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mycelium and substrate to form
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Mycelium composite has an
ultimate strength and Young's
modulus close to a fiberboard

Machine learning based on the
experiments helps to optimize
treatment conditions

Yang et al. study the mechanics of mycelium-wood-fiber-based composites and
reveal how their material functions, including density, Young’s modulus, ultimate
strength, and toughness modulus, vary with the processing conditions. This
mycelium-based composite has higher mechanical strength than samples without
mycelium and is more energy efficient in preparation.
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Mycelium-based wood composites
for light weight and high strength

by experiment and machine learning

Libin Yang'? and Zhao Qin'-#:34*

SUMMARY

Wood composites composed of recombined wood fibers heavily
depend on synthetic adhesives for mechanical strength. Here, we
focus on using mycelium to gain wood composites and integrating
experiments and machine learning for better mechanical properties.
We grow mycelium Pleurotus eryngii on stalk fibers as a natural ad-
hesive by forming a secondary fibrous network. We find that myce-
lium enhances the composite mechanics but breaks down at high
temperatures. We obtain composite samples with an ultimate
strength of up to 12.99 MPa with a Young’s modulus of 3.66 GPa,
which is higher than samples without mycelium obtained from the
same condition. We build machine learning models based on exper-
imental tests to predict the material functions for any treatment
conditions. The composite with mycelium requires a relatively lower
temperature, higher pressure, and shorter pressing time to yield
higher strength and modulus. Our results could be useful for engi-
neering composites from living materials.

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 de-
cades.' Wood composite is a broad term that encompasses a vast array of compos-
ites composed of wood sheets, fibers, and particles integrated via different adhe-
sives (e.g., medium-density fiberboard [MDF] and particle board, plywood,
oriented strand board, and wood polymer composites).2'6 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).” The new gener-
ation of the wood composite can be multifunctional by incorporating fibers from
different wood species with engineering fibers (e.g., glass, carbon, plastic) and ad-
hesive resins.®”'" 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.).'”'* 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 re-
generated cellulose fiber'®). These wood fibers lack intermolecular interactions that
bind them to form a bulk material as hemicellulose and lignin do in natural wood."”
Thus, the production of wood composites depends on the source and physical prop-
erties of these foreign adhesives that are added during manufacturing, which in turn
affect the material functions (e.g., mechanical, thermal, chemical) and environmental
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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'"~?"; and a higher fire hazard than solid wood.'?%?
Moreover, these synthetic adhesives are derived from non-renewable sources

(e.g., petroleum and natural gas)”>?*

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.'®?> They have a
high molecular weight and are fully biocompatible and biodegradable.? Lignin is
a suitable wood adhesive for its phenolic structures® and forms hydrogen bonds
to cellulose and other desirable material features, including high hydrophobicity,
a low glass transition temperature, and low polydispersity.?’~*? Its adhesion strongly
depends on the molecular structure and, thus, the mechanics of the adhesive.*®
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.>'* However, starch-based composites have
poor water resistance and a slow drying rate.”” Protein-based adhesives have high
viscosity, short pot life, and high sensitivity to water, and their material functions
are sensitive to the sequence. Although itis possible to predict the protein structure
from its sequence with machine learning algorithms,*? its adhesion function at a
large scale is still far from the molecular structure, making it elusive what key protein

sequences are optimized for wood adhesion.?>#%:°

Mycelium, another adhesive for wood composites, has attracted broad industrial in-
terest in recent years.>**° Mycelium is the vegetative part of a fast-growing, regen-
erable fungus, consisting of a network of fine white filaments of 1-30 um diameter.*’
It grows in the form of numerous branching fibers, attaching itself to the medium in
which it grows.*” 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.**~** 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.***® Mycelium-based biocomposites have similar strength
to expanded polystyrene (EPS) and are biodegradable.*”*° Various properties of
mycelium-based composites make it useful for different applications such as thermal

.. . 1-
and acoustic insulation.”'™>*

Here, we explore an efficient way to produce a mycelium-based wood composite
with outstanding mechanical properties. Figure 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 ma-
chine 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 made of mycelium instead
of polymer adhesives, leading to environmentally friendly materials for wide engi-
neering applications.

RESULTS AND DISCUSSION

Wood composite 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
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Figure 1. Multiscale structure of the mycelium in our study

From the bottom left, the figure shows the scanning electron microscopy (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 days 3 and 7 in the culturing disk.
The schematics show the general process of preparation, including growth of mycelium in the Petri
dish and jars, moving the incubated mycelium on the rye from the jar to the larger substrate, and
heat pressing for samples for mechanical tests.

samples. We use Pleurotus eryngii, known as the king oyster, not only because
spores grow in the mycelium, are easy to grow, and have high yield, but also because
itis the same genus as the Pleurotus ostreatus.”'"* The P. ostreatus is the most com-
mon species used in the experiment.®® 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 addi-
tional species could be yet to be discovered.>® This vast diversity of fungi highlights
the need for a systematic approach to experimental design, with careful consider-
ation given to the selection of appropriate fungal strains. Choosing other species
from the Pleurotus genus can avoid performing the same experiment with other re-
searchers. Moreover, P. eryngii has been used to develop fungus-based aerogels for
green thermal insulation materials, thermal management materials for electrical de-
vices, durable acoustic materials, pollution adsorption materials, etc.”’ Therefore,
P. eryngiiis a suitable undeveloped species that can be applied to our experiments.
The stalk (S) and S with mycelium (SM) are prepared by us. For comparison, we use
the commercial mushroom grow kit,® a mixture of wheat bran, hardwood saw dust
(fruit wood), spent coffee grounds, and other agriculture wastes for growing sub-
strate and P. eryngii mycelium (HCM [hardwood mixed with coffee grounds and
mycelium])

We use these three different raw materials and convert them into mechanical
samples for testing. Figure 2A summarizes the key steps: we mix each of the raw ma-
terials (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 10-ton heat-press machine. We vary
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Figure 2. Processing of mycelium-based wood composites and their microstructural features
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(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°C and

6.75 MPa pressure combined with five different baking times, which are 1, 2, 4, 8, and 16 h (material = mix with water = mushy material — heat-press

machine — test samples — Instron machine — broken samples).

(B) The SEM image of mycelium-based biocomposite material at room temperature dried for a month (left) and after the heat pressing of 90°C, baking

time 16 h, and 20.27 MPa pressure (right).

the processing temperatures (i.e., 80°C, 90°C, and 100°C), pressures (i.e., 6.7, 14.3,
and 20.3 MPa), and baking times (1, 2, 4, 8, and 16 h) for producing the samples. We
have 135 samples, with 45 samples for each raw material for mechanical tests, as
illustrated by Figure 2A. With this processing method, we obtain solid wood com-
posite samples with densities varying from 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 S 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 h), as shown
in Figure 2B. The flat fiber and the buckled clamp connection suggest that each myce-
lium fiber is a hollow tube filled with water with its cross-section profile supported by
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Figure 3. 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°C with different pressures (6.75, 13.51, and 20.27 MPa) and baking times (1, 2, 4, 8, and 16 h).

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°C is insufficient to empty the water within the mycelium fiber fully; therefore, its
profile is intact even under much higher pressure than the atmosphere.

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 3 summarizes the
stress-strain curves of the mechanical samples made of the three different raw mate-
rials, different pressures, and baking times under 90°C (other loading curves for
baking under 80°C and 100°C are summarized in Figure S2). It is shown that all
the mechanical samples reach the ultimate tensile strength (), 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 gy increases with a
baking time of up to 8 h as more water is evaporated, leading to a more compact
solid material in pressing. On the other hand, a baking time longer than 8 h yields
weaker samples, as the long heat press can break the mycelium fiber into small
pieces, as shown by microscopic images (Figure S2).

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), oy,
and modulus of toughness (Ur) (see experimental procedures) for each of the sam-
ples (raw data for all the samples in Tables S1-S3). Table 1 summarizes all physical
properties of the samples of maximum oy given by different raw materials. It is shown
that oy = 9.70 MPa provided by SM is significantly larger than oy = 8.85 MPa given
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Table 1. The maximum ultimate strength and other physical properties of a sample made of each
raw material

Material properties S SM HCM
ay (MPa) 8.85 9.70 12.99
E (MPa) 2669.5 28414 3664.8
Ur (MJ/m3) 0.038 0.044 0.030
p (g/cm?) 1.39 1.41 1.26

by S without mycelium, suggesting that oy increases by 10% when the density is
increased by 1.6% by adding mycelium. Furthermore, the SM sample of the highest
oy shows an advantage over the S sample of the highest oy by having a higher E by
6% and a higher Ur by 16%, suggesting that the mycelium can also significantly in-
crease the material stiffness and toughness. Moreover, the highest oy = 12.99 MPa
for all samples is obtained from HCM, which is 19% higher than the 10.89 MPa
strength of a corn-straw-based biocomposite in literature.”” It is noted that the ma-
terial density for the highest gy is much less than the highest p value (1.53 g/cm? for
SM and 1.54 g/cm?® for HCM; Table S2 and S3), indicating that the composite
strength does not monotonically increase with the material density, making it
different from ideal cellular materials (e.g., porous PS).¢° We also consider all 45
other processing conditions and compute the difference in p, oy, E, and Ur for sam-
ples made of S, SM, and HCM. It is shown that by using the same processing condi-
tions, p values of the samples made of SM and HCM increase by 11% compared with
the samples made of S on average, while gy increases by 35% and 96%, E increases
by 14% and 76%, and Ur increases by 47% and 7% for SM and HCM, respectively.

The results suggest that the mechanical advantage (o, E, and Ur) 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

15 2
the scaling law of ideal cellular materials, as 2 = (2) ~ and & = (2} %0 suggesting
ou2 2 E; 2

that adding the 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 SMis limited
(14 days) in our lab. It is also noted that compared with the significant increment in oy
and E, HCM does not give a much different Ut 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°C and 100°C) in Figure S3 in
the Supplementary Information, as HCM reaches g at a lower strain level without ductile
tail after oy and agree with the recent observation that a flexible mycelium composite
has a higher toughness than the brittle one.®"

Design toward the specific mechanics of mycelium-based composites

We compute the specific mechanical properties ay/p, E/p, and Ur/p based on values
summarized in Tables S1-S3, which account for the effective materials usage toward
different mechanical functions, as shown by the Ashby plots in Figure 4. It is shown
that the specific strength and modulus (Figure 4A) are highly correlated, which
largely agrees with the Ashby plot of the other cellular materials (e.g., foams,
cork, bone, wood),®” suggesting that even though we have applied a heat-press
treatment, the samples are largely similar to cellular materials, as both ¢y and E
monotonically increases with p, and thus show overall agreement with the scaling
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Figure 4. Ashby plots for specific mechanical properties of different wood composites

(A) Specific ultimate strength and Young's modulus normalized by density, showing that these two
mechanical properties of the wood composite are well aligned, which largely agrees with the other
cellular materials (e.g., foams, cork, bone, wood).%?

(B) Specific modulus of toughness and Young’s modulus normalized by density, showing that the
toughness of the composites are highly dispersed and weakly determined by the Young’s modulus.

laws of other cellular materials. However, neither Ur/p nor Ur shows a strong corre-
lation with E/p or p of the composites, as shown in Figure 4B, indicating that their
optimization is more complex than ¢y and E.

Table 2 summarizes the maximum specific mechanical properties with their corre-
sponding processing conditions, which can help guide the treatment conditions
for a specific optimized function. The temperature for yielding the best specific me-
chanical properties is likely from 90°C to 100°C, which agrees with the water evap-
oration temperature, reducing the water volume and making the wood fibers more
compact for a higher density. However, there is no other universal treatment condi-
tion that can lead to all the maximum mechanical properties. It is shown that HCM
gives the highest 2 = 10.32 and % = 2,912.3 J/g with 4 h of baking time, which are
much shorter than S and SM, suggesting that more mycelium in the raw material en-
ables 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 2> compared with the corn-straw-based biocomposite in literature,” while
the%ofour samples is much larger (1,800 J/g) than that of the literature value,” sug-
gesting that our samples are much stiffer with the same density. It is noted that the
Ur/p values for all the S samples are smaller (0.085 J/g) than that of the literature
value,”” and adding the mycelium (SM and HCM) further reduces the specific tough-
ness value. This result agrees with the fact that adding mycelium reduces the flexi-
bility of the composite, leading to higher modulus but lower toughness, because
a strong interaction by mycelium prevents the wood fibers from sliding, which ac-
counts for a portion of energy dissipation of a fibrous material.®***

Supervised machine learning for predicting the specific mechanics of
mycelium-based composites

We utilized all 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
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Table 2. The treatment conditions (i.e., time [h], pressure [P], temperature [T]) of each raw
material to achieve the maximum specific mechanical properties

Material ~ Specific mechanical properties (J/g) ~ Maximum values  h P(MPa)  T(°C)

S au/p 7.42 16 675 90
E/p 2,481.9 16 675 90
Ur/p 0.061 16 675 80

SM au/p 7.45 8 20.27 90
E/p 2,521.3 16 20.27 90
Ur/p 0.043 8 20.27 90

HCM ay/p 10.32 4 20.27 100
E/p 2,912.3 4 20.27 100
Ur/p 0.034 16 675 90

predictors and the specific material properties (i.e., p, oy, E, Ur) as output responses
of each mechanical sample and developed a neural network model as summarized in
Figure 5. This model aims to map the output values from any given predictor values
instead of running the specific experimental test.®>*® Instead of directly predicting
the mechanical properties, we use a k-means clustering method®’~’? to divide the N
tests into five levels for each gy, E, and Uy (see the details of this clustering algorithm
in the experimental procedures). Each sample is labeled by a 4-element vector Vv,
with each element V; taking the response value from O to 4 for a specific material
property. Hence, any samples with the same V; value will have a similar correspond-
ing material property compared with 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 S4 shows the confusion ma-
trix 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

pre:
property, with over 70% of predictions being accurate or only one level different

from the level of the test result, as |Vi_pred — V,-‘ <1.

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 6, and use the
models to predict p and mechanical properties and further compute oy/ p, E/ p,
and Ur/p values that correspond to each feasible condition (as plotted in Figure S5).
Then, we normalize each dimension of the different processing conditions and clus-
ter them together with the predicted specific mechanical properties by k-means (see
the experimental procedures for details), which enables us to identify the cluster of
processing conditions that yields the highest specific mechanical property. Figure 6
highlights the location of all the points within the cluster of the highest ay/ p, E/ p,
and Ur/p values, suggesting the range of the most favorable processing conditions
for a particular specific mechanical property.

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 S4). These predictions agree with the tensile test observations
(Table 2), as shown in Figure Sé6. Furthermore, it is shown that the machine learning
models predict some specific mechanical properties to be higher than the direct
experimental observation, and the corresponding 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.
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Figure 5. The general process of data clustering and the tri-layered neural network classification method for making predictions beyond
experimental tests

The mycelium-based biocomposite as an environmentally friendly material shows
more advantages in many applications (e.g., packaging materials, acoustic and ther-
mal insulation boards) and is receiving more attention.”>”" However, the develop-
ment of biocomposite 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 biocomposite samples
is developed in the current article. Compared with literature methods that directly
inoculated mycelium in the substrate for manufacturing samples,**“*7?
the blender to mix the mycelium with wood fibers and water before heat pressing

we use

the composite that may enable us to further dissolve chitin and enable it to become
exposed and get more distributed to interact with cellulose fibers at their interfaces,
which leads to reinforcement and strength.”? Because of the promising applica-
tions’?’¢ and intrinsic environmentally friendly features over materials that require
the heavy involvement of synthetic chemistry, the development of mycelium-based
wood composites will need to start in the lab to fully understand the mechanisms of
the mycelium growth and the structure-mechanics relationship at the microscopic
scale in our fundamental studies but will eventually aim to scale up to large-scale
manufacturing for engineering applications including infrastructure and packaging.
Indeed, its structural designs and applications in buildings for thermal insulation, fire
resistance, and acoustic absorption will be further explored, and complex structures
and their related material functions will be evaluated,”’ for example, via 3D printing
and foam forming. However, it is crucial to identify a sustainable way that requires
less energy consumption and carbon emission but yields materials of higher specific
mechanics during manufacturing.’® This will give the large-scale manufacturing of
the material commercial advantages over other conventional building and pack-
aging materials. Compared with 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 crit-
ical challenge in making the breakthrough that will lead to its mass production.
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Figure 6. 3D scatterplots for the processing conditions of randomly generated 100,000 imaginary samples made of different raw materials (stalk [S],
stalk with mycelium [SM], and hardwood mixed with coffee grounds and mycelium [HCM]), with the points corresponding to the highest specific
mechanical properties (sy/p, E/p, and Ur/p) highlighted by a red color

Conclusions

Our results show that adding the mycelium to the wood composite will be promising
for specific strength and E. It requires higher pressure but less baking time to achieve
optimal mechanics. Our machine learning results point out that a pressure 2-3 times
(for SM and HCM samples) that of the highest pressure for current experimental tests
can be beneficial. The temperature requirement is similar for all wood composites,
with and without mycelium, around ?0°C. Optimizing the toughness of samples
with mycelium seems more complicated, and a long baking time and low pressure
are essential. Comparing the machine learning results with the experiment results,
the general trends of the effect of baking time, pressure, and temperature on sample
mechanics are the same.

The mycelium species and substrate type we chose for this study are commonly
accessible for repeating tests. Integrating experimental tests with machine learning
has opened up a new frontier for predicting multiphysics phenomena within high-
dimensional design spaces that would be difficult to explore through traditional
experimentation alone. Our experiment showed that by integrating experimental
tests with machine learning, we could obtain multiphysics predictions within a
high-dimensional design space that the experiment tests cannot immediately fully
explore. By training these algorithms on a wide range of experimental data, we
were able to create predictive models that could explore complex relationships be-
tween various factors in the design space, enabling us to generate more accurate
predictions about how these factors interact with one another. The predictions
can help design conditions for further improvement. Our model can guide future
experimental synthesis and characterization and be updated by having more up-
coming test results, making the prediction more accurate. We plan to increase the
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dimension of our study beyond the processing conditions summarized in the current
article and include the growth of mycelium. The effects of incubation temperature,
humidity, nutrients supplied, and light need to be quantitatively understood. More-
over, the mycelium species and substrate type will lead to many possibilities and will
be investigated in our incoming work.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Zhao Qin (zgin02@syr.edu).

Materials availability

Composites generated in this study will be made available on request, but we may
require a payment and/or a completed materials transfer agreement if there is po-
tential for commercial application.

Data and code availability
All experimental data is included in the supplementary information available online.
Other requests for the research details will be made by contacting the lead contact.

General information on the experiment

The general process of our experiment is that we grow the mycelium of P. eryngiion
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.

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 S substrate (weight ratio 1:5; Figure S1B). 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 (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 envi-
ronment for 7 days to obtain the combination without mycelium fibers (S). For the
HCM, we also culture the kit for 7 days in the same high humidity condition.

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 S1B 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 2A, 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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Mold design

We design a two-part mold to make the mycelium-based biocomposite sample of a
type IV 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 S1A 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 pres-
sure 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 putinto the bot-
tom 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.

Heat-press procedure
The press machine connected with the proportional-integral-derivative (PID) tem-
perature controller box allows us to set different temperatures (Figure 2A). 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

Fplate

Opress = A (Equation 1)

where 0press and Fppare are the normal stress and force applied on the top surface of

the sample, respectively, and A = 13.68 cm? is the area of top surface of the dog-
bone sample. The three applied pressures lead to pressures 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 the mate-
rial 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 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 h. We have prepared
45 samples for each material for mechanical tests.

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 [0.62 MPa] 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 Lg 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 every 0.02 s, and the engineering strain
of the sample is defined by ¢ = L%. The load cell records the loading force fand com-
putes the engineering stress with o = Aio, where Ay is the initial middle part cross-

section area of the testing region of the dog bone sample. The test automatically
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stops when the sample is broken. We use the ¢ — o data frome = 0to e = 0.001 to
perform the linear fitting and measure the slope of the fitting curve to calculate E. 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 = 7 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 several times at
different places for the average.

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 prop-
erties (i.e., p, oy, E, Ur) into five levels (scale 0-4) by using K-means.®”’~’° 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 data within the cluster. It is an iterative procedure that
refines the groupings in multiple steps, each improving the cluster quality.”” We
use the squared Euclidean distances to calculate the distance between each data
point to the cluster center. 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, al-
lowing 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 neu-
rons, to find the correlation between the processing conditions and a material prop-
erty. 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, and 10 for models in predicting p, oy, E, and Ur,
respectively.

K-means clustering for scanning the promising processing conditions

After massively predicting and computing the ay/p, E/p, and Ur/p values for the
100,000 sets of feasible processing conditions, we normalize the processing condi-
tions and the predicted specific mechanical properties by computing the standard-
izing 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®©-%?)

. We increase the number of clusters (k) to determine when the mean
value of the cluster that corresponds to the highest specific mechanical property
converges to a constant level. It is shown in Figure S7 that k = 49 yields the conver-
gence 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 in Figure 6.
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