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Introduction and background. With the recent advancement and enhanced accessibility of 3D printing (3DP) technology, an increasing number of researchers and designers have developed wearable products using 3DP (Pasricha & Greeninger, 2018; Yap & Yeong, 2014). While 3D printed textiles are one of the remarkable illustrations of various ways that 3DP can be applied in the wearable product development, 3D printed textiles are dissimilar from conventional textiles we are accustomed to wearing as 3D printed textiles lack essential material properties such as stretchability and flexibility (White et al., 2015). Inspired by wearability of conventional textiles, previous studies have adopted various knit structures in developing flexible 3D printed textiles to simulate conventional knit textiles’ properties (Ding et al., 2021). Knitted textiles are developed by continuously interlinking series of loops with yarns which are intermeshed into the previous loops, eventually forming a sheet of material (Ding et al., 2021). 
[bookmark: _Hlk130798443]In order to adopt 3D printed knit textiles for the wearable product development, it is necessary to learn how 3D printed knit textiles respond to force in terms of their tensile properties, particularly strength and elongation. Strength and elongation are the two most significant factors affecting the performance and functionality of textiles that experience multi-directional stress and strain while being worn (Li et al., 2006; Sitotaw & Adamu, 2017; Zupin & Dimitrovski, 2010). The understanding of tensile behavior of 3D printed knit textiles would provide researchers and designers critical insights for simulating conventional knit textiles. Although previous studies have developed 3D printed knit textiles using various 3DP methods with nylon-based materials (Beecroft, 2019; Ding et al., 2021), little attention was given to explore tensile behavior of 3D printed knit textiles with flexible thermoplastic polyurethane (TPU) materials. Thus, this exploratory study aimed to examine tensile behavior of 3D printed knit textiles using fused deposition modeling (FDM) 3D printing method with TPU filaments. The specific objectives were to (a) test the maximum force and elongation of 3D printed knit textiles and (b) analyze the force-elongation curve of 3D printed knit textiles. 
[bookmark: _Hlk130394101]Method. An experimental research design was employed to examine tensile behavior of 3D printed knit textiles. The 3D printed knit samples were fabricated using a commercial FDM 3D printer with flexible TPU filaments. Due to the limited precision of commercial FDM 3D printer, all the samples were first developed with distinct course containing continuous loops (30 mm loop length) and then, assembled together to form continuous 3D printed knit textiles with an identical size of 7” x 3”. A constant rate of extension machine (INSTRON 5565) was used to examine the tensile behavior of 3D printed knit textiles. Following the ISO 13934-2:1999 (grab method), the maximum force and elongation were measured in wale (lengthwise) direction with the maintained load and extension speed of 5000 N and 76 mm/min respectively. The tensile test was performed five times for 3DP Knit 1 through 3DP Knit 5. Figure 1A illustrates the 3D printed knit textiles used for the experiment in this study.
Results and discussion. The maximum force values ranged from 79.50 N to 117.63 N whereas the maximum elongation values ranged from 228.93 mm to 338.67 mm. The maximum force value of 3DP Knit 1 through 3DP Knit 5 was 109.15 N, 79.50 N, 110.70 N, 117.17 N, and 117.63 N, respectively. When it came to the maximum elongation, the value was 336.96 mm, 228.93 mm, 338.67 mm, 292.40 mm, and 268.11 mm, respectively for 3DP Knit 1 through 3DP Knit 5. According to Dress Patternmaking (2023), conventional knit textiles can be elongated up to 100% depending on their structural characteristic and materials used for different end purpose. In this exploratory study, the maximum elongation percentage of 3DP Knit 1 through 3DP Knit 5 was ranged from 300.43% to 444.45%, demonstrating that 3D printed knit textiles have recognizable changes in wale direction at breaking force. The high elongation property of 3D printed knit textiles presents their potential use in tight-fitted clothing which needs high stretchability.
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Figure 1. Tensile behavior of 3D printed knit textiles
Note. A: The sample used. B: The force elongation curve. 

As shown in Figure 1B, the force elongation curve prior to Point A is linear, representing the elastic deformation, a temporary deformation that is self-reversing after removing the applied force, of the 3D printed knit samples in which the yarn moves within the structure. With the increase in force, the elastoplastic deformation that is partially recoverable took place, which was represented by non-linear (parabola) part of the force elongation curve between Point A and Point B. With further increase of the applied force, the yarn of 3D printed knit samples started to deform and the 3D printed knit textiles absorbed permanent (plastic) deformation; this region lies between Point B and Point C, where Point C represents the maximum force. The location of Point C varied among the five 3D printed knit samples. Beyond Point C, yarns began to fail gradually and every time yarns broke the force dropped, which was represented by the phenomenon of fluctuation in the force elongation curve prior to the final breaking point. The tensile behavior of 3D printed knit samples in this study well resembled Penava et al.’s (2021) force-extension model of conventional knit textiles.
Conclusion. This exploratory study examined tensile behavior of 3D printed knit textiles by measuring their maximum force and elongation in wale direction and analyzing the force-elongation curve. The results demonstrated that 3D printed knit textiles with high elongation have the potential to develop wearable products which need high strength and elongation to withstand the multi-directional stress and strain while being worn. The force-elongation curve of 3D printed knit samples was notably similar with that of conventional knit textiles, demonstrating the potential of 3D printed knit textiles to mimic conventional knit textiles in terms of responding to force. However, further statistical analysis is recommended to validate this comparison. Although this study provides critical insights for researchers and designers by investigating tensile behavior of 3D printed knit textiles using the FDM method with TPU filaments, only one loop length of 3D printed knit textiles was employed for the tensile behavior testing due to the limitation of 3D modeling. A different loop length of 3D printed knit textiles is closely associated with elongation, which needs to be further explored in future research. Only the tensile testing with wale direction was performed to examine tensile behavior of 3D printed knit textiles in this experiment, which leaves a room for further investigation of tensile behavior in course direction as well to fully examine the strength and elasticity of 3D printed knit textiles. 
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