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Abstract. A sustainable, circular, post-carbon economy of the future 
will take waste material from one part of the economy and give it new 
value. This will reduce energy and material leakage from the economy 
and create new opportunities for innovation in materials. Myco-
materials provide an opportunity to transform ligno-cellulosic matter, 
such as waste cardboard and sawdust, into useful materials. This is 
achieved by using a fungus to bind together these substrates into useful 
forms. This paper explores how computational design parameters can 
be informed from the mycelia growth process. We created several 
prototype forms that show behaviour of myco-materials through the 
growing and drying process. These show how inclusion of cardboard 
substructures may improve the performance of the resulting material by 
increasing its stability during the drying process. We also demonstrate 
limits to the size of myco-materials through computational design. 
Myco-materials will likely be part of a sustainable post-carbon 
economy, by bringing new value to waste material, and this paper 
shows how computational design can be informed by mycelial growth. 

Keywords.  Mycelia; Biodesign; Growing Designs; Computational 
Design; SDG 12.  

1. Introduction 

A circular economy is needed, in addition to addressing atmospheric CO2, for humans 
to live sustainably with Earth’s ecosystems. A sustainable economy will mean that 
economic activities could continue forever. However, many current patterns of 
consumption and production in our current linear economy are unsustainable. Through 
sustainable and circular economic models, value can be added to wood or paper-based 
waste to create new markets and opportunities (Schandl et al., 2021), such as by using 
this unwanted material as a substrate to grow myco-materials: composites based on 
fungi.  

Myco-materials are formed by mycelia; the roots of fungi that colonise and degrade 
lignocellulosic material, such as a fallen tree in the wild, or a compost pile, but also 
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industrial materials including paper, cardboard and timber waste. This research uses a 
locally endemic, edible species of mushroom, Ganoderma Steyaertanum (known as 
Australian reishi mushroom), to bind together a substrate as the fungus grows, so that 
it can form a strong but lightweight myco-material. We extend a biodesign approach 
to design, applying the natural abilities and behaviours of a living organism to the 
design problem (Gough, 2021), through computational methods, generating forms that 
demonstrate the capabilities of the material at the growth stage, to identify applications 
of the material.  

Rather than adopting a design-to-production approach, where computation is 
performed during the form-making design stage, followed by fabrication and 
assembly, our intent is to flip this process. We observe the growth and material changes 
to provide knowledge for simulation and computational design.  The research explores 
the potential of mushrooms growing into designed forms and how the resulting myco-
material deforms during the finishing process.  

2. Background and Context 

2.1. SUSTAINABLE CONSUMPTION AND PRODUCTION - SDG 12  

The UN's Sustainable Development Goal 12 (Sustainable Consumption and 
Production) focuses on increasing resource efficiency and reducing waste for 
sustaining natural resources and environments. As cardboard is commonly abandoned 
to landfill, despite being one of the simplest products to recycle, there is ample 
opportunity to maximise the reuse of this material (Schandl et al., 2021).  

In this context, mycelium is of interest as a change agent with a capacity to 
transform cellulose waste products into designed shapes; to develop surfaces that are 
durable and applicable for the fashion industry; to substitute packaging; and to deliver 
structural components for the built environment. By adopting mycelium for engineered 
natural processes, new resources can be generated out of waste products and so 
environmental degradation can be decreased. Natural biodegradable myco-composites 
can be returned to lifecycles and thus contribute to circular economies. 

2.2. CIRCULAR ECONOMY  

The circular economy is one strategy for humanity to live sustainably within the finite 
resources of earth’s ecosystems. A circular economy that can grow efficiently will need 
to minimise energy and resource leakage (Jørgensen and Pendersen, 
2018).  Importantly, a single design cannot be circular as it is a property of a system 
(Konietzko, et al., 2020), and hence collaboration and multidisciplinary approaches are 
important. Considering key environmental criteria during the design of digitally 
fabricated building elements is crucial. Consequently, design adaptability of systems 
as enabled through computational methods should include material efficiency beyond 
a production context, evaluating and compensating for potential negative impacts 
caused by end-of-life processing (Agustí-Juan et al. 2008). A model of the myco-
material lifecycle starts with the preparation of bio-materials (Figure 1). These may 
include agricultural waste, wood chips and dust, coffee grounds, used cardboard and 
paper, clay and beached kelp. Source materials are pasteurised and blended to ensure 
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successful inoculation with and colonisation by mushroom spores. Various moulding 
approaches, substrate extrusion or 3D-printing and other techniques can be adopted to 
give shape to myco-materials during a form-making stage.  
 

Figure 1. Life Cycle: Mycelium-based composites 

The case study discussed in this paper used Polylactic Acid (PLA) 3D prints for the 
form-making stage using a pre-colonised substrate. After mycelium has grown inside 
the moulds and is structurally solid, it can be demoulded and hold its shape. Further 
growth can be stopped by drying colonised substrates in a low oven (~50º-80ºC). 
Deactivated myco-material products can be distributed, used, and finally composted, 
forming part of the biological cycle of materials for a circular economy (Jørgensen and 
Pendersen, 2018). Importantly, this biological material hybrid of 3D print and 
mycelium can be designed for disassembly and composting. To this end, this research 
explores how computational design and 3D print variations can be used to test detailed 
temporary myco-structures. 

2.3. MYCELIUM APPLICATION SCENARIOS 
Research has increased for myco-materials across a range of applications from product 
design, textile design, engineering to architecture. Product oriented uses of mycelium 
growth to date have included aesthetically intriguing shapes and functions, including 
chair composites and lamps (Frearson, 2017a), a water resistant and fully functioning 
canoe (Davidson, 2020), brick components with mycelium grown in moulds and 
arranged in a three-segment tower formation (Frank, 2014), a funicular roof structure 
(Ross 2020), a hanging structural system with bespoke mycelium modules grown in 
PVC customised moulds, intersections and tensile inset (Fearson, 2017b), or lattice 
structures (Morby, 2017). 

Mycelium-based composites have been successfully tested for combinations with 
cellulose-based waste products, such paper and cardboard (Jones, 2021) but also 
combinations with mineral substrates including clay (Jauk et al. 2021). 
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Adopting robotic fabrication and manufacturing for fluid deposition material 
composites is increasingly tested, including 3D printing and process-oriented 
investigations for mycelium with a focus on node structures (Cheng et al., 2021). 
Robotic extrusion with discrete non-repetitive patterns for a tower structure variable 
material appearance (Goidea et al. 2021) and the robotic pneumatic extrusion of 
complex modules at CITA (Lim et al. 2021) indicate new approaches to structural 
specification. 3D printing of soil-based myco composites combined with hay substrates 
have been investigated for myco-remediation (Como et al. 2020). Continued growth as 
a key attribute has prompted novel non-finite fabrication processes whereby 
prefabricated myco-based building components continue to grow together (Elsacker et 
al. 2021).  

3. A Case Study on Growing Designs with Mycelia 

The research investigates how well mycelium-based objects can hold their intended 
shape, and what level of detail, size and complexity of form-making elements could be 
feasibly achieved. Group samples are rigorously measured in terms of weight and 
volume throughout the fabrication, growth, drying process.  Volume calculation is 
performed using measured inputs and corresponding algorithms in Grasshopper GH. 

The process for growing myco-materials is relatively simple and develops over a 
few weeks. This research used Australian Reishi (G. Steyaertanum) provided from a 
commercial supplier. The substrate was stored at 5°C prior to its use in the moulds, to 
temporarily pause mycelium growth. Test samples were allowed up to 21 days of 
growth inside their moulds and 2-3 days of further growth after demoulding in sealed 
plastic bags, with openings covered with porous tape to allow air transfer and while 
preventing contamination from wild mould spores. The temperature range was 18-
26°C and humidity varied from 35% to 65%. Samples placed in moulds and stored in 
the dark during the substrate colonisation process to avoid growth of mushroom bodies.  

Three case study series are discussed in the following with specific focus: on 
increasing the percentage of waste material (cardboard) to myco-material prototype; 
on shape retainment; and on form-making and form-retaining properties. The 
Mycelium-Cardboard Composite tests (Figure 2) investigate the effect of incorporating 
cardboard inserts into myco-material prototypes. Eight samples were developed for this 
test, each having the same shape and volume (Figure 2). Sample 0 had no cardboard 
insert, serving as a benchmark prototype containing 100% working culture inoculated 
with Australian G. steyaertanum. Sample S1 had 3 grams (equivalent of 3 inserts) of 
shredded cardboard introduced into the mix homogeneously distributed throughout the 
substrate. Samples 1 to 6 had a progressively increasing number of cardboard walls 
(inserts) introduced into the mycelium composite, where each insert weighed 
approximately 1g. Each insert dimensions being maximum width and height of the 
base container (55mm and 35mm respectively). The limit of 6 max inserts was used 
because it became progressively more challenging to distribute the base substrate 
throughout the sample, to the point where this manual process was impractical.  
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Figure 2. 'Mycelium-Cardboard Composites’ case study, test samples. 

Test samples were successfully colonised during mycelium growth stages and able 
to hold their form and obtained similar mycelium white smooth leathery ‘skin’ layers 
on the outer surface of composites, which is typical for G. Steyaertanum. Figure 2 
shows cardboard interventions that successfully integrated into mycelium culture as an 
integral part of the bio-composite material. It should be noted that it was much harder 
to pack sample 6 with the base mix, because the spaces between the cardboard inserts 
were so small. Arguably the waffle structure of cardboard inserts did have a capacity 
to provide an extra internal structural support for this sample. However, this internal 
scaffold was not strictly necessary for the chosen form-making approach, as it had fully 
enclosed moulds. Blending or shredding the cardboard prior to its introduction into the 
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mix might be a more effective and feasible strategy, for cases when the solid moulds 
are being used for the prototype fabrication. 

Figure 3. Weight (left) and volume (right) change overtime: ‘Cardboard Composites’ study 

Samples had similar progression of weight loss throughout the process (Figure 3). 
Average weight was 10-20% during mycelium growth period, lasting 21 days inside 
the mould and 3 days outside the mould. The drying stage was performed using a fan-
forced electric oven set at 50°C for 3.5 hours, resulting in a loss of 35-40% of the 
remaining weight. Over the period of the next 7 days the prototypes continued to get 
lighter, losing 5% compared to their weight after inertisation. The samples with more 
cardboard content resulted in a lighter final composite material. The samples retained 
between 93-96% of their initial volume compared to the calculated internal mould 
volume (Figure 3 right). Although the difference in volumes across all samples was not 
statistically significant, we have observed that sample 0 (with no cardboard) lost more 
volume compared to other samples (93%), while sample 6 (with max number of 
cardboard inserts) retained 96% of its original volume. 

The ‘Pyramid Panels’ case study looked at the mid-scale applications and form 
granularity for interior insulation or soundproofing. The modular pyramid shapes and 
triangular footprint of the panels allow for easy assembly in different configurations 
for various wall surfaces. The target dimensions of the panels were 160mm side length 
and 50mm height, in three forms: solid, perforated and wireframe (Figure 4). The two-
part moulding used corner clips to reach the target forms for these panels. 30mm 
openings on one side of the form provide air exchange. The corner clips were designed 
to hold the two parts of the mould together; connected through the 6mm opening slots 
with two 300mm zip ties (Figure 4). The solid panel lost 92% of its original volume 
and 62% of its original weight during the process, compared to the perforated panel 
(94% volume/63% weight) and the wireframe (96% volume/64% weight). 
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Figure 4. ‘Pyramid Panels’ case study. 3D printed moulding system and resulting panels 

The ‘Segment Iterations’ test group was developed to further investigate form-
making and form-retaining properties of mycelium-based materials, particularly 
focusing on the small-scale forms and subdivisions. Nine test samples were produced 
to compare the effect of level of detail and element size. The 3D printed form-making 
moulds were designed using Grasshopper 3D with 6-21 segments (walls), subdivisions 
ranging from 3mm to 30mm segment height and 1mm to 5mm wall thicknesses. The 
results in Figure 5 compares the 3D printed negative moulds and resulting mycelium 
products seven days after the interisation (oven-drying) stage. 

The substrate size meant that the mixture was not able to fill all the cavities inside 
the moulds (see samples I, E and F in Figure 5). Although mycelium roots (hyphae) 
did attempt to grow into these vacant spaces, not all gaps were filled during the growth 
process. In these cases, the mycelium roots, without substrate, showed greatest 
deformation after drying. Elements smaller than 3mm appear more likely to be 
deformed. This shows limitations of the form-retaining properties of the myco-
materials and could be studied further. 
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Figure 5. 'Segment Iterations' case study 

As some of the samples (iterations) contained fine elements and detailing, they were 
more affected by the deformation and loss of overall volume. Samples shrunk to 
various degrees varying from 85% to 96% of their original volume. These samples also 
lost most of their weight during inertisation (oven drying for 3.5 hours at 50°C). 
Although all samples did continue to lose more moisture and weight afterwards during 
the air-drying stage. In total, the samples lost between 61% and 71% of their original 
weight. 

4. Discussion 

The case studies show consistent results from the combination of computation and 
materials from biological growth process, and 3D printed mould making. The dried 
objects reduced in volume with a mean dry volume being 92.85% (σ = 3.2) across all 
samples. The cardboard composite samples had slightly lower and more consistent 
mean reduction in volume (M = 94.86%, σ = 0.69), while the samples without 
cardboard reinforcement varied more (M = 91.77%, σ = 3.59), possibly due to added 
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structural integrity and reduced shrinkage. It is worth noting that the shredded 
cardboard did not appear to perform differently to one with waffle structure. The final 
mass of the samples also varied substantially, with the average final mass for cardboard 
composite structures being 54.68% (σ = 1.39) of the initial weight, and the average 
final mass of the non-reinforced samples being 34.36% (σ = 3.00).  

The process shows that there was a consistent change in volume during drying. The 
density of the scaffold structure appears to have limited importance, but it increased the 
consistency of the volume change. However, any overall volume change may also be 
dependent on the fineness or granularity of the substrate. The substrate we used had 
pieces measuring up to 5mm in length, but only up to 1mm in diameter. Further 
research could explore the impact of substrate coarseness, and if finer inclusions (such 
as spent ground coffee) may have an impact on the deformation of the final design.  

In contrast to robotic extrusion of hybrid myco-composites with varying 
aggregates, which focus on building components, nodal connections and structural 
differentiation of customised design variations, this research reverts to 3D printing and 
thus provides a large palette of options for material adoption by fine-tuning 3D printed 
formworks. Significantly, in a context of ubiquitous 3D printers, a maker space culture 
can therefore connect with and contribute to conversion of waste products into 
desirable products or artefacts. With affordable and simple processes and materials as 
has been demonstrated here. Combinatory degrees of myco-material with different 
waste products offer a rich domain for user participation in design. Thus, complexities 
of forms, geometry and shape can stimulate community initiatives for reconsidering 
waste as new resource material, exchanges by sharing source files and production 
codes across maker spaces. In the context of architecture potential application of myco-
materials can be extended to both interior and exterior finishes as well as self-
supporting structural elements. Future work on this project will be carried out using 
full-scale triangular grid wall-panels drawing upon the ‘Pyramid panel’ prototypes as 
the initial experimental iteration. 

5. Conclusion and Future Work 

This paper has described an investigation into how the growth of mycelia can impact 
computational design of myco-material composites. Our study showed that with a 
single substrate, and consumer-level fabrication equipment, consistent results can be 
achieved. An initial benchmarking of specific substrates will be necessary, but future 
research into sustainable computational design has the potential to improve the 
performance of myco-materials. For a circular, post-carbon future, myco-materials 
demonstrate a clear potential to give new value to cardboard, as a showcase for 
domestic waste material that is ultimately suitable for composting rather than disposal 
at its end of life. More research is required in the domain of growth behaviour and 
simulations, to which these case studies have contributed through a tracking of weight, 
volume, density, and moisture. Computational simulation coupled with robotic 3D 
printing can further advance the fabrication of customised modules onsite or in a 
specific local context, including post fabrication tracking of behaviour, including 
maintenance. 
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