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Abstract

This paper reports on a preliminary experimental study on binder jetting 3D printing of
biomass—-fungi composite materials. Biomass—fungi composite materials have potential
applications in the packaging, furniture, and construction industries. Biomass particles
(prepared from agricultural residues) act as the substrate of the composite materials. The
filamentous roots of fungi intertwine and bind biomass particles together. In this study,
the biomass (hemp hurd) powders used had two distinct average particle sizes. The liquid
binder used contained fungi (Trametes versicolor) cells. T-shaped samples were printed using
a lab-designed binder jetting setup. Printed samples were kept inside an incubator oven for
four days to allow fungi to grow. Afterward, loose biomass powder was removed from the
T-shaped samples. The samples were then kept inside the incubator oven for eight more
days to allow further fungal growth. The samples were subsequently placed in an oven at
120 °C for four hours to terminate all fungal activity in the samples. SEM micrographs were
taken of the cross-sectional surfaces of the samples. The micrographs showed a significant
presence of fungi hyphae inside the printed samples, providing evidence of the binding of
biomass particles by the hyphae.

Keywords: binder jetting; binder; biomass-fungi; mycelium

1. Introduction

The use of petroleum-derived plastic materials in our daily lives has grown signifi-
cantly, with a global production of about 400 million tons in 2022 [1]. Most of these plastic
materials are discarded after a single use. It was estimated that approximately 6300 mil-
lion tons of plastic waste had been released into the environment by 2015, and 79% of
this waste was accumulated in landfills [2]. If the current trend continues, approximately
12,300 million tons of plastics will be accumulated in landfills by 2050 [2]. Plastics are
non-biodegradable (or take years to degrade); therefore, it is essential to find sustainable
materials that can biodegrade at the end of their life cycle.

Biomass—fungi composite materials (that are biodegradable [3-7]) can be used to
manufacture some of the products typically produced from petrochemical plastic materials,
especially in the furniture, packaging, and construction industries [8-15]. The biomass
in biomass—fungi composite materials is primarily sourced from agricultural residues
such as wood sawdust, corn stover, hemp hurd, sugar cane, and wheat straw [16-20]. In
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Extrusion nozzle

biomass—fungi composite materials, biomass particles act as the substrate. The thread-like
structures (called hyphae) of fungi grow through the biomass particles and bind them
together [21-25].

Reported studies regarding manufacturing using biomass—fungi composite materi-
als [26-29] used molding (or pressing)-based manufacturing methods, which are usually
costly and have limitations on product geometry. 3D printing can create products of com-
plex shapes, require less setup time and energy, and reduce material waste [30-37]. The first
paper on 3D printing of biomass—fungi composite materials was published by the authors
in 2020 [38]. Since then, the authors have investigated the effects of mixture composition on
extrudability and the rheological characteristics of printable biomass—fungi mixtures [39];
the effects of waiting time (the interval between mixture preparation and 3D printing) on
mechanical and rheological properties of biomass—fungi mixtures and print quality [40];
the effects of mixing parameters (such as mixing mode and time) and printing parameters
(such as extrusion pressure and printing speed) on fungal growth in printed samples [41];
the effects of ionic crosslinking on print quality (such as height shrinkage and geometric
accuracy) [42]; the effects of sodium alginate and calcium chloride on the growth of fungi
in biomass—fungi composite materials [43]; and the biodegradability of 3D-printed samples
using biomass—fungi composite materials [3].

Other researchers have also reported studies regarding 3D printing-based manufac-
turing methods using biomass—fungi composite materials. A summary of these studies
is shown in Table 1. An agar-based ink (containing agar, coffee grounds, and mycelium)
was developed to improve the mechanical and self-healing properties of 3D-printed sam-
ples [44]. A robotic 3D printing process was used to study the effects of process parameters
(such as nozzle size, printing speed, and extrusion pressure) on printed biomass—fungi
composite samples and the effects of autoclaving temperature and waiting time on mixture
behavior [19]. An extrudable paste-like mixture was developed using clay, mycelium,
hemp, and water for 3D printing [45]. A data-driven study was carried out to measure
the influence of geometrical configuration (such as infill density, infill skin thickness, and
various patterns) on mycelium growth and the mechanical properties of biomass—fungi
composite materials [46].

Extrusion-based 3D printing has been used in most reported studies on the 3D printing
of biomass—fungi composite materials. In extrusion-based 3D printing, as illustrated in
Figure 1a, a paste-like mixture is extruded through a nozzle to print parts layer by layer.
A wide range of materials can be used in extrusion-based 3D printing, including wood,
timber, fruit, seeds, and herbaceous plants [47]. The major issues with extrusion-based
3D printing using biomass—fungi composite materials include low printing resolution and
limited hyphal growth inside extruded filaments [48].

Printhead
Roller\lfindet“""" Printed sample
Printing bed
Powder
Printed sample : Powder bed
v
(a) Extrusion-based 3D printing (b) Binder jetting 3D printing

Figure 1. Illustrations of extrusion-based 3D printing and binder jetting 3D printing.
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This paper reports, for the first time, the use of binder jetting 3D printing with biomass—

fungi composite materials. Binder jetting, as illustrated in Figure 1b, prints parts layer

by layer by dispensing liquid binder onto selected areas of the powder bed [49]. The

advantages of binder jetting include better dimensional accuracy and resolution, and

higher production rates [50].

Table 1.

Summary of reported studies on extrusion-based 3D printing of biomass—fungi

composite materials.

Reference Main Contribution
3] Preliminary assessment of the suitability of 3D printing for biomass—fungi
composite materials
[39] Effects of biomass—fungi mixture composition on print quality
Effects of waiting time (the interval between mixture preparation and 3D
[40] printing) on mechanical and rheological properties of biomass—fungi mixtures
and print quality
[41] Effects of mixing and printing parameters on fungal growth
[42] Effects of incorporating ionic crosslinking on the print quality and
physicochemical properties of printed samples
[43] Effects of sodium alginate and calcium chloride on the growth of fungi in
biomass—fungi composite materials
[44] Development of organic waste-based ink (containing mycelium) for printing
[51] Large-scale robotic 3D printing of mycelium-based materials
[45] Development of extrudable mixture (containing biomass, clay, and mycelium)
for printing
[46] Effects of geometrical configuration on mycelium growth in printed samples
[47] Systematic review of a wide range of printable materials from different types

of biomass (such as wood, timber, fruit, seeds, and herbaceous plants)

2. Materials and Methods
2.1. Preparation of Liquid Binder Containing Fungi Cells

The step-by-step procedure for binder preparation is shown in Figure 2 and

described below.
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§ X a
27°C  7days . 100tpm  27°C
A i Small
\ = mycelium balls

| (18 "

| -
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Figure 2. Step-by-step procedure for binder preparation.
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In Step 1, half-strength potato dextrose agar (PDA), prepared with 1000 mL of distilled
water, 19.5 g of PDA, and 7.5 g of agar, was used to cultivate Trametes versicolor fungus in
a petri dish. The petri dish was kept inside an incubator oven set at 27 °C for one week to
obtain the mycelial culture.

In Step 2, about 5070 small pieces of 2 cm-sized mycelial culture were cut and placed
into a 100 mL conical flask full of PDB (potato dextrose broth) solution.

In Step 3, the conical flask was placed into a shaking incubator and kept there for two
days to facilitate the fungi cell growth. The temperature and speed of the shaking incubator
were set at 27 °C and 100 rpm, respectively. These temperature and speed values were
selected to ensure that fungal cells would not die. The length of the step (two days) was
selected to ensure the formation of small mycelium balls in the conical flask.

In Step 4, the 100 mL conical flask was removed from the shaking incubator.

In Step 5, 20 g of wheat flour and 100 mL of liquid media containing the mycelium
balls were added to a mixing container of a mixer. The mixing time was 3 s—not too long to
damage the fungal cells. The mixer did not allow for speed control. The resulting mixture
was used in Step 8.

In Step 6, 10 g of agar (1.5% w/v) was transferred into a 250 mL storage bottle. Agar is
a gelatinous substance that is derived from the cell wall of red algae. The bottle was placed
into a countertop microwave and microwaved for 3 sec to obtain liquid agar.

In Step 7, the storage bottle was placed in a water bath for 30 min while the water
temperature was set at 55 °C.

In Step 8, the agar from the storage bottle and the mixture (prepared in Step 5) were
added to a 250 mL conical flask. Mixing was carried out by gently shaking the conical flask
by hand to prepare the liquid binder for printing.

2.2. Printing of Samples Using Binder Jetting

Two groups of biomass powders (hemp hurd particles with average sizes of 0.15 and
2 mm, respectively) were purchased from a commercial supplier (Bulk Hemp Warehouse,
Las Vegas, NV, USA) for use in the binder jetting 3D printing. They were used to show the
feasibility of the binder jetting approach for biomass powders with different particle sizes.
A lab-designed binder jetting setup was used. A schematic illustration of the setup is shown
in Figure 3. The volume of the build platform was 75 x 75 x 30 mm3. The experiment
was performed inside a biological safety cabinet to prevent contamination of the printed
samples. The step-by-step procedure for printing a sample is illustrated in Figure 4 and
described below.

In Step 1, the printing platform was lowered by a distance equal to the layer thickness
(4 mm in this study). In binder jetting 3D printing, the layer thickness is usually set as
two to three times the average powder particle size [50,52,53]. In the experiment, the layer
thickness was chosen so that the fungi-embedded binder could penetrate through the
powder layer to enable the fungi to grow during the following stages.

In Step 2, biomass powder was added to the printing platform by hand to ensure that
it would cover the entire platform but not overflow.

In Step 3, a tapper was moved by hand from one side to the other side of the printing
platform to spread the biomass powder. A CAD drawing of the tapper with dimensions
is shown in Figure 5. All the CAD files used in this study were created using Autodesk
Fusion (version 2601.1.34, San Francisco, CA, USA).
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Printing platform

Building platform Lead screw
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Figure 3. A lab-designed binder jetting setup.

Printing platform Biomass powder
Build platform ]Z/' i
Y |
L 1o th Adding biomass
FOWernnE the powder to the printing Spreading
printing platform platform biomass powder
Step 1 Step 2 Step 3
:\ Binder

Mask {

Putting mask on the Jettine bind Removing mask from
top of the powder bed etting binder the top of the powder bed

Step 4 Step 5 Step 6

Figure 4. Procedure for printing a sample by binder jetting.
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Figure 5. Dimensions (unit: mm) of the tapper used for powder spreading.

In Step 4, the powder bed was covered by a mask with a T-shaped opening. The
dimensions of the mask are shown in Figure 6.

Figure 6. Dimensions of the mask with a T-shaped opening (unit: mm).

In Step 5, a pipette was used to “jet” the binder (prepared by following the procedure
described in Section 2.1) onto the powder bed through the T-shaped opening of the mask.
The binder was not jetted on the area of the powder bed unexposed by the mask. The
binder was jetted onto the powder bed until the binder covered the entire exposed area of
the powder bed. The binder amounts used in the experiment are presented in Table 2.

Table 2. Binder amounts jetted onto the exposed area of the powder bed for each layer.

Particle Size (mm) Binder Amount (mL)
0.15 12.75 4= 4.35
2 105+1

In Step 6, the mask was removed from the powder bed.
Steps 1-6 were repeated three more times. The thickness of the printed sample was 16
mm at the end of the printing process.
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2.3. Processing of Printed Samples to Prepare Final Samples

Figure 7 shows the step-by-step procedure of processing printed samples to prepare
the final samples. All these steps were performed outside of the biological safety cabinet.

Pipette tip
holder 3= & X
28°C 4days T
&0 I \
= j )
Putting the lab Taking pictures Putting the setup Putting the bag Removing the bag
setup in a pipette of the printed with the sample inside an incubator from the incubator
tip holder sample inside a bag oven oven

Scalpel J;E 8? 3= JJ:'L X
/ 28°C ays - © 120 °C 4 hours
A | &0
7 A
N . 1] j\ -’\ i
] | ) & & ; & i )
i Aluminum i
foil
. T Putting the sample Taking the sample out  Taking a picture Killing all the fungi
Taknfng the setup out T;m‘gg%f%ﬂ?ﬁge inside of an incubator from the incubator of the sample in thegﬁnal sampleg
rom the bag SHEpIE oven oven
| Step 6 | | Step 7 | | Step 8 l | Step 9 | | Step 10 | | Step 11 |

Figure 7. Step-by-step procedure of processing printed samples to prepare final samples.

In Step 1, the binder jetting setup with the printed sample was placed in a pipette tip
holder to keep the setup stable.

In Step 2, pictures of the printed sample were taken using an iPhone 14 Pro camera
(iPhone 14 Pro, Apple, Cupertino, CA, USA).

In Step 3, the setup (with the sample and the pipette tip holder) was placed inside a
bag with dimensions of 5" x 8" x 20".

In Step 4, the bag (containing the setup, sample, and pipette tip holder) was placed
inside an incubator oven set to 28 °C and kept there for 4 days. The duration of 4 days was
selected to ensure that the growth of the fungi was apparent on the T-shaped sample. The
duration of the incubation for Step 4 (in Figure 7) and Step 8 (in Figure 7) was selected to
allow sufficient growth of fungi based on a prior study by the authors [38].

In Step 5, the bag was removed from the incubator oven.

In Step 6, the setup (with the sample and the pipette tip holder) was taken out from
the bag.

In Step 7, loose powder from the T-shaped sample was trimmed off using a
sterile scalpel.

In Step 8, the sample was placed onto aluminum foil, placed in the incubator oven
(set at 28 °C) and kept there for 8 days for further fungal growth. This step constitutes the
second stage of fungal growth in the method.

In Step 9, the sample was taken out from the incubator oven.

In Step 10, a picture of the sample was taken.

In Step 11, the sample was placed in a countertop convection oven set at 120 °C
for 4 h to kill all the fungi. The T-shaped sample at this point can be referred to as the
‘final sample’.
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2.4. Taking Micrographs Using Scanning Electron Microscopy (SEM)

A cross-sectional micrograph of the final sample printed with 2 mm powder was
taken to reveal hyphal growth inside the sample. The micrograph was taken after all the
fungi in the secondary colonized sample were killed in the induction oven. To take the
cross-sectional micrograph, the final sample was broken along the Y-Z plane using the
hand (along the black dotted line shown in Figure 8), where the Z-axis is the direction
of printing, and the X-axis is the direction of the powder spreading. The SEM machine
(SNE-4500M Plus, Nanolmages, Lafayette, CA, USA) was operated in high-vacuum mode
with an accelerating voltage of 15 kV. No sputter coating was used during the sample
preparation for SEM. It was recognized that sputter coating is necessary to obtain high-
quality images for non-conductive and beam-sensitive samples. Although the SEM image
obtained in this study was not of high-quality, it was adequate to show the presence of

fungal hyphae.

qu

Cross-sectional plane

>

by 3

A 3 i‘,-‘/
"i
a
#

Figure 8. A cross-sectional plane parallel to the Y-Z plane of the final sample.

3. Results and Discussion

Figure 9 shows a picture of a printed sample. Figure 10 shows images of the two final
samples printed with biomass powders of different particle sizes. The results show that
fungal growth was observed outside of all the samples.

Figure 9. A printed sample generated by binder jetting 3D printing.
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Figure 10. Pictures of final samples printed from (a) biomass powder with a particle size of 0.15 mm,
and (b) biomass powder with a particle size of 2 mm.

Figure 11 compares the stages of extrusion-based 3D printing versus binder jetting
3D printing of biomass—fungi composite materials conducted at the authors” lab. For
extrusion-based 3D printing, three stages must be completed before 3D printing [38]. The
inoculation process of biomass with fungi was completed using Ecovative Design (New
York, NY, USA), and the inoculated biomass materials were packed into a filter patch
bag. These ‘as-received materials’ need to be supplemented with water and nutrition and
kept away from light for 3-5 days at 23 °C during the primary colonization stage. After
this primary colonization stage, the primary colonized materials need to be mixed with
additional water and psyllium husk powder to obtain the printable biomass—fungi mixture.
For binder jetting, only one stage needs to be completed before 3D printing: preparation
of a liquid binder containing fungi cells. Like extrusion-based printing, binder jetting of
biomass—fungi materials also requires two stages of colonization (primary and secondary
colonization) before the drying stage. However, in binder jetting, between the two stages
of colonization (primary and secondary colonization), loose powder needs to be trimmed
off the printed sample.

Extrusion-based Binder jetting 3D
3D printing printing

Inoculated Vo T e
0 Binder Stage 1
Stage 1 biomass L preparationj

material s
7 @ As-received Liquid binder ) @ v

V material i - Stage 2

A Primary 3D printing
colonization Primary

: 3D-printed ) Y

> /

V/ @ colonlz'ed ( sample @

material

i

Primary
Stage 3 colonizationJ Stage 3
@ Biomass- \7
fungi mixture,

Stage 4 3D printing Trimming Stage 4
v @ 3D-printed
sample v
Secondary
Stage 5 H Secondary
& colonization Secondary Stage 5

V @ colonized

_ material v
Stage 6 Stage 6

Final
Final
Figure 11. Comparison between extrusion-based and binder jetting 3D printing.

Table 3 compares extrusion-based and binder jetting 3D printing of biomass—fungi
composite materials.
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Table 3. Comparison of extrusion-based 3D printing versus binder jetting 3D printing of biomass—

fungi composite materials.

Extrusion-Based 3D Printing

Binder Jetting 3D Printing

Working principle

Material form

Material is extruded through a
nozzle with force or pressure

Paste-like mixture containing
biomass particles and fungi

Slower process
Suitable for single-piece or

Liquid binder is deposited
onto selected areas of the
powder bed of
biomass particles
Biomass powder on powder
bed; and fungi
embedded binder
Faster Process

Production throughput batch production Suitable for mass production

Low achievable resolution High achievable resolution
Unable to print samples with Able to print samples with

complex geometry complex geometry

C Low machine cost High machine cost

ost per part e .
. Difficult to print very
Easier to scale for large parts
large parts

Figure 12 shows an SEM micrograph of a sample printed from the biomass powder
with a particle size of 2 mm. Qualitative analysis of the micrograph revealed that there
were regions showing the presence of fungal hyphae (marked with oval shapes). Pohl
et al. [1] quantified the presence of mycelium (Fomes fomentarius) grown in the hemp hurd
from SEM micrographs. Their methodology is similar to the one used by the authors of
this paper.

Regions showing
the presence of
fungal hyphae

Hemp hurd particles

Figure 12. SEM micrograph of the inside of a final sample.

4. Conclusions and Future Research Directions

This paper is the first in the literature to report a study on binder jetting 3D printing
of biomass—fungi composite materials. The feasibility of this approach was demonstrated
by printing samples using hemp hurd powders of two different particle sizes. Evidence of
fungal growth was identified on the inside and outside of the printed samples.

This new approach requires further study to fill many knowledge gaps. There are many
future directions regarding biomass materials, liquid binders, binder droplets, preprinting,
printing, and post-printing. One research direction is to investigate the effects of different
types of biomass and particle size distribution on the dimensional accuracy, fabrication
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References

resolution, and mechanical properties of printed samples. Research directions regarding
liquid binders include the effects of different binder compositions on the dimensional
accuracy and mechanical properties of the printed samples. Another research direction
is the effects of binder droplet volume, velocity, spacing, jetting frequency, and stand-off
distance on the final printed sample.

More research directions could include the effects of mixing time, waiting time, and
incubation temperature on fungal cell survival and fungal growth during the binder
preparation prior to binder jetting 3D printing. An excessive mixing time of the liquid
media containing the mycelia balls with the flour in the mixer can damage the fungal cells.
The waiting time between the binder preparation and binder jetting 3D printing should
be optimal, otherwise the binder can thicken, making it challenging to jet onto the sample.
A high incubation temperature can inhibit the growth of fungi [54]. During the printing
process, the effects of layer thickness and spreading speed on the mechanical properties
of the printed samples should also be investigated. In future studies, the authors plan to
investigate the effects of process parameters and particle size on printed samples in great
detail. Additionally, different types of biomass and fungi will be investigated regarding
their effects on the mechanical, thermal, and chemical properties of printed samples. Finally,
future research regarding post-printing processes should include the effects of heating time
and temperature on eliminating fungi in the printed samples.
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