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Background: Recent efforts in fungal biotechnology aim to develop new concepts and technologies that convert
renewable plant biomass into innovative biomaterials. Hereby, plant substrates become metabolized by filamentous
fungi to transform them into new fungal-based materials. Current research is thus focused on both understanding
and optimizing the biology and genetics underlying filamentous fungal growth and on the development of new
technologies to produce customized fungal-based materials.

Results: This manuscript reports the production of stable pastes, composed of Fomes fomentarius mycelium, alginate
and water with 71 wt.% mycelium in the solid content, for additive manufacturing of fungal-based composite materi-
als. After printing complex shapes, such as hollow stars with up to 39 mm in height, a combination of freeze-drying
and calcium-crosslinking processes allowed the printed shapes to remain stable even in the presence of water. The
printed objects show low bulk densities of 0.1240.01 g/cm? with interconnected macropores.

Conclusions: This work reports for the first time the application of mycelium obtained from the tinder fungus £.
fomentarius for an extrusion-based additive manufacturing approach to fabricate customized light-weight 3D objects.
The process holds great promise for developing light-weight, stable, and porous fungal-based materials that could
replace expanded polystyrene produced from fossil resources.
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Background

Environmental pollution and the depletion of petroleum
resources necessitate the development of new renewable
and eco-friendly materials to achieve a sustainable future.
Fungal mycelium is exceptionally promising because it
can be produced on the basis of a wide variety of organic
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substrates, such as agricultural residues, it is fully bio-
degradable and has low density, low production cost,
and low processing energy input [1, 2]. This makes fun-
gal mycelium a sustainable option for the production of
various materials, including materials for packaging [3],
construction [4], sound absorption [5-7], flame-retarda-
tion [8], medication [9], filtration [10], and as a substitute
for leather [11, 12]. The ability to degrade lignocellu-
losic plant biomass by the fungal division Basidiomycota
including white- and brown-rot fungi, combined with
their flexible but strong cell walls make them ideal
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candidates for the development of new cell factories for
the production of a wide variety of materials [13]. Hereby,
both pure fungal mycelium and composites consisting of
fungal mycelium and plant biomass are of interest. Pure
fungal mycelium can be obtained by cultivating fungi in
liquid or on solid organic substrates [14, 15]. The exterior
surface of fungi comprises glucans that function as muci-
lage as well as water-repellent hydrophobins, while the
inner layer is rich in chitin microfibrils, which provide
stiffness and is covalently cross-linked with other poly-
saccharides like glucans, which provide elasticity to the
fungal cell wall [13, 16, 17].

Fomes fomentarius, the tinder fungus, is a white-rot
fungus that is widespread in the northern hemisphere
of the earth and equally domestic to Europe, Asia, and
North America. It is famous for being a medicinal fungus
in Traditional Chinese Medicine and Traditional Euro-
pean Medicine and its fruiting bodies were harvested for
the production of textiles and wound pads in Germany
till the eighteenth century. Hyphae of E fomentarius grow
well under laboratory conditions on different by-products
from agriculture and forestry including hemp, raps straw
and aspen sawdust, and can be used to produce fungal-
based composite materials as most recently reported
[18]. Hereby, E fomentarius becomes cultivated on solid
lignocellulosic substrates (such as straw or wood chips)
that have been packed into a mold shape. In contrast
to molding-based techniques, additive manufacturing
(AM), known as 3D printing, does not rely on a specific
mold, and therefore allows the fabrication of complex
parts with unusual geometry. This is highly advantageous
when object design and geometry frequently change, as
in the case for furniture, niche product packaging, and
architecture. For instance, Bhardwaj et al. [19] reported
AM of a two-step colonized biomass-waste-fungal com-
posite material that could be considered for packaging
and building applications. Blast Studio has been working
on a similar approach using take-away waste biomass and
fungi for manufacturing unique art and furniture pieces
in limited editions with AM [20]. Goidea et al. [21] built
composite materials for architecture from living fungi,
plant biomass, and clay and Krayer et al. [6] mixed myce-
lium with a vegetative substrate and printed it into the
desired form to be used as a sound absorber. NASA’s
Ames Research Center’s myco-architecture project or the
Growing Fungal Structures in Space project of ESA con-
siders fungal-based materials in combination with AM
even for Moon and Mars exploration for future habitats
[22, 23]. Although AM of fungal-based materials shows
a huge potential for many applications from an environ-
mental perspective, very limited research has been con-
ducted into this topic so far. Furthermore, the addition of
solid substrates, like sawdust, which is typically used for
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AM in fungal-based materials, and the fibrous mycelium
itself, makes the adaptation of AM challenging, especially
in printing high-precision parts [24].

In the present work, the focus was on the develop-
ment of an extrusion-based AM method for shaping
mycelium-based 3D printed objects by using inactive
pure mycelium from E fomentarius. We aimed at using
its pure fungal biomass and using renewable biopolymer
alginate, which can be obtained from seaweed or bacte-
ria, to adjust the viscosity of the mycelium slurry to make
the mycelium extrudable through fine nozzle diameters
so that it could be printed. Our rationale was that by
introducing the highly viscous alginate biopolymers, the
dispersion medium could in turn potentially exert suffi-
cient force to drag the mycelium out of the nozzle, i.e. the
viscosity of the mycelium slurry can be tuned in such a
way, that the paste can be extruded. Specifically, our goals
were (i) the development of a mycelium-biopolymer
paste for extrusion-based AM, (ii) AM fabrication of 3D
objects by using the newly developed paste, and (iii) the
investigation of process parameters, such as nozzle diam-
eter, drying, and cross-linking procedures on the quality
of the printed 3D objects.

Results and discussion
Paste development with highly viscous alginate and fungi
Criteria for obtaining the optimal paste formula for print-
ing include the rheological properties of the paste, fila-
ment homogeneity, and stackability, as well as the results
of the collapse tests. For pure alginate pastes, an increase
in viscosity was observed with increasing alginate con-
tent. All prepared pastes showed shear-thinning char-
acteristics, i.e., paste viscosity decreased with increasing
shear rate, which was more pronounced for the higher
alginate contents (Additional file 1: Fig. S1) [25]. Due
to the addition of mycelium, the viscosity of mycelium-
alginate pastes increased (Fig. 1a). All mycelium-alginate
pastes demonstrated shear-thinning behavior. Although
the pastes with higher mycelium content possess higher
steady-state viscosity, the shear-thinning behavior was
more pronounced at higher alginate contents. In accord-
ance with the pure alginate pastes, the viscosity was
decreased for lower alginate contents within the pastes.
The three-step flow tests (Fig. 1b) showed the vis-
cosity recovery values for all pastes by comparing the
viscosity value at a shear rate of 0.1 s™! at step III to
the initial value at step I and thus before and after
being subjected to a high shear rate of 100 s~!. The
percentage of viscosity recovery decreased as alginate
content was increased relative to the mycelium. This
indicates that the higher contents of viscous alginate
do not necessarily lead to better printing quality (for
samples F91A09, F83A17, F77A23, F71A29, F62A38,
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and F56A44, the viscosity recovery rates were found
to be 63%, 55%, 41%, 37%, 33%, and 27%, respectively),
although they can increase initial viscosity (Fig. 1b) and
thus make mycelium pastes printable. One hypothesis
could be that the fungal hyphae were initially entangled
with each other, which, together with the high concen-
tration of alginate, resulted in a high starting viscosity.
After a high shear force was applied, the entanglement
was probably opened. Thus, the higher the viscosity of
alginate, the more fungal hyphae were untangled. Even-
tually, the viscosity did not return to its original state
because there were no entangled hyphae left.

During filament homogeneity testing, it was noticed
that printed filaments with the pastes with alginate
contents lower than 29 wt.% were less confined by the
diameter of the nozzle than other pastes and showed
less homogeneous width distributions (Fig. 2).
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Fig. 3 a, b Filament collapse tests (nozzle diameter 1.2 mm, layer
height 1.0 mm): optical images of filaments extruded from a
mycelium-alginate composite and b pure alginate gel. ¢ Stackability
tests: optical images of objects (see Fig. 9b) printed with the F71A29
paste with 10, 20 and 30 layers (nozzle diameter 1.6 mm, layer height

—— 10 mm

1.3 mm, printing speed 10 mm/s)
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collapsed between the pillars, suggesting that they pro-
vided good support when printing hollow structures.
Compared with the results of low concentrated pure alg-
inate (Fig. 3b), for which an insufficient strength of the
pastes resulted in structural collapse, the mycelium fibers
in the composite pastes sufficiently reinforced the fila-
ment. The height of a printed object reflects directly the
stackability of the pastes. Stackability tests showed that
pastes could stack up well to 39 mm when their alginate
content was greater than 29 wt.%, whereas F83A17 fila-
ment collapses when piled to 20 layers.

Summarizing, the pastes with F71A29 formulation
showed good rheological properties and led to compara-
tively homogeneous extruded filaments with high stack-
ability without collapsing; this formulation also had a
relatively high mycelium content and was thus chosen for
further extrusion-based AM study.

AM of mycelium-alginate composites

Compared to other similar printing materials (e.g. clay
[26]), the viscosity of fungal pastes was at the lower
end of the printable range. This means that pastes flow
more easily when there is little pressure in the syringe.
In addition to controlling the extrusion pressure pre-
cisely, the extruded paste can also be deposited in time
by accelerating the movement of the print head. Start-
ing with a 1.6 mm nozzle, a more suitable print speed is
10 mm/s when setting the print height to 1.3 mm. As the
used setup is based on continuous extrusion, a fast non-
print movement speed could prevent the printed struc-
ture from being pulled, and the recommended speed of
>200 mm/s allowed the filament to be torn. 3D parts
with different geometries (Fig. 4) were printed with an

Fig. 4 Optical images of the objects printed with F71A29 paste
and dried in a freeze dryer (printing conditions: nozzle diameter
1.6 mm, layer height 1.3 mm, printing speed 10 mm/s). The
mushroom-shaped object (in the middle in the top) was printed in
two parts and then glued together with the same paste and dried
again. The size of the objects is compared to a 2 € coin
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in-house adapted extrusion-based 3D printer using
F71A29 paste. We successfully printed complex shapes
with solid squares, hollow vase shapes, and partially
filled interiors, etc. Final print heights of up to 39 mm
were possible. The tops of printed samples appeared to
have slightly shrunk compared to their lower sides. This
dimensional difference was caused by the slight deforma-
tion on lower layers because of the squeezing from the
upper layer, resulting in a larger than set gap between the
top layer and the print head, which can be solved by opti-
mizing the printing program.

The above shapes were obtained by printing with
1.6 mm nozzles. By replacing the nozzle with a finer one,
the finest prints could be achieved with a 0.58 mm noz-
zle (Fig. 5). Compared to the 1.6 mm nozzle results, the
0.58 mm nozzle produced star shapes with more pro-
nounced and sharper corners and a thinner monolayer
thickness, which will be suitable for more delicate work.

Using p-CT measurements (see "Methods"), the inner
structure of the printed parts was further investigated.
The tomographic section through the printed bottom
layer of the "TU" logo revealed a typical freeze-dried or

Nozzle diameter Before drying After drying

1.6 mm ¥

1.2 mm

0.84 mm

0.58 mm

20 mm

Fig. 5 Optical images of objects printed with F71A29 paste using
nozzles with diameters from 0.58 to 1.6 mm, layer height from 0.5 to
1.3 mm




Chen et al. Fungal Biology and Biotechnology (2021) 8:21

freeze-casted structure with porosity caused by the subli-
mated ice crystals (Fig. 6a—c) [27, 28]. The attachment of
the filaments was investigated for a printed part consist-
ing of three layers of four lanes each. As seen in Fig. 6d—f,
the individual lanes were well connected, but can still be
easily distinguished by the orientation of the fibers, which
remains after freeze-drying, caused by the printing direc-
tion. In accordance with SEM results, individual spheri-
cal cavities can be detected both within and between the
lanes (Fig. 6 ) and are due to enclosed air bubbles.
Microstructural characterization (Fig. 7a) revealed
that the E fomentarius mycelium network consists of
loose and randomly packed hyphae with diameters of
ca. 1-3 um, while the freeze-dried alginate without
mycelium was composed of overlapped microsheets
(Fig. 7b). As shown in Fig. 7c, after treatment of the
printed F71A29 sample in calcium chloride solution,
the mycelium and sodium alginate were tightly bound to
form a closed surface. The mycelium fibers and alginate
microsheets were well combined to form a mycelium-
reinforced composite in the printed F71A29 sample
(Fig. 7d). The final printed F71A29 sample resembled a
foam structure (Fig. 7e and f) that was formed due to the

10 mm T e \ Slai

Fig. 6 a Photographic image of a printed "TU" logo, b 3D image
of the reconstructed volume, ¢ u-CT tomographic image of a slice
through its bottom layer, d photographic image of the printed bulk
sample, e 3D oblique view of the printed bulk sample with enclosed
air bubbles in blue and f u-CT tomographic image of a slice through
the middle layer of a bulk sample acquired with higher resolution
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Fig. 7 SEM images of a cross-section of dried pure mycelium of F.
fomentarius, b cross-section of dried pure alginate, ¢ surface view
of printed F71A29 (part see Fig. 6d), d cross-section of printed
F71A29 after CaCl, treatment, e foam structure of printed F71A29
and f junction between different printed layers (colors are added to
differentiate layers)

sublimation of ice crystals during the freeze-drying pro-
cess. The layers were well attached (Fig. 7f), minuscule
air bubbles in the paste were preserved during freeze-
drying, forming uniform and smooth cavities inside.

By calculating the ratio of mass and volume, the
average bulk densities of dried F71A29 samples
(10 mmx4 mmx10 mm) were determined to be
0.1240.01 g/cm?®. The Young’s modulus under compres-
sion was 22.21+3.38 kPa and compressive strength (at
10% strain) was 0.51+0.12 MPa, which is comparable
to that of expanded polystyrene (density 0.00310-3.50 g/
cm?, Young’s modulus 0.00650-2.65 GPa, and compres-
sive strength 0.04—10.90 MPa) [29, 30].

Crosslinking and stability

We further studied the additional crosslinking of the
printed parts by adding CaCl, solution to increase the
stability of the printed parts. The crosslinking was stud-
ied by ATR-FTIR and XPS (see "Methods"), while water
immersion tests and TG-DTA (see "Methods") were
performed to measure water and thermal stability. As
shown in Fig. 8a and b, the plotted C 1s XPS data can
be deconvoluted into three peaks corresponding to C-C
(284.8 eV), C—O-C or C-OH (286.5 €V), and O-C=0
(288.5 eV) [31]. The intensities of C—-O-C/C—OH and
O-C=0 peaks are significantly decreased compared to
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Fig. 8 High resolution X-ray photoemission C 1s spectra of F71A29 a before and b after CaCl, treatment. ATR-FTIR spectra of F71A29 ¢ before and
d after CaCl, treatment. TG, DTG and DTA curves of F71A29 e before and f after CaCl, treatment carried out in air atmosphere with heating speed
10 °C/min

that of C-C peak after CaCl, treatment, suggesting the
successful cross-linkage of alginate molecules with Ca*"
ions through the carboxyl and hydroxyl groups [32, 33].
Figure 8c and d show the most relevant ATR-FTIR spec-
tral bands of the printed mycelium-alginate composite
before and after CaCl, treatment. Both printed compos-
ites showed the characteristic absorption bands that can
be attributed to the vibration of O—H (3310 cm™!), C-H
(2907 cm™!), C=C and C=C (2359 cm™!), C=0, C-N,
and N-H (1605 cm™!), C=0 and C-OH (1409 cm™}),
OC-OH, P=0, and C-C (1029 cm™!) [32-35]. The
water absorption bands at 3310 cm™! dominated the
spectra at higher wavenumbers [36]. The band around
2907 cm ™! was mainly because of lipids absorbance [37].
The binding effect of Ca*" on lipids results in the reduc-
tion of this band [38]. The peak around 1029 cm™! arises
mainly from the vibrations of carbohydrate, and nucleic
acid [37]. The spectrum of the sample after CaCl, treat-
ment showed significantly weaker peaks in the region
900-1700 cm ™}, which is consistent with the XPS results,
indicating the reduction of O—C=O groups and confirm-
ing the successful cross-linkage of alginate molecules
with Ca*" ions.

The crosslinking leads to improved stability of the
printed parts in water. While printed parts without
CaCl, treatment fell apart after being immersed in
water overnight, CaCl,-treated printed parts were
found to be stable after overnight treatment with water.
The influence of the crosslinking step on the thermal

stability of printed composites was further studied
by thermal gravimetric analysis. Figure 8e and f show
TG, DTA, and DTG curves of F71A29 before and after
treatment in CaCl, solution. As shown in Fig. 8e, the
TG curve of un-crosslinked sample shows a mass loss
of 12 wt.% between 30 °C and ~170 °C and a corre-
sponding endothermic effect in the DTA data (peak at
~101 °C), which presents the loss of water. Other sub-
sequent exothermic peaks between ~ 170 °C and 800 °C
indicate the complex multi-decomposition process
within fungal-alginate composite at ~253 °C, ~373 °C,
and ~ 444 °C, with a total mass loss of about 86%, which
is related to the degradation of organic components,
such as polysaccharides and proteins, as well as the
degradation of primary residual carbon [39, 40]. For
comparison, the thermal analysis of the CaCl, treated
sample is shown in Fig. 8f. The TG curve shows a mass
loss of 8 wt.% between 30 °C and ~ 180 °C and a cor-
responding endothermic peak at ~115 °C in the DTA
curve indicating the loss of water. Subsequent exother-
mic peaks between ~180 °C and 800 °C indicated a
complex multi-stage decomposition process within fun-
gal-calcium-alginate composite at ~320 °C, ~482 °C,
and ~ 583 °C due to the combustion of the high organic
content. Compared to the untreated printed sample,
the decomposition of the cross-linked sample was still
a multi-stage process, but with a smoother total mass
loss of 78 wt.% till 800 °C, suggesting that crosslinking
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with calcium can provide higher heat stability to the
composite material.

It is worth noting that when CaCl, solution was used
on a wet sample directly, the borders of the result-
ing final product became blurred. However, by firstly
freeze-drying un-crosslinked sample, then treating it
with CaCl, solution, and freeze-drying it again after-
ward, the shape of the printed sample was preserved to
the fullest extent possible.

Conclusions

This study reports the successful development of com-
pletely bio-based pastes for extrusion-based AM by
using fungal mycelium and alginate, which is a com-
mon naturally derived rheology agent, as substrates.
The pastes of hyphae from F fomentarius combined
with alginate and water displayed shear thinning prop-
erties which are a prerequisite for 3D printing. They
could be extruded through fine nozzle diameters down
to 0.58 mm, stacked up to 39 mm, and kept filaments
intact with a span of up to 10 mm. The 3D objects
obtained displayed complex geometries and maintained
their shape after freeze-drying and calcium crosslink-
ing. The properties of the printed objects (i.e. low bulk
density of 0.12+0.01 g/cm® and compressive strength)
are comparable to those of expanded polystyrene with
the additional advantage of being fully biodegradable,
which is not the case for expanded polystyrene. In com-
parison to classical molding techniques, AM facilitates
greater flexibility in custom design and allows pro-
cessing on-demand and locally, making the process
an excellent production technology for manufactur-
ing fungal-based materials including, but not limited
to, packaging and textiles. As next steps, we will adapt
the process to living mycelia of E fomentarius to obtain
reactive fungal-based materials which could also be
self-healing as well as to develop F fomentarius com-
posite materials to tune their physico-chemical proper-
ties and thus open the space for further applications of
fungal-based materials.

Methods

Chemicals and materials

The following chemicals were used as received with-
out further purification: anhydrous calcium chloride
(purity>97%, Merck), sodium alginate (C;HgNaO,,
high viscosity powder with the viscosity of 1319 mPa in
1% aq solution, Alfa Aesar), calcium sulfate dihydrate
(purity 98%, Carl Roth, Germany), malt extract agar (Carl
Roth, Germany), brown millet (Miihle Schlingemann,
Germany) and hemp shives (Hemparade, Netherlands).
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Deionized water (DIW) was obtained from Merck
Millipore.

Fomes fomentarius cultivation

Fomes fomentarius strain Papfl1 was used for all experi-
ments and obtained from the strain collection of the
Chair of Applied and Molecular Microbiology, Technis-
che Universitit Berlin. All cultivation procedures have
been most recently described in detail (see [18]) and are
summarized here in brief: Colonies of E fomentarius
were obtained through cultivation on solid complete
medium and used to inoculate sterilized millet grains
supplemented with 1 wt% calcium sulfate dihydrate. After
incubation for 14 days at 25 °C in the dark, the grains
were grown through completely and used as “mushroom
spawn” to inoculate hemp shives as the solid medium.
In doing so, hemp shives were hydrated with 150 wt.%
of water in cultivation bags (SacO2, Belgium) and auto-
claved. 5 wt.% overgrown millet spawn was added to the
wet hemp shives and mixed by kneading. The bags were
then heat-sealed and incubated at 25 °C in the dark. After
7 days of incubation the bags were mixed and incubation
was continued for another 7 days. The overgrown solid
substrate was then crushed using a disinfected shred-
der (Bosch, Germany) and transferred into a disinfected
polypropylene box. After another 19 days of incubation,
the culture was removed from the box and dried at 50 °C
for three days. Finally, the pure surface mycelium was
obtained by careful stripping from the surface.

Paste preparation

The mycelium was firstly ground with a coffee grinder
(Moulinex AR11). Then 500 mg of dried mycelium was
dispersed in 10 mL DIW in a 25 mL beaker and mixed
with an overhead stirrer (IKA RW16 Basic) with a swive-
ling blade (TPP Cell Scraper 24 cm). After proper mixing
at rotation 1200 min~}, alginate was added in different
amounts and stirred further to prepare the final paste.
The abbreviations for the composition indicate the mass
fraction (%) of E fomentarius (F) and alginate (A) within
the solid. For example, F71A29 denotes a specimen made
from 500 mg E fomentarius and 200 mg alginate, cor-
responding to 71 wt.% of F fomentarius and 29 wt.% of
alginate. The mycelium content was kept at 50 mg/mL in
all specimens (Table 1).

Rheological tests

To be suitable for the extrusion-based AM, the pastes
should possess a high initial viscosity with shear-
thinning behavior, in an ideal case recovering its ini-
tial viscosity after extrusion. Two rheological tests
were conducted at room temperature to explore the
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Table 1 Sample compositions along with the characterization methods applied

Samples Compositions Characterization
Mass (F. Mass Volume(H,0) Rheology Homogeneity Collapse Stackability Microstructures
fomentarius) (Alginate) mL
mg mg
FO1A09 50 5 10 X X
F83A17 50 10 10 X X X
F77A23 50 15 10 X X
F71A29 50 20 10 X X X X
F62A38 50 30 10 X X
F56A44 50 40 10 X X
FOOAQ9 0 5 10 X
FOOA17 0 10 10 X X
FOOA23 0 15 10 X
FOO0A29 0 20 10 X
FOOA38 0 30 10 X
FO0A44 0 40 10 X

rheological properties of the developed pastes: (i)
steady-state flow tests and (ii) three-step flow tests
under a certain (fixed) shear rate simulating the extru-
sion process for AM [25]. For steady-state flow tests,
the viscosity over the shear rate (0.1 to 100 s™') was
measured with an Anton Paar MCR 301 rheometer
and a plate-plate measurement system D-CP/PP25 (@
25 mm and 0.5 mm gap). For the three-step flow test, at
step I, to mimic the shear conditions before extrusion,
the pastes were then subjected to a low shear rate of
0.1 s7! for 60 s to simulate at-rest state prior to extru-
sion, (since it was not possible to measure the viscos-
ity at true zero-shear conditions due to the rheometer
specifications). At step II, the shear rate was increased
to 100 s~ and held for 10 s. This simulates the condi-
tion of the paste under a specific shear rate during the
printing process. And finally, at step III, the shear rate
was lowered to 0.1 s™! and held for 60 s to simulate the
final state after the extrusion. The viscosity recovery
(%) is described as the ratio of the value of viscosity in
step III to its initial value in step L.

Extrusion (3D printing)

Printer settings

An in-house adapted Fused Filament Fabrication
printer Ultimaker 2 Go (Netherlands) was used. The
printing head was replaced with a syringe holder, also
obtained by 3D printing, and the syringe was then con-
nected to an independent gas supply system (Fig. 9a).
When the print head runs on the set trajectory, speed
(4-10 mm/s), and layer height, the printer’s com-
pressed air valve is opened, and the piston inside the

Syringe Piston

) Z-axis motor

b 30 layers
20 layers
10 layers

.

Fig. 9 a Schematic diagram of the in-house adapted 3D printer for
extrusion-based AM and the morphology of the filaments after being
extruded and deposited on the substrate. b Schematic diagram of
AM models for stackability test and ¢ the dimensions (in mm) of the
filament collapse test pillar plate

syringe pushes the paste out of the nozzle (diameter
0.58-1.6 mm). The extrusion rate was able to be con-
trolled by tuning the pressure inside the syringe.

Homogeneity of extruded filaments

Aiming at obtaining consistent structure with strong
adhesion between lanes and layers, the random varia-
tions in the radial direction of the extruded filaments
(Fig. 9a) were studied in dependence of the paste com-
position (from 91 to 56 wt.% mycelium). Thus, filament
widths were measured at 20 different points per filament
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per paste, after extruding the pastes through a 1.2 mm
nozzle diameter syringe by hand. Width variance from
the nozzle diameters was then ascertained to evaluate the
irregularity of the filament.

Stackability and filament collapse tests

To test the stackability of pastes, objects with different
shapes/geometry were fabricated with a printing speed of
10 mm/s, nozzle diameter of 1.6 mm, and a layer height
of 1.3 mm. Constructs in the shape of squares, stars, and
grids were stacked with 10, 20, and 30 layers, respectively
(Fig. 9b). This process was carried out at least three times
for each shape. Filament collapse tests were conducted to
determine the shape fidelity and the effect of pore size on
printability when the interior was not 100% filled [41]. A
pillar plate with gap distances from 2 to 10 mm was built
(Fig. 9c). Pastes of varying mycelium content ranging
from 83 to 56 wt.% were extruded under compressed air
using a syringe with a nozzle diameter of 1.2 mm moved
by hand. A single filament was deposited on the pillars
for each composition, and the formed filaments were
then evaluated from the side.

Fabrication and post-processing

After printing with the settings as mentioned in 2.5.1, the
samples were freeze-dried in a Modulyo 4 K freeze dryer
(Edwards, UK) at — 50 °C, 0.05 mbar for 24 h. To increase
the stability of the printed parts, they were dipped in
4 wt.% CaCl, solutions for cross-linking the alginate
component afterward and freeze-dried again under the
same conditions described above.

Characterization
The microstructures of printed samples were analyzed
by scanning electron microscopy (Zeiss Leo Gemini
1530) with a secondary electron detector after coat-
ing them with gold. The electron high tension voltage,
aperture size, and working distance used in the imaging
were 3.00 kV/5.00 kV, 30.00 mm, and 7.4 mm/9.4 mm,
respectively, and magnifications were x 100, x200, x 500,
and x5000 scale. X-ray tomographic measurements
(u-CT) were performed on a self-developed setup con-
sisting of an L8121-03 microfocus X-ray tube and a
C7942CA-02 flat panel detector (both Hamamatsu,
Japan) with an accelerating voltage of 80 kV [42]. The
magnification was adjusted to a resulting pixel size of
16.5 pm and the volume was reconstructed using a fil-
tered back-projection cone-beam algorithm with Octo-
pus 8.8 (Inside Matters, Belgium).

The compressive strength of six printed samples using
F71A29 paste was measured based on the ISO 604/
ASTM D695. The samples (10 mm x 10 mm X 4 mm)
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were printed with a nozzle diameter of 1.6 mm, layer
height 1.3 mm, printing speed 10 mm/s, filled, and then
sanded to obtain parallel surfaces. As fungal materials
do not rupture, their compressive strength can be deter-
mined at a 10% deformation [43]. Tests were performed
using a universal testing machine Zwick/Roell Z020 with
a testing speed of 1.27 mm min~. Young’s modulus was
determined from the slope of a uniaxial stress—strain
curve. The bulk density of the object was obtained by
dividing its mass by its volume.

Fourier transform infrared spectroscopy (FTIR) in
Attenuated Total Reflection (ATR) mode was carried
out in a Vertex 70 (Bruker, Germany) in the range of
400-4000 cm™* for identification of distinct functional
groups. X-ray photoelectron spectroscopy (XPS) meas-
urements were performed on a K-alpha (Thermo Fischer
Scientific, USA) equipped with a monochromatic Al
Ka source. Carbon pads were used to hold the samples.
Scans were taken in the constant analyzer energy mode
with a step size of 0.1 eV, pass energy of 50 eV, and spot
size of 400 um. The C 1s core line with a binding energy
of 284.8 eV was used to calibrate all XPS spectra.

To study the thermal stability and decomposition of the
printed objects before and after CaCl, treatment, thermal
gravimetry analysis (TGA) and differential thermal analy-
sis (DTA) were carried out under synthetic air flow using
STA 449F3 (Netzsch, Germany) up to 800 °C with heat-
ing rate of 10 °C/min. The samples were stored in a desic-
cator before thermal analysis.
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