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Introduction
[bookmark: _Hlk152238791]4D printing (4DP), is an advanced 3D printing process that develops materials by printing polymers in layered form. Such materials can be pre-configured to shape-shift, adapt, and evolve according to various environmental stimuli within a timeframe. Its advantages include one-off prototyping, fabricating complex designs with high levels of customization, pre-design how objects will transform, and direct depositing of polymers onto textiles without sewing processes. This has enabled the development of shape-memory effect (SME) textiles that overcome the limitations of traditional fabrication methods. However, 4DP research is still in its infancy and calls for further exploration. Thus, this study investigates 4DP (multi-material printing) by manipulating material variables to examine its influence on shape transformation performance. Polymer-textile composites (PTC) consisting of shore 70A/82A thermoplastic polyurethane (TPU), and a shape-memory polymer (SMP) were printed atop a synthetic knitted substrate. In this study, materials’ effects on adhesion and the overall transformation performance of the 4DP PTC were identified.

Literature Review
Fused deposition modeling (FDM)/fused filament fabrication (FFF) are typically used in 4DP due to the possibility of printing onto fabric. This enables the fabrication of customizable PTC that possess characteristics of conventional fabrics but with enhanced mechanical properties. In 4DP textiles research, two methods exist: i) pre-stressed and ii) multi-material. The transformation behavior in pre-stressed 4DP is entirely induced by a textile’s elasticity (Schmelzeisen et al., 2018). Under this method, the transformation is a one-off without the possibility for alternative transformations. On the other hand, SMPs that react to different stimuli in multi-material 4DP enable the possibility for PTC to be re-configured to further transform. In such cases, the transformation is produced by the SMP. Multi-material 4DP’s reconfigurability is particularly valuable for designing environmentally responsive design and situational-adaptative products e.g. self-building/folding shoes (Tanaka et al., 2020). However, limitations remain in existing studies: i) there is an inherent lack of textile characterization to examine 4DP PTC’s transformation behavior and ii) the effects of polymer type on transformation performance are also unclear. 


Research Methods
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Figure 1. 4DP PTC development and evaluation process 
In this study, a systematic method for developing and evaluating 4DP PTC was established (Figure 1). 4DP was conducted on a FFF machine model i3 MK3S+ by Original Prusa (Prusa, 2021). Stage 1 consisted of identifying optimal adhesion conditions in 4DP PTC through testing material combinations. Adhesion was recognized in precedent studies as a factor that influenced the transformation performance of 4DP materials and was thus an integral constituent of the evaluation process (Koch et al., 2021). T-peel tests according to ISO 11339:2022 (ISO, 2022) were used to identify the peel resistance between polymers (70A/82/SMP) and textile substrate (synthetic single-jersey knit). Subsequently, in stage 2 the 4DP PTC specimens underwent fixity, response, and life-cycle tests of at least 5+ repetitions between 45 to 60 °C to identify its transformation functionality and efficiency. In SME research, key factors to consider are i) shape fixity (material fixity to shape after subject to thermomechanical programming), ii) response (recovery time of material when exposed to a stimuli), and iii) life-cycle (repeatability) (Jose et al., 2020). 
Results & Discussion
	Sample
	Peel resistance
	Peel strength

	
	Maximum (N)
	Average (N)
	Minimum (N)
	Average (N/mm2)

	SMP - 82A 
	87
	65.3
	0
	6.30

	SMP - 70A
	140
	118
	
	22.28


Note: - N = newton; N/mm2 = newton per millimetre square 
Table 1. Average peel resistance and strength of 4DP PTC

	
Temp
(°C)
	70A-SMP
	82A-SMP

	
	Self-fold 90°
	Self-curve
	Self-fold 90°
	Self-curve

	
	Res (s)
	Fix
(%)
	Rec (%)
	Res (s)
	Fix
(%)
	Rec (%)
	Res (s)
	Fix
(%)
	Rec (%)
	Res (s)
	Fix
(%)
	Rec (%)

	45 
	10.73
	94.44
	95.30
	17.22
	100
	100
	9.55
	83.33
	100
	6.25
	100
	100

	50 
	5.02
	94.44
	95.30
	3.01
	100
	100
	6.31
	88.89
	100
	3.30
	100
	100

	55 
	2.75
	77.88
	85.71
	1.63
	100
	100
	4.34
	83.33
	97.33
	2.10
	100
	100

	60 
	2.28
	88.89
	88.75
	1.70
	100
	100
	2.72
	77.78
	100
	1.42
	100
	100

	Ave
	5.20
	88.89
	91.30
	5.90
	100
	100
	5.73
	83.33
	99.33
	3.27
	100
	100


Note: - Temp = actuation temperature; S = seconds; Ave = average; Res = response; Fix = shape fixity; Rec = life-cycle recovery
Table 2. Transformation performance of 4DP PTC
The results indicated 70A-SMP combinations to yield an average peel strength of 22.28N/mm2 (comparable to high performance adhesives) and 82A-SMP at 6.30N/mm2 (Table 1). Overall, though a variation in peel resistance was found among specimens, there was not a significant distinction in transformation performance (Table 2). For self-folding 90°, 70A-SMP recorded an average response of 5.20s, fixity of 88.89%, and life-cycle recovery of 91.30% and for self-curving a response of 5.90s, fixity and life-cycle recovery of 100% across temperatures. Meanwhile, for self-folding 90° 82A-SMP recorded, an average response of 5.73s, fixity of 83.33%, and life-cycle recovery of 99.33%, and for self-curving an average response of 3.27s, fixity and life-cycle recovery of 100% across temperatures. Overall, the results indicated i) higher temperatures resulted in faster response, ii) 82A-SMP had faster response rates, and iii) 70A-SMP had better fixity, but 82A-SMP had better life-cycle recovery for self-folding 90°. To achieve optimal performing 4DP PTC, different materials combinations should be considered depending on i) type of transformation, ii) application requirement (i.e., more/less flexibility required therefore higher/lower shore polymer used), and iii) activation temperature. 
Conclusion
To conclude, this study i) established a systematic method for developing and evaluating 4DP PTC, ii) identified optimal material partners and printing conditions for fabricating 4DP PTC, iii) evaluated the transformation performance of different 4DP PTC specimens under shape fixity, response, and life-cycle tests, thus building a foundation for further 4DP PTC research. This preliminary study will also help lead to the further development of 4DP PTC aimed for real-world applications with an emphasis on developing practical and personalized design products. Further research can explore the potentials of 4DP PTC in smart transformable garments, situational-adaptive products, assistive garments, interactive textile art/design, and soft robotics applications. 
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