ANALYSIS OF THE PROPERTIES OF HEMP AND LINEN FABRICS
1. Research background and significance
In recent years, the global textile industry has faced growing scrutiny due to its considerable environmental impact [1, 2]. As one of the largest industrial polluters, the industry relies heavily on synthetic fibers like polyester and nylon, which are derived from non-renewable fossil fuels. These fibers contribute to resource depletion, high carbon emissions, and persistent plastic waste that takes centuries to decompose [3, 4]. Additionally, natural fibers such as cotton and wool also pose environmental challenges, as their cultivation and processing require large amounts of water, exacerbating concerns related to resource consumption and wastewater pollution[5]. In response to these challenges, there has been a growing shift towards bast fibers, with hemp and linen emerging as leading alternatives due to their sustainability [6]. Hemp, derived from the stalks of the Cannabis sativa plant, and linen, sourced from the flax plant (Linum usitatissimum), are both renewable resources that require significantly less water, pesticides, and fertilizers compared to cotton [7-9]. Their cultivation also improves soil health and contributes to carbon sequestration. Beyond their environmental advantages, these fibers are biodegradable, breaking down naturally without leaving behind harmful microplastics, unlike synthetic fibers.
Hemp and linen are not only sustainable but also possess a range of unique properties that make them highly valuable in the textile industry. Hemp fibers, known for their remarkable tensile strength, are among the strongest and most durable natural fibers available [10]. Linen, derived from the flax plant, shares similar attributes, offering high strength and durability [11]. Both fibers are naturally resistant to wear, ensuring that products made from hemp and linen have a long lifespan, reducing the need for frequent replacement. In addition to their strength, these fibers are highly breathable, moisture-wicking, and biodegradable, making them ideal for a wide array of applications [12, 13].  These attributes make hemp and linen versatile and applicable across various sectors within the textile industry. In fashion, these fibers are used in clothing for their durability, breathability, and natural texture, which is increasingly sought after in sustainable fashion movements. Home textiles such as bed linens, towels, and upholstery also benefit from the durability and aesthetic appeal of these fibers. Moreover, industrial applications, including the production of ropes, sails, and composite materials, have long relied on the strength of hemp and linen [14]. 
Despite the numerous advantages of hemp and linen as sustainable fibers, their processing presents significant challenges that directly affect the quality and performance of the final fabric. Key stages in fiber processing, such as retting, scutching, and spinning, can have a profound impact on fiber properties [15]. Retting, the process of separating the fiber from the plant stem, must be carefully controlled; too little or too much retting can weaken the fibers or leave them too stiff, affecting their usability [16]. Similarly, scutching and spinning are mechanical processes that further refine the fibers and transform them into yarn. For instance, variations in retting duration, environmental conditions during retting, and the type of mechanical treatment used can all lead to inconsistencies in fiber length, strength, and fineness. These variations can result in fabrics with uneven textures, poor durability, or reduced aesthetic appeal [17].
This proposed research aims to investigate how various processing parameters influence the properties of hemp and linen fibers as they are transformed from raw material into fabric. The study will focus on spinning, weaving and knitting processes and how they affect the physical, mechanical, and aesthetic properties of the final fabric. Specifically, the research will examine how different combinations of processing parameters impact the strength, texture, flexibility, and appearance of the final fabrics. Spinning parameters to be investigated include fiber length, twist level, spinning speed, etc, whereas weaving and knitting conditions such as yarn tension, warp and weft density, weaving and knitting speeds, and so on. Understanding how processing affects fiber properties is crucial not only for improving textile quality but also for advancing the sustainable use of hemp and linen in the industry. 









1.1 Structural Properties of Hemp and Linen
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At the microscopic level, the cross-section of an elementary hemp fiber consists of several layers and regions, each with distinct roles. The outermost layer is the cuticle, which, along with the epidermis and cortex, forms the protective external part of the plant [18]. Beneath this, the primary cell wall is responsible for the fiber’s initial structural integrity, acting as the first defense against external stress [19]. Adjacent to the primary cell wall lies the middle lamella, a pectin-rich layer that binds adjacent cells together. The core of the hemp fiber is composed of secondary fiber bundles that provide the bulk of its strength. These bundles are supported by secondary cell walls, which contribute to the rigidity and tensile properties of the fiber [20]. Within the secondary cell wall are multiple S1 layers, responsible for controlling the mechanical stability and response of the fiber under tension [21]. These layers contain microfibrils arranged at different angles, which help resist various forms of mechanical stress. The lumen, a hollow cavity within the fiber, runs longitudinally and plays a key role in the transport of water and nutrients during the plant’s growth phase [22]. The presence of xylem and cambium layers further supports this function by contributing to the vascular transport system, while also adding rigidity to the overall fiber structure. The pith, located centrally, is a softer tissue, adding to the fiber’s resilience.
	For the case of Linen fibers, the core of the fiber structure is the lumen, a hollow canal that runs longitudinally within the fiber, providing a channel for the transport of water and nutrients during the plant's growth [23]. Surrounding the lumen are layers of secondary cell walls that play a critical role in determining the fiber’s mechanical strength. The innermost secondary wall, referred to as L3, is composed of microfibrils that are relatively disorderly arranged [24]. This layer's arrangement directly influences the fiber’s ability to handle stress and strain during use. The secondary walls consist of multiple layers, including the L1 layer, which is more organized and contributes to the rigidity of the fiber. The alignment of microfibrils within the L1 layer, known as the microfibrillar angle, is essential in defining the tensile strength and elasticity of the fiber [25]. These microfibrils are crystalline cellulose structures that reinforce the fiber and provide resistance to mechanical forces. An important aspect of linen fiber is the presence of an amorphous region composed primarily of lignin and hemicellulose. This region contrasts with the crystalline cellulose in that it is less structured, which influences the fiber's flexibility and resilience under certain conditions. The primary cell wall, located on the outermost layer of the fiber, provides initial protection and structural support during the plant's early growth stages.
	The key difference between the cross-sectional structure of linen and hemp fibers lies in their shape and internal characteristics, which influence their physical properties. Linen fibers have a polygonal cross-section with rounded edges [26]. The lumen, or the hollow part inside the fiber, is relatively small and often collapsed. This gives linen a slightly more rigid structure compared to hemp [27]. The cross-section often reveals irregular shapes that contribute to linen's natural luster.
In contrast, hemp fibers, on the other hand, have a more pronounced polygonal or circular cross-section with a larger and more pronounced lumen [28]. The larger lumen makes hemp fibers more porous, giving them better moisture absorption properties and a slightly softer, more flexible feel than linen [29]. Hemp also tends to have more visible microfibrils in its cross-section, which contributes to its coarser texture.
These structural differences result in distinct physical properties such as strength, flexibility, and moisture-wicking ability, with hemp being slightly coarser and more porous, while linen has a finer, more lustrous appearance.

2. Spinning process of hemp and linen
Spinning is the process of twisting together drawn-out fibers to form yarn or thread, which can then be woven or knitted into fabrics. It is one of the key stages in textile manufacturing, where loose fibers are converted into a continuous strand with tensile strength. The process of spinning involves several steps, including preparation of the fibers, drawing, twisting, and winding. These steps ensure that the fibers are aligned, stretched, and combined in a way that imparts strength, uniformity, and smoothness to the final yarn. Depending on the fiber type and the desired end product, different methods of spinning such as wet, dry, or open-end spinning may be used.
	For hemp fibers, the spinning process begins with the retting of the stalks to break down the pectins that hold the fibers together. After retting, the fibers are separated from the woody core through decortication. Once separated, the fibers are hackled to align and straighten them. Hemp fibers are typically long and strong, which allows them to be spun using both wet and dry spinning techniques. Wet spinning involves soaking the fibers in water to soften them, making the fibers more flexible and allowing for finer yarns. This technique is used when smoother and finer textiles are needed. Dry spinning, on the other hand, is used for coarser hemp fibers and produces a rougher, stronger yarn. Hemp yarn is known for its durability, breathability, and resistance to wear and tear, making it ideal for various applications, from textiles to ropes and industrial materials.
	Similarly, flax plants are first retted to loosen the fibers from the stalk. Once retted, the fibers undergo breaking and scutching to remove the woody parts and further free the fibers. The flax fibers are then hackled to align and prepare them for spinning. Linen spinning typically involves wet spinning, where the fibers are immersed in warm water to soften them, making it easier to produce fine, smooth yarns. This method helps create high-quality linen that is soft, strong, and lustrous, suitable for producing fine fabrics. While dry spinning can also be used for linen, it results in coarser yarns that are less suited for high-end textiles. The final linen yarns are prized for their natural sheen, durability, and breathability, making them ideal for garments and home textiles.

2.1 Factors affecting yarn quality during spinning process
Several important parameters at the spinning stage significantly influence the quality of yarn after the fibers have been spun. These parameters include fiber length, fineness, twist, moisture content, and spinning speed. Each of these factors plays a critical role in determining the strength, smoothness, and overall performance of the resulting yarn.
1. Fiber Length: The length of the fibers being spun is a key factor that affects yarn quality. Longer fibers tend to produce smoother and stronger yarns because they create more overlaps between fibers when twisted, which enhances the cohesion and uniformity of the yarn. In both hemp and linen, longer bast fibers are generally preferred for high-quality yarns, as they reduce the occurrence of weak points and provide better tensile strength.
2. Fineness: Fineness refers to the diameter of the individual fibers. Finer fibers result in softer and more delicate yarns, as they allow for more compact and uniform twisting. In the case of hemp and linen, fibers with finer diameters are ideal for producing finer yarns, which are smoother and more suitable for delicate fabrics. Coarser fibers, on the other hand, lead to thicker and rougher yarns, which may be used for more robust and durable applications.
3. Twist Level: The amount of twist applied to the fibers during spinning is crucial for determining the yarn's strength and texture. A higher twist level increases the yarn's tensile strength and reduces its tendency to fray, but it can also make the yarn feel stiffer. Conversely, a lower twist level results in softer and more flexible yarns, but they may be less durable. In wet spinning, particularly for linen, a higher twist is often used to achieve smoother, more polished yarns, while hemp yarn may vary between high and low twist levels depending on its intended use.
4. Moisture Content: Moisture plays an important role during spinning, especially in wet spinning processes like those used for linen. Adequate moisture content helps lubricate the fibers, making them more pliable and reducing the likelihood of breakage. It also improves fiber cohesion, leading to smoother yarns. Hemp, especially in wet spinning, benefits from increased moisture, resulting in softer and finer yarn.
5. Spinning Speed: The speed at which the fibers are spun impacts the uniformity and strength of the yarn. Higher spinning speeds can lead to more rapid production but may also increase the risk of creating irregularities or breakages in the yarn if the fibers are not adequately controlled. Lower speeds, while slower, tend to produce more consistent and higher-quality yarns. The choice of spinning speed is therefore balanced based on the desired yarn characteristics and production efficiency.
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