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Abstract 

 

Three-dimensional (3D) printing filament has recently been producing by using 

recycled materials from 3D printing waste and other sources. With the developments 

of material recycling processes, a new source referred to as post-consumer textile 

waste (PCTW) can be used to produce filaments for 3D printing textiles. However, 

several challenges impede thermoplastic recycling from PCTW for 3D printing. The 

flowability of the polyester recycled from PCTW is too high to be extruded into 3D-

printable filaments, which must be adjusted by additives. The mechanical method is 

rarely investigated for recycling thermoplastic polyurethane (TPU) films into 3D-

printable filaments. Moreover, the development of 3D-printable filaments is restricted 

by limited applications, which should be expanded to encourage polyester textile and 

TPU film recycling. To address these challenges, this thesis investigates the material 

properties of polyester and TPU recycled from polyester textiles and TPU films. It 

also discusses the potential applications of polyester and recycled TPU (rTPU) 

filaments for 3D printing textiles. 

In this study, the clean textiles were hot-pressed into a paper-thin plastic board. 

After air-cooling, the plastic board was ground with ADR 4468 into powders. The 

extruder mixed, melted, and shaped the powder into 3D printing filaments. The 

polyester filaments were printed into specimens for further tests to improve the 

mechanical properties of materials and then printed into textiles with different 

structures to enhance flexibility. TPU film recycling is accomplished by breaking the 
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film into plastic fragments, which are then extruded into filaments. After 3D printing, 

the specimens were tested to improve the mechanical properties of materials, and the 

textiles with distinct structures were tested to enhance flexibility. 

The polyester mixed with 1.0 wt% of ADR4468 (rPET/ADR4468-1.0 wt%) 

exhibited the highest tensile and compressive strengths. The optimal content of 

ADR4468 improved the processability of filament extrusion and 3D printing, 

enhancing the mechanical properties of 3D-printed materials. The rTPU showed high 

chemical and thermal stability, and high elasticity. The tensile properties and 

processability of 3D printing products were further improved using the rTPU 

filaments dried at 25℃ and 25% relative humidity for 48 h. The flexibilities of 

rPET/ADR4468 textiles were improved by low infill density and intersection angle. 

The anisotropy of flexibility was observed in low-intersection-angle textiles, 

significantly improving the flexibility in the weft direction. The improved flexibility 

of the rTPU textiles was achieved with low infill density, a rotation angle of 45º, and 

fewer layers improved flexibility. 

This study discusses the potential approach to recycling polyester textiles and 

TPU films into filaments for 3D printing textiles. The method is expected to enhance 

the value of the polyester textiles and TPU films recycled from PCTW. It would 

stimulate the recycling industry to identify the thermoplastics and sort them for 

further recycling. Due to the stimulation, thermoplastic PCTW storage would 

decrease rapidly via mechanical recycling instead of chemical degenerating and 

landfilling. Thus, the approach would provide sustainable filaments, expand the 
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applications, increase the recycling rate of polyester textiles and TPU films from 

PCTW and reduce the environmental loading for the disposal.  
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Chapter 1. Introduction 

 

This chapter introduces the background of the study, which introduces 

thermoplastic waste recycling for 3D printing, PCTW recycling, and 3D-printed 

textiles. The background mainly focuses on introducing the development of waste 

recycling for 3D printing and the current challenge for thermoplastic recycling from 

PCTW into 3D-printable filament for 3D-printed textiles. The rationale is to provide 

the motivation for the study and to explain how thermoplastics are recycled from 

PCTW into 3D-printable materials and used for 3D printing textiles. 

 

1.1 Research background 

3D printing has fabricated many creative and functional products according to 

customers’ demand for personalized goods in recent years. 3D printing is additive 

manufacturing that directly generates products from 3D models with less waste and 

uses sustainable materials during processing1. The 3D models are digitally designed 

according to customization, satisfying different target customers. With the 

popularization of 3D printing, 3D-printed products have gradually appeared in 

people’s daily life. 

Thermoplastic recycling for 3D printing has been used for recycling different 

thermoplastics from other material sources, such as recycled polyethylene 

terephthalate (rPET) from water bottles, recycled low-density polyethylene (rLDPE) 

from meal-ready-to-eat pouches, and recycled polystyrene (rPS) from petri dishes. 
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Since these recyclable thermoplastics are designed for hollow blow modeling or 

calendaring, their viscosities are higher than extrusion-grade materials. The heating 

and shearing during the reprocessing break the polymer chains of thermoplastics, 

which reduces the viscosity of recycled thermoplastics and makes them suitable for 

the extrusion of 3D-printable filaments. Thus, these thermoplastics which are 

fabricated by hollow blow modeling and calendaring are suitable for recycling from 

other resources into 3D printing. 

Currently, it is urgent to recycle the thermoplastics from post-consumer textile 

waste (PCTW), which prevents PCTW from landfilling and incinerating to reduce the 

environmental loading. As reported, 10% of the textile waste has been recycled with 

only 8% of it has been reused across Europe. This recycling rate for PCTW in the 

U.S. has been reported at 15-16%. The low recycling rate with the continuous 

accumulation of textile directly booms an environmental loading of textile waste 

disposal. The rest of PCTW has been disposed of by landfilling (57%) and 

incinerating (25%). It is important to increase the recovery rate of textile waste by 

high-value-added approaches. 

Since 3D printing can provide enough commercial interest for 3D-printable 

materials, recycling PCTW into 3D-printable materials is a potential approach to 

increase the recovery rate and reduce the environmental loading. With the 

developments of material recycling processes, a new source referred to as post-

consumer textile waste (PCTW) can be used to produce filaments for 3D printing 

textiles. However, several challenges impede thermoplastic recycling from PCTW for 



3 
 

3D printing. The flowability of the polyester recycled from PCTW is too high to be 

extruded into 3D-printable filaments, which must be adjusted by additives. The 

mechanical method is rarely investigated for recycling thermoplastic polyurethane 

(TPU) films into 3D-printable filaments. Moreover, the development of 3D-printable 

filaments is restricted by limited applications, which should be expanded to encourage 

polyester textile and TPU film recycling. To address these challenges, this thesis 

investigates the material properties of polyester and TPU recycled from polyester 

textiles and TPU films. It also discusses the potential applications of polyester and 

rTPU filaments for 3D printing textiles. 

 

1.2 Research objectives 

The study aims to recycle thermoplastic textiles into 3D-printed products. Some 

challenges should be overtaken according to the recycling processes including 

thermoplastic textile identification, 3D-printable filament extrusion, and 3D printing. 

(1) To enhance the rheologic properties of polyester-textile-recycled 3D printing 

materials recycled from polyester textiles, thereby improving the processability of 

extruding filaments and 3D printing for enhancing the mechanical properties of 3D-

printed recycled polyester materials. 

(2) To improve the tensile property of TPU-film-recycled 3D-printable materials, 

thus improving the processability of filament extrusion and 3D printing. 

(3) To explore the textile structure effects on 3D-printed textiles by using the 

filaments made from recycled polyester textiles, thus improving the flexibility of the 
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printed textiles for further various applications. 

(4) To determine the textile structure effects on 3D-printed textiles by using 

filaments made from recycled TPU films to improve the flexibility of the printed 

textiles for further various applications. 

 

1.3 Significance and value 

This study discusses the potential approach to recycling polyester textiles and 

TPU films into filaments for 3D printing textiles. The method is expected to enhance 

the value of the polyester textiles and TPU films recycled from PCTW. It would 

stimulate the recycling industry to identify the thermoplastics and sort them for 

further recycling. Due to the development of the recycling industry, thermoplastic 

PCTW storage would decrease rapidly via mechanical recycling instead of chemical 

degenerating and landfilling. Thus, the approach would provide sustainable filaments, 

expand the applications, increase the recycling rate of polyester textiles and TPU 

films from PCTW and reduce the environmental loading for the disposal. 
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Chapter 2. Literature Review 

 

This chapter presents the background of the study, which introduces 3D printing 

technology used in PCTW recycling. The background mainly focuses on introducing 

the development of 3D-printed waste recycling and the current challenge for 

thermoplastic recycling from PCTW. The rationale is to provide the motivation for the 

study and to explain how the thermoplastics from PCTW are recycled into 3D-

printable materials and used in 3D printing. 

 

2.1 Thermoplastic waste recycling for FDM 3D printing 

3D printing is additive manufacturing that fabricates physical products by adding 

material layer by layer using digital 3D models2. The application of FDM 3D printing 

is gradually transiting from laboratory to factory, and it tends to be popular in 

households3. FDM 3D printing has gained popularity among users owing to its less 

waste generation, safety, user-friendly slicer software, and affordable cost (Fig. 2.1). 

Additionally, it uses sustainable material1. Commercial filaments have been 

developed to fit various polymers, such as acrylonitrile butadiene styrene (ABS)4, 

polyvinyl alcohol (PVA)5, thermoplastic polyurethane (TPU)6, polylactic acid (PLA)7, 

polypropylene (PP), and polyethylene terephthalate (PET). These 3D-printable 

materials can be recycled after 3D printing, and the recycled materials can be 

extruded into 3D-printable filaments for 3D printing8. The recycling source is from 

the 3D-printed waste and other thermoplastic waste. 
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Figure 2.1. FDM 3D printer1. 

 

2.1.1 Thermoplastic waste recycling 

With the 3D-printed products accumulating, the proper disposal of 3D-printed 

waste should be considered to prevent the pollution of 3D-printed thermoplastics. 

Studies have shown that 3D-printed PLA and ABS wastes can be recycled after 

granulating9. The granules have been directly printed using a particle-based FDM 3D 

printer10. Moreover, the 3D-printed waste granules can be melted and extruded into 

recycled filaments for filament-based FDM 3D printing11. Meanwhile, some 3D 

printers and recycling machines are open resources12. They can be 3D-printed and 

assembled by householders. The filament-based FDM printing can further reduce the 

cost of 3D printing and recycling for householders to create and recycle their 
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customized products. 

Several materials are reportedly recycled from other resources, such as recycled 

PET (rPET) from water bottles13, recycled low-density polyethylene (rLDPE) from 

meal-ready-to-eat pouches14, and recycled polystyrene (rPS) from petri dishes15. The 

viscosities of the above materials are higher than extrusion-grade materials owing to 

their hollow blow modeling or calendaring processes. Since the polymer chains are 

broken during processing and reprocessing, the viscosity of recycled materials 

reduces. Thus, they are potentially reprocessed through extrusion for 3D-printable 

filaments. The natural fiber waste from PCTW is reportedly recycled using 3D 

printing technology. The silk, wool, and cellulose wastes have been powdered, 

blended, and extruded with PLA into the filaments16. The fiber-reinforced PLA 

filaments have been printed into different products. However, the thermoplastics from 

PCTW are rarely recycled in the 3D printing industry. Since the PCTW thermoplastics 

are spinning-grade polymers, their viscosities are much higher than the extrusion-

grade polymers. At the end of the shaping process of the melted thermoplastic flux, it 

will flow like water and cannot be stretched into a fine filament. Thus, many 

thermoplastics from PCTW cannot directly be recycled and extruded into filaments as 

3D printing materials due to their high flowability. 

 

2.1.2 3D printing products using recycled thermoplastics 

Currently, several companies have developed 3D-printable filaments with 

recycled thermoplastics. To prevent environmental pollution, Formfutura has 
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reformed filaments made from the post-industrial extrusion waste streams of PLA 

filaments. Moreover, GreenGate3D has introduced its new PET-G filaments that are 

fully recycled from PET-G waste. In addition, Nefilatek produces recycled Nefila 

TPU filaments using industrial waste. The gradually increasing brands attracted their 

attention to recycled filaments with industrial waste, meaning the market for recycled 

3D-printable filaments is growing. 

Maldonado-García et al. have recycled the high-density polyethylene (HDPE) 

and polypropylene (PP) from the ocean waste17. The recycled HDPE (rHDPE) and 

recycled PP(rPP) have been blended and extruded into rHDPE/rPP composite 

filaments through 3D printing. Based on the designed 3D models, the elliptical gears 

(Fig. 2.2a) and the spectacle frame (Fig. 2.2b) are successfully printed, which 

indicates that ocean plastic waste can be recycled via 3D printing technology for 

complex-shaped and customized products with reasonable properties. 

 

Figure 2.2. 3D-printed products using rHDPE/rPP-based blends and composites: (a) 

elliptical gear with the shaft; (b) spectacle frame17. 

 

Audi has started the “Mission: Zero” program producing 3D-printed assembly 

aids for its vehicle production18. The assembly aids are printed using recycled 

materials from packaging waste. Employees collect sorted plastics, including the 
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sensor packaging (Fig. 2.3), and shred the plastics into granulates for 3D-printable 

filament extrusion. Then, the filaments are fed into a 3D printer producing the 

designed individual assembly aids. As assembly aids, 3D-printed pushers help 

workers to attach clips to the car body and some tools to improve the precision of 

attaching the four-ring logo part to the vehicle rear. This phenomenon suggests that 

3D printing can simultaneously recycle packaging waste and enhance production 

efficiency in vehicle assembly. 

 

Figure 2.3. Audi 3D-printed products for assembly aid using recycle packaging 

materials18. 

 

The Tokyo 2020 Olympic victory ceremony podium produced from recycled 

plastics using 3D printing (Fig. 2.4). Tokolo designed the podium based on the 
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sustainability concept of Tokyo 202019. The plastic items were collected by the 

community members in the host country Japan according to Tokyo 2020 Podium 

Project20. The collections comprised shampoo and dish detergent bottles. Procter & 

Gamble recycled the collections with other plastic waste recovered from the ocean to 

fabricate the podium, which inspires consumers directly to contribute to recycling 

plastic waste to create the Olympic medal podium. Meanwhile, the fabrication of the 

podium using recycled the collections demonstrates that 3D printing technology has 

great potential in plastic waste recycling. 

 

Figure 2.4. 3D-printed Tokyo 2020 Olympic victory ceremony podium using the 

recycled plastic19. 

 

2.2 Post-consumer textile waste recycling 

Recently, the global consumption of textile products has steadily increased21 due 

to the population boom22. Novel textiles with higher performance and more favorable 

designs than existing products are currently being fabricated. The fabrication of novel 
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textiles stimulates excessive consumption of the products by rapidly replacing 

existing textile products23. Consumer attractive goods are produced through the 

fabrication of novel textiles, attempting to replace the existing products owing to the 

designed durability of novel textile products24. The consumption of novel textiles will 

render existing textiles waste. Additionally, some parts of products are subjected to 

harsh conditions during their serving period, which damages the specific part of 

products, thus shortening the life span of the textile at specific parts25. This damage 

caused by harsh conditions will rapidly reduce the function of the products, even 

almost the other fresh parts. Furthermore, the shortened lifetime of the textile products 

accelerates the replacement of the textile products, directly increasing PCTW waiting 

for disposal26. The rapid replacement of the existing products aggravates the 

environmental load from both textile production and disposal27. Because the textile 

consists of synthetic and natural fibers, the continuous use of the textile can decrease 

petroleum reserves and negatively impact the environment. 

Synthetic fibers are produced as novel textiles with special functions and high 

durability, covering the insufficiency of natural fibers from petrochemicals. Due to the 

properties of synthetic fibers, they are mainly used to produce sport-related textile 

products. Moreover, industrial textiles are fabricated using functional synthetic fibers. 

Due to the cost reduction of natural fibers, polyester fibers are gradually replacing 

natural fibers. In addition, polyester fibers are currently used to blend with natural 

fibers for functionalization. As reported, the production of 1 kg of PET required 62 kg 

of water and 125 MJ of energy with the emission of 2.8 kg CO2 28, which is an eco-
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friendly and win-win development for the textile industry. However, synthetic fibers 

are nonbiodegradable, causing environmental problems during waste disposal 

processing. In addition, they are nonrenewable. These disadvantages will be directly 

exposed when the accumulation of synthetic fibers reaches that of natural fibers. As a 

projection, the textile industry used 98 million tons of nonrenewable resources in 

2015, which would increase to 300 million tons in 205029. Therefore, thermoplastic 

recycling from PCTW is greatly important for the sustainable development of the 

textile industry. 

Studies have shown that 10% of the clothing waste has been recycled using 8% 

of the reused clothes across Europe30. The recovery rate of textiles in the U.S. has 

been reported to be 15-16%31. The low recovery rate with the increasing quantity of 

textiles directly increases the environmental loading of PCTW disposal. The rest of 

PCTW are being disposed of through landfill (57%) and incineration (25%)30. During 

the landfilling, the toxic emissions from the chemical residues degraded from dyes 

and polymers of PCTW pollute the solid32. The residues absorbed by crops can 

threaten our health if contaminated crops are consumed. Additionally, some 

nonbiodegradable dyes and polymers can significantly reduce the disposal capacity of 

landfills due to their high durability33. Meanwhile, the increase in PCTW with long 

disposal time would require a large proportion of landfills, thus wasting valuable and 

limited land resources. Incineration is an effective method to generate energy from 

waste. However, it emits green gas, toxic gas, and particulates, which causes air 

pollution, thereby potentially posing health risks34. Therefore, increasing the recovery 
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rate of textiles is urgent for reducing environmental impact. Novel applications are 

necessary to recover the textile market, thus reducing the environmental impact of 

PCTW disposal. 

Currently, the PCTW is mainly collected by non-profit organizations in Europe35. 

Annually, tons of PCTW are donated into the drop-in bins (Fig. 2.5). The PCTW is 

gathered at the textile sorting center through the network of transport and bins for 

further processing35. The PCTW collections comprise shoes, bags, soft toys, and 

textile-related accessories. 

 

Figure. 2.5. The drop-in bins collecting clothes36. 
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The PCTW collections are sorted before reprocessing. According to their sorting 

manuals, the trained sorters separate the different categories of textiles for specific 

applications. The collected textiles are roughly classified into several categories, 

including “reusable”, “recyclable”, and “unrecyclable” (Fig. 2.6). The high-quality 

PCTW is sorted professionally and sold in textile secondhand markets37. Then, the 

non-reusable PCTW should is separated from recyclable textiles and unrecyclable 

waste. The recyclable textiles are further sorted into subcategories, including 

nonfabric, fabric, yarn, fiber, and “plastic.” After sorting, the packaged PCTW is sent 

to the factory as the raw materials for further reprocessing and fabricating new 

products. 

 

Figure 2.6. Conventional recycling system37. 
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2.2.1 Thermoplastic recycling from PCTW 

The recyclable PCTW is usually ignored due to its application limitation and low 

interest, especially the recyclable thermoplastics. As reported, the number of 

recyclable textile subcategories is currently fewer than reusable textile35. The 

recyclable textiles include white and colored cotton, knitted, and other recyclable 

textiles. Cotton recycling has gained more attention owing to its industrial 

recyclability development process. However, polymer textiles are roughly classified 

into other recyclable textiles, making it challenging for the recycling industry to 

effectively and efficiently distinguish and sort recyclable polymers. These sorts of 

polymers increase environmental loadings more than natural degradable textile waste. 

As a result, increasing the recycling rate of the polymers from PCTW is important, 

reducing the environmental loading. According to the market-driven system for 

recycled textiles, the applications of high-value-added products recycled from PCTW 

can effectively lead to the development of the textile industry. 

 

2.2.3.2 Polyester textile recycling 

PET is semi-crystalline polyester material used in many industries, such as 

fashion, drinks bottles, and packaging. PET is used to fabricate a high-performance 

textile such as a polyester textile owing to its excellent chemical resistance and 

mechanical properties. Because of the high volume of polyester textiles produced 

annually, the disposal problem of polyester textile waste has gradually increased. The 

nondegradable property of PET advances its durability during usage. However, the 
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nondegradibility of the PET makes the disposal of polyester PCTW challenging. 

Thus, exploring effective and efficient recycling methods for polyester PCTW 

disposal is urgent to reduce its environmental impact. 

 

2.2.3.2.1 Structure of polyester 

The structure of PET determines its application and recycling in the textile 

industry, including chemical and semi-crystalline structures. 

Chemical structure: The high mechanical properties of PET can be attributed to 

the combination of terephthalate and ethylene glycol ester in the main chain. The PET 

polymer chain is rigid due to the inflexible benzene ring of terephthalate. The rigidity 

of the polymer chain is mainly controlled by ethylene glycol ester parts, which exhibit 

slight flexibility for PET, thereby preventing the main chain from breaking and 

improving the mechanical properties. To fabricate the PET fibers, the chain length of 

spinning-grade PET can be designed to be lower than the extrusion grade, increasing 

the flowability.  

Semi-crystalline structure: The PET can be crystallized further to improve the 

mechanical properties and prevent crack propagation in the structure. The 

crystallization of PET increases the energy barrier during structural damage. PET 

tended to crystallize and orient during melt spinning, the cooling, and drawing 

processes, improving the mechanical performance of fibers. 

The fashion industry selects PET material based on the PET structure to fabricate 

polyester textiles for wearable products. Therefore, the recycling process of polyester 
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textiles (from PCTW) is similar to that of PET textiles. 

 

2.2.3.2.2 Conventional chemical recycling 

Chemical recycling is a practical and conventional method of recycling PET 

materials38. The chemical recycling method can depolymerize the PET PCTW into 

monomers for recycling39. The degraded monomers are further separated, purified, 

and recycled into chemicals, such as terephthalic acid (TPA), ethylene glycol (EG), 

dimethyl terephthalate (DMT), and other monomers. According to different recycling 

mechanisms, the rPET chemical recycling process is categorized into alcoholysis, 

hydrolysis, ammonolysis, and glycolysis methods.  

Alcoholysis is a trans-esterification-based reaction that uses alcohol to 

depolymerize the PET at high temperature and pressure to produce DMT and EG 

monomers38.  

Hydrolysis is an effective chemical recycling method that hydrolyzes the ester 

functional groups in PET at high pressure and temperature. In neutral hydrolysis of 

PET, high-purity TPA and EG monomers are produced40.  

Ammonolysis is a method designed to digest PET with ammonia (NH3) to reduce 

the reaction temperature and produces terephthaldiamide (TPA di-amide) as an 

intermediary product and EG. Then, the TPA di-amide is further converted into TPA, 

p-xylylene di-amine, or 1, 4-bis(amino-methyl) cyclohexane38.  

Glycolysis is a glycolysis-based depolymerization chemical recycling method 

that uses excess glycol, including EG, diethylene glycol (DEG), and propylene glycol 
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(PG), to produce bis (2- hydroxyethyl) terephthalate (BHET), dimer, and oligomers40. 

It is widely used on a commercial scale to depolymerize PET. The generated 

molecules can be used for various industrial applications stimulating the rPET 

chemical recycling market. 

 

2.2.3.2.3 Mechanical recycling 

Mechanical recycling is another practical available method for recycling PET 

material41. The method is used to recycle the polyester PCTW maintaining the 

chemical and physical structures42. The polyester textile with its fiber structure can be 

directly reused by mixing recycled polyester textiles or fibers with the concrete, thus 

reinforcing the concrete43 and improving the mechanical properties of concrete (Fig. 

2.7). 

 

Figure 2.7. Fiber bridging action improving the mechanical properties of concrete43. 
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Another method is to destroy the fiber structure of polyester PCTW and retain 

the polymer chains (chemical structure). Though the mechanical method is rarely 

applied in polyester textile recycling, the success of PET bottle recycling indicates the 

potential application in polyester PCTW recycling. The recycled PET (rPET) is 

melted and extruded into granules for further reprocessing44. After the granules are 

washed and dried, the additives can be added and mixed to improve the performance 

or adjust the flowability of rPET for specific applications. Then, the polyester PCTW 

is fed into the extruder, melted (at high temperature and pressure), extruded, and 

shaped into the filaments using cooling water for the first time. After the cooling of 

the filament, the filaments are directly granulated. The granules are mixed with 

virginal PET granules for second-time extrusion. The blended granules are melted, 

extruded, and granulated into rPET granules to produce new products. As reported45, 

the rPET granules can be spun into new fibers used in the textile industry.  

The rPET has been applied as the substrate in the composite materials46. In 

recent years, rPET-based composites have been reinforced using different fibers, such 

as glass47, carbon (Fig. 2.8)48, and natural fibers49. The fibers enhance the mechanical 

properties of rPET composites. In addition, rPET materials can be reinforced using 

particles, including CaCO3
50, fly ash51, and graphene52. rPET can be blended with 

other polymer materials as additives to improve the mechanical performance of 

rPET46 to meet the mechanical requirements, thereby broadening the rPET composite 

application. Moreover, rPET has been functionalized with modified ZnO particles to 

absorb ultraviolet (UV) and infrared53. The functionalization of rPET can expand its 
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application in different fields to further stimulate rPET usage with high value. 

 

Figure 2.8. PET recycling using carbon fibers48. 

 

2.2.3.3 TPU film recycling 

Thermoplastic polyurethane (TPU) is the elastic material used in various 

industries, such as textile, automotive, and medical54-57. The textile industry is the 

largest end-user of TPU, including footwear, waterproof costumes, and hats. This 

increasing market increases the demand for the disposal of TPU post-consumer textile 

waste (TPU PCTW). With the increasing yield and usage of TPU, TPU PCTW storage 

increases. TPU PCTW needs to be disposed of due to its nondegradable property. 

Therefore, exploring effective and efficient recycling methods of TPU PCTW is 

crucial to reduce the environmental loading and energy waste of TPU disposal. 
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2.2.3.3.1 Structure of TPU 

The structure of TPU PCTW determines the reprocessing methods. The elasticity 

of TPU can be attributed to the block-copolymer structure, which consists of the 

isocyanate hard segment with polyether or polyalcohol-based soft segments. The hard 

segments can commercially use hexamethylene diisocyanate (HDI)58, toluene 

diisocyanate (TDI)59, 60, and methylene diphenyl diisocyanate (MDI)61 to improve the 

mechanical properties of TPU. The soft segments can commercially use polyethylene 

glycol (PEG)62, butanediol-based polyester, and poly tetrahydrofuran (PTMG)61 to 

improve the elasticity. Due to the principle of polymer self-assembly and the 

compatibility difference of block-copolymer segments, the hard segment chains 

rearranged themselves to form the crystalline regions63. The crystalline regions 

prevent crack propagation in the structure, thereby increasing the energy barrier 

during structure damage and improving the mechanical performance of TPU. 

However, the soft segments form amorphous regions. Because the polymer chains of 

soft segments can spontaneously be assembled into random coils in amorphous 

regions, they can be easily deformed under the force field, thus improving the 

elasticity of TPU. The block-copolymer structure endows TPU with outstanding 

mechanical performance and high elasticity, widely used in sports engineering. In 

addition, the large area of amorphous regions in TPU allows visible light to pass 

through with fewer influences, which contributes to the transparency of TPU. TPU is 

used as a transparent soft textile in the fashion industry owing to its transparency. 
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2.2.3.3.2 Conventional chemical recycling 

Chemical recycling is a conventional method of recycling TPU materials. This 

method depolymerizes the TPU polymer chains into monomers. TPU is a type of non-

cross-linking PU material; as a result, TPU has chemical structures similar to PU 

materials and uses similar chemical recycling methods as PU. During chemical 

recycling, the TPU polymer chains are degraded into monomers. The degradation 

products are separated, purified, and recycled into chemicals, such as toluenediamine 

(TDA), polyol, methylene diphenylamine (MDA), and other monomers. TPU 

chemical recycling has been divided into hydrolysis, aminolysis, and glycolysis 

methods according to different recycling mechanisms64.  

According to the reaction of the urethane with water steam, the hydrolysis 

recycling breaks the urethane functional groups that connect hard and soft segments at 

a high temperature and pressure and converts PU to a two-phase liquid system. The 

upper layer consists of an aqueous solution of TDA, while the lower layer is formed 

by recovered polyol65.  

Aminolysis is a reaction in which the amine groups of the urethane replace the 

ester groups. The MDI-based PU is decomposed into polyester polyol, MDA, and 

alkanolamine derivatives, such as 2-hydroxyethyl carbamic acid ester66.  

Glycolysis is the most widely used chemical recycling process for PU, which 

interchanges the ester group with the hydroxyl group of glycols, such as DEG and 

EG. The MDI and polyether polyol-based TPU can be decomposed and converted into 
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a liquid for recycling polyester polyol67. 

 

2.2.3.3.3 Mechanical recycling 

Mechanical recycling is the practical method for recycling TPU material. This 

retained the chemical structure and even the physical structure of TPU PCTW. The 

TPU PCTW can be shredded into flakes and granules used to fill pillows or toys 

owing to its elasticity64. 

Another method of mechanical recycling is the reshaping of TPU PCTW without 

altering the chemical structure of TPU polymer chains. The TPU PCTW is melted, 

extruded, and granulated into granules for further reprocessing68. The additives can be 

added and mixed with granules to improve the performance of recycled TPU (rTPU) 

for specific applications. Then, the TPU PCTW is fed into the extruder and melted at 

high temperature and pressure (Fig. 2.9). The melted rTPU is extruded into a cooling 

water bath and shaped into rTPU filaments. The rTPU filaments are directly 

granulated. The rTPU granules can be mixed with virginal TPU granules. The mixture 

is melted and further blended to uniform the quality of rTPU. The blended rTPU is 

extruded and granulated for further reprocessing. As reported68, the rTPU has been 

melted and blow-spuned into nonwoven textiles. In addition, TPU PCTW can be 

recycled with polyamide 6 (PA6) waste to hybrid fibers to reduce the cost of 

separating different materials from PCTW69. Moreover, TPU PCTW has been used as 

raw materials for polyurethane (PU) foams using polyol components70. 



24 
 

 

Figure 2.9. TPU recycled into nonwoven products68. 

 

2.2.2 Products using recycled thermoplastic from PCTW 

H&M launched Autumn 2021 recycled denim collections71. The collection was 

fabricated using 100% recycled textiles, threads, labels, pocketing, metal zippers, and 

trims (Fig. 2.10). This closed loop is based on the H&M in-store recycling system72. It 

shreds the cotton-made, polyester-made, and cotton/polyester blended textiles into 

recyclable cotton and polyester fibers. Another way is to decompose the cotton into 

powders and then separate the fine polyester fibers from the blended textiles73. After 

separating, filtering, carding, and drawing the powders, the recycled polyester fibers 

are spun into a single yarn thread. The equipment twists the threads to increase the 

strength. The polyester yarns are knitted or woven into new textiles for the collection. 

H&M provides solutions to the close loop of the fashion industry using polyester 

fibers recycled from textile waste into new textiles for denim collections. 
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Figure 2.10. H&M recycled denim collection71 and shredding equipment of H&M 

Looop in-store recycling system72. 

 

Nike has explored the Space Hippie footwear collection (Fig. 2.11) and 

transformed scrap materials into new products74. The upper contains 90 wt% of 

recycled materials, and the sole blends standard Nike foams with 15 % of Nike Grind 

Rubber, reducing the usage of virgin materials with unique colorful patterns. The Nike 

Grind Rubber is a chopped rubber and thermoplastic elastomer material with various 

granulate sizes. It is recycled from end-of-life shoes. These rubber granules are mixed 

with different colors to form random color 3D patterns and endow the unique 

aesthetics for the functional forms. Nike recycles rubber and thermoplastic elastomer 

materials and adds a high aesthetic value to them, motivating customers to recycle 

aesthetic products. 
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Figure 2.11. Nike Space Hippie constructed with recycled materials74. 

 

2.3 3D-printed textiles using FDM 3D printing 

2.3.1 Conventional textile structures 

Many 3D-printed textiles use conventional textile structures, including weaving 

and knitting.  

The woven textiles have been printed using FDM 3D printing (Fig. 2.12)75. Warp 

pillars are fused layer by layer, and weft threads are extruded through an S-shaped 

path to weave the pillar. As the printed layers increase, the woven textiles are grown 

in the warp direction. The weft threads can print various woven textile structures and 

generate different patterns in the woven textiles by changing the shapes of the pillars 

and the paths of the weft threads. This method uses the nozzle to directly stimulate 

shuttle weaving to extrude threads in the weft directions. The threads exhibit high 

flexibility in the weft direction due to the weave structures. Moreover, the strengths of 

textiles are different in the two directions because the warp pillars are printed layer by 
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layer with low tensile strength, and the weft threads are continuously extruded at high 

tensile strength. The structural design forms an anisotropy of mechanical properties in 

the two directions. 

 

Figure 2.12. 3D-printed woven textiles75. 

 

The knitted textiles are developed using FDM 3D printing, as shown in Fig. 

2.1376. The textile is printed with a soft PLA material without support structures. 

Stitches are printed layer by layer in the normal direction of the plane of the knitted 

textile. The stitches of the textile are almost separated, with less undesirable 

connections formed by the movement of nozzles. Due to the fine-printed stitches of 

the textile, the flexibility of the textile is similar to SLS 3D-printed textiles. However, 

the printing accuracy restricts the diameters of the stitches to print thinner stitches at a 

high density of the knit structure using FDM 3D printing. 
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Figure 2.13. 3D-printed knitted textiles76. 

 

2.3.2 3D-printed textile for fashion design 

In recent years, digital fabrication used 3D printing technology in the hands-on 

producing wearable products, such as textiles and dresses. 

The bodice portion provides a new idea to combine conventional designs with 

3D-printed textiles (Fig. 2.14)77. The 3D-printed textiles were integrated as insets in 

the bra front of the bodice portion. Similarly, the bra back inserted the 3D-printed 

textiles. The textiles deformed with their gray and pink color shifting, achieving an 

ombre effect. This phenomenon inspired the sense of stereoscopy and movement 

during the exercise. The functional and aesthetic combination plays a significant role 

in the symmetrical design incorporating knitted and 3D-printed textiles. In addition, it 

compensated for the limitation of maximum printing dimension. This bodice portion 
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suggests the great potential in 3D-printed textile development. 

 

Figure 2.14. 3D-printed textile designed for bodice portion77. 

 

Danit Peleg in Shankar College Israel printed her entire final collection using 

home FDM 3D printers78 (Fig. 2.15). The FilaFlex filament, an elastic TPU filament, 

was used to print the flexible black and white dress79. To further increase the 

flexibility of the dress, Danit Peleg designed the stretchable pattern with a structural 

aesthetic. This representative work presents the prospective FDM application in 

fashion design and will encourage people to print their designed garments at home via 

FDM 3D printing technology. 



30 
 

 

Figure 2.15. Danit Peleg’s 3D-printed dress79. 

 

2.4 Research gaps 

The extensive literature review shows the development of polyester and TPU 

recycling processes from PCTW and 3D-printed textiles. The problems limiting the 

developments are as follows: 

(1) The flowability of polyesters from textiles is relatively high and unstable to 

be directly extruded into fine filaments. The lack of techniques in the rheological 

adjustment for polyester textiles restricts the development of the mechanical recycling 

method of polyester textiles from PCTW. 

(2) Although recycled TPU materials exhibit high chemical and thermal 

stabilities in the mechanical recycling method, the lack of high-value applications 

limits the development of the mechanical recycling process of TPU film from PCTW 

(3) Conventional textiles contain many voids, making printing difficult using 

FDM 3D printing without support structures. 
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(4) The complicated 3D modeling and 3D printing path design restrict the 

development of 3D-printed textiles. 

To solve these problems, this study developed approaches for recycling polyester 

textiles and TPU films into 3D-printable filaments used for 3D printing textiles and 

investigated the structural effect on 3D-printed textiles. 

 

2.5 Summary 

Thermoplastic waste has been recycled for FDM 3D printing in recent years. 

Maldonado-García suggests the possibility of recycling waste into customized 

products. Audi applies the technique to improve industrial assembly. The Tokyo 2020 

podium was produced by recycling thermoplastic using 3D printing technology. These 

cases demonstrate that thermoplastic waste can be recycled for FDM 3D printing in 

different areas, including customized products, industrial assembly aids, and the 

victory podium. Meanwhile, the recycled materials are not only from 3D-printed 

waste but also from other sources. Thermoplastics from textile waste might be a new 

source of recycled materials for FDM 3D printing. 

The recycling process of thermoplastics from PCTW remains a challenge for the 

fashion industry. Many companies take responsibility for recycling them. H&M has 

established a recycling system for recycling cotton, polyester, and combined blended 

textiles into new clothes. Fine polyester fibers can be recycled effectively and 

efficiently from shredded mixtures. 

However, the thermoplastics from PCTW are conventionally decomposed into 
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monomers using the chemical recycling method. Less thermoplastic PCTW has been 

recycled using the mechanical recycling method. This method saves energy and 

chemicals. Nike has attempted to use a novel collection of elastic thermoplastics from 

the footwear industry in the shoe upper and sole to form 3D colorful patterns, which 

explores the mechanical recycling method for thermoplastics from PCTW. 

Because FDM 3D printing can provide enough commercial interest for 3D-

printable materials, recycling PCTW into 3D-printable filament is a potential 

approach to increase the recovery rate and reduce the environmental impact 

associated with PCTW. The recycling of PCTW into 3D-printable filament can reduce 

the storage of thermoplastics from PCTW, thus reducing the cost of the mechanical 

recycling method. 

The conventional woven and knitted textiles are printed using FDM 3D printing 

technology, which attempts to simulate the weaving and kitting structures to enhance 

the flexibility of 3D-printed textiles. To further add value to recycled thermoplastics 

from PCTW and complete a circular approach, novel textiles with various flexible 

structures should be developed. 
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Chapter 3. Methodology 

 

This chapter describes the experimental outline and methods for this study. It 

provides the preparation of FDM 3D-printable filaments using polyester textiles and 

TPU films and 3D-printed textiles using polyester and rTPU filaments. The methods 

were used to optimize the mechanical properties of recycled polyester and TPU 

material, improve the processibility of the rPET/ADR4468 and rTPU filament 

extrusion, and enhance the flexibility of 3D-printed rPET/ADR4468 and rTPU 

textiles. 

 

3.1 Experimental outline 

Fig. 3.1 shows an approach for recycling polyester textile waste and TPU film 

waste into 3D-printable filaments for 3D-printed textiles. This research aimed to 

apply the approaches, optimize recycling processes to improve the mechanical 

properties of 3D-printed materials, explore potential applications in 3D-printed 

textiles, and enhance the flexibility of 3D-printed textiles. The possibility of recycling 

polyester textiles and TPU films was investigated in this study. The polyester textiles 

and TPU film waste were initially transformed into powders and fragments to ease 

their transfer into the filament extruder. The extruder melted and shaped polyester 

powders and TPU fragments into rPET/ADR4468 and rTPU filaments. To enhance 

the mechanical properties of 3D-printed rPET/ADR4468 and rTPU materials, the 

polyester was mixed with different contents of ADR4468 additives, and the rTPU 
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filament was dried before 3D printing. After the enhancement of the material, the 

filaments were printed into rPET/ADR4468 and rTPU textiles with various structures. 

The different structures affected the mechanical properties and changed the flexibility 

of 3D-printed textiles. 

 

Figure 3.1. Scheme of experimental process. 

 

3.2 Experimental materials 

The polyester textile was purchased from Zhaoxin Xinbojin Textile Co. and used 

as polyester textile waste. Joncryl ADR 4468 was purchased from BASF. The TPU 

film was purchased from Dongguan Chang An Chun Pin Insulating Materials 
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Business Department and used as TPU film waste. 

 

3.3 Polyester textile and TPU film recycling processes 

3.3.1 Polyester textile recycling processes 

Heat-pressure process using additives is different from the conventional 

mechanical recycling of polyester textiles. The details of these methods are illustrated 

in the subsequent chapter of rPET/ADR4468 filament production. 

The polyester textiles were heat-pressed into thin boards. The heat-pressure 

process melted the polyester and removed air bubbles from textile voids, preventing 

the bubbles from breaking the melt in the extrusion process to improve the 

mechanical properties of filaments for high-quality 3D printing. Since the study 

focused on enhancing material properties of the 3D-printed polyester with additives, 

the heat-pressure process effects were optimized for polyester textile recycling. 

To successfully extrude the polyester, the ADR4468 additive was mixed with 

polyester powders. The polyester from textiles was designed for fiber spinning using 

spinning-grade PET materials with higher flowability rather than extrusion-grade PET 

when the materials were melted. The high flowability reduced the recycled polyesters 

at the end of the filament extrusion, which could not be drawn and shaped into fine 

filament. The ADR4468 increased the viscosity of polyesters80. This improvement 

prevented the melt from dropping and forming fine filaments. Thus, ADR4468 was 

selected as an additive for polyester textile recycling. 
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3.3.2 TPU film recycling processes 

The shattering method of TPU film into fragments is different from the 

conventional mechanical recycling process. The shattered fragments were extruded 

directly into fine filaments, which are illustrated in detail in the subsequent chapter of 

rTPU filament production.  

The TPU film was shattered into fragments and fed into the filament extrusion. 

Due to the high elasticity of TPU film, the large size of the film could not be cut by 

the extruder screw and blocked the inlet to stop feeding TPU for the filament 

extrusion. To prevent blocking the inlet, the TPU film was shattered into small 

fragments. 

The shattered TPU fragments were directly extruded into fine filaments. The 

viscosity of TPU melt was adjusted by the temperatures and screw speed of the 

extruder. Because this study focused on the enhancement of tensile properties of the 

3D-printed rTPU, the rheological effects were controlled to the optimal extrusion 

conditions for TPU film recycling. 

 

3.4 3D-printed textiles 

3D-printed textiles were modeled from a thin board, and patterns of the thin 

board were program-generated using slicers, which are illustrated in detail in the 

subsequent chapters of 3D-printed rPET/ADR4468 and rTPU textiles. The infill 

density, rotation angle, and intersection angle were changed to investigate the 

structural effects on the flexibility of 3D-printed rPET/ADR4468 textiles. The infill 
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density, rotation angle, and layer number were changed to investigate the structural 

effects on the flexibility of 3D-printed rTPU textiles. The structural changes were 

different in rPET/ADR4468 and rTPU due to the load limitation and precision of the 

KES-F system. Moreover, the default textile was set at an infill density of 50%,  

rotation angle of 45º, intersection angle of 90º, and 2 layers to amplify the difference 

in the mechanical properties of textiles. 

 

3.5 Summary 

This study designed the approach of recycling polyester textile waste and TPU 

film waste into 3D-printable filaments for 3D-printed textiles. This research aimed to 

apply the approach, optimize recycling processes to improve the mechanical 

properties of 3D-printed materials, explore potential applications in 3D-printed 

textiles, and enhance the flexibility of 3D-printed textiles. 

The heat-pressure condition and additive selection were controlled in the 

polyester textile recycling process to focus on the processability of filament extrusion 

and improve the mechanical properties of 3D-printed materials. In TPU film 

recycling, the shattering process was used to prevent blocking in the inlet of the 

extruder, and the viscosity was adjusted and controlled to the extrusion conditions to 

focus on enhancing the tensile property. 

Due to the limitation of the KES-F system, the textile structural changes were 

different in 3D-printed rPET/ADR4468 and rTPU textiles, and the default textile was 

set at an infill density of 50%, a rotation angle of 45º, an intersection angle of 90º, and 
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2 layers to amplify the difference of the mechanical properties of textiles. 
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Chapter 4. A Filament Production Approach to Recycling Polyester Textile for 

3D Printing 

 

This chapter discusses the characterization results of 3D-printed rPET/ADR4468 

samples. The rPET/ADR4468 materials were recycled from polyester textiles and 

advanced by ADR4468 additive. To evaluate their mechanical performance and 

demonstrate the advancement of the additive, the mechanical properties, thermal 

performance, morphology, crystal structure, and bonding configurations were 

analyzed. 

 

4.1 Introduction 

Recycling polyester textiles has become a critical item of discussion for many 

stakeholders in the environmental protection field81. Polyester textile waste has 

reached its storage limit because polyester cannot be easily recycled yet it is the most 

popular fiber used in fabrics. Textile waste is mostly landfilled (57%) or incinerated 

(25%)30. Unfortunately, landfilling and incinerating increase environmental loads, and 

are unsustainable methods of disposing polyester textiles. Thus, developing a high 

value-added approach to recycling polyester textile waste is timely and important. 

3D printing might be the most viable method to realize a high value-added 

recycling approach. Since 3D printing has captured commercial interest for printable 

materials, it is potentially a good option to recycle polyester textile waste. However, 

several challenges are found in recycling polyester textile waste into 3D-printable 
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materials. Their low viscosity is designed for high-speed spinning, which during 3D 

printing, causes the polyester to buckle when passed through the extruder and 

filaments cannot be formed. In order to overcome this challenge, Singh et al.46 used a 

chain extender to increase the viscosity of polymers to an appropriate value. The 

functional groups of the chain extenders bond the polymer chains to limit their 

mobility, thus increasing the melt flowability during reprocessing. Accordingly, chain 

extenders might be the solution for recycling polyester textile waste into 3D printing 

filaments. 

In this work, polyester textile waste is recycled into 3D-printable materials by 

using a polymeric chain extender called ADR 4468 to modify the melt flow. To 

investigate the optimal usage of this additive, polyester textile waste is mixed with 

different amounts of ADR 4468 and extruded into filaments. Then, the filaments are 

3D-printed into samples for mechanical performance tests. Meanwhile, the 

mechanism of how ADR 4468 contributes to realizing the recyclability of polyester 

textile waste is examined through various characterization methods, including 

differential scanning calorimeter (DSC), X-ray diffraction (XRD), Fourier-transform 

infrared spectroscopy (FTIR) analyses, rheological tests, and scanning electron 

microscope (SEM) observations. 

 

4.2 Method 

4.2.1 Polyester textile recycling 

Fig. 4.1 shows the recycling approach which transforms polyester textile waste 
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into 3D printing filaments. Before the reprocessing commenced, the textile waste was 

washed and dried at 60℃ overnight, which removed dust from the textile surface. 

Then, the clean textiles were pressed, melted, and hot-pressed into a paper-thin plastic 

board with heat-pressure equipment at a temperature of 270℃ under a load of 10 MPa 

for 1 min. After air-cooling the plastic board down to 25℃, it was mixed with 1.0 

wt%, 1.5 wt%, and 2.0 wt% of ADR 4468 (hereinafter rPET/ADR 4468-1.0 wt%, 

rPET/ADR 4468-1.5 wt%, and rPET/ADR 4468-2.0 wt%, respectively). The mixture 

was ground into powder by using a high-speed grinder at 8000 rad/min for 1 min. To 

transform the powder into 3D printing filaments, the powder was fed into a WSJ-12 

filament extruder (Xinsuo, Shanghai, China). The extruder further mixed and melted 

the powder into a thermoplastic fluid. The thermoplastic fluid was then pushed out of 

the extruder, pulled through the die, and into the water tank and cooled in deionized 

water (50℃). The largest diameter of the filaments is 1.91 mm and the smallest 

diameter is 1.32 mm at the cross-section, which corresponds to 3D-printable filament 

diameters that range from 1.25 mm to 2.00 mm. Table 4.1 lists the parameters for 

optimal filament extrusion of polyester-based thermoplastics. In Table 4.1, Zones I to 

IV are the die, metering, compression, and feeding zones, respectively, marked on the 

extruder in Fig. 4.1. After rolling, the filaments with 1.0 wt%, 1.5 wt%, and 2.0 wt% 

of ADR 4468 (i.e., rPET/ADR 4468-1.0 wt%, rPET/ADR 4468-1.5 wt%, and 

rPET/ADR 4468-2.0 wt%, respectively) were obtained for 3D printing. 
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Figure 4.1. Fabrication of rPET/ADR 4468 filaments. 

 

Table 4.1. Major parameters of rPET/ADR 4468 filament extrusion 

Extrusion parameter Value 

Zone I temperature 210℃ 

Zone II temperature 230℃ 

Zone III temperature 225℃ 

Zone IV temperature 50℃ 

Cooling water temperature 50℃ 

Screw speed 60 rad/min 

Notes: Zones I, II, III and IV denote die, metering, compression, and feeding zones. 

 

4.2.2 3D printing using polyester filaments 

To determine the material properties, the filaments were 3D-modeled and 3D-
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printed into standard samples as illustrated in Fig. 4.2. The 3D models were designed 

and built with Pro/Engineer, a 3D modeling software (Parametric Technology 

Corporation Creo, Massachusetts, USA) according to testing standards. The 

Pro/Engineer software exported the 3D models into STL files for the 3D printing 

slicer software - Cura (Ultimaker B.V., the Netherlands) which sliced the models into 

layers. However, the 3D-printed parts were not entirely dense with empty space, so an 

infill pattern was needed. Patterned lines were used to fill the parts that were the 3D 

printing or nozzle extrusion path. Moreover, the slicer software sets the 3D printing 

parameters based on the material characteristics of the filaments. These parameters 

directly determine the quality and outcome of the 3D printing, as shown in Table 4.2. 

After setting the parameters, the slicer software converted the modeled parameters 

into GCODE files. GCODE is a programming language that controls the filament-

based FDM 3D printer (JGMaker-A6, JG AURORA, Shenzhen, China) to print the 

samples according to the sliced models. After printing, the samples were cooled down 

to 25℃ and removed from the print plate to reduce potential deformation of the 

samples. To explore the possibility of using 3D printing techniques for the fashion 

industry, a flexible mesh (Fig. 4.2) was printed as a novel prototype to determine the 

implications for the industry. 
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Figure 4.2. 3D printing and 3D-printed samples using rPET/ADR 4468 filament. 

 

Table 4.2. 3D printing parameters for rPET/ADR4468 3D-printed samples 

3D printing parameter Value 

Layer height 0.2 mm 

Wall thickness  0.8 mm 

Infill density 100% 

Infill pattern Lines 

Printing temperature 270℃ 

Build plate temperature 70℃ 

Flow 110% 

Printing speed 30 mm/s 
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4.2.3 Characterization 

Several characterizations were done to investigate the effect of the weight ratio 

of ADR 4468 on the material properties, including the crystal and chemical structures, 

thermal performance, morphology, rheology, and mechanical performance.  

The crystal structures of the 3D-printed samples were analyzed by using an XRD 

system (D8 ADVANCE, Bruker Co., Massachusetts, USA) with Cu Kα as the 

radiation source at λ=1.54056 Å over an angular range of 10º and 60º. The chemical 

structures of the polyester textiles and filaments, and 3D-printed samples were 

identified by using an FTIR spectrometer (ALPHA II, Bruker Co., Massachusetts, 

USA). The thermal performance of the polyester textiles and filaments, 3D-printed 

samples, and ADR 4468 were examined by using a DSC (DSC4000, PerkinElmer, 

Massachusetts, USA) at temperatures from 30℃ to 300℃ at a heating rate of 

10℃/min under a nitrogen gas flow of 20 ml/min. The morphology of the cross 

sections of the 3D-printed samples was observed under an SEM (S3400, Hitachi 

High-Tech Co., Tokyo, Japan) at 20 kV for tensile stress. The rheological performance 

of the textile-compressed plates and 3D-printed plates was evaluated by using a 

rheometer (Haake MARS III, Thermo Fisher Scientific co., Waltham, USA) with a 

plate diameter of 25 mm from 10-1 to 102 rad·s-1 with dynamic frequency sweeps (ω) 

at 270℃ under 1% strain. The mechanical performance of the 3D-printed samples 

was tested by examining the tension and compression (E43, MTS System Co., 

Minnesota, USA). The tensile tests were conducted in accordance with ISO 527 

standard at a displacement rate of 10 mm/min. The compression tests were based on 
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ISO 604 standard at a rate of 2 mm/min. 

 

4.3 Results and discussion 

4.3.1 Crystal structure analysis 

The crystal structures of the rPET/ADR 4468 samples were analyzed through 

XRD (Fig. 4.3). The three characteristic peaks of rPET/ADR 4468 at 2θ values of 

17.5°, 22.8°, and 25.8° correspond to the (0 1 0), (1 -1 0), and (1 0 0) crystal planes of 

polyethylene terephthalate (PET)82, 83. The broad peaks and noisy XRD patterns are 

attributed to the semi-crystallization of the PET chains. When the PET chains rapidly 

cooled down, small crystalline regions formed during the 3D printing. The randomly 

distributed crystalline regions resulted in larger characteristic peaks and amplified the 

XRD noise level. Compared with rPET/ADR 4468-1.5 wt% and rPET/ADR 4468-2.0 

wt%, rPET/ADR 4468-1.0 wt% has the highest peak intensity at 25.8° of the (1 0 0) 

crystal plane. The higher intensity indicates that this sample has more crystalline 

regions.  Moreover, the peaks at the (0 1 0) and (1 -1 0) planes of rPET/ADR 4468-

2.0 wt% are slightly larger towards a high 2θ angle. This phenomenon might be due to 

the internal compressive residual stress84. According to Bragg’s law 2d·sinθ = nλ, the 

peaks that shift towards a high 2θ angle means that the spacing between the crystal 

planes of rPET/ADR 4468-2.0 wt% (d in Bragg’s law) is reduced under X-ray 

irradiation at a constant λ. The smaller planes suggest that the crystal regions are 

compressed by the internal compressive residual stress. Therefore, internal 

compressive residual stress might be present in rPET/ADR 4468-2.0 wt%. 
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Figure 4.3. XRD of rPET/ADR 4468 (1.0 wt%, 1.5 wt%, and 2.0 wt%. 

 

4.3.2 Chemical structure analysis 

The chemical structures of the polyester textile, rPET/ADR 4468 samples (1.0 

wt%, 1.5 wt%, and 2.0 wt%), and ADR 4468 were identified by using FTIR 

spectroscopy (Fig. 4.4a). The polyester textile and rPET/ADR 4468 curves have PET 

characteristic peaks that reflect the hydroxyl end groups. Meanwhile, the ADR 4468 

curve shows the characteristic peaks of the epoxy groups. 
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Figure 4.4. (a, c) FTIR of chemical structures of polyester textile, rPET/ADR 4468, 

and ADR 4468, and (b, d) internal compressive residual stress that shifts C-H 

stretching vibration of rPET/ADR 4468 samples. 

 

The polyester textile and rPET/ADR 4468 samples have similar polymeric 

chains, which contain terephthalic acid repeat units with ethylene glycols (to form the 

terephthalates) and hydroxyl end groups (Fig. 4.4c). There are several characteristic 

peaks of the terephthalates. A single peak of the C=O stretching vibration is found at 
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1712 cm-1, which is smaller than that of the aliphatic and olefinic esters (near 1744-

1739 cm-1)85. Simultaneously, a split peak of C-O-C appears at 1238 cm-1, which is 

larger than that of the ethers (near 1225-1060 cm-1). These peaks indicate that one side 

of C=O is connected to the C-O-C forming ester groups and the other side is attached 

to the C atoms of the benzene ring (benzoate esters near 1735-1720 cm-1). Moreover, 

the attached benzoates are 1,4-disubstituted, owing to their C-H wagging vibration of 

the ring hydrogens near 860-800 cm-1. Since none of the weak peaks of ring 

deformation vibration was observed, the two 1,4-substituents are both the C=O of the 

ester groups. These characteristic peaks show that the terephthalates produce the 

polyester textile and rPET/ADR 4468. As diol monomers, ethylene glycols form the 

ester groups with the terephthalic acids specifically forming the ester groups. A single 

high peak of the CH2 rocking vibration is found at 722 cm-1, due to the (CH2)2 

(alkane) of ethylene glycol in the crystalline state, which suggests the presence of 

PET crystalline regions based on the XRD analysis. Simultaneously, hydroxyl groups 

of the ethylene glycols are the end groups of the PET chains. Characteristic peaks 

appear including the O-H stretching vibration (3600 cm-1) and O-H deformation 

vibration of alcohol (1409 cm-1 and 1372 cm-1). Since no characteristic peaks of 

carboxylic acid were observed, the hydroxyl groups are the main end groups of the 

PET chains.  

The ADR 4468 polymer chains contain 1,4-disubstituted benzene rings, ester 

groups, epoxy groups, and long-chain alkyl groups (Fig. 4c). The R1, R2, R3, R4, and 

R5 might be H, CH3 or a long-chain alkyl group86. Since characteristic peaks of the 
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1,4-disubstituted benzene ring were observed, including C-C stretching vibration and 

C-H bending deformation, the R2 could be the alkyl group. A single high peak of the 

C=O stretching vibration (1724 cm-1) and a split peak of the C-O-C stretching 

vibration (1180 cm-1) appear, which suggests that ester groups are present and their 

C=O is attached to the C atoms of the alkyl groups. The two characteristic peaks of 

the epoxy groups (1256 cm-1 and 843 cm-1) point to the presence of epoxy groups in 

the side chains. Meanwhile, some of the epoxy groups are ring-opened and produce 

diols (3600 cm-1 and 1384 cm-1). To improve the elasticity, ADR 4468 is added 

because this additive contains long-chain alkyl groups and the CH2 rocking vibration 

of long-chain alkyl groups with a large sharp peak appears at a low wavenumber (699 

cm-1). This low wavenumber suggests that the polymer chain contains many long-

chain alkyl groups in the branched chains. Based on the epoxy groups and long-chain 

alkyl branches, ADR 4468 could improve the extrusion flow of rPET/ADR446. 

The internal compressive residual stress shifts the C-H stretching vibration peak 

to a high wavenumber as shown by the rPET/ADR 4468-2.0 wt% curve. Fig. 4.4b 

shows that the C-H stretching vibration peak integrates the split peaks (2960 cm-1, 

2921 cm-1, and 2850 cm-1 in rPET/ADR 4468-1.0 wt%) into a single peak (2960 cm-1 

in rPET/ADR 4468-1.5 wt%) and then shifts to high wavenumber (2967 cm-1 in 

rPET/ADR 4468-2.0 wt%). According to the Planck relation 𝐸 = ℎ𝑐�̃�, when the peak 

shifts to a higher wavenumber �̃�, the C-H bonds absorb more energy E for their 

stretching vibration. The vibration is restricted by local groups and its space is 

reduced for high activation energy. This phenomenon might be attributed to the 
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internal compressive residual stress. The residual stress compresses and reduces free 

space in the crystalline and amorphous regions. With the amount of free space 

reducing, the residual stress further restricts the C-H stretching vibration for high 

activation energy and shifts the peak to a high wavenumber. 

 

4.3.3 Thermal performance 

To investigate how ADR 4468 affects the flow of the filament extrusion, the 

thermal performance of the rPET/ADR 4468 samples and ADR 4468 was examined 

by using DSC (Fig. 4.5a). The initial DSC heat curves show the effects of ADR 4468 

on the recycling of the polyester material through the glass transition temperature 

(Tg), cold crystallization temperature (Tcc), melt temperature (Tm), and reaction 

temperature of the samples. 
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Figure 4.5. (a) Initial DSC heat curves of PET PCTW, rPET/ADR 4468 (1.0 wt%, 1.5 

wt%, and 2.0 wt%), and ADR 4468, and (b) Oxirane ring opening via nucleophilic 

addition reaction in rPET filament extrusion 

 

The local mobility of the polymer chain, as well as the Tg of rPET/ADR 4468, is 

affected by the amount of ADR 4468. The Tg of rPET/ADR 4468-1.5 wt% appears 

near 75.0℃, which is higher than the 72.5℃ of rPET/ADR 4468-1.0 wt%. The high 

Tg of rPET/ADR 4468-1.5 wt% could be attributed to the limitations of the local 

mobility of the polymer chains with more crosslinked structures. The crosslinked 

structures are formed by the ring-opening reaction of the epoxy groups of ADR 4468 

with the -OH end groups of the PET polymer chains. Since the PET chains are 
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connected to the networks that restrict their mobility, the crosslinked chains need 

more activation energy due to their local mobility which is shown as an increase in Tg. 

With the ratio of ADR 4468 further increasing, the Tg of rPET/ADR 4468-2.0 wt% 

declines and reverts back to a similar temperature as that of rPET/ADR 4468-1.0 

wt%. This lowering of the Tg indicates a decrease in crosslinked structures, owing to 

the limited number of -OH end groups of the PET chains. The end groups might 

connect with the epoxy groups of ADR 4468 to extend the PET chains, and ADR 

4468 might only react with one or two end groups due to the large number of epoxy 

groups in the free ADR 4468. The dominance of the epoxy groups reduces the 

likelihood of crosslinking and ratio of ADR 4468. With the crosslinking ratio 

reducing, the chain mobility of rPET/ADR 4468-2.0 wt% increases with Tg, thus 

returning to a similar value as that of rPET/ADR 4468-1.0 wt%.  

Due to the trough-like crosslinks, the Tcc and Tm peaks exhibit similar trends 

with increase in ADR 4468. The intensity of the Tcc and Tm peaks of rPET/ADR 4468-

1.5 wt% decreases and then increases with rPET/ADR 4468- 2.0 wt%. These two 

types of peaks are related to the crystallization of the polymer. The higher Tcc peak of 

rPET/ADR 4468-1.0 wt% and rPET/ADR 4468-2.0 wt% means that the polymer 

chains tend to crystallize due to the high chain mobility and low crosslinking ratio. 

The high chain mobility allows the chains to move faster and cold crystallize more 

rapidly during heating. Meanwhile, their higher peak for Tm indicates that they have 

more crystalline regions than rPET/ADR 4468-1.5 wt%, which corresponds to their 

higher intensity and area of crystal planes in the XRD results. Accordingly, the low 
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crosslinking ratio of rPET/ADR 4468-1.0 wt% and rPET/ADR 4468-2.0 wt% might 

increase chain mobility and crystallization with higher peak intensity of Tcc and Tm. 

Remarkably, a downward trend of Tm was observed, from 259.0℃ for 

rPET/ADR 4468-1.0 wt% to 256.9℃ for rPET/ADR 4468-1.5 wt% and 256.7℃ for 

rPET/ADR 4468-2.0 wt%. This downward trend demonstrates that there might be 

residual internal stress in rPET/ADR 4468-1.5 wt% and rPET/ADR 4468-2.0 wt%. 

Since the residual stress declined before the crystalline regions melted, the stress 

decline would cause the chains to unfold earlier than their melting threshold and 

reduce the Tm with increase in internal stress. The reduced Tm suggests that the 

residual internal stress increases with increased amount of ADR 4468, which 

corresponds to the blue-shifting of the C-H stretching vibration in the FTIR results. 

The endothermic broad peak of ADR 4468 (from about 222.3℃ to 290.6℃) 

indicates that the epoxy groups of ADR 4468 are activated and reacted during the 

extrusion (Zones II and III have a temperature over 225℃). The opened epoxy groups 

react with the hydroxyl end groups (-OH) of the PET polymer chains based on 

oxirane ring-opening via a nucleophilic addition reaction in an epoxide system (Fig. 

4.5b)87. Since no free acid is available to protonate the oxygen of the epoxy groups 

before the ring opened, the oxygen of -OH group which acts as a nucleophile would 

attack the less inhibited epoxide C atom88. After chain extension, the PET polymer 

chain is linked with the less inhibited epoxide C atom of ADR 4468, and the hydroxyl 

group form connections with another C atom of the epoxy group. Since ADR 4468 

contains two or more two epoxy groups, the PET polymer chains would be extended 
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and crosslinked after the oxirane ring-opening reaction89. The oxirane ring-opening 

reaction of the epoxy groups means that ADR 4468 could extend and crosslink with 

the PET chains during filament extrusion, thus increasing the extrusion flow of 

rPET/ADR 4468. 

 

4.3.4 Rheological properties 

The rheological properties of polyester textile, rPET/ADR 4468-1.0 wt%, 

rPET/ADR 4468-1.5 wt%, and rPET/ADR 4468-2.0 wt% were measured by using 

dynamic rheological tests including complex viscosity, storage modulus G’, and loss 

modulus G’’ (Fig. 4.6). 

 

Figure 4.6. Complex viscosity-ω (a), storage modulus G’-ω (b), and loss modulus 
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G’’-ω (c) curves of polyester textile, rPET/ADR 4468-1.0 wt%, rPET/ADR 4468-1.5 

wt%, and rPET/ADR 4468-2.0 wt%. 

The complex viscosity measures the total resistance to flow with isothermal 

measurements of the shear frequency (ω). Fig. 4.6a shows that the complex viscosity 

of the polyester textile and the rPET/ADR 4468 samples almost decreases with 

increases in ω due to the shear thinning characteristics of the pseudoplastic behavior 

of the polyester textile and rPET/ADR 4468. At the beginning of ω at 10-1, the 

complex viscosity of rPET/ADR 4468-1.5 wt% and rPET/ADR 4468-2.0 wt% is 

higher than that of the polyester textile, owing to the existence of crosslinked 

structures. The crosslinked structures connect the polymer chains into networks, 

which inhibit the mobility of the polymer chain and increase the complex viscosity at 

the beginning of their flow. In the regions with a low ω value (10-1 to 100), the 

complex viscosity of the rPET/ADR 4468 samples is greatly decreased, and their rate 

of decrease increases with more ADR 4468. This steep reduction in the complex 

viscosity might be attributed to the relaxation of the internal compressive residual 

stress, which would relax and deform the polymer chains, thus causing further 

extension of the polymer chains under the shear stress. This further extension 

enhances the material response and reduces the mechanical resistance (complex 

viscosity) to the shear stress. Due to the high internal compressive residual stress, the 

complex viscosity of rPET/ADR 4468-2.0 wt% is further reduced to less than 1.5 

wt% in the region with low ω values. In other words, the rPET/ADR 4468-2.0 wt% 

sample exhibits a higher flowability than the rPET/ADR 4468-1.5 wt% under a low 
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shear stress (region with low ω values). In the regions with a high ω values (100 to 

102), all the rPET/ADR 4468 samples have a lower complex viscosity than the 

polyester textile. Moreover, the rPET/ADR 4468-1.0 wt% sample exhibited the lowest 

complex viscosity with a fluctuating trend of decrease. On the other hand, the 

complex viscosity of rPET/ADR 4468-2.0 wt% showed a slight upward trend from 

100 to 101 and then declined. Due to the slight upward trend, the complex viscosity of 

rPET/ADR 4468-2.0 wt% is higher than that of rPET4468-1.5 wt%. This 

phenomenon is attributed to the increase in the resistance of the long-chain alkyl 

groups after the relaxation of the internal compressive residual stress. The extended 

chains are tangled up with the neighboring chains which resist mobility under shear 

stress, thus increasing the complex viscosity of rPET/ADR 4468-2.0 wt%. 

The storage modulus G’ represents the elasticity of the visco-elastic polymer 

melts. Fig. 4.6b shows that the storage modulus G’ of the polyester textile and 

rPET/ADR 4468 samples almost increases with higher ω values, except for the trough 

of rPET/ADR 4468-2.0 wt% in the region with low ω values. The trough and plateau 

point to the presence and relaxation of internal compressive residual stress, 

respectively90. The latter induces extra strain and reduces the G’, which corresponds 

to the dip at the beginning of the complex viscosity-ω curves. In the region with high 

ω values, the G’ increases with increasing ω values due to the slow material response, 

thus exhibiting a solid-like mechanical performance with high rigidity. Remarkably, 

the G’ of all of the rPET/ADR 4468 samples is higher than that of the polyester 

textiles. Meanwhile, the G’ of the polyester textile shows an upward trend with more 
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ADR 4468, except for the region with lower ω values caused by the residual stress 

relaxation of rPET/ADR 4468-2.0 wt%. These increases in the G’ suggest that ADR 

4468 enhances the melt elasticity of PET which affects the filament extrusion to 

reduce the melt dropping behavior. At the end of the extrusion (Zone IV in Fig. 4.1), 

the rPET/ADR 4468 sample flowed through the narrow extrusion nozzle when it 

absorbed the compressive energy which converted the sample into melt and increased 

its elasticity. Before the sample increased in elasticity, it had to be cooled down to 

prevent the gravity-induced melt dropping. Due to higher elasticity, the rPET/ADR 

4468 samples were successfully extruded and shaped into 3D-printable filaments. 

The loss modulus G’’ demonstrates the viscosity of visco-elastic polymer melts. 

Similar to the G’ trends, the G’’ of the polyester textile and rPET/ADR 4468 samples 

showed a slight upward trend with higher ω values (Fig. 4.5c), except for the trough 

of rPET/ADR 4468-2.0 wt% in the region with low ω values. The trough could be 

attributed to the relaxation of the residual stress, which induces extra strain and 

material response that reduces the viscosity. In the regions with higher ω values, the 

G’’ of the rPET/ADR 4468 samples is lower than that of the polyester textile, which 

shows that the long-chains in the polyester respond slowly to the shear stress due to 

the tangled long-chains which restrict their mobility. The low viscosity means that the 

polymer chains of rPET/ADR 4468 samples might be shorter than those of the 

polyester textile, although ADR 4468 extends the chains. The shorter chains of 

rPET/ADR 4468-1.0 wt% might affect filament extrusion and effectively prevent the 

relaxation of the internal compressive residual stress after 3D printing. 



59 
 

 

4.3.4 Morphology observations 

The fractured sections of the rPET/ADR 4468 samples show the fracturing 

mechanism and quality of the 3D printing. The morphology of the samples was 

analyzed by using an SEM (Fig. 4.7). Fig. 4.7a shows the continuous fractures in a 

section of rPET/ADR 4468-1.0 wt%. The continuous fractures indicate that the 

printed polymer is very much fused into printed lines without voids (implies high 3D 

printing quality), which means that rPET/ADR 4468-1.0 wt% offers a high 

mechanical performance. To explore the enhancement mechanism from the use of the 

material, Fig. 4.7d shows a rough morphology that is fish scale-like in the fractured 

section of rPET/ADR 4468-1.0 wt%. The fish-scales are produced and propagate 

during tensile fracturing which suggests that the material is irreversibly deformed and 

begins to yield when tension leads to the breaking point of the sample. The slight 

yielding uses more energy and improves the tensile performance. 

 

With increased amounts of ADR 4468, the fractured section of rPET/ADR 4468-

1.5 wt% shows obvious voids between the printed lines, especially at the connecting 

areas (overlapping zone) between the 3D-printed wall and infill (Fig. 4.7b). The 

increasing number of voids could be attributed to the high complex viscosity (Fig. 

4.6a) of rPET/ADR 4468-1.5 wt% which reduces the flow of the melt when pushed 

through the printing nozzle. The low flow of the melt reduces the bond of the 

materials and produces the voids. Tensile stress is concentrated in the voids and 
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fractures are initiated. Upon further observing the surface of rPET/ADR 4468-1.5 

wt% (Fig. 4.7e), a smaller fish-scale-like morphology appears and expands to the 

edge of the lines, which indicates that the voids inhibit the expansion of the 

morphology through energy absorption of the tension. Accordingly, the increasing 

number of voids greatly deteriorates the mechanical performance of rPET/ADR 4468-

1.5 wt%.  

When the amount of ADR 4468 was increased to 2.0 wt%, the printed lines 

merged again, and the number of voids was reduced, which means low complex 

viscosity in the region with low ω values. The low complex viscosity of rPET/ADR 

4468-2.0 wt% increased the flow of the melt and allowed the melt to fuse with the 

printed lines. Moreover, this phenomenon suggests that the shear strength obtained 

through 3D printing might be similar to that at the regions of low ω values (10-1 to 100 

rad·s-1) in the rheological test. This means that the internal compressive residual stress 

might be generated by compression of the melt at the nozzle (substantial shrinking 

from 2.0 mm to 0.4 mm) and relaxation of the stress after extrusion of the melt 

through the nozzle, which increases the flow of the melt and reduce the voids on 

rPET/ADR 4468-2.0 wt%. With fewer voids, the fish-scale morphology increases and 

expands on the fractured surface (Fig. 4.7f), at a scale in between that of the 

rPET/ADR 4468-1.0 wt% and rPET/ADR 4468-1.5 wt% samples. Therefore, fewer 

voids enhance the mechanical performance of rPET/ADR 4468-2.0 wt%. 
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Figure 4.7. Fractured surface SEM image of 3D-printed tensile test samples: (a,d) 

rPET/ADR 4468-1.0 wt%, (b, e) rPET/ADR 4468-1.5 wt%, and (c,f) rPET/ADR 

4468-2.0 wt%. 

 

4.3.5 Mechanical performance analysis 

To analyze the effect of the amount of ADR 4468 on mechanical performance, 

and tensile and compressive properties, testing was done in accordance with ISO 527-
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2 / 5A / 10 and ISO 604 / B / 2, respectively. Fig. 4.8a shows the tensile properties 

with tensile strength, fracture elongation, and Young’s modulus of rPET/ADR 4468-

1.0 wt%, rPET/ADR 4468-1.5 wt%, and rPET/ADR 4468-2.0 wt%. Meanwhile, Fig. 

4.8b shows the compressive properties with compressive strength, fracture elongation, 

and Young’s modulus. 

 

Figure 4.8. (a) Tensile and (b) compressive properties of rPET/ADR 4468-1.0 wt%, 

rPET/ADR 4468-1.5 wt%, and rPET/ADR 4468-2.0 wt%. 

 

rPET/ADR 4468-1.0 wt% has the highest tensile (tensile strength of 40.6 MPa, 
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fracture elongation of 11.6%, and Young’s modulus of 353.9 MPa) and compressive 

(compressive strength of 72.8 MPa, fracture strain of 17.1%, and Young’s modulus of 

428.3 MPa) properties, which correspond to the SEM analysis that the continuous and 

expanded fish-scale morphology of the fractured sections enhances the mechanical 

performance of the samples. Since the melt of the rPET/ADR 4468-1.0 wt% sample 

flows with ease (low complex viscosity), the melt could fill the printed area and 

merge with the printed lines to form a continuous section of fractures. Under tension, 

the continuous section of fractures allows the fish-scales to expand. The fish-scale 

morphology exemplifies the increase in polymer yield. During the straining, the 

polymer chains exhibit slight flexibility, owing to the chain extension induced by 

ADR 4468 with flexible long-chain alkyl branches. The chains non-reversibly deform 

to produce the fish-scales which impart toughness, thus absorbing tensile energy. The 

tensile energy could also be used through the propagation of the fractures in the 

amorphous regions to enhance mechanical performance. According to the high 

intensity of the characteristic peak at 25.8° of the PET (1 0 0) crystal plane (XRD 

results) and endothermic peak (melting) at ~259.0℃ (DSC results), the rPET/ADR 

4468-1.0 wt% contains many crystalline regions that are connected to the amorphous 

regions91. These crystalline regions resist the propagation of the fractures with less 

strain and bypass the extended propagation path of the fractures in the amorphous 

region to increase the energy absorption, thus increasing the mechanical strength and 

Young’s modulus92. Thus, the propagation of the fractures in the amorphous regions 

and the slight surface toughness (fish-scales) improve the tensile properties of 
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rPET/ADR 4468-1.0 wt%. 

Unfortunately, with increased ADR 4468 content, rPET/ADR 4468-1.5 wt% has 

a poor mechanical performance in terms of the tension and compression due to a high 

complex viscosity and poor crystallization. The high complex viscosity reduces the 

polymer melt in the printed areas and produces obvious voids between the printed 

lines. Fewer materials in the cross-section of 3D-printed samples directly deteriorate 

the mechanical performance. The generated voids lead to accumulation of stress and 

limit the spread of the fish-scales (material yielding), thus reducing energy absorption. 

Moreover, due to the low intensity of the crystal peaks (XRD results) and melting 

peak (DSC results), poor crystallization reduces and shrinks the crystalline regions, 

which deteriorate the resistance to fracturing, thus further reducing energy absorption. 

Therefore, high complex viscosity and poor crystallization erode the mechanical 

performance of rPET/ADR 4468-1.5 wt%. 

rPET/ADR 4468-2.0 wt% exhibits high tensile strength (40.5 MPa) and low 

compressive strength (50.2 MPa), with enhanced mechanical performance owing to 

the internal compressive residual stress. According to the G’ plateau in the region with 

lower ω values (Fig. 4.6b) and shifts of the C-H stretching vibration peak (red color) 

(Fig. 4.4b), internal compressive residual stress is found in rPET/ADR 4468-2.0 

wt%84, 90, 93-96. The residual stress offsets the tensile forces and gradually relaxes (Fig. 

4.9) when the tensile stress causes the 3D-printed samples to stretch. With increasing 

tensile stress, the polymer chains are even more elongated, thus resisting the tensile 

stress. When the tensile stress reaches the limitation for the deformation of the 
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polymer chains, the chains are broken, fractures propagate, and the samples are 

damaged. Although the rPET/ADR 4468-2.0 wt% samples contain voids, their tensile 

strength returns and increases with high strain due to the internal compressive residual 

stress. At the same time, this phenomenon lends support to the fact that the internal 

compressive residual stress decreases the compressive strength with less strain. 

Therefore, the internal compressive residual stress enhances the tensile properties and 

deteriorates the compressive properties of rPET/ADR 4468-2.0 wt%. 
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Figure 4.9. Stretching and compressing rPET/ADR 4468-2.0 wt% with internal 

compressive residual stress 

 

4.4 Commercial competitiveness of rPET/ADR4468 

Attractively, the rPET/ADR4468 3D printing products exhibited great flexibility 

compared with the commercial rigid 3D printing products including polyethylene 

terephthalate glycol (PETG), PLA, and PA in the FDM 3D printing market (Fig. 
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4.10). The low tensile strength and moderate elongation of rPET/ADR4468 3D-

printed products indicated that they could deform larger than the commercial 

materials under low loading. They could be stretched over two times of the 

commercial rigid materials under similar or lower forces. It demonstrates that the 

rPET/ADR4468 has greater flexibility than the commercial rigid 3D printing 

materials. Accordingly, compared with the commercial rigid 3D printing materials, 

the rPET/ADR4468-1.0 wt% filaments might be suitable and have high 

competitiveness for 3D printing flexible products. 

 

Figure 4.10. Mechanical properties of commercial filaments and rPET/ADR4468 

filaments. 

 

4.5 Summary 

In this work, an approach to recycling polyester textiles into 3D printing 

filaments for 3D-printed textiles has been designed and implemented. As an important 
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additive for recycling polyester textiles, ADR 4468 extends the polyester chains and 

enhances the visco-elasticity of rPET/ADR 4468 melt in rPET/ADR 4468 filament 

extrusion. rPET/ADR 4468-1.0 wt% offers optimal mechanical performance under 

tension and compression for higher-loading products. With more ADR 4468, 

crosslinked structures are produced, thus inhibiting the mobility of the polymer 

chains, and causing internal compressive residual stress. The stress enhances the 

flowability of rPET/ADR 4468-2.0 wt% to fill the printed areas, thus directly 

increasing the material in the cross-section to resist tension and compression. 

Furthermore, the internal compressive residual stress enhances the tensile strength and 

reduces the compressive strength of rPET/ADR 4468-2.0 wt%. This result might be 

useful for presetting the loadings to improve the uniaxial tensile strength of 3D-

printed products. Meanwhile, due to the stress relaxation under heating, rPET/ADR 

4468-2.0 wt% could be applied to 4D printing. According to the results of this study, 

the approach is a practical way to recycle polyester textiles into 3D printing filaments 

to 3D print textiles, which would increase the recycling rate of polyester textiles to 

not only reduce material use and waste but also prevent environmental pollution with 

reduced disposal of polyester textile waste. 
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Chapter 5. A Filament Production Approach to Recycling Thermoplastic 

Polyurethane Film for 3D Printing 

 

This chapter discusses the characterization results of TPU and 3D-printed rTPU 

samples. The rTPU was directly recycled by TPU films. To evaluate their mechanical 

performance and investigate the recycling stability of TPU films, the mechanical 

properties, thermal performance, morphology, and bonding configurations were 

analyzed. 

 

5.1 Introduction 

Thermoplastic polyurethane (TPU) films have been widely applied as highly 

elastic and waterproof fabrics for raincoats, umbrellas, and shower curtains. As a 

result of these fabric applications, TPU film waste is found in post-consumer textile 

wastes with other textiles. With the rapid development of TPU fabrics, TPU film 

waste will increase in the coming years. 

Recycling TPU films is a sustainable method of disposing TPU films from textile 

waste, which increases the recycling rate of textile waste and reduces the 

environmental load caused by the landfill disposal (57%) or incineration (25%)30 of 

textile waste. To stimulate TPU recycling, a high-value-added approach is critical, 

timely, and essential to face the oncoming challenges. 

Three-dimensional (3D) printing may be the most viable method to realize high-

value-added recycling. As 3D printing has captured commercial interest for printable 
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materials, it is a potential option for recycling TPU film waste. Although TPU is a 

thermoplastic and easily reprocessed by mechanical methods, most TPU materials are 

depolymerized into oligomers via chemical methods for new products. These 

chemical methods use chemicals and solvents that result in lower recyclability and an 

increased risk of secondary pollution. Accordingly, mechanical methods may be more 

suitable for recycling TPU film waste into 3D printing filaments. 

In this work, TPU film waste was recycled into 3D-printable materials by direct 

filament extrusion without any additives. To evaluate the filament storage 

environment effect on the 3D printing of recycled TPU filament, the recycled TPU 

filaments were stored under open-air and dry conditions. The filaments were then 3D-

printed into samples for mechanical performance tests. Meanwhile, the recyclability 

of TPU film waste was evaluated through various characterization methods, including 

differential scanning calorimetry (DSC), Fourier-transform infrared spectroscopy (FT-

IR) analyses, rheological tests, and scanning electron microscopy (SEM) 

observations. 

 

5.2 Method 

5.2.1 TPU film recycling 

Fig. 5.1 shows the recycling approach where TPU film waste is transformed into 

3D printing filaments. Before the reprocessing commenced, the film waste was 

washed and dried at 50℃ overnight to remove dust from the film surface. The clean 

films were then shattered into plastics. To transform the TPU plastics into 3D printing 
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filaments, the plastics were fed into a WSJ-12 filament extruder (Xinsuo, Shanghai, 

China), which further melted the plastics into a thermoplastic fluid. The thermoplastic 

fluid was then pushed out of the extruder, pulled through the die into the water tank, 

and cooled in deionized water (25℃). The diameter of the filaments was 1.75 mm 

with good roundness, which corresponded to 3D-printable filament diameters that 

ranged from 1.25 to 2.00 mm. Table 5.1 lists the parameters for the optimal filament 

extrusion of TPU-based thermoplastics. In Table 5.1, Zones I to IV are the die, 

metering, compression, and feeding zones, respectively, marked on the extruder in 

Fig. 5.1. After rolling, the rTPU filaments were obtained for 3D printing. 

 

Figure 5.1. Fabrication of rTPU filaments. 
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Table 5.1. Major parameters of rPET/ADR 4468 filament extrusion 

Extrusion parameter Value 

Zone I temperature 140℃ 

Zone II temperature 145℃ 

Zone III temperature 140℃ 

Zone IV temperature 50℃ 

Cooling water temperature 25℃ 

Screw speed 60 rad/min 

Note: Zones I, II, III, and IV respectively denote the die, metering, compression, and 

feeding zones. 

 

5.2.2 3D printing using rTPU filament 

To determine the material properties, the rTPU filament was 3D-modeled and 

3D-printed into standard samples (Fig. 5.2). The 3D models were designed and built 

with Pro/Engineer, a 3D modeling software (Parametric Technology Corporation 

Creo, Massachusetts, USA) according to testing standards. The Pro/Engineer software 

exported the 3D models into STL files for the 3D printing slicer software - Cura 

(Ultimaker B.V., The Netherlands), slicing the models into layers. However, the 3D-

printed parts had empty spaces, so an infill pattern was needed. Patterned lines were 

used to fill the parts that were 3D-printed and the nozzle extrusion path. Moreover, 

the slicer software sets the 3D printing parameters based on the material 

characteristics of the filaments, which directly determine the quality and outcome of 

the 3D printing (Table 4.2). After setting the parameters, the slicer software converted 
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the modeled parameters into GCODE files. GCODE is a programming language that 

controls the filament-based FDM 3D printer (JGMaker-A6, JG AURORA, Shenzhen, 

China) to print the samples according to the sliced models. After printing, the samples 

were cooled to 25℃ and removed from the print plate to reduce the potential 

deformation of the samples. To explore the use of 3D printing techniques for the 

fashion industry, a flexible textile was printed as a prototype (Fig. 5.2). 

 

Figure 5.2. 3D printing and 3D-printed samples using rTPU filament. 
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Table 5.2. 3D printing parameters for rTPU 3D-printed samples 

3D printing parameter Value 

Layer height 0.2 mm 

Wall thickness 0.8 mm 

Infill density 100% 

Infill pattern Lines 

Printing temperature 180℃ 

Build plate temperature 60℃ 

Flow 110% 

Printing speed 30 mm/s 

 

5.2.3 Characterization 

Several characterizations were performed to investigate the effect of the filament 

storage environment on the 3D-printed TPU filament and the recyclability of TPU film 

waste, including the chemical structures, thermal performance, morphology, and 

mechanical performance of TPU.  

The chemical structures of the TPU films and the 3D-printed samples were 

identified using an FT-IR spectrometer (ALPHA II, Bruker Co., Massachusetts, USA). 

The thermal performance of the TPU films and 3D-printed samples were examined by 

DSC (DSC4000, PerkinElmer, Massachusetts, USA) from 0℃ to 200℃ at a heating 

rate of 10℃/min under a nitrogen gas flow of 20 ml/min. The cross-sectional 

morphology of the 3D-printed samples was observed by SEM (S3400, Hitachi High-
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Tech Co., Tokyo, Japan) at 20 kV for tensile stress. The mechanical performance of the 

3D-printed samples was tested by comparing the tension and compression strengths 

(E43, MTS System Co., Minnesota, USA). The tensile tests were conducted in 

accordance with the ISO 527 standard at a displacement rate of 10 mm/min, while the 

compression tests were based on the ISO 604 standard at a rate of 2 mm/min. 

 

5.3 Results and discussion 

5.3.1 Chemical structure identification 

The bonding configurations of the TPU film and rTPU 3D-printed samples were 

characterized by FT-IR spectroscopy (Fig. 5.3a). The TPU film and rTPU curves had 

characteristic TPU peaks of diphenylmethane diisocyanate (MDI, hard segments) and 

polyester (soft segments). 
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Figure 5.3. (a) FT-IR spectra and (b) chemical structure of the TPU film and rTPU 

3D-printed sample. 

 

Fig. 5.3a shows the characteristic peaks of the TPU film and rTPU 3D-printed 

samples. A broad N-H stretching vibration peak appeared at 3330 cm-1, and C-H 

stretching vibration peaks were found at 2954 cm-1 and 2873 cm-1. A split peak at 

2920 cm-1 was observed in rTPU 3D-printed curves, which can be attributed to the 

internal tensile residual stress red-shifting of the C-H stretching vibration after 

filament extrusion and 3D printing. C=O stretching vibrations at 1726 cm-1 (ester 

groups) and 1701 cm-1 (carbamate groups) appeared as sharp shoulder peaks. N-H in-

plane deformation vibration (N attached to the C of an aromatic ring) was located at 

1610 cm-1 and 1596 cm-1. A combination of N-H deformation and C-N stretching 

vibration appeared at 1528 cm-1. The C-H bending vibrations of CH2 or CH3 

asymmetric bending (overlaps band) were located at 1458 cm-1, 1438 cm-1, and 1413 

cm-1; the C-H bending vibration of CH3 symmetric deformation appeared at 1390 cm-

1; and the C-H wagging vibration of CH2 out-of-plane deformation was found at 1355 

cm-1. Mixed N-H bending and C-N stretching vibrations were found at 1310 cm-1, and 

the C-O-C stretching vibrations of esters were observed at 1248 cm-1, 1219 cm-1, 1167 

cm-1, 1139 cm-1, and 1073 cm-1. Peaks corresponding to the C-H bending deformation 
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of ring hydrogens were located at 1019 cm-1 and 961 cm-1 (in-plane bending) as well 

as at 916 cm-1 (out-of-plane bending), while the C-H wagging vibrations of ring 

hydrogens were found at 848 cm-1, 817 cm-1, and 769 cm-1. The CH2 in-plane rocking 

vibrations of (CH2)n (n ≥ 3) resulted in a peak located at 750 cm-1. The ring 

deformation vibration of 1,4-disubstituted benzene was detected as a weak peak at 

710 cm-1 due to differences between the two substituents, while the N-H out-of-plane 

deformation vibrations of an amide group were found at 652 cm-1 and 610 cm-1. 

According to these characteristic peaks, the polymeric chains (Fig. 5.3b) of the 

TPU film and rTPU 3D-printed samples consisted of the esters which were 

synthesized using MDI (hard segments) blocked with polyester (soft segments). 

Diphenylmethane diisocyanate (MDI, hard segments): The N-H stretching 

vibration at 3330 cm-1 suggests that -NH- exists in the TPU polymer chains (-NH2 

peaks near 3500 cm-1 and 3400 cm-1)85. The very strong intensity of the C=O 

stretching vibration at 1701 cm-1 without characteristic carboxylic acid peaks 

demonstrates that C=O combined with -NH- to form carbamate groups (amide C=O 

stretching vibration at 1680-1650 cm-1). The high peaks of N-H deformation and 

mixed C-N stretching vibrations at 1610 cm-1 and 1596 cm-1 indicate that the N atom 

attached to the C atom of the aromatic ring as R-Ph-NH-(C=O)-O- (characteristic 

peaks near 1650-1590 cm-1). In addition, the C-H wagging and ring deformation 

vibrations of 1,4-disubstituted benzene were observed, suggesting that the benzene 

ring connected two different substituents. Based on the reported TPU synthesis61, 

MDI exists in the hard segments. Considering the reported FT-IR spectra of MDI-
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based TPU97, the TPU, rTPU filament, and 3D-printed rTPU samples contained MDI-

based hard segments. 

Polyester (soft segments): The very strong intensity of the C=O stretching 

vibration at 1726 cm-1 without the characteristic carboxylic acid peaks was attributed 

to the ester groups85. Considering the structure of commercial TPU, the polyesters 

consisted of soft segments. The CH2 rocking vibration at 750 cm-1 suggests that the x, 

y, and z values of the CH2 chains were similar and are greater than or equal to 3. Since 

the CH2 rocking vibration is at ~720 cm-1 when the carbon chain is in the crystalline 

state, the CH2 chains of soft segments are in the amorphous area to increase the 

elasticity of TPU. 

Based on the FT-IR spectra, the chemical structures of the TPU film and rTPU 

3D-printed samples were identified as MDI-b-polyester. These blocked polyesters 

contained long alkane chains, which endowed the polymer with high elasticity. 

Additionally, the similar spectra of the TPU film and rTPU 3D-printed samples 

suggests that the MDI-b-polyester of the TPU film was stable during filament 

extrusion and 3D printing, which is suitable for mechanical recycling. 

 

5.3.2 Thermal performance 

The thermal performance of the TPU film and 3D-printed rTPU samples were 

examined. The first heating DSC curves include the respective melt temperatures of 

the soft and melt hard segments (Fig. 5.4). The soft segments of the TPU film and 3D-

printed rTPU samples were melted at ~58.0℃, which were observed as broad peaks 
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in the DSC curves. The low melting point of the soft segments caused feeding 

problems. As the temperature approached the first melting point of TPU, the TPU 

became sticky and over-elastic. It could not be shattered by the screw of the filament 

extruder and would stick at the feeding area, blocking the feed port and causing the 

extrusion to fail. For this reason, the Zone IV temperature was set 50℃ below the soft 

segment melting point. The hard segments melted at ~153.3℃ with a board peak in 

the DSC curves. When the temperature was below the hard segment melting point, the 

hard segments would self-assemble with nearby hard segments of other polymer 

chains and form crosslinked structures to stabilize the polymer melt as a continuous 

fluid for filament shaping. Accordingly, the filament extrusion temperatures were 

lower than the second melting point to produce fine rTPU filaments. However, this 

property blocked the narrow nozzle of the 3D printer. For this reason, the 3D printing 

temperature was set 180℃ above the hard segment melting point to print high-quality 

products.  

Additionally, the DSC curves of TPU film and rTPU 3D-printed samples were 

similar, which indicated that the TPU film was stable in the filament extrusion and 3D 

printing without any side reactions at temperatures ranging from 0℃ to 200℃. The 

TPU film was suitable for mechanical recycling, and its processing temperature could 

range from 140℃ (for filament extrusion) to 180℃ (for 3D printing). 
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Figure 5.4. First heating DSC curves of the TPU film and rTPU 3D-printed samples. 

 

5.3.3 Morphology observation 

The morphology of the fracture surface of the rTPU 3D-printed ISO527-2/5A 

sample was analyzed by SEM (Fig. 5.5). The fracture surface contained rTPU lines 

merged as a continuous cross-section (Fig. 5.5a). 

  

Figure 5.5. Fracture surface SEM of rTPU 3D-printed specimens after tensile test. 
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Small voids appeared between the printed wall lines, and their size gradually 

grew with increasing layers. This phenomenon can be ascribed to the lower surface 

temperature. When the rTPU was printed at higher layers, the cooling speed of the 

printed layers was faster than that of the lower layers96. The high cooling speed 

restricted the relaxation of the rTPU melt in the printing area, which quickly froze 

without merging with the nearby frozen lines and generated bigger voids than the 

lower layers. Since the cooling speed of the infill area was lower than the wall area, 

the inner area avoided void generation and formed a continuous cross-section.  

The wall lines fractured, forming smooth surfaces, and the infill lines contained 

fish-scale-like structures on their surfaces. The smooth fracture surface suggests that 

brittle fracture occurred on the wall lines, via stress concentrations. Stress became 

concentrated on the wall lines when the tensile force was applied, as the voids 

hindered the force spread across the wall lines. Thus, the concentrated stress increased 

rapidly with less time for the polymer to respond or yield to fracture wall lines with 

smooth surfaces. Additional dendritic crystals formed in the wall lines, which had 

bigger voids nearby due to the rapid crystal growth in the dominant direction of 

concentrated stress (Fig. 5.5b). In the infill area, the stress spread in the continuous 

cross-section, which allowed the polymer to deform and yield. This also generated 

fish-scale-like structures on the fracture surfaces, causing ductile fracture. 

 

5.3.4 Tensile properties 

The tensile properties of the rTPU 3D-printed samples were examined according 
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to the ISO 527-2 / 5A / 500. Fig. 5.6 shows the tensile strength, fracture elongation, 

and Young’s modulus of rTPU printed using undried filament and 48h-dried filament. 

 

Figure 5.6. Tensile properties of rTPU printed using undried filament and 48h-dried 

filament. 

 

The rTPU 3D samples printed using undried rTPU filaments had tensile strength, 

elongation at break, and Yong’s modulus values of 16.8 MPa, 1208.3%, and 1.4 MPa, 

respectively, with medium standard deviation. Using dried filament, the tensile 

strength improved to 20.6 MPa, the elongation increased to 1311.1%, and Young’s 

modulus rose to 1.6 MPa with low standard deviation. The high mechanical 

performance and low standard deviation demonstrate that the filament drying process 

can improve the quality of the 3D-printed products, which can be attributed to the 

higher modulus of the filament stabilizing the feeding of the 3D printer. The drying 

process increased the modulus of the TPU filament98, reducing the deformation when 

the filament was drawn by the feeding gears of the 3D printer. Since the feed rate was 
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calculated by the filament diameter, the low filament deformation allowed the shape 

and diameter of the filaments to be maintained to stabilize the feed rate of the 

materials. Accordingly, the dried TPU filaments have a higher Young’s modulus and 

deform less, improving the stability of gear feeding during the 3D printing process. 

The high feed stability enhanced the mechanical performance and reduced its standard 

deviation, improving the 3D printing quality. Therefore, drying the filament before 3D 

printing improved the mechanical performance and quality of the rTPU 3D-printed 

products. 

 

5.4 Commercial competitiveness of rTPU 

Remarkably, the rTPU 3D-printed products exhibited high flexibility compared 

with commercial TPU products in the fused deposition modeling 3D printing market 

(Fig. 5.7). The low tensile strength and high elongation of rTPU 3D-printed products 

revealed that they could undergo more extensive deformation, as they can be stretched 

over three times longer than commercial TPU materials under similar or lower forces. 

It demonstrates that the rTPU has greater flexibility than the commercial TPU 3D 

printing materials. Compared with commercial 3D-printed TPU materials, the rTPU 

filaments are more suitable and have high competitiveness for flexible 3D-printed 

textiles. 



84 
 

 

Figure 5.7. Mechanical properties of commercial TPU filaments and rTPU filaments. 

 

5.5 Summary 

The MDI-polyester-based rTPU filament can be directly produced by TPU films 

without additional additives, which suggests that the material of the TPU film has 

high filament extrusion processability and is suitable for mechanical recycling. The 

high elongation at break of the 3D-printed products demonstrates the elasticity of 

rTPU still has attractive elastic properties with high competitiveness after recycling 

and 3D printing processes. The similar FTIR and DSC results of the TPU film and 

TPU 3D-printed samples also demonstrate their thermal stability to maintain their 

chemical structures stable during filament extrusion and 3D printing. Additionally, the 

3D-printed samples using 48-hour-dried TPU filament presented higher tensile 

strength and lower standard deviation with undried filament. Therefore, drying the 

filament before 3D printing can improve the mechanical performance and quality of 
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the rTPU 3D-printed products. Additionally, the small voids between the printed lines 

(SEM results) support the high quality of the rTPU 3D-printed products using dried 

filaments. Thus, the TPU film is suitable for mechanical recycling into filaments for 

3D printing, while the filament drying process can further improve the mechanical 

performance and quality of the rTPU 3D-printed products. Moreover, the high 

competitiveness of the soft rTPU 3D-printed products can stimulate the recycling of 

TPU films from post-consumer textile waste, saving material resources and reducing 

the environmental load of waste disposal. 
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Chapter 6. 3D Printing Flexible Textile Using Polyester-Textile-Recycled 

Filaments 

 

This chapter discusses the mechanical performance of 3D-printed flexible 

textiles using rPET/ADR4468-1.0 wt% filament. The polyester filament was printed 

into flexible textiles according to the designed textile structures. The textile structures 

were program-generated by changing the infill pattern parameters of Cura slicer 

software. To evaluate the mechanical performance and demonstrate the relationship 

between the 3D-printed structure and the mechanical properties, the effects of infill 

densities, rotation angles, and intersection angles on 3D-printed textiles were 

investigated. 

 

6.1 Introduction 

The circular economy approach involves recycling polyester textiles into 

polyester filaments and applying polyester filaments to fabricate 3D-printed textiles, 

forming a circular approach for polyester textiles. To close the loop of polyester 

recycling, the use of polyester filament in 3D printing textiles should be investigated. 

3D-printed textiles are produced using 3D printing techniques to reproduce 

essential textile properties, such as elasticity, flexibility, strength, and porosity99. The 

techniques use structure design and 3D modeling to simulate the traditional woven or 

knitted structures and develop novel textile structures having similar properties to the 

traditional textile100. The development of 3D printing techniques and the high 
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resolution, high precision, and novel materials of 3D printing allow designers to 

overcome the challenge of small-size and complicated textile structures and explore 

the possibility of functionalization, thereby enhancing essential textile properties101-

109. 

However, the cost and the technical requirements limit the production and 

development of 3D-printed textiles. The weaving and knitting textiles contain many 

voids, thus requiring supports to be printed layer by layer. The selective laser sintering 

(SLS) 3D printing technique has been widely used for producing 3D-printed textiles 

to eliminate or minimize the post-processing supports110. Compared with traditional 

textiles, the cost of SLS remains relatively high for producing 3D-printed textiles with 

essential structures. Thus, SLS 3D printing technique is currently used to produce 

prototypes with complicated textile structures. 

FDM 3D printing technique is a promising cost-effective technique for 

producing customized printing on spectacle frames17, tools, accessories, garage kits, 

and gears111. In addition, FDM 3D printing farms can significantly reduce supply 

chain costs, thus attracting factories to build FDM 3D printing farms for fabricating 

customer-designed products. This affordable technique can be used to produce cheap 

3D-printed textiles with essential structures, which can replace traditional textiles. 

With the open-source 3D model and hands-on slicer software, the 3D-printed textiles 

are attempted at home and shared by tech geeks. 

The infill pattern generation method can further decrease the technical threshold 

and reduce the cost of 3D-printed textiles. In Cura slicer, the infill area can be 



88 
 

customized using several parameters, including infill density, pattern, and line 

directions. These parameters automatically generate the 3D printing patterns by slicer 

program on the thin board models to form the 3D-printed textiles without top and 

bottom layers. This infill pattern program-generated method can prevent complicated 

3D modeling of 3D-printed textiles, thus simplifying the processes and reducing the 

technical threshold. 

In this work, the textile structure was program-generated by setting infill pattern 

parameters in the 3D printing slicer software. After the structural design of the textile, 

the textiles were 3D-printed using polyester-textile-recycled filaments to finish the 

circular approach. To investigate the effect of textile structures on mechanical 

performance, the KES-F system was used to evaluate the mechanical performance of 

textiles at different infill densities, rotation angles, and intersection angles. 

 

6.2 Method 

6.2.1 Materials 

The polyester-textile-recycled filament was produced by Biofuels Institute, School 

of the Environment and Safety Engineering, Jiangsu University. The filament was 

stored at 25℃ and 65% relative humidity over two days before 3D printing. 

 

6.2.2 Textile structure design 

The textile structure was program-generated at different infill densities, rotation 

angles, and intersection angles using Cura 3D printing slicer software (Ultimaker B.V., 
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the Netherlands), shown in Fig. 6.1. Cura optimized 3D printing paths and generated 

patterns on 0.6 mm high solid sheet 3D models. The model height (0.3 mm) allowed 

two layers to form the textile structures through 3D printing. The default textile 

structure was program-generated at 50% infill density, 45° rotation angle, and 90° 

intersection angle. The infill densities were set at 30%, 50%, and 70% to evaluate the 

effects of the above parameters on textile mechanical properties. The rotation angles 

were set as 0°, 15°, 30°, and 45° by changing the infill line directions into [0, 90], [-15, 

75], [-30, 60], and [-45, 45]. The intersection angles were set as 30°, 60°, and 90° by 

changing the infill line directions into [-15, 15], [-30, 30], and [-45, 45]. 

 

Figure 6.1. Program-generated textile structures of rPET/ADR4468 3D-printed textile 

samples. 
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6.2.3 3D printing using polyester filament 

Fig. 6.2 shows the program-generated structures printed into 100 mm long, 100 

mm wide, and 0.6 mm high patterned textiles. The thin solid sheet models were built 

with Fusion 360, a 3D modeling software (Autodesk Inc., San Francisco, USA). The 

Fusion 360 software exported the thin sheet models into STL files for the Cura slicer to 

generate the patterns in the sheets. The infill patterns were set according to structure 

design by changing the infill density and line directions. To focus on the structural effect, 

the wall line count was zero, printing the textiles without the outer wall structures. The 

patterned lines were used for 3D printing or nozzle extrusion path. Moreover, the slicer 

software sets the material parameters according to the recommended parameters of 

polyester filaments. These parameters directly impacted the quality of 3D-printed 

textiles (Table 6.1). After the parameter setting, the slicer converted the models and 

printing parameters into GCODE files. The GCODE files planned the printing path with 

printing parameters for the filament-based FDM 3D printer (JGMaker-A6, JG 

AURORA, Shenzhen, China) to produce the patterned textiles. After the printing of 

textiles, they were cooled to 25℃ to prevent deformation when removing them from 

the print plate. 
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Figure 6.2. 3D printing of rPET/ADR4468 textile samples with program-generated 

patterns. 

Table 6.1. 3D printing parameters for rPET/ADR4468 3D-printed textile samples 

3D printing parameter Value 

Layer height 0.3 mm 

Wall thickness 0 mm 

Top/Bottom thickness 0 mm 

Infill pattern Lines 

Printing temperature 270℃ 

Build plate temperature 70℃ 

Flow 110% 

Printing speed 30 mm/s 

 

6.2.4 Characterization 

Mechanical measurements were conducted to investigate the effects of the infill 

density, rotation angle, and intersection angle on the mechanical properties of textile 

structures. The textiles were stored at 20℃ and 65% relative humidity over 24 h for 

Kawabata evaluation (KES-F) system testing. The KES-F system was used to test the 

mechanical properties, including tensile, shear, bending, and compressive properties, 

of each textile structure in warp and weft directions at 20℃ and 65% relative humidity. 

The tensile properties were measured using KESFB1-AUTO-A automatic tensile 

and shear tester (Kato Tech Co., LTD, Kyoto, Japan) under the optional condition. The 



92 
 

sample testing length and width were 5 cm and 10 cm, respectively. The maximum 

tensile load was 500 gf·cm-1, the tensile velocity was 0.2 mm·s-1, and the maximum 

elongation was 25 mm. 

The shear properties were evaluated using KESFB1-AUTO-A automatic tensile 

and shear tester under the optional condition. The sample testing length and width were 

5 cm and 10 cm, respectively, the shear tension was 10 gf·cm-1, and the maximum shear 

angle was from 8° to -8°. 

The bending properties were characterized using a KES-FB2 pure bending tester 

(Kato Tech Co., LTD, Kyoto, Japan) under the optional condition. The sample testing 

length and width were 1 cm and 20 cm, respectively. The maximum bending load and 

curvature were 5 gf·cm·cm-1 and 2.5 cm-1, respectively. 

The compressive properties were analyzed using KESFB3-AUTO-A Automatic 

compression tester (Kato Tech Co., LTD, Kyoto, Japan) under the standard condition. 

The compression velocity and area were 0.02 mm·s-1 and 2 cm2, respectively, and the 

maximum compression load was 50 gf·cm-2. 

 

6.3 Results and discussion 

6.3.1 rPET/ADR4468 3D-printed textiles 

Fig. 6.3 shows rPET/ADR4468 3D-printed textiles samples with different infill 

densities, rotation angles, and intersection angles. These textiles were 3D-printed 

according to their structural design to investigate the different effects of structures on 

their mechanical properties, including infill density 30% (ID30), 50% (ID50), and 
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70% (ID70); rotation angle, 0° (RA0), 15° (RA15), 30° (RA30), and 45° (RA45); and 

intersection angle 30° (IA30), 60° (IA60), and 90° (IA90). The lines were extruded 

through the nozzle and adhered to the lower layer. The rough lines on textiles 

indicated that rPET/ADR4468-1.0 wt% melt had a low flowability at a printing speed 

of 30 mm/s, and the polyester filament had moderate quality to form many knots on 

the lines. The knots had a rough surface of lines and formed random knot patterns. 

The knots were small and did not affect the nearby lines, which impacted the 

mechanical properties of textile structures. These knots might be generated by the 

unstable melt flow with voids in polyester filaments. The sudden increase in melt flow 

through the nozzle increased the width of printed lines. At the first line, no printing 

defect was observed from the corner of the textiles after the melt was transferred 

through the nozzle, which suggested that the melt stored low elastic energy with low 

hysteresis. 
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Figure 6.3. rPET/ADR4468 3D-printed textiles 

 

6.3.2 Infill density effect on rPET/ADR4468 textiles 

6.3.2.1 Tensile properties 

To evaluate infill density effects on tensile properties of rPET/ADR4468 3D-

printed textiles, the infill densities were set at 30%, 50%, and 70% (ID30, ID50, and 

ID70). Fig. 6.4a shows the round curves of the textiles under the uniaxial force. As the 

infill density decreases, the curves tilted to higher strain with lower slopes and higher 

tensile extensibility (EMT, Fig. 6.4b). The low slope and high EMT indicate that the 

textiles can be stretched longer under the maximum load and become more elastic. 
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The increase in line number in the cross-section could be attributed to the higher 

elasticity in ID30. Due to the low infill density, fewer lines were printed in ID30. 

These lines were loaded with more stress and highly deformed when the ID30 was 

stretched. The textile elasticity increased as the infill density decreased due to the 

fewer printed lines. As the elasticity of the textile increased, the tensile energy (WT 

Fig. 6.4c) in ID30 increased because the higher elasticity consumed more energy 

when the ID30 was stretched. As shown in Fig. 6.4d, the tensile resilience (RT) values 

of rPET/ADR4468 textiles were similar and close to 80%, which might be attributed 

to the elastic characteristics of rPET/ADR4468 materials. The textiles exhibited 

similar tensile properties in the warp and weft directions, which could be attributed to 

the symmetry of the textile structure. The symmetrical structures allowed the printed 

lines to deform similarly under the same loadings in two directions. Thus, ID30, 

ID50, and ID70 had similar load-strain curves, EMT, RT, and WT in two directions. 

These results showed that the decrease in infill density reduced the modulus and 

improved the elasticity of the rPET/ADR4468 3D-printed textile, and it did not affect 

the direction change in warp and weft. 
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Figure 6.4. Tensile properties of ID30, ID50, and ID70 in warp and weft directions: 

(a) load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile energy, and (d) 

RT, tensile resilience. 

 

6.3.2.2 Shear properties 

To evaluate infill density effects on shear properties of rPET/ADR4468 3D-

printed textiles, the infill densities of the textiles were set at 30%, 50%, and 70% 

(ID30, ID50, and ID70). Fig. 6.5a shows the round curves of the textiles under shear 

stress. As the infill density increased, the curves rose to higher stress and lower shear 

angle with higher shear rigidity (G, Fig. 6.5b). The high G indicates that the textiles 

are hard to be sheared and become more rigid with the increase in infill density. The 

increase in adhered and netted lines was attributable to the higher rigidity in ID70. 
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Due to the high infill density, more lines were printed in ID70. The netted lines were 

loaded with more stress in the shear direction at the same deformation. The slope of 

the load-shear angle curve and G increased as the infill density increased. Moreover, 

the out-plane deformation of textiles caused the yielding in ID30 and ID50 close to -

0.5º. A bulge was formed at the top left corner when the textile started to yield for 

resisting high shear deformation, which reduced the slope of shearing stress at the 

high shear angle. Due to the yielding and high rigidity, the asymmetry of -45º and 45º 

netted lines in two layers was amplified and then formed the wide tail of ID30 and 

ID50 to greatly increase 2HG in the minus shear angle area. When the infill density 

increased to ID70, the shear loads of the textile became maximum at low shear angles 

without yielding, and its 2HG decreased due to the low strain of lines for resilience. 

The ID70 had a fine round curve and exhibited high rigidity to resist the shear. The 

ID50 and ID70 exhibited similar shear properties in the warp and weft directions, 

which could be attributed to the symmetry of the textile structure. The symmetrical 

structures allowed the printed lines to deform similarly under the same shear stress in 

two directions. However, ID30 exhibited different properties in two directions. The 

lower rigidity of ID30 further amplified the asymmetry of two layers, which allowed 

yielding to appear at the lower shear angle in weft, causing the different curves. The 

2HG was much higher in weft than warp. Thus, the ID50 and ID70 had similar load-

shear angle curves (G and 2HG) in two directions, but they were different in the two 

directions of ID30. The results show that the increase in infill density increased the 

shear rigidity of the rPET/ADR4468 3D-printed textile, and moderate rigidity 



98 
 

amplified the asymmetry of two layers of ID30 to exhibit different shear properties in 

warp and weft. 

 

Figure 6.5. Shear properties of ID30, ID50, and ID70 in warp and weft directions: (a) 

load-shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 0.5º. 

 

6.3.2.3 Bending properties 

To evaluate infill density effects on bending properties of rPET/ADR4468 3D-

printed textiles, the infill densities of the textiles were set at 30%, 50%, and 70% 

(ID30, ID50, and ID70). Fig. 6.6a shows the round curves of the textiles under the 

moment of force. As the infill density decreased, the curves tilted to higher K with 

lower slopes and B (bending rigidity, Fig. 6.6b). The low slope and bending rigidity 

indicate that the textiles can be easily bent under low moments of force and become 
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more flexible. The reduction in the number of lines in the cross-section could be 

attributed to the higher flexibility in ID30. Due to the low infill density, fewer lines 

were printed in ID30. These lines resisted less stress to be bent in the same K. The 

textile flexibility increased as the infill density decreased due to the fewer printed 

lines. Meanwhile, the increasing flexibility increased the 2HB (bending moment at 0.5 

cm-1, Fig. 6.6c) in warp and decreased the 2HB in weft. The difference indicated that 

the asymmetry of -45º and 45º netted lines in two layers impacted the bending 

resilience in warp and weft. Due to the high rigidity of rPET/ADR4468 textiles, the 

asymmetry of the textiles might induce high stress and strain in the other direction 

under the bending. Thus, the decrease in infill density increased the flexibility of 

rPET/ADR4468 3D-printed textile due to the decrease in printed lines, and high 

rigidity amplified the asymmetry of two layers of ID70 to exhibit different shear 

properties in warp and weft. 
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Figure 6.6. Bending properties of ID30, ID50, and ID70 in warp and weft directions: 

(a) M-K curves; (b) B, bending rigidity; (c) 2HB, the bending moment at half of the 

maximum K. 

 

6.3.2.4 Compressive properties 

To evaluate infill density effects on the compressive properties of 

rPET/ADR4468 3D-printed textiles, the infill densities were set at 30%, 50%, and 

70% (ID30, ID50, and ID70). Compressional linearity (LC, Fig. 6.7a) slightly 

decreased from ID30 to ID70, indicating that the compressibility of textiles decreased 

with the increase in infill density because the increase in lines reduced the strain under 

the same compressive load. Compressional energy (WC, Fig. 6.7b) initially reduced 

in ID50 and then increased in ID70. The increase in knots increased the strain at low 
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stress, which increased the WC and further decreased the LC. As shown in Fig. 6.7c, 

the RC of textiles slightly increased with slight deviation, which could be attributed to 

less strain on increasing lines for the compressional resilience. Fabric thickness (T0) at 

0.5 gf·cm-2) of textiles was almost close to 0.90 mm with slight deviation, indicating 

that textiles had high 3D printing quality with similar thickness in the three testing 

points. The slight increase in T0 in ID70 might be attributed to the low line distance, 

which increased the knot height and slightly increased the line height. The results 

revealed that the decrease in infill density slightly increased the compressibility of the 

textile due to the decrease in printed lines, and the slight deviation of T0 demonstrated 

the high 3D printing quality of rPET/ADR4468 textiles. 

 

Figure 6.7. Compressive properties of ID30, ID50, and ID70: (a) LC, compression 

linearity; (b) WC, compressional energy; (c) RC, compressional resilience; (d) T0, 
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Fabric thickness at 0.5 gf·cm-2. 

 

6.3.3 Rotation angle effect on rPET/ADR4468 textiles 

6.3.3.1 Tensile properties 

To evaluate rotation angle effects on the tensile properties of rPET/ADR4468 

3D-printed textiles, the rotation angles of the textiles were at 0º, 15º, 30º, and 45º 

(RA0, RA15, RA30, and RA45). Fig. 6.8a shows the round curves of the textiles 

under the uniaxial force. As the rotation decreased, the curves tilted to higher strain 

with lower slopes and higher tensile extensibility (EMT, Fig. 6.8b). The low slope and 

high EMT indicate that the textiles can be stretched longer under the maximum load 

and become more elastic. The deformation of minimum repeat square units could be 

attributed to the increasing elasticity. The units were formed by four printed lines 

from two layers. As the square units rotated, the tensile stress switched from 

stretching lines in the tensile direction to deforming the square unit. The units 

extended in the tensile direction shrank in the vertical direction and rotated to a higher 

angle. The structure deformation increased the strain in the tensile direction with less 

strain of lines. However, the lack of unit rotation reduced the tensile strain to deduce 

the elasticity in RA45. In addition, as the deformation of units increased, the WT (Fig. 

7.8c) increased because the deformation of units consumed more energy to reach the 

same maximum loads. As shown in Fig. 7.8d, the RT of rPET/ADR4468 textiles 

decreased to approximately 45% in RA30 and returned to 70%. This phenomenon 

might be attributed to the high strains in RA30, rapidly releasing the internal stress for 
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rPET/ADR4468. The RA0 exhibited similar tensile properties in the warp and weft 

directions due to the symmetry of the textile structure. The symmetrical structures in 

two directions allowed the printed lines and square units to deform similarly under the 

same loadings in two directions. However, RA15, RA30, and RA45 exhibited 

different properties in two directions. The high rigidity amplified the asymmetry of 

two layers and allowed the rotation deformation of units in warp, causing the different 

curves. The EMT and WT were much higher in warp than in weft. Thus, the RA0 had 

a similar load-strain curves, EMT, RT, and WT in the two directions, but the curves, 

EMT, and WT were different in the two directions of RA15, RA30, and RA45. These 

results revealed that the increasing rotation angle reduced the modulus and improved 

the elasticity of the rPET/ADR4468 3D-printed textile, and high rigidity amplified the 

asymmetry of the repeat unit for rotation deformation to perform different tensile 

properties in warp and weft. 
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Figure 6.8. Tensile properties of RA0, RA15, RA30, and RA45 in warp and weft 

directions: (a) load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile 

resilience, and (d) RT, tensile energy. 

 

6.3.3.2 Shear properties 

To evaluate rotation angle effects on shear properties of rPET/ADR4468 3D-

printed textiles, the rotation angles of the textiles were set at 0º, 15º, 30º, and 45º 

(RA0, RA15, RA30, and RA45). Fig. 6.9a shows the round curves of the textiles 

under shear stress. As the rotation angle increased, the curves turned to a lower shear 

angle with higher G (Fig. 6.9b). The high G indicates that the textiles are hard to be 

sheared and become more rigid as the rotation angle increases. The increasing 

deformation of the square units could be attributed to the higher rigidity in RA30. In 
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RA30, the units were rotated to a higher angle, which might reduce the rotation 

deformation and increase the tensile deformation in the diagonal direction. The tensile 

deformation of the units in the diagonal direction had more stress than rotation 

deformation at the same shear angle. To fulfill the shear deformation, the shear load 

increased to generate more stress for the tensile deformation of the units of RA30 at 

the same shear angle to increase its shear rigidity. In addition, the increase in rigidity 

increased the 2HG at 0.5º (Fig. 6.9c) in RA30 because the higher rigidity could resist 

more shear stress for more strain to resile at the same shear angle. Moreover, the out-

plane deformation of textiles caused the yielding in textiles close to -0.5º. A bulge was 

formed at the top left corner when the textile started to yield for resisting high shear 

deformation, which reduced the slope of shearing stress at the high shear angle. Due 

to the yielding and high rigidity of textiles, the asymmetry of -45º and 45º netted lines 

in two layers was amplified and formed the wide tail of textiles to significantly 

increase 2HG in the minus shear angle area. However, in RA45, the G and 2HG 

decreased and increased respectively, which might be attributed to the yielding at 0.5º, 

thus reducing the G in plus shear area. The RA30 and RA45 exhibited similar shear 

properties in the warp and weft directions, which could be attributed to the symmetry 

of the textile structure. The symmetrical structures allowed the printed lines to deform 

similarly under the same shear stress in two directions. However, RA0 and RA15 

exhibited different properties in two directions. The moderate rigidity further 

amplified the asymmetry of two layers and allowed yielding to appear at a lower shear 

angle in warp, generating the different curves. The G was much higher in weft than in 
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warp. These results show that the increasing rotation angle to 30º rigidized the 

rPET/ADR4468 3D-printed textile under shearing, and moderate rigidity amplified 

the asymmetry of two layers of RA0 and RA15 to exhibit different shear properties in 

warp and weft. 

 

Figure 6.9. Shear properties of RA0, RA15, RA30, and RA45 in warp and weft 

directions: (a) load-shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 

0.5º; (d) 2HG5, shear stress at 5º. 

 

6.3.3.3 Bending properties 

The rotation angles of the textiles were set at 0º, 15º, 30º, and 45º (RA0, RA15, 

RA30, and RA45) to evaluate rotation angle effects on bending properties of 

rPET/ADR4468 3D-printed textiles. Fig. 6.10a shows the round curves of the textiles 
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under the moment of force. The curves of bending rigidity (B) of textiles were almost 

the same in warp and weft directions (Fig. 6.10b), which could be attributed to the 

high rigidity of rPET/ADR4468 materials. The high rigidity of rPET/ADR4468 

decreased the strain of textiles and reduced the effect of rotation angles on textiles 

under low moments of force. In addition, the less strain on lines for resiling kept the 

bending moment (2HB) at 0.5 cm-1 (Fig. 6.10c) low. The RA0 exhibited similar 

tensile properties in the warp and weft directions, which could be attributed to the 

symmetry of the textile structure. The symmetrical structures allowed the printed lines 

to deform similarly under the same loadings in two directions. Thus, the RA0 had 

similar M-K curves, B, and 2HB in warp and weft directions. However, RA15, RA30, 

and RA45 had different 2HB in two directions. The different 2HB in the warp and 

weft directions indicated that the amplified asymmetry of two layers might induce the 

moment to increase strains in the other direction, which could not be recorded in the 

K. These strains might reduce the maximum K, increase the 2HB, limit the further 

improvement of flexibility of RA30 and RA45, and cause the 2HB of RA15, RA30, 

and RA45 different in warp and weft. These results revealed that as the rotation angle 

increased to 15º, the flexibility of RA15 increased, and the strains in other directions 

reduced the maximum K and increased 2HB, restricting the further flexibility 

enhancement of RA30 and RA45. 
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Figure 6.10. Bending properties of RA0, RA15, RA30, and RA45 in warp and weft 

directions: (a) M-K curves; (b) B, bending rigidity; (c) 2HB, the bending moment at 

the half of maximum K. 

 

6.3.3.4 Compressive properties 

The rotation angles of the textiles were set at 0º, 15º, 30º, and 45º (RA0, RA15, 

RA30, and RA45) to evaluate rotation angle effects on compressive properties of 

rPET/ADR4468 3D-printed textiles. Because the testing area of clamps is a circle, 

compression testing has no directionality, meaning the rotation of structures in the 

textile plane makes no difference in compression tests. LC (Fig. 6.11a), WC (Fig. 

6.11b), RC (Fig. 66.11c), and T0 at 0.5 gf·cm-2 (Fig. 6.11d) were almost the same in 

textiles with different rotation angles. Moreover, the textiles were 3D-printed with 
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high quality to have a low deviation in T0 due to the high quality of rPET/ADR4468-

1.0 wt% filaments. The results showed that the rotation angle had no effects on the 

compressibility of the textile, and the low deviation of T0 demonstrated the high 3D 

printing quality of rPET/ADR4468 textiles. 

 

Figure 6.11. Compressive properties of RA0, RA15, RA30, and RA45: (a) LC, 

compression linearity; (b) WC, compressional energy; (c) RC, compressional 

resilience; (d) T0, Fabric thickness at 0.5 gf·cm-2. 

 

6.3.4 Intersection angle effect on rPET/ADR4468 textiles 

6.3.4.1 Tensile properties 

The intersection angles of the textiles were set at 30º, 60º, and 90º (IA30, IA60, 

and IA90) to evaluate intersection angle effects on tensile properties of 
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rPET/ADR4468 3D-printed textiles. Fig. 6.12a shows the round curves of the textiles 

under the uniaxial force. As the intersection angle decreased, the curves tilted to 

higher strain with lower slopes and higher EMT (Fig. 6.12b) in the weft direction. The 

low slope and high EMT indicate that the textiles can be stretched longer under the 

maximum load and become more elastic. In addition, the increase in elasticity 

increased the WT (Fig. 6.12c) in IA30 in the weft direction because the higher 

elasticity consumed more energy in the tension zone. However, the elasticity of 

textiles significantly decreased in the warp with high slope and low EMT. The 

different tensile performances in two directions indicated that the increasing 

intersection angle led to tensile anisotropy in textiles. Repeat unit deformation might 

explain the anisotropy. As the intersection angle decreased, the units changed from 

square to rhombus with a shorter diagonal in the weft direction and a longer diagonal 

in the warp direction. The short diagonal significantly elongated with small strain for 

line rotation at the smaller angles of the units. In IA30, this tensile deformation of the 

unit increased the EMT in the shorter diagonal direction (weft) and decreased the 

EMT in the longer diagonal direction (warp). However, this deformation accelerated 

the increase in strain at the intersection angle with high strain and low stress of unit 

deformation. The acceleration made the rPET/ADR4468 3D-printed textiles attain the 

maximum strain and break at the intersection angle, causing fractures in IA30 in weft 

direction tension. Due to the fractures, the RT (Fig. 6.12d) of IA30 in the weft 

direction was zero. In warp, the RT increased over 80%, which might be attributed to 

the less strain under tension for rPET/ADR4468 resilience. The results showed that 
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the decreasing intersection angle enhanced the elasticity of the rPET/ADR4468 3D-

printed textiles with low tensile strength in weft and reduced the elasticity in warp, 

forming the anisotropy in the tensile properties of textiles. 

 

Figure 6.12. Tensile properties of IA30, IA60, and IA90 in warp and weft directions: 

(a) load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile resilience, and (d) 

RT, tensile energy. 

 

6.3.4.2 Shear properties 

The intersection angles of the textiles were set at 30º, 60º, and 90º (IA30, IA60, 

and IA90) to evaluate intersection angle effects on shear properties of 

rPET/ADR4468 3D-printed textiles. Fig. 6.13a shows the round curves of the textiles 

under shear stress. As the intersection angle increased, the load-strain curves rose to a 
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higher load and lower shear angle with higher G (Fig. 6.13b) in warp. The high G 

indicates that the textiles are hard to be sheared and become more rigid in warp 

direction with the increase in intersection angle. The increasing deformation of the 

rhombus units could be attributed to the higher rigidity of IA30 in the warp direction. 

The long-diagonal distance was held in the vertical direction of the shear. The long 

diagonal was stretched longer with less tensile deformation of units and more tensile 

strain of lines at the same shear angle. The more strain of lines increased the shear at 

the same shear angle to increase the shear rigidity of IA30 in warp. However, the 

shear rigidity of IA30 decreased in the weft direction. The different shear 

performances in two directions indicated that the decreasing intersection angle could 

lead to the anisotropy of the shear properties of textiles. Repeat unit deformation 

might be attributed to the anisotropy. The short diagonal significantly elongated with a 

small strain of line rotation at the smaller angles of the units. The IA30 had more 

tensile deformation of the unit with a less tensile strain of lines at the same shear in 

the weft direction. 

Moreover, the out-plane deformation of textiles caused the yielding in two 

directions of IA60 and IA90 close to -0.5º. A bulge was formed at the top left corner 

when the textile started to yield for resisting high shear deformation, which reduced 

the slope of shearing stress at the high shear angle. Due to the yielding and moderate 

rigidity of the textiles, the asymmetry of -45º and 45º netted lines in two layers was 

amplified and formed the wide tail of IA60 and IA90, thus greatly increasing 2HG in 

the minus shear angle area. The IA30 in the warp direction reached the maximum 
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shear loads at low shear angles without yielding, and its 2HG decreased due to the 

low strain of lines for resilience. The IA30 had a fine round curve and exhibited high 

rigidity to resist the shear in warp. This result reveals that the decreasing intersection 

angle increased the shear rigidity of the rPET/ADR4468 3D-printed textiles in warp 

and reduced the shear rigidity in weft, forming the anisotropy in the shear properties 

of textiles. 

 

Figure 6.13. Shear properties of IA30, IA60, and IA90 in warp and weft directions: 

(a) load-Shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 0.5º. 

 

6.3.4.3 Bending properties 

The intersection angles of the textiles were set at 30º, 60º, and 90º (IA30, IA60, 

and IA90) to investigate the effects of intersection angle on bending properties of 
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rPET/ADR4468 3D-printed textiles. Fig. 6.14a shows the round curves of the textiles 

under the moment of force. As the intersection angle decreased, the curves 

significantly tilted to higher K with lower slopes and B (Fig. 6.14b) in the weft 

direction. The low slope and bending rigidity indicate that the textiles can be easily 

bent under low moments of force and become more flexible, which might be 

attributed to the less strain on the lines of the unit out-plane bending at the same 

curvature. As the intersection angle decreased, the bending deformation was less on 

lines in the weft direction at the same K, which reduced the line deformation and the 

strain of rPET/ADR4468. Because the decrease in strain decreased the stress of 

materials resisting the bending at the same K, IA30 exhibited higher flexibility in the 

weft direction. On the contrary, the flexibility of IA30 decreased in warp due to the 

more strain of increasing lines of M, which indicated that the decrease in intersection 

angle led to the anisotropy of bending properties of textiles. Meanwhile, the increase 

in flexibility increased the 2HB at 0.5 cm-1 (Fig. 6.14c) in the warp direction and 

decreased the 2HB in the weft direction, indicating a balanced 2HB of IA30 in two 

directions. The balanced 2HB suggested that the strains of rPET/ADR4468 in warp 

and weft directions were similar for resilience. The results showed that the decrease in 

intersection angle enhanced and reduced the flexibility of rPET/ADR4468 3D-printed 

textiles in weft and warp directions, respectively, forming the anisotropy in the 

bending properties of textiles. 
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Figure 6.14. Bending properties of IA30, IA60, and IA90 in warp and weft directions: 

(a) M-K curves; (b) B, bending rigidity; (c) 2HB, bending moment at the half of the 

maximum K. 

 

6.3.4.4 Compressive properties 

The intersection angles of the textiles were set at 30º, 60º, and 90º (IA30, IA60, 

and IA90) to evaluate intersection angle effects on compressive properties of 

rPET/ADR4468 3D-printed textiles. LC (Fig. 6.15a) slightly decreased in IA30, 

which indicated its compressibility decreased. WC (Fig. 6.15b) increased in IA60 and 

then decreased in IA30. The high WC of IA60 was due to the high strain at low 

compressive stress. As shown in Fig. 6.15c, the RC of IA30 slightly increased, which 

could be attributed to less strain on the lines of the compressional resilience. T0 at 0.5 



116 
 

gf·cm-2 of textiles significantly increased in IA60 and slightly increased in IA30. The 

low deviations indicated high 3D printing quality of IA30 and IA90 with similar 

thickness in the three testing points. The higher T0 of IA60 might be attributed to the 

extrusion swelling at the intersection area, corresponding to the higher strain at low 

stress and higher WC. The results showed that the decrease in intersection slightly 

decreased the compressibility, and the low deviation of T0 indicated the high 3D 

printing quality of IA30. 

 

Figure 6.15. Compressive properties of IA30, IA60, and IA90: (a) LC, compression 

linearity; (b) WC, compressional energy; (c) RC, compressional resilience; (d) T0, 

Fabric thickness at 0.5 gf·cm-2. 
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6.4 Summary 

Infill density, rotation angle, and intersection angle affected the flexibility and 

rigidity of rPET/ADR4468 3D-printed textiles and led to the anisotropy of mechanical 

properties in warp and weft directions. The low infill density enhanced tensile, shear, 

bending, and compressive properties due to the fewer lines in the textiles. The fewer 

lines concentrated the stress, significantly deformed under the same loads, and 

exhibited higher flexibility of textiles. The 30º and 45º rotation angles increased the 

flexibility in the tension zone due to the increase in deformation of minimum repeat 

unit with less strain on lines. Under the same strain, the RA30 and RA45 exhibited the 

tendency of greater deformation on units and less strain on the lines in the tensile 

direction, which reduced the stress resistance, resulting in higher flexibility. In shear, 

the high flexibility of RA45 was attributed to the high yielding with out-of-plane 

deformation. The low intersection angle greatly enhanced the flexibility in the weft 

direction and significantly increased the rigidity in the warp direction, resulting in the 

anisotropy of flexibility textiles in two directions. The anisotropy could be attributed 

to structural changes in the units. In the weft direction, the diagonal was shortened to 

increase the number of units with the decreasing intersection angle, indicating that the 

textile deformation was allocated into smaller deformations for each unit. The smaller 

deformation reduced the strain of lines and materials to resist lower loading. Because 

the numbers of lines of IA30, IA60, and IA90 were the same in the testing area, the 

less strain of each line significantly improved the flexibility of IA30 in the weft 

direction. The low infill density, rotation angle (30º and 45º), and low intersection 
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angle enhanced the flexibility of rPET/ADR4468 textiles.  
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Chapter 7. 3D Printing Flexible Textile Using TPU-Film-Recycled Filaments 

 

This chapter discusses the mechanical performance of rTPU 3D printing flexible 

textiles. The rTPU filament was utilized to print flexible textiles, according to the 

designed textile structures. These textile structures were generated programmatically 

by modifying the infill pattern parameters within the Cura slicer software. To evaluate 

the mechanical performance and illustrate the connection between the 3D-printed 

structure and its mechanical properties, this study analyzed the impact of infill densities, 

rotation angles, and layer numbers on 3D-printed textiles. 

 

7.1 Introduction 

The circular economy approach not only involves recycling the TPU film into 

rTPU filaments but also applies these filaments to manufacture 3D-printed textiles, 

which form a circular approach for TPU film. To complete the TPU recycling loop, it 

is imperative to investigate the utilization of the rTPU filament in 3D printing textiles. 

3D-printed textiles are created using 3D printing techniques that aim to replicate 

essential textile properties such as elasticity, flexibility, strength, and porosity99. These 

properties guide the structural design and 3D modeling process, mimicking traditional 

woven or knitted structures while also fostering the creation of innovative structures 

based on them100. Furthermore, with the development of 3D printing techniques, their 

heightened resolution, precision, and novel materials empower designers to tackle 

intricate textile structures on a small scale, exploring the enhancement of essential 
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textile properties and the potential for functionalization101-109. 

However, the production and development of 3D-printed textiles are hindered by 

cost and technical prerequisites. Woven and knitted textiles comprise numerous voids 

and necessitate layer-by-layer printing with supports. To circumvent the need for 

extensive post-processing of supports, the selective laser sintering (SLS) 3D printing 

technique has gained traction in producing these types of textiles110. However, 

compared with traditional textiles, the cost associated with SLS remains excessively 

high for producing 3D-printed textiles with essential structures. Thus, this technique 

is currently employed for crafting prototypes featuring intricate textile designs. 

FDM 3D printing technique offers a plausible solution to the cost-related 

challenges. The affordability of materials and equipment makes it accessible for 

individuals to fabricate customized products, such as spectacle frames17, tools, 

accessories, garage kits, gears111, and more. Meanwhile, the economical supply chain 

associated with FDM has prompted manufacturing facilities to establish FDM 3D 

printing centers for producing consumer-specified products. Thus, this affordable 

technique holds the potential to produce 3D-printed textiles with essential structures, 

supplanting traditional textiles in certain applications as the cost of 3D-printed textiles 

decreases. Additionally, with open 3D model sources and the evolution of user-

friendly slicers, 3D-printed textiles have become a pursuit for hobbyists and tech 

enthusiasts alike. 

The infill pattern generation method can further lower the technical barriers and 

reduce the expenses associated with 3D-printed textiles. Furthermore, within the Cura 
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slicer, the infill area can be customized using several parameters, including infill 

density, infill pattern, and layer numbers. These parameters facilitate the automatic 

generation of 3D printing patterns via slicer programs applied to thin board models, 

thus forming the 3D-printed textiles without upper and lower layers. This approach 

streamlines the processes and minimizes technical hurdles by generating infill 

patterns, thereby bypassing the necessity for intricate 3D modeling of 3D-printed 

textiles. 

In this study, the textile structure was created programmatically by configuring 

infill pattern parameters within the 3D printing slicer. After designing the structure, 

the textiles were 3D-printed using rTPU filaments to finish the circular approach. To 

investigate the impact of textile structures on mechanical performance, the KES-F 

system was employed to evaluate the mechanical attributes of textiles featuring 

different infill densities, rotation angles, and layer numbers. 

 

7.2 Method 

7.2.1 Materials 

The rTPU filament was produced by The Biofuels Institute, School of the 

Environment and Safety Engineering, Jiangsu University. The filament was stored at 

25℃ and 65% relative humidity for two days before 3D printing. 

 

7.2.2 Textile structure design 

Utilizing the Cura 3D printing slicer software (Ultimaker B.V., the Netherlands), 
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the textile structure was generated programmatically using different infill densities, 

rotation angles, and intersection angles (Fig. 7.1). Cura managed 3D printing paths 

and generated patterns on 0.6 mm high solid sheet 3D models. This model height 

allowed the creation of textile structures through 3D printing using two layers (each 

with a layer height of 0.3 mm). The default textile structure comprised a 50% infill 

density, 45° rotation angle, and 90° intersection angle. To evaluate the impact on 

textile mechanical properties, infill densities were set as 30%, 50%, and 70%. The 

rotation angles were set as 0°, 15°, 30°, and 45°, achieved by altering the infill line 

directions to [0, 90], [-15, 75], [-30, 60], and [-45, 45]. The layer numbers were 

configured as two, three, and four by adjusting the 3D model height to 0.6 mm, 0.9 

mm, and 1.2 mm. 
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Figure 7.1. Program-generated textile structures of rTPU 3D-printed textile samples. 

 

7.2.3 3D printing using rTPU filament 

Fig. 7.2 presents the program-generated structures as patterned textiles that were 

3D-printed, 100 mm in length, 100 mm wide, and a height of 0.6 mm. Thin solid sheet 

models were created using Fusion 360, a 3D modeling software (Autodesk Inc., San 

Francisco, USA). The Fusion 360 software exported these models as standard 

tessellation language (STL) files for the Cura slicer to generate patterns within the 

sheets. Infill patterns were configured according to structure design by adjusting the 

infill density and infill line directions. To concentrate on the structural effect, the layer 

number was set at zero, resulting in textiles without outer wall structures. The patterned 

lines determined the 3D printing or nozzle extrusion path. The slicer software also 

established material parameters according to the recommended settings for polyester 

filaments. These parameters directly impact the quality of 3D-printed textiles (Table 

7.1). After the parameter setup, the slicer converted the models and printing parameters 

into geometric code (GCODE) files. The GCODE files planned the printing path along 

with printing parameters for the filament-based FDM 3D printer (JGMaker-A6, JG 

AURORA, Shenzhen, China) to fabricate the patterned textiles. After printing, the 

textiles were cooled down to 25℃ to prevent deformation during removal from the 

print plate. 
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Figure 7.2. 3D printing of rTPU textile samples with program-generated patterns. 

 

Table 7.1. 3D printing parameters for rTPU 3D-printed textile samples 

3D printing parameter Value 

Layer height 0.3 mm 

Wall thickness 0 mm 

Top/Bottom thickness 0 mm 

Infill pattern Lines 

Printing temperature 180℃ 

Build plate temperature 60℃ 

Flow 110% 

Printing speed 30 mm/s 

 

7.2.4 Characterization 

Mechanical assessments were conducted to investigate the effects of the infill 

density, rotation angle, and intersection angle on the mechanical properties of the textile 

structures. The textiles were stored at 20℃ and 65% relative humidity over 24 hours to 

facilitate  KES-F testing. The KES-F system evaluated the mechanical properties of 
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each textile structure in warp and weft directions at 20℃ and 65% relative humidity, 

including tensile, shear, bending, and compressive properties. 

The tensile properties were measured on KESFB1-AUTO-A automatic tensile & 

shear tester (Kato Tech Co., LTD, Kyoto, Japan) under the optional condition. Sample 

testing dimensions were 5 cm in length, and 10 cm in width, with a maximum tensile 

load of 500 gf·cm-1, a tensile velocity of 0.2 mm·s-1, and a maximum elongation of 25 

mm. 

Shear properties were evaluated on KESFB1-AUTO-A automatic tensile & shear 

tester under standard conditions. Sample dimensions remained constant with a length 

of 5 cm and a width of 10 cm, with a shear tension of 10 gf·cm-1 and a maximum shear 

angle ranging from 8° to -8°. 

Bending properties were assessed using the KES-FB2 pure bending tester (Kato 

Tech Co., LTD, Kyoto, Japan) under standard conditions. Sample dimensions were 1 

cm in length and 20 cm in width, with a maximum bending load of 5 gf·cm ·cm-1 and a 

maximum curvature of 2.5 cm-1. 

Compressive properties were conducted using the KESFB3-AUTO-A Automatic 

compression tester (Kato Tech Co., LTD, Kyoto, Japan) under standard conditions. 

Compression was conducted at a velocity of 0.02 mm·s-1, over a compression area of 2 

cm2, with a maximum compression load of 50 gf·cm-2. 
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7.3 Results and discussion 

7.3.1 rTPU 3D-printed textiles 

Fig. 7.3 shows samples of rTPU 3D-printed textiles with different infill densities, 

rotation angles, and layer numbers. These textiles were 3D-printed according to the 

structural design to investigate the diverse impacts of different structures on 

mechanical properties, including infill density 30% (ID30), 50% (ID50), and 70% 

(ID70); rotation angle, 0° (RA0), 15° (RA15), 30° (RA30), and 45° (RA45); and layer 

number 2 (LN2), layer number 3 (LN3), and layer number 4 (LN4). Furthermore, 

within continuous printing areas, the textiles exhibited high-quality printing 

outcomes. The extruded printing lines followed smoothly from the nozzle and adhered 

firmly to the underlying layers. The fine lines on the textiles indicated that the 

printing parameters were optimally adjusted to accommodate the flow characteristics 

of rTPU melt, with a printing speed of 30 mm/s. Additionally, the rTPU filament 

maintained consistent high quality, ensuring stable flow rates during filament feeding. 

A minor printing defect appeared at the first line after the nozzle travel, originating 

from the corner of the textiles and diminishing toward the end of the line. This defect 

emerged due to the sudden release of extrusion pressure at the end of the nozzle 

during nozzle traveling. Given the elasticity of rTPU melt, the sudden release 

necessitated additional pressure to store elastic energy before commencing the flow. 

Consequently, a hysteresis effect occurred in conjunction with the designated printing 

process, causing the flow of rTPU to lag behind the extrusion. The rTPU continued to 

flow through the nozzle as the nozzle had already moved to the next position, leading 
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to a material deficiency at the first line after travel. Fortunately, this defect fell outside 

the testing area of the KES-F system, ensuring its negligible impact on the evaluation. 

 

Figure 7.3. rTPU 3D-printed textiles 

 

7.3.2 Infill density effect on rTPU 3D-printed textiles 

7.3.2.1 Tensile properties 

To evaluate infill density effects on tensile properties of rTPU 3D-printed 

textiles, the infill densities of the textiles were set to 30%, 50%, and 70% (designated 

as ID30, ID50, and ID70). Fig. 7.4a illustrates the rounded curves of the textiles 

subjected to uniaxial force. As the infill density decreased, the curves exhibited a tilt 
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toward higher strain levels, characterized by lower slopes and greater EMT values 

(Fig. 7.4b). The reduced slope and increased EMT indicated that the textiles with 

lower infill densities exhibited greater elongation under maximum loads, displaying 

enhanced elasticity. The decrease in the number of lines within the cross-section of 

ID30 elucidates the higher elasticity observed. The lower infill density led to fewer 

printed lines in ID30, intensifying the stress borne by each line and inducing 

pronounced deformation during stretching. Consequently, textile elasticity increased 

with decreasing infill density due to the fewer printed lines. This augmented elasticity, 

in turn, contributed to heightened tensile energy (WT) during stretching (Fig. 7.4c). 

The tensile resilience (RT) exhibited a consistent value of ~ 60% across various rTPU 

textiles, owing to the elastic property of rTPU materials (Fig 7.4d). The rTPU textiles 

exhibited similar tensile properties in the warp and weft directions, which was 

attributable to the symmetry of the textile structure. The symmetrical structures 

ensured comparable deformation of printed lines under identical loads across both 

directions. Thus, the ID30, ID50, and ID70 exhibited similar load-strain curves, EMT, 

RT, and WT in both directions. In consideration of these results, decreasing infill 

density resulted in lowered modulus and enhanced elasticity within rTPU 3D-printed 

textiles, with no observable effect on directional variation in warp and weft directions. 
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Figure 7.4. Tensile properties of ID30, ID50, and ID70 in warp and weft directions: 

(a) load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile energy, and (d) 

RT, tensile resilience. 

 

7.3.2.2 Shear properties 

To evaluate infill density effects on shear properties of rTPU 3D-printed textiles, 

the infill densities of the textiles were set as 30%, 50%, and 70% (designated ID30, 

ID50, and ID70). Fig. 7.5a illustrates the round curves of the textiles under shear 

stress. As the infill density increased, the curves exhibited higher stress levels and 

increased shear rigidity (G) (Fig. 7.5b). The increased G values indicated that the 

textiles exhibited increased resistance to shear forces and progressively stiffer with 

increasing infill density. The increased rigidity in ID70 was attributable to the 
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presence of more closely netted lines. The ID70 featured a greater number of printed 

lines, owing to the increased infill density. At the same deformation, these netted lines 

bore increased stress when subjected to shear forces. Accordingly, both the slope of 

the load-shear angle curve and the value of G increased as infill density increased. 

Simultaneously, the augmented rigidity led to an increased shear stress at 0.5° (2HG) 

and shear stress at 5° (2HG5) values within ID70, respectively (Fig. 7.4c and Fig. 

7.4d). This result was attributable to the heightened rigidity, which countered the 

greater shear stress, accommodating more rTPU strain to resile at the same shear 

angle. Moreover, the high shear rigidity led to yielding in the ID70, which was 

attributable to the out-of-plane deformation of the textiles. The yielding phenomenon 

resulted in the formation of bulges at regular intervals on ID70 textiles when 

subjected to high shear deformation.  Thus, reducing the slope of shearing stress at the 

high shear angle, and limiting further increase in 2HG5 values. Notably, rTPU textiles 

exhibited similar shear properties in the warp and weft directions, attributable to the 

symmetry of the textile structure. The symmetry ensured consistent deformation of 

printed lines under identical shear stress in both directions. Thus, the ID30, ID50, and 

ID70 exhibited comparable load-shear angle curves, G values, 2HG, and 2HG5 values 

in both directions. In conclusion, heightened infill density increased the shear rigidity 

of the rTPU 3D-printed textile, with no significant effect on directional variation in 

warp and weft directions. 



131 
 

 

Figure 7.5. Shear properties of ID30, ID50, and ID70 in warp and weft directions: (a) 

load-Shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 0.5º; (d) 2HG5, 

shear stress at 5º. 

 

7.3.2.3 Bending properties 

To evaluate infill density effects on bending properties of rTPU 3D-printed 

textiles, the infill densities of the textiles were set to 30%, 50%, and 70% (designated 

ID30, ID50, and ID70). Fig. 7.6a depicts the curves of the textiles when subjected to a 

moment of force. As the infill density decreased, the curves exhibited a decline in 

bending moment (M) with lower slopes, along with reduced bending rigidity (B) 

values (Fig. 7.6b). The lower slope and bending rigidity suggest that textiles with 

lower infill density bent easily under lower moments of force, displaying enhanced 
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flexibility. The reduction in the number of lines within the cross-section of ID30 

accounted for the heightened flexibility observed. Furthermore, due to the diminished 

infill density, ID30 featured fewer printed lines. These lines encountered less stress 

when subjected to bending under the same curvature (K). Accordingly, textile 

flexibility increased as infill density decreased, owing to the fewer printed lines. 

Simultaneously, the augmented flexibility led to a slight decrease in M at 0.5 cm-1 

(2HB) within ID30 and a more significant reduction in ID50 (Fig. 7.6c). The 

difference indicated that the rigidity of ID50 was attributable to the high bending 

resilience of rTPU. As rigidity increased further, rTPU yielded slightly and released 

internal stress, generating additional strain. This strain could not recover in a short 

period, causing an increase in 2HB. The rTPU textiles exhibited similar bending 

properties in the warp and weft directions, which was attributable to the symmetry of 

the textile structure. This symmetry ensured consistent deformation of printed lines 

under identical loads across both directions. Consequently, ID30, ID50, and ID70 

exhibited similar M–K curves, B, and 2HB values in both directions. Conclusively, 

the decreased printed lines resulting from lower infill density enhanced textile 

flexibility and maintained high bending resilience within the rTPU 3D-printed 

textiles. Thus, exhibiting no observable effect on directional variation in warp and 

weft directions. 
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Figure 7.6. Bending properties of ID30, ID50, and ID70 in warp and weft directions: 

(a) M-K curves; (b) B, bending rigidity; (c) 2HB, bending moment at 0.5 cm-1. 

 

7.3.2.4 Compressive properties 

To evaluate infill density effects on compressive properties of rTPU 3D-printed 

textiles, the infill densities of the textiles were set to 30%, 50%, and 70% (designated 

ID30, ID50, and ID70). Compressional Linearity (LC) and Compressional Energy 

(WC) slightly decreased from ID30 to ID70 (Fig. 7.7a and 7.7b) This indicated the 

compressibility of textiles decreased with increasing infill density due to the 

augmented number of lines, reducing the strain under the identical compressive load. 

The compressional resilience of the textiles remained almost consistent with minimal 

deviation (Fig. 7.7c). This suggests that the infill density did not affect the 
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compressional resilience related to the compressive properties of rTPU materials. 

Fabric thickness at 0.5 gf·cm-2 (T0) for ID30 and ID50 was ~ 0.75 mm with low 

deviation, indicating high 3D printing quality with similar thickness at the three 

testing points. The slight increase of T0 in ID70 was attributable to the die swelling of 

elastic rTPU melts at the end of the nozzle, resulting in a slight increase in the height 

of the printed line. In summary, the decrease in printed lines due to lower infill 

density led to a slight increase in textile compressibility, while the low T0 deviation 

exhibited the high 3D printing quality of rTPU textiles. 

 

Figure 7.7. Compressive properties of ID30, ID50, and ID70: (a) LC, compression 

linearity; (b) WC, compressional energy; (c) RC, compressional resilience; (d) T0, 

Fabric thickness at 0.5 gf·cm-2. 
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7.3.3 Rotation angle effect on rTPU textiles 

7.3.3.1 Tensile properties 

To evaluate rotation angle effects on the tensile properties of rTPU 3D-printed 

textiles, the rotation angle (RA) of the textiles were set to 0º, 15º, 30º, and 45º 

(designated RA0, RA15, RA30, and RA45). Fig. 7.8a illustrates the round curves of 

the textiles under the uniaxial force. As RAs decreased, the curves tilted toward 

higher strain with lower slopes and increased EMT values (Fig. 7.8b). The lower 

slope and increased EMT indicated that the textiles exhibited higher elasticity, 

enabling them to stretch further under maximum load. Increased elasticity in RA45 

elucidated the deformation of minimum repeat square units. These units were formed 

using four printed lines from two layers, and their rotation caused a shift in tensile 

stress from stretching lines to deforming the square unit. In this configuration, the 

units extended in the tensile direction and contracted vertically, resulting in higher 

strain along the tensile direction with lines exhibiting less strain. Simultaneously, 

enhanced structure deformation led to increased tensile energy (WT) consumption 

(Fig. 7.8c). The tensile resilience (RT) of rTPU textiles remained consistent near 55%, 

owing to the elastic characteristics of rTPU materials (Fig. 7.8d). The textiles 

exhibited similar tensile properties in the warp and weft directions, which was 

attributable to the symmetry of the textile structure. Symmetrical structures ensured 

uniform deformation of printed lines and square units under similar loads in both 

directions. Thus, the RA0, RA15, RA30, and RA45 exhibited similar load-strain 

curves, EMT, RT, and WT in both directions. Furthermore, increasing RAs reduced 
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the modulus and improved the elasticity of the rTPU 3D-printed textile. Thus, 

exhibiting no observable effect on directional variation in warp and weft directions. 

 

Figure 7.8. Tensile properties of RA0, RA15, RA30, and RA45 in warp and weft 

directions: (a) load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile 

energy, (d) RT, tensile resilience. 

 

7.3.3.2 Shear properties 

To evaluate rotation angle effects on shear properties of rTPU 3D-printed 

textiles, rotation angles of the textiles were set to 0º, 15º, 30º, and 45º (designated 

RA0, RA15, RA30, and RA45). Fig. 7.9a depicts the round curves of the textiles 

under shear stress. As the RA increased, the curves ascended to higher stress levels, 

correlating with increased shear rigidity (G)values (Fig. 7.9b). The heightened G 
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indicates increased resistance to shearing, rendering textiles more rigid with 

augmented RAs. The increased deformation of the square units elucidated the higher 

rigidity in RA45. In this configuration, units were rotated into a square-rhombus 

position, and one diagonal was aligned vertically to the shear direction. This 

positioning extended the vertical diagonal, resulting in more deformation than other 

textiles at the same shear angle. To accommodate this deformation, the shear stress 

increased to augment the shear rigidity of RA45 at the same shear angle. 

Simultaneously, the augmented rigidity increased the shear stress (2HG) at 0.5º, and 

shear stress (2HG5) at 5º in RA45, as higher rigidity resisted more shear stress under 

identical deformation and shear angles (Fig. 7.4c and Fig. 7.4d). Moreover, the high 

shear rigidity led to yielding in the RA45 due to the out-plane deformation of textiles. 

Bulges formed at fixed intervals on the RA45 when the textile yielded for resisting 

high shear deformation, reducing the slope of shearing stress at the high shear angle. 

Both warp and weft directions exhibited similar shear properties due to the symmetry 

of the textile structure, ensuring uniform deformation of printed lines under identical 

shear stress in both directions. Thus, the RA0, RA15, RA30, and RA45 exhibited 

similar load-shear angle curves, G, 2HG, and 2HG5 in both directions. In summary, 

increasing the RA to 45º augmented the rigidity of the rTPU 3D-printed textiles under 

shear stress. Thus, exhibiting no observable effect on directional variation in warp and 

weft directions. 
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Figure 7.9. Shear properties of RA0, RA15, RA30, and RA45 in warp and weft 

directions: (a) load-Shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 

0.5º; (d) 2HG5, shear stress at 5º. 

 

7.3.3.3 Bending properties 

To evaluate rotation angle effects on bending properties of rTPU 3D-printed 

textiles, rotation angles of the textiles were set to 0º, 15º, 30º, and 45º (designated 

RA0, RA15, RA30, and RA45). Fig. 7.10a illustrates the curves of the textiles under 

the applied moment of force. As the RA increased, the curves exhibited a decrease in 

M with lower slopes and bending rigidity (B) (Fig. 7.10b). The low slope and bending 

rigidity indicated that the textiles easily bent under low moments of force, becoming 

flexible. This enhanced flexibility was attributable to the increased deformation of the 
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unit and reduced strain on the 45º-rotated lines during unit out-plane bending at the 

same curvature. Simultaneously, the reduction in strain on lines for resiling decreased 

the bending moment (2HB) at 0.5 cm-1 (Fig. 7.10c). The textiles exhibited similar 

bending properties in the warp and weft directions, which was attributable to the 

symmetry of the textile structure. The symmetrical structure allowed the printed lines 

to deform similarly under the same loading conditions in both directions. Thus, the 

RA0, RA15, RA30, and RA45 exhibited similar M–K curves, B, and 2HB in both 

directions. In consideration of the results, the increase in RA up to 45º enhanced the 

flexibility and maintained the high bending resilience of the rTPU 3D-printed textile. 

Thus, exhibiting no observable effect on directional variation in warp and weft 

directions. 

 

Figure 7.10. Bending properties of RA0, RA15, RA30, and RA45 in warp and weft 
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directions: (a) M-K curves; (b) B, bending rigidity; (c) 2HB, bending moment at 0.5 

cm-1. 

 

7.3.3.4 Compressive properties 

To evaluate rotation angle effects on compressive properties of rTPU 3D-printed 

textiles, rotation angles of the textiles were set to 0º, 15º, 30º, and 45º (designated 

RA0, RA15, RA30, and RA45). Given that the testing area of clamps is a circle, 

compression testing lacked directionality. Therefore, the rotation of structures in the 

textile plane made no difference in compression tests. Compressional linearity (LC), 

compressional energy (WC), compressional resilience (RC), and fabric thickness (T0) 

at 0.5 gf·cm-2, remained consistent across textiles with different rotation angles (Fig. 

7.11a–d). Moreover, the textiles were 3D-printed with high quality, resulting in low 

deviation in T0 due to the high quality of rTPU filaments. Thus, based on the results, 

the rotation angle exerted no effects on the compressibility of the textile, and the 

minimal deviation in T0 demonstrated the high 3D printing quality of rTPU textiles. 
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Figure 7.11. Compressive properties of RA0, RA15, RA30, and RA45: (a) LC, 

compression linearity; (b) WC, compressional energy; (c) RC, compressional 

resilience; (d) T0, Fabric thickness at 0.5 gf·cm-2. 

 

7.3.4 Layer number effect on rTPU textiles 

7.3.4.1 Tensile properties 

To evaluate layer number effects on tensile properties of rTPU 3D-printed 

textiles, the layer number of the textiles was set to 2, 3, and 4 (designated LN2, LN3, 

and LN4). Figure 7.12a resents the curves of the textiles subjected to uniaxial force. 

As the layer numbers decreased, the curves exhibited a tilt toward higher strain with 

lower slopes and higher EMT values ( Fig. 7.12b). The low slope and high EMT 

indicated that the textiles stretched further under the maximum load, displaying 
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enhanced elasticity. The reduction in lines within the cross-section elucidated the 

higher elasticity observed in LN2. In consideration of the low layer number, fewer 

layers with fewer lines were printed in LN2. Consequently, these lines experienced 

higher stress and exhibited significant deformation during the stretching of LN2. 

Accordingly, the textile elasticity increased with the decrease in layer number, owing 

to the presence of fewer printed lines. Simultaneously, the growing elasticity 

increased the tensile energy (WT) in LN2, considering that higher elasticity consumed 

more energy during stretching (Fig. 7.12c). The tensile resilience (RT) of rTPU 

textiles increased with higher layer numbers, which was attributable to the reduced 

strain in lines during the short period of tension (Fig. 7.12d). LN2 and LN4 exhibited 

similar tensile properties in the warp and weft directions, reflecting the symmetry of 

the textile structure. This symmetry allowed the printed lines to deform uniformly 

under the same loadings in both directions. However, the difference between the two 

directions increased in LN3, owing to the odd layer number. The odd layer number 

resulted in an uneven number of layers (-45º and 45º), leading to structural 

imbalances and asymmetry in textiles. Thus, LN3 exhibited distinct tensile properties 

in warp and weft directions. However, the LN2 and LN4 exhibited similar load-strain 

curves, EMT, RT, and WT in both directions, but they were slightly different in both 

directions of LN3. In consideration of these results, reducing the layer number 

decreased the modulus and improved the elasticity of the rTPU 3D-printed textile. 

Thus, the odd layer number marginally influenced the directional variation in warp 

and weft directions. 
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Figure 7.12. Tensile properties of LN2, LN3, and LN4 in warp and weft directions: (a) 

load-strain curves, (b) EMT, tensile extensibility, (c) WT, tensile energy, and (d) RT, 

tensile resilience. 

 

7.3.4.2 Shear properties 

To evaluate layer number effects on shear properties of rTPU 3D-printed textiles, 

the layer number of the textiles was set to 2, 3, and 4 (designated LN2, LN3, and 

LN4). Fig. 7.13a illustrates the curves of the textiles under shear stress. As the layer 

number increased, the curves exhibited higher stress levels with higher G values (Fig. 

7.13b). The heightened G value suggests that the textiles exhibited increased shear 

resistance and became less prone to deformation with a higher number of layers. The 

increase in adhered and netted lines elucidated the higher rigidity observed in LN4. 



144 
 

Furthermore, considering the high layer number, more lines were printed in LN4. 

These netted lines exhibited greater stress in the shear direction at the same 

deformation. Accordingly, the slope of the load-shear angle curve, as well as G, 

increased with the increasing layer number. Simultaneously, the increasing rigidity led 

to increased 2HG at 0.5º and 2HG5 at 5º values in LN4 because the higher rigidity 

resisted more shear stress at the same deformation and shear angle. Moreover, the 

heightened shear rigidity led to yielding in the textiles due to the out-plane 

deformation. Bulges with a consistent spacing formed on the textiles as they began to 

yield in response to high shear deformation. Thus, reducing the slope of shearing 

stress at the high shear angle, limiting the increase of the 2HG5 value. The LN2 and 

LN4 exhibited similar shear properties in warp and weft directions, owing to the 

symmetry of the textile structure. The symmetry ensured consistent deformation of 

printed lines under identical shear stress in both directions. However, LN3 exhibited 

origin-symmetry load-shear angle curves of shear properties with similar values in G, 

2HG, and 2HG5 in both directions due to its odd layer number with unbalanced lines 

in -45º and 45º. Thus, the LN2 and LN4 exhibited similar load-shear angle curves, G, 

2HG, and 2HG5 in both directions, while the curves differed in both directions of 

LN3. Upon considering the results, increasing the layer number increased the shear 

rigidity of the rTPU 3D-printed textile. Additionally, the odd layer number exhibited 

origin-symmetry load-shear angle curves of shear properties with similar values in G, 

2HG, and 2HG5 in warp and weft directions. 
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Figure 7.13. Shear properties of LN2, LN3, and LN4 in warp and weft directions: (a) 

load-Shear angle curves; (b) G, shear rigidity; (c) 2HG, shear stress at 0.5º; (d) 2HG5, 

shear stress at 5º. 

 

7.3.4.3 Bending properties 

To evaluate layer number effects on bending properties of rTPU 3D-printed 

textiles, the layer numbers of the textiles were set to 2, 3, and 4 (designated LN2, 

LN3, and LN4). Fig. 7.14a illustrates the curves of the textiles under the moment of 

force. As the layer decreased, the curves tilted toward lower M values with reduced 

slopes and increased B values (Fig. 7.14b). The low slope and increased B values 

indicated that the textiles bent easily under low moments of force, becoming more 

flexible. The increased flexibility in LN2 was attributable to the reduced number of 
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lines in the cross-section could As the layer number reduced, few layers with few 

lines were printed in LN2. Consequently, these lines resisted less stress while being 

bent into the same curvature K. As the maximum M reached 5 gf·cm·cm -1, both LN3 

and LN4 reached the maximum M and returned before reaching the maximum K. 

Simultaneously, the 2HB at 0.5 cm-1, increased significantly from LN2 to LN3 but 

slightly from LN3 to LN4 (Fig. 7.14c). The difference in increasing speed indicated 

that the rigidity of LN3 was attributable to the high bending resilience of rTPU. 

Furthermore, with increased rigidity, rTPU yielded slightly, releasing its internal 

stress to generate additional strain. However, this strain could not recover within a 

short period, leading to an increase in 2HB. Both LN2 and LN4 exhibited similar 

bending properties in warp and weft directions, attributable to the symmetry of the 

textile structure. The symmetrical structures ensured that printed lines deformed 

slightly under the same loadings in both directions. Meanwhile, the asymmetrical 

structure of LN3 did not affect the bending properties. Thus, the LN2, LN3, and LN4 

displayed similar M–K curves, B, and 2HB in both directions. Conclusively, reducing 

the layer number increased the flexibility and maintained the high bending resilience 

of the rTPU 3D-printed textile, with no effect on the directional variation in warp and 

weft. 
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Figure 7.14. Bending properties of LN2, LN3, and LN4 in warp and weft directions: 

(a) M-K curves; (b) B, bending rigidity; (c) 2HB, bending moment at 0.5 cm-1. 

 

7.3.4.4 Compressive properties 

To evaluate layer number effects on compressive properties of rTPU 3D-printed 

textiles, the layer numbers of the textiles were set to 2, 3, and 4 (designated LN2, 

LN3, and LN4). The LC decreased from LN2 to LN4, indicating a reduction in the 

compressibility of textiles with an increasing layer number (Fig. 7.7a). The decrease 

in compressibility was due to the addition of more layers and lines, resulting in a 

decreased strain under the same compressive load. However, the WC increase in LN4 

was attributable to the presence of additional layers creating voids (Fig. 7.15b). These 

voids between the layers caused higher strains under lower stress levels, leading to an 



148 
 

increase in WC and further contributing to the reduction of LC in LN4. In Figure 

7.15c, the RC of textiles increased slightly, attributable to the low strain under high-

stress conditions inherent in rTPU resilience. Furthermore, T0 at 0.5 gf·cm-2, 

increased with an increase in the layer number. The low deviation of T0 indicated that 

the textiles exhibited high-quality 3D printing, ensuring a consistent thickness across 

the three testing points. In consideration of the results, decreasing the layer number 

increased the compressibility of the textiles, while the low T0 deviation demonstrated 

the high 3D printing quality of rTPU textiles. 

 

Figure 7.15. Compressive properties of LN2, LN3, and LN4: (a) LC, compression 

linearity; (b) WC, compressional energy; (c) RC, compressional resilience; (d) T0, 

Fabric thickness at 0.5 gf·cm-2. 
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7.4 Summary 

The infill density, rotation angle, and layer number are exerted to control the 

flexibility of rTPU 3D-printed textiles, ranging from flexible to rigid. Low infill 

density enhanced flexibility in tensile, shear, bending, and compressive properties due 

to the fewer lines present in the textiles. This concentrated stress distribution resulted 

in more deformation under the same loads, yielding higher flexibility. The 45º rotation 

angle increased the flexibility in tension and bending due to the enhanced deformation 

of the minimum repeat unit with less strain on lines. Under the same strain, the RA45 

exhibited increased unit deformation and less strain on the lines, thereby reducing the 

stress resistance and enhancing flexibility. However, the shear flexibility of RA45 

decreased due to the heightened tensile deformation of units. Low layer numbers 

enhanced flexibility in the aforementioned properties by concentrating stress and 

increasing deformation under the same load. Accordingly, low infill density, a 45º 

rotation angle, and low layer numbers enhanced the heightened flexibility of rTPU 

textiles.  
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Chapter 8. Conclusions and Suggestions for Future Research 

 

This chapter concludes the study of the novel approach to recycling 

thermoplastics from PCTW into 3D-printed products and makes the plan for further 

research. It includes the conclusions and suggestions for future research. The 

conclusions summarize all previous chapters to address the research objectives. The 

limitation of preliminary research is identified as a useful direction for future 

research. 

 

8.1 Conclusions 

8.1.1 Filament production recycled from polyester textiles 

To increase the recycling rate of polyester textiles, this study has introduced a 

high value-added approach to recycling polyester textiles into 3D-printable materials. 

Polyester textile is modified by adding ADR 4468. This additive extends and 

crosslinks the PET chains, owing to the ring-opening reaction of the epoxy groups of 

ADR 4468. This reaction increases the elasticity of polyester melt, thus preventing 

melt dropping behavior at the end of the extrusion tip, which improves the flow of the 

filament extrusion. Moreover, the rPET/ADR 4468-1.0 wt% sample has optimal 

tensile and compressive properties. Its high mechanical performance could be 

attributed to fewer voids, extension of a fish-scale morphology, and good 

crystallization. Remarkably, internal compressive residual stress is found in the 

rPET/ADR 4468-2.0 wt% sample, which accounts for its high tensile properties with 
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low compressive properties. The residual stress reduces the complex viscosity in the 

area with low ω values (10-1 to 100), which allows more polymer melt to flow through 

the nozzle of the 3D printer to fill the printed area, thus reducing the number of voids 

and improving the mechanical performance. The internal compressive residual stress 

facilitates the potential application of using rPET/ADR 4468-2.0 wt% for using 

thermal energy to relax the residual stress for deformation to take place. With the 

development of the polyester textile recycling process and advances in the 3D-

printing industry, this filament production approach is likely able to reduce energy and 

materials use, increase the recycling ratio, and reduce the environmental load of 

polyester-based textile waste. 

 

8.1.2 Filament production recycled from TPU films 

The MDI-polyester-based rTPU filament can be directly produced by TPU films 

without additional additives, which suggests that the material of the TPU film has 

high filament extrusion processability and is suitable for mechanical recycling. The 

high elongation at break of the 3D-printed products demonstrates the elasticity of 

rTPU still has attractive elastic properties with high competitiveness after recycling 

and 3D printing processes. The similar FTIR and DSC results of the TPU film and 

TPU 3D-printed samples also demonstrate their thermal stability to maintain their 

chemical structures stable during filament extrusion and 3D printing. Additionally, the 

3D-printed samples using 48-hour-dried TPU filament presented higher tensile 

strength and lower standard deviation with undried filament. Therefore, drying the 
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filament before 3D printing can improve the mechanical performance and quality of 

the rTPU 3D-printed products. Additionally, the small voids between the printed lines 

(SEM results) support the high quality of the rTPU 3D-printed products using dried 

filaments. Thus, the TPU film is suitable for mechanical recycling into filaments for 

3D printing, while the filament drying process can further improve the mechanical 

performance and quality of the rTPU 3D-printed products. Moreover, the high 

competitiveness of the soft rTPU 3D-printed products can stimulate the recycling of 

TPU films from post-consumer textile waste, saving material resources and reducing 

the environmental load of waste disposal. 

 

8.1.3 3D-printed textiles using the rPET/ADR4468 filament 

The infill density, rotation angle, and intersection angle would control the 

flexibility of rPET/ADR4468 3D-printed textiles from flexible to rigid even formed 

anisotropy of mechanical properties in warp and weft directions. The low infill 

density enhanced the flexibility in the tensile, shear, bending, and compressive 

properties due to the fewer lines in the textiles. The fewer lines would concentrate the 

stress and have more deformation under the same loads to exhibit higher flexibility of 

textiles. The 30º and 45º of rotation angle increased the flexibility in tension due to 

the deformation increasing of minimum repeat unit with less strain on lines. Under the 

same strain, the RA30 and RA45 tended to have more deformation on units and less 

strain on the lines in the tensile direction, reducing the stress resistance to perform 

higher flexibility. In shear, the high flexibility of RA45 was attributed to the great 
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yielding with out-of-plane deformation. The low intersection angle enhanced the 

flexibility greatly in weft direction and increased the rigidity greatly in warp direction, 

which formed an anisotropy of flexibility in two directions of textiles. The anisotropy 

could be attributed to structure changes in the units. With the intersection angle 

decreasing, in weft direction, the diagonal was shortened to increase the number of 

units, which meant that the textile deformation was allocated into smaller deformation 

for each unit. The smaller deformation reduced the strain of lines and materials to 

resist lower loading. Since the line numbers of IA30, IA60, and IA90 were the same 

in the testing area, the less strain of each line would greatly improve the flexibility of 

IA30 in weft direction. Accordingly, the low infill density, 30º and 45º of rotation 

angle, and low intersection angle enhanced the flexibility of rPET/ADR4468 textiles. 

 

8.1.4 3D-printed textiles using the rTPU filament 

The infill density, rotation angle, and layer number would control the flexibility 

of rTPU 3D-printed textiles from flexible to rigid. The low infill density enhanced the 

flexibility in the tensile, shear, bending, and compressive properties due to the fewer 

lines in the textiles. The fewer lines would concentrate the stress and have more 

deformation under the same loads to exhibit higher flexibility of textiles. The 45º of 

rotation angle increased the flexibility in tension and bending due to the deformation 

increasing of minimum repeat unit with less strain on lines. Under the same strain, the 

RA45 tended to have more deformation on units and less strain on the lines in the 

tension and bending, reducing the stress resistance to perform higher flexibility. 
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However, the shear flexibility of RA45 reduced due to the more tensile deformation 

of units. The low layer number enhanced the flexibility in the tensile, shear, bending, 

and compressive properties due to the fewer layers with fewer lines in the textiles. 

The fewer lines would concentrate the stress and have more deformation under the 

same loads to exhibit higher flexibility of textiles. Accordingly, low infill density, 45º 

of rotation angle, and low layer number enhanced the flexibility of rTPU textiles. 

 

8.2 Suggestions for future research 

In this study, the processes of recycling polyester textiles and TPU films into 3D-

printable filaments for 3D-printed textiles were optimized and applied to fabricate 

sustainable printable filaments from PCTW for novel 3D-printed flexible textiles. The 

optimizations improve the mechanical properties of the 3D-printed materials using the 

filaments. The flexibility of the 3D-printed textiles was enhanced by changing the 

textile parameters, including infill density, rotation angle, intersection angle, and layer 

number. With the development of this approach, increasing research problems were 

encountered, limiting the application of this approach. The following suggestions 

might further solve the application problems of this approach in the future. 

(1) Blended textiles widely used in clothing increase the accumulation of 

blended textile waste kept for further recycling. The polyester-based blended textiles 

might be recycled using the recycling approach in this study. The blended textile can 

be folded with various textiles to control polyester contents, heat-pressed into 

composite boards, and ground with additives for further extrusion of 3D-printable 
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filaments. These methods will prevent the separation of polyester and blended other 

fibers, simplify the recycling processes, and even produce powder- or fiber-reinforced 

polyester materials for 3D-printable filaments. Suitable additives need to be selected 

for recycling polyester textiles and enhancing the interfaces of polyester and other 

components. The TPU-based blended textiles can also be recycled using the approach, 

which needs a novel grinding method for elastic materials. 

(2) The approach can be used for other thermoplastic textiles because the 

thermoplastics from PCTW are almost designed to fabricate fibers with high 

flowability of polymer melts. More compatible chain extenders can be investigated to 

reduce the flowability for the extrusion of 3D-printable filaments, providing more 

sustainable 3D-printable filaments for FDM 3D printing and further increasing the 

recycling rate of thermoplastics from PCTW. 

(3) There are many other parameters that can change the mechanical properties 

of 3D-printed textiles. The textile structures can be program-generated by setting 

various infill parameters, including patterns, densities, and directions. These 

parameters can change the textile structures and the mechanical properties of the 

textiles for further applications. Different textiles can be printed with aesthetic and 

functional patterns. 
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