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Abstract

:

Mycelium-bound composites (MBCs) are innovative materials created by combining lignocellulosic sub-products with fungal mycelium. These composites possess a remarkable ability to transform waste fragments into a continuous material without requiring additional energy input or generating further waste. The production process of MBCs involves utilising different fungal species, substrates, and pressing techniques, resulting in composites with diverse physical, mechanical, and functional properties. A comprehensive evaluation of MBCs’ properties is crucial to explore their potential applications in the construction sector and ensure their suitability for specific purposes. This study provides a critical evaluation of the physical and mechanical properties of engineered mycelium-bound composites under various manufacturing conditions. Additionally, the analytic hierarchy process (AHP) and fuzzy comprehensive evaluation (FCE) methodologies were applied to investigation the optimum conditions for mycelium composites in the construction industry. The outcomes of FCE show the most promising fungal species, offering an optimal balance between material performance and production efficiency. Furthermore, the future development of MBCs manufacturing techniques was reviewed, providing a valuable reference for future research endeavours and showcasing the potential of MBCs applications within the field of civil engineering.
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1. Introduction


Managing greenhouse gas emissions and energy consumption to achieve climate neutrality has emerged as an important aspect within the construction industry’s increasing emphasis on sustainable development [1,2,3,4]. Recent research indicates that the built environment is responsible for nearly one third of global carbon emissions, with a staggering 71% of these emissions resulting from the non-renewable energy utilised in the production of building materials [5]. Around 36% of Australia’s carbon balance is contributed by the construction industry [6]. In response to these issues, governments have enacted policies aimed at reducing energy consumption and carbon emissions. The Paris Agreement, for instance, aims to limit global temperature rise to 1.5 °C, while the United Nations Framework Convention on Climate Change aims to achieve 100% net-zero emissions from new buildings worldwide by 2030 and net-zero emissions from all buildings by 2050 at the latest [7,8]. Utilising green-engineered materials instead of relying solely on conventional materials is a potential avenue to investigate. The production of conventional building materials, such as concrete and steel, requires substantial energy and leads to the emission of significant amounts of carbon dioxide. This could potentially lead to constraints on their extensive production and consumption in the future [9,10,11]. Biodegradable materials can be used for the production of complex geometries without the need for large amounts of energy, thereby reducing carbon emissions and simplifying complex disposal processes such as sorting, cleaning, and reprocessing [12]. Due to their efficient degradation properties and manageable recycling procedures, living materials have attracted significant attention. An example of such living material is mycelium-bound composites (MBCs), which provide advantages including low density, outstanding thermal and acoustic insulation properties, favourable interface behaviour, affordability, low environmental impact, and a reduced carbon footprint throughout its manufacturing and service life [9,13,14,15,16,17,18].



Mycelium-bound composites have numerous applications, including masonry, packaging materials, insulation panels, and inventive designs [19]. Several initiatives over the past three decades have demonstrated the expansion of the use of mycelium-bound composites in civil engineering [20]. In the 1990s, Phil Ross and Shigeru Yamanaka conducted experiments with paper and construction materials to investigate the potential of mycelium for bio-based materials, which marked the commencement of mycelium-bound material development [21,22]. To demonstrate the architectural potential of mycelium, several exhibition projects used the mycelium members, for example, the Hy-Fi Tower was erected in 2014 and the MycoTree was built in 2017 [23,24]. These efforts paved the way for future applications, such as Carlo Ratti’s mycelium-bound structure growth and the 2019 construction of The Growing Pavillion [25,26]. Despite the growing prevalence of mycelium-bound composites in the construction industry, there is a lack of comprehensive evaluation guides that assess the properties of different varieties of MBCs manufactured under varied growth conditions [27]. In addition, the majority of current research focuses on individual variables, often neglecting comparative analyses of interconnected engineering factors. A more comprehensive exploration of multidimensional variables can aid designers in their material selection process, providing them with a thorough understanding of the balance between interconnected characteristics. To address this research gap, this paper conducts a comparative analysis of various mycelium composites, evaluating their specific strength ratio, strength-to-weight ratio, and specific modulus to determine their suitability for different structural applications. Moreover, a case study was undertaken to formulate a decision-making framework for the selection of secondary structural elements. The fuzzy comprehensive evaluation (FCE) method was used to systematically rank MBCs, and the analytic hierarchy process (AHP) was used to determine the relative weights of these evaluation factors, specifically in the context of non-primary structure members. The paper also reviewed the prospective advancements in manufacturing techniques for MBCs construction elements, encompassing possibilities such as 3D printing and the integration of additives to enhance MBCs’ properties. This market outlook provides a valuable guide for researchers and underscores the significant potential of MBCs’ applications across various fields.




2. Mycelium-Bound Composite Manufacturing


2.1. Fungal Species and Substrate Types


There are four main types of fungal species that can be used in the manufacturing of mycelium composites: white rot, soft rot, or brown rot as shown in Figure 1. Comparison of the growth conditions of these fungi revealed that brown rot fungi predominantly degrade cellulose, leaving behind a residue rich in lignin [28]. White rot fungi, on the other hand, have the ability to break down both lignin and cellulose in wood [28]. Soft rot fungi secrete cellulase in order to enzymatically break down cellulose in woody tissues [29], while the specific decay characteristics of the other listed species are unknown.



In recent decades, most researchers have primarily focused on the application of white rot fungi, with studies on species such as Trametes versicolor, Pleurotus ostreatus, and Ganoderma species being the most extensively researched. Soft rot and brown rot fungi, such as Oudemansiella radicata and Lentinula edodes, have also been studied for their potential application in mycelium-bound composites. Additionally, there have been fewer experiments conducted on other fungal species, such as Coriolus species and Agaricus bisporus, but they still demonstrate potential for the production of mycelium composites using locally available niche fungi. This differentiation highlights two main aspects of fungal research: the need for further investigation into the characteristics of commonly found and cultivated white fungi, and the exploration of feasibility and overall comparisons with other fungal species.



In terms of substrate selection, agricultural waste materials like wheat straw, rice straw, maize stover, and sugarcane bagasse, as well as forestry by-products like sawdust and wood chips, are among the most frequently investigated substrates [21]. Furthermore, with the increasing output of industrial waste, the feasibility of utilising cellulosic materials such as cardboard, paper, cotton waste, and food waste (e.g., coffee grounds and spent grains) as substrates has been further explored [30]. The performance and characteristics of the resulting composite can be significantly influenced by the selected substrate type. The lignin content of the substrate can impact the strength and durability of the composite, while the carbohydrate composition can affect its water absorption and biodegradability [31]. In summary, regardless of the substrate type, they all need to be initially soaked in water for hydration, irrespective of their grade, as fungal development heavily relies on moisture [18,32,33]. Typically, the substrate requires a minimum soaking time of 48 h to ensure full water absorption but the specific duration of this stage varies depending on the substrate, as necessary [34,35]. This variability is one of the reasons why researchers explore various possibilities of substrates.




2.2. Growth Temperature and Humidity


Several crucial factors, such as temperature and humidity, influence the development of mycelium [9]. Mycelium-bound composites typically thrive and grow within a temperature range of 21 °C and 30 °C, with the optimal ambient temperature for mycelium growth being around 24 to 25 °C [36]. This indicates that mycelium can be readily cultivated at standard room temperatures. Specific fungi, such as Pleurotus ostreatus, often known as the oyster mushroom, may thrive at low temperatures ranging from 21 °C to 25 °C. As a result, these are appropriate for use in colder conditions or in applications where temperature control is difficult. Some fungi, such as Ganoderma lucidum, popularly known as the reishi mushroom, prefer a temperature range of 25 °C to 28 °C for maximum development [37]. Conversely, higher temperature elevation impedes development. At 35 °C, mycelium development was found to be slow, and at 40 °C, mycelium growth was absent [38].



In the context of humidity, optimal cultivation conditions for white rot fungi such as Trametes versicolor employed in the fabrication of mycelium composites generally encompass a range spanning from 70% to 80% [39]. However, brown rot fungi exhibit optimal growth within humidity parameters of above 95% [40]. Conversely, the growth rate of soft rot and other fungi is the fastest when the relative humidity is from 60% to 75% [41]. Mycelium growth requires a humid environment. The humidity level required for mycelium growth varies based on the type of fungus utilised. Figure 2 provides a summary of the various temperature and humidity ranges employed in different projects for the cultivation of mycelium-bound composites (MBCs). According to Figure 2, most mycelium species can grow within relative humidity (RH) levels ranging from 40% to 90%. Different fungi might have various optimal humidity values for growth and colonisation within this range. For example, Trametes versicolor is the form of fungus utilised in the development of mycelium-bound composites. According to Figure 2, this fungus grows well in a rather high humidity range of 70–90%. Nonetheless, following this phase of development, the samples must be desiccated to cease further growth and ensure uniform properties [21].




2.3. Moulding System


The performance of mycelium-bound composite materials (MBCs) is significantly influenced by the chosen processing techniques, with cold pressing and hot pressing being the most commonly employed methods to enhance the physical and mechanical properties of MBCs [35,42,43,80]. Studies indicate that, when producing MBCs on various substrates using Pleurotus ostreatus and Trametes multicolor, the hot pressing process can increase the density of MBCs by an additional three times compared to the cold pressing process [43].



However, the choice of pressing temperature may vary depending on the substrate used. For instance, when producing mycelium-pressed boards, lignin softening occurs at around 115 °C [81]. However, if the pressing temperature is set at 120 °C, the thickness of the board may hinder effective heat conduction to the core during the pressing period. It is crucial to allow sufficient time for the material to cure properly, as inadequate curing time can significantly decrease the material’s strength [82,83]. Lignin requires temperatures of approximately 160 °C to form new cross-links [84]. Conversely, another study proposed a different perspective, suggesting that increasing the pressing temperature to at least 160 °C can enhance the material’s strength, but higher temperatures may weaken the binding strength of the mycelial hyphae [42].



To shape the structural members of MBCs into specific forms, different moulds are used. A commonly used method is to use wooden moulds to achieve the desired shape and size [44,45,46,47,48,78,85,86]. On the other hand, plastic moulds are also a popular choice [49,50,51,52,87,88]. In addition, some researchers wanted to produce MBCs with special shapes and therefore used metal moulds and acrylic glass moulds [53,54,65,89,90,91]. Elsacker et al. [55] innovatively formulated a comprehensive biological and digital fabrication pipeline that facilitated the growth of sizable mycelial composite blocks. The architectural scale demonstrated the potential for creating intricate forms using mycelium materials [55]. Their pioneering approach encompassed several key advancements, including the utilization of robotic wire cutting, employing mycelial material as a versatile template, and achieving self-repair capabilities within fungal organisms [55].



However, there is currently no established testing procedure for MBCs [38], and the different types of moulds may influence product performance. For example, high air content significantly impacts materials in moulds by resulting in decreased thermal conductivity [35,92,93]. Moreover, elevated porosity occurs due to void spaces amidst the fibres [94]. In seeking to unravel the diverse process parameters, encompassing fungal morphology, feedstock variations, processing conditions, and mechanical material properties, it becomes evident that intricate interdependencies interlink this array of factors [80,95].





3. Physical and Mechanical Properties of MBCs


3.1. Density and Water Absorption


The density and water absorption of MBCs are two key physical properties that can impact the material’s overall characteristics [96]. High-density materials typically offer greater strength and durability for applications that require structural stability and durability. In contrast, water absorption indicates the ratio of water absorbed by a material to its initial dry mass under specific conditions. Materials with lower water absorption rates have better water and weather resistance. Density and water absorption are therefore important parameters to be considered together when developing and evaluating MBCs.



Figure 3a,b shows the density and water absorption of different fungal species and substrates. MBCs can be cultivated on wood-based substrates like pine and beech sawdust with a density of 25–350 kg/m3. The density of MBCs varies from 25 to 437 kg/m3 on agricultural crop residue substrates such as rapeseed straw, oat husk, and rice hull. MBCs grown on decomposed mushroom compost also have a density of 183–195 kg/m3. Certain MBCs exhibit noteworthy densities. For instance, Chinese albizia sawdust has a substantially greater density than other wood-based substrates, with mycelium cultivated on it reaching a density of 954 kg/m3. Lavender straw has a density of 347 kg/m3, which is greater than the densities of other agricultural waste substrates like wheat straw and cotton stalk where mycelium is cultivated. Furthermore, the density of MBCs is influenced by a range of parameters, including fungal species, moisture content, temperature, and the specific fungus species utilised in the production process. MBCs produced using Coriolus species and Ganoderma species on apple wood chip, for example, exhibit a density range of 180–220 kg/m3. On the other hand, Pleurotus ostreatus grown on rice husk yields a density of 437 kg/m3. The same fungal species grown on different substrate types will yield different densities of MBCs. It can be concluded that the density of MBCs can significantly vary depending on substrate types and culture conditions.



The findings regarding the water absorption capacities of various fungal species across different substrates underscore the diverse nature of mycelium-bound composites (MBCs) and their interaction with distinct materials. Further investigation into the specific structural and compositional attributes of the fungal mycelium could shed light on the observed discrepancies in water absorption. Trametes versicolor exhibits notable water absorption capabilities in wheat straw and flax, with percentages of 26.8% and 30.3%, respectively. Trametes multicolor, on the other hand, shows a very high capacity to absorb water on rapeseed straw, with a percentage of 436%. Pleurotus ostreatus shows a modest ability for water absorption on rice straw, sawdust, and several kinds of rapeseed straw. The hydrophobic properties of the mycelial cell wall may contribute to the exceptionally low water absorption capacity of 6% displayed by Ganoderma lucidum on beech sawdust. In corn husk, rice straw, and sawdust, however, Ganoderma fornicatum and Ganoderma williamsianum show great water absorption capability. Wood materials, coconut products, and fibre materials substrates often have greater water absorption capacities, whereas miscellaneous substrates typically have lower water absorption capacities. It can be inferred that the water absorption ability of MBCs varies with the density of the growing substrate, which normally has high-density levels and low water absorption ability [97]. Additionally, water absorption in MBCs is not solely determined by the type of fungi or substrate, it is a complex interplay between mycelium growth, structural characteristics of the substrate, and environmental conditions. This complexity necessitates a deeper exploration beyond categorical distinctions.



The density and water absorption characteristics of mycelium-bound composites (MBCs) exhibit notable variations under distinct temperature and humidity conditions. Figure 3c,d shows the density and water absorption of different growth conditions. MBCs grown at temperatures surpassing 27 °C, in conjunction with a relative humidity range of 51–70%, showcase the highest density. This outcome suggests that higher temperatures within this specified humidity range might favour the growth and compaction of mycelium networks, resulting in a more densely packed composite structure. In contrast, MBCs cultivated at temperatures below 24 °C and a relative humidity of 71−100% display the lowest density. Regarding water absorption, MBCs display their maximum capacity for absorbing water when developed in environments with temperatures ranging from less than 24 to 27 °C, alongside a relative humidity of 0−50%. This finding implies that moderate temperatures alongside relatively lower humidity levels foster MBCs’ ability to absorb and retain water, potentially owing to the porosity and hygroscopic nature of the mycelium matrix.




3.2. Compressive, Flexural and Tensile Strengths


An essential mechanical characteristic that can serve as a vital factor in the development of functional materials is compressive strength [21]. The wide spectrum of compressive strengths observed across different fungal species and substrates illuminates the nuanced potential of mycelium-bound composites (MBCs) for diverse applications. Figure 4a,b shows the average compressive strength of different fungal species and substrates. Trametes versicolor has a compressive strength of 0.25 MPa on hemp hurds and a compression value of 0.05 Mpa on rice husk, highlighting its adaptability to different lignocellulosic substrates. Pycnoporus sanguineus demonstrates an average compressive strength of 0.73 Mpa, whereas Pleurotus ostreatus and Ganderma lucidum display the highest value of around 1.41 Mpa, indicating their potential suitability for load-bearing applications. In pine sawdust, other Pleurotus species, such as Pleurotus albidus, have lower compressive strengths of 0.4 Mpa. Using pine sawdust and peach palm sheath, Lentinus velutinus and Lentinula edodes demonstrate strengths of 1.3 Mpa and 0.22 Mpa, respectively. Notably, wood-based substrates consistently yield higher strengths, reflecting the compatibility of fungal species with such materials. Using rapeseed straw and sawdust, Fomes fomentarius and Schizophyllum commune demonstrate compressive strengths of 0.25 Mpa and 0.81 Mpa, respectively. On rice husk, rice straw, and coconut husk, Lentinus squarrosulus demonstrate compressive strengths of 0.46 Mpa, 0.54 Mpa and 0.47 Mpa, respectively. Oudemansiella radicata and Agaricus bisporus exhibit the lowest values, 0.09 Mpa and 0.13 Mpa, respectively. Nevertheless, growth conditions also affect the compressive strength of MBCs. Nashiruddin et al. [38] compared the effect of different temperatures, spawn loading, and substrate moisture content on the compressive strength of mycelium-bound biofoam (Pleurotus ostreatus grown on rice husk). The results showed that such MBCs had the highest compressive strength at 30 °C, 40 wt% spawn loading, and 50 w/w% substrate moisture content [38]. Therefore, the adaptability of various fungi to diverse substrates underscores the significance of substrate selection in material development. The varying strength of different fungal species on various substrates provides valuable insights for the selection and development of suitable materials across a range of applications, including construction and packaging.



Flexural strength is another key mechanical characteristic to consider while using MBCs [96]. In Figure 4c,d, the average flexural strength values for different types of MBCs reported in the literature are presented. Ganoderma resinaceum and Ganoderma lucidum show greater flexural strengths ranging from 1.25 to 2.5 MPa, while Ganoderma fornicatum and Schizophyllum commune show comparatively low flexural strength values ranging from 0.04 to 0.08 Mpa. Flexural strengths of MBCs produced from Pleurotus ostreatus, Lentinus sajor-caju, and Ganoderma williamsianum range from 0.2 to 0.26 Mpa. Substrate variability significantly impacts flexural strengths; the average flexural strength value of MBCs manufactured from various type of substrates, such as agricultural crop residues, fibre materials, coconut products, and miscellaneous is around 0.25 Mpa. The wood materials demonstrated the highest average flexural strength value, which is around 1.03 Mpa. However, it is worth noting that the flexural strength of MBCs is greater than that of synthetic polymer foam [43]. These findings highlight the range of flexural strengths exhibited by different types of MBCs, which can provide an environmentally friendly and sustainable alternative to synthetic materials, particularly when compared to synthetic polymeric foams. This suggests that MBCs have the potential to meet the performance criteria of demanding applications while offering environmentally sustainable solutions, underscoring their potential for revolutionising construction practices and mitigating the environmental impacts associated with traditional building materials.



The tensile strength of MBCs can vary depending on the precise formulation and testing circumstances. When reinforced with rapeseed, cotton, and wheat straw, Trametes multicolor and Pleurotus ostreatus were found to have the lowest average tensile strength values ranging from 0.01 to 0.19 Mpa. When mixed with wood materials, Ganoderma Lucidum shows the highest average tensile strength value of 1.55 Mpa. When reinforced with sawdust, corn husk, and rice straw, Ganoderma fornicatum, Ganoderma williamsianum, Lentinus sajor-caju, and Schizophyllum commune show average tensile strength values ranging from 0.34 to 0.5 Mpa. These findings highlight that the tensile strength of MBCs is influenced by a variety of factors, including the specific growth conditions, the type of fungus used, and the type of substrate. It is vital to carefully consider these factors when formulating and testing MBCs to ensure that the desired tensile strength properties are achieved. Consequently, to advance the field and optimize MBCs for broader industrial applications, future research should delve deeper into understanding the microscopic characteristics of mycelial growth, the interfacial properties between the mycelium and substrates, and the influence of these factors on the material’s mechanical behaviour.




3.3. Young’s Modulus


The diverse range of Young’s modulus values exhibited by mycelium-bound composites (MBCs) across various fungal species and substrates underscores the nuanced influence of formulation and testing conditions on their mechanical properties. The reported values for MBCs (Figure 5) have shown that the average Young’s modulus values of different fungal species range from 6 Mpa to 77 Mpa, and the substrate range from 23 Mpa to 43 Mpa. The MBCs grown on agricultural crop residues substrates by Ganoderma lucidum were found to have the highest Young’s modulus value and hence, had better mechanical strength and stiffness. However, it is crucial to note that Young’s modulus can be significantly impacted by external factors like humidity and temperature, which contribute to the observed variability. For more information, the mechanical properties of MBCs with different fungal species and substrates are shown in Appendix B.





4. Considerations for Structural Applications


The relationships between strength and density, strength and weight, and modulus of elasticity and density for different types of fungal species have been investigated in the literature through three ratios: specific strength ratio, strength-to-weight ratio, and specific modulus. The variations in specific strength ratio, strength-to-weight ratio, and specific modulus values across different fungal species highlight the importance of careful material selection and engineering. Pleurotus ostreatus stands out for its high specific strength ratio and specific modulus, suggesting its suitability for lightweight but strong structures and potential use in applications requiring materials with high stiffness. Trametes versicolor exhibits a high strength-to-weight ratio, making it a potential candidate for applications that prioritise strength and weight efficiency. These findings help to understand and advance the use of MBCs in a variety of industries where optimising strength, weight, and stiffness are key considerations.



4.1. Specific Strength Ratio


The specific strength ratio is the ratio between the strength of a material and its density. The higher the specific strength ratio of a material, the greater the strength that the material can provide for a given mass. Furthermore, the specific strength ratio analysis facilitates the identification of fungal species and MBCs formulations that exhibit superior strength-to-density efficiency. This knowledge enables researchers and industry professionals to focus their efforts on optimising these materials for specific applications. By refining the manufacturing processes, incorporating suitable reinforcement techniques, and tailoring the substrate composition, the specific strength ratio of MBCs can be further enhanced.



Specific strength ratio values were determined for various fungal species of MBCs and traditional materials in Figure 6. Fungal species like Pleurotus ostreatus exhibit specific strength ratios spanning a wide range. Pleurotus ostreatus shows a high strength-to-density ratio of 0.0958 MPa/(kg/m3). This makes it a promising candidate for applications demanding high strength-to-density requirements. Ganoderma lucidum and Oudemansiella radicata, on the other hand, demonstrate relatively lower specific strength ratios. This suggests that these species may have limitations in delivering strength in proportion to their density. Compared with other traditional materials, the specific strength ratio of Pleurotus ostreatus is higher than the specific strength ratio of clear softwood, standard clay brick, and plywood. This means that using Pleurotus ostreatus to grow MBCs may be a potential alternative to traditional construction materials in civil engineering.




4.2. Strength-to-Weight Ratio


The strength-to-weight ratio is used to compare the strength properties of different materials, taking into account their weight. A higher strength-to-weight ratio means that the material is capable of providing more strength for a given mass. By utilising MBCs with a higher strength-to-weight ratio, engineers and designers can achieve lightweight structures without compromising strength and structural integrity. This provides the opportunity for innovative designs where the weight of the material can be minimised while meeting the necessary strength requirements. Applications such as lightweight panels, structural components and load-bearing elements can benefit from MBCs with a favourable strength-to-weight ratio.



Trametes versicolor demonstrates a maximum strength-to-weight ratio of 0.3188 MPa/g, making it a potentially valuable material for non-structural applications in civil engineering (Figure 7), compared to standard clay brick, clear softwood, and plywood. Comparatively, other fungal species, such as Pycnoporus sanguineus, Pleurotus ostreatus, Ganoderma lucidum, and Lentinus squarrosulus exhibit much lower values ranging from 0.0037 MPa/g to 0.0139 MPa/g. While their strength values might be decent, their weight relative to their strength could limit their performance in applications where weight reduction is essential.




4.3. Specific Modulus


The specific modulus is the ratio between the modulus of elasticity of a material and its density. A higher specific modulus indicates a material with higher stiffness or elastic properties for a given mass.



The specific modulus values of several fungal species and traditional materials are presented in Figure 8. Pleurotus ostreatus and Trametes multicolor emerge as prominent species in this aspect. Pleurotus ostreatus, with a maximum specific modulus value of 0.2744 MPa/(kg/m3), would be suitable for applications demanding high rigidity and stability. Trametes multicolor also displays reasonable specific modulus values, although slightly lower than Pleurotus ostreatus. The specific modulus of Trametes versicolor and Ganoderma lucidum are 0.0121 MPa/(kg/m3) and 0.0304 MPa/(kg/m3), respectively. These are some of the lowest values observed among the fungal species studied. However, compared with traditional materials, the currently studied of MBCs still provide no substitute for these three traditional materials based on specific modulus. Further research is still needed to find potentially high specific modulus MBCs to replace traditional materials.





5. A Fuzzy Comprehensive Evaluation for MBCs Ranking


In this section, a case study is presented, utilising fuzzy comprehensive evaluation (FCE), to systematically rank five distinct MBCs for non-primary structure members. In this context, the comprehensive performance evaluation of mycelium composites was conducted as potential materials for secondary structural members, encompassing both outer-frame and inner-frame configurations. This evaluation offers insights into the suitability and prospects of each mycelium composite for façade construction applications. The key properties of MBCs, including density, water absorption, tensile strength, flexural strength, and production time were assessed and analysed. Additionally, the weight proportions of these evaluation factors in the context of façade applications were evaluated using the analytic hierarchy process (AHP).



5.1. Weight Vector Determination


The analytic hierarchy process (AHP) enables the conduct of complex pairwise cross-comparisons. The significance of each variable can be systematically determined by applying a numerical scale for comparison. The weight vector required to evaluate various MBCs manufactured with different fungi can be obtained using the procedures below. In the initial phase of variable determination, five variables (density, water absorption, tensile strength, flexural strength, and manufacturing period) were collected from prior research for the purpose of comparing the properties of different MBCs. In the second phase, matrices for pairwise comparisons were created. The pairwise relationships between each pair of variables for both conditions were defined according to studies conducted by Chen [98], Patnaik et al. [99], and Lee et al. [100]. The relative importance of each variable was subsequently determined by comparing it to its corresponding variable using the Saaty linear scale and then converting the results into numerical data. The pairwise comparison matrix is shown in Table 1.



The eigenvector (ν) and principal eigenvalue (λmax) were determined to be (0.436, 0.143, 2.599, 0.949, 0.873) and 5.276, respectively. Subsequently, further transformations led to the calculation of weight proportions for each criterion: 8.772% for density, 2.857% for water absorption, 51.978% for tensile strength, 18.979% for flexural strength, and 17.464% for manufacturing time. These results highlight the importance of material choice for non-primary structure members.



After calculating the weight vector, it is necessary to assess the consistency of the resultant matrix using the consistency ratio (CR), as shown in Equation (1). If the CR value exceeds the threshold of 0.1, it indicates the possibility of subjective judgment-based errors during matrix construction. Otherwise, the result is considered reasonable [50]. The consistency index (CI) can be calculated using Equation (2), while the average random index (RI) was determined to be 1.12 [51]. With a calculated CR value of 0.062, which is below the threshold of 0.1, it can be concluded that the matrix’s consistency was adequate.


  C R =   C I   R I   =     ∑  i = 1   n        ( A   ω  ⃑  )   i     n   ω   i     − n     R I ( n − 1 )   ≤ 0.1  



(1)




where A is the formed pairwise matrix, ωi is the weight vector, n is the number of variables, RI is an average random index, and CI is the consistency index.


  C I =     λ   m a x   − n   n − 1   = 0.069  



(2)




where n is the size of the matrix.




5.2. Fuzzy Comprehensive Evaluation


The FCE (fuzzy comprehensive evaluation) method was used to establish a systematic ranking system for the selection of mycelium composites as secondary structural members in façade construction. The evaluative variables or factors (U) included density, water absorption, tensile strength, flexural strength, and manufacturing periods. Each criterion was assigned assessment levels (V) on a predetermined scale, ranging from outstanding to poor. Appendix C provides information about the specific ranking criteria and their corresponding evaluation levels. By integrating both mechanical properties and manufacturing time into the material selection process, architects and designers can make well-informed decisions for their projects, achieving the optimal balance between performance and time. Trametes multicolor, Pleurotus ostreatus, Ganoderma williamsianum, Lentinus sajor-caju, and Schizophyllum commune mycelium composites were investigated for their potential application as façade construction materials. Based on the findings shown in Figure 9, Pleurotus ostreatus emerged as the most promising fungus for the production of mycelium composites used in façades, achieving a reasonable balance between material performance and production time. In this investigation, however, the range for each variable is unknown due to the lack of available data. Future research can enhance the robustness of these findings by increasing the sample size.





6. Future Outlook


The majority of MBCs in the literature have been cultured in moulds. However, the adoption of 3D printing holds the potential to advance the production of complex geometries and facilitate the utilisation of novel materials. This technology enables the creation of complex shapes, often characterised by augmented surface area [52]. The utilisation of 3D printing could lead to increased oxygen exposure for mycelium, potentially enhancing its growth rate and production efficiency.



Several studies have tried to use 3D printing for the production of MBCs. To find a suitable solution, psyllium husk powder was added to the Ecovative mixture as a substrate [89]. To create an extrudable paste or a combination with specified properties, water and a gelling agent need to be added to the colonizing-mycelium mixture [101]. In several trials, psyllium husk powder was utilised as gelling agent [102]. In another study, the use of psyllium husk powder was proposed as a means to maintain moisture in the mycelium mixture and to serve as a gel for binding the 3D printed layers together [65]. To enable 3D printing of the mycelium without disinfection, an experiment was conducted involving the inoculation of a mixture comprised of soil, glycerol, xanthan gum, molasses, guar gum, and wet hay with the Pleurotus fungus [90]. This offered the chance to use the myco-techniques for ecological restoration using fungi. In addition, mycelium was mixed with clay to achieve a composition suitable for 3D printing, resulting in graded MBCs [54]. Different ratios of gum were used to enable the printable mixture to undergo bio-welding after extrusion [55]. Alternative rheological materials, like alginate, were also used to create a stabilised extrudable paste using novel species such as Fomes fomentarius [92]. Nonetheless, there are limitations associated with 3D printing mycelium. The main limitations are substrate clogging during extrusion, poor print quality, challenges in halting the growth process, and susceptibility to microbial contamination in the final product [93]. Despite these challenges, these endeavours hold promising potential, and there is a possibility of scaling up the 3D printing of mycelium-bound building elements for further testing.



The concept of 4D printing builds upon 3D printing by introducing dynamic factors like water, light, heat, electric current, magnetic fields, and acidic and alkaline environments [93]. After 3D printing the MBCs panels, mycelial spores are scattered on their designated geometric surfaces. By controlling the relative humidity and temperature, it may be possible to adjust the mycelium growth rate and thus control its overall composite performance. The incorporation of environmental factors within multidimensional printing offers a means to precisely control mycelium growth during the preparation of future mycelium composites, facilitating the attainment of desired material properties.



As research and development continues to advance, a number of innovative manufacturing methods have emerged in the field of bio-based materials. Some of these methods have been successfully applied in other bio-based composites but have not yet been fully explored in the production of MBCs. These methods could potentially further improve the properties and expand the applications of MBCs, making them become more attractive and widely used biomaterials.



A promising manufacturing method is the incorporation of natural fibres or reinforcements into the MBCs. This method is already widely used in Natural Fibre-Reinforced Polymers (NFRP) [94]. Common natural fibres include hemp, flax, and bamboo. These natural fibres are combined with polymeric matrices such as thermoplastic or thermosetting resins to form composites with high mechanical properties. The combination of these natural fibres into the substrate of MBCs is expected to improve the mechanical strength, durability and flexibility of MBCs. For example, in the construction sector, bamboo fibres may be combined with a mycelium substrate to create construction panels with high strength and toughness. These panels may be used in the construction of structures such as walls, floors and roofs or outdoor structures, providing a more environmentally friendly and sustainable alternative with high weather resistance and strength [94].



Another promising technology that has been successfully explored in other bio-based composites is the integration of additives or nanoparticles into composite materials. These additives or nanoparticles have specific physical and chemical properties that can impart specific functions to MBCs, such as the electrical conductivity of graphene [95] and the enhanced stability of clay nanoparticles [97]. Adding flame retardants to the substrate of MBCs may improve its fire-resistant properties, making it safer and more reliable in construction. For example, in the manufacture of firewalls, insulation panels and building structures, the addition of aluminium oxide nanoparticles may significantly improve the fire resistance of MBCs and protect buildings from fire. Meanwhile, the combination of graphene nanoparticles into MBCs substrates can improve the material’s electrical conductivity, making it an option for the manufacture of smart building materials and wearable sensors.



Lastly, a promising manufacturing method involves the production of mycelium using advanced microbial fermentation techniques. Unlike conventional MBCs production, which is often time and resource-intensive, mycelium can be efficiently manufactured using microbial fermentation technology. Through microbial fermentation technology, it may be possible to create MBCs materials with complex porous structures, providing more functionality and innovative designs for buildings. For example, by controlling the growth conditions of mycelial networks and mould design, it may be possible to create building materials, such as acoustic sound insulation panels, air filters, and eco-bricks with specific shapes and pore structures.




7. Conclusions


Mycelium-bound composites offer numerous advantages, such as low density, thermal and acoustic performance, cost-effectiveness, and a reduced carbon footprint. This research explored the potential of mycelium-bound composites as sustainable alternatives to traditional materials, specifically as non-primary structural members. The density of the composites plays a crucial role in their structural integrity and weight. Different fungal and substrate species, along with factors like moisture content and temperature, influence the density of the composites. Certain substrates, including Chinese hyacinth sawdust and lavender straw, result in higher densities compared to others. Another important property is water absorption capacity, which varies depending on the substrate and fungal species. Composites manufactured on dense substrates exhibit low water absorption, while Fucus species and Ganoderma species show different water uptake capacities on various substrates. The composition of the substrate, particularly the presence of lignin, cellulose, and hemicellulose, affects the water uptake capacity of mycelium-bound composites. Overall, these findings demonstrate the potential and versatility of mycelium-bound composites in sustainable construction applications. Mycelium’s capacity to absorb water can also be affected by environmental factors and the fungus’s growth stage.



This paper also examined the mechanical properties of MBCs, including the compressive strength, flexural strength, tensile strength, and Young’s modulus of various fungal species. Researchers are continuously exploring ways to improve the mechanical properties of MBCs to broaden their application in different industries. Based on the available research, it is evident that MBCs cannot currently replace traditional building materials such as clay brick, clear softwood, and plywood. However, it is worth noting that the mechanical properties of MBCs can be enhanced through various methods, including the addition of reinforcing materials such as natural fibres or adjusting growth conditions to promote a denser mycelial network. The significant factors to consider when applying different MBCs in structural applications were determined and compared for different MBCs. Among the fungal species evaluated, Pleurotus ostreatus demonstrates remarkable specific strength and the highest specific modulus, making it promising for lightweight yet strong structures, particularly in applications that require high stiffness. Trametes versicolor, with its significant strength-to-weight ratio, has potential in applications where strength and weight efficiency are prioritised.



This study also included a case study that employs fuzzy comprehensive evaluation to assess the suitability of MBCs for façade construction. The comprehensive evaluation method is effective for the comparison and ranking of different MBCs resulting in material selection guide. By comparing MBCs made with Trametes multicolour, Ganoderma williamsianum, Lentinus sajor-caju, and Schizophyllum commune, it was found that MBCs utilising Pleurotus ostreatus demonstrate the most promising characteristics for façades, achieving a desirable balance between material performance and production time. Moreover, the future advancement of manufacturing techniques for MBCs construction components, including the potential implementation of 3D printing and the incorporation of additives to enhance MBCs strength, were examined. These evaluations provide valuable insights to enhance the productivity of MBCs and underscore their potential applications in civil engineering [103,104,105,106,107,108,109,110,111,112,113,114,115].
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Table A1. Comparison of different physical properties of engineered MBCs under different manufacturing conditions.
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Physical Properties




	
Fungal Species

	
Substrates

	
Values

	
Author




	
Density (kg/m3)






	
Trametes versicolor

	
Wheat straw

	
122.1

	
Elsacker et al. [35]




	
Spent mushroom

	
195.2

	
Schritt, Vidi and Pleissner [53]




	
Rice hull

	
193.0

	
Teixeira et al. [116]




	
Hemp shives

	
134.0

	
Jones et al. [87]




	
Pine wood

	
159.5

	
Elsacker et al. [35]




	
Hemp hurds

	
98.4

	
Elsacker et al. [35]




	
Hardwood chips

	
179.0

	
Jones et al. [87]




	
Flax

	
137.5

	
Elsacker et al. [35]




	
Beech sawdust

	
200.1

	
Schritt, Vidi and Pleissner [53]




	
Trametes multicolor

	
Rapeseed straw

	
350.0

	
Appels et al. [43]




	
Rapeseed straw

	
100.0

	
Appels et al. [43]




	
Beech sawdust

	
170.0

	
Appels et al. [43]




	
Trametes hirsuta

	
Pine wood shaving

	
260.0

	
Kuribayashi et al. [117]




	
Trametes species

	
Vine wood chip

	
210.0

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
200.0

	
Attias, Danai, Tarazi, et al. [56]




	
Pycnoporus sanguineus

	
Pine sawdust

	
320.0

	
Bruscato et al. [118]




	
Coconut powder

	
240.0

	
Santos et al. [119]




	
Pleurotus ostreatus

	
Straw

	
277.0

	
Ghazvinian et al. [51]




	
Rice husk

	
437.0

	
Nashiruddin et al. [38]




	
Rapeseed straw

	
390.0

	
Appels et al. [43]




	
Rapeseed straw

	
240.0

	
Appels et al. [43]




	
Rapeseed straw

	
130.0

	
Appels et al. [43]




	
Rapeseed cake

	
49.0

	
Tacer-Caba et al. [97]




	
Pine wood shaving

	
290.0

	
Kuribayashi et al. [117]




	
Oat husk

	
38.0

	
Tacer-Caba et al. [97]




	
Cotton stalk

	
325.0

	
Gou et al. [49]




	
100% sawdust

	
55.0

	
Ghazvinian et al. [51]




	
90% sawdust/10% wheat bran

	
49.0

	
Ghazvinian et al. [51]




	
100% straw

	
28.0

	
Ghazvinian et al. [51]




	
90% straw/10% wheat bran

	
19.0

	
Ghazvinian et al. [51]




	
50% sawdust/50% straw

	
25.0

	
Ghazvinian et al. [51]




	
45% sawdust/45% straw/10% wheat bran

	
23.0

	
Ghazvinian et al. [51]




	
Beech sawdust

	
26.0

	
Vašatko et al. [78]




	
Bleached cellulose pulp

	
34.0

	
Vašatko et al. [78]




	
Beech sawdust/soy silk fibres

	
24.0

	
Vašatko et al. [78]




	
Shredded cardboard

	
42.0

	
Vašatko et al. [78]




	
Sand/beach sawdust

	
37.0

	
Vašatko et al. [78]




	
Cotton fibres

	
22.0

	
Vašatko et al. [78]




	
Rice straw

	
27.0

	
Peng et al. [57]




	
Bagasse

	
30.0

	
Peng et al. [57]




	
Coir-pith

	
30.0

	
Peng et al. [57]




	
Sawdust

	
34.0

	
Peng et al. [57]




	
Corn straw

	
25.0

	
Peng et al. [57]




	
Cotton

	
350.0

	
Appels et al. [43]




	
Cotton

	
240.0

	
Appels et al. [43]




	
Cotton

	
130.0

	
Appels et al. [43]




	
Pleutorus albidus

	
Pine sawdust

	
300.0

	
Bruscato et al. [118]




	
Pleurotus species

	
Wheat straw

	
183.8

	
López Nava et al. [120]




	
Oudemansiella radicata

	
Cotton stalk

	
317.0

	
Gou et al. [49]




	
Lentinus velutinus

	
Pine sawdust

	
350.0

	
Bruscato et al. [118]




	
Ganoderma resinaceum

	
Rose flowers

	
462.0

	
Angelova et al. [58]




	
Miscanthus fibre

	
200.0

	
Dias, Jayasinghe and Waldmann [44]




	
Lavender straw

	
347.0

	
Angelova et al. [58]




	
Beechwood sawdust

	
143.0

	
Elsacker, Søndergaard, et al. [55]




	
Ganoderma lucidum

	
Spent mushroom

	
183.2

	
Schritt, Vidi and Pleissner [53]




	
Rapeseed cake

	
41.0

	
Tacer-Caba et al. [97]




	
Oat husk

	
25.0

	
Tacer-Caba et al. [97]




	
Chinese albizia sawdust

	
954.0

	
Chan et al. [42]




	
Chinese albizia sawdust

	
130.0

	
Chan et al. [42]




	
Beech sawdust

	
205.3

	
Schritt, Vidi and Pleissner [53]




	
Beech sawdust

	
25.0

	
Vašatko et al. [78]




	
Ganoderma species

	
Vine wood chip

	
210.0

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
220.0

	
Attias, Danai, Tarazi, et al. [56]




	
Coriolus species

	
Vine wood chip

	
180.0

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
210.0

	
Attias, Danai, Tarazi, et al. [56]




	
Ganoderma fornicatum

	
Sawdust

	
337.2

	
Aiduang et al. [50]




	
Corn husk

	
232.1

	
Aiduang et al. [50]




	
Rice straw

	
219.4

	
Aiduang et al. [50]




	
Ganoderma williamsianum

	
Sawdust

	
331.4

	
Aiduang et al. [50]




	
Corn husk

	
239.5

	
Aiduang et al. [50]




	
Rice straw

	
221.1

	
Aiduang et al. [50]




	
Lentinus sajor-caju

	
Sawdust

	
340.3

	
Aiduang et al. [50]




	
Corn husk

	
241.0

	
Aiduang et al. [50]




	
Rice straw

	
222.8

	
Aiduang et al. [50]




	
Schizophyllum commune

	
Sawdust

	
318.6

	
Aiduang et al. [50]




	
Corn husk

	
220.7

	
Aiduang et al. [50]




	
Rice straw

	
198.8

	
Aiduang et al. [50]




	
Agaricus bisporus

	
Rapeseed cake

	
58.0

	
Tacer-Caba et al. [97]




	
Oat husk

	
36.0

	
Tacer-Caba et al. [97]




	
Water absorption (%)




	
Trametes versicolor

	
Wheat straw

	
26.8

	
Elsacker et al. [35]




	
Hemp hurds

	
24.4

	
Elsacker et al. [35]




	
Flax

	
30.3

	
Elsacker et al. [35]




	
Hardwood chips

	
400

	
Jones et al. [87]




	
Hemp shives

	
560

	
Jones et al. [87]




	
Trametes multicolor

	
Rapeseed straw

	
246

	
Appels et al. [43]




	
Rapeseed straw

	
436

	
Appels et al. [43]




	
Beech sawdust

	
43

	
Appels et al. [43]




	
Trametes hirsuta

	
Pine wood shaving

	
200

	
Kuribayashi et al. [117]




	
Trametes species

	
Vine wood chip

	
190

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
200

	
Attias, Danai, Tarazi, et al. [56]




	
Pleurotus ostreatus

	
Rice straw

	
131

	
Ghazvinian et al. [51]




	
Sawdust

	
140

	
Lee and Choi [54]




	
Rapeseed straw

	
239

	
Appels et al. [43]




	
Rapeseed straw

	
262

	
Appels et al. [43]




	
Rapeseed straw

	
279

	
Appels et al. [43]




	
Pine wood shaving

	
200

	
Kuribayashi et al. [117]




	
Oak wood chip

	
76

	
Lee and Choi [54]




	
Lacquer wood chip

	
135

	
Lee and Choi [54]




	
Hemp

	
159

	
Lee and Choi [54]




	
Cotton stalk

	
168.1

	
Gou et al. [49]




	
Beech sawdust

	
29

	
Appels et al. [78]




	
Cotton

	
281

	
Appels et al. [43]




	
Cotton

	
238

	
Appels et al. [43]




	
Cotton

	
508

	
Appels et al. [43]




	
Pleurotus species

	
Wheat straw

	
268.4

	
López Nava et al. [120]




	
Oudemansiella radicata

	
Cotton stalk

	
162.4

	
Gou et al. [49]




	
Lentinula edodes

	
Peach palm sheath

	
351

	
de Lima et al. [59]




	
Ganoderma resinaceum

	
Rose flowers

	
43.9

	
Angelova et al. [58]




	
Lavender straw

	
114.6

	
Angelova et al. [58]




	
Miscanthus fibre

	
125

	
Dias, Jayasinghe and Waldmann [44]




	
Ganoderma lucidum

	
Beech sawdust

	
6

	
Vašatko et al. [78]




	
Ganoderma species

	
Vine wood chip

	
180

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
200

	
Attias, Danai, Tarazi, et al. [56]




	
Coriolus species

	
Vine wood chip

	
290

	
Attias, Danai, Tarazi, et al. [56]




	
Apple wood chip

	
240

	
Attias, Danai, Tarazi, et al. [56]




	
Ganoderma fornicatum

	
Sawdust

	
100

	
Aiduang et al. [50]




	
Corn husk

	
121

	
Aiduang et al. [50]




	
Rice straw

	
149

	
Aiduang et al. [50]




	
Ganoderma williamsianum

	
Sawdust

	
90

	
Aiduang et al. [50]




	
Corn husk

	
114

	
Aiduang et al. [50]




	
Rice straw

	
90

	
Aiduang et al. [50]




	
Lentinus sajor-caju

	
Sawdust

	
84

	
Aiduang et al. [50]




	
Corn husk

	
90

	
Aiduang et al. [50]




	
Rice straw

	
156

	
Aiduang et al. [50]




	
Schizophyllum commune

	
Sawdust

	
120

	
Aiduang et al. [50]




	
Corn husk

	
140

	
Aiduang et al. [50]




	
Rice straw

	
188

	
Aiduang et al. [50]




	
Lentinus squarrosulus

	
Rice husk

	
229.1

	
Ly and Jitjak [60]




	
Rice straw

	
229.1

	
Ly and Jitjak [60]




	
Coconut husk

	
609

	
Ly and Jitjak [60]
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Table A2. Comparison of different mechanical properties of engineered MBCs under different manufacturing conditions.
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Mechanical Properties




	
Fungal Species

	
Substrates

	
Values

	
Author




	
Compression strength (MPa)






	
Trametes versicolor

	
Rice hull

	
0.05

	
Teixeira et al. [116]




	
Pine wood

	
0.14

	
Elsacker et al. [35]




	
Hemp hurds

	
0.51

	
Elsacker et al. [35]




	
Flax

	
0.31

	
Elsacker et al. [35]




	
Pycnoporus sanguineus

	
Pine sawdust

	
1.30

	
Bruscato et al. [118]




	
Coconut powder

	
0.19

	
Santos et al. [119]




	
Pleurotus ostreatus

	
Straw

	
0.07

	
Ghazvinian et al. [51]




	
Sawdust

	
1.00

	
Ghazvinian et al. [51]




	
Rice husk

	
1.35

	
Nashiruddin et al. [38]




	
Rapeseed cake

	
0.28

	
Tacer-Caba et al. [97]




	
Oat husk

	
0.03

	
Tacer-Caba et al. [97]




	
Cotton stalk

	
0.13

	
Gou et al. [49]




	
100% sawdust

	
0.15

	
Ghazvinian et al. [51]




	
90% sawdust/10% wheat bran

	
0.19

	
Ghazvinian et al. [51]




	
100% straw

	
0.02

	
Ghazvinian et al. [51]




	
90% straw/10% wheat bran

	
0.03

	
Ghazvinian et al. [51]




	
50% sawdust/50% straw

	
0.03

	
Ghazvinian et al. [51]




	
45% sawdust/45% straw/10% wheat Bran

	
0.31

	
Ghazvinian et al. [51]




	
Beech sawdust

	
2.49

	
Vašatko et al. [78]




	
Bleached cellulose pulp

	
0.51

	
Vašatko et al. [78]




	
Beech sawdust/soy silk fibres

	
1.99

	
Vašatko et al. [78]




	
Shredded cardboard

	
2.65

	
Vašatko et al. [78]




	
Sand/beach sawdust

	
0.35

	
Vašatko et al. [78]




	
Cotton fibres

	
0.80

	
Vašatko et al. [78]




	
Rice straw

	
0.30

	
Peng et al. [57]




	
Bagasse

	
0.34

	
Peng et al. [57]




	
Coir-pith

	
0.34

	
Peng et al. [57]




	
Sawdust

	
0.46

	
Peng et al. [57]




	
Corn straw

	
0.27

	
Peng et al. [57]




	
Pleutorus albidus

	
Pine sawdust

	
0.40

	
Bruscato et al. [118]




	
Pleurotus species

	
Wheat straw

	
0.04

	
López Nava et al. [120]




	
Oudemansiella radicata

	
Cotton stalk

	
0.09

	
Gou et al. [49]




	
Lentinus velutinus

	
Pine sawdust

	
1.30

	
Bruscato et al. [118]




	
Lentinula edodes

	
Peach palm sheath

	
0.22

	
de Lima et al. [59]




	
Coconut powder

	
0.06

	
Angelova et al. [119]




	
Ganoderma resinaceum

	
Rose flowers

	
1.03

	
Angelova et al. [58]




	
Lavender straw

	
0.72

	
Angelova et al. [58]




	
Miscanthus fibre

	
1.80

	
Dias, Jayasinghe and Waldmann [44]




	
Beechwood sawdust

	
1.32

	
Elsacker, Søndergaard, et al. [55]




	
Ganoderma lucidum

	
Rapeseed cake

	
0.28

	
Tacer-Caba et al. [97]




	
Oat husk

	
0.13

	
Tacer-Caba et al. [97]




	
Chinese albizia sawdust

	
4.44

	
Chan et al. [42]




	
Chinese albizia sawdust

	
3.36

	
Chan et al. [42]




	
Beech sawdust

	
0.76

	
Vašatko et al. [78]




	
Fomes fomentarius

	
Rapeseed straw

	
0.30

	
Pohl et al. [121]




	
Hemp shives

	
0.20

	
Pohl et al. [121]




	
Ganoderma fornicatum

	
Sawdust

	
1.71

	
Aiduang et al. [50]




	
Corn husk

	
0.59

	
Aiduang et al. [50]




	
Rice straw

	
0.33

	
Aiduang et al. [50]




	
Ganoderma williamsianum

	
Sawdust

	
1.85

	
Aiduang et al. [50]




	
Corn husk

	
0.62

	
Aiduang et al. [50]




	
Rice straw

	
0.36

	
Aiduang et al. [50]




	
Lentinus sajor-caju

	
Sawdust

	
1.87

	
Aiduang et al. [50]




	
Corn husk

	
0.62

	
Aiduang et al. [50]




	
Rice straw

	
0.33

	
Aiduang et al. [50]




	
Schizophyllum commune

	
Sawdust

	
1.59

	
Aiduang et al. [50]




	
Corn husk

	
0.58

	
Aiduang et al. [50]




	
Rice straw

	
0.25

	
Aiduang et al. [50]




	
Lentinus squarrosulus

	
Rice husk

	
0.46

	
Ly and Jitjak [60]




	
Rice straw

	
0.54

	
Ly and Jitjak [60]




	
Coconut husk

	
0.47

	
Ly and Jitjak [60]




	
Agaricus bisporus

	
Rapeseed cake

	
0.20

	
Tacer-Caba et al. [97]




	
Oat husk

	
0.06

	
Tacer-Caba et al. [97]




	
Flexural strength (MPa)




	
Trametes multicolor

	
Rapeseed straw

	
0.86

	
Appels et al. [43]




	
Rapeseed straw

	
0.22

	
Appels et al. [43]




	
Beech sawdust

	
0.29

	
Appels et al. [43]




	
Pleurotus ostreatus

	
Rapeseed straw

	
0.87

	
Appels et al. [43]




	
Rapeseed straw

	
0.21

	
Appels et al. [43]




	
Rapeseed straw

	
0.06

	
Appels et al. [43]




	
Rubber sawdust

	
3.91

	
Shakir et al. [61]




	
Pine wood shaving

	
0.94

	
Kuribayashi et al. [117]




	
Beech sawdust

	
0.11

	
Vašatko et al. [78]




	
Bleachedd cellulose pulp

	
0.35

	
Vašatko et al. [78]




	
Shredded cardboard

	
0.21

	
Vašatko et al. [78]




	
Sand/beach sawdust

	
0.40

	
Vašatko et al. [78]




	
Rice straw

	
0.16

	
Peng et al. [57]




	
Bagasse

	
0.54

	
Peng et al. [57]




	
Coir-pith

	
0.32

	
Peng et al. [57]




	
Sawdust

	
0.30

	
Peng et al. [57]




	
Corn straw

	
0.30

	
Peng et al. [57]




	
Cotton

	
0.62

	
Appels et al. [43]




	
Cotton

	
0.24

	
Appels et al. [43]




	
Cotton

	
0.05

	
Appels et al. [43]




	
Ganoderma resinaceum

	
Beechwood sawdust

	
2.54

	
Elsacker, Søndergaard, et al. [55]




	
Ganoderma lucidum

	
Chinese albizia sawdust

	
2.68

	
Chan et al. [42]




	
Chinese albizia sawdust

	
2.53

	
Chan et al. [42]




	
Beech sawdust

	
0.09

	
Vašatko et al. [78]




	
Ganoderma fornicatum

	
Sawdust

	
0.07

	
Aiduang et al. [50]




	
Corn husk

	
0.19

	
Aiduang et al. [50]




	
Rice straw

	
0.10

	
Aiduang et al. [50]




	
Ganoderma williamsianum

	
Sawdust

	
1.85

	
Aiduang et al. [50]




	
Corn husk

	
0.62

	
Aiduang et al. [50]




	
Rice straw

	
0.36

	
Aiduang et al. [50]




	
Lentinus sajor-caju

	
Sawdust

	
1.87

	
Aiduang et al. [50]




	
Corn husk

	
0.62

	
Aiduang et al. [50]




	
Rice straw

	
0.33

	
Aiduang et al. [50]




	
Schizophyllum commune

	
Sawdust

	
1.59

	
Aiduang et al. [50]




	
Corn husk

	
0.58

	
Aiduang et al. [50]




	
Rice straw

	
0.25

	
Aiduang et al. [50]




	
Lentinus squarrosulus

	
Rice husk

	
0.46

	
Ly and Jitjak [60]




	
Rice straw

	
0.54

	
Ly and Jitjak [60]




	
Coconut husk

	
0.47

	
Ly and Jitjak [60]




	
Agaricus bisporus

	
Rapeseed cake

	
0.20

	
Tacer-Caba et al. [97]




	
Oat husk

	
0.06

	
Tacer-Caba et al. [97]




	
Tensile strength (MPa)




	
Trametes multicolor

	
Rapeseed straw

	
0.15

	
Appels et al. [43]




	
Rapeseed straw

	
0.04

	
Appels et al. [43]




	
Beech sawdust

	
0.05

	
Appels et al. [43]




	
Pleurotus ostreatus

	
Rapeseed straw

	
0.24

	
Appels et al. [43]




	
Rapeseed straw

	
0.03

	
Appels et al. [43]




	
Rapeseed straw

	
0.01

	
Appels et al. [43]




	
Cotton

	
0.13

	
Appels et al. [43]




	
Cotton

	
0.03

	
Appels et al. [43]




	
Pleurotus species

	
Wheat straw

	
0.05

	
López Nava et al. [120]




	
Ganoderma lucidum

	
Chinese albizia sawdust

	
1.55

	
Chan et al. [42]




	
Chinese albizia sawdust

	
1.53

	
Chan et al. [42]




	
Ganoderma fornicatum

	
Sawdust

	
0.34

	
Aiduang et al. [50]




	
Corn husk

	
0.63

	
Aiduang et al. [50]




	
Rice straw

	
0.37

	
Aiduang et al. [50]




	
Ganoderma williamsianum

	
Sawdust

	
0.42

	
Aiduang et al. [50]




	
Corn husk

	
0.75

	
Aiduang et al. [50]




	
Rice straw

	
0.46

	
Aiduang et al. [50]




	
Lentinus sajor-caju

	
Sawdust

	
0.44

	
Aiduang et al. [50]




	
Corn husk

	
0.87

	
Aiduang et al. [50]




	
Rice straw

	
0.45

	
Aiduang et al. [50]




	
Schizophyllum commune

	
Sawdust

	
0.20

	
Aiduang et al. [50]




	
Corn husk

	
0.63

	
Aiduang et al. [50]




	
Rice straw

	
0.35

	
Aiduang et al. [50]




	
Young’s modulus (MPa)




	
Trametes versicolor

	
Pine wood

	
15

	
Elsacker et al. [35]




	
Hemp hurds

	
1.19

	
Elsacker et al. [35]




	
Flax

	
1.32

	
Elsacker et al. [35]




	
Trametes multicolor

	
Rapeseed straw

	
59

	
Appels et al. [43]




	
Rapeseed straw

	
4

	
Appels et al. [43]




	
Beech sawdust

	
13

	
Appels et al. [43]




	
Trametes hirsuta

	
Pine wood shaving

	
42.21

	
Kuribayashi et al. [117]




	
Pleurotus ostreatus

	
Rapeseed straw

	
97

	
Appels et al. [43]




	
Rapeseed straw

	
9

	
Appels et al. [43]




	
Rapeseed straw

	
2

	
Appels et al. [43]




	
Pine wood shaving

	
79.57

	
Kuribayashi et al. [117]




	
Cotton stalk

	
60

	
Gou et al. [49]




	
Cotton

	
35

	
Appels et al. [43]




	
Cotton

	
6

	
Appels et al. [43]




	
Cotton

	
1

	
Appels et al. [43]




	
Oudemansiella radicata

	
Cotton stalk

	
40.10

	
Gou et al. [49]




	
Lentinula edodes

	
Peach palm sheath

	
15

	
de Lima et al. [59]




	
Ganoderma lucidum

	
Oat husk

	
76

	
Tacer-Caba et al. [97]




	
Fomes fomentarius

	
Rapeseed straw

	
54

	
Pohl et al. [121]




	
Hemp shives

	
43

	
Pohl et al. [121]
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Table A3. Evaluation scale used in FCE.
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	Level
	Excellent
	Very Good
	Good
	Fair
	Poor





	Density, D (kg/m3)
	D < 100
	100 ≤ D < 200
	200 ≤ D < 300
	300 ≤ D < 500
	D ≥ 500



	Water absorption, WA (%)
	WA < 100
	100 ≤ WA < 150
	150 ≤ WA < 200
	200 ≤ WA < 300
	WA ≥ 300



	Tensile strength, TS (MPa)
	TS > 1
	0.5 < TS ≤ 1
	0.1 < TS ≤ 0.5
	0.05 < TS ≤ 0.1
	TS ≤ 0.05



	Flexural strength, FS (MPa)
	FS > 1
	0.5 < FS ≤ 1
	0.1 < FS ≤ 0.5
	0.05 < FS ≤ 0.1
	FS ≤ 0.05



	Manufacturing period, MP (days)
	MT < 15
	15 ≤ MT < 20
	20 ≤ MT < 25
	25 ≤ MT < 30
	MT ≥ 30
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Figure A1. The maximum: (a) compressive strength value of different fungal species, (b) compressive strength value of different substrates, (c) flexural strength and tensile strength value of different fungal species, (d) flexural strength and tensile strength value of different substrates. 






Figure A1. The maximum: (a) compressive strength value of different fungal species, (b) compressive strength value of different substrates, (c) flexural strength and tensile strength value of different fungal species, (d) flexural strength and tensile strength value of different substrates.
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Figure A2. Maximum Young’s modulus value of different (a) fungal species and (b) substrates. 






Figure A2. Maximum Young’s modulus value of different (a) fungal species and (b) substrates.



[image: Buildings 14 00155 g0a2]







References


	



Feng, W.; Zhang, Q.; Ji, H.; Wang, R.; Zhou, N.; Ye, Q.; Hao, B.; Li, Y.; Luo, D.; Lau, S.S.Y. A Review of Net Zero Energy Buildings in Hot and Humid Climates: Experience Learned from 34 Case Study Buildings. Renew. Sustain. Energy Rev. 2019, 114, 109303. [Google Scholar] [CrossRef]

	



Karlsson, I.; Rootzén, J.; Johnsson, F.; Erlandsson, M. Achieving Net-Zero Carbon Emissions in Construction Supply Chains—A Multidimensional Analysis of Residential Building Systems. Dev. Built Environ. 2021, 8, 100059. [Google Scholar] [CrossRef]

	



Huang, B.; Xing, K.; Ness, D.; Liao, L.; Huang, K.; Xie, P.; Huang, J. Rethinking Carbon–Neutral Built Environment: Urban Dynamics and Scenario Analysis. Energy Build. 2022, 255, 111672. [Google Scholar] [CrossRef]

	



Wei, Y.; Hadigheh, S.A. Cost Benefit and Life Cycle Analysis of CFRP and GFRP Waste Treatment Methods. Constr. Build. Mater. 2022, 348, 128654. [Google Scholar] [CrossRef]

	



International Energy Agency. Transition to Sustainable Buildings: Strategies and Opportunities to 2050; OECD: Paris, France, 2013; ISBN 978-92-64-20241-2. [Google Scholar]

	



Huang, B.; Xing, K.; Pullen, S. Carbon Assessment for Urban Precincts: Integrated Model and Case Studies. Energy Build. 2017, 153, 111–125. [Google Scholar] [CrossRef]

	



UNFCCC. Human Settlements—Climate Action Pathway|UNFCCC. Available online: https://unfccc.int/climate-action/marrakech-partnership/reporting-tracking/pathways/human-settlements-climate-action-pathway (accessed on 6 June 2023).

	



Dong, K.; Dong, X.; Jiang, Q. How Renewable Energy Consumption Lower Global CO2 Emissions? Evidence from Countries with Different Income Levels. World Econ. 2020, 43, 1665–1698. [Google Scholar] [CrossRef]

	



Yang, L.; Park, D.; Qin, Z. Material Function of Mycelium-Based Bio-Composite: A Review. Front. Mater. 2021, 8, 737377. [Google Scholar] [CrossRef]

	



Maraveas, C. Production of Sustainable Construction Materials Using Agro-Wastes. Materials 2020, 13, 262. [Google Scholar] [CrossRef]

	



Madurwar, M.V.; Ralegaonkar, R.V.; Mandavgane, S.A. Application of Agro-Waste for Sustainable Construction Materials: A Review. Constr. Build. Mater. 2013, 38, 872–878. [Google Scholar] [CrossRef]

	



Zhang, X.; Wang, F. Life-Cycle Assessment and Control Measures for Carbon Emissions of Typical Buildings in China. Build. Environ. 2015, 86, 89–97. [Google Scholar] [CrossRef]

	



Pawelzik, P.; Carus, M.; Hotchkiss, J.; Narayan, R.; Selke, S.; Wellisch, M.; Weiss, M.; Wicke, B.; Patel, M.K. Critical Aspects in the Life Cycle Assessment (LCA) of Bio-Based Materials—Reviewing Methodologies and Deriving Recommendations. Resour. Conserv. Recycl. 2013, 73, 211–228. [Google Scholar] [CrossRef]

	



Jones, M.; Huynh, T.; Dekiwadia, C.; Daver, F.; John, S. Mycelium Composites: A Review of Engineering Characteristics and Growth Kinetics. J. Bionanosci. 2017, 11, 241–257. [Google Scholar] [CrossRef]

	



Hadigheh, S.A.; Maheri, M.R.; Mahini, S.S. Performance of Weak-Beam, Strong-Column RC Frames Strengthened at the Joints by FRP. Iran. J. Sci. Technol. Trans. Civ. Eng. 2013, 37, 33–51. [Google Scholar]

	



Hadigheh, S.A.; Gravina, R.J. Generalization of the Interface Law for Different FRP Processing Techniques in FRP-to-Concrete Bonded Interfaces. Compos. Part B Eng. 2016, 91, 399–407. [Google Scholar] [CrossRef]

	



Mohd Fairus, M.J.; Kamal Bahrin, E.; Natasha, E.; Arbaain, N.; Ramli, N. MYCELIUM-BASED COMPOSITE: A WAY FORWARD FOR RENEWABLE MATERIAL. JSSM 2022, 17, 271–280. [Google Scholar] [CrossRef]

	



Jones, M.; Mautner, A.; Luenco, S.; Bismarck, A.; John, S. Engineered Mycelium Composite Construction Materials from Fungal Biorefineries: A Critical Review. Mater. Des. 2020, 187, 108397. [Google Scholar] [CrossRef]

	



Attias, N.; Danai, O.; Abitbol, T.; Tarazi, E.; Ezov, N.; Pereman, I.; Grobman, J. Mycelium Bio-Composites in Industrial Design and Architecture: Comparative Review and Experimental Analysis. J. Clean. Prod. 2019, 246, 119037. [Google Scholar] [CrossRef]

	



Homei, A.; Worboys, M. Fungal Disease in Britain and the United States 1850–2000: Mycoses and Modernity; Palgrave Macmillan: London, UK, 2013; ISBN 978-1-137-39263-3. [Google Scholar]

	



Girometta, C.; Picco, A.M.; Baiguera, R.M.; Dondi, D.; Babbini, S.; Cartabia, M.; Pellegrini, M.; Savino, E. Physico-Mechanical and Thermodynamic Properties of Mycelium-Based Biocomposites: A Review. Sustainability 2019, 11, 281. [Google Scholar] [CrossRef]

	



Ghazvinian, A. A Sustainable Alternative to Architectural Materials: Mycelium-Based Bio-Composites. 2021. Available online: https://www.researchgate.net/publication/349853912_A_SUSTAINABLE_ALTERNATIVE_TO_ARCHITECTURAL_MATERIALS_Mycelium-based_Bio-Composites (accessed on 13 November 2023).

	



Block Research Group Block Research Group. Available online: https://block.arch.ethz.ch/brg/project/mycotree-seoul-architecture-biennale-2017 (accessed on 10 May 2023).

	



Arup HyFi Reinvents the Brick HyFi Reinvents the Brick. Available online: https://www.arup.com/news-and-events/hyfi-reinvents-the-brick (accessed on 5 May 2023).

	



The Growing Pavilion Home. Available online: https://thegrowingpavilion.com/ (accessed on 10 May 2023).

	



Carloratti. The Circular Garden. Available online: https://carloratti.com/project/the-circular-garden/ (accessed on 10 May 2023).

	



Wei, Y.; Hadigheh, S.A.; Huang, Z.; Globa, A.; Gough, P.; Withana, A. Systematically Ranking of Mycelium Composites Used for Facade Construction via a Fuzzy Comprehensive Evaluation. In Proceedings of the IASS Annual Symposium 2023, Melbourne, Australia, 10–14 July 2023. [Google Scholar]

	



Goodell, B.; Nicholas, D.D.; Schultz, T.P. (Eds.) Wood Deterioration and Preservation: Advances in Our Changing World; ACS Symposium Series; American Chemical Society: Washington, DC, USA, 2003; Volume 845, ISBN 978-0-8412-3797-1. [Google Scholar]

	



Langer, G.J.; Bußkamp, J.; Terhonen, E.; Blumenstein, K. Fungi Inhabiting Woody Tree Tissues. In Forest Microbiology; Elsevier: Amsterdam, The Netherlands, 2021; pp. 175–205. ISBN 978-0-12-822542-4. [Google Scholar]

	



Sydor, M.; Cofta, G.; Doczekalska, B.; Bonenberg, A. Fungi in Mycelium-Based Composites: Usage and Recommendations. Materials 2022, 15, 6283. [Google Scholar] [CrossRef]

	



Abe, M.M.; Branciforti, M.C.; Brienzo, M. Biodegradation of Hemicellulose-Cellulose-Starch-Based Bioplastics and Microbial Polyesters. Recycling 2021, 6, 22. [Google Scholar] [CrossRef]

	



Taylor, E.C. Seasonal Distribution and Abundance of Fungi in Two Desert Grassland Communities. J. Arid Environ. 1979, 2, 295–312. [Google Scholar] [CrossRef]

	



Rowan, N.J.; Johnstone, C.M.; McLean, R.C.; Anderson, J.G.; Clarke, J.A. Prediction of Toxigenic Fungal Growth in Buildings by Using a Novel Modelling System. Appl. Environ. Microbiol. 1999, 65, 4814–4821. [Google Scholar] [CrossRef] [PubMed]

	



Jones, M.; Bhat, T.; Huynh, T.; Kandare, E.; Yuen, R.; Wang, C.H.; John, S. Waste-Derived Low-Cost Mycelium Composite Construction Materials with Improved Fire Safety. Fire Mater. 2018, 42, 816–825. [Google Scholar] [CrossRef]

	



Elsacker, E.; Vandelook, S.; Brancart, J.; Peeters, E.; Laet, L.D. Mechanical, Physical and Chemical Characterisation of Mycelium-Based Composites with Different Types of Lignocellulosic Substrates. PLoS ONE 2019, 14, e0213954. [Google Scholar] [CrossRef] [PubMed]

	



Hoa, H.T.; Wang, C.-L. The Effects of Temperature and Nutritional Conditions on Mycelium Growth of Two Oyster Mushrooms (Pleurotus ostreatus and Pleurotus cystidiosus). Mycobiology 2015, 43, 14–23. [Google Scholar] [CrossRef] [PubMed]

	



Wannasawang, N.; Luangharn, T.; Thawthong, A.; Charoensup, R.; Jaidee, W.; Tongdeesoontorn, W.; Hyde, K.D.; Thongklang, N. Study of Optimal Conditions to Grow Thai Ganoderma, Fruiting Test, Proximate and Their Alpha Glucosidase Inhibitory Activity. Life 2023, 13, 1887. [Google Scholar] [CrossRef]

	



Nashiruddin, N.I.; Chua, K.S.; Mansor, A.F.; Rahman, R.A.; Lai, J.C.; Wan Azelee, N.I.; El Enshasy, H. Effect of Growth Factors on the Production of Mycelium-Based Biofoam. Clean. Technol. Environ. Policy 2022, 24, 351–361. [Google Scholar] [CrossRef]

	



Reyes, C.; Poulin, A.; Nyström, G.; Schwarze, F.; Ribera, J. Enzyme Activities of Five White-Rot Fungi in the Presence of Nanocellulose. JoF 2021, 7, 222. [Google Scholar] [CrossRef]

	



Viitanen, H. Factors Affecting the Development of Biodeterioration in Wooden Constructions. Mater. Struct. 1994, 27, 483–493. [Google Scholar] [CrossRef]

	



Zhan, Z.; Xu, M.; Li, Y.; Dong, M. The Relationship between Fungal Growth Rate and Temperature and Humidity. Int. J. Eng. Manag. Res. 2021, 11, 78–83. [Google Scholar] [CrossRef]

	



Chan, X.Y.; Saeidi, N.; Javadian, A.; Hebel, D.E.; Gupta, M. Mechanical Properties of Dense Mycelium-Bound Composites under Accelerated Tropical Weathering Conditions. Sci. Rep. 2021, 11, 22112. [Google Scholar] [CrossRef] [PubMed]

	



Appels, F.V.W.; Camere, S.; Montalti, M.; Karana, E.; Jansen, K.M.B.; Dijksterhuis, J.; Krijgsheld, P.; Wösten, H.A.B. Fabrication Factors Influencing Mechanical, Moisture- and Water-Related Properties of Mycelium-Based Composites. Mater. Des. 2019, 161, 64–71. [Google Scholar] [CrossRef]

	



Dias, P.P.; Jayasinghe, L.B.; Waldmann, D. Investigation of Mycelium-Miscanthus Composites as Building Insulation Material. Results Mater. 2021, 10, 100189. [Google Scholar] [CrossRef]

	



Zimele, Z.; Irbe, I.; Grinins, J.; Bikovens, O.; Verovkins, A.; Bajare, D. Novel Mycelium-Based Biocomposites (MBB) as Building Materials. J. Renew. Mater. 2020, 8, 1067–1076. [Google Scholar] [CrossRef]

	



Sun, W.; Tajvidi, M.; Howell, C.; Hunt, C.G. Insight into Mycelium-Lignocellulosic Bio-Composites: Essential Factors and Properties. Compos. Part A Appl. Sci. Manuf. 2022, 161, 107125. [Google Scholar] [CrossRef]

	



Houette, T.; Maurer, C.; Niewiarowski, R.; Gruber, P. Growth and Mechanical Characterization of Mycelium-Based Composites towards Future Bioremediation and Food Production in the Material Manufacturing Cycle. Biomimetics 2022, 7, 103. [Google Scholar] [CrossRef]

	



Saez, D.; Grizmann, D.; Trautz, M.; Werner, A. Exploring the Binding Capacity of Mycelium and Wood-Based Composites for Use in Construction. Biomimetics 2022, 7, 78. [Google Scholar] [CrossRef]

	



Gou, L.; Li, S.; Yin, J.; Li, T.; Liu, X. Morphological and Physico-Mechanical Properties of Mycelium Biocomposites with Natural Reinforcement Particles. Constr. Build. Mater. 2021, 304, 124656. [Google Scholar] [CrossRef]

	



Aiduang, W.; Kumla, J.; Srinuanpan, S.; Thamjaree, W.; Lumyong, S.; Suwannarach, N. Mechanical, Physical, and Chemical Properties of Mycelium-Based Composites Produced from Various Lignocellulosic Residues and Fungal Species. J. Fungi 2022, 8, 1125. [Google Scholar] [CrossRef]

	



Ghazvinian, A.; Farrokhsiar, P.; Rocha Vieira, F.; Pecchia, J.; Gursoy, B. Mycelium-Based Bio-Composites For Architecture: Assessing the Effects of Cultivation Factors on Compressive Strength. Mater. Res. Innov. 2019, 2, 505–514. [Google Scholar]

	



Irbe, I.; Loris, G.D.; Filipova, I.; Andze, L.; Skute, M. Characterization of Self-Growing Biomaterials Made of Fungal Mycelium and Various Lignocellulose-Containing Ingredients. Materials 2022, 15, 7608. [Google Scholar] [CrossRef] [PubMed]

	



Schritt, H.; Vidi, S.; Pleissner, D. Spent Mushroom Substrate and Sawdust to Produce Mycelium-Based Thermal Insulation Composites. J. Clean. Prod. 2021, 313, 127910. [Google Scholar] [CrossRef]

	



Lee, T.; Choi, J. Mycelium-Composite Panels for Atmospheric Particulate Matter Adsorption. Results Mater. 2021, 11, 100208. [Google Scholar] [CrossRef]

	



Elsacker, E.; Søndergaard, A.; Van Wylick, A.; Peeters, E.; De Laet, L. Growing Living and Multifunctional Mycelium Composites for Large-Scale Formwork Applications Using Robotic Abrasive Wire-Cutting. Constr. Build. Mater. 2021, 283, 122732. [Google Scholar] [CrossRef]

	



Attias, N.; Danai, O.; Tarazi, E.; Pereman, I.; Grobman, Y.J. Implementing Bio-Design Tools to Develop Mycelium-Based Products. Des. J. 2019, 22, 1647–1657. [Google Scholar] [CrossRef]

	



Peng, L.; Yi, J.; Yang, X.; Xie, J.; Chen, C. Development and Characterization of Mycelium Bio-Composites by Utilization of Different Agricultural Residual Byproducts. J. Bioresour. Bioprod. 2023, 8, 78–89. [Google Scholar] [CrossRef]

	



Angelova, G.; Brazkova, M.; Stefanova, P.; Blazheva, D.; Vladev, V.; Petkova, N.; Slavov, A.; Denev, P.; Karashanova, D.; Zaharieva, R.; et al. Waste Rose Flower and Lavender Straw Biomass—An Innovative Lignocellulose Feedstock for Mycelium Bio-Materials Development Using Newly Isolated Ganoderma Resinaceum GA1M. J. Fungi 2021, 7, 866. [Google Scholar] [CrossRef] [PubMed]

	



de Lima, G.G.; Schoenherr, Z.C.P.; Magalhães, W.L.E.; Tavares, L.B.B.; Helm, C.V. Enzymatic Activities and Analysis of a Mycelium-Based Composite Formation Using Peach Palm (Bactris Gasipaes) Residues on Lentinula Edodes. Bioresour. Bioprocess. 2020, 7, 58. [Google Scholar] [CrossRef]

	



Ly, L.; Jitjak, W. Biocomposites from Agricultural Wastes and Mycelia of a Local Mushroom, Lentinus Squarrosulus (Mont.) Singer. Open Agric. 2022, 7, 634–643. [Google Scholar] [CrossRef]

	



Shakir, M.A.; Azahari, B.; Yusup, Y.; Yhaya, M.F.; Salehabadi, A.; Ahmad, M.I. Preparation and Characterization of Mycelium as a Bio-Matrix in Fabrication of Bio-Composite. J. Adv. Res. Fluid Mech. Therm. Sci. 2020, 65, 253–263. [Google Scholar]

	



Xing, Y.; Brewer, M.; El-Gharabawy, H.; Griffith, G.; Jones, P. Growing and Testing Mycelium Bricks as Building Insulation Materials. IOP Conf. Ser. Earth Environ. Sci. 2018, 121, 022032. [Google Scholar] [CrossRef]

	



Jones, M.; Weiland, K.; Kujundzic, M.; Theiner, J.; Kählig, H.; Kontturi, E.; John, S.; Bismarck, A.; Mautner, A. Waste-Derived Low-Cost Mycelium Nanopapers with Tunable Mechanical and Surface Properties. Biomacromolecules 2019, 20, 3513–3523. [Google Scholar] [CrossRef] [PubMed]

	



Vidholdova, Z.; KORMÚTHOVÁ, D.; ŽDINSKÝ, J.; Lagana, R. Compressive resistance of the mycelium composite. Ann. WULS For. Wood Technol. 2019, 107, 31–36. [Google Scholar] [CrossRef]

	



Sun, W.; Tajvidi, M.; Hunt, C.G.; McIntyre, G.; Gardner, D.J. Fully Bio-Based Hybrid Composites Made of Wood, Fungal Mycelium and Cellulose Nanofibrils. Sci. Rep. 2019, 9, 3766. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Tajvidi, M.; Howell, C.; Hunt, C.G. Functionality of Surface Mycelium Interfaces in Wood Bonding. ACS Appl. Mater. Interfaces 2020, 12, 57431–57440. [Google Scholar] [CrossRef] [PubMed]

	



César, E.; Canche-Escamilla, G.; Montoya, L.; Ramos, A.; Duarte-Aranda, S.; Bandala, V.M. Characterization and Physical Properties of Mycelium Films Obtained from Wild Fungi: Natural Materials for Potential Biotechnological Applications. J. Polym. Environ. 2021, 29, 4098–4105. [Google Scholar] [CrossRef]

	



Stelzer, L.; Hoberg, F.; Bach, V.; Schmidt, B.; Pfeiffer, S.; Meyer, V.; Finkbeiner, M. Life Cycle Assessment of Fungal-Based CompositeBricks. Sustainability 2021, 13, 11573. [Google Scholar] [CrossRef]

	



Trabelsi, M.; Mamun, A.; Klöcker, M.; Brockhagen, B.; Kinzel, F.; Kapanadze, D.; Sabantina, L. Polyacrylonitrile (PAN) Nanofiber Mats for Mushroom Mycelium Growth Investigations and Formation of Mycelium-Reinforced Nanocomposites. J. Eng. Fibers Fabr. 2021, 16, 15589250211037982. [Google Scholar] [CrossRef]

	



Udayanga, D.; Miriyagalla, S.D. Fungal Mycelium-Based Biocomposites: An Emerging Source of Renewable Materials. In Microbial Technology for Sustainable Environment; Bhatt, P., Gangola, S., Udayanga, D., Kumar, G., Eds.; Springer: Singapore, 2021; pp. 529–550. ISBN 9789811638404. [Google Scholar]

	



Aquino, M.; Rugolo, M.; Robledo, G.; Kuhar, F. Evaluation of Mycelium Composite Materials Produced by Five Patagonian Fungal Species. Maderas Cienc. Tecnol. 2022, 24. [Google Scholar] [CrossRef]

	



Elsacker, E.; De Laet, L.; Peeters, E. Functional Grading of Mycelium Materials with Inorganic Particles: The Effect of Nanoclay on the Biological, Chemical and Mechanical Properties. Biomimetics 2022, 7, 57. [Google Scholar] [CrossRef]

	



Ghazvinian, A.; Gürsoy, B. Mycelium-Based Composite Graded Materials: Assessing the Effects of Time and Substrate Mixture on Mechanical Properties. Biomimetics 2022, 7, 48. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, M.T.; Solueva, D.; Spyridonos, E.; Dahy, H. Mycomerge: Fabrication of Mycelium-Based Natural Fiber Reinforced Composites on a Rattan Framework. Biomimetics 2022, 7, 42. [Google Scholar] [CrossRef] [PubMed]

	



Pittau, F.; Carcassi, O.G.; Servalli, M.; Pellegrini, S.; Claude, S. Hygrothermal Characterization of Bio-Based Thermal Insulation Made of Fibres from Invasive Alien Lake Plants Bounded with Mycelium. IOP Conf. Ser. Earth Environ. Sci. 2022, 1078, 012069. [Google Scholar] [CrossRef]

	



Rigobello, A.; Ayres, P. Compressive Behaviour of Anisotropic Mycelium-Based Composites. Sci. Rep. 2022, 12, 6846. [Google Scholar] [CrossRef]

	



Sayfutdinova, A.; Samofalova, I.; Barkov, A.; Cherednichenko, K.; Rimashevskiy, D.; Vinokurov, V. Structure and Properties of Cellulose/Mycelium Biocomposites. Polymers 2022, 14, 1519. [Google Scholar] [CrossRef]

	



Vašatko, H.; Gosch, L.; Jauk, J.; Stavric, M. Basic Research of Material Properties of Mycelium-Based Composites. Biomimetics 2022, 7, 51. [Google Scholar] [CrossRef]

	



Zhang, X.; Hu, J.; Fan, X.; Yu, X. Naturally Grown Mycelium-Composite as Sustainable Building Insulation Materials. J. Clean. Prod. 2022, 342, 130784. [Google Scholar] [CrossRef]

	



Manan, S.; Ullah, M.W.; Ul-Islam, M.; Atta, O.M.; Yang, G. Synthesis and Applications of Fungal Mycelium-Based Advanced Functional Materials. J. Bioresour. Bioprod. 2021, 6, 1–10. [Google Scholar] [CrossRef]

	



Suzuki, S.; Shintani, H.; Park, S.-Y.; Saito, K.; Laemsak, N.; Okuma, M.; Iiyama, K. Preparation of Binderless Boards from Steam Exploded Pulps of Oil Palm (Elaeis Guneensis Jaxq.) Fronds and Structural Characteristics of Lignin and Wall Polysaccharides in Steam Exploded Pulps to Be Discussed for Self-Bindings. Holzforschung 1998, 52, 417–426. [Google Scholar] [CrossRef]

	



Danielson, B.; Simonson, R. Kraft Lignin in Phenol Formaldehyde Resin. Part 1. Partial Replacement of Phenol by Kraft Lignin in Phenol Formaldehyde Adhesives for Plywood. J. Adhes. Sci. Technol. 1998, 12, 923–939. [Google Scholar] [CrossRef]

	



Wescott, J.M.; Frihart, C.R.; Traska, A.E. High-Soy-Containing Water-Durable Adhesives. J. Adhes. Sci. Technol. 2006, 20, 859–873. [Google Scholar] [CrossRef]

	



Bouajila, J.; Limare, A.; Joly, C.; Dole, P. Lignin Plasticization to Improve Binderless Fiberboard Mechanical Properties. Polym. Eng. Sci. 2005, 45, 809–816. [Google Scholar] [CrossRef]

	



Attias, N.; Danai, O.; Ezov, N.; Tarazi, E.; Grobman, J. Developing Novel Applications of Mycelium Based Bio-Composite Materials for Design and Architecture. Mater. Today Proc. 2021, 47, 5038–5044. [Google Scholar]

	



Bitting, S.; Derme, T.; Lee, J.; Van Mele, T.; Dillenburger, B.; Block, P. Challenges and Opportunities in Scaling up Architectural Applications of Mycelium-Based Materials with Digital Fabrication. Biomimetics 2022, 7, 44. [Google Scholar] [CrossRef]

	



Jones, M.P.; Bhat, T.; Wang, C.; Moinuddin, K.; John, S. Thermal Degradation and Fire Reaction Properties of Mycelium Composites. In Proceedings of the 21st International Conference on Composites Materials (ICCM-21), Xi’an, China, 20–25 August 2017. [Google Scholar]

	



Jones, M.; Bhat, T.; Kandare, E.; Thomas, A.; Joseph, P.; Dekiwadia, C.; Yuen, R.; John, S.; Ma, J.; Wang, C.-H. Thermal Degradation and Fire Properties of Fungal Mycelium and Mycelium—Biomass Composite Materials. Sci. Rep. 2018, 8, 17583. [Google Scholar] [CrossRef] [PubMed]

	



Gough, P.; Globa, A.; Hadigheh, A.; Withana, A. Making Sustainable, Tangible Objects with Myco-Materials. In Proceedings of the Companion Proceedings of the 2022 Conference on Interactive Surfaces and Spaces, Wellington, New Zealand, 20–23 November 2022; pp. 59–61. [Google Scholar]

	



Yang, Z.; Zhang, F.; Still, B.; White, M.; Amstislavski, P. Physical and Mechanical Properties of Fungal Mycelium-Based Biofoam. J. Mater. Civ. Eng. 2017, 29, 04017030. [Google Scholar] [CrossRef]

	



Sivaprasad, S.; Byju, S.K.; Prajith, C.; Shaju, J.; Rejeesh, C.R. Development of a Novel Mycelium Bio-Composite Material to Substitute for Polystyrene in Packaging Applications. Mater. Today Proc. 2021, 47, 5038–5044. [Google Scholar] [CrossRef]

	



Jahangiri, P.; Korehei, R.; Zeinoddini, S.S.; Madani, A.; Sharma, Y.; Phillion, A.; Martinez, D.M.; Olson, J.A. On Filtration and Heat Insulation Properties of Foam Formed Cellulose Based Materials. Nord. Pulp Pap. Res. J. 2014, 29, 584–591. [Google Scholar] [CrossRef]

	



Lelivelt, R.; Lindner, G.; Teuffel, P.; Lamers, H. The Production Process and Compressive Strength of Mycelium-Based Materials. In Proceedings of the First International Conference on Bio-based Building Materials, Clermont-Ferrand, France, 22–25 June 2015. [Google Scholar]

	



Ahmadi, H. Cellulose-Mycelia Foam: Novel Bio-Composite Material. Master’s Thesis, University of British Columbia, Vancouver, BC, Canada, 2016. [Google Scholar] [CrossRef]

	



Elsacker, E.; Vandelook, S.; Van Wylick, A.; Ruytinx, J.; De Laet, L.; Peeters, E. A Comprehensive Framework for the Production of Mycelium-Based Lignocellulosic Composites. Sci. Total Environ. 2020, 725, 138431. [Google Scholar] [CrossRef]

	



Aiduang, W.; Chanthaluck, A.; Kumla, J.; Jatuwong, K.; Srinuanpan, S.; Waroonkun, T.; Oranratmanee, R.; Lumyong, S.; Suwannarach, N. Amazing Fungi for Eco-Friendly Composite Materials: A Comprehensive Review. JoF 2022, 8, 842. [Google Scholar] [CrossRef]

	



Tacer-Caba, Z.; Varis, J.J.; Lankinen, P.; Mikkonen, K.S. Comparison of Novel Fungal Mycelia Strains and Sustainable Growth Substrates to Produce Humidity-Resistant Biocomposites. Mater. Des. 2020, 192, 108728. [Google Scholar] [CrossRef]

	



Chen, C.-H. A Novel Multi-Criteria Decision-Making Model for Building Material Supplier Selection Based on Entropy-AHP Weighted TOPSIS. Entropy 2020, 22, 259. [Google Scholar] [CrossRef] [PubMed]

	



Patnaik, P.K.; Swain, P.T.R.; Mishra, S.K.; Purohit, A.; Biswas, S. Composite Material Selection for Structural Applications Based on AHP-MOORA Approach. Mater. Today Proc. 2020, 33, 5659–5663. [Google Scholar] [CrossRef]

	



Lee, D.; Lee, D.; Lee, M.; Kim, M.; Kim, T. Analytic Hierarchy Process-Based Construction Material Selection for Performance Improvement of Building Construction: The Case of a Concrete System Form. Materials 2020, 13, 1738. [Google Scholar] [CrossRef]

	



Bhardwaj, A.; Rahman, A.M.; Wei, X.; Pei, Z.; Truong, D.; Lucht, M.; Zou, N. 3D Printing of Biomass–Fungi Composite Material: Effects of Mixture Composition on Print Quality. JMMP 2021, 5, 112. [Google Scholar] [CrossRef]

	



Mohseni, A.; Vieira, F.R.; Pecchia, J.A.; Gürsoy, B. Three-Dimensional Printing of Living Mycelium-Based Composites: Material Compositions, Workflows, and Ways to Mitigate Contamination. Biomimetics 2023, 8, 257. [Google Scholar] [CrossRef]

	



Karana, E.; Blauwhoff, D.; Hultink, E.-J.; Camere, S. When the Material Grows: A Case Study on Designing (with) Mycelium-Based Materials. Int. J. Des. 2018, 12, 119–136. [Google Scholar]

	



Amy, F. Beetles 3.3 and Yassin Arredia Design Use Fungus for Pavilion in Kerala. Available online: https://www.dezeen.com/2017/08/26/shell-mycelium-fungus-pavilion-beetles-3-3-yassin-arredia-design-kerala-india/ (accessed on 10 May 2023).

	



Chang, J.; Chan, P.L.; Xie, Y.; Ma, K.L.; Cheung, M.K.; Kwan, H.S. Modified Recipe to Inhibit Fruiting Body Formation for Living Fungal Biomaterial Manufacture. PLoS ONE 2019, 14, e0209812. [Google Scholar] [CrossRef]

	



Bhardwaj, A.; Vasselli, J.; Lucht, M.; Pei, Z.; Shaw, B.; Grasley, Z.; Wei, X.; Zou, N. 3D Printing of Biomass-Fungi Composite Material: A Preliminary Study. Manuf. Lett. 2020, 24, 96–99. [Google Scholar] [CrossRef]

	



Silverman, J.; Cao, H.; Cobb, K. Development of Mushroom Mycelium Composites for Footwear Products. Cloth. Text. Res. J. 2020, 38, 119–133. [Google Scholar] [CrossRef]

	



Colmo, C.; Ayres, P. 3d Printed Bio-Hybrid Structures: Anthropologic—Architecture and Fabrication in the Cognitive Age. Anthropol.-Archit. Fabr. Cogn. Age 2020, 1, 573–582. [Google Scholar]

	



Jauk, J.; Vasatko, H.; Gosch, L.; Christian, I.; Klaus, A.; Stavric, M. Digital Fabrication of Growth—Combining Digital Manufacturing of Clay with Natural Growth of Mycelium. In Proceedings of the 26th International Conference of the Association for Computer-Aided Architectural Design Research in Asia Online and Global, Hong Kong, 29 March–1 April 2021; pp. 753–762. [Google Scholar]

	



Modanloo, B.; Ghazvinian, A.; Matini, M.; Andaroodi, E. Tilted Arch; Implementation of Additive Manufacturing and Bio-Welding of Mycelium-Based Composites. Biomimetics 2021, 6, 68. [Google Scholar] [CrossRef] [PubMed]

	



Chen, H.; Abdullayev, A.; Bekheet, M.F.; Schmidt, B.; Regler, I.; Pohl, C.; Vakifahmetoglu, C.; Czasny, M.; Kamm, P.H.; Meyer, V.; et al. Extrusion-Based Additive Manufacturing of Fungal-Based Composite Materials Using the Tinder Fungus Fomes Fomentarius. Fungal Biol. Biotechnol. 2021, 8, 21. [Google Scholar] [CrossRef] [PubMed]

	



Chu, H.; Yang, W.; Sun, L.; Cai, S.; Yang, R.; Liang, W.; Yu, H.; Liu, L. 4D Printing: A Review on Recent Progresses. Micromachines 2020, 11, 796. [Google Scholar] [CrossRef] [PubMed]

	



Dahy, H. Natural Fibre-Reinforced Polymer Composites (NFRP) Fabricated from Lignocellulosic Fibres for Future Sustainable Architectural Applications, Case Studies: Segmented-Shell Construction, Acoustic Panels, and Furniture. Sensors 2019, 19, 738. [Google Scholar] [CrossRef] [PubMed]

	



Cao, M.; Xiong, D.; Yang, L.; Li, S.; Xie, Y.; Guo, Q.; Li, Z.; Adams, H.; Gu, J.; Fan, T.; et al. Ultrahigh Electrical Conductivity of Graphene Embedded in Metals. Adv. Funct. Mater. 2019, 29, 1806792. [Google Scholar] [CrossRef]

	



Nunes, C.V.; Danczuk, M.; Bortoti, A.A.; Guimarães, R.R.; Gonçalves, J.M.; Araki, K.; Banczek, E.D.P.; Anaissi, F.J. Enhanced Stability and Conductivity of α-Ni(OH)2/Smectite Clay Composites. J. Electrochem. Soc. 2016, 163, A2356–A2361. [Google Scholar] [CrossRef]

	



Teixeira, J.L.; Matos, M.P.; Nascimento, B.L.; Griza, S.; Holanda, F.S.R.; Marino, R.H. Production and Mechanical Evaluation of Biodegradable Composites by White Rot Fungi. Ciênc. Agrotec. 2018, 42, 676–684. [Google Scholar] [CrossRef]

	



Kuribayashi, T.; Lankinen, P.; Hietala, S.; Mikkonen, K.S. Dense and Continuous Networks of Aerial Hyphae Improve Flexibility and Shape Retention of Mycelium Composite in the Wet State. Compos. Part A Appl. Sci. Manuf. 2022, 152, 106688. [Google Scholar] [CrossRef]

	



Bruscato, C.; Malvessi, E.; Brandalise, R.N.; Camassola, M. High Performance of Macrofungi in the Production of Mycelium-Based Biofoams Using Sawdust—Sustainable Technology for Waste Reduction. J. Clean. Prod. 2019, 234, 225–232. [Google Scholar] [CrossRef]

	



Santos, I.S.; Nascimento, B.L.; Marino, R.H.; Sussuchi, E.M.; Matos, M.P.; Griza, S. Influence of Drying Heat Treatments on the Mechanical Behavior and Physico-Chemical Properties of Mycelial Biocomposite. Compos. Part B Eng. 2021, 217, 108870. [Google Scholar] [CrossRef]

	



López Nava, J.A.; Méndez González, J.; Ruelas Chacón, X.; Nájera Luna, J.A. Assessment of Edible Fungi and Films Bio-Based Material Simulating Expanded Polystyrene. Mater. Manuf. Process. 2016, 31, 1085–1090. [Google Scholar] [CrossRef]

	



Pohl, C.; Schmidt, B.; Nunez Guitar, T.; Klemm, S.; Gusovius, H.-J.; Platzk, S.; Kruggel-Emden, H.; Klunker, A.; Völlmecke, C.; Fleck, C.; et al. Establishment of the Basidiomycete Fomes Fomentarius for the Production of Composite Materials. Fungal Biol. Biotechnol. 2022, 9, 4. [Google Scholar] [CrossRef] [PubMed]








[image: Buildings 14 00155 g001] 





Figure 1. The different fungal species in MBCs. 






Figure 1. The different fungal species in MBCs.



[image: Buildings 14 00155 g001]







[image: Buildings 14 00155 g002] 





Figure 2. Growth temperature and humidity of MBCs [14,34,35,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79]. 
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Figure 3. The density and water absorption of different (a) fungal species, (b) substrates, (c) temperature, and (d) humidity. 
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Figure 4. The average values of mechanical property of MBCs: (a) average compressive strength values of different fungal species, (b) average compressive strength values of different substrates, (c) average flexural strength and tensile strength values of different fungal species, (d) average flexural strength and tensile strength values of different substrates. 
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Figure 5. Average Young’s modulus value of different (a) fungal species and (b) substrates. 
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Figure 6. The specific strength ratio of different MBCs and traditional materials. 
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Figure 7. The strength-to-weight ratio of different MBCs and traditional materials. 
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Figure 8. The specific modulus of different MBCs and traditional materials. 
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Figure 9. Ranking for mycelium composites manufactured with five different fungi. 
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Table 1. Pairwise comparison matrix.
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Matrix Framework

	
Satisfaction with Product Quality

	
Service Level




	
Density (D)

	
Water Absorption (WA)

	
Tensile Strength (TS)

	
Flexural Strength (FS)

	
Manufacturing Period (MP)






	
Satisfaction with product quality

	
Density (D)

	
1

	
D/WA

	
D/TS

	
D/FS

	
D/MP




	
Water absorption (WA)

	
WA/D

	
1

	
WA/TS

	
WA/FS

	
WA/MP




	
Tensile strength (TS)

	
TS/D

	
TS/WA

	
1

	
TS/FS

	
TS/MP




	
Flexural strength (FS)

	
FS/D

	
FS/WA

	
FS/TS

	
1

	
FS/MP




	
Service level

	
Manufacturing period (MP)

	
MP/D

	
MP/WA

	
MP/TS

	
MP/FS

	
1
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