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Abstract

The construction industry faces significant challenges due to the environmental
impact of traditional materials like steel and concrete, whose production is energy-
intensive and contributes to environmental pollution. This issue is exacerbated by the
growing global demand for construction materials, driven by an increasing
population. Concurrently, the agricultural and wood industrial sectors produce vast
byproducts, such as straw, husk, coir, sawdust, and wood chips. They are often
considered as wastes and disposed of through methods like burning. Such a reckless

treatment releases greenhouse gases that further lead to environmental degradation.

Mycelium, the vegetative part of fungi, presents a natural, promising solution to treat
these wastes due to its energy-efficient growth, minimal byproduct generation, and
broad application range. Integrating mycelium with organic substrates such as
agricultural waste makes it possible to create lightweight and biodegradable materials.
These mycelium-based composites offer numerous advantages, including
sustainability, non-toxicity, and the ability to be composted at the end of their

lifecycle, thus contributing to a circular economy.

This dissertation explores the potential of mycelium-based bio-composite materials
for future development into a class of promising insulation materials. Central to the
dissertation is integrating mycelium with organic substrates, such as agricultural
waste, to create bio-composites with multifunctional features (e.g., mechanical

solidity and thermal insulation) obtained through lab treatments after growth. This



approach presents a method to repurpose agrarian byproducts and reduce waste. The
study meticulously examines the applicability of these bio-composites in the inner
layer of the structure (insulation layer), assessing their potential use in various

contexts.

The dissertation is structured to methodically address these research goals, starting
with a comprehensive literature review of mycelium and its potential applications.
Subsequent chapters detail experimental investigations into mycelium-based
materials' physical and mechanical properties, exploring species selection, substrate
composition, and environmental conditions that influence mycelium growth and
material performance. The study emphasizes the importance of continued research
and development in this area while acknowledging the current limitations in strength,
stiffness, hardness, flexibility, toughness, and durability compared to conventional

construction materials.

This dissertation contributes to the field of insulation materials by studying
mycelium-based bio-composites. It highlights the potential of these materials to
address some environmental challenges and offer a viable path toward more
sustainable practices in the long term. The findings underscore the need for ongoing
exploration and innovation in material science to meet the demands of a growing

population while preserving environmental integrity.
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CHAPTER 1. INTRODUCTION



1. Introduction

1.1 Background

A brief analysis of world population statistics highlights a steady increase in the human
population, rising from 7.4 billion in 2013 to 8.1 billion in 2023 [1]. The population growth
implies increased pressure on available social amenities such as housing. As the demand for
housing increases exponentially, these further strains the construction industry and the
production of conventional materials such as cement, steel, aluminum, and wood [2], [3]. The
production of traditional construction materials consumes significant energy. For instance, the
calcination process employed in cement manufacture requires a temperature of up to 1450 <C
and releases about 0.85 tons of CO> per 1 ton of cement produced [4]. It pollutes our
environment that can be measured and tracked by embodied carbon, limiting their massive
production and usage [2], [5]. For steel, the embodied carbon typically ranges between 1.2 to
2.1 tons of COs2 per ton of steel produced. The embodied carbon is approximately 0.1 tons of
CO: per cubic meter of concrete, mainly due to the cement content, which significantly

contributes to emissions [6].

At the same time, the rapidly increasing global population leads to increasing annual
consumption of agricultural products, which generates more byproducts (e.g., rice husks,
cotton stalks, and straw), with most of them being tracked as purely agricultural wastes
largely discarded or burned, generating carbon dioxide, atmospheric particulate matters, and
other greenhouse gases [5], [7], [8]. They have been partly used as the additive to fertilizers,

animal bedding, and low-quality building materials for infrastructures (e.g., brick elements



and green concrete for low-rise buildings, insulation materials particleboards for non-
structural applications) and fillings for road construction (e.g., The local bitumen road that

contains rice hull ash can bear a higher load and have water resistance) [8].

In recent years, mycelium has attracted increased attention in academic and commercial
research due to its energy-efficient growth, absence of byproducts, and wide range of
potential applications [9], [10], [11], [12], [13], [14]. Mycelium refers to the dense, thread-
like vegetative part of fungi. It is essentially a network of branching hyphae, which are tiny
filamentous structures [15], [16], [17]. Mycelium plays a critical role in the fungal life cycle,
allowing fungi to absorb nutrients from their surroundings [18]. Beyond the functional role in
the fungal kingdom, mycelium has a broader ecological significance. It decomposes organic
matter (e.g. leaves, wood, roots, food scraps, agricultural waste, and compostable materials),
turning dead plant material into rich soil and playing a pivotal role in the earth's carbon cycle
[19], [20]. The critical component in the mycelium that allows it to decompose organic matter
is its enzymes. Mycelium produces a variety of extracellular enzymes, such as cellulases,
ligninases, and proteases, which break down complex organic compounds like cellulose,
lignin, and proteins into simpler molecules that can be absorbed and utilized by the fungus
[21], [22], [23]. The interconnectedness of mycelial networks also fosters communication

between plants [24], [25].

Mycelium-based bio-composite materials are a groundbreaking innovation in the realm of

sustainable materials. These bio-composites are formed by integrating mycelium with organic



substrates, such as agricultural waste or sawdust. Over time, the mycelium grows through this
substrate, breaking it down and binding it together, resulting in a strong, lightweight, and
biodegradable material [26], [27], [28]. The process is akin to a natural form of 3D printing,
where the mycelium weaves intricate patterns, forming sheets or blocks of material.
Mycelium-based materials offer a myriad of advantages. Firstly, they are sustainable.
Cultivated from organic waste and fungi, they divert waste from landfills and reduce the need
for petroleum-based products [29]. Furthermore, they can be composted at the end of their
life cycle, returning nutrients to the soil [30]. Additionally, mycelium composites are non-
toxic and devoid of harmful chemicals often found in conventional building and packaging
materials [31], [32], [33], [34]. From an industrial perspective, they can be grown with
minimal energy input and in a short time frame, making the production process efficient and

scalable [35].

The potential applications for mycelium-based bio-composites are vast. The construction
industry explores them as insulating materials, acoustic panels, and structural components by
treatment such as dehydrating, heat pressing, and coating after growth [10], [36], [37], [38].
Their natural resistance to mold and fire makes them particularly attractive for building
purposes. In product design, these bio-composites have been utilized in crafting furniture,
packaging, and even art installations [39], [40], [41]. The flexibility in the post-growth
process allows for creating varied textures, densities, and forms, catering to specific needs.
As global awareness about environmental sustainability grows, the demand for eco-friendly

alternatives like mycelium-based materials is set to increase. Their versatility and green



credentials position them as a promising solution to several environmental challenges. With
continued research and development, the scale of production and variety of applications can
expand, further integrating mycelium-based bio-composites into mainstream industries and

everyday life.

It is crucial to understand the structure-process-function relationship to facilitate the design of
functional bio composite materials. While multiscale physical modeling can reveal the
structure-function relationship, the process-function relationship is complex. Usually, it
involves multi-physical interactions that become too complicated to simulate accurately.
Machine learning can play a pivotal role in this context by analyzing large datasets generated
from experiments to identify patterns and predict the outcomes of different processing
conditions. For instance, in the production of mycelium-based bio-composites, the choice of
substrate and the environmental conditions during growth (such as temperature and humidity)
significantly influence the material properties like mechanical strength and thermal
conductivity. Machine learning algorithms can optimize these variables to enhance the
performance of the bio-composites. This approach has been successfully employed to
improve mycelium-based materials' density, compressive strength, and overall durability,
making them more suitable for applications in construction and other industries [42], [43].
Such advanced methodologies not only streamline the development process but also enable
fine-tuning bio-composites for specific applications, ensuring that the materials meet the

desired functional requirements while maintaining sustainability and cost-effectiveness.



1.2 The potential to advance knowledge and broad impact

This thesis shows several advantages over Medium Density Fiberboard (MDF), plywood, and
other mycelium-based composites. One of the primary benefits is the environmentally
friendly nature of mycelium-based composites. Unlike MDF and plywood, which require
synthetic adhesives that can release harmful formaldehyde and are derived from non-
renewable petroleum resources, mycelium-based composites use natural mycelium as a
binding agent, both renewable and biodegradable. Additionally, the production process of
mycelium-based composites is more energy-efficient compared to the high-energy
requirements of manufacturing MDF and plywood. Mycelium growth only requires basic
environmental controls, such as maintaining appropriate humidity and temperature. It does
not need the high-temperature processes associated with synthetic adhesives and wood fiber

bonding.

Another significant advantage is mechanical properties. The mycelium composites developed
in this research exhibit enhanced compressive and tensile strengths. This is achieved by
integrating machine learning models to predict material performance under various
environmental and processing conditions. This technological approach allows for more
precise optimization of the growth process, ensuring consistent quality and performance of
the mycelium-based composites. Such predictive modeling is not commonly found in
producing traditional MDF, plywood, or other mycelium-based materials. Moreover, the
resistance of mycelium-based composites to water and fire, as discussed in the thesis, offers a

substantial advantage over traditional materials, which often require additional chemical



treatments to achieve similar properties. This inherent resistance enhances the safety and
longevity of the materials in construction applications, primarily used as insulation materials,
reducing the need for harmful chemical additives and further contributing to environmental

sustainability.

Compared to other mycelium-based composites, the methods outlined in this thesis provide a
more controlled and scalable approach to production. By optimizing the growth conditions
and processing method, this research ensures more consistent quality and performance of the
final composite materials. The mycelium-based composites discussed in this thesis offer a
sustainable alternative to MDF and plywood and push the boundaries of what mycelium-
based materials can achieve regarding functionality and environmental impact. The
combination of low energy consumption, biodegradability, and enhanced mechanical
properties positions these composites as a competitive material for various applications in

construction.

In this dissertation, we prepared three types of samples to investigate various stages of
mycelium-based materials: Mycelium Agar Plate, Mycelium-Based Bio-Composite Brick,
and Heat Press Dog Bone Shape Samples. The mycelium agar plate samples study the growth
behavior and structural properties of different mycelium species under controlled
environmental conditions, providing foundational insights into the factors that influence
mycelium development. The mycelium-based bio-composite brick samples are developed to

evaluate the potential of mycelium-based materials as sustainable and functional construction



components. Focusing on their mechanical, thermal, and fire-resistant properties. These

bricks demonstrated the practical applicability of mycelium composites in building envelopes,
highlighting their environmental benefits and performance capabilities. The heat press dog,
bone shape samples, are created to assess the mechanical performance of mycelium-based
composites under tensile stress, aiming to increase the material mechanical properties using
different treatment conditions. This comprehensive approach allowed for tests of mycelium-
based materials across various scales and conditions, ultimately contributing to the

advancement of sustainable material science.

1.3 Objectives and Scope

The thesis addresses the construction industry's significant challenges, particularly the
environmental impact of conventional insulation materials such as fiberglass, mineral wool,
polystyrene, polyurethane, and polyisocyanurate. While these materials are fundamental to
constructing the building wall, their production is highly energy-intensive and contributes
significantly to environmental pollution through elevated levels of embodied carbon. The
escalating demand for building construction driven by global population growth further
exacerbates the issue, placing additional pressure on the environment and resource

sustainability.

To address these concerns, the thesis focuses on the potential of mycelium-based bio-
composite materials as viable insulation materials. Mycelium, the vegetative part of fungi,

emerges as a promising solution due to its energy-efficient growth, negligible byproduct



generation, and suitability for various applications. The thesis emphasizes the innovative
application of mycelium in creating bio-composites by amalgamating it with organic
substrates, such as agricultural waste. This approach presents a sustainable material option

and reduces waste by repurposing agrarian byproducts.

The dissertation's objectives and scope revolve around leveraging mycelium's unique
properties to develop materials for insulation in the construction sector. The thesis aims to
assess the applicability of mycelium-based materials in contexts such as thermal insulation
and acoustic panels. This endeavor is motivated by the urgent need for materials that meet the
industry’'s requirements for sustainability and performance without compromising on these

critical aspects.

The dissertation is structured into chapters that methodically address these research goals. It
begins with a literature review on mycelium, examining its growth factors and potential uses.
The following chapters detail experimental investigations into the physical and mechanical
properties of mycelium-based materials, exploring aspects such as species selection, substrate
composition, and environmental conditions that affect mycelium growth and the performance
of the resulting materials. The thesis underscores the promise of mycelium-based bio-
composites as sustainable materials in insulation material, highlighting the critical need for
ongoing exploration and development to confront environmental challenges and foster more
sustainable construction through material innovations. Details of the organization of the

chapters are given below.



1.4 Organization of Chapters
Chapter 1, introduces the background information and the objectives of the current research

work.

Chapter 2, summarizes the literature reviews of the mycelium fabrication environment, the
multiscale structure of mycelium, and the material functions. The effect factors of mycelium
growth, such as mycelium species, substrate, humidity, and temperature, and the application
of mycelium-based bio-composite materials in different areas, including construction,
manufacturing, agriculture, and biomedical. Moreover, this chapter addresses the fresh king
oyster mushrooms (Pleurotus eryngii) water content and mechanical tests. To better
understand the material's physical property and mechanical properties of the mushroom
species. It can give us an overall understanding of the material before designing the

experiment.

Chapter 3, we built a green tent to better understand the mycelium growth period and
environmental conditions. We used the Arduino to detect and control the humidity,
temperature, and CO; levels for growing the mycelium-based bio composite materials. To
understand how different substrates will affect the mycelium diameter. We used hardwood
and agar substrate to grow the P. eryngii mycelium and studied the mycelium diameter

distribution.
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Chapter 4, from the small-scale study, we focus on the mycelium growth effect factor on the
agar. There are thousands of species of mycelium around the world. It is essential to use the
suitable species to do the study. We use 4 different species of mycelium, which are king
oyster mushroom (Pleurotus eryngii), red reishi (Ganoderma lucidum), turkey tail (Trametes
versicolor), and velvet shank (Flammulina velutipes) to grow on different stiffnesses of the
agar plate to not only find out how the stiffness will affect the mycelium growth but also to
find out which species are growing fast, which allows us to study the mycelium on a larger

scale that is mass produce the mycelium-based bio-composite material.

Chapter 5, based on the results from Chapter 3, we selected P. eryngii as the primary study
subject. We obtained the king oyster mushroom mycelium-based bio-composite from the
online store. We use it to gain wood composites and integrate experiments and machine
learning for better mechanical properties. By forming a secondary fibrous network, we grow
mycelium P. eryngii on stalk fibers as a natural adhesive. Also, we build machine learning
models based on experimental tests to predict the material functions for any treatment
conditions.

Chapter 6, we investigate the potential of mycelium-based bio-composites as sustainable
insulation materials in building construction. We highlight the environmental impact of
conventional insulation materials and compare their properties with mycelium composites
derived from Ganoderma Lucidum and coconut coir. We make mycelium-based bio
composite bricks to test the mechanical, thermal, fire resistance, and hydrophobic

characteristics, demonstrating its advantages, including good mechanical properties and

11



comparable thermal and water resistance performance. To emphasize the potential of
mycelium composites to reduce greenhouse gas emissions and support sustainable building

practices.

Chapter 7, summarizes the current study's findings, presents conclusions, and identifies issues

that need further investigation.
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CHAPTER 2. MATERIAL FUNCTION OF MYCELIUM-BASED BIO-COMPOSITE:

AREVIEW
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2.1 Introduction

In recent years, mycelium gains more interest in academics and commerce studies because of
its low energy consumption in growth, zero-byproduct, and broad potential application [9],
[10], [11], [14] (Figure 2-1). Mycelium is the vegetative part of a fungus, consisting of a
network of fine white filaments of 1-30 um in diameter, which spreads out from a single
spore into every corner of the substrate [15], [17]. Each mycelium filament is composed of
multiple layers that vary in chemical composition, including proteins, glucans, and chitin [23].
The substrate composed of organic matter provides nutrition for the growth of the mycelium
network. In nature, these organic matters come from the remains of organisms such as plants
and animals and their waste products in the environment [44], [45]. Their elemental
composition includes cellulose, tannin, cutin, and lignin, along with other various proteins,
lipids, and carbohydrates [46]. The general procedure used to grow the mycelium composite
is similar to the standard protocol of raising mushrooms, which includes 1) inoculate the
culturing dish with mushroom spores and sufficient nutrients and water. The incubation time
for the mycelium to completely cover the dish is about 7-14 days 2) Prepare the sterilized
growing substrate composed of various organic matters (e.g., brown rice, roasted buckwheat,
wheat, and straw) and transfer a small piece of mycelium sample cut from the culturing dish
into the growing substrate for further incubation. 3) When the substrate is full of mycelium, it
is dried at a high temperature for several hours to inactivate the hyphae and stop the growth
process before gaining the mycelium composite. Humidity and temperature are two important
factors that can affect mycelium growth during the second stage. High humidity (relatively

humidity 98%) and warm room temperature (24—25<) with fresh air provide an excellent
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environment for growing mycelium [47].
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Figure 2-1.The mycelium study, including its multiscale structure, material function, and
how environmental factors define these characteristics. It is essential to reveal their
relationships by using experiments combined with modeling and simulation methods (the
finite element modeling [17] and mycelium-based structures [23] are reused under a Creative

Commons Attribution License).

The mycelium-based material can reach specific structures and material functions by
controlling the substrate and processing method. Mycelium combines with organic matter
generated from agricultural and industrial wastes to form the bio-composite that can be used
to produce low-value materials (e.g., gap filling, packaging) and high-value composite
materials for structural applications [9], [10], [11], [17], [23], [48]. Unlike metal alloy or
polymer composite that require energy or complex equipment to melt the raw material and
mix different parts, one can uniformly mix various components in the form of small pieces to
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form the substrate before growing mycelium, which naturally binds and integrates the
elements during its growth. Different substrates can achieve specific functions by growing
mycelium composites (e.g., structural support, fire resistance, and acoustic insulation). For
example, by adding rice husks and glass fines to the substrates, one can significantly increase
the fire resistance of the mycelium bio-composite because it can release a lot of char and
silica ash to tolerate high temperature during the burning [48], [49]. In addition, mycelium
bio-composite can be used as an acoustic insulation material with an outstanding capability of
noise absorption. By testing different mycelium bio-composite panels using various
substrates, even the worst-performing samples have over 70—75% acoustic absorption at
1,000 Hz. The substrate composed of 50% switchgrass and 50% sorghum leads to the
composite of highest acoustic absorption, which can make acoustic panels with economic

advantage and capability of biodegradation once exposed to nature [10].

Two different mycelium-based composite materials have been studied and produced for
construction: mycelium-based foam (MBF) and mycelium-based sandwich composites
(MBSC) are shown in Figure 2-2 [36]. MBF is made by growing fungi homogenously in
agricultural wastes in small pieces [50]. As the mycelium network grows, it produces fibers
that bind these pieces together to form a porous material [29], [51], [52]. MBSC adds natural
fiber fabric (e.g., jute, hemp, and cellulose) as the top and bottom layers aside from the
central core as the agricultural wastes combined with mycelium form a sandwich structure of
higher bending rigidity [29]. Both MBF and MBSC as the “mycelium bricks” or “panels”

have shown mechanical strength, are lightweight, and have environmental advantages in
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packing, building insulation, and interior design in comparison to expanded polystyrene (EPS)

foams [9], [11], [36], [48].

Laminate
skin bio-composite

Mycelium

Figure 2-2. A snapshot of the mycelium-based foam (left) [52] (reused under a Creative

Commons Attribution License) and a schematic of the mycelium-based sandwich composite

(right).

As one of the main building blocks of mycelium, chitin is a natural polymer abundantly
found in both fungal cell walls and exoskeletons of crustaceans [53]. It has been applied to
biomedical applications [53], [54], [55], [56]. Chitin and its derivative chitosan are both long
linear macromolecules that can be used to make fibers for wound dressing by electrospinning
[55], [56], [57], [58], which is a fiber production method that uses the force from an electric
field to draw charged polymer chains from solutions to form a continuous fiber as a bundle of
aligned chains [59]. Chitin has been used to produce nonwoven cloths and gels to cover a
wound and interact with the open tissue for healing, making it necessary to look into their
multiscale structures at the interface with biological tissues [60], [61], [62]. Both crustacean

chitin and fungal chitin are applied in wound-dressing research, but there are significant
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differences in the structure, properties, and processing between them [53], [63]. Both need to
be extracted from the compound, as crustacean chitin often binds with sclerotized proteins
and minerals, while fungal chitin binds to other polysaccharides (e.g., glucans) [64]. Highly
purified crustacean-derived chitin and chitosan have been used more widely. Still, less
research has been done on fungi-derived chitin, even though the extraction process of fungal
chitin is more straightforward [53], [65], [66], [67]. Also, fungi-derived chitin has advantages
in quantity and availability, as the growth of mycelium is not subjected to seasonal and

regional restrictions as for that of crustaceans [65], [66].

2.2 Mycelium Fabrication Environment

2.2.1 Substrate Types

The feedstock materials employed in producing Mycelium-Based Composites derive from
three primary sources: agricultural by-products, industrial waste, and post-consumer waste. In
terms of their chemical composition, these substrates can be categorized into three main
groups: annual plants, softwood, and hardwood. The typical constituents of bulk substrates
encompass a variety of elements, including wood chips or sawdust, finely shredded straw
(derived from crops such as wheat and rice), chopped corncobs, recycled paper, husks or
meals from nuts and seeds, coffee pulp or grounds, and the residual grains from the brewing
process [42], [68], [69], [70], [71], [72], [73], [74], [75], [76], [77], [78], [79], [80], [81], [82],
[83], [84], [85], [86]. An ideal substrate should exhibit an optimal balance of nitrogen and
carbohydrates to facilitate rapid fungal mycelium growth. Comparative analyses of diverse

substrates are frequently conducted in scientific investigations, and they can also be blended
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in varying proportions to create custom mixtures.

All of the raw materials are classified as lignocellulosic materials. Their composition
typically consists of cellulose (30-50%), lignin (15-30%), hemicelluloses (25-35%), along
with non-structural components such as pectins, waxes, pigments, tannins, lipids, and
minerals [87], [88], [89], [90]. The specific composition of these materials is contingent upon
their origin and plant species [91], [92], [93]. Cellulose, a natural polymer, is the predominant
structural component in all plant fibers [94]. The cellulose macromolecule is characterized by
its linear chains of glucose moieties, conjoined through B-1,4 glycosidic bonds, giving rise to
the repeated units of D-anhydro glucose (CsH110s5) [95]. These chains subsequently associate
into microfibril aggregates, imparting the material's characteristic mechanical properties of
strength, rigidity, and resilience [96]. Hemicelluloses, on the other hand, are polysaccharides
linked together in relatively short, branched chains. They are closely associated with cellulose
microfibrils, forming a matrix surrounding cellulose [97], [98]. Hemicelluloses exhibit high

hydrophilicity and lower molecular weights compared to cellulose [95].

Lignin is a complex aromatic hydrocarbon polymer with a three-dimensional polymer
characterized by an amorphous structure and a high molecular weight [99]. It is less polar
than cellulose and acts as a chemical adhesive within and between plant fibers [100]. Lignin
serves primarily as a structural component, enhancing the strength and rigidity of cell walls.
Additionally, it facilitates the transport of water and solutes through the plant's vascular

system and acts as a physical barrier against invasions by phytopathogens and environmental
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stresses [101]. Lignin consists of three fundamental phenylpropanoic monomers known as
monolignols: p-coumaryl, coniferyl, and sinapyl alcohols [102]. The quantity of lignin varies
depending on the source of the lignocellulosic material, and the proportion of different
monolignols and chemical bonds within the lignin structure is also contingent upon the
specific type of lignocellulosic biomass, differing between softwoods (gymnosperm),
hardwoods (angiosperm), and grasses. The lignin in softwood contains only a guaiacyl
aromatic nucleus. In contrast, the lignin in hardwood comprises guaiacyl and syringyl
aromatic nuclei in various proportions depending on the wood species [103]. Grass lignin is

characterized by guaiacyl, syringyl, and hydroxyphenyl units [104].

2.2.2 Humidity and Temperature for Mycelium Growth and Its Water Content

The temperature and humidity are important factors that can affect mycelium growth. The
best temperature for growing mycelium is room temperature (24—-25<C) [47]. Moreover,
growing mycelium should stay in a relatively high humidity environment. Therefore,
humidifiers or sprinkler systems are usually used for mycelium growth. For example, [29] et
al. created a high humidity environment (up to 98% relative humidity) for the respiration of
mycelium fungi by using a semi-permeable polypropylene bag , which provides a high

humidity environment and a sterile environment for mycelium growth.

Mycelium, after natural growth, is rich in water (over 60%) [41]. Most of the water must be
removed to inactivate its growth and provide a high and reliable mechanical performance.

The existing literature does not mention the final percentage of residual moisture in MBF or
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MBSC, but it needs to be dry enough to terminate the fungal growth [36]. The substrate and
the species of fungi decided the final mycelium water content. For instance, a substrate made
of hemp pulp absorbs more water than that made of cotton wool [105]. In addition, different
coatings may affect moisture absorption. It is generally believed that the moisture before
deactivation is about 59% [106] or 70-80% [107], but the residual percentage in the final
material recognized by researchers is approximately 10-15% [107]. Therefore, the water
content of the final mycelium-based bio-composites is the primary consideration for the

mechanics of the mycelium samples.

Because of the lack of consistent results, here we perform our tests to understand the water
loss of the pure mycelium network within the mushroom samples after baking for a certain
amount of time, as shown in the Figure 2-3. We use king oyster (Pleurotus eryngii)
mushrooms and prepare groups of samples with a total weight of M, ~100g for each group,
keep the temperature at an elevated level of constant 80 <€ in an oven and bake the samples
for different amount of time (t) before measuring and recording the weight of the residue
materials (M (t)). We intentionally take this temperature to avoid breaking the molecular
structure of mycelium. The percentage of water loss is thereafter defined by P, ,; =

[M, — M(t)]/M,. Every 15 minutes of baking, the two sets of samples (skin and core of the
mushroom) were taken out and weighted. Repeat the measurement until baking for 4 hours,
when the P,,,; curve start to converge without further changing. The curve in the Figure 2-3
shows that the total water loss of the samples near the skin of mushroom goes up to P,,,; =90%

after 4 hours of baking and the sample near the core has P,,,; =91%, which is not so different
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from the skin samples. Also, we notice that baking the samples for more than 4 hours will not
generate more water loss, suggesting the water content in the natural mycelium of this king
oyster mushroom is ~90%, which is even higher than many of the hydrogel [108], [109].
Using scanning electron microscope (SEM), it is shown that the natural mycelium within the
mushroom is represented by a fully connected network of tubes partially filled by water,

which become an array of flatten ribbons once lose water (inserted figures in Figure 2-3).
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Figure 2-3. The amount of water loss percentage compared to the original weight. Inserted
figure (LEFT): the natural mycelium fiber from the skin of king oyster mushroom. Inserted
figure (RIGHT): baked 30 min of mycelium fiber from the skin of a king oyster mushroom. It
is shown that the natural fibers represent tubes with naturally bent overall conformation. In
contrast, the dry ones become a flat ribbon curved up in the radial direction with a straight

overall conformation, suggesting the more significant bending stiffness of the fiber.
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2.2.3 Fabrication Process

The different fabrication processes will create different functional mycelium bio-composites.
The most common method is oven drying to remove the residue water within the mycelium
and substrate, producing lightweight and high-strength foams [42], [78], [81], [85], [110]. It
can be used as the core of sandwich MBSC structures by incorporating natural fiber fabrics
on both sides. Besides forming foams, the mycelium plays the role of gluing the core material
to the fiber fabrics (though the interface generates during the mycelium growth) to resist
delamination at the material interface once the sandwich plate is subjected to shear force in
loading, leading to a strong composite board with high bending stiffness [29]. Other natural
glues (e.g., bioresin) can be added before combining the fabrics to the core part to increase
the adhesion of the bio-composites together with mycelium foam. They do not hinder fungus
growth through more layers of fiber fabrics, which is critical to forming a robust interface
with a large cohesive zone in adhesion that prevents the fabric from easily separating from

the foam part through a sharp single crack from defects [111].

The fabrication process that tunes the water content in the mycelium network can
significantly affect its mechanics, as shown by former studies. Appels et al. show that
pressing can substantially affect the water content and thus the mechanical properties of
mycelium composites . This result is expected because pressing can squeeze water and air out
of the porous mycelium network, reduces the porosity of the material, and increases the
material density, leading to higher Young’s modulus and strength [112], [113], [114]. Pressing

also helps to reorientate fibers horizontally in the panel plane [115] and reduce plate
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thickness during pressing, increasing fiber connection between the walls of the fibers at
points of overlap [116]. Pressing may also help to reduce large voids as structural defects
within the mycelium composite, preventing the crack from generating during a loading [36],
[117]. In comparison to cold pressing, the hot pressing, with the pressure that comes from a
pair of hot plates, can further improve the mechanical properties, as shown in an early study

[50].

2.3 Multiscale Structure of Mycelium

2.3.1 Fungal Species

The mechanical properties of the mycelium bio-composite are determined mainly by species
of fungus, which can be introduced by using different types of spores during the first stage of
the incubation of mycelium. Based on the other species of fungus, its productivity, the
thickness of mycelium fiber, the microstructure, and the surface topography are different [23],
[29], [36], [50], [117]. Mycelium hyphae can be categorized in fungus taxonomy by
generative, skeletal, and binding hyphae [11], [118]. Generative hyphae are relatively
undifferentiated and can develop reproductive structures. They are typically thin-walled, with
occasionally thickened walls, usually have frequent septa (i.e., cell walls that separate the
cells), and may have clamp connections (i.e., the unique hook-like structure for hyphal cell
growing). Skeletal hyphae are thicker, longer, and rarely branched. They have few septa and
lack clamp connections. Binding hyphae are thick-walled, often solid, and usually branched
[119], [120], [121]. Based on the three different hyphal types, the mycelium network can be

divided into three categories which are monomitic, dimitic, and trimitic [120]. Monomitic
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species comprise only generative hyphae, dimitic species form two hyphal types (usually
generative and skeletal), and trimitic species contain all three principal hyphal types [122].
These mycelium networks have very different structures and mechanical properties, such as
monomitic species, which are suggested to provide worse mechanical performance than
dimitic and trimitic hyphal species [123], [124]. For example, trimitic species such as T.
Versicolor exhibit higher tensile (0.04 MPa) and flexural strengths (0.22 MPa) than
monomitic species, such as P. Ostreatus (0.01 MPa tensile strength, 0.06 MPa flexural

strength), when grown on rapeseed straw [117].

Fungi represent a distinct kingdom of organisms, distinguished by several key attributes,
including incorporating chitin within their cell walls, an inherent heterotrophic mode of
nutrition, and a cosmopolitan distribution [122]. The full extent of fungal biodiversity
remains elusive; while approximately 150,000 species have been cataloged, estimates suggest
the existence of potentially 1.5 million to 5.1 million species in total [125], [126]. Figure 2-4
shows the common fungal species reported in the literature as we reviewed here [42], [68],
[691, [701, [71], [72], [73], [74], [75]. [761, [77], [78], [79], [80], [81], [82], [83], [84], [85],
[86]. Pleurotus ostreatus and Ganoderma lucidum are most frequently mentioned in scientific
publications. Another commonly used species is Trametes versicolor. P. ostreatus and G.
lucidum are the most frequently compared species. These fungi species cause white rot and
are composed of trimitic and monomitic species [95]. There is tremendous scientific
significance in these two species due to the essential chemicals they produced, including a

variety of enzymes that can efficiently degrade plant components difficult to hydrolyze,
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including lignin [21], [22], [23]. However, many publications do not reveal the species of
fungus for the composite production (32%), making it hard to fully reproduce the work by

overlooking the type of mycelium network, for example [29], [105], [127], [128].

= Not specified
B G. lucidum

= Ganoderma sp.
B P, ostreatus

= Pleaurotus sp.
m T. versicolor

= Trametes sp.

B Other

Figure 2-4. The main fungal species used for fabricating mycelium composites in the
literature of the current review. Structural features of mycelium at different scales. (Not
specified: the references do not state the fungi species they use. Other: the fungi species

except than the other 6 species and occupy a small amount in the study)

2.3.2 Structural Features of Mycelium at Different Scales

The complex material functions of mycelium are attributed to its complex network structure
at different scales. The mycelium mechanical properties are controlled by branched filaments
and the topology of the network structures [17]. Figure 2-5 shows the general structure of
mycelium from the macroscale to the nanoscale. Since the mycelium has a symbiosis
relationship with the substrate, it produces the branch fiber network structure, increasing the
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contact area with the complex porous substrate. The mycelium network grows from a spore
by extending through the cell membrane and cell wall at the tip of a mycelium fiber. Every
single mycelium fiber comprises an array of slender cells separated by cross walls, so-called
septum, and enclosed within the same cell wall. Tiny holes in the septum allow the rapid flow
of nutrients, water, and other small molecules from cell to cell, along with the mycelium fiber.
The cell wall protects the mycelium and provides mechanical strength, and is composed of a
layer of chitin, a layer of glucans, and a layer of proteins (e.g., mannoproteins and
hydrophobins) on the cell membrane [23]. Chitin is a complex polysaccharide, a polymer of
N-acetylglucosamine located on the cell membrane and plays an essential role in giving
structural strength to the cell walls of fungi. The mycelium network is cultured using an agar
plate as the inoculated substrate for 7-14 days. It took a sample to show the pure mycelium
network without other substrate fibers clearly. The SEM images show that the mycelium
network comprises many fibers with a diameter of about 2 um. After that, the mycelium
network is migrated to the substrate in the lab to generate the mycelium composite and
mushrooms (e.g., the king oyster mushroom as shown in the image at the upper right of
Figure 2-5), which allows the mechanical tests and microscopic images of the mycelium
network at a large scale. The rectangular figure at the bottom shows the nanostructure of the
a-chitin. Two primary polymorphic forms of chitin exist, a and B, with a-chitin the most
common polymorph for both crustacean and fungal chitin and B-chitin occurring only in

squid pen, sea tube worms, and some algae (centric diatom) [129].
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Figure 2-5. Multiscale structure of the mycelium. From the bottom left, the figure shows the
molecular formula of chitin and chitosan, followed by two figures showing the structure of
the single mycelium and mycelium cell wall and the SEM image of the mycelium network, as
well as two figures showing the wet and dry mycelium samples in the culturing disk. The last
figure at the right-up corner shows the cultured king oyster mushroom. We can use different
research methods to study the structure-function relationship of the mycelium network at
different scale levels, as noted at the axis of the plot (The AFM figure is reproduced under a

creative commons attribution license) [23].

Mycelium-based biomaterials predominantly consist of intricate networks of hyphae. Each
hyphal structure is tubular, characterized by elongated cellular constructs demarcated by

septa (porous cross) walls, and its growth is predominantly facilitated by the extension of
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cellular membranes from the apical regions of these cells [23]. Essential for fungal survival
and interaction with external milieus, the cell wall is a complex construct. It typically
integrates layers of chitin/chitosan, f(1-3) glucans, and other alkali-insoluble glucans,
supplemented with various cell wall proteins and minor concentrations of lipids and pigments
[130]. Chitin, a pivotal structural polysaccharide, comprises [3(1-4)-linked N-acetyl-2-amino-
2-deoxy-D-glucose monomers. Its structural rigidity arises from organizing contiguous chitin
chains into hydrogen-bonded antiparallel microfibrils. However, glucans, the dominant cell
wall polymers, connect through either a or 8 linkages, providing the hyphae with flexibility
[131]. The cell wall's external morphology is not uniform across fungal taxa and typically
incorporates alkali-soluble glucans and proteins. These proteins, predominantly glycosylated
with N- and O-linked carbohydrates, enhance the flexibility of the mycelial structure [23],
[132], [133], [134]. They also play a vital role in the extracellular degradation of
lignocellulosic substrates by secreting specialized enzymes, including laccases, peroxidases,

oxidases, cellulases, and diverse glycosidases [135], [136].

2.3.2.1 Protein

Although mushrooms are a rich source of many proteins, not many proteins have been
identified. Enzymes involved in the degradation of lignocellulose are among the most
investigated groups of proteins from fungi [137]. Laccases, peroxidases, oxidases, cellulases,
and different glycosidases are content in other species of fungi to participate in degradation
[134], [138]. The principle that enzymes degrade lignocellulose in fungi is the oxidative and

hydrolytic enzymes cooperate. Fungi have two types of degradation systems: intracellular and
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the outer cell envelope layer, which is essential for polysaccharide degradation. Moreover, in
the extracellular, hydrolytic enzymes are responsible for polysaccharide degradation, and
oxidative enzymes are responsible for degrading lignin and open phenyl rings [139], [140].
Mainly, there are three groups of fungi with different effects and degradation mechanisms of

lignocellulose, as soft-rot, white-rot, and brown-rot fungi [139].

Soft-rot fungi can degrade surface polysaccharide layers of plants and mostly are ascomycete
fungi. Peroxidases are involved in lignin modifications and laccases production, leading to
the darkening and softening of the wood. These enzymes have limited degrading functions
[141]. White-rot fungi can degrade lignin, cellulose, and hemicellulose. The degradation of
lignin is more effective than brown-rot and soft-rot fungi. The wood changes its texture and
becomes moist, soft, and silky. Its color becomes white or yellow [142]. Brown-rot fungi are
basidiomycetes that have a different function from soft-rot fungi about degrading lignin. It
can rapidly metabolize cellulose and hemicellulose and only slightly modify lignin. Due to
the oxidizing reaction of lignin, the wood residue exhibits a cube shape and has a brown color
[140]. The disruption of the lignocellulose matrix by brown-rot fungi can be demonstrated
using iron-dependent Fenton chemistry known as the chelator-mediated Fenton system [143].
Hydrophobins are one of the other important groups of proteins unique to fungi.
Hydrophobins are localized on the outer surface of filamentous fungi cell walls [136]. They
are essential to the growth of fungi and the interaction between fungi with their surrounding
environment by facilitating aerial development (fungi prone to grow upwards) and contribute

to the attachment of fungi to solid supports [135]. In addition, hydrophobins make fungi
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hydrophobic by assembling into an amphipathic membrane, as the hydrophobic side is
exposed to the exterior and the hydrophilic surface is combined with the cell wall

polysaccharides [136].

2.3.2.2 Glucans

The most abundant polysaccharides in the cell walls of fungi are glucans. They are essential
to integrate functional proteins and skeletal chitin and form the most critical structural
components of fungal cell walls. Glucans in the fungi are connected through alpha (a) or beta
(B) linkages. Alpha 1,3 are the most abundant alpha-glucans. They provide resistance to the
large deformation of cell walls in the form of structural microfibrils. The structure of beta-
glucans is more complex. They mainly contain § 1,3 and B 1,6 linkages, forming secondary

microfibrils [131].

2.3.2.3 Chitin

Chitin is the innermost layer of the fungi cell wall that can provide reinforcement and
strength. Chitin is a biopolymer composed of [B(1-4) linked N-acetyl-2-amino-2-deoxy-d-
glucose] units [144]. Chitin is a structural polymer made by the smaller monomers to form
strong fibers. When secreted inside or outside of cells in an organized way, the fibers form
weak bonds between each other, which increases the strength of the entire structure [52]. The
development of the application for chitosan has expanded rapidly in recent years, especially
in wound healing [53]. Even though chitin can be obtained from crustacean shells, the fungi

still show many advantages [144], especially because they are not limited to season and
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location. Table 2-1 summarized the advantages and disadvantages of obtaining chitosan from

crustacean shells and fungi.

Table 2-1. Advantages and disadvantages of chitosan from crustacean shells and fungi.

Source Advantages Disadvantages

Seasonal and limited supply, high
cost and laborious process and not
environmentally friendly [145],

[147], [148].

Large quantities of chemicals, such
as alkali and acids, higher
temperatures, and long processing
time are required for extraction.
Well-established ~ method  for
Crustacean Generally, alkali concentration of
industrial production of chitosan
Shells 30-50% w/v and temperature
[145], [146].
100C is required [146], [147],

[148].

Demineralization  treatment s
required to remove calcium
carbonate, which accounts for 30—
50% of crustacean shells [146],

[147], [148].
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It possesses high molecular weight
and protein contamination, limiting
its applications in biomedicines

[147], [148].

Fungi

The medium-low molecular weight
is suitable for many biomedical

applications [147].

A higher degree of deacetylation

can be achieved[147].

Free of allergenic shrimp protein

[147], [148].

The molecular weight and degree
of deacetylation of fungal chitosan
can be controlled by varying the

fermentation conditions [148].

The supply of fungal biomass is

infinite, mainly  from  the
biotechnological and
pharmaceutical industries [147],

[148].

Processes not scaled wup to

industrial level [145].
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Cheap biowastes can be used as
economic substrates for culturing

fungi[147], [148].

Some evidence shows that the linkages between chitin and glucan in the fungi are covalent
bonds [149], [150], [151]. The insoluble glucans in mushrooms, yeast, and hyphae have slight
differences. However, B-glucans exhibiting a (1,3) or (1,6) branching for the backbone are
associated with chitin in mycelium [152]. These are called B-(1-3)-(1-6)-glucans, which have
chemical structures very similar to cellulose, which is B-(1-4)-glucan [153]. The location of
chitin in different fungi is different; it is concentrated in the bud scar in yeast and the cell wall
of most other fungi [154], [155]. Especially in the fungal species of Zygomycota, chitin and
chitosan are simultaneously co-synthesized [154], [155]. Compared with fungal chitin, the
crustacean chitin contains minerals that require an acidic extraction step for removal, thus
degrading the chitin in the process. Crustacean chitin typically binds with sclerotized proteins
and minerals and contains minimal residual protein. Such a difference makes the isolation
procedure for fungal chitin nanofibers very simple, requiring just brief mechanical agitation
in a kitchen blender after a mild alkaline treatment to remove proteins [14], [156]. However,
the glucan associates with fungal chitin can occur in quantities exceeding the chitin content
itself [64], [157], [158], [159], [160]. Moreover, the extracted chitin can be of different
secondary structures (as a, B, and y chitin), except for the most common polymorph a-chitin,
squid pen, sea tube worms, and some algae contain the B-chitin [129]. Figure 2-6 shows the

molecular structure of a chitin and B chitin. The main difference between a chitin and f chitin
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is the secondary structure, as the neighboring chains of the o chitin are in antiparallel
directions. In contrast, the chains are parallel in the B chitin (Figure 2-6) [129]. Moreover, the
v chitin has chains both in parallel and antiparallel [129]. Such a structural difference causes
the adjacent amide groups between the neighboring chains in parallel for the a chitin, but

they are not parallel for the B chitin, associating with the flexibility of the B chitin [161].

Figure 2-6. The molecular structure of a chitin (left) and B chitin (right). Each atom is
colored according to its type, with red for oxygen, cyan for carbon, blue for nitrogen, and

white for hydrogen.

2.4 Material Functions

2.4.1 Mechanical Properties

The mechanical properties of mycelium-based bio-composites are crucial for their application
to engineering fields. Since the network structure of mycelium within the composited is
primarily determined by the species of the fungi and the substrate that are used to
manufacture mycelium, it can be very different by comparing different studies. Table 2-2

summarizes the test results for the MBF and MBSC in various studies. We can see the
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material density significantly deviate from one test to another. Generally, the higher material
density leads to a high Young’s modulus and strength, as is shown in most cellular materials
[162], while the mechanics of the mycelium composites seem to be very different once
compared across various studies. The substrate is one of the important reasons that affects the
density of the mycelium-based composite. Typically, the higher proportion of grain (fibers,
husks, or wood pulp) contained in the substrate will lead to a higher density [144], [163].

Another reason is the different mycelium species used in various studies.

Table 2-2. The mechanical properties of mycelium-based composites. MBF = mycelium-

based foam; MBSC = mycelium-based sandwich composite.

Young’s | Compressive | Flexural | Tensile
Density
Modulus Strength Strength | Strength | Material | References
(g/cm?3)
(MPa) (kPa) (kPa) (kPa)
0.10 - 66.14 - 100 -
670 - 1180 - MBSC [105]
0.14 7177 200
0.183 + 41.72 + 1091+ | 49.90 +
- MBF [164]
0.015 13.49 4.41 20.00
0.29 -
- 156 - 340 - - MBF [165]
0.35
0.18 - 105.85 -
- - - MBF [166]
0.36 233.62
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0.029 - 180 -

06-2 40 - 83 - MBF [17]
0.045 300
0.24 +

9+1.2 - 210 +10 | 30+0 | MBF [50]
0.001
0.39 + 870 +

97 +9 - 240 +£30 | MBF [50]

0.01 140

Compressive strength is the capacity of a material or structure to withstand loads tending to
compress the material, an essential feature for the mycelium-based composite that can be
used as a package and construction material. L&pez-Nava et al. focus on characterizing the
mechanical property of MBF (substrate: common wheat stalks; fungi: Pleurotus sp) [164].
They stated that the compressive strength of MBFs is always lower than synthetic polymer
foam of the same density as the water absorption, which can significantly affect the
compressive strength, and both the substrate and mycelium absorb a large amount of water. In
a study by Santos et al., the influence of water content on the mechanical properties of MBF
(substrate: coconut powder; fungi: Pycnoporus sanguineus) materials was investigated [166].
Before compression testing, the samples are dehydrated at varying temperatures (50, 60, and
70<C) and durations (24, 48, and 72 hours.) They stated that there is no significant difference
in compression strength by fixing the time and varying the temperature. However, a
significant difference occurred when varying the drying time. The heat treatment connected

the external mycelial network hyphae (mycelial film). However, as the drying time increased,
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pores appeared in the network due to the disconnection of the hyphae, thereby reducing the
mechanical properties. Moreover, Silverman stated that using the fiber (e.g., psyllium husk)
in the substrate, MBF of higher compressive strength can be obtained from different species
of mushrooms. Besides fabric, they also use chicken feathers in the substrate to increase the
compressive strength. The feathers will not be degraded during mycelium growth since they
are primarily composed of keratin protein of durability. Still, they are lightweight,
hydrophobic, and can provide structural support for the composite and contribute to its
mechanics. They reported that the compressive strength of the composite significantly

increases with the same density [167].

Flexural strength is the stress at the fracture point for the sample in bending. It is also called
modulus of rupture, bend strength, or transverse rupture strength. L&ez-Nava et al.
investigated that the range of the flexural strength of MBF is lower than the synthetic
polymer foams with the same density, while the tensile strength is much larger than the
synthetic ones [164]. However, Appels et al. get the opposite result. The authors test the
mycelium-based bio-composite, created by Trametes multicolor and Pleurotus ostreatus
grows on rapeseed straw and beech sawdust. The results show that its flexural strength is
larger than the synthetic polymer foam [50]. The authors suggest that the contrasting
mechanics between the substrate and the mycelium fibers cause the effect. The mycelium
fibers are more elastic than the colonized substrate particles and, therefore, will contribute to
the flexibility of the composite and may only rupture at high strain. Moreover, the authors

think that the tensile strength is not significantly affected by the species of substrate and fungi
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but can be affected by the pressing method, as heat pressing can substantially increase the

tensile strength [50].

As mentioned, density is one of the essential factors that can affect mechanical properties.
However, the density could be very different due to the different substrates used, sample
shape, and treatment conditions, as shown in Table 2-2. Islam et al. test the mycelium
samples by using tension and compression. In the tension test, the mycelium shows the linear
elastic at the low strain and then yields and undergoes strain hardening before rupture. In the
compression test, the mycelium shows behavior like the open-cell foam. The stress-strain
curve shows the linear elastic initially, followed by a plateau with a softened response. The
mycelium exhibits strain-related hysteresis and stress-softening effects between each cycle
when subjected to continuous loading and unloading cycles (with their mechanical features

summarized in Table 2-2) [17].

Ziegler et al. reported an MBSC with a core made of hemp pith and cotton mat. The surface
binding fabric is made of a generic, natural fiber fabric such as burlap. As mentioned, the
authors use the same approach that Jiang et al [29], [105]. They put the natural fiber fabric on
both sides of the pre-inoculated active mycelium-based bio-composite foam. The mycelium
as natural glue will continue growing to connect both sides of the natural fiber fabric. The
fiber surface increases the compressive strength and gives a high tensile strength to MBSC.
However, Young's modulus does not achieve the highest value of MBF [105] (Table 2-2).

Jiang et al. discussed using different fibers as the MBF surface to make the MBSC. The
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fungus could firmly cement the fabric layers by forming a tight mycelium net. The results
show that flax, rather than jute or cellulose, is more efficient for colonization and yields
higher mycelium production. The ultimate strength and yield stress of the samples produced
with flax surface layers (35 kPa and 27 kPa, respectively) almost double that of the samples
produced with jute (20 kPa and 12 kPa, respectively) or cellulose surface layers (16 kPa and

15 KkPa, respectively) [29].

Researchers have tested the mechanical properties of the mycelium fibrous film. Haneef et al.
used Ganoderma lucidum and Pleurotus ostreatus to grow on the pure cellulose and
cellulose-potato dextrose broth (PDB), which can get four different combinations of
mycelium [23]. Generally, P. ostreatus fibers are stiffer (i.e., higher Young’s modulus as
summarized in Table 2-3) than G. lucidum fibers, which have a lower critical strain, which
refers to the elongation percentage of the material at the break. On the other hand, critical
stress, which refers to the ultimate stress level at the break, is hardly affected by the
mycelium species [23]. It is also noted that PDB can make the mycelium fibrous film softer
but more stretchable (i.e., lower Young’s modulus and higher critical strain). Moreover, César
et al. tested 6 different mycelium films growing on the same substrate: Potato Dextrose Agar
medium (PDA), as shown in Table 2-4 [168]. They stated that due to the heterogeneous
nature of the samples, the differences in mechanical properties are significant, demonstrating
a wide variation in mechanical behavior between mycelium films obtained from the different
species of fungi [168]. Compared with Haneef et al. results, the modulus values are registered

between 4 and 28 MPa, higher for P. ostreatus growth in cellulose. The modulus value shown
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by P. ostreatus is 44.4 MPa from César et al. It can be noticed that different substrates can

lead to very different mechanical properties even by using the same species.

Table 2-3. Summary of main properties of mycelium film by Haneef et al [23].

Ganoderma Ganoderma Pleurotus Pleurotus
4 Different Samples | Lucidum on Lucidum on Ostreatus Ostreatus on
cellulose cellulose-PDB | on cellulose | cellulose-PDB
Young’s Modulus
12 4 28 17
(MPa)
Critical strain
14 33 4 9
(%)
Critical stress
1.1 0.8 0.7 1.1
(MPa)

Table 2-4. Summary of main properties of mycelium film by César et al [168].

6
Lentinus | Panus aff. | Ganoderma | Pleurotus | Ganoderma | Aurantiporus
Different
crinitus | conchatus curtisii ostreatus | mexicanum sp.
species
Young’s
74 + 128.8 + 44.4 +
Modulus 35%18 66.7 £11.8 | 1125 %154
48.6 49.6 16.7
(MPa)
Critical
256+ | 11.32+ 2.36 +
strain 1.55 +0.83 409145 | 1.45+0.39
151 6.23 1.19
(%)
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Critical
0.87 = 0.27 = 0.61 +
stress 0.84 +0.12 1.5+0.48 | 0.91+0.41
0.49 0.12 0.14
(MPa)

We perform our mechanical test to samples taken from the skin and middle parts of Pleurotus
Eryngii mushrooms (king oyster, as shown in Figures 2-7A and B) to better understand the
mechanics of mycelium with different water content and thus material density. We use an
Instron 5966 machine (10 KN static load cell, 1 KN pneumatic grips with 90 psi holding
pressure) to stretch all the material samples to get their stress-strain curves in tension. We
measure the initial sample length as the distance between the edges of the two grips as L0,
zero the force before clamping and zero the displacement before the test. The lower grips
during the test are fixed by a pin and the upper grips move at a constant displacement speed
of v = 2 mm/min. The traveling distance of the upper grips is given by d = vt at any time
t after the test starts, and the engineering strain is defined by € = %. The load cell records the
loading force f and computes the engineering stress with o = Aio, where A, is the initial cross-
section area of the uniform testing region of the king oyster mushroom sample. The test
automatically stops when the sample is broken. The software with the Instron machine
returns the o—e¢ curve as well as Young's modulus, yield stress, and breaking strain during the

test.

Our mechanical testing results, as shown in Figure 2-7C-M for the snapshot of the natural

sample before and after tensile test, as well as the stress-strain curves of these samples after
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baking with different amounts of time that correspond to a certain amount of water loss (Fig.
2-3). It is shown that the samples in tensile loading fail by generating zigzag surfaces at the
breaking point after necking taking place, suggesting the ductile failure of the natural samples,
govern by the sliding failure between mycelium fibers (Fig. 2-7C). The stress-strain curves of
samples obtained after a certain amount of baking time are summarized in Figure 2-7D-K
We summarize all of the key mechanical features that can be learned from the stress-strain
curves in Figures 2-7L, M, and Table 2-5. It is shown in Figure 2-7L that while the critical
stress monotonically increases with the bake time, as well as the water loss (Fig. 2-3), of the
skin and core samples, the critical strain of the mushroom sample after baking for 30 minutes
with 31% and 35% of water loss is larger than the other samples (Fig. 2-7M). It is not clear
why the critical stress keeps increasing for drier samples, but the critical strain increases up to
30% of water loss and then decrease afterward. The interaction between chitin and water may
strongly attribute to this phenomenon, as water can play a key role to turn a biological
interface from ductile to brittle in mechanical loading, as what have been observed in

collagen and wood materials [169], [170].
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Figure 2-7. Tensile tests of P. eryngii samples after low-temperature baking (A). Snapshots
of P. eryngii mushroom and the location where we obtain the skin and core samples (B).
Snapshot of the Instron machine for tensile test (C). The natural P. eryngii (without baking
and water loss) near the skin (LEFT) and core (RIGHT) samples before (UPPER) and after
(lower) the tensile test (D—G). Stress-strain curve of different baking time of samples near the
skin, with baking time of 0, 30, 40, and 50 min, respectively (H-K). Stress—strain curve of
different baking times of samples near the core, with baking time of 0, 30, 40, and 50 min,
respectively (L). Critical stress of P. eryngii mushrooms as a function of baking time for
samples at skin and core (M). Critical strain of P. eryngii mushrooms as a function of baking

time for samples at skin and core.

Table 2- 5. The main mechanical properties result of different conditions of P. eryngii.

Sample Natural Dry 30 minutes | Dry 40 minutes | Dry 50 minutes

Conditions skin core skin core skin core skin core

Percentage

of water loss 0 0 31 35 38.4 42 45 475

(%)

Young’s
Modulus 2.65 1.19 591 15.11 | 57.99 | 54.32 | 64.42 | 57.79

(MPa)

Critical
8.55 11.65 | 49.88 | 46.60 | 18.41 | 21.94 | 1584 | 25.48

strain (%)

Critical 018+ | 011+ | 156+ | 249+ | 414+ | 426+ | 407+ | 580+
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stress (MPa) | 0.07 0.04 0.41 0.68 0.98 0.30 1.35 1.36

2.4.2 Biomedical Application

Normally, the chitin can be obtained by the exoskeletons of crabs and prawns. However, the
crustacean-derived chitin is limited by seasonal and regional variations and cannot be
obtained anytime. In the meantime, the fungi-derived chitin academic and business interests
are increasing. Even though the content of chitin is lower than the crustaceans, it provides a
good alternative source. The fungi-derived chitin does not require strong acid to remove
calcium carbonate and other minerals [65], [66]. Moreover, the fungi-derived chitin generates
a natural nano-composite structure by branched B-glucan. It not only provided rigidity to the

chitin but also can produce strong fiber networks when extracted [65], [156].

The biomedical properties of chitin and chitosan of their healing mechanisms and advanced
wound-treatment methods have been proven through some research [53]. Jones stated how
chitin and chitosan can improve wound healing. There are four stages of wound healing:
hemostasis, inflammation, proliferation, and remodeling [171]. The first stage is called the
blood clot. In this stage, chitosan forms a coagulum with red blood cells to improve the rate
of clotting [172]. The second stage is called inflammatory. In this stage, the macrophage will
consume dead cells, attract fibroblasts, and support skin and blood vessel replacement and
synthesis of the extracellular matrix. Chitin and chitosan can attract macrophages to help the
reaction in this stage [173]. The third stage is called proliferative, and in this stage, the

function of fibroblasts is the reformation of the dermis and synthesis of the extracellular
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matrix. Chitosan increases IL-8 production in fibroblasts, the IL-8 is an essential regulator of
keratinocyte migration and proliferation [174]. The keratinocyte, an essential cell of the last

stage for wound healing, can help the reformation of the epidermis [53].

2.4.3 Other Engineering Applications

Pelletier et al. tested the mycelium-based foam with different substrates, and even under the
worst-property samples, the acoustic absorption rate at 1,000 Hz exceeded 70-75% [10]. The
comparison between the audio frequency spectrum shows that the absorption rate is highest

when the substrate is composed of 50% switchgrass and 50% sorghum [10].

According to Jones et al., when the surface layer of MBF becomes carbon, the mycelium-
based foam passivation occurs. Charcoal delays the generation and diffusion of smoke and
reduces thermal conductivity. Especially the composite that contains the glass fines shows the
best fire resistance because of its much higher silica concentration, making it less
combustible [48]. Moreover, some authors discussed the thermal properties from the
molecular scale. As a unique protein in fungi, hydrophobin associates with cell wall
morphogenesis, hydrophobicity, and substrate adhesion in both water and air environments
[175], [176]. Despite their small amounts, these proteins represent an important driver of the
interfacial function of mycelium. It has been reported that hydrophobic is beneficial to the
production of thermally stable carbonaceous structures when applied to cotton fabrics and has
been used as a natural flame retardant for textile coatings [177]. The protein works by

reducing the release of volatile substances that would hinder complete combustion but favor
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carbonization [177], [178], [179].

For the materials applied to the construction industry, besides studying acoustic absorption
and thermal insulation of mycelium bio-composite material, enhancing the resistance to pests
in mycelium-based bio-composites is also crucial. The mycelium-based bio-composites are
mainly used for substrate containing cellulose that is prone to termite attack. Bajwa et al.
used four termiticides: vetiver oil, guayule resin, cedar oil, and borax [180]. The results
showed that natural oils have a strong potential to act as effective termiticides in cellulosic
fiber-based composites bonded with mycelium. Vetiver oil, cedar oil, and guayule resin
exhibited variable repellency toward termite attack. Commercial termiticide borax at 10%
concentration was the least effective, resulting in the highest weight loss. Corn stover fiber as
a base material was preferred by termites than kenaf and hemp pith. The termites did not
show any preference for fungus types. Overall, the lowest weight loss was recorded for

guayule resin-treated kenaf pith-based bio composites [180].

2.5 Modeling and Simulation

Further development of the mycelium composite materials requires modeling work that helps
us to quantitatively understand the relationships between the environmental factors,
multiscale structures, and the material functions of the mycelium composite materials. From
the simple mechanical aspect, by taking the mycelium composite as a cellular material and
studying its constitutive law as well as its mechanics as a function of density can be useful to

guide the design and application of mycelium composite. A multiscale model of the
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mycelium network is necessary. It is composed of specific chemical structures and
microstructures of each fiber and the whole network that can predict the mechanical response
of the mycelium composite in different loading conditions. Examples of mycelium models
mainly focus on two scales: the mycelium network (microscale) and the stochastic continuum

(macroscale).

Islam et al. state that the most appropriate model would be a random fiber network with
stochastic fiber diameter and mechanical properties [17]. However, such a model includes
many fibers, a complex problem requiring massive molding and simulation effort. To solve
this problem, the authors use a stochastic continuum with a finite element model to represent
the macroscopic scale of the samples. The density and the mechanical behavior can change
from sub-domain to sub-domain on this scale, with a characteristic length scale. A 3D
stochastic continuum model they use contains 8,000 sub-domains and is based on the
representative network configuration, which can obtain macroscopic mycelium mechanical
behavior. Each subdomain is assigned a network density sampled from the distribution [17].
This finite element model can only represent the relationship between the change in density
of the mycelium-based bio composite and the change in the strain-stress curve. Since this
model focuses on the macroscale, it lacks the discussion of connection to the mesoscale
structure and the molecular structure of the mycelium network. Shinde et al. use a different
approach, which is intermediate scale, to model the mycelium growth [181]. They focus on
the individual hypha modeled as a growing one-dimensional (1D) lattice and a single source

of nutrients to generate a single-colony mycelium as a growing two-dimensional morphology.
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They discussed a small-driven lattice gas model. This model generates the morphological
characteristics associated with single-colony mycelium arising from fungal hyphae's growth
and branching process, fed by a single source of nutrients. The 1D model defined the growth
characteristics of the primary hypha, and the 2D model describes the single fungal hyphae

elongation and branching to generate an entire single-colony mycelium [181].

Those two models help to understand the structure-function relationship of the mycelium
network from two different scales. They provide valuable insights into the growth of the
mycelium network and its mechanical properties. However, these models are limited to be
applied to certain aspects of a mycelium study. In contrast, a comprehensive multiscale model
should connect the molecular composition of mycelium fiber and its interaction with water
and substrate particles to the mechanics of the mycelium network and its composite materials.
It should also allow us to run simulations and see how the material responds to different
external loading conditions and how the molecular interaction and environmental factors
from one end may affect the material's function at the other end. To achieve these purposes,
the following points need to be considered. We built a model of a mycelium-based composite
based on accurate geometry and mechanical properties, allowing us to analyze density and
mechanics' influence on the mechanical response of mycelium fiber. By varying mycelium
fibers' number, type, and mechanical properties and performing tensile tests on the models,
we determined the fiber failure and post-failure deformation for plastic deformation after
yielding. Since the water content is also an important factor that can affect the mycelium-

based bio-composite mechanical properties, the effect of water on the mechanics of fiber
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(viscoelastic) and network (drag force from water in deformation) also needs to be considered.
Moreover, the coarse-grained models composed of actual mycelium fibers can be used to
simulate the mechanical behavior of the mycelium network. It provides a more accurate
description of the network distortion in loading than a finite element model can do. The

single fiber deformation may also connect to molecular simulation, which helps to understand
the interfacial interaction between different material phases (e.g., chitin, glucan, protein,

water, etc., Figure 2-5.)

2.6 Discussion and Conclusion

Unlike protein or protein-based biological materials (e.g., silk, collagen, cytoskeleton, etc.),
less attention is paid to microorganisms and their multiscale structures. Studying mycelium
and their composite materials can help to understand the mechanics of the fungus network, its
biological function, and its application to produce green composite materials with both good
mechanics and lightweight, in both simulation and corresponding experiments for synthesis
[9], [23], [28], [29], [36]. A method to grow and process mycelium-based composites can
lead to a promising and innovative way to produce building materials from using the
agricultural method [28]. The study of molecular composition and biological function in the
mycelium network may facilitate the discovery of new drugs produced by a fungus with
certain biological functions or inspire the design of the topology of the internet of things with
low power consumption and the function of a fast response to pests and diseases [53], [57],

[59], [60], [63].
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As an alternative environmentally friendly material over synthetic foams, mycelium
composite shows its advantage in several engineering applications (e.g., packaging materials,
acoustic and thermal insulation boards) and is receiving more attention. Producing such
material is still a pioneering field and the standardized process to yield optimized material
property has yet to be identified. This bio-composite material has the ability to be widely
used in furniture, agriculture, civil engineering, and the biomedical field. In general, in terms
of mechanical properties, the mycelium composites show properties different from synthetic
polymer foams or natural cellular materials. Their mechanics are not simply defined by the
processing method at the end of its production but as the collective result of the fungi species,
their substrate, and related environments during the growth. The properties of the substrate
define the mechanics of the matrix material within the composite. The mycelium network
itself is affected by the composition and structure of the substrate. Moreover, since both the
mycelium and substrate can absorb water, the water content of the final composite is also
crucial. Usually, a hot press process can help to remove the water and inactivate the
mycelium, effectively preventing it from growing during application. However, due to the
wide range of available parameters, results are often incomparable among different studies.
For example, compared with the most important competitor traditional material (EPS), the

mycelium-based bio-composite has not shown a lot of advantages.

In addition to be used as bio-composites because of its mechanics, mycelium is rich in chitin,
which provides reinforcement and strength to cell walls. The interfacial interaction between

chitin to other components, and how water plays an intermediate role, needs molecular
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modeling and analysis at the fundamental length scale. Moreover, the chitin purified from
crustacean shells has been widely used in biological applications, such as wound healing.
Even though the mycelium cell wall contains a lot of chitins that can be gained without
geographic and seasonal limitations, the applications of the chitin purified from mycelium is

not as wildly used as that from crustacean shells, which requires more research and attention.

Even though the mycelium-based composites show advantages for their mechanics,
lightweight, and many environmentally friendly features, they have limitations and
challenges for their large-scale applications. For instance, as a biomaterial, its production is
less standardized than conventional engineering materials such as steel, cement, and polymer,
and it is not clear how to customize the types of substrates for the certain species of fungi to
maximize the yield of mycelium and to optimize the composite mechanics. However, since
there are over one million species [126] , testing the microstructure and mechanics for each of
them is extremely difficult and we may need to investigate the structure-mechanics
relationship of different classes of fungi (by type of rot, type of hyphae, gene, etc.) to identify
the most promising species of yielding composite with the best mechanics. Moreover, unlike
polymer foams, mycelium-based biocomposites cannot be massively produced within a short
time by machines, as growing the mycelium needs about 2 weeks or more time. It is
important to automatically control the growing factors, including temperature, humidity,
supplied nutrition, and light within an incubating environment without direct usage of human
labor during its growth. It is also not clear how each of its constituting building blocks

contributes to its interface to wood fibers and thus affects the integrity of the fibrous network
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of the composite. These limitations are crucial before supplying the material to the architect

and there are broader industrial applications.

Studying mycelium can go broadly beyond material usage. As the vegetative part of a fungus,
mycelium has the unique capability to utilize discrete agricultural wastes as substrates for the
growth of its network, which integrates the wastes from pieces to continuous composites
without energy input or generating extra waste [12], [36], [50]. Besides fixing pieces of the
soil, mycelium in nature has a more important function as an information highway that
speeds up interactions between a diverse population of plants [16], [182], [183]. It allows
individual plants that are widely separated to effectively defend themselves against pests and
diseases by communication and exchange matters [184]. The study of mycelium-based
composite, as to how it integrates different discrete blocks and achieves material functions
that none of the building blocks can achieve by themselves, goes beyond the mechanics of
material study, and becomes the main reason we want to understand more about the
mycelium network and its biological functions. The current point, the functions of the
mycelium network are of the interest to primary ecologists, while how exactly the chemical
signals are conducted in the hierarchical structure of the mycelium network and how its
effectiveness relates to the geometry and topology of the network are still unknown, as well
as how such knowledge may contribute knowledge to the topology of the Internet and the
internet of things, or innovative Internet media with low energy consumption. Most of these
questions need to be addressed with interdisciplinary efforts and some of them may be

answered by developing a multiscale model of the mycelium network and use it in related
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simulations. We will study its application to produce green composite materials but will also

generate knowledge to design an information network system.
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CHAPTER 3. DESIGN AND BUILD AGREEN TENT ENVIRONMENT FOR

GROWING AND CHARACTERIZING MYCELIUM GROWTH
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3.1 Introduction

Mycelium has been recognized as an environmentally sustainable material with a great
potential for various applications. Baked and pressed into a dense composite, mycelium has
proved to be lightweight, fire-resistant, soundproof, and strong, which makes it highly
sought-after in engineering, construction, packaging, and architecture [185]. These properties,
combined with its biodegradability and customizability, have garnered a lot of interest in
mycelium-based materials [9]. Mycelium plays a crucial role in soil health and plant growth.
By secreting enzymes and acids, mycelium helps to break down organic matter and increase
nutrient availability. Additionally, mycelium forms networks of hyphae that improve soil
structure by binding soil particles together, resulting in better soil aeration, water retention,
and nutrient availability [186]. As the main body of fungi, mycelium is growing in a dark and
humid environment. It is a rapidly spreading network of thin hyphae tubular structures that
absorb nutrients from the surrounding environment. The mycelium can continue to grow and
spread, forming a dense and interwoven network of hyphae that can persist for years [187]. It
IS non-toxic, safe for use in human and animal contact, and a good insulator with thermal and

acoustic properties [188].

The mycelium network is the vegetative part of a fungus, consisting of a mass of branching,
thread-like hyphae [16], [17]. The topology of the mycelium network is complex and varies
depending on the species of fungus and the environmental conditions. Mycelium networks

typically consist of interconnected nodes, each representing a branching point where hyphae

intersect. These nodes can be dense, with multiple hyphae crossing simultaneously. In some
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species of fungi, the mycelium network can span great distances, with interconnected fibers
extending for up to several kilometers [16], [182], [183]. This long-range connectivity is
thought to be facilitated by specialized structures known as "rhizomorphs," which are bundles
of hyphae that grow together in a linear, root-like form [189]. Rhizomorphs are thought to be
vital in transporting nutrients and water over long distances, allowing the mycelium network
to absorb resources from a wide area [189]. The mycelium network can also absorb nutrients
from a wide area rather than being limited to the immediate vicinity of the growing mycelium.
This is because the mycelium network can secrete enzymes and acids that break down
organic matter in the soil, making nutrients available for absorption [190]. In addition, the
mycelium network can form symbiotic relationships with other organisms, such as plants,
exchanging nutrients in a mutually beneficial relationship [184]. Overall, the topology of the
mycelium network is complex and dynamic, with a series of interconnected hubs and long-
range fibers that allow for the absorption of nutrients from a wide area. The ability of the
mycelium network to form symbiotic relationships and break down organic matter also

makes it a key player in nutrient cycling and ecosystem functioning.

Myecelium growth in nature is always hidden underground or inside rotten woods, preventing
direct observation and experimentation. It is crucial to develop lab facilities that enable the
control of the conditions to mimic the natural environments and allow to directly observe the
mycelium growth without damaging its structure. The most suitable environment for most
mycelium to grow is a low-light environment with a temperature of 20-25 °C and a humidity

level of 93-95 %RH [38], [191], [192]. At the same time, the incubation periods for the
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fungus ranged from 12 to 32<C [193]. To build the environment and grow mycelium in the
lab, a real-time climate control system is needed. Here, we design and build a fully
customized green tent, meticulously designed to offer proper thermal and humidity in the tent
for mycelium growth. Our goal for the green tent is to provide us with complete control over
the temperature and humidity levels within the tent. We integrate an Arduino chip to monitor
and regulate environmental data to achieve this effect. Moreover, the Arduino chip can help

us to record the data for analysis.

3.2. Green Tent Design

3.2.1 Circuit Design for Sensing, Storing Data and Device Control

A small change in the environment will lead to mycelium growth failure. An Arduino Mega
2560 circuit with sensors is used to monitor the temperature, humidity, and CO- levels of
mycelium growth to control the environment in the green tent. The scanning frequency
during the operation is 115200 Hz. The accuracy of the sensors is the DHT22 Temperature-
Humidity Sensor & DS18B20 Temperature Sensor (resolution of 0.1°C and 0.1%RH
respectively), and Gravity Infrared CO2 Sensor (resolution of 1PPM). All the data is written
to a log file in a SD card for every 5 second through a data logger module (DS1307 V03 Real

Time Clock Module and MicroSD Card Adapter) by using an Ethernet cable.
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Figure 3-1. (A). Green tent appearance, a schematic of Arduino connection, a 3D circuit

board, a placement chart of the system overview

3.2.2 Electric device for heat and humidity generation

Two of the heat mats provide enough heat in the green tent system. They are installed on the
back wall center area. The iPower GLHTMTM Durable Waterproof Seedling Heat Mat has a
size of 20 inch by 20 inch, and the temperature control range is 40-108 °F. The operating
power is 96 W for two heat mats. We use an regular ultrasonic humidifier in the green tent to
tune the humidity level inside. The humidifier has a 4 Liters water tank with 210 ml/h
maximum mist output. It is controlled by the humidity sensor and only be turned on once the
humidity level drops 90 %RH. The average water consumption is Approx. 1.5 Liter per Day.

The water in the humidifier is filtered by an external water filter (Frizzlife FK99).
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Figure 3-2. A schematic information flow chart from the sensor to Arduino and controllers.

3.3 Experimental Method and Procedures

3.3.1 Preparation of Agar Plate for Mycelium Growth

We use the agar plate to culture the liquid P. eryngii, which is known as king oyster
mushroom to better understand the mycelium microstructure. Moreover, we set an obstacle of
a basal wood to observe the mycelium fiber growth behavior. Analysis of the SEM imaging
results to recognize mycelium diameter in the different positions to understand how the basal

wood can affect the mycelium microstructure.

To prepare the agar plate petri dish, we use 20 g of agar powder, 20 g of malt extract, 2 g of
yeast, and 1000 g of water, as shown in the first step in Figure 3-3. We use malt extract and
yeast because both can provide the nutrition for mycelium growth, and the agar as a substrate
can allow the mycelium growth on the surface. To successfully get the agar plate, we boil the
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water and put all the material into an Erlenmeyer flask, as shown in the second step in Figure
3-3. The thermal mixer keeps the mixture at a high temperature and solutes all the powder.
Even though we boil all the mix in the water, some precipitate still cannot be solved. So, we
use a funnel to filter the mixture into the other Erlenmeyer flask, as shown in the third step in
Figure 3-3. Use aluminum foil to cover the Erlenmeyer flask and put it into an autoclave for
high temperature (123 <C) and pressure (24 psi) sterilizing for 40 minutes. When the
sterilizing is finished, take the Erlenmeyer flask to the clean room, and wait until the mixture
temperature is cool down to around 45 <C. Use 75% alcohol wipes to clean the Petri dish and
glass rod. We use a glass rod to guide the mixture into the Petri dish from the Erlenmeyer
flask, as shown in step fifth in Figure 3-3. Wait until the mixture cools down to a solid, and
then inoculate the liquid P. eryngii mushroom. Use the laboratory film to seal the Petri dish
and put them into the green tent for 7 to 14 days; wait until the mycelium fully occupies the
Petri dish and use it for the next step. Once the mycelium is fully occupied in the Petri dish,
we cut a small piece, inoculate it into the new Petri dish, and put a long strip of balsa wood
aside from it. Observer the mycelium growth state for 7 to 14 days and then use it for SEM

imaging.
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Figure 3-3. The general process of the agar substrate preparation and mycelium sample

preparation.

3.4 Results and Discussion

After setting up the Arduino controller for the green tent, we test it for 8 hours to ensure it
runs correctly. Figure 3-4 shows that the log data results refer to 8 hours. The temperature
and humidity are the correct results based on the setting. We set the target value of
temperature as 23 °C and the tolerance range as 21.5 °C [6], as shown in Figure 3-4A (red
and magenta horizontal line.) The reason that we set this range is that it is a relatively good
temperature for mycelium growth. When the temperature sensor detects the temperature
achieved at 23 °C, the controller will atomically turn off the heat mat. As the temperature
decreases, when the temperature is lower than 21.5 °C, the controller will turn on the heat mat
to allow the inside temperature of the green tent to increase to 23 °C. As with the temperature
as shown in Figure 3-4B, the controller will turn on the humidifier when the humidity sensor
detects the inside humidity of the green tent lower than 90% RH and turn off the humidifier
when the humidity achieves 99% RH. Since the mycelium needs a relatively high-humidity
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environment to grow [47]. The CO2 sensor detects the CO; level in the green tent is around
400 to 500 PPM as shown in Figure 3-4C. We did not set a target value and tolerance range
for the CO». The only number we compared with is the average CO: in the air, around 420
PPM [195]. Since the mycelium is breathed when growing [196], the average value in the
Table 3-1 is higher than the CO: level in the air. Moreover, we calculate the mean value and
standard deviation (SD) for the test results. To compare the results with the set value, our
results can be acceptable. Using the Arduino controller, we can very well detect the

environmental condition in the green tent.
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Figure 3-4. The plot of the A. Temperature, B. Humidity, and C. CO- history for the

consequent 8 hours.

Table 3- 1. The mean value and standard deviation (SD) of the temperature, humidity, and

COa.

T(T) | RH (%) | CO2 (PPM)

Mean value () 22.5 97.66 449.28

Standard deviation (o) 0.37 3.05 19.95

We also calculated the thermal insulation (R value) for the green tent. The fluctuation is slight
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due to the small range necessary to grow the mycelium. Given the DS18B20’s accuracy of +
0.5 °C, the max value peaked at 27 °C and remained above 25 °C. Using the data, we used
thermodynamics principles to calculate the R-value of the green tent, which was 0.77
m=2K/W. Though we do not have the actual product value, we compared our computed tent
R-value to other materials and found that it is higher than drywall but lower than polystyrene.
This means that the tent retained the heat inside of it better than any common wall material, at
a caliber that was high, but not higher than one of the best insulating materials. From this test,
we find that the data is representative of the experiment performed - the tent’s purpose is to
create a stable environment, retaining the heat, which is what the temperature data proved.

We use the equation:

_ tAAT
Pton

R

3-1)

to estimate the thermal resistance R value of the green tent to understand its energy efficiency.
Here, A = 7 m?is the surface exposed area of the green tent, °C is the temperature difference
between the lab temperature and target temperature inside the tent, P = 96 W is the total
power of the heat mat, t = 28800 s is total testing Time and t,,, =14400 s is the total amount
of time that the heat mat is on. Using the numerical values, we obtain the thermal resistance
R=0.77 m2 K/W, as R4.4 of an imperial unit. Considering the layer thickness of the tent is
only 0.8 mm, this corresponds to the thermal conductivity of 0.001038 W m™t K™%, which is
better than the stand air at the temperature of 300 K (0.02614 W m™* K1), mainly because of
the reflective inner layer that prevents the radiant heat given by the heat mat from escaping

the tent.

65



We use the green tent to grow our P. eryngii samples. It is easy to grow, have high yield and
is the same genus as the Pleurotus ostreatus, which is more widely used for material
developments [23]. The mycelium is allowed to grow on the petri dish inside the tent for 14
days, and then put the petri dish into the freeze dryer for 48 hours to dry the sample for use in
the SEM imaging. The sample is taken out of the freeze dryer after 48 hours, weighed it, and
then put back to dry for three more hours to ensure that the model is completely dry. We
marked six different positions on the Petri dish to analyze the diameter. The six positions
mainly represent the mycelium growing on the wood and mycelium growing on the agar plate.
The SEM imaging results of 6 positions are shown in Figure 3-5A. The results mainly show
the unique structure of the mycelium fiber, which is the clamp connection. We chose 10
mycelium fibers for each position, randomly measured the fiber's diameter several times, and
made the histogram, as shown in Figure 3-5B. Moreover, to better analyze the diameter
distribution, we use normal distribution curve fitting to get the mean value of the diameter for
each position, as shown in Table 3-2. It is shown that the average diameter value of
mycelium from the wood and the agar plate is relatively the same. Apparently, the wood
substrate reduces the growing speed of the mycelium network (Figure 3-3), making the
growth slower than the network on agar substrate. However, such a reduction in the network
growth seems not appliable to the fiber diameter, according to the many measurements

(Figure 3-5B).
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Figure 3-5. A. Picture of dried petri dish before and after taking the samples and SEM

pictures for 6 different positions B. Diameter measurement histograms for each position.

Table 3- 2. The mean and standard deviation of the histogram curve fitting for 6 different

positions.
Position number p (um) 6 (um)
1 (wood) 3.05 0.90
2 (wood) 3.00 0.88
3 (wood) 3.1 0.71
4 (agar) 3.11 0.82
5 (agar) 2.68 0.74
6 (agar) 3.51 0.85

It is intriguing to discuss how the diameter of the mycelium fiber is affected by the substrate
type. As the literature shows, some research chose cellulose-potato dextrose broth (PDB) as
the substrate for growing P. ostreatus. The authors suggest that the failure of P. ostreatus
filaments grown on PDB-cellulose substrate is likely due to a loss of internal hydrostatic
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pressure, reflected in the filaments' reduced width [23]. Here we separate other diameter data
into two groups; group 1 is the mycelium grown on the wood, and group 2 is the mycelium
grown on the agar plate. We obtain the mean and standard deviation of the fiber diameter of
the two groups as shown in Figure 3-6, which shows that the two groups’ medians are almost
identical, around 3 pm. Since the normal distribution analysis results cannot distinguish the
diameter difference between the mycelium growth on the wood and agar plate, we use
Analysis of variance (ANOVA) to test the difference between two or more means which can
let us know better how different substrates will affect the mycelium diameter [197]. We
obtain a P value of 0.1301 by comparing the mean vale of these two groups by performing
multiple comparison tests to determine which group differs from the others in terms of mean
diameter [198]. Based on our setup of the mycelium growth on the wood and agar plate, the
two groups diameter are equivalent. To ensure this conclusion is applicable to other
mycelium species, we preform test and measure the diameter of mycelium grown alone on
agar plates and hardwood, as shown in Figure 3-7. We migrate the Pleurotus eryngii
mycelium on the agar plate on a new agar plate and the hardwood separately. Figure 3-7 A
shows the samples after the freeze drying for SEM imaging. Once we have the images, we
use Image J to measure the diameter about 1000 times. Figure 3-7 B shows the diameter
measurement histograms for the mycelium on the agar and hardwood. We used normal
distribution curve fitting to determine the mean diameter value for the results to study the
diameter distribution, as shown in Table 3-3. It is clearly shown that mycelium from the
wood and the agar plate has a roughly similar average diameter value of about 3 um. We

employed the ANOVA to compare two or more means to understand better how different
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substrates may impact the mycelium diameter as shown in Figure 3-7 C. By comparing the
means of these two groups on several occasions, we arrive at a P value of 0.266 Based on our
setup of the mycelium growth on the wood and agar plate, the two groups’ diameters are
equivalent. So, to compare the results from the two experiments, the agar plate and hardwood
we used cannot affect the mycelium fiber diameter. Moreover, even if we put the two

substrates together to cultivate the mycelium, the substrates still do not affect the diameter.

()]

N W B~ O

1 1

Agar Hardwood

Mycelium Diameter (um)

Figure 3-6. Distribution of two groups data (diameter of mycelium fiber on agar versus wood
surface), the ANOVA test suggests that the mycelium diameters of the two groups are

equivalent.
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Figure 3-7. A. The freeze-dryer sample of mycelium grown alone on agar plates and
hardwood. B. Diameter measurement histograms for each sample. C. Distribution of two

groups of data (diameter of mycelium fiber on agar versus wood surface)

Table 3- 3. The mean and standard deviation of the histogram curve fitting for mycelium

growth on the agar and hardwood.

1 (pm) ¢ (pm)
Agar 3.11 0.79
Hardwood 3.06 0.86
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CHAPTER 4. EXPLORING THE RELATIONSHIP BETWEEN AGAR

CONCENTRATION AND MYCELIUM GROWTH RATES IN FUNGI

71



4.1 Introduction

Mycelium is the vegetative part of the fungus that consists of a network of thin branched
filaments called hyphae [17], [23], [185], [199]. It is a fundamental building block of fungal
organisms and is vital to ecosystem functions. Mycelium breaks down organic matter,
recycles nutrients, and contributes to soil health [23], [44], [45]. It has recently received much
attention for its potential applications in various industries, with one of the most notable uses
in creating sustainable and environmentally friendly products [9], [10], [11], [14]. By
harnessing mycelium's ability to grow on its own constantly, innovative companies have
developed mycelium-based materials such as packaging, textiles, and construction materials
[9], [10], [11], [17], [23], [52]. These products offer biodegradable alternatives to traditional
materials and reduce the environmental impact of waste and pollution. The number of known
fungal species exceeds 150,000, although scientists estimate millions of others are yet to be
discovered [95], [125]. More than 80 species of basidiomycetes (a phylum under fungi) have
been used as pure mycelium sheets or composites combined with bio-based matrices such as
plant biomass [200], [201]. Due to the slow production of mycelial networks (typically only a
few millimeters per day), mycelium-based products require more time than synthetic polymer
materials [9], [13]. Therefore, there is a need to identify fungal species and growing
conditions that can rapidly establish mycelial networks to reduce manufacturing time and cost.
The substrate plays a crucial role in mycelium growth, alongside species considerations.
Recent studies have used softwood substrates like pine wood [95], [202], but Hoa. H, et al.
found that hardwood substrates, such as acacia wood, reduce colonization time to 30 days,

compared to 40 days with softer substrates under the same conditions [203], [204]. Although

72



pine wood is commonly used for mycelium-based bio-composites, a comprehensive analysis
of mycelium growth on different substrates is lacking. Mycelium growth depends on nutrient
uptake, fiber extension, and branching at the substrate tips. The substrate's physical and

chemical properties significantly affect the mycelium's morphology and physiology.

Growth occurs primarily at the mycelium apical, driven by cell wall synthesis and vesicle-
facilitated enzyme and material transport [205], [206]. Hyphal branching enables extensive
substrate exploration and nutrient utilization. New branches near the tips perpetuate growth
and branching, forming a complex network that covers the substrate [207]. This network, as
hyphae, secretes enzymes to break down complex molecules into simpler compounds for
energy and growth [208], [209]. Hyphae also react to environmental factors including light,
nutrients, moisture, temperature, and chemical signals, influencing growth direction and
behavior. Mycelium hyphae can be categorized in fungus taxonomy by generative, skeletal,
and binding hyphae [11], [118].Based on the three different hyphal types, the mycelium
network can be divided into three categories which are monomitic, dimitic, and trimitic [120].
Monomitic hyphal systems, which consists only of generative hyphae, tends to produce more
uniform fibers. In contrast, trimitic systems, including also skeletal and binding hyphae, can
result in a broader range of fiber diameters due to thicker and more rigid skeletal hyphae and
flexible generative hyphae [210]. However, the intricate structural and chemical nature of
natural wood substrates, as well as mycelium hyphae, makes it challenging to isolate these
environmental effects [211], [212], and it is not clear if any effect is general to different

mycelium species. Compared to wood, agar is a hydrogel with the polymer extracted from

73



seaweed, providing a growing substrate with ideal biocompatibility and tunable mechanical
stiffness from a few kPa to several MPa, aligning with the stiffness of both soft and hardwood
[213], [214]. It has been widely used to culture eukaryotic cells, bacterial biofilms, and slime
molds [215], [216], [217]. Once the mycelium grows, the tips will continually extend and
branch, as shown in Figure 4-1. To observe the mycelium growth condition during their lives,
we use the blue color dye to clearly visualize the G. lucidum mycelium that grows on the agar
plate for about three days. The digital microscope image shows the mycelium branch growth,
and it usually branches near the clamp connection, which forms a septum to separate the two
nuclei and process the mitotic division [218]. The mycelium growth on agar substrates of
different stiffnesses will show different growing trajectories. By measuring the area (A)
occupied by the mycelium as a function of time (T), we explore how the growing speed

(dA/dT) is affected by the substrate stiffness (E).

The growth mechanisms of eukaryotic cells, bacterial biofilms, and slime molds [215], [216],
[217] seem distinct from hyphae growth and subject to different biological imperatives.
Unlike hyphae, as a fully connected network composed of a collection of fungal cells
confined by cell walls, eukaryotic cells attach to a substrate as individuals through integrins,
which connect the cell's internal cytoskeleton to the extracellular matrix [219]. They sense
substrate stiffness and grow via proliferation and migration, with varying responses based on
cell type; for example, fibroblasts and cancer stem cells typically show increased growth rates
on stiffer substrates [215], [220], [221]. Similarly, as individual amoeboid cells, the slime

molds adapt their growth and foraging strategies based on the substrate stiffness [222]. Slime
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mold creates a network-like structure with tubular channels, enabling the distribution of
nutrients and chemical signals via cytoplasmic flow, which propels the cytoplasm movement
and, thus, the growth [223]. A stiffer substrate has been shown to cause a slower growth rate
in this process [216]. For bacteria biofilms, it is revealed that the growth of Serratia
marcescens increases on softer substrates, which makes it easier for the biofilms to absorb

nutrients [217].

Here, we aim to use a series of agar substrates to culture mycelium and increase substrate
stiffness to study the mycelium growth rate. The dynamical growth of other biological tissues
suggests that their growth rates are affected by the mechanical stiffness of their substrates.
However, it is unclear whether the growing rate positively or negatively correlates to
substrate stiffness, which is subjected to different mechanisms of different biological tissues.
There is no clear clue how substrate mechanics affect mycelium growth, which is crucial for
scaling up the mycelium-based composite material synthesis from lab to industrial production.
Moreover, the substrate stiffness can also govern the propagation of mechanical waves that
travel along the surface. For example, the Rayleigh wave is a surface acoustic wave with its
speed determined by the stiffness of the material it travels through [224], [225]. In a recent
paper, the authors compare the mycelium growth rate on agar and silicone-paper-coated agar
substrates with a higher stiffness than pure agar [226]. The design of the study does not allow
the evaluation of the stiffness effect, as the paper on the agar plate not only changes the
substrate mechanics but also impedes the mycelium from absorbing the nutrition from the

agar plate [226]. Another recent study indicates that mycelium has a higher growth rate on
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hard agar than soft agar [227]. However, the mechanism is not clear, and it is illusive whether
the growth rate preference is consistent for different mycelium species. The clear effects of
the substrate stiffness on many biological tissues and wave propagation, in contrast to its
illusive effect on mycelium growth, motivates us to perform our own tests to answer the

question.

Mycelium

Grow on agar plates of
different E values for days

Figure 4-1. Mycelium growth schematic and digital microscope image. Agar substrate is
prepared with different agar concentration to tune the substrate stiffness (E). It fully covers
the bottom of the petri dish. A small agar cube fully loaded with mycelium is placed at the
center as the initiation point of the network. Timelapse images are taken during the growth of
mycelium and analyzed to obtain the occupied area (A) as a function of time (T). We repeat
the test on different substrates to investigate how substrate stiffness affects mycelium growth

rate (v). The right-down images are obtained from Hirox digital microscope. They show the
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microstructure of G. lucidum mycelium after growing for three days and dyed (blue color dye)
before taking the image. The clamp connection and the branching structures are circled and

highlighted.

4.2 Experimental Method and Procedures

4.2.1 Agar Plate Preparation

To prepare the agar plate in a petri dish, we used the same nutrition concentration: 20 grams
of malt extract and 2 g of yeast to combine with eight different agar concentrations of the
agar powder (10, 20, 30, 32.5, 35, 37.5, 40, and 45g) mixed in 1000 ml of water. We used
malt extract and yeast as both can provide nutrition, and we used agar hydrogel as a substrate
because it is primarily composed of water with nutrition uniformly distributed inside,
allowing the mycelium to grow on its surface. To begin making it, we boil water and add all
the abovementioned ingredients into an Erlenmeyer flask. The thermal mixer keeps the
mixture at a high temperature so the water can dissolve all its solutes. We then used
aluminum foil to cover the Erlenmeyer flask and put it into an autoclave for sterilization at a
high temperature (123 <C) and pressure (24 psi). The flask is left to sterilize for 40 minutes.
When the sterilizing was finished, we took the Erlenmeyer flask to a cleanroom and waited
until the temperature cooled to around 45 <C. After using 75% alcohol wipes to clean the
Petri dish and glass rod, we stirred the contents of the liquid supernatant to keep the mixture
liquid at the same nutrition and agar content we set for. The solution, now ready, is poured
into Petri dishes and sealed with a laboratory film after cooling. At last, we put them into the

refrigerator and waited to inoculate the substrate with mycelium.
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4.2.2 Mycelium Species and Sample Preparation

To ensure that our study is general for different mycelium species, we prepared the four
species of mycelium, which are that of king oyster (P. eryngii), red reishi (G. lucidum), turkey
tail (T. versicolor), and velvet shank (F. velutipes.) All the initial mycelium liquid cultures are
brought from the online store, North Spore. These four species are usually used in
experiments and belong to white-rot fungi [228], [229], [230], [231]. White-rot fungi are
commonly used as a first choice because they degrade lignin in the cell walls of woody plants
to a greater degree than they do with cellulose [95]. Another reason to select these four
species is that they cover two out of the three hyphal categories: monomitic species (P.
eryngii and F. velutipes [210], [232]) that is comprised of only generative hyphae and trimitic
species (G. lucidum and T. versicolor [117], [233]) contain all three principal hyphae
(generative, skeletal, and binding hyphae) [122]. We used the liquid culture of those four
species in 20 g/L agar plates and settled them in a climate chamber, which is kept constant at
24<C and 90% humidity. Once the mycelium thoroughly colonized the Petri dish, we cut out
6 x 6 mm small samples. We put each on eight different Petri dishes of varying agar

concentrations to monitor their growth.

4.2.3 Time Lapse Photography Preparation
We set up a shelf in a dark room for a time-lapse and put the Petri dish on top of the rack, as
shown in Figure 4-2. The dark space is created through light-tight curtains, which is crucial

as the presence of light affects the growth of mycelium. We used transparent acrylic sheets as
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the surface of the rack to allow the GoPro to take snapshots from below. The reason behind
taking snapshots from below is that the top view is unclear due to the sealing films and
condensation water on the lid over time. A timer controls the light and only turns on for 3
minutes in an hour to take the pictures. We set the room temperature to around 22 <C with the
lab thermostat. The sealed petri dish will maintain the inner humidity to be ~100%. We used
ImageJ to measure the area of the substrate occupied by the mycelium to get the growth curve.
We summarized an example of the time-lapse photograph for all four species' growth on the
45g/L agar plate within 15 days, as shown in Figure 4-3. Generally, the G. lucidum and T.
versicolor only need five to six days to occupy the petri dish fully. However, the F. velutipes

cannot fully occupy the petri dish for fifteen days.
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Figure 4-2. The general process of making the mycelium agar plate (SEM images and
mycelium diameter distribution is next to each species) and setting the shelf for time-lapse

photography.

Day 1 Day 3 Day 5 Day 7 Day 9 Day 11 Day 13 Day 15

Figure 4-3. The time-lapse photograph for all four species' A. P. eryngii B. G. lucidum C. T.

versicolor D. F. velutipes growth on the 45¢/L agar plate within 15 days.

4.2.4 Characterization of Agar Gel Stiffness

It is reported in the literature that the increase in agar from 10 g/L to 40 g/L increases Young's
modulus by about 5 to 6 times [234]. To make the test result more reliable, we prepared 11
different types of pure agar plates of the concentration of agar, which are 10, 20, 22.5, 25,
27.5, 30, 32.5, 35, 37.5, 40, and 45 g/L. To test the material stiffness, we cuta 76.2 mm (3
inches) PVC pipe as a circular ring and stuck a same-sized round acrylic sheet on the bottom

to make a 10 mm high container for the agar solution to be poured into. We created a 10 mm
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diameter cylinder indenter that can be connected to the 50N load cell of the Instron 5966, as
shown in Figure 4-4A. The agar deforms under the action of a rigid axisymmetric indenter
pressed to the surface by an axial force through the indenter. Here, we use an indentation test

based on a Hayes model to test the stiffness of the agar plate. We calculate the shear modulus

[235] with the equation:
___ Qv F )
G= sax(va/h) & (4-1)

Where v is the Poisson ratio, F(N) is the indentation force, § (mm) is the indentation depth,
a(mm) is the indenter radius, h(mm) is the material thickness, and « is a geometry factor.
Values of k for a range of a/h and v have been estimated by Hayes, et al [236]. In our case,
we take the Poisson ratio as v=0.5, the same as that of incompressible water. We determined
our k value to be 1.947, based on Hayes's table [236]. Once we had the shear force for each
sample, we can calculate the shear modulus and then use the following function to calculate
Young's modulus, which is related by

E=2G-(1+v) (4-2)

We prepared samples and used the Instron machine to do the indentation test; the indentation
test curves (F — &) are summarized in Figure 4-5. Calculate the slope of each F — § curve
and substitute it into EqQ. (4-1) to get the shear modulus, then substitute the shear modulus
into Eq. (4-2) to calculate Young's Modulus. All results are summarized in Table 4-1 and
include all the parameters used in Eq. (4-1) and Eq. (4-2). Moreover, we summarized the
average Young's modulus for 11 types of agar concentration results as shown in Figure 4-4B.
Even though Young's modulus decreased with 35 and 37.5 g/L of the agar concentration,

Young's modulus generally increased as the agar concentration increased.
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Figure 4-4. A. The indentation test of the agar plate is on the INSTRON machine, and the
schematic drawing shows the details of the dimensions of the indenter and sample. B. The

average Young's modulus for 11 types of agar concentration results.

0. 0 1 4
<225/ -25 -275
04 0.4 og 08
03 03 _0E _U§
2 2 2 H
w w
“02 02 04 “oa
01 01 02 02
0 01 02 03 04 0.5 [ 0.1 02 03 04 05 0 0.1 02 03 04 0.5 0 0.1 02 03 04 05
& (mm) 4(mm) 4 (mm) 4 {rm)
1 1 15 1
- 32.5 gl -37.5 1]
12 12 12 12
_08 09 L 09
g g = g
w w w w
06 06 08 06
03 03 03 03
0 01 0z 03 04 05 0 01 02 03 04 05 o 041 02 03 04 0. 0 [:A] 02 03 04 05
7 (mm) 5 (mm) 3§ (mm) 4 (mm)
2
40 g/l [250]
18 2
12 _15
= B3
w w
0.8 1
04 05
o 01 02 03 04 05 0 0.1 02 0.3 04 05
4 (mm) 4 (mm)

Figure 4-5. The indentation test curve (F — &) for all the different agar concentration

samples.
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Table 4- 1. All the parameters for use to calculate the shear modulus and Young's Modulus,
and the average Young's Modulus results for 11 agar concentration samples. These results
were obtained by testing with a cylindrical indenter of 10 mm diameter, sample height of 10
mm and sample diameter of 76.2 mm, corresponding to the geometry factor k=1.947. The

Poisson's ratio of the hydrogel is assumed to be incompressible as v=0.5.

Agar Shear
Young's Average Young's Modulus
amount Modulus
Modulus (KPa) (KPa)
(g/L) (KPa)
5.92 17.76
10 6.50 19.50 18.14
5.72 17.16
9.68 29.04
20 7.50 22.51 25.50
8.31 24.93
13.87 41.62
22.5 14.70 44.09 44.95
16.38 49.14
24.41 73.23
25 23.12 69.37 74.71
27.18 81.53
27.60 82.81
27.5 22.27 66.82 75.04
25.16 75.48
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37.61 112.83

30 35.59 106.77 106.68
33.48 100.44
44.52 133.56

32.5 40.83 122.48 120.48
35.13 105.39
36.16 108.47

35 37.89 113.67 110.31
36.26 108.78
36.23 108.70

37.5 33.27 99.82 102.62
33.11 99.33
43.46 130.37

40 41.18 123.54 138.00
53.36 160.09
64.09 192.26

45 64.59 193.77 183.43
54.76 164.27

4.2.5 Imaging with a Scanned Electronic Microscope (SEM)
All the samples must be dried before the coating and imaging. We use a freeze dryer and
sublimate chills to -84 degrees Celsius. After freeze drying, the samples are placed on a 9 mm

high and 10 mm diameter cylinder for further coating and imaging. Scanning electron
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microscopy (SEM) measurements were performed using a field emission JEOL JSM-5600
(acceleration voltage, 10kV). Before imaging, the samples were coated with ca. 10 nm of
gold via thermal evaporation to increase surface conductivity and, thus, image quality. To
visualize the mycelium penetrating the agar substrate, we freeze-dried the sample piece
before cutting through the middle of the sample. The mycelium sample is thoroughly dried to
prevent it from attaching to the knife and mistakenly brought down to the interface between

the agar and mycelium.

4.2.6 Monte Carlo Simulation of Mycelium Growth

Different environmental factors, such as temperature, pH, moisture, nutrient content, and
concentration, can affect mycelium growth rate. Studying all the factors using the experiment
is difficult since growing mycelium in laboratory conditions requires a relatively long time.
Thus, developing a simulation method can be applied to run multiple repetitions and generate
large amounts of data on varying input parameters that model the environment. The Monte
Carlo (MC) algorithm simulates the mycelium growth on the agar plates in this study. The
Monte Carlo method is a widely used computational algorithm that models the probability of
different outcomes in processes involving random variables. It is a general-purpose technique
applicable across various fields, including physics, engineering, and biology, and is not
limited to simulating mycelium growth. Figure 4-6 demonstrates the logic flow behind this
algorithm. It simulates the random trial for the fiber extrusion and branching events, with its
acceptance controlled by a Metropolis-Hastings criterion for each MC step. The simulation

mimics the growth of mycelial networks and involves hyphal elongation and branching.
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Apical branches, or leading hyphae, are typically responsible for colonization and nutrient
acquisition, while lateral branching behind the growth front supports the exploitation of
resources [237]. Input parameters of the simulation include nutrition range, nutrition amount,
lattice length (I, which defines maximum extrusion length in each trial), kg T (thermal
fluctuation energy), linear stiffness K for fiber stretching, stiffness B for fiber bending, the
energy given from each nutrition point §E, and total time steps. Before running the
simulation, we initialized the conditions, including spore location and random distribution of
nutrition points according to the range and density. Then, for every time step, we compute the
driving energy for a fiber to grow, Ey = 8§E /(4md?) as the nutrition the fiber absorbs from
the nearest nutrition point with a distance d. The nutrition of the fiber growth is given by

E; = %Kl2 + %BQZ, where @ is the bending angle of the fiber during extrusion. We use Eq.

(4-3) to determine the probability of accepting the extrusion attempt as p.

_Eq(KBLO)-Ey

p=e kpT (4-3)
After that, we need to determine if a fiber already takes the target spot by considering if there
is an existing fiber within the cut-off distance d ;o r. Having deye—o s>l Will prevent

fibers from penetration, while d ;o = 0 will allow the penetration. Moreover, for d <,

we consider that the fiber fully reaches a nutrition point and will branch at its growing point.

When we calculate the area of the growth area, first, we select the maximum and minimum
point of the mycelium growth points and circle out a rectangular area for it. Then, we divided
the rectangular area into 1000 rectangular regions along the x-axis to have a §x. To accurately

calculate the whole area occupied by the mycelium, we select the maximum and minimum

86



points of the occupied points with each of the rectangular regions y; nax — Yi min- Then, we

use A = Y129°(¥; max — Vi min)0x to compute the total mycelium growth area.

Repeat for all Initial state °
time steps '
2 While t < tenq | l

(Each grow point )
coordinate X, (t)
\_ Wwhilen <N

Repeat for all
grow points

(Random number )
( while0 <p <1 |

s

_Eg—EN | '
ifp<e Kk |

(ifEy > 2E, | Y

[Save grgw path]
L t=t+At

Figure 4-6. The flowchart of Metropolis-Hastings Monte Carlo algorithm for mycelium

growth from a single point to a complex network.

4.3 Results and Discussion

We summarize our experimental setup as in Figure 4-2. Several trials have been performed
before we identify the final setup of our time-lapse recording stage. We clamped the camera
under the petri dish to get clear pictures despite the water condensed on the inner lid of the
petri dish. We used a timer to control the light and made it only on during the picture-taking
stage (1/20 of the total time) as we found that most mycelium stopped growing under the
light. We used a black curtain to cover the entire experimental setup to prevent the other room
light in the lab from affecting the mycelium growth. Using this general setup, we managed to

monitor the growth of different mycelium species for up to 18 days, with a frame rate of 1/
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hour. We found that other species exhibited different growth rates. Some fast-growing
mycelium need only five days (G. lucidum and T. versicolor) to fully colonize a Petri dish,
while P. eryngii needs ~10 days, and F. velutipes needs ~18 days to colonize fully. We took
Scanned Electronic Microscope (SEM) images to understand if the microstructure correlates
to the growth rates (Fig. 4-2). We find the monomitic hyphal (P. eryngii and F. velutipes [210],
[232]) has a more uniform fiber diameter than the trimitic hyphal (G. lucidum and T.
versicolor [117], [233]). Even though there is no direct conclusion in the literature telling
which hyphal system grows faster, our results show that the trimitic hyphal grows faster than
the monomitic hyphal. Different types of hyphae in trimitic systems may influence these
growth processes, with generative hyphae promoting rapid growth and the addition of

skeletal and binding hyphae for the resilience of the network [238].

To make the experiment more time efficient, we include multiple Petri dishes within the same
batch for the growth test at the same time, as schematically shown in Figure 4-7A. The
growth of G. lucidum on a substrate of 20 g/L agar concentration that corresponds to Young's
modulus of 25.542.7 kPa, is given by the four representative time-lapse images as shown in
Figure 4-7B. We can see that the mycelium fibers grow radially outwards from the initial
inoculation square. For each of the time-lapse images, we measured the total area (A)
occupied by the mycelium network at different times (T) by drawing a closed envelope curve
around the agar substrate occupied by the mycelium and integrating the area of the envelope,
as summarized in Figure 4-7C. The A-t function allows us to monitor their growth from the

initial agar block until they fully colonize the Petri dish or stops growth. For this substrate, G.
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lucidum requires only seven days to colonize the Petri dish fully. The growth rate is slow at
the beginning, exponentially grows, hits its maximum value from Day 3 to 5, and then slows
down from Day 5 to Day 7. It is reasonable as the initial growing curve is dominated by Z—f «
A as the growth rate of the mycelium is driven by the nutrition it absorbs from the occupied
area, leading to an analytical exponential solution for the initial growth. At the end of the
growth, the curve slows down because of the boundary confinement by the Petri dish of 80

mm diameter, which limits the maximum occupied area to 5026 mm?,
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Figure 4- 7. A. The schematic figures of mycelium growth on different days, and the G.
lucidum mycelium grows in the Petri dish until fully colonized. B. The images taken during
the growth of G. lucidum at different time. The red dash lines are used to compute the
occupied area. C. The growth curve (solid line) and exponential fitting curve (dotted line) of

P. eryngii growth on the 20 g/L agar plate.

Considering both the exponential growth of A before the middle point of the curve, as well as
its convergence to a limiting value for large T, we construct the following empirical function

to simplify the A-t relationship:

=’ o

where T(hour) is the time of taking a frame, A(mm?) is the occupation area of the mycelium,
T,, a and b are fitting parameters, with b(mm?) is the limiting occupation area (4 = b for

T = ), T,(hour) the approximate middle point of the curve (4 = gwhen T =T,) and
a(1/hour) the shape of the fitting curve. It is shown that Eq. (4-4) can be used to fit the
growing curves of different species well (Figure 4-7C and Figure 4-8). Using the value of

the fitted parameters, the mean growing speed is given by v = % (mm?/hour).

90



A 6 00 6000
i recA AT
T 5000 o~ 5000 /7 ¥
f
|/ == 4000 I 00 /14
}' £ ® J “ §i7
74 £ , i/
F £3000 / Y P e
) < F 4 F 2
0 &y 2000 J 2000 il
10 30 35 —40 10 30 35 —40 10 30 35 40
1000 EXPt10 EXPft30 ~ EXPf35 --EXPfitdo) 1000 fI-EXPi10 EXPft30  EXPfit35 --EXPfitd 1000 A EXPR10 EXPR30 EXPRIS - EXPRt4
20 325 ars 45 20 325 —375 45 yo = 325 —315 45
EXP 120 EXP 1 325-- EXP 1 37.5- EXP ft45) » EXP 20 EXP 325 EXP 375 EXPfds| ___ﬁ,/ EXP fit 20  EXP it 325-- EXP it 37.5- EXP fit 45|
0 0 v 0
0 S0 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
T (hours) T (hours) T (hours)
B w0 600 5000
—— o= SEEEE
5000 q 5000 f 5000 F
/ 4000 000 ,’,/
s E 3000 | o i
ST = ’;
< - < b/
0 2000 :
10 30 35 40 10 30 35 40 / —10 30 35 —40
EXPit10 EXPft30 — EXPHt35 --EXPfit40 1000 EXPft10 EXPft30 EXPft35 —EXPR4O| 1000 # EXPR10 EXPH30 EXP35 --EXPft4
—ar. 4 " 20 325 —375 45 Vi 20 25 375 45 |
EXPfit20 EXPfit325 gé? fit 37.5- - EXP fit 45§ . / EXPfit20 EXPfit32.5-- EXP fit37.5-- EXP fit 4J - __,‘/ EXPfit20 EXPfit325--EXP 375 - EXPfit 4%1
0 150 200 250 300 350 400 450 0 S0 10 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
T (hours) T (hours) T (hours)
C o D e
e s y T
& S
/‘
4
4
3000
: /AR
2000 - i
o 30 35 —40 ~10 30 3 —40
EXPft10 EXPft30 EXP fit 35 EXP fit 40} 1000 EXPft10 EXPfit30 EXP fit 35 EXP fit &
20 325 75 45 20 25 —37 45
EXP 120 EXP it 32.5-- EXP it 37.5- EXP fit45 EXP it 20 EXP fit325-- EXP fit 37.5-- EXP fit 45
100 150 200 250 300 350 400 450 "] 50 100 150 200 250 300 350 400 450
T (hours) T (hours)

Figure 4-8. The growth curve (solid line) and exponential fitting curve (dotted line) of A. P.
eryngii (repeating test #1, #2, #3), B. G. lucidum (repeating test #1, #2, #3), C. T. versicolor,

and D. F. velutipes.

We repeated the tests for all the mycelium species for agar substrates of different Young’s
modulus (E) that is realized by using different agar concentrations. P. eryngii (Fig. 4-9A)
shows the monotonic v-E relationship, as increasing Young's modulus led to a higher mean
growth rate. The other three species (G. lucidum, T. versicolor, F. velutipes) also showed that
Vv tended to increase for higher Young’s modulus, but the relationship fluctuated for
intermediate stiffness. For each of the four species we tested, the highest growth rate was also
obtained for the substrate of the highest E. For example, the highest growth rate given by all
four species is 39.142.0 mm?/hour, obtained from G. lucidum (Fig.4-9B) on the substrate of
the highest E, 183.4+13.6 kPa, for an agar concentration of 45 g/L. We analyze this 7-E
relationship with an exponential function as
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E
¥ = Voo — (Voo — Vg)e Eo (4-5)

where v,, is the theoretical limiting growing speed at highest E value (E - o), v, is the
growing speed at lowest substrate stiffness £ = 0, and E,, is the critical substrate stiffness that
yields 63% that of the growing speed increment from v, to v,. It is noted that the stiffness of
an agar substrate cannot reach £ — oo and thus E, provides a very useful practical value to
choose optimal substrate stiffness. The fitting results, as summarized in Figure 4-9, show that
both P. eryngii and G. lucidum faster on stiffer substrate. According to the fitting results, P.
eryngii’s growth is greatly accelerated at E, = 11.2 kPa, with the theoretical limiting rate of
Ve = 21.61 mm?/hour. G. lucidum is greatly accelerated at E, = 92 MPa, with the
theoretical limiting rate of v,, = 2045 mm?/hour, which is two orders of magnitude higher
than P. eryngii. Such a critical stiffness is like the stiffness of natural wood but is two orders
of magnitude higher than that of our stiffest agar substrate. It needs to be cautious that such a
high v, is pure hypothetical prediction based on the low stiffness of agar substrate, as the
maximum E value in the experiments is 183.4 +13.6 kPa. Preparing a uniform substrate on a
Petri dish with a higher agar concentration was too difficult as the material becomes too thick
to handle. The low R? value of the G. lucidum fitting function also suggests that the stiffness
given by the agar substrates for G. lucidum is probably far from the favorite stiffness to

identify the exact fastest growth rate on surface.

Besides G. lucidum, T. versicolor (Fig. 4-9C) gives the second fastest growth rate for most of
the samples. In contrast, the F. velutipes (Fig.4-9D) has the slowest growth rate. Moreover, to

mimic the best environmental conditions for mycelium growth and observe the mycelium
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growth rate, we culture the mycelium in the climate chamber (24 with 90% humidity), as
shown in Figure 4-10A. We inoculated the P. eryngii and G. lucidum on the 20g/L agar plate
in the climate chamber, which prevents us for taking the time-lapse photo and too frequent
visiting. Instead, we took a daily picture to record the mycelium growth area, as shown in
Figure 4-10B. Within seven days, two species fully occupied the petri dish and G. lucidum
only needs five days to fully growth. Once we have all the pictures, we measure the growth
area and use Eq. (4-4) to calculate the mycelium growth rate, as shown in Figure 4-10C. The
results show that G. lucidum has a higher growth rate (36.6 mm?/hour) than that of P. eryngii
(20.5 mm?#/hour). These results obtain from well inoculation condition agree well with our
results obtained from time-lapse bench tests, suggesting that our time-lapse setup provides a

suitable growth environment compared to that within the climate chamber and the results are

reliable.
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Figure 4-9. 7-E relationship obtained from three batches of experimental repeats for
individual substrate stiffness and different mycelium species: A. P. eryngii, B. G. lucidum.
Error bars are given for the standard deviation of the substrate stiffness with same agar
concentration (horizontal) and the standard deviation of v obtained from the repeating
growing tests on the substrates of the same agar concentration (vertical). The exponential

decaying curve fitting function is obtained for all the test results for P. eryngii is 7 =

E
21.61 — 34.45¢ 11z (R? = 0.618), and that for G. lucidum is 7 = 2045 —

E
2013e 92000 (R? = 0.041). It is noted that each data point in the plots is obtained from an

individual growth experiment. (detailed growth and fitting curves are summarized in Fig. 4-
8). The plot of the growth rate that based on the agar stiffness for the C. T. versicolor and D.

F. velutipes as the comparison group.
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Figure 4-10. A. The HPP260ECO MEMMERT constant climate chamber is used to culture
the mycelium. B. The P. eryngii and G. lucidum growth pictures within seven days. C. The
growth curve (solid line) and exponential fitting curve (dotted line) of P. eryngii and G.

lucidum.

Our results show that the mycelium grows faster on a stiffer substrate, which is the most
important observation from our work. This observation is opposite to the growth of a biofilm
by bacteria. Bacteria barely move or exhibit active movement on rigid agar plates, whereas,
on soft agar plates, they actively move on their own [217], [239]. For example, Bacillus
subtilis and Escherichia coli hardly move on a medium-hard substrate but quickly move on a
soft one [240], [241], [242]. To investigate why mycelium grows faster on a stiffer substrate,
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we cut out a small piece from the P. eryngii mycelium agar plate for both soft (10 g/L with
E=18.1+1.0 Kpa) and rigid (45 g/L with E=183.4+13.6 kPa) agar plates. We freeze-dried
these pieces for 48 hours, as shown in Figure 4-11A, before taking SEM images. Our SEM
images show that for soft agar surfaces, the mycelium grows into the substrate by penetration
from the mycelium-agar interface, which is demonstrated in Figure 4-11B, as the mycelium
grows into the agar substrate and their fibers are identified with the unique clamp connection
with the substrate. The images for growth on the rigid agar plate showed in Figure 4-11C,
with no penetration into the substrate, and all the mycelium fibers were found to grow on the
substrate surface. Therefore, on a rigid substrate, mycelium only tends to expand on the 2D
plane with the growing edge defined by the periphery that is proportional to the radius (r) of
the occupied area, while the mycelium grown on the soft substrate, the growing edge is
defined by the periphery of 3D semi-sphere that is proportional to r? of the occupied area,

causing the faster growth rate on the rigid substrate (Figure 4-11D).

Agar
surface

Mycelium
surface

Mycelium
Agar plate

Agar
surface

Mycelium
surface

Rigid

Figure 4- 11. A. The schematic of the sample for imaging the cross-section of the mycelium
agar plate preparation for SEM. B. The sample of mycelium growth on the soft agar plate
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with the sputter coating. The SEM shows the unique structure of the mycelium, which is a
clamp connection, and the mycelium is growing vertically into the agar plate. C. The sample
of mycelium growth on the rigid agar plate with the sputter coating. The SEM shows the
unique structure of the mycelium, which is a clamp connection, and the mycelium only grows
horizontally on the agar plate surface. D. The schematic of mycelium growth on the soft and
rigid agar plate. On the soft agar plate, the mycelium growth shape is a 3D structure of a

semicircle. On the rigid agar plate, the mycelium only grows a layer on the agar plate.

We develop and use a Monte Carlo (MC) algorithm on the 2D plane to simulate the
mycelium growth on an agar plate, whose conditions depend on input parameters. MC
simulations use random sampling and statistical modeling to estimate mathematical functions
to mimic the operations of complex systems [243], [244]. It is especially suitable for
simulating the mycelium growth pattern since its growth at every point is arbitrary, modeling
the growth. The random growth of the mycelium network is summarized in Figure 4-6 as the
assembly of repeating hyphal elongation and branching from the initial growth point (details
in the Method part). We repeat this simulation to compute the growth rate of the network by
keeping all the parameters the same but adjusting the cut-off distance from lattice length (1) to
zero, tuning the random growth of the fibers from no penetration to penetration allowed
between neighboring fibers. The cut-off distance within the MC simulation effectively
models the stiffness of the agar. As for rigid substrates, penetration is not permitted, and all
growth is restricted within the 2D surface. Still, for softer substrates, penetration of fibers is

fully allowed as the fibers grow into the agar, as observed in SEM images. Using the
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simulation, we find the same trend as in the experiment: when using a cut-off that prevents
penetration for a rigid substrate, the growth rate is higher than the result for a soft substrate.
We compute the occupied area (A) without considering the fiber density, which is the exact
definition for our experimental study. We summarize A as a function of MC step in Figure 4-
12A. A consistently higher growth rate is seen when all movement is restricted to the
substrate's surface, which prevents the fibers' penetration. Moreover, we select four
representative stages of the mycelium growth of simulation and show these snapshots in
Figure 4-12B. In the substrate with penetration, the mycelium will grow denser than the
substrate without penetration, and the thicker part corresponds to the in-depth growth of the
mycelium in the substrate. The inserted figures in Figure 4-12B clearly show how the cut-off
distance significantly changes the local fiber interaction as well as the network geometry and

causes the difference in A for the same number of MC steps.
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Figure 4- 12. A. The area-time relationship obtained from the Monte Carlo simulation of
mycelium growth with (for soft substrate) and without (for rigid substrate) penetration. B.
Simulation snapshots taken during the mycelium growth on without (I, 11, 111, and IV) and
with (i, ii, iii, and iv) penetrating substrate as indicated on the A-T curves as given in panel A.
The inserted Figures show the structural difference of the mycelium grow on different
substrates. The blue stars correspond to the initially randomly distributed nutrition points, the
green network is for the mycelium, and the blue block is for the clamp connection within the

mycelium fiber for the potential growth and branching point.

In summary, we try to keep all the other environmental factors and only vary the substrate
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stiffness to investigate how it affects the mycelium growth rate. We consistently find that for
all the species in our tests, mycelium grows faster on a rigid substrate than the soft one. We
conclude that different mycelium species can yield very different growth rate and G. lucidum
gives the highest growth rate out of all the test species. Moreover, P. eryngii exhibits the most
consistent sensitivity about substrate stiffness. According to the fit curves in Figure 4-9 and
the physical meaning of the parameters as given by Eq. (4-5), it is shown that the substrate
stiffness above 11.2 kPa can significantly accelerate the growth of P. eryngii. In contrast, the
growth rate of F. velutipes and G. lucidum does not significantly vary within the variation

range of our agar substrates.

Using both SEM characterization and Monte Carlo simulations, we identify the mechanism
behind fast growth of mycelium on a rigid substrate as it prevents the fiber from penetrating
the substrate and confines the growth within a 2D surface, making the network only able to
extrude from the periphery of the occupied area. Soft substrate cannot provide the necessary
structural support, causing fiber penetration into the substrate and irregular growth patterns

(other than radial expansion), which slow down the growth rate.

Myecelium has recently been shown to be a promising material for forming functional
composites and surfaces by growing from biomass. It provides an economically efficient and
environmentally friendly way to develop new materials. Its growing rate is an essential factor
to consider as it can significantly accelerate composite production. Considering its geometry

as a collection of branching, thread-like hyphae, its growth is complex and varies depending
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on the species of fungus and the complex environmental conditions. For the millions of
mycelium species in the natural world, it is challenging to determine which species of
mycelium can be used to occupy a certain biomass rapidly and generate the composite
material thereafter. It is, therefore, essential as we move forward to identify their growth rate
in different mechanical environments. Our study of the different mycelium species, substrates,
and their relationship with environmental factors can help quantify the genotype-phenotype
relationship of the mycelium network, as well as the correlation between mycelium growth
and composite properties within the limited amount of time, which will be essential to

guarantee the scalable composite production.
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CHAPTER 5. MYCELIUM-BASED WOOD COMPOSITES FOR LIGHT WEIGHT

AND HIGH STRENGTH BY EXPERIMENT AND MACHINE LEARNING
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5.1 Introduction

Wood composites are an ever-evolving product sector increasingly used in various
engineering applications, and their demand has been on an upward trend for decades [245].
Wood composite is a broad term that encompasses a vast array of composites composed of
wood sheets, fibers, and particles integrated via different adhesives (e.g., medium-density
fiberboard [MDF] and particle board, plywood, oriented strand board, and wood polymer
composites) [246], [247], [248], [249], [250]. They are often used as a substitute for natural
wood for non-structural applications (e.g., fencing, decking, furniture, temporary construction,
floorings, windows, and doors) [251]. The new generation of the wood composite can be
multifunctional by incorporating fibers from different wood species with engineering fibers
(e.g., glass, carbon, plastic) and adhesive resins [252], [253], [254], [255]. Functions beyond
the natural wood can be realized during the manufacturing process by design (e.g., any
thicknesses, grades, size, and exposure durability to UV, high temperature, etc.) [256], [257].
Wood fibers are the main component that contribute to the low cost of the composite material
because most of them are conventionally treated as wastes, fuels, or landfills (e.g., cotton,
flax, or hemp from crops, Christmas trees, landscaping, wastepaper, and agriculture
byproducts or regenerated cellulose fiber [258]). These wood fibers lack intermolecular
interactions that bind them to form a bulk material as hemicellulose and lignin do in natural
wood [259]. Thus, the production of wood composites depends on the source and physical
properties of these foreign adhesives that are added during manufacturing, which in turn
affect the material functions (e.g., mechanical, thermal, chemical) and environmental impact

(e.g., embodied carbon) of the composites [245], [260], [261], [262].
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Synthetic wood adhesives are widely used in the wood composites industry. Still, they have
disadvantages, including durability to humidity and aging in time, causing warping to wood
structures, as well as long-term environmental effects, including carbon emission during
material synthesis; the slow release of formaldehyde, which is hazardous to human health
[263], [264], [265]; and a higher fire hazard than solid wood [256], [266]. Moreover, these
synthetic adhesives are derived from non-renewable sources (e.g., petroleum and natural gas)
[267], [268] that are limited by their storage. There is a growing interest in developing eco-
friendly wood adhesives (e.g., lignin-, starch-, and protein-based adhesives) derived from
renewable sources [262], [269]. They have a high molecular weight and are fully
biocompatible and biodegradable.26 Lignin is a suitable wood adhesive for its phenolic
structures [269] and forms hydrogen bonds to cellulose and other desirable material features,
including high hydrophobicity, a low glass transition temperature, and low polydispersity
[270], [271], [272]. Its adhesion strongly depends on the molecular structure and, thus, the
mechanics of the adhesive [273]. Starch is another natural adhesive that is available in most
plants. It is cheap, easy to process, and forms an excellent thin film with strong adhesion. It
was used for plywood manufacturing years ago [274], [275]. However, starch-based
composites have poor water resistance and a slow drying rate [269]. Protein-based adhesives
have high viscosity, short pot life, and high sensitivity to water, and their material functions
are sensitive to the sequence. Although it is possible to predict the protein structure from its
sequence with machine learning algorithms [276], its adhesion function at a large scale is still

far from the molecular structure, making it elusive what key protein sequences are optimized
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for wood adhesion [269], [277], [278].

Mycelium, another adhesive for wood composites, has attracted broad industrial interest in
recent years [28], [279], [280], [281], [282]. Mycelium is the vegetative part of a fast-
growing, regenerable fungus, consisting of a network of fine white filaments of 1-30 um
diameter [185]. It grows in the form of numerous branching fibers, attaching itself to the
medium in which it grows [283]. The medium can be agricultural waste or any other material
capable of providing nutrients for growth, such as wood, straws, husks, chaws, and bagasse
of the mycelium [29], [50], [117]. The mycelium multiplies and produces numerous self-
assembled bonds in the form of tiny fibers called hyphae, which cover the entire loose
substrate and digest the substrate during its growth, binding it into a strong and natural
composite [23], [35], [39]. Mycelium-based biocomposites have similar strength to expanded
polystyrene (EPS) and are biodegradable [33], [36]. Various properties of mycelium-based
composites make it useful for different applications such as thermal and acoustic insulation

[10], [12], [38].

Here, we explore an efficient way to produce a mycelium-based wood composite with
outstanding mechanical properties. Figure 5-1 shows the general structure of mycelium from
microstructure to macroscale. Our results of the tensile test show that the mycelium-based
sample has a higher ultimate strength. Moreover, our machine learning model provides a
more reliable range of treatment conditions that can guide the wood composite synthesis for a

specific mechanical function. Our study sheds light on developing new wood composites
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made of mycelium instead of polymer adhesives, leading to environmentally friendly

materials for wide engineering applications.

Day 21

Day 14

Grain spawn (preparation for
growth in the bulk substrate) |
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Figure 5-1. Multiscale structure of the mycelium in our study. From the bottom left, the
figure shows the SEM image of the mycelium network and mycelium's unique structure (i.e.,
thin straight fiber with clamp connection), as well as the two figures of the wet mycelium
sample's growth on day 3 and day 7 in the culturing disk. The schematics show the general
process of preparation, including growth of mycelium in petri dish, jars, move the incubated
mycelium on the rye from the jar to the larger substrate and heat press for samples for

mechanical tests.
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5.2 Experimental Method and Procedures

5.2.1 The General Information of Experiment

The general process of our experiment is that we grow the mycelium of P. eryngii on stalk (S)
particles and fibers. We use a heat press to turn the mixture of the mycelium and growing
medium into mechanical samples in different processing conditions and characterize their
mechanical functions. We use machine learning, enabled by an artificial neural network, to
build a model based on the experimental data that predicts the key mechanical features of the

composite for different treatment conditions.

5.2.2 Preparation of Mechanical Samples

We first culture the spore on agar substrate for 7 days before cutting them into small pieces
and mixing them with the grains in jars for another 7 days until the white fibers occupy most
of the space in the jar. We then migrate the grains with the mycelium to the culture bag filled
with the stalk (S) substrate (weight ratio 1:5; Figure 5-2). We keep the culture bag at room
temperature (around 25<C) and use the ultrasonic humidifier to generate water mist to keep
the growth environment at high humidity (relatively 98%) for 14 days (abbrev. SM). For
control, we prepare a substrate material by mixing pure Ss with wet gains with the same
weight ratio (5:1) and allow them to rest in the growing environment for 7 days to obtain the
combination without mycelium fibers (abbrev. S). For the hardwood mixed with coffee
grounds and mycelium (abbrev. HCM), we also culture the kit for 7 days in the same high

humidity condition.
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To ascertain whether mycelium can or cannot improve the material’s mechanical properties,
we prepare three different materials for the tensile test: S, SM, and HCM. Figure 5-2 B
shows the three different materials. We use these three different raw materials for mechanical
tests. We take ~200 g raw materials each time into a blender, add 200 g water, and blend the
mixture until it becomes mushy. Next, we place a portion of the mixture in an aluminum dog
bone-shaped mold and compress the upper layer of the mold against the bottom layer by
using a 10-ton heat-press machine with the hydraulic hand pump, as shown in Figure 5-3 A,
to perform the heat press and make the dog bone samples. The remaining mixture is stored in
a sterilized plastic box in the refrigerator to keep it at a lower temperature before the heat

press.
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Figure 5-2. A. Mold design drawing (left) and model(right) B. Three different materials:
stalk (S), stalk with mycelium (SM), and hardwood mixed with coffee grounds with

mycelium (HCM) (from left to right.)

5.2.3 Mold Design

We design a two-part mold to make the mycelium-based bio composite sample of a type 1V
dog bone-shape according to the ASTM D638 standard. The sample has a shoulder at each
end and a gauge section, which causes a stress concentration to occur in the middle when the
sample is loaded with a tensile force. Figure 5-2 A shows the aluminum mold, including the
top and bottom parts, which are all aluminum. For the top part, the length of the dog bone
shape is 114 mm, the width at the two ends is 18 mm, and the width of the narrow part in the
middle is 5 mm. The effective pressure area of the top part is 1,370.11 mm?. We design the
corners and the connecting parts into a curved transition because of the mechanical
requirements. To make it easy to remove the upper part after heat press, the length and width
of the bottom groove part are all longer than the top part, about 1.7 mm. We polish the side of
the top of the dog bone-shaped mold about 1 =from top to bottom. We also open four holes at
the bottom part and make an aluminum plate that could be put into the bottom part. To
prevent the mycelium-based material adhesive from sticking to the top part of the aluminum
plate after the high-temperature baking, we cut aluminum foil in the dog bone shape and

place it inside the mold before placing the materials.
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5.2.4 Heat-Press Procedure

The press machine connected with the proportional-integral-derivative (P1D) temperature
controller box allows us to set different temperatures (Figure 5-3 A). We select three different
temperatures for each material (i.e., 80<C, 90<C, and 100<C) and three different applied press
forces, which are 1, 2, and 3 metric tons. We convert the applied force to the pressure on the

sample with

Opress = ~2t (5-1)
Where a,,.¢5s and Fy 4. are the normal stress and force applied on the top surface of the
sample, respectively, A = 13.68 cm? is the area of top surface of the dog-bone sample. The
three applied pressure lead to pressure of 6.75, 13.51 and 20.27 MPa, respectively. For each
sample, we set the targeting temperature first. When the temperature reaches the one
designated, we put the mold with material on the bottom plate of the machine and begin to
apply the pressure. We use the paper towel to wipe off excess water squeezed out after
applying the target load. We allow the machine to bake the sample until the time that we are
setting and then take the mold off the machine. Usually, the press machine will drop the
pressure automatically, so we need to apply the pressure so that the machine will stay at the
aim load that we set. For each material (i.e., S, SM and HCM), we have three different
temperatures combined with three different pressures for each material. We set the five

baking times for each combination: 1, 2, 4, 8, and 16 hours. We have prepared 45 samples for

each material for mechanical tests.
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Mycelium (yellow) -
with different
substrate (green)

Figure 5-3. Processing of mycelium-based wood composites and their microstructural
features. A. The general process of the experiment. The dog bone samples shown in the
Figure are made with three different materials based on the 80 centigrade and 6.75 MPa
pressure combined with five different baking times, which are 1 hour, 2 hours, 4 hours, 8
hours, and 16 hours. (material — mix with water — mushy material — heat press machine —
test samples — Instron machine — broken samples) B. The SEM image of mycelium-based
bio-composite material at room temperature dried for a month (left) and after the heat-

pressing of 90 <C, baking time 16 hours, and 20.27 MPa pressure (right).
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5.2.5 Tensile Test and Density Measurement

We perform the tensile tests on each dog-bone sample with an Instron 5966 machine (10 kN
static load cell, 1 kN pneumatic grips with 90 psi (0.62MPa) holding pressure) to obtain its
stress-strain curves in tension. We measure the initial sample length as the distance between
the edges of the two grips as L, before the test. The lower grips are fixed, and the upper grips
move at a constant displacement speed of v = 0.5 mm/min during our tests. The traveling
distance of the upper grips is given by d at any time after the test starts, updated for every
0.02 seconds, and the engineering strain of the sample is defined by € = %. The load cell
records the loading force f and computes the engineering stress with o = ;—0, where A, is the
initial middle part cross-section area of the testing region of the dog bone sample. The test
automatically stops when the sample is broken. We use the e — o datafrome = 0to e =
0.001 to perform the linear fitting and measure the slope of the fitting curve to calculate
Young's modulus. We measure the maximum stress of the entire € — ¢ curve as the ultimate
stress. We measure the area under the entire stress-strain curve to obtain the toughness
modulus. We measure the total weight of the sample m and use the equation p = % to
calculate the sample density, where A is the area of each sample and t is the average sample

thickness which is taken by a micrometer for several times at different places for average.

5.2.6 K-means Clustering before Machine Learning
Due to the limited number of tests (N=135) and randomness in the experiment, we could not
directly predict the numeric values of all the specific mechanical properties with a high

accuracy. We categorize the test samples for each of their material properties (i.e., p, oy, E,
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Ur) into five levels (scale 0 to 4) by using K-means [284], [285], [286], [287]. K-means
clustering is an algorithm to cluster objects based on certain attributes into a pre-determined
number (K) of clusters. The grouping is done by minimizing the sum of squares of distances
between individual data and the corresponding cluster center, calculated by averaging all the
data within the cluster. It is an iterative procedure that refines the groupings in multiple steps,
each improving the cluster quality [288]. We use the squared Euclidean distances to calculate
the distance between each data point to the cluster center. By multiple iterative to get the
relatively good cluster. Moreover, since the number of our experiment results is only 135, to
avoid uneven grouping, we set a minimum of 25 data in a group, allowing each group to have
the similar amount of data. We build a tri-layered neural network model with a uniform layer
size for each layer, as the number of hidden neurons, to find the correlation between the
processing conditions and a material property. Using 70% for training and 30% for testing,
we adjust the layer size from 10 to 100 to obtain a highest testing accuracy without
significantly overfitting. We end up with layer sizes of 100, 10, 40, 10 for models in

predicting oy, E, Ur, respectively.

5.2.7 K-means Clustering for Scanning the Promising Processing Conditions

After massively predicting and compute the ay;/p, E/p, Ur/p values for the 100,000 sets of
feasible processing conditions, we normalize the processing conditions and the predicted
specific mechanical properties by computing the standardizing values (z-scores) for each
dimension and use them to categorize the different processing conditions and a specific

mechanical property (for same skewness and kurtosis [289], [290], [291]). We increase the
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number of clusters (k) to determine when the mean value of the cluster that correspond to the
highest specific mechanical property converges to a constant level. It is shown in Figure 5-4
that k = 49 yields the convergence for all specific mechanical properties for different raw

materials. We use k = 49 to filter out the cluster of the highest specific mechanics values and

highlight these data points.

o 3500

2
0 25 55 ] 25 5 0 25
K value K value

K value [
ay/p (fe) E/p (/e) Uz/p (fe)

Figure 5-4. The last cluster's mean value which based on the different k values. Stalk (S);

Stalk with mycelium (SM); Hardwood with coffee grounds with mycelium (HCM).

5.3 Result and Discussion

5.3.1 Wood Composites Samples from Different Substrates

To investigate how mycelium can be used as a general adhesive for different wood-based
substrates, we prepared three other substrate materials to make mechanical samples. To
innovate the mushroom species that use in the existing experiment. We use P. eryngii known

114



as king oyster. It is not only because spores grow the mycelium, are easy to grow, and have
high yield but also because it is the same genus as the Pleurotus ostreatus [185], [292]. The P.
ostreatus is the most common species used in the experiment [95]. Ensuring the success of an
experiment can be achieved by using fungi belonging to the same genus. The number of
known fungal species alone exceeds 150,000, and scientists estimate that several million
additional species could be yet to be discovered [125]. This vast diversity of fungi highlights
the need for a systematic approach to experimental design, with careful consideration given
to the selection of appropriate fungal strains. Choosing other species from the Pleurotus
genus can avoid performing the same experiment with other researchers. Moreover, the P.
eryngii has been used to develop fungus-based aerogels for green thermal insulation materials,
thermal management materials for electrical devices, durable acoustic materials, pollution
adsorption materials, etc [293]. Therefore, P. eryngii is a suitable undeveloped species that
can be applied to our experiments. The S and SM are prepared by us. For comparison, we use
the commercial mushroom grow kit [294], a mixture of wheat bran, hardwood saw dust (fruit
wood), spent coffee grounds and other agriculture wastes for growing substrate and P. eryngii

mycelium.

We used these three different raw materials and converted them into mechanical samples for
testing. Figure 5-3 A summarizes the key steps: we mix each of the raw materials (i.e., S, SM,
HCM) with water by using a blender until the material becomes uniform sludge, transferring
the sludge to a dog-bone sample mold and turning the sludge to solid dog bone samples with

a ten-ton heat-press machine. We vary the processing temperatures (i.e., 80, 90, 100 <€),
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pressures (i.e., 6.7, 14.3, 20.3 MPa), and baking times (1, 2, 4, 8, and 16 hours) for producing
the samples. We have 135 samples, with 45 samples for each raw material for mechanical
tests, as illustrated by Figure 5-3 A. With this processing method, we obtained solid wood
composite samples with densities varying 0.8587 to 1.55 g/cm?. It is noted that although the
control group (S) lacks mycelium, the starch in the grains can still bind the stalk fibers

together to form the solid material.

We compare the microscopic image of the mycelium sample in free air drying (~30 days) and
heat-pressing conditions. All mycelium fibers become flat strips, and the clamp connection is
buckled by losing its rounded shape in air drying. In contrast, the mycelium fibers are still
cylindrical with the smoothly rounded clamp connection at the middle after heat-press (i.e.,
SM, 90 <C, 20.27 MPa, 16 hours), as shown in Figure 5-3 B. The flat fiber and the buckled
clamp connection suggest that each mycelium fiber is a hollow tube filled with water with its
cross-section profile supported by internal moisture. Losing the water leads to a mechanically
buckled shape. The intact mycelium shape of the heat-press sample suggests that the tens of
hours of baking at 90 <TC is insufficient to empty the water within the mycelium fiber fully;

therefore, its profile is intact even under much higher pressure than the atmosphere.

5.3.2 Mechanics of Mycelium-Based Composites
We measure the bulk density and perform the tensile test on each sample with an Instron
machine to understand the effects of mycelium and treatment conditions on the mechanical

properties of the composite materials. Figure 5-5 summarizes the stress-strain curves of
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mechanical samples made of the three different raw materials, different pressure, and baking
time under 90 <C (other loading curves for baking under 80 and 100 €€ summarized in
Figure 5-6). It is shown that all the mechanical samples reach the ultimate tensile strength
(oy), as the maximum stress, before the 1% strain, followed by a tail that accounts for energy
dissipation during the failure. For SM samples, it is shown that most of the ultimate tensile
strength increases with the baking time of up to 8 hours as more water is evaporated, leading
to a more compact solid material in pressing. On the other hand, a baking time longer than 8
hours yield weaker samples, as the long heat press can break the mycelium fiber into small

pieces, as shown by microscopic images in Figure 5-7.
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Figure 5-5. The stress-strain curve for dog bone samples tests the composites made of the
pure stalk, stalk with mycelium, and hardwood mixed with coffee grounds and mycelium
grown in it. Tests are based on samples prepared under 90 < with different pressure (6.75,

13.51, and 20.27 MPa) and baking time (1, 2, 4, 8, 16 hours.)
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Figure 5-6. The stress-strain curve for dog bone samples tests the composites made of the A.

Stalk (S) B. Stalk with mycelium (SM), and C. Hardwood, coffee grounds and mycelium
grown. Tests are based on samples prepared under 80 and 100 <C with different pressure and
baking time. (Different color in the stress-strain curve means the different baking times,

which are 1 hour-red, 2 hours-yellow, 4 hours-green, 8 hours-blue, 16 hours-black.)
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Figure 5-7. The SEM imaging of the mycelium (left: the mycelium-based bio-composite
under 100 <€ press for 16 hours, right: the unique structure, which is the clamp connection of

mycelium fiber.)

We found that the different substrates can significantly affect the ultimate strength. We

measure the density of each sample (p) and compute Young's modulus (E), a;;, and modulus

of toughness (U;) for each of the samples (raw data for all the samples in Table 5-1 to 5-3).
Table 5-4 summarizes all the physical properties of the samples of maximum o, given by
different raw materials. It is shown that o, = 9.70 MPa provided by SM is significantly

larger than o, = 8.85 MPa given by S without mycelium, suggesting that o, increases by 10%
with density increased by 1.6% by adding mycelium. Furthermore, the SM sample of the
highest a;; shows an advantage over the S sample of the highest o, by having higher E by 6%
and higher Uy by 16%, suggesting that the mycelium can also significantly increases the
material stiffness and toughness. Moreover, the highest o, = 12.99 MPa for all the samples

is obtained from HCM, which is 19% higher than the 10.89 MPa as the strength of a corn-
straw-based bio-composite in literature [295]. It is noted that the material density for the

highest oy, is much less than the highest p value (1.53 g/cm? for SM and 1.54 g/cm? for HCM,

119



Table 5-2 and 5-3), indicating that the composite strength does not monotonically increase
with the material density, making it different from ideal cellular materials (e.g., porous
polystyrene) [296]. We also consider all 45 other processing conditions and compute the
difference in p, oy, E, and U for samples made of S, SM, and HCM. It is shown that by
using the same processing conditions, p of the samples made of SM and HCM increase by 11%
by comparing to samples made of S on average, while g, increases by 35% and 96%, E
increases by 14% and 76%, U increases by 47% and 7%, for SM and HCM, respectively. We
excluded the calculation of Poisson's ratio for the samples, and the main reason is the
challenges associated with accurately measuring the elongation along the y-axis. During the
tensile tests, the elongation in the y-axis was minimal, typically around 1% to 2% for our
samples. This slight elongation presents difficulty detecting the necking phenomenon, which
is critical for precise strain measurements. Traditional methods of capturing elongation
through imaging failed to provide reliable data due to the negligible deformation in the y-axis,
making it impractical to obtain accurate measurements. Furthermore, calculating Poisson's
ratio involves determining the ratio of lateral strain to axial strain. Given the minimal
elongation in the y-axis, the resulting Poisson's ratio, calculated by dividing the lateral strain
by the axial strain, would be exceedingly small. This disproportionate reduction further
decreased the reliability and significance of the Poisson's ratio in this context. Consequently,
focusing on other mechanical properties, such as tensile strength, Young's modulus, and
toughness, provides a more accurate and meaningful assessment of the material's

performance.

Table 5-1. Mechanical properties and density are obtained from each tested stalk (S) sample.
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P oy E Ur
T(C) P (MPa) | H (hours)

(g/cm3) | (MPa) | (MPa) | (J/mq)
1 1.20 2.88 9194 | 0.031
2 1.25 3.47 1146.2 | 0.030
6.75 4 0.95 6.13 | 2004.9 | 0.028
8 0.86 3.34 | 1176.7 | 0.031
16 0.93 4.11 1421.2 | 0.057
1 1.16 8.06 | 2264.8 | 0.030
2 1.30 5.57 1905.4 | 0.019
80 13.51 4 1.32 3.02 1327.2 | 0.014
8 1.34 3.57 1400.2 | 0.019
16 1.32 4.77 1622.6 | 0.024
1 1.26 5.89 1658.2 | 0.022
2 1.33 3.89 1650.5 | 0.015
20.27 4 1.35 5.55 1746.7 | 0.020
8 1.34 6.25 | 20014 | 0.026
16 1.33 3.27 1346.1 | 0.017
1 1.37 4.71 1913.6 | 0.028
2 1.37 5.59 1756.9 | 0.013
6.75 4 0.94 5.11 1822.7 | 0.033
90 8 0.91 4.01 14255 | 0.026
16 1.06 7.89 | 2464.5 | 0.049
1 1.42 3.59 1186.1 | 0.020

13.51
2 1.29 2.43 1148.5 | 0.008
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4 1.26 476 | 1589.9 | 0.022
8 1.39 8.85 | 2669.5 | 0.038
16 1.07 5.53 | 1824.8 | 0.059
1 1.28 3.08 | 15259 | 0.011
2 1.24 5.14 | 1937.4 | 0.023
4 1.32 443 | 17353 | 0.009
8 1.33 2.17 | 1005.6 | 0.008
20.27 16 1.30 5.27 | 2199.2 | 0.018
2 1.51 2.10 | 1047.6 | 0.020
4 0.99 2.98 1224 | 0.016
8 1.42 2.32 867.3 | 0.019
16 1.47 347 | 1776.4 | 0.020
1 0.93 4.68 | 1500.3 | 0.028
2 0.90 3.82 | 1399.7 | 0.025
13.51 4 1.16 2.60 | 1379.3 | 0.023
8 1.04 1.28 827.7 | 0.011
16 1.01 458 | 1726.2 | 0.025
1 1.10 6.54 | 2273.4 | 0.027
2 1.29 2.80 | 1071.6 | 0.011
20.27 4 1.01 1.71 | 1158.3 | 0.008
8 1.14 5.03 | 2071.3 | 0.022
16 1.23 3.32 | 1810.5 | 0.014

Table 5-2. Mechanical properties and density are obtained from each tested stalk with

mycelium (SM) sample.
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P oy E Ur
T(C) P (MPa) | H (hours)

(9/cm®) | (MPa) | (MPa) | (J/m?3)
1 1.18 2.15 922.8 | 0.009
2 1.09 2.84 1236.3 | 0.014
6.75 4 1.40 5.63 2011.4 | 0.022
8 1.35 7.10 | 2091.9 | 0.031
16 1.37 5.14 17775 | 0.017
1 0.96 2.28 862.8 | 0.022
2 1.11 3.86 1487.9 | 0.027
80 13.51 4 1.37 6.33 1824.1 | 0.032
8 1.52 6.51 2103 0.033
16 1.53 3.35 1374.6 | 0.019
1 1.06 1.65 855.6 | 0.012
2 1.21 3.61 1308.8 | 0.023
20.27 4 1.40 4.77 1831.7 | 0.020
8 1.39 5.05 1816.3 | 0.022
16 141 9.70 2841.4 | 0.044
1 1.05 3.13 1290.7 | 0.024
2 1.40 6.46 2212.2 | 0.025
6.75 4 1.36 5.53 1590.4 | 0.027
90 8 1.32 7.35 2223.3 | 0.034
16 1.38 8.51 2715.6 | 0.039
1 1.15 2.02 773.1 | 0.014

13.51
2 1.35 5.36 1932.3 | 0.027
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4 1.46 7.34 | 2042.6 | 0.037

8 1.47 751 | 2314.2 | 0.035

16 1.44 8.52 | 2521.6 | 0.041

1 1.12 1.34 546.3 | 0.015

2 1.48 3.46 | 1269.5 | 0.024

20.27 4 151 406 | 1451.2 | 0.021
8 1.07 7.94 | 2157.5 | 0.046

16 1.08 7.27 | 2726.3 | 0.033

1 1.25 5.24 | 14449 | 0.040

2 1.28 5.85 | 2005.5 | 0.023

6.75 4 1.39 6.80 | 2096.3 | 0.025
8 1.33 415 | 1757.7 | 0.017

16 1.39 8.07 | 2511.7 | 0.053

1 1.34 2.65 | 1009.9 | 0.016

2 1.40 431 | 1764.8 | 0.035

100 13.51 4 1.48 4.20 1502 0.018
8 1.50 7.88 | 2415.1 | 0.046

16 1.20 7.78 | 2243.1 | 0.040

1 1.12 1.51 722.2 | 0.013

2 1.55 2.57 | 1256.8 | 0.019

20.27 4 1.07 2.15 945.2 | 0.014
8 1.54 3.06 | 1590.2 | 0.017

16 1.27 2.70 | 12457 | 0.025




Table 5-3. Mechanical properties and density are obtained from each tested hardwood with

coffee grounds with mycelium (HCM) sample.

p oy E Ur
T(C) P (MPa) | H (hours)

(g/cm®) | (MPa) | (MPa) | (J/m?3)
1 1.03 5.65 1477.6 | 0.019
2 1.30 2.18 2244.3 | 0.005
6.75 4 1.51 9.24 3045.1 | 0.022
8 1.51 7.93 3049.7 | 0.025
16 1.08 7.01 2667.2 | 0.028
1 1.29 2.61 1915.7 | 0.011
2 1.35 6.80 2478.7 | 0.018
80 13.51 4 1.54 6.77 3048.4 | 0.016
8 1.16 6.59 2674.6 | 0.022
16 1.24 7.66 2572.6 | 0.016
1 1.49 5.69 1928.1 | 0.015
2 141 2.91 1271.7 | 0.011
20.27 4 1.48 9.27 3103.9 | 0.021
8 1.54 10.44 | 3417.4 | 0.025
16 1.16 6.57 3285.4 | 0.014
1 1.25 5.42 2235.6 | 0.021
2 1.51 6.20 2092.1 | 0.016
90 6.75 4 1.54 6.17 2295.2 | 0.014
8 1.52 6.39 2708.5 | 0.017
16 1.05 7.94 2733.2 | 0.036
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1 1.41 5.51 1624.4 | 0.017
2 1.49 10.72 | 3025.1 | 0.026
13.51 4 1.52 942 | 2573.3 | 0.033
8 1.18 6.48 2951 0.013
16 1.12 8.54 | 29313 | 0.024
1 1.47 418 | 2032.6 | 0.012
2 1.49 6.92 | 2692.3 | 0.023
20.27 4 1.50 7.91 | 31458 | 0.019
8 1.53 5.45 2311.2 | 0.023
16 1.16 9.44 | 3261.7 | 0.022
1 1.49 6.60 1781.2 | 0.017
2 1.14 7.67 | 2654.5 | 0.016
6.75 4 1.12 6.93 | 2429.6 | 0.016
8 1.20 8.20 | 2635.8 | 0.023
16 1.26 7.80 | 2746.8 | 0.030
1 1.41 5.28 | 21975 | 0.022
2 1.40 5.82 | 2233.7 | 0.017
100
13.51 4 1.35 7.44 | 2695.4 | 0.019
8 1.40 5.13 | 2615.2 | 0.011
16 1.54 6.67 1984.1 | 0.016
1 1.53 8.27 | 2625.5 | 0.020
2 1.24 7.78 | 2922.5 | 0.016
20.27
4 1.26 12.99 | 3664.8 | 0.030
8 1.36 7.46 | 3340.8 | 0.016
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‘ ‘ ‘ 16 ‘ 1.35 ‘ 6.63 ‘ 3662 ‘ 0.013‘

Table 5-4. The maximum ultimate strength and other physical properties of a sample made of

each raw material

Material properties S SM HCM
oy (MPa) 8.85 9.70 12.99
E (MPa) 2669.5 2841.4 3664.8
Uy (MJ/m?) 0.038 0.044 0.030
p (g/cm3) 1.39 1.41 1.26

The results suggest that the mechanical advantage (o, E, and U;) of adding mycelium to
wood composite is not limited to a specific processing condition but generally exists. These
advantages in strength and modulus are very different from what is given by the scaling law
o 1.5 E 2
of ideal cellular materials, as == = (ﬂ) and = = (’i> [296], suggesting that adding the
ay2 Py E; Py
mycelium changes the interactions between the building blocks within the wood composite.
We believe that HCM gives the highest strength mainly because of the higher content of
mycelium, as the mycelium had already grown to fully occupy the substrate before our tests.
In contrast, the total time for mycelium growth in SM is limited (14 days) in our lab. It is also
noticed that in comparison to the significant increment in a;; and E, HCM does not give
much different U; from S, indicating a negative effect on material toughness by having too
much mycelium in the substrate. The unnecessary mycelium will reduce the flexibility of the

composite and lead to brittle failure, which is shown again for different processing

temperatures (80 and 100 <€) in Figure 5-6, as HCM reaches oy, at a lower strain level
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without ductile tail after o;; and agree with the recent observation that a flexible mycelium

composite has a higher toughness than the brittle one [166].

5.3.3 Design Toward the Specific Mechanics of Mycelium-Based Composites

We compute the specific mechanical properties oy, /p, E /p, and Uy /p based on values
summarized in Table 5-1 to 5-3, which accounts for the effective material usage toward
different mechanical functions, as shown by the Ashby plots in Figure 5-8. It is shown that
the specific strength and modulus (Figure 5-8 A) are highly correlated that largely agree with
the Ashby plot of the other cellular materials (e.g., foams, cork, bone, wood) [297],
suggesting that even we have applied a heat-press treatment, the samples are largely similar
to cellular materials, as both o, and E monotonically increases with p, and thus show overall
agreement with the scaling laws of other cellular materials. However, neither U;/p nor Uy
shows a strong correlation with E /p or p of the composites, as shown in Figure 5-8 B,

indicating that its optimization is more complex than o and E.
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Figure 5-8. Ashby plots for specific mechanical properties of different wood composites. A.
specific ultimate strength and Young’s modulus normalized by density, showing these two
mechanical properties of the wood composite are well aligned, that largely agrees with the
other cellular materials (e.g., foams, cork, bone, wood) [297]; B. specific modulus of
toughness and Young’s modulus normalized by density, showing the toughness of the

composites are highly dispersed and weakly determined by the Young’s modulus.

Table 5-5 summarizes the maximum specific mechanical properties with their corresponding
processing conditions, which can help guide the treatment conditions for a specific optimized
function. The temperature for yielding the best specific mechanical properties is from 90 to
100<C, which agrees with the water evaporation temperature, reducing the water volume and
making the wood fibers more compact for a higher density. However, there is no other

universal treatment condition that can lead to all the maximum mechanical properties. It is
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shown that HCM gives the highest %” = 10.32 J/g and g = 2912.3 J/g with 4 hours of baking
time, which is much shorter than S and SM, suggesting that more mycelium in the raw
material enables a higher specific strength and modulus, as well as reduces the amount of
baking time before reaching the optimal specific strength and modulus. Our samples have a
similar %” in comparison to the corn-straw-based bio-composite in literature [295], while % of
our samples is much larger than 1800 J/g as that of the literature value [295], suggesting that
our samples are much stiffer with the same density. It is noted that the Uy /p values for all the
S samples are smaller than 0.085 J/g as that of the literature value [295], and adding the
mycelium (SM and HCM) further reduces the specific toughness value. This result agrees
with the fact that adding mycelium reduces the flexibility of the composite, leading to higher
modulus but lower toughness, because a strong interaction by mycelium prevents the wood
fibers from sliding, which accounts for a portion of energy dissipation of a fibrous material

[298], [299].

Table 5-5. The treatment conditions (i.e., Time (H), Pressure (P), Temperature(T)) of each

raw material to achieve the maximum specific mechanical properties

Specific mechanical Maximum
Material H (hours) P (MPa) T(©)
properties values
oy/p (J/9) 7.42 16 6.75 90
S
E/p (J/9) 2481.9 16 6.75 90
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Ur/p (/9) 0.061 16 6.75 80
ou/p () 7.45 8 20.27 90
SM E/p () 2521.3 16 20.27 90
Ur/p (/9) 0.043 8 20.27 90
ou/p () 10.32 4 20.27 100
HCM E/p (3Ig) 2912.3 4 20.27 100
Ur/p (/9) 0.034 16 6.75 90

5.3.4 Supervised Machine Learning for Predicting the Specific Mechanics of Mycelium-
Based Composites

We utilized all the experimental data by taking the processing conditions (i.e., time (H),
pressure (P), temperature (T), material type (i.e., S, SM, and HCM)) as input predictors and
the specific material properties (i.e., p, oy, E, Ur) as outputs response of each mechanical
sample and developed a neural network model as summarized in Figure 5-9. This model
aims to map the output values from any given predictor values instead of running the specific
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experimental test [300], [301]. Instead of directly predicting the mechanical properties, we
use a k-means clustering method [284], [285], [286], [287] to divide the N tests into five
levels for each of gy, E, Ur (see the detail of this clustering algorithm in the Method). Each
sample is labeled by a 4-element vector V, with each element V/; taking the response value
from 0 to 4 for a specific material property. Hence, any samples with the same V; value will
have a similar corresponding material property compared to other samples. We build a tri-
layered neural network model with a uniform layer size for each layer to find the correlation
between the processing conditions and material property. Figure 5-10 shows the confusion
matrix for each model. It is shown that for training and testing data, the predicted response
value V; ,.q is largely aligned with the actual test result V; for each material property, with
over 70% of predictions being accurate or only one level different from the level of the test

result, as |V; prea — Vi| < 1.
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Figure 5-9. The general process of data clustering and the tri-layered neural networks

classification method for making predictions beyond experimental tests.
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Figure 5-10. The confusion matrix of each response by the prediction (A: training, B:

testing).

We use the neuron network models to predict the optimal processing condition that yields the
highest specific mechanical properties. We randomly generate 100,000 sets of feasible
processing conditions, as shown by points in Figure 5-11, and use the models to predict p
and mechanical properties and further compute o, /p, E/p, U7 /p values that correspond to
each feasible condition, as plotted in Figure 5-12. Then, we normalize each dimension of the
different processing conditions and cluster them together with the predicted specific
mechanical properties by k-means (see Method for details), which enables us to identify the
cluster of processing conditions that yields the highest specific mechanical property. Figure
5-11 highlights the location of all the points within the cluster of the highest o;;/p, E /p and
Ur/p values, suggesting the range of the most favorable processing conditions for a

particular specific mechanical property.
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Figure 5-11. 3D scatter plots for the processing conditions of randomly generated 100,000
imaginary samples made of different raw materials (S, SM and HCM), with the points
corresponding to the highest specific mechanical properties (o, /p, E/p and Ur/p)

highlighted by a red color.
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Figure 5-12. 3D scatter plots based on the treatment conditions and the color bar based on
random 100,000 data specific mechanical properties. Stalk (S); Stalk with mycelium (SM);

Hardwood with coffee grounds with mycelium (HCM).

We summarize the range of the data points of the last cluster by computing the mean values
and the deviation for the processing conditions and the specific mechanical properties (Table
5-6). These predictions agree with the tensile test observations (Table 5-5), as shown in
Figure 5-13. Furthermore, it is shown that the machine learning models predict some specific

mechanical properties higher than the direct experimental observation, and the corresponding
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processing conditions agree with the tensile tests. The learning model predicts according to

the trend of all the testing results, while the direct observation is obtained from a single

sample test that may be subjected to many random factors.

Table 5-6. The range and mean value of treatment conditions that shows the maximum

mechanical properties of each material by the prediction

Material S
Specific mechanical properties (J/g) oy/p E/p Ur/p
Mean results 8.6595 | 2966.7 | 0.0388
Min 6.9 7.1 5.2
H Mean | 15.5 18.1 11.4
(hours)
Max 23.9 23.9 15.6
The range and mean value from Min | 102 | 105 | 1.03
predictions of treatment P (MPa) | Mean | 6.55 7.63 8.59
conditions Max | 13.92 | 1454 | 17.17
Min 83 86 80
T (°C) | Mean 90 92 88
Max 99 101 101
Material SM
Specific mechanical properties (J/g) ay/p E/p Ur/p
Mean results 8.6595 | 2966.7 | 0.0388
Min 4.1 6.9 1
H Mean 9.8 12.4 7.2
(hours)
Max 16.3 17.6 12.5
The range and mean value from Min | 19.09 | 19.09 6.06
predictions of treatment P (MPa) | Mean | 28.11 | 28.35 | 22.99
conditions Max | 38.35 | 38.07 | 28.15
Min 82 83 83
T (°C) | Mean 88 92 91
Max 97 97 102
Material HCM
Specific mechanical properties (J/g) oy/p E/p Ur/p
Mean results 8.6595 | 2966.7 | 0.0388
The range and mean value from \ H ] Min 1.9 10.9 12.1
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predictions of treatment
conditions

(hours) | Mean 8.4 19.4 20.2
Max 14.4 24 24
Min 32.54 34.67 1.04
P (MPa) | Mean | 42.33 | 47.61 5.77
Max | 56.56 | 60.76 | 13.83
Min 83 85 84
T (°C) | Mean 90 94 92
Max 96 99 100
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Figure 5-13. Histograms and the error bar for the treatment conditions of the cluster

correspond to the high specific mechanical properties (colorful bars), in comparison to the
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direct experimental observations (black bars) as summarized in Table 5-6. A. Stalk (S); B.

Stalk with mycelium (SM); C. Hardwood with coffee grounds with mycelium (HCM).

The mycelium-based bio-composite as an environmentally friendly material shows more
advantages in many applications (e.g., packaging materials, acoustic and thermal insulation
boards) and is receiving more attention [95], [302]. However, the development of bio-
composite materials is still in its infancy, and the standardized procedure that will result in
optimum material properties has yet to be discovered. Therefore, a novel manufacturing
method for producing mycelium-based bio-composite samples is developed in the current
article. Compared to literature methods that directly inoculated mycelium in the substrate for
manufacturing samples [29], [50], [52], we use the blender to mixing the mycelium with
wood fibers and water before heat-pressing the composite that may enable to further dissolve
chitin and enable it to expose and get more distributed to interact with cellulose fibers at their
interfaces, which lead to reinforcement and strength [52]. Because of the promising
applications [144], [200], [303], [304] and intrinsic environmentally friendly features over
materials that requires the heavy involvement of synthetic chemistry, the development of
mycelium-based wood composites will need to start from the lab by fully understand the
mechanisms of the mycelium growth and the structure-mechanics relationship at the
microscopic scale in our fundamental studies, but eventually aim to scale up to large-scale
manufacturing for engineering applications including infrastructure and packaging. Indeed,
its structural designs and applications to buildings for thermal insulation, fire resistance and
acoustic absorption will be further explored, and complex structures and their related material

functions will be evaluated [305]. For example, via 3D printing and foam forming. However,
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it is crucial to identify a sustainable way that requires less energy consumption and carbon
emission but yields material of higher specific mechanics during manufacturing [306].This
will give the large-scale manufacturing of the material commercial advantages over other
conventional building and packaging materials. Compared to traditional engineering
materials such as polymer matrix composites, mycelium-based wood composites have many
limitations (e.g., shaping, time cost), motivating us to work with industrial units to understand

the critical challenge for making the breakthrough that will lead to its mass production.
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CHAPTER 6. DEVELOPMENT AND EVALUATION OF MYCELIUM-BASED BIO-

COMPOSITE INSULATION: ASUSTAINABLE ALTERNATIVE TO

CONVENTIONAL BUILDING MATERIALS
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6.1 Introduction

The construction industry, particularly the production of building materials like insulation,
significantly contributes to greenhouse gas (GHG) emissions globally. This contribution
accounts for approximately 33% of all global emissions [307]. This environmental impact
necessitates a shift towards sustainable practices and materials to reduce emissions without
compromising on enhancing the energy efficiency of buildings. Among various sustainable
materials, bio-based insulation composites, such as those derived from mycelium, present a
promising alternative [185]. Mycelium, the vegetative part of fungi, can be cultivated on
agricultural waste substrates like coconut coir, turning waste into valuable insulation
materials [38], [48], [106], [308]. These mycelium-based composites offer several advantages,
including biodegradability, low embodied energy, and the potential to reduce GHG emissions
compared to conventional materials like blown-in cellulose and extruded polystyrene (XPS)

[27], [309].

The building construction industry heavily relies on mineral wool, fiberglass, and synthetic
foams for insulation [310]. While effective in thermal performance, these materials pose
significant environmental challenges. They are often derived from non-renewable resources,
involve high energy consumption during production, and are non-biodegradable, contributing
to landfill waste at the end of their life cycle. Moreover, traditional insulation materials can
release harmful substances during manufacturing and disposal, posing health risks to humans
and ecosystems [311], [312]. The high carbon emissions associated with these materials also

exacerbate climate change, underlining the urgent need for sustainable alternatives [313].
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Mycelium-based composites represent a sustainable and innovative solution to these issues.
Cultivated on substrates such as coconut coir, the mycelium grows into a dense network of
hyphae, creating a solid, foam-like material that can be used for insulation. This process
repurposes agricultural waste and sequesters carbon, contributing to a circular economy. In
terms of performance, mycelium-based composites offer comparable thermal insulation
properties to conventional materials. Ongoing research has highlighted their comparable
thermal performance, making them suitable for building envelopes [48]. These materials are
fire-resistant and have good moisture regulation capabilities, further enhancing their
suitability for construction applications [12]. Mycelium-based composites have several
advantages over traditional materials like blown-in cellulose and XPS. Blown-in cellulose, a
bio-based material, involves energy-intensive production processes and chemical treatments
to enhance fire resistance and durability [314]. XPS, a petroleum-based product, offers
excellent insulation but is associated with high GHG emissions and environmental
persistence due to its non-biodegradability [315], [316]. On the other hand, mycelium
composites are produced through a low-energy process and are inherently biodegradable,
reducing their environmental impact. Furthermore, mycelium-based insulation can be locally
sourced and manufactured, supporting local economies, and reducing transportation

emissions.

Integrating mycelium-based insulation into building envelopes makes it possible to achieve
significant energy savings and contribute to global sustainability goals. Using such materials

aligns with the need for innovative, eco-friendly solutions in the construction industry,
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making mycelium-based composites a viable and advantageous option for future building
projects. This study combined Ganoderma Lucidum with coconut coir to create a novel bio-
based composite material. Comprehensive evaluations were conducted to assess its
mechanical properties, thermal performance, fire resistance on the surface, and interactions
with water. These tests aimed to determine its viability as a sustainable alternative to
traditional building insulation materials. The results highlighted the composite's potential to
provide adequate thermal and acoustic insulation while demonstrating good fire retardant and
hydrophobic characteristics, essential for ensuring safety and durability in building
applications.
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Figure 6-1. We illustrate the application and effectiveness of Mycelium-based coconut
panels as sustainable insulation materials in building construction. The left part of the figure
shows that using agricultural waste (coir) combined with mycelium (Ganoderma Lucidum)
generates mycelium-based bio-composite materials. It can provide excellent thermal and
acoustic insulation, water and fire resistance, and sustainability. The diagrams on the right
compare the thermal resistance (R-value) contributions of various components within
masonry and timber frame constructions, emphasizing the significant impact of the insulation
layer. Additionally, the pie charts delineate energy consumption patterns in buildings,
underscoring the potential of improved insulation for energy savings in areas like space

heating and water heating.

6.2 Experimental Method and Procedures

6.2.1 Flammability test

A preliminary surface flammability test is conducted using a windproof butane fire source
based on the DIN EN 135011 test standard [317]. Three samples of each material were
tested. The fire source was positioned approximately 4 cm above the surface of each sample,
and the surfaces are exposed to the flame for 40 seconds. After exposure, the fire source was
removed, and the burned area and depth of penetration are measured. The penetration depth is
assessed by cutting the samples along its depth in 0.5 cm increments. Additionally, surface

ignition was recorded during the exposure to the fire source.
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6.2.2 Surface flammability analysis

This test aimed to analyze the surface flammability of the mycelium bio-composite and
compare its performance with that of existing insulation materials. The area burnt and depth
penetrated were measured to classify the material. Various flaming times are used according
to EN standards to specify different flammability classes: B/C/D (low to medium flammable;
30 s) and E (highly flammable; 15 s). Non-flammable materials such as concrete, glass, or
steel are classified as flammability class A. The SRLL samples are used to test the surface
flammability of mycelium insulation materials. EPSFOAMULAR NGX F-250 2 in. x 4 ft. x
8 ft. SSE R-10 XPS Rigid Foam Board Insulation and Cellulose Blown-In Insulation by
Greenfiber were selected for comparison. For each type of material, 5cm-by-5¢cm-by-5cm
cube pieces are used. The SRLL pieces are dehydrated before testing. The Cellulose cubes are
prepared by packing them layer by layer in a cubic mold. Water is added to bind the material
together. The cubes are then dehydrated before testing. The XPS samples do not require any

additional preparation.

6.2.3 Contact angle measurements

A Rame-Hart Model 250 Standard Goniometer was used to determine the wettability of the
prepared samples. The experiment is carried out at room temperature. Samples are taped to
microscope glass slides, ensuring relative flatness, and 4uL deionized water droplets are
dispensed on the sample surfaces. The contact angle is then measured using the Instrument

Droplmage Advanced software.
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6.2.4 Surface wettability analysis

This test aimed to assess the surface wettability of the mycelium bio-composite and compare
its performance with that of existing insulation materials. The SRLL samples are used to test
the wettability of mycelium insulation materials. EPSFOAMULAR NGX F-250 2 in. x 4 ft. x
8 ft. SSE R-10 XPS Rigid Foam Board Insulation and Cellulose Blown-In Insulation by
Greenfiber are selected for comparison. For each type of material, thin 1.25cm by 0.75cm by
0.1cm pieces are cut. Sandpaper was used to ensure approximate uniformity of the thickness
of each sample. For the SRLL and XPS samples, the pieces are taken from the top surface of
the materials. A small sample of approximately similar size was selected for the cellulose

insulation.

6.2.5 Laser Flash Analysis

The laser flash Analysis via Linseis XFA 500 is used for thermal diffusivity measurements, as
shown in Figure 6-2A. The Linseis XFA 500 uses a xenon flash to heat the sample from one
end with a controlled energy pulse. A high-speed infrared detector measures the temperature
increase at the opposite surface. We recorded the temperature rise curve over time, showing
the sample temperature change caused by the xenon flash. By applying mathematical models
and known parameters, this method calculates thermal diffusivity, providing essential
information about the thermal properties of the materials over various temperature ranges.
Here, we prepared 6 different mycelium species: P. eryngii, G. lucidum, T. versicolor, F.
velutipes, P. ostreatus, and G. resinaceum. We inoculated the liquid mycelium on the agar

plate and put them into the climate chamber for 7-14 days for growth. To get the dry
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mycelium membrane, we used a dehydrator (60 °C and 4 hours) to remove the water from all
the samples. The mycelium membrane can be easily torn off from the dry samples. All the
samples are tailored in a 0.5-inch diameter disk shape—a graphite spray coated on both sides
of the tailored samples to minimize pulse reflection. Figure 6-2B shows the sample after
cutting and after spraying graphite. Then, the samples are mounted on the sample holder and
measured thermal diffusivity at 20°C. The thermal diffusivity values are taken when the
mathematical model and measured curves are fit. After the curves start fitting, the

measurements are conducted 3 to 5 times per sample.

6.2.6 Differential Scanning Calorimetry

TA Instruments Differential Scanning Calorimeter (DSC) Auto 2500 is used for heat capacity
measurements. DSC involves a single furnace where the sample and reference undergo a
controlled heat-cool-heat cycle. Approximately 2-3 mg of the sample, placed in an aluminum
pan, and an empty reference pan are positioned on a thermoelectric disk within the furnace.
Heat is transferred to both the sample and the reference as the furnace temperature changes at
a constant rate of 10<C per minute. Area thermocouples measure the differential heat flow.

The heat flow amplitude comprises a heat capacity component and a kinetic component.

6.2.7 Thermal Conductivity Calculation
The sample's thermal conductivity was determined by multiplying thermal diffusivity, heat
capacity, and density. To get a more accurate sample thickness, we place the mycelium

vertically next to a stack of paper of similar height, and then we use the microscope to take
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pictures to record the mycelium. We also drew a scale bar with 1 mm on the paper, which
allowed us to use Image J to measure the thickness of the mycelium membrane, as shown in
Figure 6-2C. We estimate that the area for all samples is the diameter of 12.7 mm round. The
density is calculated through p, = m/V by accurately measuring the mass (m) and volume

(V) of the disk-shaped samples for the laser flash.
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Figure 6-2. A. The experimental setup with the spectrometer is used for thermal conductivity
measurements. B. Comparative visual of untreated mycelium membrane and graphite-coated

mycelium membrane. C. Cross-sectional microscopy image of the mycelium membrane.

6.2.8 Dog bone samples preparation

There are three steps to prepare the mycelium-based bio-composite material. We first cultured
the spore on agar substrate for 7 days before cutting them into small pieces. The second step
is called grain spawn—the general process shown in Figure 6-3. We selected rye as the
substrate to prepare the material since it has good water absorption capacity and nutritional
benefits for mycelium growth. The rye is thoroughly washed and soaked in water for a
specified period to hydrate, after which they are boiled and steamed to achieve sterilization,
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eliminating unwanted microorganisms. Post-cooking, the grains are dried to remove excess
moisture, a critical step to prevent the growth of contaminants. The sterilized grains are then
evenly distributed into glass jars, leaving adequate space for mycelial expansion. We put one
layer of rye and some small pieces of mycelium agar plate and repeated this operation several
times. Each jar is fitted with a filter of polytetrafluoroethylene (PTFE) 0.22 pm that allows
for gas exchange while preventing the entry of contaminants. The inoculated jars are then
stored in the green tent where temperature and humidity are 24 <C and 98RH% by the

mycelium to facilitate the colonization of the grains.

After 7 days, the mycelium is fully grown in the glass jar. We perform the last step, bulk
substrate preparation; the detailed processes are shown in Figure 6-3. Here, we use the coco-
coir, which is coconut fiber and oak wood chips, as the substrate and wheat bran as the
nutrition. Coco-coir, a fibrous material derived from the outer husk of coconuts, is known for
its water retention capabilities. The oak wood chips can provide additional nutrients and
structural support for the developing mycelium. The coco-coir and oak wood chips are
hydrated with boiling water and autoclaved, ensuring they are thoroughly soaked to achieve
the desired moisture content and eliminate unwanted microorganisms. Then, the materials are
allowed to cool to a safe handling temperature and mixed with the wheat bran to ensure an
even distribution of moisture and nutrients. The mixed substrate is then loaded into sterilized
bags, and here, we use the semi-permeable polypropylene bag with a microporous filter patch.
The filter can allow mycelium to breathe when they are growing. We put one layer of the

bulk substrate and some mycelium rye on it and repeated several times. Then, we used a zip
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tie to seal the bags. The inoculated bags are then stored in the green tent where temperature
and humidity are 24 <C and 90RH% by the mycelium to facilitate the colonization of the

grains for 14 days.

Once the mycelium fully occupied the culture bag, we use the same processing method in our
previous publication to make the fog bone shape samples [318]. We take raw materials into a
blender, add water, and blend the mixture until it becomes mushy. Next, we place a portion of
the mixture in an aluminum dog-bone shape mold and compress the upper layer of the mold
against the bottom layer by using a 10-ton heat press machine with the hydraulic hand pump,
as shown in Figure 6-3, to perform the heat press and make the dog bone samples. The
remaining mixture is stored in a sterilized plastic box in the refrigerator to keep it at a lower

temperature before the heat press.
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Figure 6-3. The general process of making the dog bone shape samples. Preparing the rye
mycelium culture first, then inoculating it with the composite material to make the mycelium-
based bio-composite bag for making the food bone shape samples. The dog bone samples
shown in the figure are made with coir and oak wood with wheat as the nutrition based on
different treatment conditions (material/mixed with water / mushy material / heat-press

machine/test samples / Instron machine / broken samples).

6.2.9 Mycelium based bio composite bricks preparation
We use the coco-coir, which is coconut fiber, as the substrate and malt and yeast liquid
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nutrition to support mycelium growth. The general process is shown in Figure 6-4. Coco-coir,
a fibrous material derived from the outer husk of coconuts, is known for its water retention
capabilities. The coco-coir is hydrated with boiling water and autoclaved, thoroughly soaked
to achieve the desired moisture content and eliminate unwanted microorganisms. Then, the
materials are allowed to cool to a safe handling temperature and mixed with liquid nutrition

to ensure an even distribution of moisture and nutrients.

Here, we prepared two different amounts of liquid nutrients, which are 16 g malt with 8 g
yeast with 100 ml water and 24 g malt with 12 g yeast with 100 ml water. To compare how
different amounts of nutrition can affect the mycelium growth rate and mechanical properties.
We use the acrylic sheet to make a model to prepare the mycelium-based bio-composite brick.
Two different molds are prepared. The larger mold size is 15 mm in length by 15 mm in
width and 5 mm in height. We cut 12 pieces of shapes 30 mm in length by 5 mm in width
from the acrylic sheet to create the mold for preparing the small bricks. To connect each piece
of acrylic sheet, we cut a groove 1.5 mm width by 2.5 mm length at 5 mm intervals for each
piece. Once we connect each piece, we can get the mold's 5 x 5 cube shape. Each cube's
length is 5 mm, width is 5 mm, and height is 5 mm. The mixed substrate is then loaded into
each cube. We also prepared two different kinds of mycelium inoculation: rye mycelium
culture and liquid mycelium culture. We first put one layer of the mixed substrate; for rye
culture, we put 3 g cultured material; for liquid culture, we spray 3 ml cultured material. We
repeat this processes three times to make the material fill a small cube. We use the semi-

permeable polypropylene bag with a microporous filter patch. The filter can allow mycelium
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to breathe when they are growing. Then, we used a zip tie to seal the bags. The inoculated
bags are then stored in the green tent where temperature and humidity are 24<C and 90RH%
by the mycelium to facilitate the colonization of the grains. We also set different growth
periods to compare the different growth periods that can affect the mechanical properties of
the bricks. Once the mycelium grows until the periods we set up, we use a dehydrator (60T,

18 hours) to remove the water in the bricks.

2 Bolling it for Autoclave

15 mins - sterilization
— —

60 °C
18 hours

T

Figure 6-4. The general process of preparing the mycelium-based bio-composite brick. We
use two different mycelia inoculated coir, rye mycelium culture and liquid mycelium culture,

and two different molds, which are 1 larger square mold and a 5 X 5 small square mold.

6.2.10 Compression Test

We perform the compression tests on each brick sample with an Instron 5966 machine (10 kN
static load cell) to obtain its stress-strain curves in tension. We measure the initial sample
length as the distance between the edges of the two plates as L, before the test. During our
tests, the lower plate is fixed, and the upper plate moves at a constant displacement speed of
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v = —2 mm/min. The traveling distance of the upper plate is given by d at any time after
the test starts, updated every 0.02 seconds, and the engineering strain of the sample is defined
by e, = d/L,. The load cell records the loading force f. and computes the engineering stress
with o, = f,/A,, where A, is the initial middle part cross-section area of the testing region of
the brick sample. We use the ¢, — o, data from &, = 0 to e, = 0.002 to perform the linear
fitting and measure the slope of the fitting curve to calculate elastic modulus (E.). We use the
equation of o,.y,0, = (€. — 0.002)E_ to draw the linear function. The intersection between
the linear function and the . — a, curve is the 0.2% yield stress. We measure the area under

the stress-strain curve to obtain the toughness modulus (U,).

6.3 Results and Discussion

6.3.1 Surface Flammability

A preliminary flammability test was performed on three materials to determine the surface
flammability: SRLL (mycelium composite), cellulose, and EPS Foam (XPS). As can be seen
in Figure 6-5A, the 3 SRLL samples exhibited burnt areas of 651.23 mm=3S1), 1052.66 mm=
(S2), and 1054.30 mm=XS3), respectively. Notably, no depth penetration was recorded, and
none of the samples ignited. This indicates a relatively good resistance to burning and limited

damage to the material's integrity.

The 3 cellulose samples showed burnt areas of 1785.17 mm=S1), 2095.93 mm=S2), and
1258.93 mm3S3) respectively. All samples showed a penetration depth of 5 mm and ignited

upon exposure to the flame. This indicates a higher susceptibility to burning and deeper
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damage penetration than the SRLL sample. The 3 XPS (EPS) samples had the largest burnt
areas of 2769.45 mm=3S1), 2263.63 mm=3xS2), and 2629.85 mm=3S3) respectively. Depths
penetrated were 16.69 mm, 15.45 mm, and 18.1 mm, respectively. No ignition was observed.
Despite the absence of ignition, the significant burnt area and depth penetration suggest that

EPS Foam is highly flammable and sustains considerable damage.

The flammability test results highlight significant differences in the performance of the tested
materials. The SRLL demonstrated superior fire resistance, with the most minor burnt areas,
no depth penetration, and no ignition in any samples. The material should be classified as B1
according to EN 13501-1. This suggests that mycelium insulation materials can effectively
limit the spread of flames and maintain structural integrity during fire exposure, making it a
promising candidate for fire-resistant insulation. In contrast, although partially ignitable,
cellulose exhibited more severe damage and larger burnt areas, indicating a higher risk of fire
spread and damage. EPS displayed the poorest performance, with the largest burnt areas and
substantial depth penetration, reflecting its high flammability and potential for severe fire
damage. Overall, the mycelium bio-composite outperforms existing insulation materials like
EPS and cellulose regarding fire resistance, making it a safer and more reliable choice for

applications where fire safety is a critical concern.

6.3.2 Surface Wettability
Water contact angle (WCA) measurements were taken to determine the surface wettability of

the materials. As shown in Figure 6-5B, the WCA value for the SRLL sample was
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approximately 133< indicating a hydrophobic nature since values greater than 90 “denote
hydrophobicity. In contrast, the WCA for the XPS sample was 89.2< aligning closely with
literature values of 90-92 < suggesting a borderline hydrophobic/hydrophilic nature. The
cellulose sample exhibited complete wetting, with a WCA of 0 indicating the highest
wettability among the tested materials. These results demonstrate that the SRLL (mycelium)
sample possesses the lowest wettability, followed by XPS and cellulose. This is consistent
with the expectation that lower WCA values correspond to higher wettability. The
pronounced hydrophobicity of the SRLL sample could be advantageous in applications
requiring moisture resistance. The XPS sample’s near-neutral wettability can balance
hydrophobic and hydrophilic properties that are suitable for various insulation contexts. The
cellulose sample’s complete wetting behavior confirms its hydrophilic nature, suggesting its
suitability for applications where moisture absorption is beneficial. These findings highlight
the distinct wettability characteristics of mycelium-based insulation compared to

conventional materials, emphasizing its potential for specific environmental applications.

5
l-Area BurntEDepth Penetrated’

:
L%

B AN

Mycelium Composite Cellulose EPS Foam

Figure 6-5. A. Comparative analysis of fire resistance properties among different materials,
represented in terms of area burnt and depth penetrated. The graph illustrates experimental
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results for three material categories: mycelium composite, cellulose, and EPS foam. The blue
bars indicate the total area burnt during the test, while the orange bars represent the depth to
which the fire penetrated each material. Insets show close-up images of each material post-
burn, highlighting the physical impact of fire exposure. B. Contact angle tests on three
different material samples. The top row displays the initial interaction of water droplets with
each material—Ileft to right: mycelium composite, cellulose, and EPS foam. The lower row
images capture the droplet profiles at rest, demonstrating the contact angles of the surfaces.
These images illustrate the varying hydrophobic properties of each material, with the
mycelium composite and EPS foam showing significant water resistance compared to the

more absorbent cellulose.

6.3.3 Mycelium membrane thermal conductivity

The thermal conductivity of the six different species of mycelium membranes at 20°C was
calculated by multiplying three components: thermal diffusivity, heat capacity, and density.
As shown in Figure 6-6A, most mycelium membranes exhibit a thermal diffusivity («) of
approximately 2 x 10 — 8 m? /s, significantly lower than typical polymers [319]. However,
two species, F. velutipes and G. resinaceum, display a thermal diffusivity three times higher
than the others, though still much lower than typical polymers [319]. The measured density
(p.) of the mycelium membranes, depicted in Figure 6-6B, is generally less than 1 g/cm3,
which is substantially denser (by a factor of =10) than other insulation materials such as
cellulose fiber and extruded polystyrene (XPS) [320]. The heat capacity (C) of the mycelium

membranes is around 0.9 J - g~1 - K~ for all species, as illustrated in Figure 6-6C. This
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value is comparable to the heat capacity of XPS but is half that of cellulose fiber [320]. By
combining these three components, the thermal conductivity (K) of the mycelium membranes
was determined, as shown in Figure 6-6D. Most species exhibit a thermal conductivity of
approximately 0.02 W - m~1 - K~1, except for the F. velutipes species, which have a thermal
conductivity of about 0.06 W/m-K. The reason for this difference in the thermal conductivity
of F.V. species is the error in the thickness measurement. The method we used to measure the
sample thickness can only measure the edge of the membrane. The central thickness of the
sample may be very different from the edge. So, if the central part of the sample is thinner
than the edge, it can cause the density calculation to become too small and affect the thermal
conductivity results. Compared to typical insulation materials with thermal conductivities of
0.04 W -m~1- K~ for cellulose fiber and 0.033 W - m~! - K1 for XPS, most mycelium
species demonstrate significantly lower thermal conductivity. Moreover, to compare our
mycelium membrane thermal properties with the current insulation material, we calculate the
specific thermal resistance, the R-value. Table 6-1 summarizes the thermal resistance of
various mycelium membranes (P.E., G.L., T.V., F.V,, P.O., G.S.) alongside conventional
construction materials such as Basswood, Plywood, Drywall, and EPS board. Notably,
mycelium materials show 2 to 3 times the R-value of traditional insulation materials, which
means they have good insulating properties. The species we use to prepare the mycelium
composite brick, G.L., has the highest R-value of 10.47 inch - k/W. The differences in
specific thermal resistance show the potential of mycelium material to offer thermal
insulation compared to many conventional materials. However, the relatively low thickness

of the pure mycelium material compared to traditional materials suggests that, while they
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provide good thermal resistance, their application may need to be optimized regarding

material volume and layering techniques.
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Figure 6-6. Graphical representation of the experimental data showing: A. thermal diffusivity
(a), B. mycelium membranes density (p;), C. heat capacity (C), and D. thermal conductivity

(K) of various mycelium species.

Table 6-1. Compares the thermal resistance (R-value), thickness, and specific thermal
resistance of different pure mycelium materials (P.E., G.L., T.V., F.V.,P.O., G.S.) and
conventional construction materials (Basswood, Plywood, Drywall, EPS board). The R-value

is presented in both metric (m=K/W) and imperial (ft=F Hh/BTU) units. Specific thermal
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resistance is given in metric (m K/W) and imperial (inch K/W) units, demonstrating the

effectiveness of each material in providing thermal insulation.

Specific Specific
Material R value R value Thickness thermal thermal
type (m? - k/W) | (ft*>-°F-h/BTU) (m) resistance resistance
(m-k/W) (R/inch)
5.02 107
P.E. 0.00270 0.01533 +0.008 53.78 7.76
4.74 10°
GL 0.00325 0.01848 +0011 68.66 9.91
2.27 10°
TV 0.00083 0.00474 £0012 36.75 5.30
4.9310°
F.v 0.00084 0.00475 £0.009 16.96 2.45
9.40 10
P.O 0.00586 0.03327 +0.018 62.33 8.99
7.66 10
G.S 0.00339 0.01924 +0.016 44.23 6.38
Basswood 0.2934 1.6659 0.0127 23.10 3.33
Plywood 0.1682 0.9549 0.0064 26.49 3.82
Drywall 0.1450 0.8235 0.0064 22.84 3.29
EPS board 0.8806 5.0000 0.0254 34.67 5.00

Mycelium membranes consist of biopolymers from fungi, such as cellulose, lignin, and pectin

[185]. They have inherently low thermal conductivity and do not conduct heat as efficiently

as cellulose fiber and polystyrene. Furthermore, their lower density and porous structures

(thread- and tube-like structures) create numerous tiny air pockets within the material [23],

[321]. These air pockets reduce the ability of heat to pass through, similar to how the trapped

air in materials like foam works as an insulator. These unique properties of mycelium

membranes result in low thermal conductivity and can be used as potential insulation material.

Mycelium membranes comprise biopolymers such as cellulose, lignin, and pectin derived

from fungi. These biopolymers inherently possess low thermal conductivity and are less

efficient at conducting heat than cellulose fiber and polystyrene. Additionally, mycelium
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membranes have lower density and porous structures, characterized by thread- and tube-like
formations, that create numerous tiny air pockets within the material [23], [321]. These air
pockets function as insulators, impeding heat transfer like the trapped air in foam materials.
These unique properties of mycelium membranes result in their low thermal conductivity,

making them a promising candidate for insulation applications.

6.3.4 Tensile test results

To investigate the treatment conditions from our previous machine-learning results and
whether they can make the mycelium-based bio-composite material achieve high mechanical
properties, we chose the treatment conditions of specific ultimate stress and specific
toughness from the ‘stalk with mycelium.” The suffix of the original specific ultimate stress
(OS) and original specific toughness (OT) shows that the baking time and pressure decreased
and increased by 50 % (t £50 and p £50), as shown in the first column in Table 6-1, to make
our validation more accurate. We do not change the baking temperature because the
temperature prediction is always around 90. Following the previous method, we made the
samples, measured the bulk density, and performed the tensile test on each sample with an
Instron machine. Figure 6-7A summarizes the stress-strain curves of mechanical samples
from different treatment conditions. It is shown that all the mechanical samples reach the
ultimate tensile strength (o), as the maximum stress, before the 1% strain, followed by a tail

that accounts for energy dissipation during the failure.
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We discovered that changing the treatment conditions can significantly affect the ultimate
strength. We measure the density of each sample (p) and compute Young's modulus (E;) and
modulus of toughness (U,) for each of the samples, as shown in Table 6-1. For each
treatment condition, we have 3 samples to prove statistical reliability and reproducibility. It is
shown that g, = 12.47 MPa provided by OS is the largest ultimate strength, and U, =

0.059 J/m3 provided by OT is the largest toughness. However, our machine learning results
suggested that the specific mechanical properties should achieve the maximum results.
Figure 6-8 A summarizes the specific mechanical properties of all the samples. The
highlighted red sections show that OS gives the maximum average specific ultimate stress

O¢

o= 8.67 + 0.39 J/g and OT gives the maximum average specific toughness% =0.04 +
0.012 J/g, conforming with machine learning results. With the OS treatment condition, the
sample becomes more brittle. After the samples reached the ultimate stress, they all lost the
ability to contain any force. Due to that, the OS treatment condition does not give in to high
toughness, and the stress-strain curve shows a short tail, as shown in Figure 6-7A. For the
samples made by the treatment condition that changes based on the OS, OSt+50 and OSp-50
give the lowest average specific ultimate stress. For the samples made by the treatment
condition that changes based on the OT, OTt+50 and OTp-50 give the lowest average
specific toughness. It is shown that an increase in time and a decrease in pressure can reduce
mechanical properties. The baking time and pressure can relate to the fiber strength. The long
baking time can break down the fiber, and the stiffness could decrease as the fibers become

brittle. The short time press cannot align the fibers in one direction, which reduces the

strength and stiffness in the tension direction.
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Table 6-2. Mechanical properties and density are obtained from each tested sample.

Treatment p
T () | P (MPa) | H (hours) 04, (MPa) | E, (MPa) | U, (J/IM?)
Conditions (g/cm?®)
1.42 12.47 3200.5 0.043
0S 88 28.11 9.8 1.37 12.45 2268.7 0.050
1.35 10.99 2314.9 0.052
1.48 10.60 2624.9 0.066
oT 91 22.69 7.5 1.50 10.63 2560.3 | 0.037
1.42 10.93 27114 0.074
1.45 9.66 2685.4 0.032
OSt-50 88 28.11 4.9 1.33 9.58 2335.3 0.036
1.32 9.37 2114.0 0.062
1.31 6.24 1399.7 | 0.030
OTt-50 91 22.69 3.75 1.32 6.36 1615.5 0.030
1.27 6.90 1876.1 0.044
1.47 8.06 2189.7 | 0.039
OSt+50 88 28.11 14.7 1.38 8.06 2062.0 0.030
1.44 8.39 2345.5 0.024
1.40 4.40 1324.1 0.017
OTt+50 91 22.69 11.25 1.47 4.73 1466.2 0.045
1.42 431 1343.9 0.016
1.51 7.29 2699.1 0.015
OSp-50 88 14.05 9.8
1.35 7.38 1782.5 0.043
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Figure 6-7. A. Stress-strain curves for various dog bone shape samples under different
treatment conditions. The treatments include the original specific ultimate stress (OS), the
original specific toughness (OT) with a baking time increase and decrease of 50% (t+50 and
t-50), and pressure increase and decrease of 50% (p+50 and p-50). Showing how the different
treatment conditions affect the mechanical behavior of the materials. B. Stress-strain curves
for mycelium-based bio-composite bricks that are prepared by inoculating coir by using rye
mycelium culture and 2 different amounts of nutrition concentrations in the larger square
mold for 2 weeks. (L: larger mold, R: rye mycelium culture, S: low nutrition concentration,
and L: high nutrition concentration). C. Stress-strain curves for mycelium-based bio-
composite bricks that are prepared by inoculating coir using rye mycelium culture and a
concentration of nutrition in the small square mold for 4 months. (S: small mold, R: rye
mycelium culture, L: high nutrition concentration, and L: longest growth time). D. Stress-
strain curves for mycelium-based bio-composite bricks that are prepared by inoculating coir
by using 2 different mycelium cultures and 2 different amounts of nutrition concentrations in
the small square mold for 1 week. (S: small mold, R: rye mycelium culture, L: liquid
mycelium culture, S: low nutrition concentration, and L: high nutrition concentration). B, C,
and D show how the different growth periods, forming mold shape, mycelium culture source,

and nutrition concentration affect the mechanical behavior of the materials.
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Figure 6-8. Comparison of mechanical properties under different treatment conditions. A.
shows the specific ultimate strength (o, /p), specific Young's modulus (E;/p), and specific
toughness (U, /p) for dog bone shape samples based on various treatments labeled OS, OT,
and combinations with t £50 and p %50 suffix. Error bars are given for the standard
deviation of each mechanical property. The highlighted sections in red indicate the maximum
average results. B. shows the 0.2% yield strength (o), elastic modulus (E,), and toughness
(U,) for the mycelium-based bio-composite bricks based on different processing methods
labeled SLS, SLL, SRS, SRL, LRS, LRL, and SRLL. Error bars are given for the standard
deviation of each mechanical property. The highlighted sections in red indicate the maximum

average results.

6.3.5 Compression test results
We perform the compression test on each sample with an Instron machine to understand the
effects of different preparations on the mechanical properties of the composite materials.

Figures 6-7 B, C, and D summarize the stress-strain curves of mechanical samples of
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different growth periods, forming mold shape, mycelium culture source, and nutrition
concentration (abbreviations of each sample are explained in the caption of Figure 6-7). It is
shown that all the mechanical samples initially withstand increasing loads but rapidly lose
strength upon reaching a critical stress level. For all samples, it is shown that most of the 0.2
yield strength increases with the growth periods of up to 1 week as more mycelium matures
and combines with the substrate, leading to a more compact solid material. On the other hand,
a culture longer than 1 or 2 weeks yields weaker samples, as the long-time growth, the

mycelium can break the cellulose to reduce the strength of the whole composite sample.

We found that the different preparations can significantly affect the mechanical properties.
We compute 0.2 % yield strength (0.2 % o), elastic modulus (E.), and modulus of toughness
(U,) (see Method part) for each of the samples (raw data for all the samples in Table 6-2 in
the Supporting Material). Figure 6-8 B summarizes all the data and shows each mechanical
property's average and standard deviation. Compared with the sample that grows in the same
period, it is shown that 0.2 % g, = 0.87 + 0.02 MPa and E, = 4.66 * 0.23 MPa provided
by SRL is significantly larger than other samples in the 1-week growth period. We suggest
using the mycelium rye culture and high nutrition concentration, which can lead to higher
yield strength and elastic modulus. The mycelium growth from rye is more mature and more
robust than the mycelium spor from liquid culture since the mycelium spor liquid culture
needs more time to grow to the strong fibers. Moreover, the high nutrition concentration can

accelerate mycelium growth and provide more nutrition to help mycelium form a strong fiber.

168



We believe that SRL gives the highest 0.2 % o, and E,. mainly because of the higher content
of mycelium, as the mycelium had already grown to occupy the substrate before our tests
fully. It is also noticed that compared to the 0.2 % o, and E, each sample does not differ
much from U.. Mycelium can alter the microstructure of the composite by creating a porous
yet interconnected matrix. These structural features can contribute to toughness by allowing
the material to deform under stress without losing coherence. Compared with the sample
growth for 4 months with 1 week, all the mechanical properties significantly decreased. The
long-time culture makes the mycelium digest the cellulose and lignin to weaken the

mechanical properties of the composite.

Table 6-3. Mechanical properties are obtained from each tested sample.

Forming | Mycelium
Growth Nutrition | Sample (0.2% oy, | E. U,
Mold Culture
Period Concentration| Name | (MPa) |(MPa)| (3/md)
Shape Source

SLS-1 0.55 2.88 | 0.799

16 g malt with
SLS-2 0.74 4.00 | 0.887
8 g yeast
SLS-3 0.73 3.66 | 0.888
liquid
SLL-1 0.69 3.50 | 0.852
5 X 5 small 24 g malt with
1 week SLL-2 0.73 3.85 | 0.895
square 12 g yeast
SLL-3 0.75 3.87 | 0.892
SRS-1 0.53 2.52 | 0.896
16 g malt with
rye SRS-2 0.52 2.54 | 0.908
8 g yeast

SRS-3 0.88 454 | 0.932
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SRL-1 0.83 4.16 | 0.940
24 g malt with
SRL-2 0.87 4.22 | 0.948
12 g yeast
SRL-3 0.89 4.66 | 0.931
LRS-1 0.81 3.96 | 0.995
16 g malt with
LRS-2 0.87 4.06 | 0.970
8 g yeast
1 X1 large LRS-3 0.60 2.85 | 0.980
2 weeks rye
square LRL-1 0.25 1.26 | 0.597
24 g malt with
LRL-2 0.35 1.63 | 0.627
12 g yeast
LRL-4 0.27 1.42 | 0.577
SRLL-1| 0.12 0.56 | 0.413
5 X 5 small 24 g malt with
4 months rye SRLL-2 0.10 0.62 | 0.545
square 12 g yeast
SRLL-3| 0.08 0.44 | 0.646
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CHAPTER 7. CONCLUSION AND RECOMMENDATIONS
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7.1 Summary and Conclusion

The thesis investigates the potential of mycelium-based bio-composites as sustainable
materials within the construction industry. Traditional construction materials, such as steel
and concrete, face energy-intensive production's environmental and economic challenges and
contribute significantly to carbon emissions. Mycelium is known for its dense, thread-like
structure and ecological benefits, including its role in decomposing organic matter, and
facilitating plant communication through its networks. Mycelium-based materials leverage
the natural growth processes of fungi to create strong, lightweight, and biodegradable
composites. By integrating mycelium with organic waste, such as agricultural byproducts or
sawdust, these materials offer a sustainable alternative to conventional building materials and
help in waste management. The process, akin to natural 3D printing, results in materials that
can be shaped into various forms, offering versatility in applications ranging from insulation

and structural components to furniture and packaging.

Their resistance to fire and insulating properties of mycelium-based materials makes them an
attractive option for building applications. Moreover, the environmental benefits, including
their composability and the absence of toxic chemicals, align with the growing global
emphasis on sustainability. The scalability and efficiency of producing mycelium-based
composites are notable, as they require minimal energy input and can be cultivated quickly.
This aspect is crucial for their adoption in mainstream industries, where the demand for eco-
friendly materials is rising. Mycelium composites' versatility, which can be tailored to

specific needs by manipulating growth conditions and substrates, further enhances their
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appeal.

In conclusion, the potential of these materials to address environmental challenges, reduce
waste, and offer sustainable alternatives in various industries is immense. Based on the
results of this study, the following conclusions can be drawn:

1. The thesis investigates the impact of substrate stiffness on mycelium growth,
revealing that mycelium tends to grow faster on stiffer substrates. Through
experiments involving different mycelium species and substrates with varied stiffness,
the research demonstrates that mycelium concentrates on the surface of rigid
substrates. In contrast, it penetrates softer ones, affecting the overall growth rate. This
finding suggests that the physical properties of substrates, specifically their stiffness,
play a crucial role in mycelium growth dynamics, offering insights that could be
pivotal for optimizing the production of sustainable mycelium-based composites by
potentially reducing manufacturing times and costs.

2. The thesis focuses on enhancing their mechanical properties by integrating
experiments and machine learning. By cultivating mycelium P. eryngii on stalk fibers,
which acts as a natural adhesive, the study demonstrates that mycelium strengthens
the composite materials and allows for a more energy-efficient production process.
The findings reveal that these mycelium-enhanced composites exhibit superior
mechanical strength compared to those without mycelium, achieving an ultimate
strength of up to 12.99 MPa and a Young’s modulus of 3.66 GPa. Furthermore,

machine learning models derived from experimental data provide optimized treatment
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conditions, suggesting that lower temperatures, higher pressures, and shorter pressing
times are conducive to higher strength and modulus in the composites. This research
underscores the potential of mycelium-based materials in engineering applications,
offering a sustainable alternative to traditional synthetic adhesives in wood
composites.

The thesis focuses on constructing a lab-scale green tent environment to closely
monitor and analyze mycelium growth under controlled temperature and humidity
conditions. The green tent, equipped with thermal and moisture insulation, utilizes an
Arduino chip for precise environmental data monitoring. This setup aims to explore
the influence of various substrates on the microscopic morphology of mycelium fibers
during growth. Initial findings suggest that hydrogel substrates, rich in soluble
nutrients, are more conducive to mycelium growth than hardwood boards, leading to
faster growth rates. Despite the differences in substrates, the diameter of mycelium
fibers remained consistent at approximately 3 pm. This research lays the groundwork
for further investigation into mycelium growth mechanisms and seeks to develop
environmentally friendly and efficient methods for cultivating mycelium-based
materials.

The thesis explores the development and evaluation of mycelium-based bio-
composite insulation materials as a sustainable alternative to conventional building
materials. By cultivating G. Lucidum on coconut coir, the study produces mycelium
composites that exhibit biodegradability, low embodied energy, and comparable

thermal performance. Experimental tests demonstrate the mycelium composite's
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superior fire resistance, hydrophobic properties, and mechanical strength. Moreover,
different substrates and mycelium species are used to make the mycelium-based bio-
composite material, coconut fiber, and G. lucidum to verify the machine-learning
results. Using the heat press processing method and the treatment conditions resulting
from machine learning, the results show that the sample made by the machine

learning treatment condition results show the maximum mechanical properties.

7.2 Recommendations for Further Study

In this dissertation, | have explored mycelium-based bio-composites' multifaceted
applications and benefits, particularly in the construction industry. However, the research on
mycelium-based materials is far from complete. A vast landscape of uncharted territories in
this field beckons further exploration. One notable area for future study is optimizing
mycelium growth conditions. While | have delved into the effects of substrate stiffness on
mycelium growth, the influence of other environmental factors such as light exposure, CO-
levels, and the presence of specific nutrients in the substrate could offer deeper insights into

maximizing the efficiency and quality of mycelium-based materials.

The scalability of mycelium-based material production is another critical area that warrants
more in-depth investigation. My dissertation touches upon scalability from a theoretical
standpoint. Still, practical challenges remain in large-scale production, including maintaining
consistent quality, reducing production costs, and developing efficient harvesting and

processing techniques. Future studies could address these challenges by exploring innovative
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bioreactor designs or automated harvesting systems.

Furthermore, mycelium-based bio-composites face limitations such as variable mechanical
properties, susceptibility to environmental conditions, and degradation over time. These
shortcomings require further research to enhance their durability, stability, and performance.
Addressing these limitations could involve developing new composite formulations or hybrid
materials that combine mycelium with other sustainable components to improve their

mechanical and functional properties.

A significant direction for enhancing the mechanical properties of mycelium-based bio-
composites lies in the development of novel reinforcement strategies. This could include
incorporating natural fibers, nanoparticles, or bio-based additives into the mycelium matrix.
These reinforcements can potentially increase the composites' strength, toughness, and
overall mechanical performance. Additionally, investigating advanced processing techniques,
such as hot pressing or freeze-drying, could help achieve a more uniform and dense structure,
further enhancing the mechanical properties. Future research is crucial for making mycelium-
based materials more competitive with traditional materials, broadening their application

scope in demanding engineering contexts.

Another intriguing direction for further study involves integrating mycelium-based materials
with intelligent technologies to create living, responsive materials. Imagine a scenario where

mycelium composites could adapt to environmental changes, such as altering their porosity in
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response to humidity levels or healing cracks when damaged. This could be achieved by
embedding sensors or incorporating self-healing mechanisms within the mycelium matrix.
Research in this area could lead to the development of dynamic, sustainable materials that
reduce the environmental impact of construction and enhance the functionality and longevity

of buildings.

Additionally, applying mycelium-based materials in fields beyond construction, such as
packaging, textiles, and filtration media, offers a broad spectrum for future research.
Investigating the suitability of mycelium materials in these diverse applications could open
new markets and further enhance the sustainability of various industries. This could involve
interdisciplinary research, combining insights from material science, biology, and industry-

specific knowledge.

Lastly, the environmental impact of mycelium-based materials throughout their lifecycle,
from production to disposal, is an area that deserves more attention. While mycelium is
inherently sustainable, understanding the total environmental footprint, including any
potential unintended consequences of large-scale adoption, is crucial. Future studies could
employ lifecycle assessment (LCA) methodologies to provide a comprehensive view of the

sustainability of mycelium-based materials.

In conclusion, while this dissertation lays the groundwork for understanding and utilizing

mycelium-based bio-composites, the path forward is filled with opportunities for innovation
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and discovery. Each of these recommended areas for further study promises to advance our
knowledge and application of mycelium and contribute to the broader goal of sustainable

development and environmental conservation.

. (0,0
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Figure 7-1. Future study directions for mycelium materials and mycelium-based bio-
composites focus on their applications in packaging, textiles, and filtration media. It also
highlights the importance of investigating the effects of light, CO: levels, different mycelium

species, and substrate types on mycelium growth and its mechanical properties.
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