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Abstract

:

This study investigates a parametric architectural design methodology that arises from the relationship between humans, architecture, and nature and utilizes modern technological means and sustainable construction materials. Specifically, it concerns a structure of mycelium bio-composite, produced at the lowest possible environmental cost. The design uses an optimal structural form to maximize the material’s efficiency. The development of the structure is initially modular, using two different types of geometric blocks. At the same time, the whole structure gradually becomes monolithic with the help of the plant part of the fungi, the mycelium. The basic 2D arch structure is initially assembled using two different geometric blocks. More complex configurations can be derived from this foundational module to meet various requirements for applications and structures. The structure will be constructed entirely of load-bearing mycelium blocks, with its geometry specifically designed to emphasize compression forms, enhancing the structural performance of the inherently weak material. This approach reflects an innovative vision for construction materials grounded in the principles of cultivation and growth from natural, earth-derived resources.
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1. Introduction


The rapid advancements in the field of biomaterials have opened up new prospects for the construction industry, particularly in the realm of sustainable and eco-friendly building practices. The use of mycelium-based bio-composites has emerged as a promising alternative to traditional construction materials, offering a unique blend of structural integrity, environmental friendliness, and design flexibility [1,2,3,4]. The literature emphasizes the critical requirement for new sustainable, environmentally friendly, durable materials suitable for structural and architectural applications [5].



Mycelium-based materials provide substantial ecological benefits compared to conventional engineered materials. However, they typically exhibit low structural strength, particularly in tension and bending. To effectively create using these materials and overcome their structural limitations, it is crucial to utilize optimal geometry. This ensures stability primarily through compression, relying on contact equilibrium rather than material strength. This approach allows for the use of weaker materials by achieving stability through geometric design principles [6]. Mycelium bio-composites are environmentally friendly materials created by utilizing the natural growth process of fungal mycelium on organic waste substrates. Mycelium acts as a natural adhesive, binding the organic material into a solid composite. These bio-composites are adaptable and can be customized for various applications. The resulting materials can have a wide range of properties, including elasticity, stiffness, porosity, and water resistance, making them suitable for construction, textiles, packaging, and more. Additionally, mycelium-based materials are biodegradable, cost-effective, and require minimal energy for production, making them a sustainable alternative to traditional building materials. Recently, mycelium bio-composite blocks have been increasingly incorporated into architectural projects, showcasing their potential as a sustainable and innovative building material [1,2].



Prototypological research in architecture involves developing full-scale prototypes as tools for systematic investigation within a broader research framework [7]. Despite their inherent weakness, mycelium-based composite materials can be enhanced with natural fibers to improve their density, structural integrity, and load-bearing capacity for optimized use in large-scale architectural applications [4,8]. In the real-world applications cited in this work, the structures are primarily designed to withstand compression loads, with the mycelium components supporting both their own weight and the weight of the grid. The average values of density are obtained from the literature [9] (2024 Voutetaki)—222 Kg/m3, 1105 kPa compression strength, and 505 kPa flexural strength. Furthermore, reinforcements can be strategically developed to create efficient or multifunctional composites, such as designing the primary substrate for thermal performance while adding structural reinforcement particles [10,11]. The integration of mycelium bio-composites into architectural parametric design has the potential to revolutionize the way we approach building design and construction [12,13,14].



Parametric design, a computational design approach that leverages algorithmic processes to generate and manipulate complex geometries, can be seamlessly combined with the unique properties of mycelium bio-composites. This synergy allows architects and designers to explore novel architectural forms and spatial configurations that are not only visually striking, but also environmentally responsible [12,15,16].



The use of mycelium bio-composites in parametric design can offer several advantages. For instance, the material’s ability to be molded into complex shapes aligns well with the intricate geometries generated in parametric design. Moreover, the material’s inherent structural properties can be optimized through parametric modeling, allowing for the creation of efficient and resilient building components [17].



Significant advancements related to the use of mycelium biomaterials in architecture have been recorded during the past decade [18]. Almpani-Lekka et al. [19] have highlighted six architectural projects that present various design strategies, fabrication techniques, and post-processing methods and have made notable technical contributions.



Structural efficiency is crucial in architectural construction, as it focuses on reducing material consumption while maximizing load-bearing capacity. The use of tetrahedral units in architectural applications presents significant advantages due to their inherent stability. An innovative modular structural system for tall buildings utilizes tetrahedral units to explore architectural implications, mechanical performance, and economical design optimization. It also includes guidelines and analytical formulas for preliminary member sizing based on stiffness requirements [20]. The incorporation of tetrahedral units in architectural design offers a compelling and complex field of study, addressing both aesthetic impacts and the detailed considerations of mechanical performance and cost efficiency. Researchers are investigating strategies like optimizing spatial structure shapes and using curved geometries to align with internal stress flows. A notable approach is the application of chain models, which can significantly decrease bending moments and enhance overall structural performance. The optimal utilization of mycelium in construction maximizes its inherent structural performance, enabling more ambitious architectural applications despite its natural compressive strength limitations. Inspired by the principle of the inverted catenary arch, which aims to reduce the bending moment—as in the Chapel of the Holy Shroud, designed by Italian architect Guarino Guarini—catenary frames can create architectural pavilions [21]. Another paper [22] examines the minimization of bending moments in arches using a multi-body rope approach. This method focuses on dynamic numerical simulations of hanging nets, which helps in identifying optimal arch forms that minimize internal stresses [23].



The present work aims to investigate the structural potential of an arch structure by exploring various assembly configurations, from simple to complex structures, utilizing basic modules made from mycelium composites. Despite the inherent weaknesses of mycelium composite materials, specific morphological configurations can effectively enhance their load-bearing capacity. The arch shape eliminates tension by converting it into compression, taking advantage of its higher compressive strength. The structural form of a tetrahedron utilizing the catenary arch model is combined to create a joint block, optimizing the use of mycelium material in a parametric arch structure. Additionally, it can serve as an invaluable educational resource in architectural studies, providing students with deep insights into innovative materials and cutting-edge design methodologies. This comprehensive procedure enriches their understanding of structural efficiency and also inspires architects to explore and implement advanced design principles in their projects. In conclusion, the final section provides a summary of the work and the process.




2. Materials and Methods


The general approach of the present study is to design a structure that grows organically, just like the material made from mycelium, with the goals of enhancing sustainability and minimizing environmental impact. Since this material is relatively new, particularly in the field of architecture, there have been limited comprehensive life cycle assessment studies conducted so far. However, based on some recent findings, mycelium bio-composite materials hold significant potential for sustainable architecture due to their use of industrial byproducts. These composites are fully biodegradable, which greatly reduces their environmental impact. Their production is energy efficient, requiring less energy than traditional building materials, and they offer a substantially lower carbon footprint in the construction industry. Additionally, mycelium bio-composites can be composted at the end of their life cycle, allowing them to be repurposed as agricultural fertilizer. Upon disposal, MBCs naturally decompose and reintegrate into the environment. Furthermore, mycelium bio-composites are non-flammable and offer excellent thermal and sound insulation properties [24,25,26].



Creating a scalable and adaptable structure requires understanding of the fundamental human needs and the guarantee of flexibility for future growth and changes. While mycelium composite materials offer significant ecological benefits over established engineered materials, they may have comparatively lower structural strength.



Two types of geometric blocks define the structure’s form, as depicted in Figure 1. New innovative technologies, such as parametric design programs and 3D printing fabrication, are employed to achieve greater morphological freedom, aiming primarily for more efficient use of materials and their properties. The geometry of the pieces is based on the basic shapes of the tetrahedron and the cylinder.



2.1. Construction


2.1.1. Material


The available local agricultural waste allows the selection of substrate and molds and, consequently, the construction morphology to make the mycelium composite biomaterial. This method reduces landfill waste, stimulates a circular economy, and creates renewable and biodegradable mycelium composites, contributing to environmental sustainability. The development of the hemp fiber-reinforced biomaterial progresses gradually through three phases [19,27,28,29]:



Phase I: the mycelium seeds are initially placed in the substrate, where they grow by attaching to and replacing the substrate with fungal biomass.



Phase II: Upon completion of the previous phase, the mycelium parasitizes the potato starch mold, forming a monolithic structure. The outer layer of the fungal cell wall contains hydrophobins, a type of protein with hydrophobic properties. Consequently, a dense mycelial network develops on the exterior of the molds, providing the construction with the necessary water resistance [30,31].



Phase III: Finally, the mycelium fills the gaps between neighboring pieces, repeating the same process. This is possible because the mycelium can bridge gaps of up to 6 mm [32].



Mycelium-based binders in composite materials provide an environmentally friendly alternative to synthetic adhesives, reducing harmful emissions and enhancing mechanical strength [33].



In general, due to the demanding process of mycelium development and the biomaterial’s inability to withstand mechanical stresses, especially bending loads, developing it in small pieces is preferred. Consequently, the maximum size chosen for the individual parts making up the pieces is 20 cm. This limitation also stems from the maximum size that can be printed by a conventional 3D printer. Figure 2 shows the geometric sub-block, made from Ganoderma lucidum mycelium cultivated in a hemp fiber substrate, used in the present work.




2.1.2. Geometric Blocks


In order to achieve the maximum material strength of the blocks, they were designed based on a Platonic solid: the tetrahedron. Due to its geometric properties, the tetrahedron is considered one of the most highly stable Platonic solids. Each of the four faces of a tetrahedron is a triangle, which is inherently rigid, contributing to its overall stability and ability to distribute stress evenly across its structure. This stability makes it an excellent choice for designs requiring maximum compressive strength [34]. The edges have been replaced by circular surface connection points, and the shell features a double-curved chain-curve profile. The main advantages of using a catenary curve in the design include optimal load distribution, reduced tensile and stretching stresses, material efficiency, and aesthetic appeal. These benefits led to the selection of this curve for shaping the molds and the final blocks. Consequently, the arrangement of the modules could simulate the crystalline structure of diamonds.



The ratio of compressive strength to weight in mycelium bio-composites is comparable to that of concrete. The substrate’s granulometry significantly influences its density, which correlates with compressive strength. Typically, mycelium bio-composites exhibit compressive strength approximately three times greater than their tensile strength [4,35].



The approach to organizing the hemp sub-blocks is depicted in Figure 3.




2.1.3. Parametric Design


Parametric design refers to a design methodology derived from algorithmic relationships among specific construction parameters. This approach fosters a dynamic relationship between design intent and the final outcome. While this design method does not inherently rely on computer systems, technological advancements enable the creation of increasingly intricate forms. Coupled with digital manufacturing techniques like 3D printing, these advancements allow for the realization of forms and spaces that were previously impossible to achieve. This design method was chosen for its organic character, mirroring the developmental processes of living organisms. Moreover, the goal of the project is to foster collaboration among humans, nature, and technology.



The structure’s geometry was designed using double-curvature geometries, hanging chain models, and the segmentation of pieces into individual units. This aims to maximize the material’s compressive capacity, minimize flexural loads, and allow for greater flexibility in scaling.




2.1.4. Molds and 3D Printing


In this study, 3D printing was utilized to create molds for the fiber-reinforced mycelium substrate. Figure 4 illustrates the molds created through 3D printing for the two basic geometrical blocks.



The primary advantage of this method is the digital production of intricately shaped pieces with complex geometry and the ability to connect them. Specifically, the 3D printing technique employed is Fused Filament Fabrication (FFF) [36]. In this method, solid filaments, typically made from recycled plastic, are melted at high temperatures and deposited layer by layer as they solidify, forming the desired final shape. However, despite the prevalence of recycled plastic filaments, their use was not preferred for this study. Instead, the requirement was to utilize molds crafted solely from natural organic materials.



The filament proposed in this study falls under bioplastics, which are derived from biodegradable materials and renewable sources like potato starch, coffee beans, and biowaste [27]. This category represents an experimental stage, and the existing literature on it is still relatively limited. As a result, the molds have multiple roles. Apart from defining the shapes of the pieces, they also provide the fungus with the substances necessary for its growth, are integrated into the construction, and enhance the resistance of the final material to mechanical stress.



Figure 5 illustrates a flowchart of the production of the geometrical blocks and the basic 2D arch structure.




2.1.5. Assembly Method of Geometric Sub-Blocks


The construction software and corresponding molds were created using Rhinoceros 8.9.24194.18121, the Grasshopper plug-in visual programming language, and the WASP extension. The molds were created using the Prusa MK4 3D printer and PrusaSlicer 2.8.0 software. The filaments used include PLA, which is used for convenience due to the unavailability of potato starch from PRUSA RESEARCH and Woodfill from ColorFabb.



The geometric sub-blocks were designed using cylinders and Platonic solids, such as tetrahedrons, chosen for their specific properties. Incorporating double-curvature geometries and chain-curve profiles, as well as dividing the pieces into individual units, was intended to enhance the material’s compressive strength, reduce bending stresses, and maximize scalability.



Each mold needed to be perforated to allow the fungus to breathe. However, to prevent the growth of fruiting bodies (mushrooms), these perforations had to be kept small. Each piece contained integrated perforated channels, which added strength and provided air, ensuring more homogeneous growth of the organism. Figure 6 shows the ventilation funnel in number 3.



The FFF technique explored in the present paper allows for morphological freedom, making it possible to create complex geometries. The printing filament was created using potato starch, which encourages fungal growth and provides elasticity and support to individual pieces. The surface connection cover played a crucial role in enhancing the distribution of the load across the individual pieces. When combined with the interior conductors, it enabled the seamless connection of each piece to the neighboring pieces, providing a reliable and efficient means of joining the components (Figure 6, number 1). Additionally, the openings in these covers promoted the spread of the mycelium. The different components of the structure were joined using wedges (Figure 6, number 2).






3. Results


The structure’s form and function are flexible and depend on the specific availability and requirements. The structure can be utilized as a pavilion or as a complementary backdrop for theater sets, offering opportunities for creative expression and adaptation to the specific requirements of each project. The design is constrained by the shapes of the structural components, the potential spatial relationships they could form, and the methods of their connections. The primary factors that influence the design are:




	
The environment and the space to be covered;



	
The available local agricultural waste in the area;



	
The nature of the bio-composite and its development process;



	
The molds and their manufacturing and connection method.








3.1. Progressing from Simple to Extended Construction


3.1.1. The Basic 2D Arch Structure


This section aims to propose an arch structural system by exploring various examples of potential assemblies, ranging from simple to more extended structures, using basic modules. The basic 2D arch structure and the modifications needed in order to extend its span are illustrated in Figure 7 (a flowchart of the production of the geometrical blocks and the basic structure). As shown, the arch is assembled by connecting geometric joint blocks with cylindrical blocks. To adjust the dimensions, additional cylindrical blocks can be added, allowing for an increase in the opening and, possibly, the height of the arch.




3.1.2. Modifying Structure from 2D to 3D


The application of this assembling method can be expanded into the realm of three-dimensional design, allowing for a more comprehensive and multifaceted approach to building and developing a structure. Figure 8 illustrates the basic 3D structure of arches. As shown in Figure 8, an additional column is assembled into the basic 2D arch structure to create a 3D structure. This expansion allows for greater complexity and innovation in structural design, enhancing architectural possibilities.




3.1.3. Different Approaches to Utilizing Geometric Blocks


There are many different perspectives on assembling geometric blocks to create various forms and fulfil different purposes. These include decorative objects, furniture, scenery for cultural events, exhibition pavilions, and a wide range of architectural elements or objects, each offering unique design possibilities and functional benefits. Figure 9a,b illustrate assemblies that can serve as bases for objects such as chairs or floor lamps, respectively. Figure 9c,d show an assembly of six joint blocks forming a circular structure. Figure 9e illustrates a combination of cycles, while Figure 9f presents a diamond crystal form structure. Joint blocks are generally used to create curved forms, whereas cylindrical objects are employed as extensions.



In addition, exploring different approaches to utilizing geometric blocks, such as tetrahedral or cylindrical units, can significantly enrich architectural studies by offering students a deeper understanding of structural efficiency and innovative design methodologies. These geometric blocks serve as a practical tool for exploring the fundamental principles of stability, load distribution, and modular construction. By experimenting with various configurations and applications of geometric blocks, students gain hands-on experience with cutting-edge materials and techniques. This exposure enhances their technical skills and also promotes creativity, encouraging future architects to introduce advanced design principles into their projects.






4. Discussion and Conclusions


Mycelium-based composites have the potential to replace conventional materials in architectural applications. This study employs modern technological methods and parametric design to explore the use of tetrahedral joint blocks in creating arch structures. These technological methods aim to optimize production processes, enhance material properties, and increase scalability. Initially, the focus was on simple assemblies, and it progressed to the use of various configurations of base modules to construct structures using sustainable mycelium bio-composite material, bearing in mind its inherent weaknesses. The emphasis is on effective material use to create large-scale structures. By maximizing material usage and minimizing bending moments and internal stresses, it is possible to design large-scale structures that efficiently distribute loads and maintain stability. Mycelium composite materials offer lightweight, regenerative properties, addressing the challenges associated with architectural bio-applications.



The proposal of the present work uses fundamental modules to explore an arch structure by examining various potential assemblies, from simple to more complex. The material properties of the mycelium bio-composite can influence the span of the basic 2D arch structure and its modifications. Geometric objects offer unlimited possibilities and can be arranged in various ways to create diverse architectural structures tailored to meet a wide range of needs in both 2D and 3D, for large- or small-scale projects.



This paper outlines the early stages of a broader investigation into the potential of mycelium-based composites as an alternative construction material. Future research could examine the impacts of various fungal species and substrates on mechanical properties and explore the potential for maximum span configurations. Additionally, efforts should focus on optimizing environmental conditions and cultivation processes. Future challenges include scaling up the manufacturing process for mycelium composites and developing creative geometries using this innovative bio-based material.
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Figure 1. Types of geometric blocks—tetrahedrons, cylinders—and their modification. 
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Figure 2. The geometric sub-block made from Ganoderma lucidum mycelium cultivated in a hemp fiber substrate (GIY kit, Ecovative). One of three types of geometric building elements with different geometry produced in the context of a Diploma Thesis in the Department of Architectural Engineering, and used in the present study. (a) Front view, (b) top view. 
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Figure 3. Assembling the geometric blocks. 






Figure 3. Assembling the geometric blocks.



[image: Architecture 04 00037 g003]







[image: Architecture 04 00037 g004] 





Figure 4. The molds created from 3D printing for the two basic geometrical blocks (PLA, Prusa Research); (a) cylinder geometric block; (b) one from the four sub-blocks of the joint geometric block; (c) joint geometric block. 
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Figure 5. Flowchart of production of geometrical blocks and basic 2D arch structure. 
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Figure 6. Details of the geometric sub-blocks’ assembly. 
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Figure 7. The basic 2D arch structure and its modifications. (a) The assembly of a joint block represents the beam between two columns to make an arch. (b) Assembling a joint and two additional cylindrical blocks to extend the span between the two columns of the arch. (c) The same as b, but instead of two, four additional cylindrical blocks. (d) The same as (b), but instead of two, six additional cylindrical blocks. 
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Figure 8. The basic 3D arch structure. 
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Figure 9. Assembling geometric blocks in different ways: (a) joint; (b) column; (c) circle; (d) circle, 3D version; (e) combination of circles; (f) diamond crystal structure. 






Figure 9. Assembling geometric blocks in different ways: (a) joint; (b) column; (c) circle; (d) circle, 3D version; (e) combination of circles; (f) diamond crystal structure.



[image: Architecture 04 00037 g009]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained