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Architects, artists and engineers around the world have been experimenting with the potential of mycelium, the vegetative body of a fungus, as a future building material for the past 15 years. It shares many of the positive material attributes of polystyrene but unlike the synthetic material it is fully sustainable and completely biodegradable. Mycelium has also proved to be simple to grow at scale. Its capacity to rapidly grow its tangled hyphae in a multiplicity of directions, digesting nothing more than organic waste, has shown promise for the production of a variety of materials for the building industry. But despite this, mycelium has struggled to find a market within the building industry. Drawing on the literature, this article argues that the challenges have been psychological, aesthetic and economic, rather than technical. Western industrial systems have conditioned us to expect material cultures to be clean, precise and durable. Mycelium is messy and some fungi are known pathogens. Like any living creature it can be unpredictable. Further, while the materials for growing mycelium are cheap, initial production costs for mass production and distribution typical of industrial fabrication are high. The risk for investors in the absence of an assured market stymied early forays into production. But as the environmental crisis becomes more urgent, there is evidence of a growing interest in finding new avenues for production. Centralised large-scale production is only one way forward. Another, which learns from early failures, is mass production through a multiplicity of micro-scale, do-it-yourself systems.
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INTRODUCTION
The Intergovernmental Panel on Climate Change warns that there is unequivocal evidence of escalating global climate change and advises that developing better building systems is critical for a more resilient future (IPCC 1988; IPCC 2022; Sachs et al., 2021, World Resources Institute 2022). Intensifying concerns about environmental performance have led the building industry to broaden its approach beyond decreasing energy use through solar orientation, insulation, and low energy electrical fittings, to systemic concerns that take into account the materials from which buildings are constructed (Stephan, Crawford and De Myttenaere 2011; Mirabella et al., 2018; Moncaster et al., 2018). Research into novel bio-materials has grown in response (Jones and Brischke 2017; Pacheco-Torgal et al., 2020). While some research has translated into products for manufacture, there have been many failures along the way.
This article considers the successes and challenges for mycelium, a bio-polymer that has received significant attention globally. Although the innovations in the field have developed through trans-disciplinary collaborations, most of the publications are narrowly focused along disciplinary silos—architectural design, biology, mechanical engineering, or agricultural engineering. Other literature reviews focus more comprehensively but narrowly on experimental scientific research and patents rather than those that have emerged in creative research or product development. This article, on the other hand, brings together varied interests. It draws selectively on scholarly literature from a range of pure and applied scientific disciplines—microbiology, engineering, bio-technology and agriculture—as well as grey literature, design industry websites, and the websites of material developers and producers.
POLYMERS IN THE BUILT ENVIRONMENT: SYNTHETIC AND NATURAL
Polymers are used in all facets of the building industry: paints, fillers, adhesives, flooring, cabinetry, electrical wiring, insulation and roofing (Harrison & Hester 2018). They are lightweight, versatile, impermeable and durable. While polymers are one of the most multiplicitous organic material types on earth (Seymour 1988; Rasmussen 2018), most of the polymers now in use in the built environment are synthetic. First developed in the early 19th century, they have multiplied and proliferated exponentially since the 1930s (Rasmussen 2018). Petroleum-based synthetic polymers present two significant problems: Firstly they perpetuate fossil fuel extraction, and secondly their durability renders them an enduring blight in landscapes long after their useful life in buildings is over. In an era facing twin challenges of global warming and plastic pollution, lessening the dependency on synthetics in the building industry is both a necessity and a challenge.
One of the most ancient and prolific natural polymers is found in fungi. Carbon-based polymers in the form of chitin and glucans constitute the cell walls of fungi, while their mycelium are akin to fibres. Fungi generally grow in two vegetative forms; single-celled yeast and multicellular hyphae. The budding yeast Saccharomyces cerevisiae is one of the most familiar domesticated species, used for bread, beer and wine making. But it is the multi-cellular filamentous fungi, which grow as long, tube-like cells joined end-to-end and form highly branched networks, that shares many characteristics with synthetic polymers and have recently been identified as a possible substitute in the building industry. Like synthetic polymers, mycelium can be lightweight, strong, and a good insulator. It is also similarly versatile. Through careful selection of appropriate species, adjusting the feeding stock and molds, mycelium can be made into a material as thin and flexible as leather, aggregated into blockwork, providing a substitute for thermal and acoustic insulation and even simulate mass concrete Figure 1.
[image: Figure 1]FIGURE 1 | Pleurotus ostreatus, commonly known as the oyster mushroom. P. ostreatus mycelial growth on a malt extract agar plate after 7 days incubation at 22°C (A). The plate was inoculated in the centre and the fungus has grown to the edges and filled the entire plate. Microscopic images of mycelium from the plate on the left after staining cell walls with calcofluor white (fluorescent brightener 28). Images taken under fluorescent microscopy at 40 × (B) and 100 × (C) magnification. Image supplied by Alex Andrianopoulos.
Fungi are also key players in most ecosystems. They are major recyclers of organic material, transforming often inaccessible matter into available essential nutrients, as well as playing more direct and critical roles in the growth of numerous plant species. Across the fungal kingdom, mycelium displays many unique biological properties including a generic capacity to grow without light, to specialised activities such as the production of oxalic acids that have the strength to decompose rock, and peroxidase enzymes that break hydrocarbon bonds in complex carbohydrates such as lignin and turn them into simple sugars. These properties mean they can grow rapidly on carbon-based products we typically discard as waste materials such as husks, sawdust, woodchip, and even coffee grounds. So, unlike artificial polymers which perpetuate the use of fossil fuels and, when discarded, endure for centuries as waste, fungi can grow on agricultural waste and are completely biodegradable. Despite these advantages, until a decade ago, fungi were a largely untapped resource as a building material.
DIFFERENT APPROACHES TO EXPERIMENTATION WITH MYCELIUM
Experimental research in mycelium for the built environment has branched and proliferated, much like mycelia itself. After a decade of largely invisible activity deep in the homes and minds of early developers in the 1990s and early 2000s, a first flush of experimental prototypes emerged between 2007 and 2014 in New York and California in the United States, and a few years later in Europe (focused in the Netherlands). Since then, a global network of researchers across creative and scientific disciplines, with and without manufacturers, has flowered. Most are working collaboratively in interdisciplinary teams: With artists, architects, interior designers, industrial designers and furniture makers engaging in creative research to explore the poetic and aesthetic possibilities of the material; scientific researchers, including engineers, microbiologists, bio-technologists and agricultural scientists testing mechanical, thermal and acoustic performance, morphology, optimal species and feeding regimes; and industry partners focussing on trials around repeatability, reproducibility and scalability. Outcomes have been disseminated through academic journals and conferences and exhibited in galleries and public and professional orientated design websites. Around 50 patents have been filed for numerous processes using fungal mycelium as a replacement for synthetic polymers since 2006 (Cerimi et al., 2019, Hüttner et al., 2020). The US-based companies Ecovative and MycoWorks were early leaders. Ecovative now dominates the US patents landscape (Cerimi et al., 2019). However, China dominates globally. Some products that hit the market early have disappeared. Others have found a niche and continued to grow. The field has developed as much by these failures as it has by the successes. Success in material performance is not the only requirement for viability for production.
Mycelium-based experimentation and prototyping has pursued four lines: Flat hardboard products for building panels; flexible leather substitutes; disposable packaging; architectural fittings and homewares. Architects, engineers, and building contractors, are increasingly aligning their strategies to sustainable development goals and net-zero targets which is translating into awareness of how design choices impact the carbon footprint of the built environment, and ultimately supply chain choices. The biggest advantage of mycelium is its biodegradability; where supply materials are sourced from waste material and renewable energy is used for production, bio-based materials promise considerable environmental performance in comparison to traditional counterparts. While the technology shows maturity in both low-risk disposable products and in industries with high turnovers, mycelium has struggled to find a niche within the construction industry. Markets need customers. Customers’ desires and interests are driven to varying degrees by aesthetics, cost, and ethical concerns (Gagnier 2000). These in turn are shaped by bigger, often global, social, environmental and economic forces (Kompatsiaris and Chrysagis, 2020). As the climate crisis accelerates, economies are shifting (Miles 2014). So too is the willingness to embrace different aesthetics and pay higher premiums to satisfy ethical concerns. Consequently, there is an increasing appetite and interest in continuing the experimentation.
Panel Products
Mycelium’s similarity to polystyrene and particle board led two groups to test and prototype biodegradable material substitutes for building products currently made from synthetic material from 2006 to 2009. In New York, engineering students Eben Bayer and Gavin McIntyre at Rensselaer Polytechnic developed a mycelium-based insulation material they thought could replace synthetic counterparts (Rensselaer 2007). They filed for a patent on the method they developed to grow the material in 2007 (US Patent no. 9485917) and set up a small company, Ecovative around the same time (Ecovative 2021a). Ecovative applied this technique to make an insulation board trademarked as ‘Greensulate’ the same year (Material District, 2022). Californian, artist and herbalist, Phil Ross, meanwhile, had spent the 1990s and early 2000s experimenting with cultivating mushrooms and testing similar material ideas. His small catenary shaped pavilion, assembled from blocks cast from the mycelium of Ganoderma lucidum (Reishi mushrooms), Alpha Mycotectural teahouse, was installed in an art gallery in Dusseldörf Germany in 2009 (Debatty et al., 2011). Ross filed for his first patent describing a method for producing fungus structures for construction and manufacturing in 2011 (US Patent no. 9410116). The patent describes methods for increasing the strength of the material through compression during the growth phase and methods for integrating structural support members. After teaming up with collaborator Sophie Wang to form the start-up MycoWorks, Ross and Wang spent 3 years applying these techniques into prototypes for the building industry. The suite of materials included panels and other flat moulded forms for interior linings, cabinets, furniture and structural systems. Both companies engaged in further exhibitions of their work: MycoWorks’ collection was exhibited in the Design and Violence interactive at MoMA (Superflux 2014) and Daring Growth display at the 2016 Venice Biennale (MycoWorks 2021a); while Ecovative supplied mycelium blocks for a tower installation designed by architect David Benjamin from The Living, and Arups Engineering, at MoMA PSI Hy-Fi (Stott 2014).
Both MycoWorks and Ecovative developed long-term experimental research collaborations with engineers to test the mechanical, thermal and biological properties of mycelium. Ross worked with Travaglini et al (2013, 2014, 2015, 2016) while McIntyre collaborated with teams led by agricultural engineers Matthew Pelletier et al. (2013) and Alexander Zeigler et al. (2016), mechanical engineers Lai Jiang and Daniel Walczyk (Jiang et al., 2014a, 2014b, 2015, 2016, 2017a, 2017b, 2018) and Mohammed Islam et al. (2017). They found mycelium boards performed well enough on stability, strength and thermal insulation to compete with other comparable products on the market, which seemed to indicate that the products would be viable for use in the building industry. But from a business perspective, bio-based building materials could not compete with traditional materials based on cost-effectiveness Figure 2.
[image: Figure 2]FIGURE 2 | Various mycelium-based panel product samples. Image supplied by Phil Ross.
In theory mycelium panel products should be inexpensive to produce once systems are established. Growing media, like sawdust from softwood mills, organic waste from agribusiness or textiles from consumer goods, could be sourced from waste diverted from existing industries. Spores, meanwhile, are tiny and light to distribute. They could be engineered quickly at a relatively low cost en masse at research centres and distributed to cultivation and drying facilities. But there were a number of systemic challenges that needed to be addressed first to reduce risk for investors. Scaling up needed a degree of surety around demand. Production needed consistent and reliable supply chains for growing media, which in turn needed systems change within agriculture and industry. Demonstrating compliance to national building codes was costly. Fire testing, for example, costs tens of thousands of dollars. Large scale dedicated controlled spaces for growing were expensive but necessary and so to was large scale equipment for heat-treating. Consequently none of these panel products were developed into a viable product for the market.
Flexible Fabrics
Mycelium material manufacturers instead, responded to the failures in one market by tweaking their products for another. MycoWorks responded to their economic challenges by switching focus to a product line with a high turnover, but one for which consumers are willing to pay significant sums of money: Fashion. Partnering with Hermès, MycoWorks developed flexible mycelium fabrics with similar qualities to leather that are being used in their handbags (Hahn 2021). “Sylvania,” also known as “Reishi Fine Mycelium,” performs equally well or better than leather on measures of tensile strength, abrasion resistance and colourfastness (MycoWorks 2021b). Aligning with a luxury fashion house willing to pay for hand crafted materials allowed them to set a price that would turn a profit. US Biotech company Bolt Threads, launched an equivalent product, Mylo in 2017 (Hahn 2020). It is now being used by global sportswear manufacturers, Adidas and Lululemon, and the fashion house Stella McCartney and Kering, for “vegan” footwear and clothing lines (Hahn 2020). Ecovative has a similar product, marketed by the sheet, ready for “tanning” as well as a flexible, insulating foam for garments (Ecovative 2021b).
In developing a product that addressed economic imperatives, product developers discovered a new challenge. A number of familiar fungi are pathogens of animals, plants and other fungi which engenders a perception of threat in customers. Would mycelium fabrics bring molds and dry rots into wardrobes? Would people inhale dangerous spores? Some strains of fungi are known to cause significant yield losses in many crops such as wheat and rice and others of fruit. MycoWorks responded to such perceived fears by rehabilitating the reputation of fungi through sensorial design measures and customer education. These have included imprinting the material with a texture that mirrors leather, suffusing it with the fragrance of tanned leather, and visual marketing that creates an association of indulgence (MycoWorks 2021c). The process of both growing, but more importantly, killing mycelium through a drying process has also been communicated to customers.
Packaging
Ecovative, by contrast, responded to the failures in producing their panel insulation product for the market by exploiting mycelium’s other great advantage—its capacity to grow to fit any container in which it is cultivated. They applied their know-how to disposable packaging. Packaging has an even higher turnover than the fashion industry. Indeed perishability is desirable. It also has a higher tolerance for irregularity and lower performance requirements than the building industry. Using a process that involves making a 3D virtual model of the form to be cradled, and producing custom designed thermoform growth trays, Ecovative has been able to grow packaging to suit any product. Their “mycelium foundry” in Green Island New York—a term that connotes fine craftsmanship and industry in one –is now capable of producing packaging at volume. Ecovative now has a contract to supply the multinational furniture giant, IKEA, with a bio-substitute for polystyrene packaging (Steffen 2019). IKEA, in turn, is leveraging the biodegradable packaging to appeal to a customer base increasingly concerned with the impacts of plastic waste on oceans, waterways and the ecosystems they support (Gosden 2016).
Other industries that tolerate, indeed embrace, materials that are part of a sustainable, circular economy include landscape design and gardening products. Grown.bio has licenced Ecovative’s technology to market a line of planter boxes and other small pots (Grown.bio. 2022). An Australian collaboration between Swinburne University, Arup, the Royal Botanic Gardens and Studio Edward produced a floating sacrificial planter, “Mushi,” that exploits mycelium’s capacity to float and then biodegrade after extended contact with water (Melbourne Design Week 2021). The waffle form is planted with wetland grasses that promote biodiversity. It builds on earlier work by one of the most influential mycologists, Paul Stamets, who explored interventions that exploit mycelium’s dynamic capacities while it is alive to remediate contaminated soils and waterways (Miller 2013).
Architectural Fittings and Homewares
Mycelium’s capacity to be cast into complex forms inspired much of the early creative experimentation by designers in Europe and subsequent application in furniture and other interior products and homewares. Maurizio Montalti of Officina Corpuscoli, in collaboration with Utrecht University, curated a series of exhibitions, including “The Future of Plastic” (2009), which focused on bowls and other vessels cast from mycelium, “Mycelium Design” (2014) and “Fungal Futures” (2016), which showcased a number of other European designers exploring the many shapes and textures that mycelium can morph into. Designers included Aniela Hoitink, who was an early developer of fine flexible mycelium for fashion; Jonas Edvard Neilson who was prototyping furniture; Kristel Peters, who exhibited concepts for footwear; and Phil Ross who displayed his interlocking blockwork. Many have continued to apply their knowledge in industrial design. Like fashion, these are building items that can attract a higher price than hidden lining boards and insulation. Edvard Neilson’s MYX Lamps from 2014 (Chin 2014) and Danielle Trofe’s Mushlume (Ecovative supply the mycelium) from 2011 are lighting products of note (Danielle Trofe Design 2020).
Montalti has also launched a company, Mogu, based in Italy. Mogu and Arup are working on a suite of mycelium-based products. One of them is “Foresta,” an acoustic panel. This product has now been tested and certified for use and is now entering the European market (Arup 2021). It combines good technical properties (acoustic properties comparable to traditional panels; fire-resistance compliance; dimensional stability; safety; ease of assembly, disassembly and prospects for reconfiguring) with environmental performance and circular principles (the panel can be bio-degraded, unlike traditional composite panels that often end up in landfill). Like Ecovative’s earlier Greensulate, Foresta is a sustainable alternative to similar synthetic products. But rather than a hidden filler, like the early thermal insulation, its selling point is that it is an office feature panel. Mogu and Arup are also developing further products for premium interior fit-outs. Compliances in the building industry are often less strict for temporary or non-structural elements, such as interior fitouts, so this market currently has the best applicability potential for bio-based material.
INTERFACE BETWEEN SCIENCE AND MANUFACTURING: PROSPECTS FOR THE FUTURE
A range of biological scientists have been working closely with these product designers to develop the best strains, growing media, and processes of cultivation to shape the performance of the product. Agricultural engineer, Alexander Zeigler (Ziegler et al., 2016) considered specific gravity, surface hardness, water absorption, coefficient of linear thermal expansion, and resistance to tension with different fungal strains and feed—hemp and cotton waste. Microbiologist Freek Appels, working with architect Maurizio Montalti and others from Utrecht and Maastricht Universities, has explored the relationship between moisture, feed, and heat on mechanical performance. They found that glycerol can change mycelium’s density, hydrophilicity and mechanical properties from paper-like, to leather-like, to rubber-like, (Appels et al., 2019, 2020). Like plants, fungi have a wall that surrounds cells. The cell wall is composed of various carbohydrate types such as glucans and chitin and decorated by proteins such as mannans. The composition of the cell wall, that is the relative proportion of each of these components, varies between fungi and composition can also change depending on the growth conditions. Similarly, the architecture of cell walls—how each of these core components is layered relative to the underlying cell membrane and the way the components are chemically linked—also varies between fungi and growth conditions. Moreover, cell walls are continually remodelled by fungi to deal with changing environments and to allow for growth.
Mechanical engineers, on the other hand, have focused on aspects of structural performance. Since the pioneering work led by Travaligni for MycoWorks and Jiang and Islam (2017) for Ecovative, other collaborations have tested different mechanical limits. The recent wave of experimentation has tested more ambitious structural systems. Advancing on the earlier block systems which were modelled on masonry units, a research team led by Heisel has tested mycelium’s capacity to replace cast concrete. The team, assembled from academics based at KIT Karlsruhe Germany, ETH Zürich, ETH Singapore and the Mycotech Lab Indonesia, has engineered a load-bearing branching structural system, dubbed the Mycotree (Heisel et al., 2017). Recognising mycelium’s relative strength in compression but relative weakness in tension, the design uses funicular geometry much like those used in medieval stone vaults. The team has also developed neat timber brackets and connectors, supplemented with small sections of steel. Architecture students from Georgia Tech (Dessi-Olive 2019) have also tested casting monolithic mycelium in situ. Outcomes included arches and vaults, culminating with a 2.5 × 2.5 × 2.5 m cubic pavilion with a pointed Gothic style vaulted interior, grown from an inoculated base material supplied by Ecovative, within a removable plywood formwork. Finally, Eugene Soh’s team, based in Singapore, is developing a technique for extruding mycelium paste that has applications for digital printing systems (Soh et al., 2020). This would enable an additive approach to making mycelium elements, eliminating the need for a mold, which the casting method requires.
There is also experimental work underway that capitalises on other material attributes shared by mycelium with synthetic polymers. Some polymers are particularly good at flowing into tiny voids in substrates while in their liquid form, interlocking with other particles to create a bond. They are the basis of many adhesives. A collaboration between plant biotechnology and environmental science research units in China, Malaysia and Denmark, led by Nyuk Ling Ma and Christian Sonne, has tested mycelium as a possible “green” adhesive substitute for the toxic urea-formaldehyde commonly used in particle board (Khoo et al., 2020). Rather than focusing on feeding regimes for living mycelium, as other researchers and manufacturers have done, this team has explored the potential of dead mushrooms, a growing waste product from the food industry. Experiments show that heat compressing spent mushroom waste, at 160°C causes it to melt. Placing it under pressure (10 mPa for 20 min) with woody waste, like sawdust, forces it to penetrate and cohere to the particulate matter producing a particle board with higher internal bonding strength than building standards require, and high water and fire resistance too.
Finally, partnerships between computer scientists and mycologists are exploring the prospect of working collaboratively with mycelium whilst it is still alive. Unconventional computer scientists and mycologists are focussing on the patterns of electrical signals that mycelium produces (Adamatzky and Gandia 2021). Fungal Architectures consortium (Fungal Architectures 2020) is exploring how to enrich the functionality of mycelium to make it responsive to external stimuli (Beasley et al., 2020a; Adamatzky et al., 2020). These studies suggest that embedding nanoparticles and polymers into the fungal substrate would enable mycelium objects to become intelligent sensors that could respond to external environments (Olsson and Hansson, 1995; Adamatzky & Gandia 2021). This is opening further research into self-growing and self-repairing materials for the built environment. Metabolically inactive spores of certain fungi that biomineralize calcium carbonate when exposed to water and oxygen have been shown to be a successful concrete additive that can delay concrete degradation. Alkaliphilic fungi will remain viable for long periods of time despite the environmental conditions in concrete. When the concrete begins to crack, allowing air and water to penetrate, the spores germinate and the fungus precipitates calcium carbonate, repairing cracks (Van Wylick et al., 2021).
CONCLUSION
This article has offered a focused review of literature related to creative and scientific collaborations that have developed mycelium-based materials as an alternative to synthetic polymers. It shows that considerable advances have been made over the past 15 years. Early research revealed that the material held much promise. But creating a viable product for the market has met unexpected challenges. Interestingly creative responses to failures in one market have led to viable products for another. For mycelium to be used more broadly in the building industry, however, there remain three key challenges: Balancing biodegradability with an acceptable level of durability; demonstrating compliance with building standards through testing; and developing systems of production that are cost-effective. As research has both diversified and specialised, a range of composite materials that are fit-for-purpose are addressing the first challenge. The cost of testing for compliance with building codes remains high but the investment by some manufacturers, like Mogu, has paid off. Approvals have followed and markets are growing for their products. This is lowering the risk for others to do the same. Centralised large-scale production has been shown to work for packaging and textiles, but not yet for large-scaled building materials. Policy settings that support the status quo remain an impediment to investment. With an ever-broadening range of novel systems under development, these costs will continue to reduce. Micro-scale, do-it-yourself systems are another alternative. There are numerous products on the market and instructionals on the internet for mycelium-based products for gardening and food growing at home. These include Stamets’ “Life Box,” a corrugated cardboard impregnated with fungal spores and seeds, as well as mushroom growing kits. There are also some resources available for DIY builders, but these are still in their infancy. MycoWorks provides some resources (MycoWorks 2021d), as does Critical Concrete, a social initiative to educate on sustainable building generally and mycelium production for the building industry specifically (Criti.co 2022). Finally, novel research that is exploring the capabilities of fungus across its whole life cycle—as spores, while growing, and after it is dead—is revealing that there are many underexplored avenues for working with fungus in the built environment. As policies continue to evolve in light of the urgency of the climate crisis, zero-waste products such as these are likely to become increasingly viable.
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