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3D printed gyroid scaffolds enabling strong
and thermally insulating mycelium-bound
composites for greener infrastructures

Deepak Sharma1 & Hortense Le Ferrand 1,2,3,4

Mycelium-bound composites (MBCs) grown from fungi onto solid lig-
nocellulosic substrates offer a sustainable alternative to petroleum-based
materials. However, their limited mechanical strength and durability are often
insufficient for practical applications. In this work, we report a method for
designing and developing strong and thermally insulating MBCs. The method
grows mycelium onto 3D-printed stiff wood-Polylactic Acid (PLA) porous
gyroid scaffolds, enhancing the strength of the scaffold while imparting other
functional properties like thermal insulation, fire resistance, hydrophobicity,
and durability. The extent of improvement in MBCs’ performance is directly
dependent on the mycelium growth, and the best growth is observed at 90%
porosity. We observe yield strength (σy) of 7.29 ± 0.65MPa for 50% porosity
MBC, and thermal conductivity (Kt) of 0.012W/mK for 90% porosity MBC.
Maximum improvement in σy (50.4–77.7%) between before and after myce-
liumgrowth is observed atmedium (70%)–high (90%) porosity. TheMBCs also
exhibit design-dependent improvedfire-resistance anddurability compared to
the base wood-PLA scaffold, further enhancing their suitability for practical
applications. Our findings show that integration of 3D printing, design, and
biomaterials enables the development of sustainable bio-based composites to
replace pollution-causing materials from the construction industry.

The construction sector, liable for 37% of global greenhouse gas
emissions, adds new buildings equivalent in number to the total
number of buildings in the city of Paris every five days1. Brick manu-
facturing alone contributes significantly to CO2 emissions and global
warming, with conventional kilns emitting 0.8–1.2 kg CO2 per brick2.
The construction industry also depends greatly on thermal insulators,
such as mineral wool and expanded polystyrene (EPS), which regulate
heat dissipation but often have significant environmental impacts
from production to disposal3. The sectors responsible for carbon
emissions are forecasted to further increase their emissions from 25%
to 50% by 20501. However, implementing sustainable practices could

decreaseemissions by 40%by2050. For instance, repurposing existing
buildings produces 50–75% less emissions than constructing new
ones1. To achieve net-zero emissions by mid-century, the construction
industry must focus on circular economy approaches, bio-based
materials, and decarbonizing conventional materials like steel, alumi-
num, and concrete4. Bio-based construction materials include bam-
boo, timber, hemp, straw, cork, mycelium, and bioplastics5–7. These
materials offer lower carbon footprints and can capture CO2, offering
sustainable material choices4,8. However, these materials face chal-
lenges like inconsistent quality, moisture sensitivity, fire hazard, and
low durability9,10. Developing biomaterials with enhanced thermo-
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mechanical properties anddurability is therefore needed to reduce the
environmental impacts of buildings.

By harnessing the unique properties of living organisms, bioma-
terials can be converted into functional materials and address some
challenges for other passive bio-based materials11. These living bio-
materials, called engineered living materials (ELMs), can grow, self-
repair, and adapt to environmental changes, making them highly ver-
satile for various applications12–14. MBCs are one type of ELMs, grown
by fungi onto lignocellulosic substrates. MBCs are sustainable bio-
composites in which organic substrates like agricultural waste are
bonded using fungal mycelium as a natural adhesive. These compo-
sites are biodegradable, lightweight, and customizable. For long-term
applications, the MBCs can be dried to kill the fungus and to create
materials with functional properties like hydrophobicity, thermal
insulation, and fire-resistance15–17. Because they are bio-based, MBCs
hold significant potential as a sustainable alternative, but their adop-
tion is limited by their typically low yield strength of about 0.01–0.72
MPa18,19. This low strength arises from the root-like network of hyphae
that loosely bind the organic lignocellulosic substrate together. The
hyphae network creates a flexible and lightweight material, but it lacks
the rigidity necessary for construction applications. Increasing the
mechanical strength of MBCs while retaining their multiple functional
properties could facilitate their adoption in the infrastructure industry.

Oneway to increase themechanical properties ofMBCs is to press
them, but this results in a loss of shape and thermal insulation

properties20. Anotherwaycouldbe to increase thedensity of hyphae to
create a stronger binding network. However, it is not easy to homo-
geneously grow dense hyphae: a dense fungal skin layer is generally
formed at the surface of the substrate, blocking oxygen and humidity
access to the interior of the structure, resulting in a low-density hyphae
network. Having a porous substrate can facilitate oxygen diffusion and
improve mycelium growth and stiffness while further enhancing
functional properties due to the increased surface area21. The porosity
of loose lignocellulosic substrates could be tailored by varying the size
of the particles in the substrate, but the discontinuity of the particles
would still lead to weak mechanical properties. In turn, rigid porous
lignocellulosic bio-based substrates could be obtained using biopoly-
mers reinforced by wood particles. Furthermore, the designed scaf-
folds allow precise control over architecture and porosity, in terms
allows for tuneable strength and functional properties22. Commercially
available 3D printing filaments made from PLA and recycled wood
could be 3D printed into porous structures for the mycelium to grow.

In this study, we develop MBCs by using a stiff scaffold, which
increases the mechanical strength and mycelium growth. In turn, the
mycelium growth also improves the mechanical and functional prop-
erties of the scaffold. We propose to use these MBCs as a sustainable
alternative to clay bricks currently used in construction, which cause
pollution during processing and are disposed of by landfilling (Fig. 1a).
The fabrication of theMBCs uses a nutrition-rich solution to coat a 3D-
printed porous scaffoldmade frombio-basedmaterials. The nutritious

Fig. 1 | Approach for the fabrication of sustainablemyceliumbricks. a Cartoons
making a parallel between clay andmycelium bricks, as proposed in this study. The
manufacturing of clay bricks is energy-intensive and results in landfilling.Mycelium
brick can be produced with low energy drying, are tailor-made and compostable.
b Schematic showing the fabrication steps of mycelium bricks. Bio-based raw
materials from low-cost discarded wood and corn are converted into filaments for

3Dprinting aporous scaffold. This scaffold is coatedwith the nutrition rich solution
of Peptone-Malt-Agar (PMA) by dipping. The fungus is then inoculated and grown
for21days. c Electronmicrographof the 3Dprintingfilament, revealingwoodflakes
distributed in the PLA matrix with some micropores (scale bar is 100μm). Micro-
computed tomography reconstructed data showing the 3D distribution and per-
centage of different elements in the 3D printing filament.
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solution enables the growth of the mycelium and the final functional
properties, while the 3D-printed scaffold enables customization,
design of the optimum porous structure, and mechanical properties
(Fig. 1b). Additionally, micropores in the scaffold material, wood-PLA,
facilitate moisture retention via capillary action, creating an environ-
ment that supports mycelium proliferation and metabolic activity
(Fig. 1c). Our method uses a 3D printer, wood-PLA filament, nutrition-
rich solution, and mycelium inoculant. The low temperature and sim-
plicity of the process enable easy fabrication, without the need for
energy-intensive kilns, complex equipment, and infrastructure, which
also reduces transportation cost and emissions. For physical,
mechanical, and thermal properties of wood-PLA, (see Supplementary
Table 1) and more information about the selection of porous scaffold
design is mentioned in (see Supplementary notes). Ganoderma luci-
dum is the fungal species chosen to demonstrate the concept of this
work, given its excellent properties reported, although the approach is
applicable to other species. The synergistic presence of the macro-
pores from the scaffold design and the micropores from the scaffold
material leads to improvement inmycelium growth andwhich directly
improves the mechanical and functional properties.

Results
Mycelium growth
To achieve the desired final properties of the composite bricks,
mycelium should grow on the entire 3D printed wood-PLA scaffold.

The growth of the mycelium depends on the composition of the
Peptone-Malt-Agar (PMA) coating, unit cell size, and theporosity of the
scaffold, which were investigated on a wood-PLA gyroid scaffold
(Fig. 2). This study selected gyroid due to its superior mechanical
properties, interconnected porous network and high surface area
(Supplementary notes).

First, the PMA coating should be optimized to allow for efficient
mycelium growth. Malt is the main component that influences the
growth and determines the exploration (guerilla) or exploitation
(phalanx) growth behavior of themycelium. Previous work growing G.
lucidum on hydrogels reported that a malt concentration lesser than
2–4w/v% of the PMA solution favors exploration, while a concentra-
tion between 2 and 20w/v% favors exploitation12. Since we want to
form a thick, dense, anduniformmycelium layer onto the scaffolds,we
varied the malt concentration between 2 and 20w/v% while keeping
agar and peptone constant. For 2 to 5w/v% malt, the mycelium still
exhibits exploration behavior, forming a fluffy and highly porous
mycelium layer (Supplementary Fig. 1a). At 20w/v% malt, the myce-
lium exhibits exploitation behavior, with a dense but slow mycelium
formation so that even after 21 days, the scaffolds were not entirely
covered. At 10w/v% malt, there is a balance between exploration and
exploitation resulting in a healthy and vigorous growth of the myce-
lium which covers the entire scaffold homogeneously. For the rest of
the study, 10w/v% malt was used and 40mm cubic uniform gyroid
samples with 70% porosity were completely covered with mycelium in

Fig. 2 | Growth dynamics of mycelium from G. lucidum on porous 3D-printed
wood-PLA scaffolds. a Growth of mycelium with time on wood-PLA with PMA
coating containing 10w/v% malt (scale bar is 10mm). The inset shows the micro-
scopic network of mycelial hyphae, where blue arrows indicate porosity, and red
arrows show interwoven connections and hyphae (scale bar is 10 μm).b Increase in
mycelium mass (top) and the corresponding decrease in moisture (bottom) as a
function of growth time (Data are presented as Mean value ± SD for n = 5 biologi-
cally independent mycelium samples). c 5 × 5 matrix representation of the change

in average hyphae diameter andmycelium density with change in unit cell size and
porosity of the gyroid scaffold after 21 days of growth. Lighter color represents low
myceliumdensity and darker represents highmyceliumdensity.dDifferenceof the
air flow in the 50% and 90% unit cell porosity gyroid scaffold from computational
flow dynamics (CFD) simulation. Low air flow in 50% results in less oxygen supply
and low CO2 removal from the scaffold, resulting low density mycelium, high air
flow and continuous supply of oxygen and removal of CO2 resulting in high density
mycelium (Pictures on the right) (scale bars are 10mm).
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14 days. An addition of 7 days led to the formation of highly branched
hyphae and a dense mycelium layer (Fig. 2a). In the final week of
incubation, although themyceliummass reaches saturation, it displays
active branching and expands its network without an increase in total
biomass (Fig. 2b).

In the design of the porous scaffold, we considered unit cell sizes
and porosities in the range of 5–25mm and 50–90%, respectively,
basedonprintability andpractical application (Supplementary Fig. 1b).
Too small unit cell sizes are difficult to print, and too large ones create
gaps too wide for the mycelium to bridge. Similarly, porosities above
90% are difficult to print, whereas below 50%, the scaffolds do not
cover our scope of porous MBCs. Furthermore, small pore sizes clog
during PMA coating and prevent the internal spread of the hyphae.
Clogging can also occur when the dipping time of the scaffolds in the
PMA solution is too long (Supplementary Fig. 1c). Indeed, as the dip-
ping time increases, the thickness of the PMAcoating increases.On the
porous scaffolds, the hyphal diameter and density in the mycelium
layer were measured from electron micrographs after 21 days of
growth (Fig. 2c). Larger hyphal densities are often associated with
higher unit cell porosity, suggesting a possible relation between the
structure of the hyphae and the overall porosity of the scaffold.
However, the hyphal diameter did not show a clear relationship with
the unit cell size and porosity of the scaffold. In general, the hyphal
diameter varies between 0.85 and 1.04 μm, and the mycelium layer
density lies between 41.68 and 81.43%. The high mycelium density
obtained at 90% unit cell porosity results from the efficient and con-
tinuous supply of oxygen, which is necessary for mycelium growth,
while it avoids CO₂ build-up. Real-time computational flow dynamics
(CFD) simulation of gyroid scaffolds with 50% and 90% unit cell por-
osities show higher and continuous airflow at 90% porosity and low
and stagnant airflowat 50% (Fig. 2d and Supplementary Fig. 1d). This is
visualized by the wood-PLA brown color appearing below the myce-
lium on the scaffold with 50% porosity after 21 days growth, whereas
the wood-PLA color is not visible anymore on the scaffold with 90%
porosity. Also, the connected porous network in the gyroid aided the
internal growth of the mycelium (Supplementary Fig. 2a, b).

Understanding the interaction between scaffold and mycelium is
crucial to reveal changes in chemical structure during mycelium
growth, impacting the composite’s performance. The chemical com-
position and bonding structure of PLA, wood-PLA, and the MBCs are
studied using electron micrographs, X-ray photoelectron spectro-
scopy (XPS) and Fourier transform infrared (FTIR) spectroscopy. The
schematic and electron micrographs of the MBCs cross-section show
three types of hyphae: aerial, biofilm, and penetrative hyphae (Sup-
plementary Fig. 3a–f, and Supplementary notes). These multilayered
interactions involving both surface colonization and structural pene-
tration contribute to good adhesion at the mycelium-scaffold inter-
face. In our MBCs, the combination of a 3D printed porous scaffold,
and colonizingmycelium forms a functionally integratedmaterial. The
interpenetration, binding, and mutual reinforcement between the
wood-PLA scaffold and the mycelia justify the use of the term “com-
posite” in the broader context of mycelium bio-composites.

C–C/C–H (alkyl bonds) and C =O (carbonyl bonds) are the sig-
nature peaks for the polymer backbone in PLA. In the wood-PLA, C–O
(ether or hydroxyl bonds) intensity increases due to the lignocellulosic
components of wood. The presence of O–C=O (ester linkages)
increases from the interactions between PLA and wood flakes. The
C =O (carbonyl group) in the MBC comes from the carbohydrate
breakdown of the malt (Supplementary Fig. 4a,b). The XPS plots also
show the presence of nitrogen in the MBC (Supplementary Fig. 4c)
which come from the nitrogen-containing functional groups, i.e.,
amine (C–N) and amide (N–C=O) bonds. This confirms the integration
between fungal biomass and scaffold, as these functional groups are
characteristic of proteins and chitin present inmycelium23. In the FTIR
plots (Supplementary Fig. 4d), the broad peak around

3200–3600 cm⁻¹, attributed to O–H or N–H stretching, is more pro-
minent in theMBC. This increase indicates a high presence of hydroxyl
(O–H) and potentially amine (N–H) groups, which are contributed by
the lignocellulosic wood flakes as well as the protein or polysaccharide
components present in the mycelium24. Mycelium also introduces
additional O–H, N–H, C–O, and possibly C–N and N–C=O bonds,
suggesting a stronger andmorediverse interactionbetweenwood-PLA
andmycelium, whichmeans amore cohesive interface and better load
transfer between the interfaces. These interactions could enhance
mechanical properties by promoting a more unified structure at the
interface. Building on the insights from the relation between scaffold
design parameters (unit cell size and porosity) and the growth
dynamics of mycelium, the next section examines the mechanical
properties of the MBCs to evaluate their structural performance. Fur-
thermore, the currentwork studiedboth inactiveMBCs (myceliumwas
killed after 21 days) and living MBCs (mycelium was kept alive). It
should be noted that unless specifically mentioned, the reader should
consider the analysis of inactive MBCs.

Mechanical properties
The influence of scaffold design (porosity and functional grading) on
the mechanical properties of the MBCs was analysed to assess their
structural performance (Fig. 3). Thenotationused fordifferent designs
is: U-uniform, PG-porosity graded, CG-cell size grading, and adjacent
number is porosity (%). e.g., U90 indicates a uniform scaffold with 90%
porosity).

The yield strength (σy) of the MBCs grown on a gyroid scaffold
with 70% porosity increases with increasing malt concentration up to
10w/v% which corresponds to a dense and homogeneous mycelium
layer (Supplementary Fig. 5a). Next, PMA coating with 10w/v% malt
was used to grow the mycelium on different scaffold designs: uniform
(U), porosity-graded (PG), and cell size graded (CG) (Fig. 3a). The
stress-strain curves of the MBCs and the bare scaffolds (without
mycelium) were measured under compression (Fig. 3b). Pictures dur-
ing the test also show the layer-by-layer deformationmechanismof the
uniform 70% porosity MBC (U70_my). All the curves present an elas-
tic region, a plateau, and a densification region, which is typical of
porous structures25. In the elastic region, the stress values are the same
for the MBCs and the scaffold alone since the load ismostly carried by
the walls of the scaffold. Beyond the yield stress, the cell walls start to
collapse, and the mycelium layer acts as a foam inside the porous
scaffold (Supplementary Fig. 5b), substantially increasing the peak
stress (σp) values in the MBCs as compared to the bare scaffolds. After
the densification strain, the cell walls are already collapsed, and the
porous sample becomes dense. Thismeans in the densification region,
the samples are acting as a solid material as the load progresses, the
stress value increases abruptly, and the samples show fracture after
5–10% onset of their densification strain (Supplementary Fig. 5c).

For the designs explored here, the MBCs with cell size grading
showed the best mechanical performance. However, the highest
improvement in σy and specific energy absorption (SEA) after myce-
lium growth was observed in the porosity-graded MBCs (PG_my). The
porosity graded MBCs with 90% effective porosity (gradually changes
from 100 to 80%) were not included in this work, due to the constraint
on the printing dimensions. For all designs, the σy and SEA decrease
when the porosity increases because the unit cell wall thickness
decreases. Nevertheless, the improvement in properties increases due
tomoremyceliumgrowth: 90%porosity (CG90_my) shows a 77.7% and
133.33% increase in σy and SEA, respectively (Fig. 3c and Supplemen-
tary Fig. 5d, e). Though a significant increase in σy was observed, the
load-carrying capacity ofmyceliumbecomesmoreprominent after the
cell walls start to collapse and mycelium acts as a foam between two
walls, resulting in a further increase in σp. The highest mechanical
performance was observed with cell size grading. For example,
CG50_my MBC shows elastic modulus (E) = 257 ± 18.8MPa,
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σy = 7.29 ±0.65MPa, σp = 15.77 ± 1.08MPa, and SEA = 8.79 ±0.77 kJ/kg
(Supplementary Fig. 5f). Overall, integrating mycelium with wood-PLA
scaffold showed that the mycelium growth improves the elastic
modulus by 4.2–80.95%, yield strength by 9.58–77.78%, peak strength
by 14.87–163.63%, and energy absorption by 14.11–125.1%. While Fig. 3c
presents both absolute σy and percentage improvements in σy due to
mycelium colonization, we would like to highlight that at high poros-
ities, the relatively high percentage improvements come from the
initial low scaffold strength, which is a common limitation in
percentage-based representation. However, our intention is not to
emphasize these standalone values as performance indicators. The
goal is to show the trend and relative contribution of mycelium rein-
forcement across different porosity and designs.

In addition to the compressive properties, the adhesion between
themyceliumandwood-PLAwasmeasuredusingdouble-lap shearpull
tests (Supplementary Fig. 5g). The measured shear strength provides
an estimate for interfacial bonding, which plays a critical role in stress

transfer and improvement in mechanical properties of MBCs. The
higher adhesion strength of 0.044 ± 0.001MPa suggests effective load
transfer between biological mycelia and stiff wood-PLA scaffold.
Fracture morphology reveals a combination of cohesive failure within
the mycelial network and interfacial delamination (Supplementary
Fig. 5h, i). For reference, the earlierwork onhot-pressed joints between
mycelium and wood has reported shear strength between 0.2–1.74
MPa26, which could be due to the densification of the joints during hot-
pressing, a condition not present in our ambient conditions
grown MBCs.

The MBCs obtained provide an excellent balance of strength and
density, making them suitable materials for lightweight and sustain-
able construction applications. Indeed, the MBCs have properties
comparable to existing wood products with a tunability easily
achievable through design (Fig. 3d, Supplementary Table 3). In parti-
cular, we demonstrate that it is possible to obtain MBCs with strength
comparable to that of bricks, which confirms their capability to be

Fig. 3 | Mechanical properties of the MBCs as a function of the macroporous
design of the scaffolds. a Images of the scaffolds before (top) and after (bottom)
21 days mycelium growth for 3 different designs: uniform 70% porosity (green),
porosity graded from 70 to 90% (blue), and unit cell size graded from 20 to 10mm
(bottom to top) (orange). (scale bar is 10mm). b Stress-strain curves of the 3
different designs before (dashed lines) and after mycelium growth (continuous
lines), shaded regions show the 95% confidence of interval (t-distribution, mean ±
95% confidence interval based on n = 5 biologically independent mycelium sam-
ples). Insert images show the deformation of uniform 70% porosity MBC at dif-
ferent strains. c Yield strength (σy) and percentage improvement (with respect to

wood-PLA scaffold) in yield strength of MBCs as a function of effective porosity
(Data arepresented asMeanvalue ± SDforn = 5biologically independentmycelium
samples). Formechanical data of wood-PLA scaffolds (see Supplementary Table 2).
d Yield strength-densitymapof theMBCs prepared in this study (orange filled star -
best MBC), the wood-PLA scaffolds as well as existingmaterials: bricks (green), and
other MBCs (plum for mold and dark yellow for ink-based fabrication method).
Conventional polymers (red), foams (blue), and wood and wood products (black)
are also represented (For exact references to data points, readers are advised to
follow Supplementary Tables 2 and 3).
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used for low-load bearing applications, such as false walls, decorative
features, or insulation panels. The σy of MBCs reported across the
literature lies in the range of 0.01–0.72MPa (Supplementary Table 3).
In comparison to other MBCs, the approach presented here fabricates
MBCs stronger than ever reported, with σy in the range of
0.15–7.29MPa, thanks to the presence of mycelium, which improved
the properties of the scaffold by 9.5–77.77%. Next, we evaluate the
functional properties, including thermal insulation and fire resistance,
to further demonstrate the suitability of our MBCs for building
applications.

Thermal insulation and fire-resistance
Thermal insulation and fire resistance are key properties for appli-
cation in the built environment. The thermal properties of the MBCs
can be tailored through the design of the scaffold. At the same time,
the presence of the design-dependent mycelium layer provides
additional insulation and fire resistance (Fig. 4). For example, prop-
erties like thermal insulation and fire-resistance can be highly
dependent on the direction of grading (porosity and cell size)27.
Therefore, in this section, we considered both directions of grading
to characterize performance. For porosity graded, PG and PG* sam-
ples are used, with PG samples, the hot end (for both thermal and fire
tests) is at a higher porosity. For example, in PG6040, the porosity
functionally changes from 60% to 40% along one direction (vertical
direction), and this sample has an effective porosity of 70%, there-
fore, this sample is referred to as PG70 (PG70_my forMBC). However,
if for the same sample, instead of hot end at 60% porosity, it is shifted
to 40% porosity end, and 60% becomes a cold end, this sample is
referred to as PG70* (PG70_my* for MBC). Similarly, in CG70 and
CG70*, the hot end is at a bigger and smaller unit cell side, respec-
tively (Supplementary Fig. 6).

The low thermal conductivity (Kt) of mycelium, reported to be
0.03–0.05W/mK,makes it suitable for thermal insulation28. In contrast,
wood-PLA has a relatively high Kt of 0.51W/mK, whichmay increase the
overall Kt of the MBCs. However, this effect can be mitigated by
introducing porosity, as the low Kt from the air in the pores reduces
conductive heat transfer. The combination of a porous scaffold,
mycelium, and wood-PLA greatly improves thermal insulation proper-
ties, surpassing the performance of traditional polyurethane (PU)
foams (Supplementary Fig. 6a). Thermal insulation can be further
modulated through the functional grading of the scaffolds. By varying
the porosity and material distribution within the scaffold, it is possible
to tailor the Kt to meet specific insulation requirements. Thermo-
graphic comparisons of uniformMBC (U70_my) with 70% porosity and
20mm unit cell size, porosity-graded MBCs (PG70_my: 80–60% por-
osity, hot end at 80%; PG70_my: 60–80%porosity, hot end at 60%), and
cell-size-graded MBCs (CG70_my: 40–20mm, hot end at 40mm;
CG70_my: 20–40mm, hot end at 20mm) demonstrate that functional
grading enhances thermal insulation performance, with CG70_my
showing thehighest temperaturegradient,whichmeansbest insulation
(Fig. 4a). This is further confirmed by the heating and cooling behavior
of different samples (Fig. 4b). MBCs demonstrate improved thermal
insulation, as indicated by their slower heating and cooling rates
compared to the scaffolds alone andhigh-densitypolyurethane (HDPU)
and low-density polyurethane (LDPU) foams. The thermal insulation
performance of the MBCs was further extended experimentally and
numerically (Supplementary Table 4 and Supplementary notes).

Finite Element Modeling (FEM) simulations help reveal the heat
flux and temperature distributions throughout the uniform and gra-
ded MBCs (Supplementary Fig. 6b). U70_my and PG70_my* exhibit
higher heat flux, meaning more heat transfer and lower thermal insu-
lation, while functionally graded MBCs CG70_my and PG70_my show
lower heat flux and more effective thermal insulation. Furthermore,
the insulation performance in the case of the graded MBCs can be
engineered by changing the hot (source) and cold (sink) sides of the

MBCs. For instance, in PG70_my, where the heat source has 80% por-
osity and the sink has 60% porosity, the Kt = 0.138W/mK, whereas in
PG70_my*, the hot and cold sides are reversed, the Kt = 0.221W/mK
increases. In PG70_my, the higher air content at the heat source slows
down thermal diffusion, creating a thermal barrier. Conversely, when
the gradient is reversed (low to high porosity), the denser region near
the source enables more heat conduction. Similarly, in the case of
CG70_my, where a bigger unit cell size filled with air reduces heat
transfer and on CG70_my* the dense structure near the source
enhances heat conduction, thus increasing the overall thermal con-
ductivity. Kt also depends on the porosity of the MBCs, as an example
in U_my MBCs, higher porosity yields lower Kt (Fig. 4c and Supple-
mentary Fig. 6c) due to the combined effect of thermal insulation of
myceliumand increased air content inside thepores ofMBCs. TheKt vs
density plot of shows that our MBCs achieve the lowest thermal con-
ductivity compared to conventional building materials and previously
reportedMBCs (Fig. 4d). This exceptional thermal performance results
from the integrated effect of the mycelium’s natural insulating prop-
erties and the engineered porosity of the scaffold, which slows heat
transfer through controlled internal architecture. These findings
highlight that functional grading tailors heat flow and temperature
distribution effectively, offering enhanced design flexibility for dif-
ferent types of infrastructure.

The low Kt of MBCs also enhances their fire resistance by slowing
heat transfer, thereby delaying ignition and reducing the flame spread
as compared to the scaffolds alone (Fig. 4e). The PG50 wood-PLA
scaffold has lowest fire resistance as it burns rapidly due to the highest
porosity (60%) at the fire end, while the PG50* has the highest fire
resistance in wood-PLA scaffolds it’s because of the lowest porosity
(40%) at the fire end. The less burned area and change in weight sug-
gest betterfire resistance ofMBCs as compared to the scaffolds, due to
their char production ability without significant flaming combustion,
which restricts the further spread of fire (Supplementary Fig. 7a, b).
The fire resistance also depends on the design of the MBC, as quanti-
fied fromaburned area and change inweight between before and after
fire testing (Fig. 4f). CG50_my MBCs have the lowest burned area and
change in weight, suggesting the best fire resistance. The high fire-
resistanceof CG50_my could be due to the lower thermal conductivity.
Though PG50_my and CG50_my have almost equal thermal con-
ductivity, CG50_my still has better fire-resistance, which could be
because the presence ofmore air at the fire end aided the fire spread in
PG50_my MBCs. A similar pattern was observed in the weight change
of 70% porosity MBCs (Supplementary Fig. 7c, d) (Samples with 70%
porosity showed significant deformation, making it challenging to
measure the burned surface area accurately, therefore, data of burned
surface area is not included). However, the fire spread much faster in
70% samples as compared to the 50%, which could be the presence of
more air at 70%. Fire spread in the wood-PLA scaffolds melts the
polymer, compromising the structural integrity, while char in the
MBCs prevents melting (Fig. 4g).

For thermal insulation, both mycelium and entrapped air con-
tribute toward performance, whereas for fire resistance, only myce-
lium contributed positively, as more air content can promote fire
spread. The thermal insulation and fire resistance analysis in MBCs is
backedby infrared imaging. Experiment andnumerical analysis of heat
transfer and fire resistance of the MBCs, showcase their exceptional
performance and underscore the potential for property customization
through design optimization. Building on these advantages, the
hydrophobicity and durability of MBCs are critical factors that further
determine their suitability and extended functionality in the built
environment.

Hydrophobicity and durability
This section illustrates the hydrophobicity and durability tests
of MBCs, highlighting water and humidity absorption, and
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durability under various environmental conditions for inactive
and living MBCs (Fig. 5). In the inactive MBCs, mycelium was killed
after 21 days of inoculation and in living MBCs, mycelium was still
active when the samples were placed in different environment
conditions.

Water absorption problems could be more severe in porous
materials because of the internal cavities and high surface area. The
contact angle (θc) of the wood-PLA scaffolds increased from 85.51° to
130.93° after mycelium growth (Fig. 5a and Supplementary Fig. 8a).
The slightly lower θc (121°) for CG50_my is due to low density of

Fig. 4 | Thermal insulation and fire resistance of the MBCs. a Infrared thermo-
graphic images showing the temperature distribution across U70_my, PG70_my,
PG70_my*, CG70_my and CG70_my* MBCs. b Average temperature change with
time during heating and cooling for the wood-PLA scaffolds, the MBCs and com-
monly used polyurethane foams (HDPU and LDPU) (To avoid overlapping of
curves, the data for PG80_my* and CG80_my* are not included in the plot, they can
be found in source data file). c Thermal conductivity as a function of the scaffold
effective porosity for the different MBCs designs, obtained by FEM. Low thermal
conductivities represent the influence of mycelium integration and the significant
difference in the PG_my and PG_my* MBCs thermal conductivities represent influ-
ence of mycelium and design. d Thermal conductivity-density of the MBCs

prepared in this study (orangefilled star - bestMBC), thewood-PLAscaffolds aswell
as existing materials building materials. (For exact references for the other mate-
rials data points, readers are advised to followSupplementary Table 3).ePictures of
the samplewith 50%effective porosity after exposure toflame, showingdifferences
in structural integrity and char formationbetweenwood-PLAandMBCs (scalebar is
10mm). f Bar chart representation of percentage of surface area burned (all six
faces) and change in mass of the samples with 50% effective porosity after fire test
(Data arepresented asMeanvalue ± SDforn = 5biologically independentmycelium
samples). g Electron micrographs of the wood-PLA (left) and MBC (right) surfaces
after flame exposure (scale bar is 10 μm).
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mycelium hyphae at 50% porosity of scaffold. The increasing θc and its
stability over time indicate the enhancement in hydrophobicity due to
the mycelium layer, making the MBCs more resistant to moisture.
Furthermore, the water absorption of the wood-PLA scaffolds and
MBCs showed a rapid increase over the first 7 days, with higher
absorption in the wood-PLA scaffolds (Fig. 5b and Supplementary
Fig. 8b). Overall, mycelium decreases water absorption by 2.6 times.
The improvement in hydrophobicity can be due to the secretion of
hydrophobic proteins (e.g., hydrophobins), which coat the surface and
reduce water absorption29. The network of thread-like dense hyphal
growth limits water penetration (Supplementary Fig. 3c, e). Mycelium
also changes the surface chemistry by depositing lipids, poly-
saccharides, and other hydrophobic compounds (Supplemen-
tary Fig. 4d).

Construction materials might expand and contract under fluctu-
ating and high-humidity environmental conditions, which could
develop cracks and compromise the integrity of the building30. We
studied themoisture uptake and release according to theNORD test. In
NORD test, the samples are subjected to two humidity levels to eval-
uate their hydrophobicity and overall resilience. At low humidity of

53%, the mass of both wood-PLA scaffolds and MBCs decreased, sug-
gesting moisture release. At high humidity of 75%, the mass of the
samples increased, suggesting moisture uptake. The rate of moisture
release is higher, and the uptake is lower in the MBCs as compared to
the wood-PLA scaffolds, as can be seen from the slopes of the lines
(Fig. 5c). The higher release rate means the moisture absorption in the
MBCs is low, as mycelium prevents the capillary intake of the water.
This could avoid any structural change in the MBCs due to moisture
absorption.

The durability of the samples was studied for inactive and living
mycelium. The inactive MBCs were left for 300 days under three
environmental conditions. The durability of theMBCs was assessed by
measuring the σy and weight on different days (Fig. 5d and Supple-
mentary Fig. 8c). Results show no significant change in the afore-
mentioned properties for all three conditions. TheMBCs are in perfect
condition even after 300 days despite some color alteration due to
ambient dust (Fig. 5e), which is attributed to the structural stability of
the wood-PLA scaffold, and it does not degrade under different
environmental conditions. For the living MBCs where the mycelium
wasnot deactivated by drying, the organismwas still alive. These living

Fig. 5 | Hydrophobicity and durability of the MBCs. a Pictures of MBC (U70_my
andCG50_my) repellingwater droplets (water dyed in blue) (scale bar is 5mm). The
contact angle θc is measured after 30min. bWater absorption as a function of days
for U70 scaffold and U70_myMBC (Data are presented asMean value ± SD for n = 5
biologically independent mycelium samples). c Mass decrease (water release) and
increase (water uptake) as a function of time for U70 scaffold and U70_my MBCs
during cycling fluctuation of humidity (gray) (Data are presented asMean value for
n = 5 biologically independent mycelium samples). d Compressive strength over
300 days for U70_my MBCs left in different environmental conditions, when the

mycelium is inactive (Data are presented as Mean value ± SD for n = 5 biologically
independent mycelium samples). e Pictures of the U70_my MBCs left at different
environment conditionsonday0andday 300,whenmycelium is inactive (scalebar
is 10mm). f Compressive strength of U70_my MBCs left outside the lab (OL) over
100 days, when the mycelium is still active and living (Data are presented as Mean
value ± SD for n = 5 biologically independent mycelium samples). g Electron
micrographs of the cut cross-section of unit cell walls of the MBC with active
mycelium on different days showing the breakdown of the wood-PLA scaffold by
the mycelium. Red arrow point to mycelium hyphae (scale bars are 10 μm).
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MBCs were left outside the laboratory. The results showed that the
strength increased for the first 25 days, but suddenly started to
decrease after that (Fig. 5f). After 100 days, the strength of the MBCs
was reduced by 2.82 times from themaximumstrength on the 25th day.
The decrease in strength is due to the degradation of the wood-PLA by
the livingmycelium. Electronmicrographs of the cell walls of the living
MBCs on different days show the colonization of wood-PLA by the
mycelium in the MBCs. Mycelium naturally decomposes lig-
nocellulosic material by producing enzymes like hemicellulases, cel-
lulases, and ligninases, which break downhemicellulose, cellulose, and
lignin in wood24. The weakened wood-PLA scaffolds create pathways
for the degradation of PLA as well31. This results in a synergistic effect,
with the mycelium breaking down both wood and PLA components of
the MBCs, ultimately aiding the decomposition of the entire structure
more effectively than it would for wood or PLA alone.

The change in chemical structure and chemical bonding at day 0
and day 300 for the MBCs with inactive mycelium was studied using
XPS (Supplementary Fig. 8d–f). Deconvolution plots show no change
in the bonding type. However, the percentage of C =O bonding
decreases, with less change in inside samples (IL) and more in the
outside samples (OL and OLIB). This could be due to prolonged
exposure to the sunlight, which causes photo-oxidative degradation
and breaks down C =O bonds. FTIR results (Supplementary Fig. 8g)
show no change in the intensity and bonding for inactive MBCs.
However, the shift in the FTIR curve and loss of defined ester/carbo-
hydrate bands for OL_active (living) MBC show a structural change in
bond strength, chemical degradation, and metabolic activity from
living mycelia.

The slow degradation ability of the MBCs while the mycelium is
living presents significant advantages for sustainable construction.
The controlled biodegradability could be used for temporary struc-
tures or modular buildings, which allows eco-friendly disposal at the
end of the life cycle with minimal waste. However, for long-term dur-
ability, the mycelium can be killed after it is fully grown on the porous
scaffold. Our newmethod has developed MBCs which can be used for
both short and long-term construction practices. The next section
presents a proof of concept, a small mycelium house (myco-house),
and compares the performance of MBCs with conventional building
materials across key parameters.

Application
The improvedmechanical strength andmultifunctional characteristics
of our MBCs highlight their potential as sustainable and high-
performance alternatives to conventional construction materials. To
illustrate this, we created proof-of-concept samples and compared the
performance with existing construction materials (Fig. 6).

As a proof-of-concept example, we developed a miniature MBCs
house utilizing solid, uniform, and graded MBC walls (Supplementary
Fig. 9a), and recorded interior and exterior walls temperatures for
three consecutive days using several temperature sensors (Fig. 6a). A
polyurethane (PU) house of the same wall thickness and overall geo-
metry was also prepared to compare the thermal insulation perfor-
mance (Supplementary Fig. 9b). Temperature recorded by i-buttons
attached to the outside and inside of CG_my wall and the front wall of
PU-house shows cyclic fluctuation following the day-night cycles
(Fig. 6b). The outer temperature readings are higher for both houses,
and slightly higher for the PU-house than the MBC one. The tem-
perature gradient (ΔT =Outside wall temperature - Inside wall tem-
perature) across the walls for the myco-house (ΔT = 3.03 °C) is almost
double that for the PU-house (ΔT = 1.46 °C). Higher ΔT means lower
thermal conductivity and better insulation. In addition to the ΔT, the
myco-house also shows lag (δt = 40min) between the external
and internal peak temperatures (inset in Fig. 6b). Such lag reveals
some heat storing capacity of MBCs, which can dampen the
effects of external temperature changes (Fig. 6c), providing a more

stable indoor climate and reducing the need for active heating or
cooling.

The graded design of myco-house also allows for different ΔT
across the fourwalls. For solid (porosity =0%) anduniformMBCs,ΔT is
low, indicating high heat transfer, less suitable for thermal insulation.
Both graded walls have higher ΔT, which means better insulation and
low heat transfer (Supplementary Fig. 10a). The lag between the peaks
of external and internal temperatures for eachwall design reflects their
thermal inertia (inset in Fig. 6b). On the other hand, PU-house shows
minimalΔT in the frontwall (wall facing sun) and almostnone for other
walls, with no observed time lag (Supplementary Fig. 10b). These
results demonstrate that the myco-house offers better thermal insu-
lation performance and higher ΔT across its walls, combined with
noticeable thermal lag, highlighting potential use of our MBCs as
sustainable, passive thermal regulators, reducing reliance on the
harmful chemical foams and energy-intensive thermal systems.

The radar chart in (Fig. 6d) compares the performance of the
wood-PLA scaffolds and our MBCs with clay bricks and PU foams. The
MBCs produced in this work demonstrate the most balanced (high
strength-to-weight ratio, high insulation, and durable) performance
overall, indicating their potential as the most efficient material for
construction applications requiring high insulation and temperature
stability. Clay bricks andPU foamsdisplay a trade-off between strength
and insulation, making them low-performing choices as compared to
MBCs. The findings suggest that MBCs are ideal for applications in
climates with significant temperature fluctuations due to their strong
insulating properties and ability to maintain indoor temperature
stability.

Discussion
In summary, we have attempted to address one main drawback of
MBCs,which is lowmechanical strength andunevenmyceliumgrowth,
caused by loosely bonded matrix, restricted airflow, and moisture
buildup. Poor mycelium growth can also adversely affect the func-
tional properties like thermal insulation, fire resistance, and hydro-
phobicity. To address the issue, we used a stiff 3D printed wood-PLA
porous scaffold to support mycelium colonization. The growth
dynamics and metabolic activity of the mycelium can be tailored
within the porous scaffold. The scaffold not only aided the stiffness
and growth but also influenced the design-dependent mechanical and
functional properties. The ability to achieve mechanical strength as
high as clay bricks, thermal conductivity as low as insulating foams,
along with fire resistance, durability, and sustainability, is particularly
noteworthy, as they address the typical challenges faced by bio-based
materials, which often struggle to achieve the robustness required for
broader industrial adoption. The absolute mechanical properties
remain modest at high porosities, as expected from bio-based mate-
rials. Nevertheless, applications that prioritize thermal insulation,
lightweight, and biodegradability can extend the useof suchmaterials.
The key limitations of our study are that the highest improvement in
mechanical strength and thermal conductivity is observed at high
porosity (90%). Interestingly, our graded designs were able to achieve
the low thermal conductivity even at lower porosity. This study
enables the future exploration of the optimization of porosity-
performance balance to achieve a practical trade-off between differ-
ent properties. The current study uses the verticalfire testmethod due
to the sample size and architected nature of the MBCs; quantitative
tests like cone calorimetry were not feasible. Future work will include
more detailedmeasurements of heat release and smoke. Furthermore,
the manufacturing time of MBCs is longer than that of conventional
materials, however, MBCs offer significantly lower embodied energy
and negative embodied carbon, making them a sustainable, carbon-
sequestering alternative to conventional building materials32. The use
of sustainable materials, low-energy growth processes, and the
potential for using pre-grown or prefabricated MBC units justify the
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trade-off, offering a more eco-friendly and multifunctional alternative
to conventional materials.

Functionalization of MBCs through our method carries high
prospects for various applications, ranging from sustainable con-
struction materials with enhanced mechanical and thermal properties
to packaging and product design substitutes. The ability to engineer
MBCs with both mechanical stability and biological characteristics
provides an original outlook in the quest for next-generation sustain-
able, functional materials, paving a way ahead where materials are not
only engineered but concurrently possessed with bio-inspired
capabilities.

Methods
Materials and chemicals
Commercially available composite wood-PLA filament (Filamentive
Ltd, England) of diameter 1.7mm was used to fabricate porous scaf-
folds. Thisfilamentwas chosen based on the knowledge thatmycelium
flourishes on lignocellulosic biomass. Additionally, the role of biode-
gradable PLA is to enhance the material’s printability. The filament is
sold as 100% made from recycled materials, with 40% wood and 60%
PLA composition. Peptone, malt extract, and agar powder were

purchased from Sigma-Aldrich. G. Lucidum spawns were obtained
from a commercial farm, Malaysian Feedmills Farms Ltd. Deionized
water was used in the preparation of the PMA solution and measure-
ment of hydrophobicity of the MBCs. Self-expanding Polyurethane
(PU) foam, with the commercial name No More Gaps, was procured
from Selleys Singapore. Butane gas cartridges with the brand name
Golden Fuji were purchased from the local hardware store.

3D printing
A sheet-based gyroid triply periodicminimal surface (TPMS) structure
was selected due to its highest surface area and strength among
commonly used TPMS structures33. The structures weremodeled in an
open-source MSLattice software34. An industrial-grade fused deposi-
tion modeling (FDM) printer, Flashforge Creator 3 Pro, was used to 3D
print porous structures with a 0.6mm size tungsten carbide nozzle.
The printing parameters of the wood-PLA filament were kept the same
as typical PLA filament.

Liquid mycelium culture
Firstly, a master agar plate (MAP) was prepared. It was prepared by
adding 2.5w/v% agar in deionized water, followed by sterilization at

Fig. 6 | Application and comparison to standard materials. a 3D model and
picture of a miniature prototype house made of MBCs (myco-house) (scale bar is
10mm). b Temperature variation recorded by sensors placed on interior (dashed
line) and exterior (continuous solid line) walls of themyco-house (cell size grading)
and polyurethane (PU) house over 3 days. The inset shows amagnifying view of the
temperature curves peaks on day 1 (data shown are only after the response became

stable). c Model illustrating the heat damping in the myco-wall made from myco-
bricks. d Radar plot comparing the performance parameters of wood-PLA, our
MBC, clay brick and PU foam (Lightweight is 1/Density and Thermal insulation is 1/
Thermal conductivity). Data is presented as range of values (shaded area) between
minima and maxima (see source data file).
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121 °C for 1 h and 30min of warming at 50 °C in an autoclave (Hir-
ayama, HG-80). Sterilized agar solution was poured into 90mm petri
dishes. A small piece from the fungal spawn was used as an inoculum
and placed at the center of the petri dish. The complete process was
carried out in a bio-safety cabinet (BSC) (Gelman, BH Class II) under
ultraviolet light to avoid contamination. MAPs were stored in a dark
enclosed cabinet for 21 days (Supplementary Fig. 11a).

Liquid mycelium culture (LMC) was prepared by adding 0.3w/v%
peptone and 1.7w/v%malt in deionized water. Similar steps (like MAP)
were followed to sterilize the solution. A small inoculum from theMAP
plate was placed in the sterilized solution to inoculate it. The liquid
mycelium culture (Supplementary Fig. 11b) was stored for 14 days at
23 °C and 80% relative humidity in a dark enclosed cabinet before
being used to inoculate the porous scaffolds. LMCwas sub-cultured by
1ml solution from the previous batch every 2–3 weeks.

Nutrition rich PMA solution
Mycelium requires a consistent supply of nutrients, optimal humidity
levels, and a suitable pH environment to support efficient growth and
development. The PMA nutrition-rich solution is prepared by mixing
peptone (P), malt (M), and agar (A). Peptone and malt serve as nutri-
ents, and agar provides an ideal growth medium during mycelium
growth. The optimal composition of 0.1w/v% peptone, 10w/v% malt,
and 2.4w/v% agar was obtained from the trial experiments. The PMA
solution was also sterilized under the same conditions as MAP and
liquid mycelium culture.

Porous MBCs preparation
Though the FDM printed samples were sterilized at the printing stage,
still to avoidcontamination, theporous scaffoldswereUV sterilized for
30min in a BSC. The PMA solution was coated onto the porous scaf-
folds using the dip coatingmethod. A one-time dip of 10 s was enough
to form a thin and uniform coating. From the experiments, it was
observed that the PMA solution at temperatures between 40–50 °C
was perfect, i.e., not too viscous to pass through the pores of the
samples and not too thin to stick on the samples. Once again, samples
were UV sterilized. Samples were inoculated at the top surface with
1ml of liquidmyceliumcultureusing amicropipette. The current study
selected G. lucidum due to its natural tendency to thrive on woody
substrates35. All the experiments were conducted in BSC. Each inocu-
lated sample was stored in a parafilm-sealed container and placed at
23 °C and 80% relative humidity in a dark enclosed cabinet for 21 days
for the mycelium to grow. To ensure that MBCs did not undergo any
further biological changes and remained stable, mycelium growth was
stopped by heating samples overnight in an oven (IKA, Malaysia) at
48 °C; these samples are called inactive samples. There were a few
samples in which the mycelium growth was not stopped; these sam-
ples are called living samples.

Composition analysis
To enhance the electrical conductivity of the samples for electron
microscopy, a sputter coating of 5 nm gold was applied using a mini
sputter coater (Quorum SC7620). A field emission scanning electron
microscope (JEOL JSM-6360) was utilized to obtain electron micro-
graphs. The resultingmicrographswere analysedwith ImageJ software
to assess the density of the mycelium layer, employing a threshold
method to differentiate mycelium from pores, as well as to measure
the diameters of the hyphae. The microstructure of the 3D printing
filament was measured using the micro-CT scanning method (Zeiss
Xradia 620 Versa). A 1 cm long filament was cut out from the spool and
vertically mounted on the rotating X-ray stage. X-rays were then
emitted and captured as 2D projection images while the sample
rotates, typically through 360 degrees. Finally, these images were
processed using open-source SLICER software to reconstruct high-
resolution 3D images of the internal structure (see Supplementary

Table 5 for the parametersused for capturing the images anddoing the
3D reconstruction). Fourier Transform Infrared (FTIR) spectrometry
(Perkin Elmer Frontier) was used to describe functional groups. The
samples were analysed for surface chemistry using X-ray photoelec-
tron spectroscopy (XPS Kratos AXIS Supra). The data from the XPS
machine were further analysed using (CasaXPS v2.3.26).

Mycelium proliferation
The overall weight of the samples decreases during the incubation
period. This is causedby the loss ofwater from the PMAsolutionwhich
is more than the gain in mycelium mass. Sacrificial samples were pre-
pared to subtract the loss of moisture from the reading. The sample
preparation for these samples followed the same steps as the MBCs
except for nomycelium inoculation. Theywere also stored in the same
environment conditions. When moisture loss is subtracted from the
reading, overall increasing trend of mycelium mass was observed.

Mechanical test
Compression tests were conducted using an Instron 5569 Universal
Testing Machine (UTM) (50kN load cell) by the ASTMD1621 standard.
The average of five samples was considered as the final reading. A
loading rate of 2mm/min was chosen to ensure a steady and con-
trolled compression process. The yield strength (σy) is the stress value
corresponding to first peak in the stress-strain curve andpeak strength
(σp) is the stress value at the densificationpoint, i.e., the pointwhere all
the pores are completely compressed, and the porous structure starts
behaving like a solid material36. The energy absorption (EA) is the area
under the stress-strain curve up to densification strain (εd) and is cal-
culated using Eq. 1. εd is the strain corresponding to densification
point, which is calculated from the energy efficiency method in Eq. 2,
which stated the energy absorption efficiency (η) is the area under
stress-strain curve divided by peak stress ðσpÞ, where εa is the strain up
to which energy absorption is calculated. The strain corresponds to
global maxima on the efficiency vs strain curve is the densification
strain (Eq. 3)36 Specific energy absorption (SEA) was calculated by
dividing EA by the density of the samples.

EA=
Z εd

0
σ εð Þdε ð1Þ

η =

R ε
0σ εð Þdε
σp

ð0< εa < 1Þ ð2Þ

dη
dεa

� �
εa = εd

=0 ð3Þ

Adhesion strength between mycelium and wood-PLA was mea-
sured from double lap shear tests carried out according to ASTM
D3528-96. Dimensions were considered according to Type A stan-
dards, with lapping area as 25 × 25 mm (x2 for double lap test). All the
shear lap samples were prepared under similar PMA solution and
inoculation conditions. Tests were carried out using an Instron 3366
UTM with a 500N load cell at a displacement rate of 1mm/min. Con-
fidence intervals (95%) for all the mechanical tests (n = 5) were calcu-
lated using the t-distribution.

Thermal insulation
The room temperature experimental thermal conductivity of the
MBCs was measured under transient heat transfer conditions follow-
ingASTMD5930-17 standard usingXiatechTC3000E transient hotwire
thermal conductivity meter (see Supplementary Fig. 12 for the images
of the samples). The average of three measurements was considered
for the final value. Before the test, each sample were completely dried
in an oven at 50 °C until the reading became constant. The infrared
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thermal images of the composites were captured using a thermal
imaging system (FLIR, ETS320), and each sample was recorded at least
three times. The constant emissivity of 0.95 was applied to all MBCs.
Each sample was recorded for 5min of heating and 5min of cooling.
During heating, the sample was placed on a heated plate (Torrey Pines
Scientific Hot Plate HP50) at 100 °C and recorded for 5min; the same
sample was shifted to a plate at 25 °C and recorded for another 5min
during the cooling stage. DS1921H-F5 Thermochron i-buttons were
used to measure the temperature in real-time (see Supplementary
Fig. 9b for the details of the i-button arrangement inmyco-house). The
logging rate was set at 5 (one reading in 5min). A polyurethane (PU)
house of same overall dimensions was also prepared (using 3D
printed mold) to compare thermal insulation. The i-buttons are
attached to the walls of houses using thermally conductive epoxy
adhesive (TIM-813HTC-1HP). The thickness of each wall is 10mm in
both houses.

Fire resistance
For fire testing, samples of size 12 × 12 × 120 mm were prepared and
tests were carried out in a dark cabinet of size 0.5 m3 according to
ASTMD3801-20a standard. Prior to tests, the samplesweredried in the
oven at 50 °C until the five consecutive weight readings became con-
stant (i.e., the difference in weight between consecutive measure-
ments is <0.1%). Butane gas with torch setup was placed vertically at
10mm from the bottom head of the sample and a blue flame of length
20mm was used to burn the samples. Each test was performed for
10 sec offlaming time andfirewas put out at the 20th sec. Every testwas
repeated five times, and the average value was considered. To quantify
the test results, the total burned surface area of the samples was
measured using ImageJ software. Weight change of the samples was
also measured to quantify the material loss during tests.

Hydrophobicity
The contact angle (θc) was optically measured by placing a 1ml drop
of DI water on the flat surface of samples using a Goniometer (Theta
Flex, Biolin Scientific). Water absorption tests were conducted
according to ASTM D570 standards by dipping complete mycelium
and withoutmycelium samples in the water and recording the weight
of the samples after 1 day, 1 week, 2 weeks, 3 weeks, and 14 weeks
until the weight became saturated. The moisture uptake and release
were measured using the NORD test. It uses two humidity levels
per day. In our study, we selected 53% (16 h) and 75% (8 h). The
objective of the test is to evaluate the compatibility of MBCs within
an office environment. Similar test criteria have been widely used for
natural woods37,38. Weight is measured twice a day and plotted vs
time. This test was also conducted for 96 h until the moisture uptake
became saturated.

Durability
To study the durability of MBCs, MBCs were left for 300 days under
three environmental conditions: inside lab (IL), outside lab (OL), and
outside lab but enclosed inside a box (OLIB). Durability was measured
frommechanical test data, change in weight, FTIR, and XPS analysis of
the MBCs. We also studied the environmental degradation of the
samples that were not oven-heated, which means mycelium was still
alive when the samples were placed outside the lab.

Numerical analysis
Two types of numerical analysis were carried out. To visualize the flow
of air inside the porous gyroid structure, CREO parametric software
was used. The thermal heat transfer conditions were modeled in
ABAQUS 6.14 software. The rest of the details are mentioned in Sup-
plementary notes. All the data used to plot figures can be found in
source data file.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data needed to support the findings of thismanuscript are included
in the main text, supplementary information and source data
file. Source data are provided with this paper.
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