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Abstract: Fibers are used in many forms in engineering applications–one of the most common being used as reinforcement. Due to its renewable short natural growth cycle and abundance of bamboo resources, bamboo fiber has attracted attention over other natural fibers. Bamboo fiber has a complex natural structure but offers excellent mechanical properties, which are utilized in the textile, papermaking, construction, and composites industry. However, bamboo fibers can easily absorb moisture and are prone to corrosion limiting their use in engineering applications. Therefore, a better understanding of bamboo fiber is particularly important. This paper reviews all existing research on the mechanical characterization of bamboo fiber with an emphasis on the extraction and treatment techniques, and their effect on relevant properties. The chemical composition of bamboo fibers has also been thoroughly investigated and presented herein. Current applications and future opportunities for bamboo fibers in various fields have been presented with a focus on research needs. This work can serve as a reference for future research on bamboo fiber.
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1  Introduction

Bamboo is a naturally grown renewable material that will decompose if discarded after end-of-life, and it offers excellent environmental performance based on the Life Cycle Assessment (LCA) [1]. The use of bamboo in construction is in line with the concept of sustainable development [2–9].

In view of sustainability, the development and utilization of natural fiber [10–12] have become a research hotspot. Bamboo fiber can be directly extracted from bamboo to be used for other engineering applications. The cross-section of bamboo fiber presents a hollow structure offering excellent moisture absorption ability and air permeability; and the vascular bundles of bamboo fibers are distributed along the radial direction, which is conducive to the classification and utilization of bamboo fibers [13–17]. This paper reviews all research relevant to mechanical properties and utilization of bamboo fiber so that researchers are aware of the current-state-of-the-art to drive future innovation in this field.

2  Classification of Bamboo Fiber

Bamboo fiber (Fig. 1 [18]) can be divided into the natural bamboo fiber, bamboo pulp fiber, and bamboo charcoal fiber [19]. Natural bamboo fiber [20] is a fiber directly extracted from bamboo using physical or microbial degumming. The crystalline structure properties of the original bamboo fiber do not change during the extraction process, which makes the fiber natural. Bamboo pulp fiber [19] is made from bamboo pulp, suitable for the production of fiber, from which the fiber is then obtained. Bamboo charcoal fiber [20] is made by surface treatment of nano-level bamboo charcoal powder, then a slurry is added to the viscose and drawn into a wire shape; this method is mostly adopted in the textile industry.

In China, bamboo fiber is mainly divided into the aforementioned three categories. Natural bamboo fiber retains the characteristics of the original bamboo but this requires more raw materials making the manufacturing process of natural fibers technically inefficient. At present, bamboo fiber products on the market are mainly made of bamboo pulp fiber and bamboo charcoal fiber [13].
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Figure 1: Bamboo fiber: (a) Macroscopic bamboo fiber, (b) Scanning electron microscopic image [18]

3  The Chemical Composition of Bamboo Fiber

Bamboo fiber is a natural bio-composite and the main chemical constituents of bamboo fiber are cellulose, hemicellulose, and lignin [19,21].

3.1 Cellulose

Cellulose [22] is mainly composed of three elements such as carbon, hydrogen, and oxygen, and it is the material basis that forms the cell wall of bamboo fiber [19]. Typically, cellulose remains in the form of microfibrils within the cell wall of plant [23]. Wang et al. [24] analyzed the chemical composition of bamboo fiber used for textile after separation and found that its cellulose content reached 73.83%. Cellulose is the main factor affecting the tensile strength along the grain of bamboo fiber and the cellulose content is closely related to the bamboo age. It is worth noting that the cellulose content of the same bamboo material decreases with the increasing age of bamboo [19].

3.2 Hemicellulose

Hemicellulose [19] is an amorphous substance offering a low degree of polymerization and it exists between fibers. Hemicellulose is a complex polysaccharide with xylan as the predominant chain, and the branches mainly include 4-O-methyl-D-glucuronic acid, L-arabinose, and D-xylose [25]. Fengel et al. [26] studied the polysaccharide fraction of Phyllostachys makinoi extracted with 5% and 17.5% NaOH and observed that its main component was arabinoxylan, and the ratio of xylose to arabinose was 17–18:1. Sun et al. [27] analyzed the bamboo polysaccharide components extracted by two different methods and reported that most of the polysaccharide components after extraction with distilled water were glucose, while the content of xylose was higher after extraction with alkaline.

3.3 Lignin

Lignin [19] is a kind of polymer with complex structures and of many types. The basic units of lignin mainly include guaiacyl, syringyl monomers, and p-hydroxyphenyl monomers [25]. The structural units in lignin are mainly connected by ether bonds and carbon-carbon single bonds [19]. Lignin is not evenly distributed in the bamboo fiber secondary wall. Generally, the concentration of lignin in the broad layer is lower, while the concentration of lignin in the narrow layer is higher [25]. The presence of lignin also gives bamboo material a certain degree of stability. The lignin content also varies with the age of the bamboo [19]. The basic skeleton of lignin can be roughly divided into three types as shown in Fig. 2 [25].

[image: images]

Figure 2: The basic skeletons of several lignins [25]

In addition to the three main components, lignin often contains various sugars, fats, and protein substances and a small amount of ash elements [19,21,25]. These chemical compositions affect not only the properties of bamboo, but also the application of bamboo fiber.

4  The Basic Structure of the Bamboo Fiber

The cells of bamboo are mainly composed of fiber cells, parenchyma cells, ducts, epidermal cells, sieve tubes, companion cells, and some other cells [25]. The cell structure is shown in Fig. 3 [28,29].
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Figure 3: The model of polylamellae structure: the wide layer (L1–L4), the narrow layer (N1–N4), the primary wall (P), the external sheet of the secondary wall (O) [28,29]

According to previous studies [19,25,28,29], bamboo fiber cells have no inner wall, but the middle layer of the secondary wall has a multi-layer structure. The orientation of microfibers varies between layers of the bamboo fiber cell wall, as well as between different types of bamboo. The direction of microfibers in the narrow layer is a near-horizontal spiral arrangement, whilst the direction of microfibers in the wide layer is a near-axial spiral arrangement. Due to the different fiber orientations of the narrow layer and the wide layer, bamboo is anisotropic. The different distribution of vascular bundles leads to different longitudinal permeability of bamboo fibers, which in turn affects the penetration of chemical reagents and has a certain impact on the composition analysis and production of bamboo fibers.

5  Characteristics of Bamboo Fiber

Considerable research has been reported on the characteristics of bamboo fiber highlighting its short production cycle and its environmental benefits compared to other artificial fibers. There are large voids between bamboo fibers, which can absorb various odors, dust, and other harmful substances, and can also purify the air and control humidity. The bamboo fiber has a strong antibacterial effect and contains sodium copper chlorophyll, which provides refreshing and anti-ultraviolet effect [19,30,31]. However, bamboo fiber also has some shortcomings including high water absorption, corrosion, and poor durability [19]. Hence, when using bamboo fibers, attention should be paid to water-proof and mildew-proof treatment to improve the durability of bamboo fiber products.

6  Production Method of Bamboo Fiber

According to the analysis, the microstructure of bamboo is anisotropic, which reduces the energy requirement to separate and extract bamboo fibers [19,25,32,33]. However, difficult aspects of the bamboo fiber production process are the removal of chemical components such as lignin and the decomposition of bamboo fiber. At present, methods of chemical, biological, physical, and joint production methods are commonly used [19]. NaOH can be used for the treatment of bamboo fibers [34–37]. However, increasing the concentration of NaOH adversely affects the tensile strength and tensile modulus of bamboo fibers; the addition of NaOH changes their brittleness to ductility [34]. Fig. 4 shows the scanning electron micrograph (SEM) of treated bamboo fiber [35].
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Figure 4: SEM images of bamboo fiber: (a) cross-section of bamboo fiber (b) longitudinal section of bamboo fiber [35]

Extraction of bamboo fiber often requires a combination of methods to meet the application requirements. An et al. [38] developed a green integrated technology that combines ultrasonication with subsequent cellulase treatment. The ultrasonication destroyed the crystalline structure of the fiber and exposed its surface, which significantly improved the efficiency of cellulase treatment and improved the flexibility of the fiber. Fig. 5 is a schematic diagram of this method [38].
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Figure 5: Schematic of ultrasonication pretreatment combined with cellulase treatment of bamboo CTMP fibers: (a) schematic of ultrasonication; (b) schematic of cellulase treatment effect; (c) schematic of bamboo fiber and preparation of soft tissue paper via a paper-making process; (d) SEM image of initial bamboo fiber; (e) SEM image of ultrasonication pretreated fiber; (f) SEM image of the bamboo fiber after ultrasonication and cellulase treatment (g) SEM image marked in (d); (h) SEM image marked in (e); (i) SEM image marked in (f) [38]

7  Mechanical Properties of Bamboo Fiber

7.1 Testing Technology of Mechanical Properties

Tensile testing of single fiber [39–41] refers to the direct axial stretching of tracheids or fibers at the single-cell level. Nanoindentation [41–43] consists of pressing a tiny diamond probe into the surface of the material with a very small force, and continuously collecting the load acting on the needle tip and the indentation depth of the sample during the loading and unloading process. Tensile testing of single fiber and nanoindentation are two commonly used technologies to measure the mechanical properties of plant cell walls.

Considerable research has been reported on the mechanical properties of bamboo fiber and the Young’s modulus and the tensile strength were reported to be 11–17 GPa and 140–230 MPa, respectively [44]. Tan et al. [45] carried out a bamboo fiber cell wall indentation test and reported that the tensile modulus showed a decreasing trend from the outside surface of the bamboo to the inside surface. Wang et al. [46] compared the tensile mechanical properties of four different types of fibers: bamboo, kenaf, Chinese fir, and ramie, and the results showed that the tensile properties of the bamboo fiber were superior to the other fibers. Wang et al. [47] compared bamboo and wood fiber cell walls and observed that the mechanical properties of bamboo outperformed those of wood. Wang et al. [48] also reported that the orientation of cellulose fibrils was almost along the fiber axis to maximize the longitudinal modulus of elasticity. Rao et al. [49] compared chemically and mechanically extracted bamboo fibers; the mechanical properties of the chemically extracted fiber were superior to the mechanically extracted ones. Wang et al. [50] found that the fracture behavior of bamboo fibers that are adjacent to the inner part was brittle (Fig. 6a), whilst those closer to the outer part exhibited ductile fracture (Fig. 6f).
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Figure 6: The SEM images of the fracture surface: (a)–(f): 6 groups of specimen samples from the inside to outside of the bamboo stem along the radial direction [50]

7.2 Influencing Factors of Mechanical Properties

Many factors affect the mechanical properties of bamboo fibers such as the chemical composition and structure of bamboo fibers, moisture content, age of bamboo, etc. [41]. Tian [41] reported that the tensile modulus of bamboo decreased with the removal of hemicellulose but did not change significantly with the removal of lignin. The tensile strength of bamboo fiber also decreased with the removal of chemical constituents, whilst ductility decreased slightly with the removal of lignin but increased with the removal of hemicellulose.

The structure of bamboo fiber cells is complex, and the middle layer of the secondary wall of the cell has a multi-layered structure [19,28,29]. Therefore, the lignification of the thin and thick layers in the multilayer structure varies, and the orientation of the microfibrils is different, resulting in a relatively large difference in mechanical properties between adjacent wall layers [51,52]. The multilayered cell wall structure leads to better fracture resistance and promotes internal sliding between the cell wall layers during tension (Fig. 7) [53]. The microfibril angle is also an important factor affecting the mechanical properties of the fiber; typically, the tensile strength and tensile modulus of the fiber increase with decreasing microfibril angle [54–56]. Hence, the smaller microfibril angle is an important factor that contributes to the excellent mechanical properties of bamboo fiber.
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Figure 7: SEM images of bamboo fiber: a and b. one-year-old bamboo fiber, c and d. four-year-old bamboo fiber, the red arrows point to the fibers with more cell layers [53]

There are large voids between bamboo fiber molecules, which have good hygroscopicity. Therefore, the moisture content is also an important factor affecting the mechanical properties of bamboo fibers. Wang et al. [57] studied the effect of moisture content on the mechanical properties of bamboo from the macroscopic and cell wall scales, and reported that under the fiber saturation point, the compressive modulus of elasticity, the indentation modulus of elasticity, and hardness of bamboo fiber decreased with the increase in moisture content. Tian [41] used tensile test of single fiber and nanoindentation to study the effect of changes in moisture content on the mechanical properties of bamboo fibers and observed that as the moisture content increased, the tensile modulus and tensile strength of bamboo fibers decreased significantly but the elongation at break increased. Test results showed that the strength and stiffness of four-year-old fiber were better than those of one-year-old fiber, but the difference in the mechanical properties of the single fiber in the longitudinal and radial directions of the bamboo stalk was not obvious [43].

Previous research projects on bamboo fibers primarily focused on the mechanical properties and relevant factors affecting those properties by using tensile test and nanoindentation techniques. Reported research outcomes clearly show that bamboo fibers offer excellent mechanical properties. Additional research is required for the general characterization of bamboo fibers and their extraction methods to promote their use in various engineering and everyday product applications.

8  Application of Bamboo Fiber

Bamboo fiber is currently used in the textile, papermaking, and construction industries in various formats. Recently, bamboo fiber has attracted the attention of composite material researchers and has been gradually making its way into the composite material industry.

8.1 Textile Industry

Compared to other fibers, bamboo fiber has good hygroscopicity, can reflect light, and reduce the absorption of heat radiation, and can be used for clothing production [58,59]. At the same time, bamboo fiber has a strong antibacterial effect and can be used in the production of medical supplies, such as masks and medical gauze [19]. In the textile industry, bamboo fiber can be utilized on its own or in combination with other materials such as silk and cotton fibers.

Despite the potential and widespread application of bamboo fiber in the textile industry, some of its shortcomings, such as the short length of single bamboo fiber and the easy water absorption of bamboo fiber fabrics should be addressed through fundamental research.

8.2 Papermaking Industry

Since bamboo fiber has an antibacterial effect and its length is close to coniferous trees, it can be used in the papermaking industry [60–64]. China has a long history of using bamboo for papermaking. Bamboo was utilized in the papermaking industry as early as 1700 years ago. And the use of bamboo for machine-made paper production in China began in the 1940s [63]. In recent years, due to the shortage of wood fiber, bamboo fiber has become an indispensable raw material for papermaking [61]. It should be noted that although bamboo fiber is a good papermaking material, compared to wood, the cost of bamboo planting, storage, and transportation is higher, and the price of bamboo fiber is easily affected by the market [61].

8.3 Construction Industry

Studies have shown that in the production of some building materials, natural fibers can replace traditional steel [65] and synthetic fibers [66], and improve their mechanical properties [67–69]. Bamboo fiber is a natural fiber with excellent mechanical properties, and incorporating it into concrete leads to better physical and mechanical properties [70,71]. Terai et al. [72] studied the effect of adding 0%, 1%, and 2% (by volume) bamboo fiber on the mechanical properties of concrete and found that the flexural strength, tensile strength, and compressive strength of bamboo fiber reinforced concrete increased with the increase in bamboo fiber content. Wahyuni et al. [73] added 0.50% bamboo fiber based on the weight of cement and compared splitting tensile strength of concrete at the age of 28 and 90 days; test results showed that the mechanical properties of the new type of concrete mix were comparable to those of ordinary concrete. Ramaswamy et al. [74] studied the deformation properties of bamboo fiber concrete and reported that the addition of bamboo fiber could reduce the shrinkage deformation of coagulation. Chin et al. [75] conducted experiments on bamboo fiber composite plate (BFCP) reinforced concrete beams, and the results showed that its structural bearing capacity increased by 10–12% compared to unreinforced beams.

Bamboo fiber can also be added to the cement paste to develop bamboo fiber reinforced cement [76]. Studies have shown that adding an appropriate amount of bamboo fiber can enhance the toughness of cement, but if the amount of bamboo fiber is excessive, it can cause fiber agglomeration (Fig. 8) and, hence, cannot enhance the maximum flexural strength and impact resistance of the composites [77]. Akinyemi et al. [78] studied the effects of different pre-treatment methods on bamboo fiber cement composite materials and observed that microwave-assisted alkali treatment enhanced mechanical properties. Sanchez-Echeverri et al. [79] compared the performance of bamboo fiber reinforced cement made from treated and untreated bamboo fibers and reported that the applied alkali treatment produced enhanced flexural strength. They also observed that after alkali treatment, the impurities on the surface of the bamboo fiber were significantly reduced giving a cleaner surface (Fig. 9) [79]. Huang et al. [80] analyzed the applicability of bamboo fiber and bamboo charcoal resources as building fillers in tropical and subtropical regions through the hygrothermal properties test as well as through simulation of the building component and the enclosed space.
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Figure 8: SEM images of fracture surface: (a) 4% (by weight) bamboo fiber, (b) 8% (by weight) bamboo fiber, (c) 12% (by weight) bamboo fiber, (d) 16% (by weight) bamboo fiber [77]
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Figure 9: SEM images of fibers before and after the treatment. The fibers were refined with different degrees of beating: (a) 0, (b) 1,500, (c) 4,500, (d) 7,500, and (e)10,000 revolutions. The white arrows indicate fibrosis due to the refining process [79]

8.4 Composite Material Industries

Due to the advantages of bamboo fiber composite materials such as low density, light weight, and good extensibility, they have the potential to be used in aerospace, marine engineering, advanced rail transit, power equipment, and automobile manufacturing, etc. [19]. In daily life, similar to wood [81], bamboo fiber composite materials can be used to make furniture, flooring, and sports equipment such as decks [82]. Test evidence reported on bamboo fiber reinforced composites are quite promising although the manufacturing technique of such composites would require significant research.

The bamboo fiber secondary wall contains alternating broad and thin layers with a distinct transition zone between the layers. Li et al. [83] were inspired by the transition zone in the bamboo fiber secondary wall and designed a similar zone in the glass fiber/epoxy and glass fiber/polyester composites. The test results showed that the interlaminar shear strength of the glass fiber/epoxy and glass fiber/polyester composites with transition zone about 15.8% and 13.3% higher than those without transition zone for the considered composites respectively. Mandal et al. [84] studied the properties of glass/bamboo fiber reinforced unsaturated polyester resin-based hybrid composites made by replacing 25%, 50%, and 75% (by weight) of glass fibers with bamboo fibers. Test results showed that whilst the addition of 25% bamboo fiber did not cause fiber aggregation and had little effect on the performance of composites, the addition of excessive bamboo fibers caused the fiber/matrix segregation leading to inferior performance. Samal et al. [85] studied the influence of the content of maleic anhydride grafted polypropylene (MAPP) on the mechanical properties of polypropylene–bamboo/glass fiber hybrid composites. It was reported that MAPP improved the interface interaction between the fiber and the matrix and enhanced the mechanical properties of the composite such as the tensile strength, tensile modulus, flexural strength, flexural modulus, and impact strength. Rao et al. [86] studied the bending and compression properties of bamboo/glass fiber reinforced epoxy hybrid composites. The test results showed that the bending and compression properties of composite materials increased with the increase in glass fiber content, and the performance of composites made from bamboo fiber treated with alkali was better.

Studies have shown that the use of natural fibers such as bamboo fiber can enhance the toughness of brittle thermosetting polymers such as polyester and epoxy [87–90]. Bamboo fibers can be mixed with various polymers to form new materials, such as polyester-based bamboo fiber reinforced composites, epoxy-based bamboo fiber reinforced composites, phenolic resin-based bamboo fiber reinforced composites, polypropylene-based bamboo fiber reinforced composites, polyvinyl chloride-based bamboo fiber reinforced composites, and polystyrene-based bamboo fiber reinforced composites [82].

Nguyen et al. [91] studied bamboo fiberboard made of bamboo fiber and protein-based bone glues and observed that the pores of the fiberboard were relatively large, and the best pressing conditions for bamboo fiberboard were at 150 kgf/cm2, with the temperature of 160°C, and the pressing time of 15 min. Chin et al. [35] carried out tensile and flexural tests and reported that bamboo fiber reinforced epoxy composites (BFREC) with a fiber volume fraction of 40% had higher tensile and flexural strength ratios than bamboo fiber reinforced polyester composites (BFRPC) and bamboo fiber reinforced vinyl ester composite (BFRVC); the reported comparison is shown in Fig. 10 [35]. Kumari et al. [92] used natural bamboo fiber (BF), polyester resin (PR), and Euphorbia cementitious (EC) as raw materials to prepare new composite material that could be used for wood substitutes, automobile parts, sports equipment, etc.

Chen et al. [93] studied the effect of the amount of MAPP on the properties of bamboo fiber reinforced polypropylene composites (PP) and observed that when the amount of MAPP was 24% by weight, the tensile modulus, tensile strength, impact strength were significantly improved. Phuong et al. [94] studied the effect of chemical treatment of bamboo fibers on the properties of recycled polypropylene/bamboo fiber composites and reported that alkali treatment removed impurities on the surface of bamboo fibers, increased the contact surface of bamboo fiber within composites, and improved the tensile strength and Charpy impact strength of the composite material.
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Figure 10: The comparison of tensile and flexural properties of bamboo fiber composites [35]

Lee et al. [95] studied the effects of chemical modification (silane coupling) and filler loading on the properties of bamboo fiber-filled polypropylene bio-composites. Test results showed that as bamboo fiber loading increased, the tensile strength, flexural strength, and impact strength of the material decreased, while the tensile modulus, flexural modulus, and water absorption of the material increased. Tang et al. [96] prepared polypropylene-based composites reinforced with single bamboo fibers and analyzed the effect of single bamboo fiber content on the properties of the material. It was observed that the impact strength and the elastic modulus increased with the increase in the single bamboo fiber content, which enhanced the toughness and rigidity of the composite.

Bamboo fiber reinforced epoxy composites have also attracted attention in the recent past. Lokesh et al. [97] studied the effect of bamboo fiber content on the mechanical properties of bamboo fiber-reinforced epoxy composites; test results showed that the impact strength, tensile strength, and flexural strength of composites increased with the increase in fiber content, but excessive bamboo fiber caused the lack of proper bonding between the matrix and the fibers around the interface, resulting in poor mechanical properties of the composite material. Nirmal et al. [98] used different fiber orientations in the epoxy matrix as influencing factors to explore the adhesive wear and friction properties of bamboo fiber reinforced epoxy composites. Based on the test evidence they reported that the composites showed excellent adhesive wear when the bamboo fibers were not parallel to each other. Alkali treatment has been reported to enhance the performance of bamboo fiber reinforced epoxy composites [99–101]. In addition to alkali treatment, Kushwaha et al. [99] also studied the effects of treatments with different silane derivatives on the water absorption properties of bamboo fiber reinforced epoxy composites and found that the effect of treating with Aminopropyltriethoxysilane produced the best outcome. Huang et al. [100] studied the effect of bamboo fiber diameter on the tensile properties of bamboo fiber reinforced epoxy composites; conducted tests showed that the tensile strength and Young’s modulus of the composite increased as the diameter of the bamboo fiber decreased. Rajulu et al. [102] produced short bamboo fiber reinforced epoxy composites, and reported that with the increase in bamboo fiber content, the void content and density of the material showed a decreasing trend.

Tang et al. [103] improved the mechanical properties of phenolic foams by adding bamboo fiber and concluded that phenolic foam composites achieved the best mechanical properties when bamboo fiber was added 2.5% (by weight). At the same time, by observing the microscopic image of the composites (Fig. 11), it was concluded that the fiber was well impregnated in the foam cell and did not pass through the cell. Das et al. [104] studied the fracture energy of unidirectional bamboo strips–novolac composites, and the test results showed that the long fibers in the composite material made of bamboo treated by NaOH were pulled out, which led to an increase in the fracture energy of composites.

Yusof et al. [105] compared the mechanical properties of bamboo fiber reinforced tapioca starch biodegradable composites made from untreated, alkali-treated, and permanganate-treated bamboo fibers. The test results showed that the tensile strength, tensile modulus, flexural strength, and flexural modulus of the treated composites were higher than those of the untreated composites, and the mechanical properties of the alkali-treated composites were the best.
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Figure 11: The microscopic image of phenolic foam composites [103]

Jena [106] studied the effects of two short bamboo weight fractions, i.e., 10% and 15% by wt., on the mechanical properties of short bamboo fiber reinforced polyester composite beams; test results showed that 15% by wt. produced higher hardness, tensile strength, and impact strength but 10% by wt. fraction produced higher flexural strength.

Rawi et al. [107] measured the impact strength of bamboo fabric–poly (lactic acid) composites. The test results showed that compared with pure polylactic acid, the impact strength (warp direction) of bamboo fabric–poly(lactic acid) composites increased by 240%. It should be noted that bamboo fabric–poly (lactic acid) composite, as an environmentally friendly material, has a wide range of application prospects [108]. Porras et al. [109] studied the performance of Polylactide/Bamboo fabric composites. They used the scanning electron microscope to observe the bond between the bamboo fiber and polylactide matrix, and reported that bamboo fibers were well dispersed in composites and could also pass through the matrix producing a better combination (Fig. 12). They also observed the tensile failure morphology of the bamboo fabric/PLA laminate and reported that the matrix failure was characterized by brittle behavior in a staggered manner (Fig. 13).
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Figure 12: The SEM image of the bond between the bamboo fiber and polylactide matrix: (a) Fracture of fiber yarn at a different length, (b) Bamboo fiber yarn, (c) Fiber bundles are attached to each other by the matrix, (d) Adhesion between the bamboo fibers and the PLA matrix [109]
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Figure 13: SEM image of the Bamboo fabric/PLA laminate tensile fracture: (a) Structure of laminate, (b) matrix cracking [109]

From the aforementioned detailed review, it is obvious that many researchers across the globe, especially in China where bamboo is in abundance, investigated microstructural and mechanical properties of various types of composites containing bamboo fiber. One of the primary focuses of previous research was to investigate the effect of using different proportions of bamboo fibers in composites and study the relevant changes in mechanical and physical performance. Whilst those investigations are useful, there should be more fundamental research to examine how bamboo fibers interact at the micro-level with other composite materials to achieve an optimum mix proportion. Considering bamboo is a natural fiber, the durability aspect of such hybrid composites must be carefully investigated for practical applications. The use of excessive bamboo fibers will most likely deteriorate mechanical performance as has been reported by some researchers. Systematic fundamental research would be required to explore the full potential of bamboo fibers’ usage in engineering applications. Alkali treatment has been reported to have a positive effect on the mechanical properties of extracted fibers. Significant research is required on extraction techniques so that large-scale commercial production of bamboo fiber is possible, and the relevant treatment method should also be investigated to enhance their mechanical properties for engineering applications. Fire resistance of bamboo fiber based composites [110] should also be further investigated.

9  Conclusion

As a fast-growing natural renewable material, bamboo could offer excellent sustainable solutions to reducing the carbon footprint of the construction sector, especially in highly populated regions in the world where bamboo is available in abundance. Whilst the use of round bamboo in construction has been in practice for centuries, recent advancements in manufacturing technologies have seen innovation in engineered bamboo products as well as in the use of bamboo fiber for various applications. Bamboo fibers can be extracted directly from natural bamboo using a number of techniques although the existing production techniques for fiber extraction are relatively complicated. Typically, several steps are involved in producing bamboo fibers with excellent mechanical properties. The treatment method is also a key factor in retaining useful mechanical properties of the fiber; alkali treatment has been reported to outperform other methods. Tensile testing of single fiber and nanoindentation are two common methods used to measure the mechanical properties of bamboo fiber. Many factors have been reported to affect the mechanical properties of bamboo fibers, such as the chemical composition, bamboo fiber structure, moisture content, etc. Existing test evidence shows that bamboo fiber offers excellent mechanical properties; tensile properties are significantly superior to wood fibers and are comparable to some artificial fibers that are used in producing composite materials. Bamboo fibers have been used in many composites to investigate their effect on the overall performance of the composite materials and reported results are quite promising. However, more systematic and comprehensive investigations would be required to develop commercial-level business cases for bamboo fiber based composite production.
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