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Mycelium-based fiberboards were evaluated as potential environmentally
friendly substitutes for conventional wood-based composites. The goal of
this study was to produce and test fiberboards out of yellow pine and
poplar fiber mixtures without using any extra adhesive. Pleurotus ostreatus
and Ganoderma lucidum fungi were used. The physical and mechanical
characteristics of the fiberboards were tested under the influence of two
different types of fungi and two different incubation periods. The key
findings indicated that the mycelium-based fiberboards had higher water
absorption and thickness swelling percentages compared to control
boards produced with adhesives. The fiberboards produced from fibers
inoculated with Ganoderma lucidum and incubated for 30 days had higher
mechanical properties compared to other test fiberboards. This indicated
the possibility of utilizing them in specific applications. Although the
mycelium-based fiberboards did not fully meet all the EN 622-5 (2009)
standard requirements for dry-condition use, the results highlighted their
potential in sustainable material development. This study provided useful
insights into the utilization of mycelium for the development of mycelium-
based fiberboards.
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INTRODUCTION

Mycelium-based composites have emerged as a sustainable and eco-friendly
alternative to traditional wood-based composites. Mycelium, the vegetative part of a
fungus, has been utilized in the development of composite materials with various
lignocellulosic substrates, such as hemp, flax, flax dust, flax long treated fibers, flax long
untreated fibres, flax waste, wheat straw dust, wheat straw, hemp fibers, and softwood
shavings and straw (Elsacker et al. 2019). These mycelium-based composites exhibit
promising mechanical, physical, and chemical properties, including dry density, Young’s
modulus, compressive stiffness, thermal conductivity, and water absorption rate (Elsacker
et al. 2019). Furthermore, the use of mycelium in composite production aligns with the
growing demand for sustainable materials derived from renewable resources (Hoenerloh
et al. 2022). The potential of mycelium-based composites to replace conventional wood-
based composites is underscored by their comparable properties, as demonstrated in small-
scale laboratory investigations (Halvarsson et al. 2010).
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In addition to their mechanical properties, mycelium-based composites have shown
potential in non-structural applications, such as noise reduction and thermal degradation
resistance (Jones et al. 2018; Walter and Giirsoy 2022; Gezer and Kustas 2024). The
utilization of mycelium in the production of composites also presents environmental
benefits, as evidenced by the preference for lignin-based composites over those based on
thermosetting resins from a life cycle perspective (Theng et al. 2017). Moreover,
mycelium-based products have gained traction in various industries, including architecture,
textiles, and footwear, indicating their versatility and potential for widespread adoption
(Silverman et al. 2020; Alemu et al. 2022; Rathinamoorthy et al. 2023).

The development of mycelium-based composites aligns with the global shift
towards sustainable and circular economy practices, as mycelium-based products can
support the transition to a circular economy through establishing bio-based loops (Soh et
al. 2021). Furthermore, the integration of mycelium in fiberboard production offers
opportunities for the development of new business models within the bioeconomy for clean
energy transition (Luksta et al. 2021). The potential of mycelium-based composites to
replace petrochemical-based materials within architectural systems and offer
biodegradable alternatives further underscores their significance in sustainable design and
construction (Attias et al. 2019; Walter and Giirsoy 2022).

Adhesives are commonly used to bond reconstituted lignocellulosic biomass, which
is then subjected to heat and pressure for curing. The primary adhesives used in the
production of lignocellulosic biocomposites are formaldehyde and isocyanate-based
synthetic resins. These adhesives have raised concerns over their impact on the
environment and human health. Additionally, they are not commonly derived from bio-
based sources (EPA 2017; Mantanis et al. 2018; Solt et al. 2019). There is a widely
recognized customer demand for fully bio-based alternatives, as demonstrated by IKEA's
promise to use 40% natural raw materials in all their adhesives by 2025 and 80% by 2030
(Bruck 2017).

Considerable attention has been focused on substituting formaldehyde-based
adhesives with adhesives derived from biological sources (Ferdosian et al. 2017; He 2017)
or creating lignocellulosic biocomposites without the need for binders (Pintiaux et al. 2015;
Hubbe et al. 2017). Further advantages can be obtained if lignocellulosic composites can
be manufactured without the use of binders, as opposed to those generated with bio-based
adhesives. To enhance adhesion, pretreatments are frequently used on raw materials to
“activate” their surfaces. This can be done either through physical means, such as making
existing surfaces more accessible, or through chemical means, such as adding extra
functional groups to the surface. Traditional methods of activation, including steam
explosion, acid, and alkali pretreatment, typically necessitate significant energy
consumption and result in environmental degradation. Therefore, biological pretreatments
are anticipated to be typically less severe, safer, and more ecologically friendly compared
to other alternatives (Shirkavand et al. 2016). Typically, these methods necessitate the
“activation” of lignocellulosic raw materials using fungi or enzymes derived from fungi
prior to hot pressing. In conclusion, the utilization of mycelium in the production of
composites presents a promising avenue for sustainable material development, offering
comparable properties to traditional wood-based composites while aligning with the
principles of circular economy and environmental sustainability.

Research on mycelium-based composite materials such as packaging materials,
insulation boards, and foam-like materials has been widely conducted by various
researchers. However, there are limited studies in the literature on mycelium-based

Gezer et al. (2024). “Mycelium-based fiberboards,” BioResources 19(2), 3421-3435. 3422



PEER-REVIEWED ARTICLE bioresources.cnr.ncsu.edu

fiberboard, with only a few studies available. Wu et al (2011, 2016, and 2020) conducted
tests using various lignocellulosic materials, such as corn stalks and wheat stalks, instead
of wood fibers. The material referred to as fiberboard by the authors should rather be named
mycelium-based composite. Efforts have been undertaken to develop adhesive-free
methods for producing fiberboards due to the health issues associated with formaldehyde
emissions. Therefore, it is necessary to address the gaps in the literature regarding the
manufacturing of mycelium-based fiberboard and develop a method for producing
fiberboard without the use of adhesives.

The current study into mycelium-based fiberboards presented a pivotal step towards
sustainable material science, with profound implications for various industries seeking eco-
friendly alternatives. Specifically, this study elucidated the potential applications of these
fiberboards in construction for insulation and structural panels, in furniture manufacturing
as a substitute for conventional wood-based products, and in packaging solutions aiming
for biodegradability and environmental sustainability. By delving into these application
options, the study offered a nuanced understanding of how mycelium-based fiberboards
could be integrated into existing markets, underscoring their practical utility alongside
environmental benefits.

This study aimed to produce fiberboards by treating wood fibers with two different
fungal species for two different incubation durations. The study also aimed to analyze the
physical and mechanical properties of the produced mycelium-based fiberboards.

EXPERIMENTAL

Materials

The yellow pine and poplar fibers (50/50% w/w) were obtained from Kastamonu
Integrated Wood Industry and Trade Inc., Turkey. Pleurotus ostreatus (Jacq.) P. Kumm.
(Mad-542-Sp) (PO) and Ganoderma lucidum (Curtis) P. Karst. (CS-70-11A) (GL) fungi
cultures were obtained from Northern Research Station United States Department of
Agriculture, Forest Service, Forest Products Laboratory, USA. The urea-formaldehyde
adhesive was obtained from Camsan Wood Industry and Trade Inc., Ordu, Turkey.

The wheat grains were boiled and allowed to cool down. Following its pH
adjustment to 7, the wheat grains were placed in jars. The wheat grains in the jars were
then sterilized at 121 °C for 20 min in an autoclave. After the sterilized wheat grains were
allowed to cool in a sterile environment, the fungal mycelium of PO and GL fungus were
grown in malt-agar medium, which was maintained at +4 °C. This was inoculated into
wheat grains. The glass bottles were then incubated in the climate cabinet for 7 to 10 days
at a temperature of 25 °C and relative humidity of 70% until the fungal mycelium grew
and encased the wheat grains.

The moisture percentage and pH of the fibers were adjusted to 70% and 7,
respectively. The fibers were placed in polyethylene bags and then sterilized in an
autoclave at 121 °C for 30 min. They were then allowed to cool in a laminar flow cabinet.
The fibers were inoculated with the 10% (w/w) grain inoculum of each fungus used in this
study and then placed in the climate cabinet at 25 °C and 70% relative humidity. Inoculated
fibers were then incubated for 15 and 30 days. At the end of each incubation period, the
fibers were dried at ambient temperature in the laboratory until the fibers reached the
equilibrium moisture content (Fig. 1).
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Fig. 1. Incubated fibers and drying at room temperature

Methods
Fiberboard production

A total of 10 g flour and 10 g dextrin were then dissolved in 200 g of distilled water.
The prepared flour-dextrin solution was sprayed on incubated fiber using a nozzle. The
incubated fibers were mixed with 5% (wt/wt) aqueous flour-dextrin. The mats were formed
without adding adhesive and curing agent on steel plates in a single layer and pre-densified
manually.

Each mat was pressed with a computer-controlled press at 200 °C for 9 min at 4
MPa pressure. The control fiberboards were produced with 12% urea formaldehyde instead
of flour-dextrin solution using the same production method and press conditions. Six
boards for each group were produced with dimensions of 40 cm x 40 cm x 1 cm®. The
produced fiberboards were kept in a climate chamber until they reached equilibrium
moisture content. After the fiberboard panels were climatized at 25 °C and 65% relative
humidity, samples were prepared from these panels to determine some physical and
mechanical properties. Figure 2 shows the fiberboard mat formation before the hot press,
the produced mycelium-based fiberboard, and the test samples prepared from mycelium-
based fiberboards.
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Fig. 2. Fiberboard mat formation, mycelium-based fiberboard, and test samples

Physical and Mechanical Tests

The fiberboard density was determined using the EN 323 (1999) standard. For this
aim, 5 x 5 x 1 cm?® test samples were prepared. The test samples were oven-dried until they
reached a constant weight. The density of the test samples was measured by dividing the
test sample’s mass (g) by its volume (cm®). Thickness swelling (TS) and water absorption
(WA) after 1, 2, 8, 24, 48, and 72 h of immersion in water were measured according to EN
317 (1993).

The modulus of rupture (MOR) and modulus of elasticity (MOE) were
characterized according to EN 310 (1993), and the tensile strength perpendicular to the
surface was determined according to EN 319 (1993). The mechanical properties were
analyzed with a Zwick/Roell Universal Test Machine, a standard laboratory testing
machine, and as many as 10 test specimens for each fiberboard type were analyzed for the
tests mentioned.
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RESULTS AND DISCUSSION

Density

The density of mycelium fiberboards produced in this study was determined, and
the results are shown in Fig. 3. The density of the mycelium-based fiberboards ranged from
0.81 to 0.90 g/cm®. Because it is already known that mycelium-based composite strength
properties are lower than their alternative materials (i.e., fiberboards, particleboards, etc.)
manufactured by the conventional method, at the beginning of the study, the target densities
of control and the mycelium-based fiberboards were adjusted higher than medium-density
fiberboards. It was observed that the density of the biocomposites (fiberboards) produced
using fungal and enzymatic pretreatments studied by other researchers was also around 0.8
g/cm® (Wu et al. 2016; Wu et al. 2020; Sun et al. 2022). Wu et al. (2016) produced
fiberboard using Triarrhena sacchariflora residue and the fungus Trametes versicolor,
achieving a density of 0.91 g/cm? for the fiberboard. Wu et al. (2020) processed poplar
wood using both laccase and the fungus Trametes versicolor to manufacture fiberboard,
resulting in a fiberboard with a density of 0.92 g/cm3. Sun et al. (2022) comprehensively
documented the density values of the biocomposites in their review article and the density
of the biocomposites studies by the researchers ranged from 0.39 to 1.04 g/cm3.
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Fig. 3. The densities of the fiberboards

Water Absorption and Thickness Swelling

The water absorption and thickness swelling percentages of the control and
mycelium-based fiberboards are given in Figs. 4 and 5. The water absorption ability of the
control and mycelium-based fiberboards was determined by submerging the test samples
in water over a period of 72 h. It was found that the water absorption percentage of the
mycelium-based fiberboards was higher than the control. It was found that the water
absorption percentage of the mycelium-based fiberboards regardless of fungal species and
incubation duration increased over a 24-h period and stabilized thereafter. However, the
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water absorption percentage of the control fiberboard produced using adhesive increased
over a 48-h period and slowly stabilized after that. The highest water absorption percentage
was determined for the test samples produced from fibers incubated with GL fungus for 15
days. The lowest water absorption percentage was determined for the mycelium-based
fiberboard produced from fibers incubated with GL fungus for 30 days.
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Fig. 4. Water absorptions of the fiberboards
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Fig. 5. Thickness swelling of the fiberboards
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The thickness swelling percentage of the control and mycelium-based fiberboards
was determined by submerging the test samples in water over a period of 72 h. The
thickness swelling percentage of the mycelium-based fiberboards was higher than the
control. It was found that the thickness swelling percentage of the mycelium-based
fiberboards regardless of fungal species and incubation duration increased over a 24-h
period and stabilized after 48 h. However, the thickness swelling percentage of the control
fiberboard produced using adhesive increased over a 48-h period and slowly stabilized
after. The highest thickness swelling percentage was determined for the test samples
produced from fibers inoculated with GL fungus and incubated for 15 days. The lowest
thickness swelling percentage was determined for the mycelium-based fiberboard
produced from fibers inoculated with PO fungus and incubated for 30 days.

One of the major disadvantages of mycelium-based composite materials is their
high water absorption rates. Mycelium-based composites are known to absorb water and
can increase in weight 40% to 580% after being in contact with water for 48 to 192 h, as
documented by many researchers (Holt et al. 2012; Lopez Nava et al. 2016; Appels et al.
2019; Elsacker et al. 2019; Sun et al. 2019). The high water affinity of mycelium-based
composites is attributed to the presence of cellulosic filler components with numerous
accessible hydroxyl groups, as well as the hydrophilic porous mycelium binder and
biologically derived filler phases that encourage wicking (Jones et al. 2020). Appels et al.
(2019) introduced Trametes multicolor and PO fungi into rapeseed chaff, low-quality
cotton fibers, and beech wood sawdust. They made composite materials based on
mycelium, with or without applying pressure and found that water absorption values ranged
from 43% to 508% after 198 h. The composite material with the lowest water absorption
was produced by inoculating beech wood sawdust with Trametes multicolor fungus
without pressing. The material with the highest water absorption was produced by
inoculating rapeseed straw with Trametes multicolor fungus and using hot pressing.

Sun et al. (2022) comprehensively documented the thickness swelling and water
absorption values of the biocomposites in their review article and the WA and TS
percentages for a 24-h period of the biocomposites produced from different lignocellulosic
materials using either enzyme or fungus ranged from 72 to 158 and from 3.1 to 65,
respectively. The water absorption percentages in this study were lower than those reported
in the review article on biocomposites, even though they conducted water soaking
experiments for a 24-h period. The TS percentages of the fiberboards produced in this study
remained within the range of values given in the review article.

The application of hot-pressing removes water and air from the porous mycelial
network, reducing the porosity of the material and consequently decreasing the entry of
free water into the interiors of mycelium-based composites. However, it was determined
that the water absorption rates of mycelium-based fiberboards produced within the scope
of this study were lower than those of mycelium-based composites produced without hot-
pressing application, yet their thickness increase rates were higher. The reason for this is
thought to be that during the hot-press application, the disruption of the main chemical
structure of mushroom mycelium, hyphae, and fibers causes a greater amount of water to
be bound.

Mechanical Properties of the Fiberboards

Bending strength (MOR), MOE, and tensile strength perpendicular to the surface
of the control and mycelium-based fiberboards were characterized, and the results are given
in Figs. 6 through 8.
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It was found that the bending strength of the control fiberboard was higher than
mycelium-based fiberboards. The highest MOR value for the mycelium-based fiberboards
was obtained from fibers inoculated with GL fungus and incubated for 30 days. The lowest
MOR value was obtained produced from fibers inoculated with PO fungus and incubated
for 15 days. Although the bending strength of the mycelium-based fiberboards produced
from fibers inoculated with GL fungus and incubated for 15 and 30 days was lower than
that of the control fiberboard, it was found that there were no substantial differences among
the control fiberboard and the mycelium-based fiberboards produced with fibers inoculated
with GL fungus and incubated for 15 and 30 days. It was found that the MOE of the control
fiberboard was higher than mycelium-based fiberboards. All boards produced in this study
had similar MOE values regardless of fungal species and incubation duration. The tensile
strength perpendicular to the surface of the fiberboards ranged from 0.40 to 0.53 N/mm?.
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The highest tensile strength perpendicular to the surface value was obtained from the
mycelium-based fiberboards produced from fibers inoculated with GL fungus and
incubated for 30 days, while the lowest value was obtained from the boards produced from
fibers inoculated with PO fungus and incubated 15 days.
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Fig. 8. The tensile strength perpendicular to the surface of the fiberboards

Unbehaun et al. (2000) did a study to develop fiberboard from rape straw without
the addition of adhesive utilizing Trametes versicolor fungus. The MOR value and density
of the fiberboard they produced were reported as 20 MPa and 0.8 g/cm?, respectively. Wu
et al. (2011) fabricated fiberboard from corn stalk utilizing Trametes hirsute fungus during
a 21-day incubation period. The fiberboards were manufactured by pressing at 170 °C for
5 min. The fiberboard’s density was reported as 0.39 g/cm?®. The fiberboards had a MOR
value of 2.6 MPa and MOE value of 413 MPa. Wu et al. (2016) manufactured fiberboard
using Triarrhena sacchariflora waste utilizing Trametes versicolor fungus. The process
involved a 14-day incubation period followed by pressing at 185 °C for 8 min. The density
of the fiberboard was 0.91 g/cm?. They found that the MOR and MOE values of the
fiberboards were 18.1 and 4300 MPa, respectively. The MOR and MOE values obtained
in this study were higher than those reported for fiberboards made by Unbehaun et al.
(2000), Wu et al. (2011), and Wu et al. (2016). The higher MOR and MOE values seen in
this study may be attributed to various factors, including fiberboard density, press settings,
board thickness, lignocellulosic materials used, and the species of fungi present. In this
study, fiberboards were produced using wood fibers, whereas other researchers utilized
rape straw, corn stalk, and Triarrhena sacchariflora waste in their respective
investigations. Furthermore, this study utilized PO and GL fungi, whereas other researchers
employed Trametes versicolor and Trametes hirsute fungi in their studies. While the MOR,
MOE, and tensile strength perpendicular to the surface of the fiberboards in this study were
higher than those reported by other researchers, they did not meet the requirements of the
EN 622-5 (2009) standard for general purpose boards intended for use in dry conditions.
The MOE values of the mycelium-based fiberboards produced in the present study were
the only ones that met the requirements of the EN 622-5 (2009) standard. However, it is
important to mention that both the control and test mycelium-based fiberboards utilized in
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the present research were manufactured under controlled laboratory conditions. The
manual process of blending and aligning the wood fibers and forming the mat were
conducted by hand. Consequently, even the control fiberboards manufactured using
adhesive in this study were unable to meet the specifications outlined in the EN 622-5
(2009) standard. Further studies given below are needed to enhance the technological
properties of the mycelium-based fiberboards.

1. Surface Coating: One promising approach to reduce water absorption and mitigate
thickness swelling might be the application of eco-friendly, water-resistant
coatings. Future studies could explore the use of natural wax emulsions, silane-
based coatings, or bio-based polymers that do not compromise the environmental
benefits of mycelium-based fiberboards. Such coatings could form a protective
barrier, reducing the hygroscopicity of the boards.

2. Hybrid Composites: Incorporating other substrates or reinforcements within the
mycelium matrix might also enhance the water resistance and dimensional stability
of the fiberboards. For instance, integrating natural fibers with lower water
absorption properties or using nanocellulose as a reinforcement could create a more
robust composite structure. This approach not only aims to improve physical
properties but also allows for the customization of the material for specific
applications.

3. Fungal Species and Growth Conditions: Further research could also focus on
optimizing the choice of fungal species and growth conditions. As the present study
showed variations in properties based on the fungus used and incubation periods,
there may be untapped potential in selecting or genetically modifying fungi to
enhance the water-resistant characteristics of the mycelium network.

4. Material Processing Techniques: Additionally, exploring alternative processing
techniques such as compression molding at different conditions or post-treatment
processes such as heat treatment could potentially decrease the porosity of the
fiberboards, leading to lower water absorption and reduced thickness swelling.

5. Longitudinal Studies: Long-term studies assessing the durability and performance
of treated and untreated mycelium-based fiberboards under varied environmental
conditions would provide valuable data for improving and validating these
strategies.

CONCLUSIONS

This investigation into mycelium-based fiberboards, utilizing wood fibers treated
with distinct fungal species over varied incubation periods, yielded several key insights
and promising outcomes. The study focused on assessing the potential of mycelium as a
sustainable alternative in the production of fiberboards, with the following notable
findings:

1. The densities of the produced fiberboards, within the range of 0.81 to 0.90 g/cm?,
indicated that mycelium-based fiberboards could successfully meet or potentially
exceed the density standards of conventional medium-density fiberboards. This
outcome was significant, suggesting the feasibility of using mycelium-based
fiberboards in various applications where material strength and durability are essential.
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2.

The investigation revealed that mycelium-based fiberboards exhibited higher water
absorption and thickness swelling compared to their conventional counterparts.
However, fiberboards incorporating wood fibers treated with the Ganoderma lucidum
(GL) fungus for 30 days demonstrated a reduced water absorption rate, approaching
that of control fiberboards after a prolonged immersion test. This emphasized the
importance of fungal species selection and incubation period optimization in improving
the water resistance of mycelium-based fiberboards. Further research is required to
improve the water absorption and thickness swelling characteristics of mycelium-based
composites, which represent a significant drawback of these materials.

The mycelium-based fiberboard produced from wood fibers inoculated with GL fungus
and incubated for 30 days had the highest modulus of rupture (MOR), modulus of
elasticity (MOE), and tensile strength perpendicular to the surface values among the
test fiberboards produced and studied in this research.

The MOR and tensile strength perpendicular to the surface values of both the control
produced using adhesive and mycelium-based fiberboards in this study were unable to
meet the specifications outlined in the EN 622-5 (2009) standard.
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