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Abstract

:

Conventional sportswear fabrics are functional textiles that can mitigate the impaired muscles caused by exercises for the wearers, but they can also cause discomfort and skin allergy. This study proposes combining two yarns to form functional composite yarns, by using a twisting or wrapping process. Moreover, a different twist number is used in order to adjust the performance of functional composite yarns. A crochet machine is used to make the functional composite yarns into functional elastic knits that are suitable for use in sportswear. The test results show that, in comparison to the non-processed yarns, using the twisted or wrapped yarns can considerably decrease the water vapor transmission rate of functional elastic knits by 38%, while also improving their far infrared emissivity by 13%, water absorption rate by 39%, and air permeability by 136%. In particular, the functional elastic knits that are made of B-wrapped yarns (bamboo charcoal- wrapped yarns), composed of 20 twists per inch, have the optimal diverse functions.
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1. Introduction


Functional textiles have functionalities that are specifically tailored to the needs of users. The pursuits of comfort, and such health purposes as thermal insulation, moisture wicking, antistatic, and anti-ultraviolet properties, become the mainstream of current studies [1,2,3,4,5]. Functional textiles are commonly used in sports and protection fields; the design of sportswear textiles emphasizes the selection of the materials used. Perspiration is a major factor to consider in regards to comfort. People exercise and sweat, and their garment absorbs the perspiration. If the textiles fail to expel the perspiration efficiently, the wet textiles make the wearers feel cold and unpleasant [6,7,8]. Therefore, scholars use fibers that have perspiration absorbent and moisture exhaling properties to fabricate sportswear textiles. For example, quick-dry yarns have a cross-shaped transection, which helps to transport sweat from the body to the fabric surface and decreases the accumulation of moisture in clothes. This improves the cooling sensation through the evaporation of sweat from the fabric surface [4]. Bamboo charcoal yarns are composed of multiple bamboo charcoal fibers that emit far infrared rays. They have a specific surface area and micro-porous structure that improves the capillary phenomenon. As a result, quick-dry yarns and bamboo charcoal yarns are pervasively used in sportswear textiles [9,10,11,12,13].



The other important function of sportswear textiles is to protect the wearers from muscle hazards caused by doing the exercises. Common protectors are wrist support, knee support, and back support [14,15,16,17,18]. Conventional protection employs elastic knits to restrain muscles, thereby mitigating an excessively exerted force and fatigue release. However, conventional protectors make the wearers feel uncomfortable and restrain humidity in local areas which leads to skin allergies. Unlike the conventional protectors, compression–stretch materials, made of a considerable number of elastic yarns, can exert a certain pressure onto the muscles. The intense compression provides compression fabrics with a denser structure, but simultaneously limits the perspiration efficacy of the textiles. As a result, the moisture and perspiration are kept in the compression materials, which can cause skin allergic reactions for the wearers. In recent years, there is an innovative research trend using far-infrared textiles to take the load off the muscles. Far infrared ray (FIR) textiles, a new category of functional textiles, contribute to putative health and wellbeing functionality. At the molecular level, FIRs exert strong rotational and vibrational effects, and are biologically beneficial. The other feature of FIR textiles is the enhancement of blood circulation. The local tissues of the human body are activated, which in turn causes dilatation of the blood vessels and facilitates metabolism. The activated cells accelerate the regeneration of impaired tissues and the healing of lesions [10]. To sum up, these materials absorb energy from sunlight and then radiate this energy back onto the body at specified wavelengths. The positive results indicated that FIR textiles outperformed conventional textiles in terms of the FIR emissive efficacy [10]. Functional yarns are specifically designed to improve certain functions, such as UV-cut yarns, FIR emissive yarns, and perspiration absorbent and moisture exhaling yarns. Usually, functional yarns are made of at least one specified function. Functional polymer particles are melted after being heated with a high temperature. The melted particles are ejected through the spinneret under pressure, forming functional fiber bundles. The fiber bundles are then expanded and coated with antistatic agent, and finally formed into functional yarns [13]. The process is highly complex and has a high production cost, which makes mass production impossible. Moreover, adding functional powders results in a high surface roughness of the yarns, causing abrasion against the machine components during the knitting process.



The other method for producing multi-functional yarns is using a wrapping or twisting process to combine different functional yarns [19,20,21,22,23]. The process has a low production cost and is easily manufactured, thereby making mass production feasible. Twisting and wrapping can provide composite yarns with multiple functions, but possibly change the structure and cause the absence of other functions. A previous study examined the relationship with the hygroscopicity of yarns and the twisting process. The test results showed that excessive twisting damaged the yarns’ structure and decreased the capillary phenomenon [24]. Another previous study examined how the moisture diffusion coefficient of yarns was related to twisting. The test results indicated that twisting resulted in changes in the yarns’ structure. The lower the moisture diffusion coefficient, the lower the capillary phenomenon [25].



Our experimental methodology is as follows. The selected materials facilitate the perspiration that the sports textiles emphasize. In order to compensate for the restriction of twisting or wrapping processes against the functions of yarns, bamboo charcoal yarns and quick-dry yarns are two primary materials that are used to meet the requirement of comfort. Different twist numbers and different manufacturing methods are employed in order to compare the functional composite twisted yarns and functional composite wrapped yarns in terms of functionalities. The twisted yarns and wrapped yarns are separately made into functional elastic knits using a crochet machine. The air permeability, far-infrared emissivity, water absorption rate, and mechanical properties of the knits are evaluated, examining the optimal manufacturing parameters.




2. Materials and Methods


2.1. Materials


Bamboo charcoal yarn (Nan Ya Plastics Corporation, Taipei, Taiwan) has a specification of 75D/72F. Quick-dry yarn (Everest Textile Co., Ltd, Taoyuan, Taiwan) has a specification of 75D/48F. Polyester (PET) filament (Yi Jinn Industrial Co., Ltd., Taipei, Taiwan) has a specification of 150 D/48F. Rubber thread (Ta Yu Co., Ltd., Taichung, Taiwan) has a diameter of 0.65 mm.




2.2. Preparation of Functional Composite Yarns and Functional Elastic Knits


In order to examine the influences of wrapping and twisting processes on the properties of the functional elastic knits, bamboo charcoal yarns and quick-dry yarns were twisted into twisted yarns using a rotor machine, while the other batch was wrapped into wrapped yarns using a hollow spindle spinning machine. During the process, the twist number was obtained based on the rotating speed difference between the winding and take-up processes. Table 1, Table 2 and Table 3 show the compositions, parameters, and specifications of wrapped/twisted functional composite yarns. Figure 1 shows the diagrams of a rotor spindle machine and twisted yarn. The bamboo charcoal yarn and the quick-dry yarn were intertwined evenly to form a spiral structure (Figure 1B) using a rotor spin device. Figure 2 shows the assembly of a hollow spindle machine and the structure of a wrapped yarn. A bamboo charcoal yarn and quick-dry yarn were wrapped in two manners, where the bamboo charcoal yarn was the core and the quick-dry yarn was the sheath, and otherwise.



The twist number is computed using the differences in the rotary speed of the package device and take-up roller. The equation is as follows.


   Twist   number =  R  T × D × π     



(1)




where R is the rotary speed of the rotor spin device or hollow spindle machine (r.p.m.), T is the rotary speed of the take-up roller (r.p.m.), and D is the diameter of the take-up roller (inch).



Functional elastic knits are made with functional composite yarns using a crochet machine. The knits are composed of polyester filament as the warp yarns, rubber thread as the warp inlay yarn, and functional composite yarns as the weft inlay yarn (Figure 3). A total of six types of wrapped yarns and three types of twisted yarns, seen in Table 2. The pure bamboo charcoal yarns and quick-dry yarns serve as the control groups. The fabric specifications are shown in Table 4.




2.3. Tests


2.3.1. Mechanical Properties of Yarns


An automatic yarn tester (FPA/M, Statimat-M, Textechno Ltd, Mönchengladbach, Germany) was used to measure the tensile strength and elongation of samples as specified in ASTM D2256. The distance between gauges was 250 mm and tensile rate was 300 mm/min. Twenty samples of each specification are measured in order to have the mean.




2.3.2. Mechanical Properties of Knits


Functional elastic knits were tested for tensile strength using a universal testing machine (HT-2402, Hung Ta Instrument Co., Ltd, Taichung, Taiwan) as specified in ASTM D5034. The distance between gauges was 100 mm and tensile rate was 300 mm/min. Samples had a size of 20 cm × 2.5 cm. Ten samples of each specification were measured in order to have the mean.




2.3.3. Water Vapor Transmission Rate


Functional elastic knits were tested for water vapor transmission rate, following the test standard of ASTM E96 (desiccant method). A piece of sample was mounted on the bottle which has no lid and contained 10 mL of water, and the bottle was placed in the test case for 24 h. The environmental condition of the test box was at a temperature between 23 and 26.7 °C and a relative humidity of 50%. A precision balance was used to measure the weight of the bottle, which was recorded as w0. After 24-h water evaporation, the bottle was weighed again as wt. The water vapor transmission rate was computed with the equation as follows.


   Water   Vapor   Transmission   Rate =    w 0  −  w t    A × t   × 100 %   



(2)




where w0 was the initial weight (g) of samples (including the bottle, water, and knits), wt was the weight (g) of samples after 24-h evaporation (including the bottle, water, and knits), A was the area of knits (m2), and t was the evaporation duration.




2.3.4. Water Absorption Rate


Functional elastic knits were tested for water absorption rate, following the test standard of AATCC TM 197-2011. Samples had a size of 200 × 25 mm. Five samples were taken respectively along the warp direction and the weft direction. Samples were affixed above the tank with their lower end of 0.5 cm soaking in water for ten minutes. The capillarity of samples along the warp and weft directions was recorded and computed in order to have the mean.




2.3.5. Far-Infrared (FIR) Emissivity


Functional elastic knits were tested for far infrared (FIR) emissivity using a FIR tester (TSS-5X, Desunnano Co., Ltd., Tokyo, Japan). Samples were mounted on the platform of the tester, and the tester was used to measure the FIR emissivity at ten spots. The values were recorded and computed to have the mean. FIR emissivity was presented by the ratios of the absorbed radiant energy to the released radiant energy between samples and the black body. The equation was as follows. The object that totally cannot release radiant energy after it absorbs radiant energy is called the gray body. In contrast, the object that can completely release radiant energy after it absorbs radiant energy is called the black body.


   ε =   All   radiation   energy   emitted   by   a   gray   body   All   radiation   energy   emitted   by   a   black   body   at   the   same   temperature     



(3)








2.3.6. Air Permeability Test


Functional elastic knits are tested for air permeability using an air permeability tester (Textest FX3300, TEXTEST INSTRUMENTS, Zürich, Switzerland), following the test standard of ASTM D737. The size of samples is 25 cm × 25 cm. A sample is fixed behind the air vent and the air permeability against an air pressure of 125 Pa is measured. Twelve samples of each specification are used for the measurement, and the values are recorded and computed in order to have the mean.




2.3.7. Bursting Strength


Functional elastic knit were tested for bursting strength using a universal testing machine (HT-2402, Hung Ta Instrument Co., Ltd., Taichung, Taiwan), following the test standard of ASTM D3787. Samples were affixed in a ring clamp, and then tested using a pulling clamp at speed of 305 ± 13 mm/min. The samples had a size of 125 mm × 125 mm. Five samples for each specification were tested and the mean was recorded.






3. Results and Discussion


3.1. Effects of Twist Number on the Mechanical Properties of Yarns


Figure 4 shows that the twisting process provides functional composite yarns with greater tenacity, as compared to the tenacity of the control group (i.e., pure bamboo charcoal yarns and quick-dry yarns). Conversely, the wrapping process provided functional composite yarns with greater tenacity, as compared to the tenacity of the control group. Bamboo charcoal yarns had a low tenacity and elongation at the break, according to Table 3 and Figure 5. The wrapping and twisting process improved the extensibility of the yarns. Therefore, regardless of whether it was wrapped yarns or twisted yarns, the elongation at the break of the functional composite yarns was proportional to the twist number of the yarns.



Moreover, the tenacity of functional composite yarns that were processed with a wrapping process showed a remarkable decrease when the twist number increases. For wrapped yarns, the wrap material could only enwrap the core, but it was primarily the core that bears the majority of the exerted force. Therefore, variations in twist number did not have a considerable influence on the tenacity of the wrapped yarns [26]. Figure 1B and Figure 2B are the structural diagrams of twisted yarns and wrapped yarns. The wrapped yarns were composed of bamboo charcoal yarn and quick-dry yarn alternatively as the core and sheath. A low twist number was unable to enwrap the core completely. After the breakage of the core, a large amount of sheath was possible to slip. A high twist number compactly enwrapped the core, decreasing the slip level of sheath. The twisted yarns were composed of bamboo charcoal yarns and quick-dry yarns with a spiral structure. The higher the twist number, the denser the spiral structure. When a tensile force was exerted, the twisted yarns exhibited a structural slip where the spiral structures were presented. As a result, increasing the twist number improved the elongation of the twisted yarns. However, a high twist number also increased the contact area between the two yarns, as was the case with the friction. Therefore, a high twist number inhibited the slip of structure of twisted yarns, which eventually caused a lower elongation at the break, more than that of the wrapped yarns.




3.2. Effects of Twist Number on the Mechanical Properties of Functional Elastic Knits


Functional composite yarns were weft inlaid into functional elastic knits using a crochet machine. Therefore, mechanical properties of knits were correlated with the parameters of the functional composite yarns. In Figure 6a, there are no noticeable differences in the tensile stress along the warp direction of the elastic knits. Figure 6b shows that there are no critical differences in the tensile stress along the weft direction of the elastic knits when they are composed of B/Q twisted yarns at a different twist number.



This result was ascribed to the peculiar structure of the knits, which prevented the weft inlay yarn from interfering with the mechanical properties along the warp direction. This was also the case with the elongation along the warp direction as seen in Figure 7a. All functional elastic knits had similar elongation along the warp direction. When composed of a twist number between 5 and 15 T.P.I., B/Q-twisted yarns had similar tenacity, which subsequently provided the elastic knits with similar tensile stress. In contrast, for the elastic knits that were composed of wrapped yarns, the tensile stress along the weft direction was largely in an inverse proportion to the twist number of the wrapped yarns. A high twist number rendered wrapped yarns with lower mechanical properties, which thus had a negative influence on the elastic knits. Moreover, the elongation along the weft direction of elastic knits was dependent on the elongation of the wrapped yarns. Compared to the twisted yarns, the wrapped yarns provided the yarns with higher elongation as seen in Figure 5. Therefore, elastic knits that were made of wrapped yarns had a greater elongation along the weft direction than the elastic knits that were made of twisted yarns (Figure 7b).




3.3. Effects of Twist Number on the Bursting Strength of Functional Elastic Knits


Figure 8 shows that both the experimental and control groups have a bursting strength between 170 and 180 N, while Figure 9 shows that samples that undergo the bursting test all exhibit failure along the weft direction, rather than the warp direction.



Because the functional elastic knits were composed of rubber threads along the warp direction, this provided the elastic knits with good extension along the warp direction. As a result, the rubber threads of elastic knits transmitted the externally applied force via local deformations. On the other hand, the functional elastic knits were composed of weft yarns in order to form an inlay structure as seen in blue lines in Figure 3, and the knits failed to extend along the weft direction, along which the prior damage was rendered. In addition, the functional elastic knits had comparable bursting stress regardless of using yarns for different specifications. This result resembled that which was described in Section 3.2. It was primarily due to the similar mechanical properties of the different functional yarns, as seen in Figure 4 and Figure 5. Therefore, with a specified weft density of 64 pick/inch, the functional yarn types did not have a distinctive difference in the bursting stress of the elastic knits.




3.4. Effects of Twist Number on the Air Permeability of Functional Elastic Knits


Doing exercise accelerates metabolism and demands 20% of the total energy consumed by metabolism. At the same time, the rest 80% is dissipated via the form of heat. If the human body fails to dissipate heat in a short time, the core temperature of the body then increases by 5 °C every ten minutes. When the core temperature reaches to a certain point, the human body perspires in order to attain a thermal balance [11]. This phenomenon leads to dehydration, and the air permeability of the elastic knits is thus a crucial factor in terms of the comfort on the skin [27,28].



In comparison to the control groups (i.e., functional elastic knits that were composed of non-processed bamboo charcoal yarns or non-processed quick-dry yarns, the elastic knits that were composed of twisted yarns or wrapped yarns had a considerably higher air permeability. In addition, the analysis software of an optical microscope showed that the control groups had an average pore size of 0.03–0.04 mm2, while the experimental groups (i.e., functional elastic knits) had an average pore size 0.08–0.1 mm2. There were no distinctive variations in the thickness and weight of the knits when the diameter of the yarns decreases. The results were ascribed to the fact that the thickness and weight of the elastic knits were primarily based on the amount of rubber threads. Therefore, using different wrapped yarns or twisted yarns did not noticeably change the weight and thickness of the elastic knits.



Regardless of whether it was bamboo charcoal yarns or quick-dry yarns, they had a fluffy structure. When they were used to produce elastic knits using a crochet machine, the knits demonstrated a shrinkage when they were off the pre-tension force exerted by the machine. Therefore, the pores of the elastic knits were compressed as seen in Figure 10A,B. The wrapping or twisting process made the structure of yarns compact, resulting in a smaller diameter. Therefore, the resulting elastic knits had a larger pore size as seen in Figure 10C–K. Previous studies indicated that the variations in the diameter of yarn as well as variations in the thickness and weight of the knits affected the air permeability of the knits. In comparison of Table 2 and Figure 11, the air permeability of the elastic knits was inversely proportional to the diameter of yarns. This result was in conformity with that of previous studies [12,29].




3.5. Effects of Twist Number on the Water Vapor Transmission Rate of Functional Elastic Knits


Water vapor adsorbs to the surface of knits when they come into contact. The knits diffuse and evaporate the moisture. If water vapor fails to penetrate the knits, it undergoes condensation in the air layer between the skin and the knit. The residual moisture makes the wearers uncomfortable when their body temperature decreases [11,28]. The skin of the human body has a water vapor transmission rate of 215–350 g/m2 day [11,30,31,32], and any lower water vapor transmission rates of knits would retain moisture. The water vapor transmission rate of knits was dependent on the types of yarns, specification of the yarns, and the structure and thickness of the knits [12,32]. Hence, this study investigated the effects of two parameters, namely, the type of yarns and the specification of the yarns.



Figure 12 shows that all functional elastic knits have a high water vapor transmission rate. The control groups had a greater water vapor transmission rate than the experimental groups. Moreover, the control group of non-processed bamboo charcoal yarns outperformed the control group of non-processed quick-dry yarns, particularly in terms of the water vapor transmission rate. For the experimental groups, the water vapor transmission rate of the elastic knits had a decreasing trend when their constituent yarns were composed of a high twist number. The functional composite yarns had a firm structure after they were twisted or wrapped. However, the advantages of bamboo charcoal yarns and quick-dry yarns were no longer present when they were firmly compressed at a twist number beyond 15 T.P.I., which eventually caused a similar water vapor transmission rate of functional elastic knits.



The adsorption and evaporation of the moisture were dependent on the micro-structure and the hydrophilic properties of different yarns. Non-processed bamboo charcoal yarns had a porous microstructure that helped with the seizure of vapors. Similarly, non-processed quick-dry yarns had a channeled-like structure over the surface, which increased the specific areas. Therefore, both fibers had good diffusion and evaporation. In sum, for the experimental groups, regardless of whether it was the wrapped or the twisted yarns, all the functional elastic knits attained a water vapor transmission rate that was qualified for use on human skin, preventing condensation of the water vapor.




3.6. Effects of Twist Number on the Water Absorption Rate of Functional Elastic Knits


In order for the comfort of wearers, the elastic knits should have both efficient water absorption and evaporation. Therefore, two functional yarns with a micro-structure were used in this study and their influence on the water absorption rate of the functional elastic knits was examined.



Figure 13 shows that the water absorption rate along the warp direction is noticeably different from that along the weft direction. The functional composite yarns were weft inlaid into functional elastic knits, which resulted in a distinctive increase in water absorption along the weft direction. Figure 13b shows that the elastic knits of Q-wrapped yarns at 20 T.P.I. have water absorption along the weft direction of 80–100 mm, while all the other elastic knits have water absorption along the weft direction of 100–130 mm. Nevertheless, Figure 13a shows that all the elastic knits that have water absorption along the warp direction is lower than 50 mm.



These results were ascribed to the fabrication structure of the elastic knits that was composed of the weft-inlaid functional composite yarns and warp yarn of PET yarns. Functional composite yarns had a high capillary phenomenon, which contributed to water absorption along the weft direction. In contrast, the PET yarns had low water absorption, which resulted in a discontinuity of the capillary phenomenon along the warp direction, and a low water absorption along the warp direction.




3.7. Effects of Twist Number on the Far-Infrared Emissivity of Functional Elastic Knits


FIR rays are invisible lights between 5.6 and 1000 μm. The human body absorbs FIR rays that help with molecular rotation and vibrational effects. The blood microcirculation of the irradiated regions also causes vessels to expand and increase the temperature of the body [10]. Figure 14 shows that, in addition to the elastic knits that are composed of pure quick-dry yarns, other functional elastic knits that are composed of bamboo charcoal yarns all have FIR emissivity of above 0.8. According to the test standard of FTTS-FA-010, fabrics with an FIR emissivity above 0.8 are qualified for the application in FIR emissivity.



In comparison of the control group (i.e., elastic knits that were composed of bamboo charcoal yarn), the experimental groups (i.e., functional elastic knits that were composed of Q-wrapped yarns, B-wrapped yarns, and B/Q-twisted yarns) had greater FIR emissivity. In addition, the functional elastic knits had a higher FIR emissivity when they were composed of B-wrapped yarns, as opposed to Q-wrapped yarns. B-wrapped yarns had bamboo charcoal yarns as the sheath and quick-dry yarns as the core, while B-wrapped yarns were made the other way around.



This result was due to the fact that the wrapping or twisting process increased the content of the bamboo charcoal yarn in the functional composite knits, thereby improving the FIR emissivity. The Q-wrapped yarns were composed of a smaller amount of bamboo charcoal yarn, and the wrapping process further decreased their diameter, debilitating the radiation of FIR rays. Moreover, a previous study indicated that increasing the numbers of lamination layers increased the contact area with FIR radiation, and thus, improved the FIR emissivity [33].





4. Conclusions


This study investigates the functional composite yarns and functional elastic knits in terms of physical properties and functions. The effects of the twist number of the functional composite yarns were examined in order to increase the surface of functional yarns per unit area and then improve the mechanical properties. The test results showed that using a wrapping or a twisting process provided functional composite yarns with good mechanical properties, and that the former outperformed the latter in terms of the elongation of the functional composite yarns.



In addition, the properties of functional elastic knits were evaluated in order to examine the influence of the parameters of the yarns. The test results showed that using twisted yarns or wrapped yarns resulted in a decrease in water vapor transmission rate of the functional elastic knits but an increase in their FIR emissivity, water absorption rate, and air permeability. According to production cost, mechanical properties, water vapor transmission rate, air permeability, water absorption, and FIR emissivity, the optimal parameter of functional elastic knits was B-wrapped yarns at 20 T.P.I. The functional elastic knits thus had adjustable fabric shrinkage, which helped the wearers to support joints and muscles during exercises.
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Figure 1. (A) The assembly of a rotor spindle machine and (B) the structure of a twisted yarns [26]. 
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Figure 2. (A) assembly of hollow spindle machine and (B) diagram of a wrapped yarn [26]. 






Figure 2. (A) assembly of hollow spindle machine and (B) diagram of a wrapped yarn [26].



[image: Applsci 07 01287 g002]







[image: Applsci 07 01287 g003 550] 





Figure 3. Functional elastic knits where the black yarn is the warp yarn, the red yarn is the rubber thread, and the blue yarn is the functional composite yarns. 
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Figure 4. Tenacity of functional composite yarns in relation to the administration of a wrapping/twisting process as well as the twist number. The error bar indicates the Standard deviation (SD). Q: Quick-dry, and B: Bamboo charcoal. 
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Figure 5. Elongation of functional composite yarns in relation to the administration of a wrapping/twisting process as well as the twist number. The error bar indicates the SD. 
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Figure 6. Tensile stress along (a) the warp direction and (b) weft direction of functional elastic knits in relation to the administration of a wrapping/twisting process, as well as the twist number of the yarns. The error bar indicates the SD. 
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Figure 7. Elongation along (a) the warp direction and (b) weft direction of functional elastic knits in relation to the administration of a wrapping/twisting process as well as the twist number of the yarns. The error bar indicates the SD. 
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Figure 8. Bursting stress of elastic knits as related to parameters of different functional yarns. The error bar indicates the SD. 
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Figure 9. Images of the fractured elastic knits after the bursting strength test. As all samples exhibit similar failure over the surface, B/Q-twisted yarns made of 20 T.P.I. is used in this diagram. 
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Figure 10. Surficial observation of the functional elastic knits that are made of (A) quick-dry yarn; (B) bamboo charcoal yarn; (C) 20 T.P.I. B-wrapped yarn; (D) 25 T.P.I. B-wrapped yarn; (E) 30 T.P.I. B-wrapped yarn; (F) 20 T.P.I. Q-wrapped yarn; (G) 25 T.P.I. Q-wrapped yarn; (H) 30 T.P.I. Q-wrapped yarn; (I) 5 T.P.I. B/Q-twisted yarn; (J) 10 T.P.I. B/Q-twisted yarn; and (K) 15 T.P.I. B/Q-twisted yarn. The small pore size is indicated in red drop-like triangles and the large pore size is indicated yellow drop-like triangles. 
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Figure 11. Air permeability of functional elastic knits in relation to the administration of a wrapping/twisting process as well as the twist number of the yarns. The error bar indicates the SD. 
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Figure 12. Water vapor transmission rate of functional elastic knits in relation to the administration of a wrapping/twisting process as well as the twist number of the yarns. The error bar indicates the SD. 
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Figure 13. Water absorption along (a) the warp direction and (b) weft direction of functional elastic knits in relation to the administration of a wrapping/twisting process as well as twist number of the yarns. The error bar indicates the SD. 
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Figure 14. Far infrared ray (FIR) emissivity of functional elastic knits in relation to the administration of a wrapping/twisting process, as well as the twist number of the yarns. The error bar indicates the SD. 
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Table 1. Composition of functional composite yarns. Q: Quick-dry, B: Bamboo charcoal, and D: Denier.
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	Code
	Compositions





	Bamboo charcoal yarn
	Combination of two 75D bamboo charcoal yarns without twisting or wrapping.



	Quick-dry yarn
	Combination of two 75D quick-dry yarns without twisting or wrapping.



	Q-wrapped yarn
	The wrapped yarns have one 75D bamboo charcoal yarn as the core and one 75D quick-dry yarn as the sheath.



	B-wrapped yarn
	The wrapped yarns have one 75D quick-dry yarn as the core and one 75D bamboo charcoal yarn as the sheath.



	B/Q-twisted yarn
	The twisted yarns are composed of 75D bamboo charcoal yarn and one 75D quick-dry yarn.
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Table 2. Parameters of wrapped/twisted functional composite yarns. Q: Quick-dry, B: Bamboo charcoal, and D: Denier.
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Sample Code

	
Twist Number (T.P.I.)






	
Bamboo charcoal yarn

	
N/A




	
Quick-dry yarn

	
N/A




	
B-wrapped yarn

	
20

	
25

	
30




	
Q-wrapped yarn

	
20

	
25

	
30




	
B/Q twisted yarn

	
5

	
10

	
15








Note. For twisted yarns, a twist number that was above 15 T.P.I. (twists per inch) caused a high friction between the twisted yarns and the machine, leading to damage to the surface of the twisted yarns. Twist numbers of 20–30 T.P.I. were excluded from the production of twisted yarns. For wrapped yarns, a twist number was below 20 T.P.I., the hollow spindle spinning machine rendered a take-up extension beyond the tolerance of the wrapped yarns. Twist numbers of 5–15 T.P.I. were thus excluded from the production of wrapped yarns.
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Table 3. Specification of functional composite yarns. Q: Quick-dry, B: Bamboo charcoal, and D: Denier.
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Yarn Type

	
Twist Number (T.P.I.)

	
Strength of Yarn (cN)

	
Linear density (Denier)

	
Diameter of Yarn (mm)






	
Bamboo charcoal yarn

	
0

	
560.60 ± 30.57

	
148.90 ± 0.01

	
0.38 ± 0.01




	
Quick-dry yarn

	
0

	
605.65 ± 28.75

	
151.50 ± 0.03

	
0.47 ± 0.04




	
Q-wrapped yarn

	
20

	
610.48 ± 18.36

	
156.69 ± 0.01

	
0.28 ± 0.01




	
25

	
555.34 ± 34.70

	
159.35 ± 0.01

	
0.26 ± 0.02




	
30

	
542.85 ± 17.42

	
159.97 ± 0.03

	
0.21 ± 0.01




	
B-wrapped yarn

	
20

	
635.01 ± 14.82

	
155.95 ± 0.02

	
0.23 ± 0.03




	
25

	
616.29 ± 8.16

	
160.19 ± 0.01

	
0.21 ± 0.01




	
30

	
599.45 ± 11.95

	
162.31 ± 0.04

	
0.17 ± 0.02




	
B/Q-twisted yarn

	
5

	
624.80 ± 16.17

	
150.77 ± 0.02

	
0.38 ± 0.03




	
10

	
643.19 ± 14.21

	
151.51 ± 0.03

	
0.36 ± 0.04




	
15

	
636.23 ± 14.72

	
151.98 ± 0.03

	
0.22 ± 0.02








Note. Standard deviation (SD) is presented in the form of “±”.
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Table 4. Specifications of functional elastic knits. Q: Quick-dry, B: Bamboo charcoal, and D: Denier.
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Knit Type

	
Twist Number of the Yarn (T.P.I.)

	
Weight of the Knits (g/m2)

	
Thickness of the Knits (mm)






	
Bamboo charcoal functional elastic knits

	
0

	
409.10

	
1.06 ± 0.02




	
Quick-dry functional elastic knits

	
0

	
403.70

	
1.07 ± 0.01




	
Q-wrapped functional elastic knits

	
20

	
406.30

	
1.12 ± 0.01




	
25

	
411.30

	
1.13 ± 0.02




	
30

	
411.60

	
1.12 ± 0.01




	
B-wrapped functional elastic knits

	
20

	
405.60

	
1.14 ± 0.01




	
25

	
411.00

	
1.08 ± 0.01




	
30

	
420.40

	
1.14 ± 0.02




	
B/Q-twisted functional elastic knits

	
5

	
405.90

	
1.11 ± 0.01




	
10

	
411.70

	
1.10 ± 0.01




	
15

	
416.00

	
1.12 ± 0.01








Note. SD is presented in the form of “±”.
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