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Abstract

:

D4S (design for sustainability) is derived from the concept of “sustainable development”. The situation of energy and material resources directly dependent on human beings is deteriorating in the face of the major global problems threatening human development, such as population increase, desertification of the land, climate warming, forest reduction, extinction of species, and energy scarcity. Design plays a very important role in social development. On the one hand, design changes people’s lives. On the other hand, ecological damage, waste of resources, and environmental pollution also arise as a result of design activities. In this context, the concept of sustainable design comes into being. Based on D4S theory, this paper discusses the characteristics of bamboo and its application as a sustainable environmental material in furniture design. The status quo and problems of sustainable furniture design are analyzed using the sustainable design method, and the characteristics and processing technology of bamboo are preliminarily discussed, which provide a useful reference for sustainable design research related to bamboo furniture products. Secondly, the sustainable design strategy of bamboo furniture is put forward, sustainable design methods and principles of bamboo furniture are summarized, and sustainable design is explored through the practice of bamboo furniture design. Finally, an inventory of bamboo furniture design stage is compiled, which is scored according to design, plan implementation, and waste disposal to judge whether bamboo furniture meets the goal of sustainable development.
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1. Introduction


In the 21st century, with the rapid development of human society, the demand for resources has far exceeded the earth’s supply capacity, causing a huge ecological deficit [1]. Major global problems such as environmental degradation, climate warming, energy shortages, and health security threaten human existence [2]. The exploitation and utilization of renewable energy is an effective way for the sustainable development of society [3]. Bamboo is a sustainable biological resource that can be rapidly regenerated [4]. The existing technology shows that bamboo has a wide application value and has attracted attention from all over the world [5]. Furniture is an important tool in the human living environment, and with the improvement of people’s living standards, in addition to meeting people’s needs for furniture, it also conforms to the principles of sustainable development [6,7]. Through the exploration of bamboo furniture design, it is possible to improve the status of bamboo furniture design, adapt to the requirements of bamboo furniture sustainable development, and promote the continuous improvement of bamboo furniture and the healthy development of the human habitat, so as to advance harmonious coexistence and sustainable development among people, society, and the environment.



Furniture is necessary for people’s daily life. It is of great significance to social development to attach importance to the sustainable development of furniture. At present, furniture design under the concept of sustainable development is more focused on the technical aspects of materials, technology, etc. [8,9]. Bamboo furniture has been popular since ancient times as it is healthy for the environment and because there are abundant bamboo resources. On the one hand, bamboo furniture itself is considered naturally sustainable and does not require special consideration in design [10]. Therefore, bamboo furniture changes more quickly than other furniture, leading to serious waste when people use bamboo furniture. On the other hand, while the mechanical properties and service life of bamboo planks are somewhat affected, the resource and energy consumption generated by the secondary processing of bamboo planks greatly reduces their sustainability [11]. In addition, current bamboo furniture designs tend to only consider the “creation” aspects of design, such as form and function, while neglecting the “circulation” aspects of packaging, transport, use processes, and product waste, which are often areas of particular concern for sustainable design [12].



Based on sustainable development, D4S utilizes the knowledge and principles of ecological design, green design, and regenerative design, combines the characteristics and attributes of the sustainable design system, explores rational planning and the design of the human–machine environment, and builds a sound sustainable system of overall coordination and harmonious co-existence to provide systematic design services for human life and development [13,14]. The general principles of sustainable product design are integrity, coordination, liquidity, and innovation [15]. Specific principles are shown in Table 1.



This paper studies and analyzes the advantages, disadvantages, opportunities, and threats of bamboo furniture to provide a favorable direction for bamboo furniture development. This can be used to study and formulate relevant domestic and international certifications in order to standardize and promote the domestic bamboo furniture market and environment, and expand domestic and international markets to provide an important basis. Based on the existing theoretical framework of sustainable design research and the characteristics and processing factors of bamboo, this paper proposes the application of a sustainable bamboo design strategy in furniture product design. Through the limitation of the traditional bamboo application range, this paper highlights the wide application of bamboo in furniture product field, presents innovative solution design research and design practice, and finally evaluates whether bamboo furniture products reach the sustainable development goal by scoring the design checklist.




2. Literature Review


2.1. Research on the Concept of Sustainable Design


The concept of sustainable design derives from the concept of sustainable development. In 1980, the International Union for Conservation of Nature (IUCN) and others published the World Conservation Program (WCP), which proposed the slogan and concept of “sustainable development”. Subsequently, in 1983, the United Nations established the World Commission on Environment and Development. In its 1987 study “Our common future”, the organization defined “sustainable development” for the first time as development that meets the needs of present generations without compromising the ability of future generations to meet their needs [16,17,18]. This shows that human society can maintain ecosystems and make rational use of natural resources while achieving economic development and prosperity. The Hong Kong Polytechnic University academic Leung Ting interpreted the concept of sustainable development design as follows: “Sustainable development design is different from ordinary design. It only produces simple material products”. It is a strategic design activity that combines products and services to create and develop sustainable solutions to meet the specific needs of consumers [19]. In 1992, the United Nations held the Conference on Environment and Development in Rio de Janeiro and the Conference on Population and Development in Cairo in 1994 to promote sustainable development among governments. Various disciplines have initiated extensive research on sustainable development, in accordance with their own characteristics, and many studies have been conducted on sustainable development design [20,21]. The research process can be roughly divided into four phases: (1) Sustainable design pays more attention to the intervention of results, i.e., solving existing problems, such as advocating waste reduction and recycling. This is called “green design” [22]. (2) Sustainable design extends from product impact to product focus. The concept of a product life cycle is presented. The artificial sustainable design concept should run through the whole process of product development, production, packaging, transportation, use, maintenance, recycling, and so on [23]. (3) Sustainable design extends from a product focus to a whole range of products and services. The theory of product service system innovation is put forward. At this point, sustainable design has shifted from a mere focus on products to a focus on issues. The solution to the problem can be a product or dematerialized service. The service system is characterized by dematerialization, efficient use of resources, optimization of product lifecycle, extension of material life, etc., and has great potential for environmental protection [24,25]. (4) The focus of sustainable design has shifted from environmental and ecological issues to broader social issues, i.e., promoting social equity and solidarity, cultural diversity, and local sustainable development to address root causes, such as a more environmentally friendly “consumption pattern”, which includes sustainable designs of ”lifestyles” conducive to social development and health [26,27].




2.2. Research on Bamboo Furniture


Bamboo has a long history. The bamboo forests in Asia and the Atlantic Ocean are the largest in the world. Bamboo species and forests account for 80% per cent of the world’s area. While the world’s forests are rapidly declining, bamboo forests are growing at a rate of 3% a year. At present, the area of bamboo forests in the world has reached 22 million hm2, and annual production of bamboo timber production is 15–20 million tons [28,29]. Since bamboo is mainly distributed in Asia, especially in East and Southeast Asia, bamboo development and utilization are relatively common, and in China, Japan, Korea, and Southeast Asian countries, bamboo is a common raw material for making furniture. In Europe, relatively little research has been done on bamboo because it is very scarce, while research on bamboo in the Americas has mainly focused on its structure and properties [30,31,32,33]. The research on bamboo furniture in the early 21st century was mainly focused on research into the material properties of bamboo composite materials, the processing properties of bamboo furniture, and the development prospect of bamboo furniture [34,35]. Due to the large regional differences in the distribution of bamboo, the research on bamboo furniture also has large regional differences. More studies on bamboo furniture were conducted by Chinese scholars from 2018 to 2020 due to the protection of intangible crafts [36]. In India, research on bamboo furniture is mainly on the fiber aspects of bamboo, and research into bamboo furniture is mainly focused on raw bamboo furniture, which was studied and developed in a series by Sandeep Sangaroo (2011) [37]. In general, more international research has been focused on new materials for bamboo furniture, such as for the design of reconstituted bamboo furniture. Research from the perspective of dry shrinkage and wet swelling shows that reconstituted bamboo is suitable for use as a furniture manufacturing material. From the perspective of material bonding performance, research confirms that the moment strength of reconstituted bamboo is higher than that of ordinary solid wood. From the perspective of material corrosion resistance, research shows that outdoor corrosion-resistant reconstituted bamboo has a broad development space [38,39,40]. Taken together, most scholars are optimistic about bamboo furniture’s environmental performance and development potential, but there is a lack of systematic research on sustainable design, the environmental impact, and product evaluation.




2.3. Research on the Use of D4S Theory in Furniture Design


Under the guidance of D4S theory, furniture designers have discussed the application of various eco-friendly materials in furniture design. Common materials are corrugated paper, rattan, hemp, water grass, and grass planks [41,42]. One of the common features of these eco-friendly materials is that they have not become mainstream furniture materials; however, with the development of people’s environmental protection awareness and processing technology, more and more furniture made from eco-friendly materials is produced. These furnishings not only meet the requirements of low-carbon, green, and eco-sustainable design, but also implement the principles of making the best use of materials, reducing consumption and recycling, achieving zero pollution and formaldehyde, and making it more possible for people to create a comfortable and healthy living environment [43]. Notably, bamboo furniture has contributed significantly to this goal.



At present, the research of furniture based on D4S theory mainly focuses on material selection, material evaluation, and sustainable consumption in the sustainable design methodology of furniture. Sustainable design is a design activity based on sustainable development aimed at achieving harmonious coexistence and sustainable development for people, nature, society, and ecology [44,45]. Furniture is indispensable in human social life. Its production, utilization, and disposal are closely related to the ecological environment and sustainable development. The goal of sustainable furniture design is to apply the core idea of sustainable design to furniture design activities.





3. Materials


This chapter focuses on the characteristics of bamboo materials and the bamboo product manufacturing process to give designers and producers a clearer and more comprehensive understanding of bamboo. In order to make better use of bamboo wood in the process of bamboo product design, we highlight the advantages of bamboo wood, promote the application of bamboo wood in the field of industrial design, and demonstrate the sustainable development of bamboo furniture.



3.1. Characteristics of Bamboo


Bamboo has good elasticity and flexibility, and fresh bamboo has good thermoplasticity, i.e., it can be bent and shaped by heating to produce a variety of chic bamboo products. The density of bamboo varies according to the age (more mature bamboo has a higher density), part (the tip section or culm wall edge has a higher density), and bamboo species, averaging approximately 0.64 g/cm3. The dry shrinkage rate is lower than that of wood and it is anisotropic: the chordal dry shrinkage rate is the largest, the radial shrinkage rate is the second largest, and the longitudinal shrinkage rate is the smallest; water loss is fast and uneven when drying, thus diameter cracks easily form; air-dried bamboo is highly absorbent. The tensile strength of smooth grain is higher, approximately two times that of wood, and the tensile strength per unit weight is approximately 3–4 times that of steel; the shear strength of the smooth grain is lower than that of wood. When the moisture content is high, the compressive strength, tensile strength, shear strength, and radial bending strength of the smooth grain are lower. The texture becomes brittle, and the strength is lower when drying, but the cross-grain tensile strength, splitting strength, and chordal bending strength have no obvious effect. The strength gradually increases from the base of the culm upward: the outer edge of the culm wall (bamboo green) is stronger than the inner side (bamboo yellow), and the strength at the nodes (except for tensile strength) is slightly higher than between the nodes [46,47]. In the early stages of growth, when the tissue density is low, bamboo is less strong. Bamboo strength generally varies according to its species and age. In general, as bamboo ages, the intensity increases to a certain stage and then decreases [48,49]. The properties of bamboo and other commonly used furniture materials are compared as follows (Table 2).




3.2. The Processing Process of Bamboo Materials


Traditional bamboo raw materials are mainly applied in four forms: bamboo poles, bamboo slices, bamboo gabions, and bamboo strips (silk). The common bamboo raw material’s main processing methods are sawing, scraping green, opening, splitting, drawing, steaming, carbonization, drying, etc. The traditional processing methods of bamboo materials have a low degree of mechanization, resulting in a lower production efficiency and mostly labor-intensive manual work. The traditional structure and process cannot realize the serialization, standardization, and generalization of products [36,50].



In the early 1800s, the first synthetic bamboo plywood appeared in China. The development of modern material integration technology has laid the foundation for the emergence of bamboo material integration. The bamboo material integration process mainly includes two key processes: first, in the pretreatment process of bamboo raw materials, the nutrients, bacteria, and moisture are removed from bamboo materials via steaming and charring processes, and, according to the requirements of the integrated materials of the bamboo, the raw materials are processed into bamboo chips, bamboo strips, or bamboo fiber bundles; second, in the integration process stage, the use of phenolic resin and other environmentally friendly adhesives requires a solid content of 60% or above, a viscosity of 30–50 Pa·s, a free formaldehyde content of less than 0.5%, and an amount of glue is generally controlled at approximately 200 g/m2. Bamboo integration and wood integration are slightly different, with bamboo requiring a slightly higher hot-pressing time and pressure than wood. The division of labor of bamboo materials is becoming increasingly clear, and the upstream raw material supply directly provides bamboo chips, bamboo strips, bamboo wire, etc., to the downstream bamboo industry according to the requirements of the material processing preprocedure [51,52]. The different types of bamboo furniture are analyzed below (Table 3).





4. Methods


This chapter firstly analyzes the specific objectives to be considered in furniture design with respect to the characteristics of sustainable design, and proposes a general strategy for sustainable furniture design in conjunction with the life cycle of the product, so as to provide a theoretical basis for later research. Then, specific design strategies are proposed to cope with the main bamboo problems according to the characteristics of bamboo. Finally, the specific design for bamboo furniture design is proposed from the perspective of the “human-environment-material” relationship methods, thus laying the foundation for sustainable design strategies of bamboo furniture to better guide design practice.



4.1. Goals and Strategies of Sustainable Design


For furniture design, the goal of sustainable design is not only to make furniture a sustainable product through design but also to consider the “sustainable” aspects of the production process of the furniture itself and the disposal method after it is abandoned [53,54,55]. Therefore, the goals of sustainable furniture design should be as follows: (1) from the point of view of the function of furniture, first, it should conform to ergonomics, and extend the life cycle of the product as far as possible while considering comfort. (2) From the point of view of furniture materials, it should make the best use of everything, follow the principle of sustainability, use natural ecological materials, and make furniture materials as natural and ecological as possible. (3) From the perspective of furniture production, it should ensure a clean production process and minimize the damage and pollution to the environment. (4) From the perspective of furniture packaging, packaging materials are required to be nontoxic, easy to decompose, recyclable, and consider transportation costs and energy consumption. (5) From the perspective of the furniture sales process, the green marketing system should be adopted to reflect product characteristics.



With reference to the life cycle assessment theory of products and combined with bamboo furniture cases, the methods and strategies of sustainable furniture design are summarized as follows: (1) Selecting the material stage: No pollution or impact on the environment (emission of harmful gases, etc.) during use; choose materials that are renewable, degradable, and recyclable; select materials that are abundant in the area; choose materials with shorter growth cycles; choose ecological and green materials in the processing and manufacturing process; attempt to reduce material usage. (2) The design stage: Choose a sustainable structure design, refusing to complicate the structure; make disassembly and assembly more convenient and fast, and ensure it is convenient for flat packaging to save transportation space cost; ensure the easy repair and replacement of later parts, which is conducive to the recovery and reuse of discarded parts; ensure a multifunctional or modular design to improve the adaptability of furniture to extend the life of furniture, so the best use of everything is achieved, advancing the sustainable ecological concept. (3) The production stage: Minimize pollution; the waste, waste gas, and wastewater that cannot be avoided in the production process should be reduced to a minimum as much as possible, minimizing energy consumption, the consumption of materials, and various energy sources in the production process, and improving the material yield and reducing waste to the greatest extent. (4) The packaging stage: The principle of moderation should be adhered to as far as possible to reduce packaging materials; furniture packaging should be reused and reused for secondary sales; green packaging materials should be used, which can be recycled and decomposed naturally; choose strong wear-resistant, light weight, and pollution-free materials, with paper packaging now being the most appropriate material due to various comprehensive factors; choose the packaging material and process with less energy consumption and less material consumption. (5) The recovery and reuse stage: This stage depends on the material, waste product reprocessing and manufacturing, the recovery and reuse of old damaged parts, reducing the inevitable waste generated in the process of treatment, improving the recycling rate and the nonrecyclable parts to minimize their environmental pollution. The following design flow chart was created according to the above (Figure 1).




4.2. Furniture Design Based on the Life Cycle of Bamboo


The life cycle assessment of products emphasizes the comprehensive consideration of the whole process from product development to scrap, even recycling, and analyzes and assesses the comprehensive environmental impact of the process as much as possible [56]. It includes the acquisition of raw materials, the processing and production of materials and accessories, assembly and packaging, transportation, use, and disposal after abandonment.



The environmental assessment and analysis is helpful to find the method of sustainable design that most reduces the impact of the whole process on the ecological environment, saves energy and resources, improves the usability and economy of products, and finally realizes the sustainable development of enterprises and the market [57]. The furniture design for the life cycle of bamboo can be mainly considered from the changes in the mechanical properties of bamboo, color changes, changes in the bamboo furniture after its damaged, packing portability, and other aspects.



4.2.1. Design Strategy to Address Mechanical Property Changes


From purchase, through use, to the end of the process, the physical properties of the material may produce a series of changes. Specifically, for the bamboo used in this design practice, consideration can be given to how the original bamboo can better perform its mechanical properties in different trial stages and states. This is to consider the sustainability of the life cycle of the furniture from the function of the furniture. The experimental study of the radial fracture characteristics of 3-year-old moso bamboo with a moisture content of 9.66% using the three-point bending test method showed that the fracture toughness of radially cracked moso bamboo specimens was 0.2–1.2 MPam½ and gradually decreased with increasing crack depth. The fracture toughness of green bamboo was approximately 40% higher than that of yellow bamboo. As the number of bamboo nodes increases from the root to the tip, the diameter of bamboo gradually decreases, the length between nodes exhibits a parabolic distribution, and the radial fracture toughness decreases linearly [58].




4.2.2. Design Strategies to Cope with Color Texture Changes


Natural bamboo ware, i.e., bamboo ware made from raw bamboo, is only physically processed and shaped. It is not easy to control the color of this type of bamboo ware, as the color of the original bamboo is not simply the normal green color as appears on the outside, but may vary from yellow, white, to ebony after preparation. As long as the original bamboo ware is stored for a period of time and is used daily, the color will probably change in the following two main directions: from green (white) to yellow and finally to reddish-brown, due to the characteristics of the bamboo itself that determine the changes it undergoes as the environment changes. Therefore, we cannot simply judge yellow as the bamboo inner layer based on the color, or green as bamboo green. Bamboo green is not necessarily green. The way to determine whether it is bamboo green is to see whether there is a layer of substance like sodium on its surface. Reddish brown is the color change of the latter stage of high-quality natural bamboo. The other is from green (white) to yellow and then ebony. The black color occurs when the bamboo ware is not dried out in time after it is stored or used, it is immersed in water for a long time, or the bamboo used is young bamboo or bamboo from Yinshan, which will easily become moldy and black in later use. This kind of bamboo ware has little collection value and is mostly poor-quality bamboo ware. This is the problem we have to avoid in the design process. The color and texture of the bamboo itself will change as it ages and will also be affected by environmental changes in appearance. As the age of bamboo increases, the yellow and red color of the bamboo surface gradually becomes darker, while the brightness of the bamboo decreases slightly and the color becomes more calm and steady, e.g., from lime green and yellow–green to yellow, with black spots at a later stage. The different “colors” of bamboo have specific use value at different stages [59].




4.2.3. Design Strategies to Address Bamboo Cracking and Destruction


When a piece of bamboo furniture is completely damaged, it is possible to reuse it by processing it when it is split. For example, split bamboo can be used in a different form by splitting it into pieces, strips, or strands. With different forms of bamboo expression, the same material can be used in a new way with different forms. For example, in “Dandelion” in Figure 2 [60], the bamboo sticks are made using a handcraft technique to interlock and bite each other without other forms of connections, so that the characteristics of the bamboo material are reflected in a unique and interesting way. During the production process, the designer splits one end of the bamboo stick and then hammers it to produce a dandelion-like form, after which each part is carefully layered to create a large “Ottoman-style” structure. The original hard material is wonderfully soft in appearance.




4.2.4. Design Strategy to Cope with the Convenience of Packaging and Transportation


In the process of loading, unloading, and packing, bamboo furniture is packaged and stored into smaller, lighter, and less fragile parts to reflect the sustainable nature of bamboo furniture’s lower loss of energy, the cost of labor, the space it takes up, the rate of breakage during transportation, the consumption of packing materials, and many other aspects of the transportation process. The concept of sustainable design is reflected in many aspects. This requires one to explore the design of structures that can meet the requirements of the above aspects based on the physical and chemical properties of the bamboo itself at the beginning of the design. A clever structure can often be disassembled to store the components of the furniture in a very limited space.




4.2.5. Design Strategies for Bamboo Recycling


Due to the fast growth of bamboo, many people regard bamboo as an inexhaustible material, which is mostly due to the one-sided perception of the growth cycle of bamboo. This results in the crude treatment of bamboo while we are designing and manufacturing bamboo furniture.



In fact, although the growth cycle of moso bamboo is very short and fast, it is not suitable for growth in all parts of the world due to its inherent heat flushing and moisture retention properties. In this paper, we focus specifically on Chinese moso bamboo. China’s natural bamboo forest area of approximately 5 million hectares, which can produce up to an annual average of 500 million–600 million moso bamboos; however, the moso bamboo forest areas of Jiangxi, Fujian, Hunan, and Zhejiang provinces account for approximately 80% of the country’s moso bamboo forest area or more [4]. Therefore, if we continue to follow our past uncontrolled and extensive abuse, bamboo itself, although a sustainable raw material, will still lead to reckless waste that will result in an oversupply of the raw material and eventually have serious consequences. We should try to reuse the discarded bamboo materials, for example, by breaking them up and remaking them into new synthetic materials after technical processing and by weaving them to make the best use of their value. In the city, we can establish enterprises related to discarded furniture, second-hand furniture, usable but discarded furniture materials for recycling and reuse, and the complete destruction of furniture to disassemble the recyclable parts for reorganization. It is hoped that through government support, materials can be properly disposed of and the concept of sustainable development can be more widely spread.





4.3. Sustainable Bamboo Furniture Design Based on “Human-Material-Environment” Relationship


(1) In styling, we need to consider the “destylization” of the shape. This is because too much stylization strictly limits the use of bamboo furniture in the environment. “Destyling” means not attaching a specific style to the furniture and making it more universally adaptable. (2) Function: the reasonable conversion of function should be considered in combination with splitting or being extendable. After changing the use of the environment, the change of function of the same piece of furniture should be considered as far as possible, i.e., to promote multipurpose furniture. Small households change into large households, and space and household changes require a variety of uses. (3) The main structural points, i.e., the structural characteristics of bamboo itself, are the cylindrical nodal stalks. With strong adaptability, by adding a connector in the middle, you can make different bamboo poles connected together. This can also be done by sawing and changing the length. (4) Increase the combination of bamboo materials and other materials in bamboo furniture. Bamboo furniture does not necessarily mean that all bamboo materials must be used, and a single type of material furniture can easily form a certain exclusive style. In the concept of sustainable design, a particular style means that furniture design is treated in isolation, which is not conducive to considering the perspective of the relationship between furniture and people, furniture, and the environment. It is easy to associate natural materials such as bamboo and wood with styles such as Chinese traditional and Southeast Asian styles. Try to include metal, glass, acrylic, and other materials with different textures to improve the bamboo itself. Include strong style characteristics, so that the adaptability of bamboo furniture can be enhanced. Ensure that bamboo accounts for less than 70% of the whole volume of the furniture for visual effect [61].





5. Results and Discussion


On the one hand, this chapter elaborates on the practical aspects of the sustainable design of bamboo furniture in conjunction with the application of the sustainable design strategies proposed earlier. On the other hand, it creatively proposes a D4S-based bamboo furniture design evaluation method, which is an important theoretical study and practical guidance for the sustainable design of bamboo furniture.



5.1. Program Design Ideas


According to the analysis of D4S theory and bamboo furniture products, combined with the actual needs of furniture design, the innovative design ideas for this set of furniture were used to create the design concept diagram of the program (Figure 3). The design of the program mainly adopts the D4S product sustainable design method: a modular, standardized, multifunctional design, using bamboo integrated material and soft packaging; a simple manufacturing process, for easy mass production; simple, natural, and generous modeling, with a minimalist style; using basic functions and the expansion of powerful components, maintenance can be replaced; recycling aspects promote natural degradation, recovery, processing, and recycling.



5.1.1. Design Methods Used


First, with D4S theory as the guide, the design must meet the principles of sustainable design. Second, sustainable design methods, including modularization, standardization, and multifunctional design, must be used so that the developed products are environmentally friendly, practical, beautiful, multifunctional, recyclable, and innovative. Finally, this theory enables the products to achieve standardized production and save energy resources [62].




5.1.2. Design Strategies Adopted


An overall aesthetic was adopted with a systematic and local strategy. First of all, the preliminary design preparation and overall design target scheme fully considered the overall aesthetic factors of the product. Secondly, the whole design system of the product was standardized, so that every component of the product can be systematically produced. Then, using the localization strategy, the paper analyzed the existing bamboo forest resources in the area, shortened the distance between design, production, and consumption, and designed typical oriental style minimalist bamboo furniture.




5.1.3. Design Practice


Our team designed an outdoor bamboo furniture based on the D4S idea according to the previous design ideas and methods. Most of the modified solutions use the principle of bamboo fiber heating and the easy bending process. The whole piece of furniture was made of four monoliths of different heights, which are suitable for different users’ needs, and each monolith can be arranged freely for many occasions. The end of each monomer was designed with a stainless-steel edge to facilitate furniture assembly. The design took into account the idea of sustainable design in the selection of materials, functional design, production, packaging, recycling, and other aspects (Figure 4).



Bamboo furniture is not only a commonplace element in the environment but also a kind of craft. Its design requirements are as follows: be comfortable to use, have a solid structure and beautiful style, and be economical and easy to produce. Bamboo furniture is used to meet the needs of people’s work, study, life, and other aspects, so the size of the human body, the basic size of each part, and the storage of the items must ensure the comfort and convenience. A standard size should be developed to meet the needs of the public, which is used as the basic basis for designing bamboo furniture. To make the structure of bamboo furniture strong and durable, in the design of the parts, more bamboo or more double bamboo should be used, i.e., two bamboo pieces can be glued together. In this way, when the bamboo material is dry, moisture absorption causes slight shrinkage and expansion, and the bamboo strips can offset each other and obtain a balance, thus reducing the overall deformation to enhance the solidity.





5.2. Design Evaluation


The entire D4S bamboo furniture product design process was evaluated by means of a design checklist based on actual conditions and existing conditions. For the program we designed (Figure 4), 10 university experts and professors engaged in furniture product research, and 20 furniture product designers and 20 directors of related companies were invited to participate in this evaluation. A rapid evaluation of the project’s compliance with sustainability was guaranteed. In the evaluation using the design checklist, the higher the score in the check result column, the higher the sustainability rating; conversely, the lower the score, the lower the sustainability rating. The results of the statistical scores are shown below (Table 4).



Through the calculation of the average formula, the sustainability grade in the design evaluation table is divided into five grades: the worst, bad, medium, good, and excellent, according to the average score. The analysis results were used to form a radar chart, which visually shows the advantages and disadvantages of each perspective in a clearl manner (Table 5).
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The evaluation results show that this product is qualified as an environmentally friendly furniture product and can be marketed as so. For the use of packaging materials, cardboard materials are now mostly used on the market; however, cardboard materials are difficult to recycle and cause great waste, so further research and exploration of packaging materials for bamboo furniture is needed. Thus, this aspect could not be seen as environmentally friendly. This product can be used as environmentally friendly furniture, but it is not certain whether it can contribute to sustainable consumption according to the results of the survey above. In fact, most consumers’ knowledge of bamboo furniture is still insufficient, so strengthening people’s knowledge of bamboo furniture should be a focus before bamboo furniture can contribute to sustainable consumption.





6. Conclusions


Based on our knowledge of sustainable design, this study provides an effective way to understand the application of bamboo resources in furniture design and the inevitable connection between bamboo and sustainable design through the study of bamboo, the bamboo industry, and bamboo furniture. Based on D4S theory, this paper establishes the theoretical framework of bamboo furniture product design and draws the following conclusions:




	(1)

	
By studying the basic theory of D4S, the methods and modes of bamboo furniture design that can be directly and effectively applied are summarized. First of all, the main design methods are based on bamboo life cycle analysis, which adopt a modular, standardized, multifunctional design. Secondly, the model of sustainable product design is established. The main steps are to set up a sustainable design team, collect sustainable design data, design sustainable product plans, make decisions on sustainable product design, establish a sustainable design enterprise alliance, and formulate sustainable design criteria for the industry;




	(2)

	
The article provides a general analysis of bamboo furniture and clarifies the advantages, disadvantages, and positive development prospects of bamboo furniture. With the increasing demand for environmentally friendly furniture and improvements in the production process, bamboo furniture breaks through the traditional shape and structure design, and new bamboo furniture emerges to provide more choices for people. Through our case study of bamboo furniture products, we learned that current bamboo furniture products are uneven and lack a design sense. In addition, although bamboo is environmentally friendly, bamboo furniture is not necessarily environmentally friendly. Thus, we proposed the D4S bamboo furniture design strategy, including a systematic and localized approach, which will play a very important role in guiding the sustainable design of bamboo furniture;




	(3)

	
The article concludes by inviting professionals to evaluate existing bamboo furniture products using a design checklist, which is professionally scored in three stages: design solution, solution execution, and disposal, and make a judgement based on the scores. This was used as an evaluation method applicable to D4S bamboo furniture product design to judge the sustainability of bamboo furniture product design.









This study is based on the theory of sustainable design and is an exploration of this theory in the field of bamboo furniture design. D4S bamboo furniture design is a complex system with a wide range of design content, which requires a great deal of knowledge to gradually improve. Due to the limited research conditions, I was unable to conduct a systematic study of the whole system, and only propose some practical methods and strategies. As I was unable to conduct an assessment of the whole systematic framework, there are still many aspects to be further improved and studied: (1) Only three representative methods applicable to D4S bamboo furniture design were selected; these are not perfect and need further research. (2) There are many strategies for sustainable design, but, in the article, I only selected three that I think are most suitable for the sustainable design of bamboo furniture; thus, the content of the strategies needs further improvement. (3) The design evaluation method proposed at the end of the article has not yet been demonstrated using more examples; thus, further research and improvement are needed in conjunction with specific practices. I hope that this study will establish a basic framework for D4S bamboo furniture design, point out the imperfections of this framework, and provide ideas and directions for subsequent research. In addition, I hope that this framework will become more complete and practical over time.



The research on this topic shows that D4S bamboo furniture product design is in line with the needs of the times and has great research value. The results of the article’s analysis and the proposed methods and strategies are extremely feasible in reality; however, the support and collaboration of designers, enterprises, governments, and consumers is required to achieve the sustainable design of bamboo furniture and ultimately make the necessary contribution to improving human life and the environment.
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Figure 1. Design process. 
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Figure 2. “Dandelion” bamboo furniture design. 
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Figure 3. Design concept roadmap. 
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Figure 4. Modular outdoor bamboo furniture innovative design (author’s design). 
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Table 1. General principles of sustainable design.






Table 1. General principles of sustainable design.





	Principles
	Specific Instructions





	Integral
	Starting from the whole, we minimize the consumption and waste in the activities of design, production, sales, and usage to achieve the purpose of protecting energy resources.



	Harmony
	From the concept of harmony, through optimal design, we create a harmonious relationship between humans, machines, the environment, and society to achieve the purpose of harmonious coexistence.



	Circulation
	From the purpose of recycling, we can preserve, expand renewable resources and make reasonable use of nonrenewable resources, and extend their service life to achieve recycling through recycling design.



	Innovation
	From the sustainable design method, the existing product design is going to achieve innovation in terms of function, shape, structure, practicality, and cultural connotation.
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Table 2. Performance comparison of bamboo and other commonly used furniture materials.
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	Material
	Physical and Mechanical Properties





	Bamboo
	Density 0.81 g/cm3, coefficient of dry shrinkage 0.255%,

tensile strength 184.27 MPa, flexural strength 108.52 MPa,

compressive strength 65.39 MPa



	Wood (oak)
	Density 0.572 g/cm3, dry shrinkage coefficient 0.392%, tensile

strength 153.55 MPa, flexural strength 139.6 MPa, compressive strength 64.7 MPa



	Plastic (PVC)
	Density 0.9–2.3 g/cm3, hardness ≥ 85 HR, tensile

strength ≥ 36.8 MPa, bending modulus of elasticity ≥ 1961

MPa, Vicat softening point 83 °C, oxygen index 35%



	Steel
	Density 1.15 g/cm3, tensile strength ≥ 300 MPa, compressive

shrinkage strength ≥ 140 MPa, modulus of elasticity ≥ 30 GPa
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Table 3. Analysis of bamboo furniture.
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	Type
	Figure
	Description





	Round bamboo furniture
	[image: Sustainability 15 08832 i001]
	The number and scale of enterprises specializing in the production of round bamboo furniture is small, and the output of individual family-type workshops accounts for the majority of the total output of such furniture. The non-disassembled structure of round bamboo furniture not only wastes raw materials but is also not conducive to quality control and product standardization, serialization, and disassembly, and leads to low production efficiency, high transportation costs, and a small product circulation.



	Bamboo composite furniture
	[image: Sustainability 15 08832 i002]
	Bamboo laminated timber is produced with a certain hydrothermal carbonization treatment, and the finished product is well sealed, which can effectively prevent insect infiltration and mildew. Compared with wooden furniture, bamboo has strong physical and mechanical properties, and through a variety of applications of the material and rich color changes, it forms a diversity of styles to meet the needs of consumers at different levels.



	Bamboo reconstituted furniture
	[image: Sustainability 15 08832 i003]
	Heavy bamboo is pressed and produced using a special process, sometimes involving high temperature, and has a very high density, super hardness, and static bending strength. Due to the restructuring of the fiber structure of bamboo, the external problem of deformation is completely solved. The bending is achieved in one piece and it can be a natural replacement for high-grade mahogany without any trace of articulation.



	Bamboo bent and glued furniture
	[image: Sustainability 15 08832 i004]
	Bamboo bent and glued furniture mainly involves the use of bamboo, bamboo veneer, bamboo thin wood, and other materials, through the multilayer bending and gluing process.
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Table 4. Evaluation statistics results.
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D4S Bamboo Furniture Design Check Results






	
Evaluation date

	
4 October 2022

	
Sustainability rating

	
Level 2




	
Inspection items

	
Inspection content

	
Inspection result score

	
Total number of people selected




	
Design Solution Phase

	
① Maximum utilization of the characteristics of bamboo material

	
1 2 3 4 5

	
40




	
② Maximum compliance with user needs

	
1 2 3 4 5

	
42




	
③ Maximize business benefits

	
1 2 3 4 5

	
38




	
④ No follow-up or corresponding efforts are required to ensure greenness

	
1 2 3 4 5

	
35




	
⑤ Limited impact on the environment throughout the life cycle

	
1 2 3 4 5

	
34




	
Program Implementation Phase

	
① Use recyclable materials

	
1 2 3 4 5

	
45




	
② Use as few materials as possible

	
1 2 3 4 5

	
43




	
③ Easy to recycle

	
1 2 3 4 5

	
44




	
④ Conform to production standards

	
1 2 3 4 5

	
46




	
⑤ Lightweight processing and production

	
1 2 3 4 5

	
40




	
⑥ Reduce the application of auxiliary materials such as ink, adhesive, bleach, dye, lamination, etc.

	
1 2 3 4 5

	
39




	
⑦ Packaging materials are environmental protection materials

	
1 2 3 4 5

	
34




	
⑧ Product environmental protection certification qualified

	
1 2 3 4 5

	
46




	
⑨ Systematic, overall beauty, and localization strategies are implemented

	
1 2 3 4 5

	
44




	
Disposal Phase

	
① Recycled

	
1 2 3 4 5

	
46




	
② Recycling

	
1 2 3 4 5

	
45




	
③ Continuously consumed

	
1 2 3 4 5

	
42




	
④ Naturally, degraded

	
1 2 3 4 5

	
48








Note: 1—totally unsatisfied; 2—relatively unsatisfied; 3—satisfied; 4—relatively satisfied; 5—very satisfied. The number of boxes added indicates the average integer score of the evaluation results.
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Table 5. Analysis of evaluation results.
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Inspection Items

	
Inspection Content

	
Radar Chart of Examination Results Scores






	
Design Solution Phase

	
① Maximum utilization of the characteristics of bamboo material

	
[image: Sustainability 15 08832 i005]




	
② Maximum compliance with user needs




	
③ Maximize business benefits




	
④ No follow-up or corresponding efforts are required to ensure greenness




	
⑤ Limited impact on the environment throughout the life cycle




	
Through the radar chart analysis, it can be intuitively seen that the experts, professors, furniture product designers, and business leaders were most satisfied with this solution because most people use the characteristics of bamboo wood to design furniture products with strong practicality.




	
Program Implementation Phase

	
① Use recyclable materials

	
[image: Sustainability 15 08832 i006]




	
② Use as few materials as possible




	
③ Easy to recycle




	
④ Conform to production standards




	
⑤ Lightweight processing and production




	
⑥ Reduce the application of auxiliary materials such as ink, adhesive, bleach, dye, lamination.




	
⑦ Packaging materials are environmental protection materials




	
⑧ Product environmental protection certification qualified




	
⑨ Systematic, overall beauty, and localization strategies are implemented




	
Through the analysis, it can be intuitively seen that the packaging material score of bamboo furniture was relatively low, which is not conducive to sustainable use. It is easy to waste packaging materials and, therefore, this needs further improvement.




	
Disposal Phase

	
① Recycled

	
[image: Sustainability 15 08832 i007]




	
② Recycling




	
③ Continuously consumed




	
④ Naturally, degraded




	
According to the analysis, the most important feature of the bamboo furniture was its natural degradation properties, and that it is easy to recycle and reuse; however, achieving sustainable consumption still requires the efforts of many parties.
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