1 (flame extinguishes within 30 s with no dripping), V2
(flame extinguishes within 10 s with dripping), and no rating.
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3 Results and Discussions

3.1 Pure Grown Mycelium on Various Composition of OPEFB
We used four different compositions of OPEFB to investigate the mechanical properties of a hybrid

tissue with 10%, 20%, 30% and 40% OPEFB. Based on the results obtained, the variation with a composition of
20% OPEFB showed the best results. This is indicated by the mycelium surface being evenly white, indicating
optimal growth and supportive media conditions (Fig. 4). On the other hand, variations with a higher OPEFB
composition (30% OPEFB and 40% OPEFB) tend to experience contamination by other fungi. Therefore,
this myleae was not used for further testing. This is likely due to the increased availability of lignocellulosic
material and high moisture retention, which together create a favorable environment for the growth of
competing fungal species. OPEFB is rich in cellulose and hemicellulose, but has a relatively low nitrogen
content [41] and porous structure [42], making it more susceptible to colonization by fast-growing molds or
opportunistic fungi, especially when not properly sterilized or supplemented with antifungal measures.

Figure 4: The production of mycelium leather with a composition of 10% (A) and 20% (B) OPEFB

The growth of the fungi was very different in various compositions OPEFB used. In the solid-state
fermentation (SSF), all fungi grew quickly and reliably without requiring any treatment between inoculation
and harvest. The amount of mycelium produced was not quantified, as a representative number would have
required dehydration, which was not possible within the scope of this study.

3.2 Characterization of Mycelium Leather
The mycelium are treated with boiling, plasticization, drying, pressing, waxing, and the addition of

tencel fabric to produce mylea that are more flexible and strong. The mylea was showed growth on the
patches (Fig. 5), the mylea structures with G. lucidum were already hydrophobic after one week, indicating
that they were already completely covered with a thin, macroscopically not visible mycelial layer. This is the
case with 10% OPEFB was deposits melanin with increasing growth time, which is recognisable by a brownish
discolouration [43].

The results indicate that the 20% OPEFB composition produced the best mycelium leather. This
variation exhibited a uniform white mycelium surface, suggesting optimal fungal growth and a well-balanced
substrate condition. In contrast, higher OPEFB compositions (30% and 40%) were prone to contamination
during the baglog phase. Contamination during the fermentation process degraded the quality and fail of
the mylea formation. The growth of contaminating fungi is likely due to the increased lignin content in the
substrate, which is more difficult to decompose through natural fermentation [44]. As lignin degrades, toxic
byproducts may be released, inhibiting the growth of G. lucidum and preventing the formation of a strong
and uniform mycelium network. These byproducts may support the growth of competing microorganisms,
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disrupting the biomaterial formation process. Consequently, using a higher percentage of OPEFB is not ideal
for mycelium leather production.

Figure 5: Presented are the mylea on various composition of OPEFB media. (A) 0% OPEFB; (B) 10% OPEFB; (C) 20%
OPEFB; (D) 30% OPEFB; and (E) 40% OPEFB

The SEM images of mycelium leather cultivated on substrates with a low OPEFB ratio display a
relatively compact and uniform hyphal network (Fig. 6A,B). The hyphae are fine, tightly interwoven, and
well-developed, resulting in a dense surface with minimal voids and a continuous, homogeneous structure.
This suggests optimal nutrient conditions and minimal disruption from fibers, allowing for effective hyphal
extension and branching [45]. In contrast, at higher OPEFB ratios of 30% and 40%, the SEM images
(Fig. 6C,D) reveal a more porous and heterogeneous hyphal network. The hyphae appear thicker and less
uniform, with noticeable gaps and irregularities. Remnants of OPEFB fibers are partially integrated into the
matrix and can be seen on the surface, indicating incomplete colonization. These observations point to a
balance between reduced nutrient availability and physical barriers created by the coarser OPEFB particles.

As the OPEFB ratio increases, the continuity and density of the mycelial network decrease, with a
visible transition from a tightly bound, homogenous mat at low OPEFB levels to a more open, discontinuous,
and fiber-exposed matrix at high OPEFB content. These morphological changes are expected to influence
the mechanical properties, flexibility, and water absorption of the resulting mycelium leather [46]. To
address this issue, chemical sterilization methods such as NaOH treatment could be explored to break down
lignin more effectively, reducing toxic byproducts and creating a more suitable growth environment for
G. lucidum. Meanwhile, the 10% and 20% OPEFB samples successfully developed into moldable mycelium
leather, confirming that a controlled OPEFB composition is crucial in balancing structural integrity and
contamination resistance. This finding highlights the importance of optimizing substrate composition to
ensure efficient and high-quality mycelium leather production.
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Figure 6: SEM micrograph of (A) 10% OPEFB; (B) 20% OPEFB; (C) 30% OPEFB; and (D) 40% OPEFB

3.2.1 Mechanical Properties Analysis
The mechanical properties of mycelium-based leather (Mylea) are significantly affected by both the

processing methods and the proportion of OPEFB in the substrate. Gaining a clear understanding of these
influences is essential for enhancing the material’s strength, flexibility, and durability. To explore these
impacts, tensile strength tests were performed on Mylea samples processed under different conditions—
boiling, drying, and finishing—and incorporating various OPEFB levels (0%, 10%, and 20%). The results,
summarized in the following table, highlight how each processing stage and OPEFB concentration contribute
to changes in the material’s mechanical behavior.

As shown in Table 2, Mylea undergoes notable changes in tensile strength, strain, and elasticity as it
progresses through different stages of processing: boiling, drying, and finishing. Initially, after boiling, the
sample with 0% OPEFB exhibited the weakest mechanical properties, with a tensile stress of only 0.71 MPa
and a maximum force of 7.12 N. The low elastic modulus of 2.05 MPa further indicates that the material was
highly flexible but fragile at this stage, likely due to the high moisture content and underdeveloped structural
integrity [47,48].

A significant improvement was observed after drying, where the tensile stress increased to 4.12 MPa
and the maximum force reached 65.93 N. This suggests that moisture removal played a crucial role in
strengthening the mycelium structure, making it more resistant to applied forces. The elastic modulus also
rose sharply to 32.04 MPa, meaning the material became stiffer and more rigid, which is beneficial for
applications requiring durability. However, after the finishing process, which involved adding a layer of
Tencel fabric, the mechanical properties further improved, with the tensile stress reaching 8.47 MPa and the
maximum force increasing dramatically to 169.43 N. While this enhancement suggests improved mechanical
performance, it is important to note that the increase in strength was not solely due to the mycelium itself
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but also the reinforcing effect of the Tencel fabric [49]. Interestingly, the elastic modulus slightly decreased
to 28.43 MPa after finishing, indicating that while the material became stronger, it also retained a degree of
flexibility, likely due to the properties of the fabric layer.

Table 2: Mechanical properties of mylea at different processing stages and OPEFB compositions

OPEFB
variations

(%)

Condition Maximum
force (N)

Tensile stress at
maximum force

(MPa)

Displacement at
maximum force

(%)

Elastic
modulus

(MPa)
0 After boiling 7.12 0.71 43.97 2.05
0 After drying 65.93 4.12 28.52 32.04
0 After finishing 169.43 8.47 51.76 28.43
10 After drying 11.85 1.88 14.65 19.95
20 After drying 76.34 5.78 48.02 14.48

Beyond the effect of processing, variations in OPEFB composition also played a critical role in
determining Mylea’s mechanical properties. When comparing dried samples, the 0% OPEFB variation had
a tensile stress of 4.12 MPa and an elastic modulus of 32.04 MPa, suggesting a relatively strong yet rigid
structure. However, with the addition of 10% OPEFB, the tensile stress dropped to 1.88 MPa, and the elastic
modulus decreased to 19.95 MPa, making the material weaker and more flexible. This indicates that a small
amount of OPEFB may not provide enough structural support for robust mycelium development [50]. In
contrast, the sample with 20% OPEFB showed a notable improvement in mechanical strength, with a tensile
stress of 5.78 MPa—higher than both the 0% and 10% OPEFB samples. However, despite this increase in
tensile strength, the elastic modulus decreased further to 14.48 MPa, indicating that while the material
became stronger, it also became more flexible. This suggests that OPEFB contributes to a balance between
strength and elasticity, where an optimal amount, such as 20%, enhances mechanical performance without
making the material too rigid or brittle.

Overall, these results highlight the significant impact of processing stages and OPEFB composition
on Mylea’s mechanical properties. The finishing stage with Tencel fabric led to the highest tensile strength,
though this was mainly due to external reinforcement. Among dried samples, 20% OPEFB provided the
best balance of strength and flexibility, while 10% OPEFB resulted in the weakest properties, suggesting
insufficient structural support. Optimizing substrate composition and processing techniques is crucial for
enhancing mycelium-based materials. Additionally, studies indicate that Mylea’s tensile properties depend
on mushroom mycelia, particularly in forming the mycelium binder network and colonizing the substrate.
The growth substrate also significantly influences mechanical performance, aligning with previous research
showing that both substrate type and mycelium structure affect tensile strength [20,51]. On the other hand,
the mechanical properties of mycelium-based composites (MBCs) are significantly also impacted by the
loading level of the substrate—in this case, the percentage of OPEFB [20]. The loadings 20% tend to provide
a good balance between fungal growth and structural integrity, this ratio OPEFB is likely the best balance
for fabricating structurally sound and biodegradable bio-composites like Mylea.

Several previous studies [20,52] have suggested that the high tensile strength of MBCs in this study were
compared with the results of research by Apples et al. [20] who used T. multicolor or P. ostreatus when grown
on rapeseed straw. Additionally, Aiduang et al. [52] found that MBC of Ganoderma williamsianum exhibited
also lower tensile strength (0.43 MPa) when grown on sawdust of rubber tree. The obtained tensile strength
values of MBCs in this study had a higher tensile strength than with polystyrene foam (0.15–0.7 MPa) [53],
phenolic formaldehyde resin foam (0.19–0.46 MPa) [54], and polyimide foam (0.44–0.96 MPa) [55].
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The mylea had different mechanical properties in tensile strength, and elastic modulus with natural
leathers. Mylea exhibited the tensile, and elastic modulus properties similar to natural leather due to the
base tencel fabric and plasticization treatment of mylea. The tensile strength properties of mylea using tencel
as a base fabric were similar to those of natural leather, although its were lower than natural leather. Its
compressive elasticity was excellent and lighter than that of natural leather although it was the heaviest among
artificial leathers.

3.2.2 Fire Properties Analysis
Mylea, made from fungal biomass and plant-based substrates, can be naturally flammable. Conducting

flammability tests is essential to assess its safety and functional performance in real-world uses, particularly
in sectors like fashion, interior design, automotive, and consumer products. These tests allow for a direct
comparison of fire risk between mycelium leather and conventional materials such as PVC, PU leather, and
animal leather.

The UL-94 vertical burning test was used to evaluate the fire resistance of Mylea, simulating the
material’s behavior after 10 s of initial flame exposure. The results show that Mylea samples with varying
OPEFB compositions in the baglog substrate displayed different burning characteristics (Fig. 7, Table 3).

Figure 7: Vertical flammability test (UL-94) results of Mylea samples containing 0% OPEFB (A), 10% OPEFB (B), and
20% OPEFB (C)

Table 3: UL-94 Flammability test results of mylea with varying OPEFB composition

OPEFB Variations (%) t1 after flame (s) t after glow (s)
0 21.0 ± 1.41 59.0 ± 33.94
10 69.5 ± 10.6 100.0 ± 14.1
20 43.5 ± 7.78 76.0 ± 11.31
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All samples failed to meet the UL-94 classification standards (V-0, V-1, or V-2), which indicates that
none of them are sufficiently fire-retardant for safety applications [56]. Smoldering combustion with visible
smoke was observed in all variations, confirming the presence of sustained post-flame reactions. As noted
by Torero [57], chemical reactions in smoldering are closely tied to mass transfer and heat conduction.

Among the samples, Mylea without OPEFB (0%) showed the shortest after flame time (21.0 ± 1.41 s),
followed by the 20% OPEFB sample (43.5 ± 7.78 s). Interestingly, the 10% OPEFB sample had the longest
burning duration (69.5 ± 10.6 s), indicating the poorest fire resistance. A similar trend was observed in the
after glow parameter, where the 10% OPEFB sample again showed the longest smoldering time (100.0 ± 14.1
s), suggesting prolonged heat retention in the material structure. The results from the vertical flammability
test indicate that the tested leather can be categorized as an ignitable material, with an average flame duration
of 21.0 ± 1.41 s. In contrast, artificial PU leather ignites readily and exhibits a flame spread rate of 66
mm/min [58]. For surface flame exposure, natural leather burns after 18 s [58], whereas mycelium leather
(mylea) ignites much faster, within just 3 s. When the flame is applied to the edge, natural leather takes about
5 s to ignite [58], while artificial leather catches fire immediately upon contact. It then burns slowly and
continues to glow until completely turned to ash. Once ignited, natural leather tends to smoulder at a slow
pace, glows persistently, and undergoes shrinkage.

The lack of improvement in flame resistance despite OPEFB addition suggests that the fiber-rich nature
of OPEFB, while beneficial for structural reinforcement, may introduce more flammable organic components
into the composite. Surprisingly, although the 20% OPEFB sample contains more lignocellulosic material
than the 10% sample, it performed better in the flammability test. The quantitative relationship between
moisture content and flame retardancy is complex and depends on the material and type of flame retardancy
mechanism. The material’s microstructure and chemical composition have a major influence on flame
retardancy, determining how easily the material ignites, sustains combustion, and forms protective char. The
resulting mylea structure revealed that samples with higher moisture exhibited swollen hyphal networks and
reduced pore diameter, which slowed combustion front propagation. However, microstructural compaction,
pore morphology, and chemical composition (especially chitin, protein, and nitrogen content) can signifi-
cantly modulate this relationship [59]. Thus, while increasing moisture content is a straightforward method
to enhance flame resistance, optimizing microstructure and biopolymer content provides a more robust,
permanent improvement.

One plausible explanation for this outcome relates to moisture retention and material drying post-
harvest. During the drying process, the Mylea sample with 10% OPEFB consistently showed a drier and
lighter structure compared to the 20% sample. This lower moisture content may have made the 10% sample
more susceptible to ignition and longer sustained combustion, as moisture plays a crucial role in delaying
pyrolysis and flame propagation. In contrast, the slightly higher retained moisture in the 20% sample could
have suppressed the rate of combustion and limited thermal degradation, despite its higher OPEFB content.

Meanwhile, the chemical composition of the growth matrix for mycelium plays a dual role: it affects not
only the biological performance of the fungal growth but also the chemical and physical properties of the
final composite, including flammability [60]. Changes in the matrix composition can lead to significant shifts
in mycelium metabolism, biomass composition, and char yield, all of which influence flame resistance. Thus,
matrix modification becomes a powerful treatment not only for optimizing growth but also for enhancing
the fire safety performance of mycelium-based materials such as mylea.

Therefore, while the incorporation of OPEFB influences the material’s structural characteristics, it does
not directly enhance fire resistance and may even worsen it when moisture balance is not controlled. Overall,
the fire performance of all Mylea samples remains inferior to previous studies on mycelium composites, such
as those reported by Chulikavit et al. [61], suggesting the need for further optimization in formulation or
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post-processing. Based on the test results, the time for fire extinguishing was further reduced by addition
OPEFB in media. The mylea samples exhibited higher flammability with shorter times required for the fire
to be extinguished. It is plausible that the fire resistance of the material improves through conversion into
mycelium-based materials, albeit the outcomes are still inferior to those of previous research by Chulikavit
et al. [61].

4 Conclusion
This study found that Ganoderma lucidum is most effective for mycelium leather production when

grown on solid OPEFB media, with a 20% OPEFB composition yielding the best results within 6–8 weeks.
Tensile testing revealed that mycelium leather with 0% OPEFB, after finishing, had a tensile strength of 8.47
MPa, but this value was influenced by the addition of Tencel fabric. Without the fabric layer, the tensile
strength would be only 4.12 MPa. On the other hand, mycelium leather with 20% OPEFB showed a tensile
strength of 5.78 MPa and a lower elastic modulus of 14.48 MPa, indicating greater flexibility and reduced
stiffness. Flammability tests indicated that the mycelium leather with 20% OPEFB had a longer burn time
(43.5± 7.78 s) compared to the 0% OPEFB sample (21.0± 1.41 s) and 10% OPEFB sample (69.5± 10.6 s), though
neither variation met the fire resistance standards of UL 94 V-0, V-1, or V-2. Overall, the incorporation of
20% OPEFB improved both the flexibility and tensile strength of mycelium leather compared to 0% OPEFB,
although fire resistance remained unchanged.

Mylea, produced from OPEFB and G. lucidum, and enhanced through processes such as plasticization,
Tencel fabric reinforcement, pressing, and waxing, demonstrates excellent durability, flexibility under
mechanical stress, and improved fire resistance. Importantly, this mycelium-based leather is developed
without the use of harmful synthetic binders or coatings, preserving its environmental advantages over both
traditional and synthetic leathers.

Mass production continues to pose a significant challenge that must be tackled and optimized moving
forward. Further study is needed to optimize the mechanical properties and improve fire resistance as well
as biodegradable characteristics of mylea for industrial applications.
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