
 

 

 

 

 

 

Additive Manufacturing of Engineered Polymeric Flexible Structures 

 

by 

 

Ajay Jayswal 

 

 

 

 

A dissertation submitted to the Graduate Faculty of  

Auburn University 

in partial fulfillment of the 

requirements for the Degree of 

Doctor of Philosophy 

 

Auburn, Alabama 

August 5, 2023 

 

Keywords: Additive manufacturing (AM), fabrics, finite element modeling, composite 

filament, viscoelasticity, creep modeling 

 

 

Copyright 2023 by Ajay Jayswal 

 

 

Approved by 

Sabit Adanur, Chair,  Professor of Mechanical Engineering, Auburn University  

Dan Marghitu, Professor of Mechanical Engineering, Auburn University 

Nima Shamsaei, Professor of Mechanical Engineering, Auburn University 

Russell Mailen, Assistant Professor of Aerospace Engineering, Auburn University 

Jordan Roberts, Senior Lecturer of Mechanical Engineering, Auburn University 

University Reader: Anwar Ahmed, Professor of Aerospace Engineering, Auburn University 



ii  

 

Abstract 

 

Polymer-based additive manufacturing (AM) processes allow the flexibility, rapid, and 

low-cost fabrication of complex geometries. In recent years, fused filament fabrication (FFF), 

also known as fused deposition modeling (FDM) has attracted the attention of researchers to 

fabricate flexible fabric structures. Several researchers attempted to additively manufacture 

fabric structures, but the mechanical property evaluation was not performed due to the 

complexity of the geometry and the loading difficulty on the testing fixture. In addition, 

poly(lactic) acid (PLA) is mostly explored. It is brittle in nature and has elongation at break in 

the range of 2.5 ï 6.0 %, which limits its application in fabrics and fashion industries. In this 

context, this dissertation deals with the design, additive manufacturing, and mechanical 

properties characterization of fabric structures. In addition, it discusses the manufacture and 

characterization of novel composite filaments to use in FDM. The creep behavior of 3D printed 

composite filaments is also modeled.   

In chapter 3, the design, 3D printing and analysis of mechanical and microstructural 

behavior of interlaced fibrous structures were assessed. It was found that the mechanical 

strength is higher in warp direction as compared to that of in weft direction for 2/1 twill weave 

fabrics. The flexural strength of weft knitted fabrics is lower in course direction. The cylindrical 

braids are capable of holding compressive displacement of more than 25 mm. The printed 

samples contained voids which decreased the mechanical strength.  

In chapter 4, the effect of heat treatment on 2/1 twill weave fabrics and dog-bone 

samples were studied. They were compared in terms of mechanical properties and crystallinity. 

The crystallinity of both samples improved significantly when they were heat treated at 

temperatures above the glass transition temperature (Ὕ) of the material. But an improvement 

in mechanical properties of twill weave fabric was not observed whereas they were improved 

for dog-bone samples.  

In chapter 5, a multi-physics computational model is utilized to study a coupled thermo-

mechanical-viscoelastic properties of 3D printed plain weave fabrics at and above Ὕ. The 

temperatures considered for this study are 60 , 65 , and 70 , and the viscoelastic 

properties is represented by a Prony series. In this study, unit cells were 3D printed, and then 

using dynamic mechanical analysis (DMA), the tensile and compression tests were conducted 

in a closed thermal environment at temperatures mentioned above. The computational analysis 

was performed in ABAQUS simulation software, and the results were compared with the 
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experimental results. The relative error percentages in the peak forces at each temperature were 

23.60% at 60 , ī8.85% at 65 , and ï 6.25% at 70 . A better agreement in peak forces 

was seen for unit cells above Ὕ. The computational model developed for unit cells was used 

to predict the thermo-mechanical-viscoelastic response of large additively manufactured fabric 

structures which is difficult to evaluate experimentally. 

In chapter 6, composite filaments using PLA and TPU were manufactured using twin-

screw and single-screw extruders. Different material characterization methods were utilized to 

study the material properties of the composite filaments. The tensile stress and Youngôs 

modulus of the filaments decreased whereas the elongation increased by more than 500 %. The 

crystallinity of the materials were increased which were studied using differential scanning 

calorimetry (DSC) and polarized optical microscope (POM). The analysis also showed a partial 

miscibility of the polymer constituents.  

In chapter 7, the effect of a plasticizer on mechanical, thermal, chemical, and 

morphological properties were studied. Poly(ethylene) glycol (PEG) was used as a plasticizer 

in PLA/TPU composition. It was found that although the yield stress decreased, the ultimate 

tensile stress of the filaments did not show a drop in their values. This might have happened 

due to the plasticizing effect of PEG. Finally, the composite filament was used to 3D print a 

plain weave fabric structure which demonstrates its feasibility in 3D printing applications.  

The last chapter of this dissertation discusses the creep behavior and computational 

modeling of 3D printed composite filaments. The composite filaments were used to 3D print 

creep samples. The creep test was performed under a constant tensile load of 100 N. A 

computational model is developed using the Generalized Voigt-Kelvin solid model and three 

terms in the Prony series. The experimental results and computational results were compared 

and found that the maximum error is approximately 6 %. This proved the reliability of the 

model developed and can be used to predict creep response of similar polymers.  

Keywords: Additive manufacturing, polymers, fabrics, heat treatment, crystallinity, multi-

physics finite element modeling, composite filament, material characterization, creep 

modeling. 
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Chapter 1  

Introduction  

 

1.1. Background 

Fabrics are one of the most demanding needs of human beings. With the increasing 

sophistication of the modern world, the demand has been increasing with everchanging 

property requirements in every industry including architecture, construction, composites, 

filtration, geosynthetics, medicine, military and defense, papermaking, safety and protection, 

sports and recreation, transportation, and agriculture. The current fabric manufacturing 

methods have some major issues: (i) long manufacturing times, (ii) requirements for highly 

skilled workers, (iii) large production areas and storage space, (iv) cost, and (v) post 

consumption solid waste production.    

Traditional fabric manufacturing process starts with the production of fibers from 

polymers using one of the 3 fiber spinning processes: melt spinning, dry spinning, and wet 

spinning. Then, a number of fibers are spun together to form a yarn with one of the 4 yarn 

spinning methods: ring spinning, open-end (rotor) spinning, air-jet spinning and friction 

spinning. The yarns are combined in a certain pattern to obtain fabrics in which the interlacing, 

interloping and entanglement pattern determines the structure and properties of the fabrics. The 

main fabric production methods are weaving, knitting, braiding, tufting and nonwoven 

manufacturing [1][2]. Hence, the whole process consumes a lot of time to produce fabrics. 

Similarly, a huge number of workers are required at every stage starting from fiber production 

to yarn manufacturing to design of fabrics to production of fabrics. In general, for different 

fabric designs, different machines and different skilled workers are required. Moreover, it 

requires large and complex machinery which occupies large spaces. Fabric manufacturing is 

also a chemical-intensive process and requires a high volume of water throughout its 

operations. Textile plants produce textiles solid wastes, wastewater containing different 

pollutants, and billions of tons of soot. According to the United States Environmental 

Protection Agency (EPA), the textile solid waste generation was 17.05 million tons in 2018, 

out of which more than 11.29 million tons were landfilled [3]. According to Natural Resources 

Defense Council (NRDC) website, the apparel industry is one of the biggest polluters on the 

planet. Textile mills generate one-fifth of the world's industrial water pollution and use 20,000 

chemicals, many of which are carcinogenic, to make clothes [4]. These wastes cause a negative 
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impact on the environment and therefore, there have been increasing concerns regarding the 

disposal of fabric waste around the globe.  

The above-mentioned problems can be resolved by continuously working on research 

projects for an alternative method of fabric manufacturing and studying different materials 

useful for production. To make fabric manufacturing sustainable, a scientific selection of 

materials and manufacturing methods become important. Although traditional fibrous structure 

manufacturing has advanced the industrial revolution, it holds shortcomings as discussed 

above, and as an alternative, additive manufacturing or 3D printing method should be explored 

in this important area. 3D printing is not just a mere emerging technology but also has the 

potential to become a truly transformative technology within the near future. Its ability to build 

almost any designable object increases efficiency, reduces waste, and makes manufacturing 

more sustainable. The time it takes for the products to get to the markets is much shorter 

because it eliminates most of the time-consuming processes in the design and manufacturing 

stages of fibrous structure.   

1.2. Objectives  

The research outline is divided into two parts with their own specific objectives as 

shown in Figure 1.1. The proposed works will contribute to the additive manufacturing, 

materials, and textile industry as a whole towards the development of future fabrics.   

Figure 1.1.  Research outline. 

 

The objectives are described below.  

I. Design and additive manufacturing of interlaced fibrous structures. 

II.  Study the effect of heat treatment on crystallinity and mechanical properties of 3D 

printed structures. 

III.  Computational modeling of 3D printed woven fabrics. 

IV.  Manufacturing of PLA/TPU composite filaments for 3D printing  

Research Outline

Part 1: Design and 
Additive Manufacturing 

Objective I Objective II Objective III

Part 2: Materials 
Development 

Objective IV Objective V Objective VI
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V. Effect of a plasticizer on PLA/TPU composite filaments . 

VI.  Modeling creep behavior of 3D printed structures using composite filament. 

 

Objective I. Design and additive manufacturing of interlaced fibrous structures 

The goal of this objective is to design, 3D print and analyze mechanical as well as 

microstructural behavior of interlaced fibrous structures. A series of plain weave, twill weave, 

weft-knitted and braided fabric structures are designed using computer-aided design (CAD) 

software, Solidworks and 3D printed using Fused Deposition Modeling (FDM) machine to 

determine the best model that could be printable. The structures are designed in such a way 

that the fabricated yarns with pure polylactic acid (PLA) are not sticking to each other in the 

plain weave and twill weave fabric structure. The plain weave, twill weave and braided fabric 

specimens are printed in vertical orientation and weft-knitted structure in horizontal 

orientation. Tensile and three-point bending (flexural) tests are conducted for twill weave  and 

weft-knitted fabrics whereas compression test is performed for braided structures. Optical 

microscope is used to study the microscopic structures of the yarns and fabric structures.  

Objective II. Study the effect of heat treatment on crystallinity and mechanical properties 

of 3D printed structures. 

The goal of this objective is to 3D print 2/1 twill weave fabric structures using poly (lactic) 

acid (PLA) and study the effect of heat treatment on crystallization and mechanical behavior. 

The printed samples are heatïtreated in a temperatureïcontrolled lab oven at different 

temperatures for 1 hour and then allowed to cool slowly in the oven by a process called furnace 

cooling. The samples are heatïtreated at 50 , 75 , 100 , and 125  for 1 hour. The 

mechanical properties and crystallinity of twill weave fabrics are studied. For comparison, an 

ASTM standard dog-bone specimen is 3D printed, heat-treated using the identical conditions 

as that of twill weave fabrics. Its crystallization and mechanical behaviors are studied as well.  

Objective III. Computat ional analysis of 3D printed woven fabrics.   

The goal of this objective is to study the coupled thermo-mechanical-viscoelastic behavior of 

additively manufactured plain weave fabrics at and above glass transition temperature (Ὕ  

using a multi-physics finite element model. Unit cells of plain weave fabrics are additively 

manufactured using poly(lactic) acid (PLA). Tensile and compression tests were performed in 

a thermal environment using dynamic mechanical analysis (DMA). The experimental results 

are compared with that of computational results; good agreement between them is observed, 

with an error percentage in peak forces having approximately 24% at 60 , -9% at 65  and 
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-6% at 70 . The computational model developed for unit cells is used to predict the coupled 

thermo-mechanical-viscoelastic response of large additively manufactured fabric structures 

which is difficult to evaluate experimentally.  

Objective IV. Manufacturing  of PLA/TPU composite filaments for  3D printing .  

The goal of this objective is to manufacture a composite filament having high mechanical 

strength and high flexibility. Polylactic acid (PLA) and thermoplastic polyurethane (TPU) 

pellets are blended using the twinɀscrew  and singleɀscrew extruders, and novel composite 

filaments have been obtained. The amounts of TPU polymer in the blend are 10 wt%, 20 wt%, 

30 wt%, and 40 wt% of the total weight of the respective composition. The filaments 

manufactured have varying diameters but the filaments having diameter in the range of 1.60 

mm to 1.90 mm were used for the analyses. The properties are characterized by using several 

analytical instruments such as tensile test, differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA), Fourier transform 

infrared spectroscopy (FTIR), polarized optical microscope (POM), rheology, and scanning 

electron microscopy (SEM). Finally, the TPU_30 (PLA ï 70% and TPU ï 30%) filament is 

used to 3D printed plain weave fabric structure using the fused deposition modeling (FDM) 

method  which demonstrated the feasibility of these filaments to be used in 3D printing of 

fabrics.  

Objective V. Effect of a plasticizer on PLA/TPU composite filaments.   

The goal of this objective is to study the effect of a plasticizer such as poly(ethylene) glycol 

(PEG) on the properties of PLA/TPU composite filaments. The amount of TPU content in the 

composition is kept constant either being 30% or 40%. PLA and PEG are added in varying 

weight percentages. The filaments produced had varying diameters, but the diameter in the 

range of 1.70 mm to 1.80 mm is considered for this study. The properties of the filaments are 

studied using various material characterization methods such as uniaxial tensile test, 

differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), dynamic 

mechanical analysis (DMA), Fourier transform infrared spectroscopy (FTIR), and scanning 

electron microscope (SEM).  

Objective VI. Creep modeling of 3D printed structures using composite filaments. 

The goal of this objective is to experimentally characterize and computationally model the 

creep behavior of 3D printed samples using the composite filaments. The composite filaments 

are employed in the 3D printing of creep samples. The samples are tested under a constant 
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tensile load of 100 N. The computational model is developed by using the Generalized Voigt-

Kelvin solid model and three terms in Prony series. The experimental creep displacements and 

strains are compared with computational results, and a good agreement between them is 

observed. The maximum error percentages in computational result is approximately 6 % as 

compared to the experimental result. Hence, the computational model developed is reliable and 

can be used to study the creep behavior of similar polymers and polymer composites.   

1.3. References  
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Chapter 2  

Literature review 

 

(Jayswal, A., and Adanur, S., ñAn overview of additive manufacturing methods, materials, and 

applications for flexible structuresò, Journal of Industrial Textiles, vol. 52, pp. 1-42, 2022) 

Abstract  

Various types of additive manufacturing (AM) methods (also called 3D printing), and 

materials have been increasingly studied in the field of additive manufacturing of flexible 

structures such as fabrics, and flexible electronics. Polymer-based AM processes allow the 

flexibility, rapid, and low-cost fabrication of complex geometries depending on the types of 

materials used. The purpose of this literature review is to summarize the major AM methods, 

materials, and their emerging applications to additively manufacture the flexible structures. In 

the AM methods section, Fused Deposition Modeling (FDM), and Selective Laser Sintering 

(SLS) are reviewed for fabrics, and Direct Ink Writing (DIW) for electronics. In the Materials 

section, the manufacturing methods, chemical structures, properties, advantages, and 

limitations of some of the widely used materials in three-dimensional (3D) printing of polymers 

are reviewed. Third, the applications of these methods and materials for fabrics and electronics 

are covered. Finally, the associated opportunities and challenges in 3D printing process of 

flexible structures are described. The future research should be related to the exploration of 

combinations and development of innovative materials, printing process parameters, detail 

study on improving the properties, and hybrid 3D printing process.  

 

2.1. Introduction   

The international standard ISO/ASTM 52900 defines additive manufacturing (AM) as 

a  ñprocess of joining materials to make parts from three-dimensional (3D) model data, usually 

layer upon layerò [1]. AM methods are classified into seven categories: material extrusion, 

material jetting, binder jetting, sheet lamination, vat photopolymerization, powder bed fusion, 

and directed energy deposition [1]. These methods are further classified into sub-categories 

depending on the type of materials used and the process of material deposition. The materials 

may be in the form of powder, filaments, liquid, hydrogels or ink, and sheets [2]. In this method 

of manufacturing, materials are added layer upon layer forming a 3D solid object. A computer-

aided-design (CAD) model is developed and sliced into several layers by using slicing 

software. The generated model is saved as óg-codeô which is finally used by the 3D printers to 
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produce the solid object. The schematic diagram showing the working principle of AM 

processes using unit material is shown in Figure 2.1. 

  The conventional manufacturing methods such as subtractive machining, casting, 

forging, and powder metallurgy [3][2] take longer time and produce waste. As a result, the cost 

of fabrication and final product becomes higher whereas AM methods fabricate the parts in a 

minimal time with little or no wastes [2][4][5]. Another aspect is the diverse forms of material 

availability, which is accelerating its applications in many industries and becoming an integral 

part of modern product development [4][6]. AM methods are mostly used in automotive, 

aerospace, textiles, pharmaceuticals, medical, tissue engineering, flexible electronics, and 

sensors. This has increased the competition in the world economy [7].  

 

 

Figure 2.1. Schematic diagram of working principle of additive manufacturing process 

(Modified after ref. [8].)  

In recent years, AM methods have attracted attention to fabricating flexible structures 

such as fabrics and flexible electronics. The main conventional methods of fabric production 

are weaving, knitting, braiding, tufting and nonwoven manufacturing [9]. Among all these 

methods, weaving is the most common method, in which warp and weft yarns are interlaced in 

a defined pattern. A particular fabric manufacturing method is used according to the required 

fabric design. All  the traditional fabric manufacturing processes consume a lot of time and 

generate wastes. This is one of the reasons that has attracted the attention of AM researchers. 

Similarly, the research on flexible and wearable electronics is fascinating. 3D printing has made 

it possible to integrate functional electrical/electronic components into 3D printed products, 

such as sensors, and circuits. The expansion of 3D printing has opened the way for exciting 
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new applications, and opportunities. It has been possible to 3D print stretchable, flexible, and 

bio-compatible electronic devices which can be adjusted over irregularly shaped mounting 

surfaces. In summary, AM has offered great potential and unique capabilities to fabricate parts 

with multiple functionalities [10][11][12][13].  

  This chapter is organized into different sections. In the Additive Manufacturing (3D 

Printing) Methods section, the working principles and schematic diagrams, advantages, 

limitations, prospective applications, and summary of the three methods that are the most 

widely used for 3D printing of flexible structures are described. In the Materials section, the 

production, chemical compositions and structures, properties, advantages, and limitations of 

the materials are presented. The Applications section is divided into two parts. The first part 

covers the application of 3D printing methods to produce flexible fabric structures, whereas 

the second part includes the 3D printing methods to produce flexible electronic structures. The 

associated challenges and future opportunities are discussed as well.  

  

2.2. Additive Manufacturing (3D Printing) Methods  

 With the advancements of AM technology, its applications have been widely explored 

in various fields. Different methods are exploited by researchers, manufacturers, and 

innovators. Some of the methods that are used in 3D printing of flexible structures such as 

fabrics, sensors, and electronics are briefly discussed in this section. The methods reviewed in 

this chapter are highlighted in Figure 2.2. FDM and SLS methods are reviewed for 3D printing 

of fabrics, and DIW for 3D printing of flexible electronic components.  

 

Figure 2.2. Summary of different additive manufacturing methods. 
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2.2.1. Fused Deposition Modeling (FDM)   

  FDM method works on the principle of material extrusion as shown in Figure 2.3. In 

this method, a thermoplastic polymer is melted and then extruded through a nozzle on a build 

platform. The movement of the nozzle depends on the program (g-code) generated by the 

slicing software for a specific design. The melted polymer is deposited layer by layer and 

produces the three-dimensional (3D) object. For structures having hanging parts, water or 

chemical dissolvable support material is used. Although the AM process produces near-net-

shape products, sometimes, it may require post-processing such as support removal, cleaning, 

and finishing. Post-processing usually improves the properties and aesthetic of the products. 

Few examples of materials which are commonly used in this technique are poly(lactic) acid 

(PLA), acrylonitrile butadiene styrene (ABS), thermoplastic polyurethane (TPU), 

polypropylene (PP), nylon, polycarbonate, polyether ether ketone (PEEK), ULTEM, glass and 

metals [14] [15]. 

 

 
Figure 2.3. Schematic of fused deposition modeling (FDM) method employed to 3D print a 

cup with support materials.   

 

  The main advantages of this method are processability of a wide variety of materials, 

low maintenance costs, no toxic chemicals involved, rapid production, overall tolerance of 0.1 

mm, and easy material change. The main disadvantages are surface roughness, relatively slow 

process, restricted dimensions, appearance of voids and lower mechanical properties [16]. 
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Some of the approaches to overcome these disadvantages are optimization of 3D printing 

process parameters and using polymer composite filaments.  

  Process parameters include layer thickness, raster angle, print orientation, print 

temperature, infill pattern and density, and others. Durgun and Ertan [16] found that raster 

angle and orientation affected the surface roughness, mechanical properties, and production 

costs. In particular, the build orientation exhibited a significant effect on surface roughness and 

mechanical properties of the parts rather than the raster angle. Poor surface quality caused by 

stair-stepping effect is generally seen in layer manufacturing processes. Several studies show 

that a smaller layer thickness can bring lower surface roughness but this can increase the 

production time [17] [18]. Chacón, et. al. [19] investigated the effects of build orientation, layer 

thickness and feed rate on the strength of 3D printed parts. They found that vertical print 

orientation showed the lowest mechanical properties whereas on-edge and flat orientations the 

highest. They also observed an increase in mechanical properties with increasing layer 

thickness and decrease with increasing feed rate for upright orientation whereas the layer 

thickness and feed rate play insignificant role for on-edge and flat orientations.  

  Several researchers investigated the effect of heat treatment on mechanical properties 

of 3D printed parts. This method could increase the bonding between the layers and rasters. 

Avila et. al. [20] worked on 3D printing of parts using different materials such as PC, PMMA, 

and PEEK and investigated the effect of heat treatment at 90% of glass-transition temperature 

on their mechanical properties. They found an improvement in tensile strength of about 10 MPa 

for PC, 20 MPa for PMMA and a slight change for PEEK. Yang et al. [21] studied various 

thermal processing conditions in 3D printing of PEEK materials and found that different 

degrees of crystallinity and mechanical properties can be found.  

  Kaynak and Varsavas [22] examined the mechanical performance of neat PLA, glass 

fiber (GF)-reinforced PLA, and TPU-blended PLA composites using injection molding and 3D 

printing methods. They used twin-screw extruders and manufactured composite filaments for 

3D printing using 10 wt% of TPU and 15 wt% of GF in PLA matrix. Using the filaments 

obtained, they 3D printed dog-bone specimens and compared their performance with the dog-

bone samples obtained from injection molding. They did not find significant differences in 

their strength obtained from tensile and flexural tests. However, they noticed that the elastic 

modulus values of 3D printed specimens were slightly higher than that of injection molded 

specimens due to the stiffening action of the slightly textured structure formed during 3D-

printing. 
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2.2.2. Direct Ink Writing (DIW)    

Direct ink writing is a 3D printing method based on the principle of material extrusion 

as shown in Figure 2.4a; it is also known as Robocasting. As its name suggests, the material 

used in this method is in the ñinkò form, which is a highly viscous liquid, and has the ability to 

retain its shape after deposition. Although it operates on a similar principle as FDM, it has a 

major difference that it does not depend on drying or solidification of deposited material to 

retain the shape when the ink exits the nozzle. A different variety of materials or a combination 

of materials can be used ranging from ceramics, plastics, and food to living cells. Hence it is 

an extremely versatile technology. Post-processing such as drying, heating or sintering may be 

required to harden the printed part and improve its mechanical properties [15] [23] [24].  

This printing method follows three steps: 3D design, generation of a path file for nozzle 

and extrusion of ink. After the completion of the 3D model in CAD software, the 2D layer-by-

layer or 3D movement path profile for nozzle is generated and exported to the printer. The 

nozzle moves in a 2D path of each layer generated by the slicing software and deposits the ink 

layer-by-layer and subsequently builds the 3D object. Alternatively, a 3D object can be printed 

directly by the movement of nozzle in three dimensions which does not involve a layer-by-

layer approach. This method demands specific material strategies to hold the printed structure 

after deposition. The strategies are: (i) to deploy the intrinsic properties of ink such as the facile 

oxidation and solidification of liquid metal filaments in air, which can help maintain the 3D 

structures, and (ii) to fabricate 3D object within a supportive matrix  [13] [25] [26].  
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Figure 2.4. (a) Schematic of direct ink writing process [23] (Reproduced with permission from 

ref. [23]. Copyright John Wiley and Sons.), and (b) Different dispensers used in DIW process 

[24] (Reproduced with permission from ref. [24]. Copyright Wiley-VCH GmbH.) 

 

 Depending on the type of material, viscosity and density of ink, and particle size within, 

the type of dispenser is selected to push the ink through the nozzle. Some common dispensers 

available are pneumatic, piston, and screw as shown in Figure 2.4b. Piston based dispensers 

provide more direct control over the flow of hydrogel from the nozzle than in the pneumatic 

dispensers due to the delay of the compressed gas volume. Screw systems provide more spatial 

control and are useful for the applications requiring ink of higher viscosities to be deposited 

through the nozzle. However, this method of dispensing can cause a huge pressure drop at the 

nozzle which can damage the embedded cells. Hence, the design of screw has to be revised in 

order to make the printing of biomaterials possible [24].  

 The polymers used for DIW often have limited mechanical properties and experience 

fatigue under repeated stress, which causes limitations in their applications. This limitation can 

be addressed by improving the hydrogel used. Gong et al. [27] [28] introduced the concept of 

modifying the hydrogel used for fabrication by inducing a double network (DN) structure for 

various combinations of hydrophilic polymers. The DN hydrogels contained 60 ï 90 % water 

and exhibited a fracture strength of a few to several tens of megapascals and high wear 

resistance due to extremely low friction coefficients of the gels. Yang et. al. [29] demonstrated 

a two-step method to fabricate a DIW object using DN hydrogels as shown in Figure 2.5. In 

the first step, they prepared a 3D printable gel by mixing N,Nǋ-methylenebis(acrylamide) 

(MBAA), Irgacure 2959, Laponite RDS, sodium 2-acrylamido-2-methylpropanesulfonate 

(AMPS) and water in specific concentrations. This ink was used to 3D print an object and then 

cure it with UV light. In the second step, they mixed acrylamide, MBAA, Irgacure 2959, and 

water and cured the gel prepared. After that, the gel prepared in the first step was soaked in the 

gel prepared in the second step, and the fully soaked gel was cured again. With various ratio of 

polyacrylamide to cross-linker, the compressive strength and elastic modulus can be increased 

to 61.9 MPa and 0.44 MPa, respectively. Similarly, the maximum values of compressive and 

tensile strength can be obtained up to 93.5 MPa and 1.417 MPa, respectively.  

 The ink formulation and printing parameters such as ink exiting speed, nozzle size, 

dispenser moving speed, temperature, and external environment directly influence the final 

product.  
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Figure 2.5. 3D printing procedures of DN hydrogels: (a) DIW printing of AMPS network, (b) 

Curing to get PAMPS network under UV light, (c) Soaking of PAMPS network into acrylamide 

solution, and (d) Curing of PAMPS/polyacrylamide network [29]. (Reprinted with permission 

from ref. [29]. Copyright 2017 American Chemical Society.)  

 

2.2.3. Selective Laser Sintering (SLS)  

Selective laser sintering is a widely used powder bed fusion (PBF) AM technique which 

uses powder form of materials. In this method, complex 3D parts can be generated by the fusion 

of powder material on top of each layer in an enclosed chamber using thermal energy supplied 

by a focused laser beam. Following the CAD model, the cross section of each layer is scanned 

by using a beam deflection system (Galvano mirrors) and then the successive powder layers 

are deposited having a thickness in the range of 20 to 150 ɛm, and is monitored by a powder 

deposition system [30] [31].  
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Figure 2.6. A typical Selective Laser Sintering Additive Manufacturing (SLS ï AM) set up 

[32]. (Reproduced with permission from ref. [32]. Copyright 2014 Elsevier.) 

  

Figure 2.6 shows the schematic diagram of a SLS-AM set-up. The SLS-AM system 

contains laser, mirror scanner, roller, feed container, build cylinder and ὔ  atmosphere. First, 

the powder is spread over the building platform by using the spreading mechanism which 

consists of a slot feeder and roller/scraper. Next, the powder is fused by the application of a 

high-power laser which heats it to a temperature below its melting point such that the fusion 

occurs. After the formation of the first layer, the platform moves downward depending on the 

G-code generated from the CAD model of the final product. The role of scanner is to adjust the 

focus of laser on each layer and determine the height of powder bed. The process continues 

until the final 3D product is obtained,  and allowed to cool down, and the un-sintered powder 

is removed. Lastly, the product is taken out from the printer [30] [31].  

The products manufactured by this method have high dimensional accuracy, which 

depends on several parameters such as accuracy of the STL model converted from CAD model, 

cutting into layers, machine resolution, beam offset, layer thickness, material shrinkage, laser 

beam speed, laser power, temperature of working platform, and hatch distance. The properties 

of the manufactured products such as surface quality, mechanical properties, dimensional 

accuracy, and manufacture time can be adjusted based on the printing parameters. Improved 

mechanical properties can be obtained by improving the sintering between each layer and is 

dependent on the laser beam density [33]. There must be adequate supply of laser power to get 
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a high-quality product with better sintering between the layers (Figure 2.7a). If the supplied 

laser power is not sufficient, the powder will not fuse together and in case of higher energy, 

the products deform, and high dimensional inaccuracy is seen (Figure 2.7b). Hence, the energy 

density is quite important to consider while working with the SLS method.  

 

 

                         

Figure 2.7. SLS system: (a) Effect of laser power on the sintering process of powders, (b) 

Effects of lower and higher laser power, (c) Hatch distance [33]. (Adapted from ref. [33]. 

Copyright 2014 Hindawi Publishing Corporation.) 

 

  Equation (2.1) represents the equation of energy density required in the SLS method 

to print a product. It is defined as the amount of energy input per unit area [31] [33] [34]. 

  

 
ED = 

Ȣ
  

 (2.1) 

 

where, ED is energy density, P is the laser power, ɜ is laser beam speed, d is laser beam 

diameter, and h is hatch distance (Figure 2.7c). Hatch distance is the spacing between two laser 

beams.  
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The powder can be fused together following different binding mechanisms [30] [35] [36].   

(a) Solid state sintering: It is a thermal process which requires the heating of a material 

powder to a temperature above half of its melting temperature (ὝȾς) and below the 

melting temperature (Ὕ . The fusion of the adjacent powder particles is initiated by the 

formation and growth of a neck between them when the surface energy is reduced by the 

implication of temperature induced by laser.  

(b) Chemically induced binding: This method is useful for ceramic materials. For example, 

if SiC ceramics are heated to a very high temperature, partial decomposition of SiC into Si 

and C occurs and Si combines further with oxygen and forms ὛὭὕ, which acts as a binder 

between the particles. This produces full dense objects.  

(c) Liquid phase sintering ï Partial melting: In this method, a binder/additive material 

having lower melting temperature is added into the main building material having higher 

melting temperature. When the laser energy heats the material to its melting temperature, 

additives melt first before the main material. The molten additive materials attract the main 

material together due to the capillary action which results in high density, rearranged grains 

of the product, and filled pores between the particles. This makes a rigid object. This 

method is generally used to manufacture 3D parts using ceramic materials.  

(d)  Full melting or Selective Laser Melting (SLM): This method is suitable for metals and 

ceramics rather than polymers. In this mechanism, the material is melted completely by the 

use of laser power. This results in nearly full dense objects, good mechanical properties 

and prevents the lenghty post-processing steps.  

Some of the advantages of this method are as follows [37]: 

(i) It is one of the faster forms of 3D printing.  

(ii)  Support structures are not required since the parts are supported by the material 

powder.  

(iii)  Multiple components can be nested within the powder bed to speed up production.  

(iv) The resolution can be achieved to around 0.1 mm.  

(v) By adjusting the laser power either less or high, different types of material powders 

such as polymers, metals, ceramics, and glass can be successfully sintered.  

(vi) Various polymers have been laser sintered to manufacture products such as TPU, 

polystyrene (PS), polyester block amide (PEBA), PEEK, and blends of polyamide 

(nylon), including glass-reinforced grades.  



17 

 

SLS has the following shortcomings [37]: 

(i) Due to the high cost of laser, the machine can be expensive.  

(ii)  Limited availability of different types of thermoplastic powder materials to make 

the parts.  

(iii)  The manufactured products may have porous surface finish which requires post-

processing.  

 

 

In summary, the working principles, advantages, and disadvantages of the additive 

manufacturing methods discussed above are presented in Table 2.1.   

 

Table 2.1. Summary of different 3D printing methods. 

Method Materials Principle Advantages Disadvantages References 

FDM 

Filament form 

of PLA, ABS, 

TPU, PC, 

Nylon, PEEK, 

glass, metal. 

Extrusion 

Processable with a wide 

variety of materials, 

can produce multi-

material structures, low 

maintenance costs, no 

toxic chemicals 

involved, rapid 

production, overall 

tolerance of 0.1 mm, 

and easy material 

change. 

Surface roughness, 

rather slow 

process, restricted 

dimensions, 

appearance of 

voids and lower 

mechanical 

properties. 

[14] [15] 

DIW 

Ink form of 

plastics, 

ceramics, food, 

living cells, 

composites 

Extrusion 

Huge application areas 

such as photonics, 

microelectronics, 

advanced ceramics, 

micro fuel cells and 

batteries, sensors, and 

biological applications. 

Requires post-

processing, low 

resolution.  

[15] [25] 
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SLS 

Powder form 

of metals, 

polymers, 

ceramics, and 

glass.  

Powder bed 

fusion 

Rapid production, high 

dimensional accuracy, 

resolution around 0.1 

mm, support not 

required.  

Expensive, 

limitations of 

thermoplastics, 

requires post-

processing.  

[31] [33] 

[37]  

 

 

2.3. Materials  

Researchers have explored various additive manufacturing (3D printing) methods. 

Depending on the method used, the required materials are selected. In this section, an overview 

of the manufacturing, chemical composition, structure, properties, advantages, and limitations 

of some of the widely used materials is presented. The materials reviewed in this paper are 

highlighted in Figure 2.8.  

 

 
Figure 2.8. Materials commonly used for different additive manufacturing methods. 

 

2.3.1. Poly(lactic) acid (PLA)   

PLA is a biodegradable and renewable thermoplastic polymer that is derived from 

starch obtained from renewable resources such as corn, wheat, rice, and sugarcane [38] [39]. It 

has been extensively used in pharmaceutical and biomedical applications [40], electrochemical 

energy conversion and storage [41], packaging and tissue engineering [42], fabric and fashion 

industries [14] [43] [44] [45].  
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PLA is manufactured by processing and polymerization of lactic acid monomers which 

exist in two optically active configurations: L(+) and D(ī) isomers as shown in Figure 2.9 [46] 

[47] [48]. The weight percentages of these isomers directly influences the crystallinity, 

mechanical properties and degradation characteristics of PLA [49]. If the content of D isomers 

is less than 2% in the L-D blends, then a highly crystalline PLA can be obtained whereas if it 

is higher than 20%, a highly amorphous PLA can be produced [47] [50]. Hence, these lactides 

are mixed in an appropriate proportion to produce either semi-crystalline PLLA (poly-L-lactic 

acid) or amorphous PDLA (poly-D-lactic acid) by a ring opening polymerization process.  

 

       

Figure 2.9. Chemical structure of L and D isomers of lactic acid (left) and high molecular 

weight PLA formed by ring opening polymerization (right) [47]. 

 

The lower glass transition temperature (Ὕ = 60 ï 65 ), melting temperature (Ὕ  = 

170 ï 180 ), lower coefficient of thermal expansion [40], and non-adherence to the printing 

surface makes it a suitable candidate for 3D printing purposes [39] [51]. Its production 

consumes carbon dioxide [52] [53] and does not produce toxic or carcinogenic effects [52]. It 

requires 25% ï 55% less energy to produce than petroleum-based products [54]. The end 

products made of PLA have  high strength and high stiffness. It is relatively easy to print 

without warping and its mechanical properties depend on the printing parameters and 

geometries [14] [55]. However, the properties such as low thermal stability, high degradation 

rate during processing, brittle in nature with less than 10% elongation at break [54] [56], low 

toughness and moisture sensitivity limit its applications [51] [57]. Soft PLA (PLA + softener) 

provides better elongation-at-break properties (up to 200%) [58]. It is a potential candidate 

because of its availability, low cost, and lower printing temperature; it can also be used to make 

dimensionally accurate parts, with printing details down to 0.8 mm and minimum features 

down to 1.2 mm [59]. Therefore, it is suitable for parts with fine details.    

Figure 2.10 shows the Differential Scanning Calorimetry (DSC) curve of a 3D printed PLA 

material exhibiting the first heating cycle, cooling cycle and second heating cycle for 
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exothermic process in an upward direction. The spectra determines important features of semi-

crystalline thermoplastic PLA, such as glass transition temperature Ὕ, exothermic cold 

crystallization temperature Ὕ  and associated enthalpy æὌ , endothermic melting temperature 

Ὕ and enthalpy æὌ  [39]. The sample is first heated from 40  to 200  and then cooled 

from 200  to 40  at heating and cooling rates of both 10 /min [60]. Cold crystallization 

peaks are visible when the polymer chains do not get enough time to fully get ordered. It is 

seen after the glass transition temperature when the chains get chance to move and get ordered. 

Crystallization peak is visible during the cooling cycle which happens due to the polymer chain 

mobility and ordering in the PLA material [61]. Sometimes, first heating cycle is performed to 

remove the thermal history pre-existing on the sample [62] [63]. During the second heating 

cycle, two endothermic melting peaks (as observed in Ref. [64]) can be seen at ~158  and 

~166  which has been formed due to the presence of multiple crystalline states (‌ and Ŭ) of 

PLA during thermal cycling [39] [65] [66]. The first peak present at the lower temperature is 

associated with the melting of the Ŭǋ crystalline state and its recrystallization into the Ŭ form, 

whereas the second peak at higher temperature is related to the melting of the Ŭ state. Hence, 

the melting of the Ŭǋ form and its recrystallization into Ŭ form can be said as the Ŭǋï Ŭ phase 

transition [66].  

 

Figure 2.10. DSC curve of a 3D printed PLA showing the first heating cycle, cooling cycle and 

second heating cycle.  
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2.3.2. Acrylonitrile butadiene styrene (ABS)  

ABS is a popular thermoplastic material in 3D printing which is formed by a systematic 

polymerization of monomers of 15% ï 35% acrylonitrile (A), 5% ï 30% butadiene (B) and 

40% ï 60% styrene (S) [67]. The chemical structures of these monomers are shown in Figure 

2.11 [68]. Two different phases of ABS terpolymer exist: a continuous phase of styrene-

acrylonitrile (SAN) and a dispersed phase of polybutadiene as shown in Figure 2.12 [69].  

 

Figure 2.11. Monomer units constituting the ABS filament [68].  

 

      

 

Figure 2.12. Chemical structure of ABS: SAN phase of ABS (left), Butadiene rubber phase of 

ABS (right) [69].  

 

ABS is low cost and is used to fabricate lightweight, rigid and molded products [70]. It 

has good dimensional stability, impact strength, abrasion resistance, low coefficient of thermal 

expansion and can withstand many chemical reagents [69]. In addition, it is easy to shape but 

tough to break, as it melts and becomes pliable when heated at 220 ; then, it sets quickly 

which makes it suitable for 3D printing [14]. The matrix composition, molecular mass, type of 

rubber, rubber particle size, grafted rubber structure, additive content, volume ratio of rubber 

to SAN phase determines the properties of ABS. For example, the optimized impact strength 
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can be achieved by controlling the rubber particle size, its distribution and micro-structure. It 

is hydrophobic and shows an absorption of up to 1.5 % of water upon storage in aqueous media 

due to the presence of residual emulsifier and the polarity of the nitrile side groups [69]. It has 

a elongation at break in the range of 3 ï 20 % and flexural strength up to 48 ï 110 MPa [8] 

[71]. It has the following limitations:  

(a) It does not attach satisfactorily to cold print beds. This results in distorted products. 

Hence, it is suggested to keep the bed heated to at least 120  [14].  

(b) Fumes are produced when this filament is melted during extrusion in the nozzle, 

which is not safe to breathe. Thatôs why the printer should be kept in a well-

ventilated area.  

(c) It gets fractured by UV radiation if it is used for a long time in the sun. 

2.3.3. Thermoplastic polyurethane (TPU) 

TPU is a biocompatible, biodegradable and linear segmented block copolymer [72] 

[73], which is synthesized by the reaction of polyols with aliphatic or aromatic diisocyanates. 

The polyols may be ether-, ester-, and carbonate-based diols with average molecular weight in 

the range of 1000 to 3000 g/mol. These polyols form the soft segments of the material whereas 

the diisocyanates such as diphenylmethane-4.4-diisocyanate (MDI) make the hard segments of 

TPU by addition of a chain extender such as butanediol. The soft segment interconnects two 

hard segments and the hard segments are bonded together with the presence of hydrogen bonds 

and form physical crosslinks [74] [75] [76]. The chemical structure of the materials showing 

the hard segments and soft segments are shown in Figure 2.13. Its properties vary from being 

a high-performance elastomer to tough thermoplastic polymer [77] [78]. It gets its rigidity and 

hardness from HS domains whereas the flexibility and elastomeric behavior is gained from SS 

domains [79]. It is used for high tensile strength, abrasion resistance, tear resistance, low 

temperature flexibility and high versatility in chemical structures [74]. It can be used in several 

applications such as textile, footwear industry, tubing, biomaterials, and adhesives.  

 



23 

 

 

Figure 2.13. (a) Chemical structure of TPU consisting of hard and soft segments, (b) Schematic 

structure of TPU [76]. (Reproduced with permission from ref. [76]. Copyright 2017 John Wiley 

and Sons.) 

  

TPUôs easy printability has made it a good candidate to be explored for 3D printing. It 

provides high flexibility, and strength to the final products. Like most elastomers, it is melt-

processable, recyclable, and elastic. It can be processed by compression, blow, and injection 

molding and extrusion, which is the basis for fused deposition modeling (FDM) method of 3D 

printing [80]. It possesses the elasticity of vulcanized rubber as well as the processability of 

thermoplastics and it can be as soft as rubber or as hard as rigid plastic; thus, TPU bridges the 

gap between rubber and plastic [81]. TPU suffers from the following limitations:  

(a) Its production is highly dependent on non-renewable fossil-based polyols and 

isocyanates. The gradual exhaustion of conventional fossil fuels makes its applications 

limited unless it is produced from renewable sources [82].  

(b) It has lower thermal stability and mechanical strength [83].  

 

2.3.4. Poly(vinyl) alcohol (PVA)  

Polyvinyl alcohols are non-toxic, water-soluble, bio-degradable, bio-compatible, semi-

crystalline, and synthetic polymers which are prepared by polymerizing vinyl acetate following 

the hydrolysis or partial hydrolysis methods [84] [85]. Therefore, it can be classified into two 

groups; fully hydrolyzed PVA (FH-PVA) (1ï2 mol% acetate groups) and partially hydrolyzed 

(PH-PVA) (10ï15 mol% acetate groups) [86]. The chemical structures of PH-PVA and FH-

PVA are shown in Figure 2.14 [87]. FH-PVA has the higher chemical stability, water 

resistance, and excellent physical and mechanical properties, which have led to its wide use, 

especially in the textile industry [88] [89]. PH-PVA is used in packaging for bleaches, bath 

salts, insecticides, and disinfectants [86]. The properties of PVA are highly dependent on the 

degree of hydrolysis under acidic or alkaline conditions and the length of vinyl acetate polymer. 
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These properties are molecular weight, solubility, flexibility, strength, and adhesiveness. It is 

an odorless, tasteless, translucent, white or cream-colored granular powder [90].  

 

 

Figure 2.14. Chemical structure of PVA: partially hydrolyzed (left), and fully hydrolyzed (right) 

[87]. 

The thermoplastic PVA has a glass transition temperature of Ὕ = 34 , melt 

temperature of 174 ï 178 , density of ɟ = 1.27 ὫάȾὧά [91] [92], and printing temperature 

of 190 ï 220 °C, which makes it a suitable candidate to be used in 3D printing. It has 

adhesiveness, water solubility property, and similar extruding temperature as PLA which is 

why many researchers use it as a support material with PLA being the polymer matrix. It 

provides flexibility to print support structures and rafts in complex components and prototypes 

[93] [94]. PVA has been extensively used in textile and paper industries [87], pharmaceutical 

industries [95][96], and tissue engineering [97]. A few limitations of this polymer are:  

(a) Storage: Since PVA is hydrophilic in nature, it has a tendency of absorbing any form of 

moisture even from air and the final print can bubble or crack, degrading the final quality 

and strength [98].  

(b) Expensive: It is expensive in comparison with most typical polymeric filaments. It costs 

around two or three times as much as PLA or ABS filaments [98].   

(c) Clogging and oozing: Sometimes PVA can clog the nozzle. If the temperature is set too 

high or even the nozzle if left idle for too long, then it will ooze or degrade inside the nozzle 

and clog it. To avoid this problem, it is recommended to use ooze shield for constant cooling 

of nozzle during the printing process. It is also suggested to remove any unused PVA from 

the printer when it is not in use to protect it from the exposure to humid air [98].   

(d) It does not have cell-adhesive property [99].  

 

2.3.5. Poly(ethylene) glycol (PEG)  

PEG is also known as polyethylene oxide (PEO), polyoxyethylene (POE), and 

polyoxirane [100]. It is a linear or branched, neutral polyether, available in a variety of 
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molecular weights (MWs) from 200 to tens of thousands, and soluble in water, toluene, 

methylene chloride, and most organic solvents. It is insoluble in ethyl ether, hexane, and 

ethylene glycol. PEGs having MW less than 1000 are viscous, colorless liquids, water soluble 

and hygroscopic at room temperature. The higher molecular weight PEGs are waxy white 

solids. PEG-2000 has a solubility of about 60% in water at 20  . Its melting point is dependent 

on its molecular weight and exhibits a plateau at about 67  [101] [102]. It is biocompatible 

[103][104], yields non-immunogenicity, non-antigenicity, protein rejection, and non-toxic. 

Thatôs why it has gained popularity among researchers. The chemical structure is shown in 

Figure 2.15. It is most popular in pharmaceutical industries, tissue engineering [105] and 

medicals. PEG-based wound healing especially in diabetic wounds causes skin cells to grow 

faster and accelerates the healing [106].  

 

 

Figure 2.15. Chemical structure of PEG.  

 

The properties of the materials used in FDM 3D printing are summarized in Table 2.2.  

 

Table 2.2. Mechanical, thermal, and chemical properties of materials used in FDM. 

Materials Mechanical Thermal Chemical References 

PLA 

 

ɟ: 1.21 ï 1.25  g/ὧά  

ů: 21 ï 60 MPa  

E: 0.35 ï 3.5 GPa 

:ɴ  2.5 ï 6.0  %  

„: 65 ï 157 MPa  

Ὁ :  2.50 GPa  

„: 4.25 ī 13.7 ὯὐȾά   

 

Ὕ : 45 ï 60   

Ὕ : 170 ï 180   

ЎὌ  = 93.6 (J/g)  

ɢ = 10 ï 30 (%) 

¶ Optically active 

configurations: L ï lactide  

and D ï lactide. 

¶ Optically pure PLLA and 

PDLA are crystalline.  

¶ If the content of D isomers 

is less than 2% in the L-D 

blends then a highly 

crystalline PLA can be 

obtained whereas if it is 

higher than 20%, a highly 

amorphous PLA can be 

produced.  

 

[14][47] 

[50][107] 

[108][109] 

[110][111]  
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ABS  

 

 

ɟ: 1.01 ï 1.20 g/ὧά  

ů: 36 ï 72 MPa  

E: 0.1 ï 2.4 GPa 

:ɴ 3 ï 20 %   

„: 48 ï 110 MPa  

Ὁ: 2.250 GPa   

 

IZOD impact, notched: 

106 J/m 

 

Ὕ : 105 ï 110   

Ὕ : 230 ï 270   

 

 

¶ SAN determines the 

chemical properties of 

ABS.  

¶ High resistance to acids, 

alkalis, fats, or aqueous 

solutions of salts. 

¶ Hydrophobic.  

¶ Contact angle between 

ABS and water is 81.0 ± 

0.6°.  

¶ Insoluble  in  paraffinic  

hydrocarbons. 

¶ SAN  phase is  soluble  in 

halogenated hydrocarbons, 

aromatics,  esters,  and 

ketones. 

¶ Oxidizing agents, 

especially inorganic acids, 

break up the chains  and 

cause  degradation  of  the  

polymer.  

 

[8] 

[14][16] 

[69][71] 

[112] 

  

TPU 

ɟ: 1.10 g/cm3  

ů: 50 MPa  

:ɴ 550 %   

Ὁȡ 68.9 MPa  

 

Ὕ:  ï 33  

 

MFI = 32 g/10 

min 

 

Ŭ = 161 Ĭ ρπ 

mm/mm/ ºC 

¶ Semi-crystalline, and 

hygroscopic  

¶ Can be polyether-based or 

polyester-based.  

¶ Ether-bonded compounds 

are often poorly 

biodegradable.   

 

[113][114] 

[115] 

PVA  

 

ɟ = 1.27 g/ὧά  

ů: 17.84 Ñ 1.01 MPa  

E: 5.60 ± 0.26 MPa (at 

10% strain) 

 

MFI =  39 ± 8  

g/10 min 

Ὕ : 34  

Ὕ : 178  

¶ Hydrophilic polymer with 

excellent biocompatibility.  

¶ PVA with low degree of 

hydrolys (DH) shows 

[91] [99]  
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:ɴ  2.18 Ñ 0.21 

(mm/mm)   

 

 

ЎὌ  = 161 J/g 

 ɢ = ~ 20 (%) 

higher solubility in water 

at low temperature.  

¶ PVA with high DH, must 

be heated above 70°C to 

dissolve in water. 

¶ Residual  acetate  groups  

(hydrophobic  in nature) 

weaken the intra ï and 

intermolecular hydrogen 

bonds of adjoining OH 

groups.  

 

Note: ɟ = Density; ů = Tensile strength; E = Tensile modulus; :ɴ = Tensile elongation;  Ɑ╕ = 

Flexural strength;  ╔╕ = Flexural modulus; Ɑ╘ = Impact strength;  ╣▌ = Glass transition 

temperature; ╣□ = Melting temperature; Ў╗□ = Melting enthalpy of 100% crystalline 

polymers; ɢ = Crystallinity; MFI = Melt flow index; Ŭ = Coefficient of linear thermal 

expansion.  

   

2.3.6. Hydrogels (Ink) for DIW  

The printable ink for DIW can be fabricated by mixing fillers, binders, additives, and 

solvents as shown in Figure 2.16a [25]. Valentine et. al. [116] prepared two types of ink: 

insulating ink and conductive ink. For insulating ink, they mixed TPU (Elastollan soft 35A) in 

cosolvent prepared from 1:4 ratio by volume (v/v) of N,N-dimethylformamide (DMF) and 

tetrahydrofuran (THF). For conductive ink, they mixed TPU (Elastollan Soft 35A) in DMF and 

then silver flakes, and APS 2ï5 µm (Inframat Advanced Materials) were added. Lastly, the 

inks were centrifuged to remove the air bubble and made ready for 3D printing. They 3D 

printed flexible and wearable sensors using DIW method.   

 Jason et. al. [117] immersed a bottle containing water in an oil bath heated at 100 . 

When the water started boiling, hexadecylamine (HDA) and copper chloride (ὅόὅὰȢςὌὕ   

were added and stirred for 30 minutes at 1000 rpm. When the color of solution changed to sky 

blue, Ŭ or ɓ D-glucose (Merck) was added, then the color of solution changed from pale brown 

to dark brown. After stirring for 6 hours, the solution was removed from oil bath and 

centrifuged, and hence the ink was ready to use as shown in Figure 2.16b.   
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Wang et. al. [118] prepared electrode layer ink by dissolving TPU (Elastollan 35A, 

BASF) in DMF at 1:1.5 ratio of TPU:DMF. Then, silver microflakes (å 5 ɛm) were added into 

the solution and mixed well using planetary mixer. They also prepared sensing layer ink by 

adding NaCl crystals as the sacrificial template. For this, the grain size of NaCl crystals was 

reduced to < 100 ɛm, and then mixed with carbon black and TPU (dissolved in twice its weight 

of DMF). This solution was mixed thoroughly, and a porous and conductive ink was obtained.   

Lacey et. al. [119] produced additive-free and aqueous carbon-based ink by oxidizing 

holey graphene (hG), which is a highly porous carbon nanomaterial. They obtained holey 

graphene oxide (hGO), which is nano porous and hydrophilic in nature. Then hGO was mixed 

with water at high concentration of å 100 mm/mL, and hence a printable ink with shear thinning 

behavior was produced as shown in Figure 2.16c. The produced ink was used to 3D print a 

complex structure, stacked mesh structure.  

   

 

Figure 2.16. Images showing (a) Ink formulation and rheology for DIW 3D printing [25] 

(Reprinted with permission from ref. [25]. Copyright 2019 American Chemical Society.), (b) 

Ink formulated by using copper nanowires, HDA and water [117] (Reprinted with permission 

from ref. [117]. Copyright 2015 American Chemical Society.), and (c) Image showing the steps 

of preparing the additive free ink using holey graphene and water [119]. (Reproduced with 

permission from ref. [119]. Copyright Wiley-VCH GmbH.) 

   The composition of inks determines the mechanical properties, resolution, and 

conductivity of the printed electronics. The inks must possess two important characteristics: 

shear thinning behavior and viscoelasticity [120] [121]. These characteristics of inks allow 
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them to extrude smoothly from the dispenser, rapid curing, fusion with previously deposited 

layers and to maintain a fixed shape of object after printing due to its higher storage modulus 

and yield strength [122]. In addition, the rheology of inks can be optimized by adding 

nanomaterials as fillers to improve their electrochemical, conductivity and mechanical 

properties.  

 The flow of inks is observed when the applied shear stress (Ű) is greater than yield point 

(†  of the inks. The relationship between shear stress, shear rate and viscosity can be expressed 

by Eq. (2.2).  

 Ű = ɖ‎  † ὑ‎  (2.2) 

where, ɖ is apparent viscosity, ‎ is shear rate, K is viscosity parameter, and n is the power law 

exponent.  

 

Figure 2.17. Rheological behavior of TPU ink prepared for direct ink writing of soft electronics 

[116]. (Reproduced with permission from ref. [116].Copyright Wiley-VCH GmbH.) (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 

 

The inks having lower viscosity extrudes easily from the nozzle but have to be cured 

rapidly to retain the final shape. TPU ink having low viscosity, around ρπ to ρπ Pa.s, was 

extruded through a 200 ɛm nozzle which behaved as a Newtonian fluid (ɖ is independent of 

the shear rate) (shown by blue curve in Figure 2.17). After printing, the product was cured at 

80  within 2 hours. The inks having shear thinning behavior exhibits lower viscosity with 
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increasing shear rates, ‎ (n < 1). This type of rheological characteristics allows the continuous 

and stable ink flow through a nozzle. The mixing of silver flakes causes the rheology of ink to 

change from Newtonian flow to shear thinning behavior (shown by gray curve in Figure 2.17) 

and become gel-like upon the removal of shear stress and help to retain the shape of final 

product [25] [116].  

 

2.3.7. Nylon powders for SLS  

Nylon is a widely used thermoplastic material because of its light weight, excellent 

mechanical properties, superior flexibility, low moisture absorption, chemical resistant and 

good dimensional stability [123]. Many forms of nylon are available in the market such as 

Nylon 6, Nylon 11, Nylon 12, Nylon 46, and Nylon 6,6. The semi-crystalline forms of nylon 

such as Nylon 11 and 12 (Figure 2.18) are easy to sinter using the SLS method.  

      

Figure 2.18. Chemical structures of Nylon: Nylon 11 (left) and Nylon 12 (right) [124]. 

 

Nylon 12 can be produced through two routes. These routes are explained briefly.  

 

First route:  In this process, the polycondensation of ɤ-aminolauric acid, a bifunctional monomer  

with one amine and one carboxylic acid group takes place as shown in Eq. (2.3) [124]: 

 

 ὲ ὌὔὅὌ ὅὕὌ O  ὅὌ ὅὕὔὌ ὲὌὕ  (2.3) 

Second route: In this process, a ring ï opening polymerization of laurolactan at 260 ï 300  

takes place, which is carried out by cationic or anionic initiators. The cationic initiators are 

used commercially since the products formed by it are less stable and oxidized relatively faster 

than that of anionic initiators. Ring ï opening polymerization is widely used method for 

commercial production as shown in Eq. (2.4) [124].  

 
ὲ ὅὌ ὅὕὔὌ O  ὅὌ ὅὕὔὌ 

(2.4) 

O       
H       
N       
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The melting temperature of nylon 11 and 12 is 170 ï 180 . Nylon 12 is used in various 

industries including as films for packaging materials in the food industry, pharmaceutical and 

medical fields, sintered powder for coating metals, textile industry and many others.  

 Higher mechanical properties can be achieved from nylon 11 and 12 than their amorphous 

forms [125]. This is one of the reasons for being widely used by the researchers with the SLS 

process. However, shrinkage during crystallization can be an obstacle in production of accurate 

parts. It provides sufficient time to recrystallize and achieve better products by the proper 

fusion of newer layers with the older ones [125]. Similarly, molecular weight is an important 

aspect to consider while sintering polymer. It affects the melting viscosity and hence melt flow 

index (MFI). Higher MFI is related to lower melting viscosity and lower molecular weight of 

polymer [126]. The relationship between molecular weight and melting viscosity can be given 

by Eq. (2.5):  

  – Ὧ ὓ  (2.5) 

where, – is the viscosity of polymer, k is constant, and ὓ  is molecular weight. Every polymer 

has its critical molecular weight, ὓ . If ὓ  ὓȟ then n = 1, and if ὓ ὓȟ then n = 3.4.  

Similarly, for a better SLS process and product quality, Frenkel proposed a model for 

predicting melting viscosity. This model considers the sintering rate of two adjacent materials 

and is given by Eq. (2.6) and Figure 2.19 [126].   

 

 
 
ὼ

ὶ
 
σ„ὸ

ς“–
 

(2.6) 

 

where, „ ὥὲὨ ὸ are the surface tensions of the polymer materials and the time required to 

scan a dot by the laser, respectively, r is the radius of powder grains, and x is the width of 

sintered layers between the particles. If  ὼ Ⱦ ὶ πȢυȟ it was proposed that sintering process has 

completed. In this way, Eq. (2.6) can predict the melting viscosity of the polymer material.  

 

 

Figure 2.19. Frenkel sintering model (Modified after ref. [126]). 
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2.4. Applications  

In this section, a review of additive manufacturing of fabrics and flexible electronics is 

presented.   

 

2.4.1. Additive manufacturing of fabrics  

The use of different additive manufacturing (3D printing) methods is in its infancy; they  

have been extensively used in textile and fabrics industries. The most widely used materials 

are PLA, ABS, TPU, Nylon, etc. The desired traits of printable materials for textile applications 

are printability, flexibility, biocompatibility, good mechanical, and structural properties. In this 

section, the application of different 3D printing methods along with the suitable materials for 

3D printing of fabrics is presented. 

 

2.4.1.1. Fused deposition modeling (FDM)  

FDM is the dominating 3D printing technology in fashion and textile industries. Several  

researchers worked on design and 3D printing of fabrics by using FDM method. Some of this 

research is reviewed briefly in this section.  

 Melnikova et. al. used FDM printer X400 and different types of materials such as PLA, 

soft PLA, and BendLay [107]. They printed weft knitted structures as shown in Figure 2.20. 

The knitted structure was printed using BendLay and with support material. It was realized that 

support structure was hard to remove, which destroyed the model as shown in Figure 2.20a. 

Hence, they concluded that it was not possible to print a fine model by FDM. However, using 

soft PLA and without support material, they could obtain the structure having separated loops 

and exhibiting similar properties to knitted fabrics as shown in Figure 2.20b. The surface 

roughness and fine fibers between loops could be easily observed on a macroscopic level.  
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Figure 2.20. Weft knitted fabric structure 3D printed by using FDM method: (a) BendLay with 

support materials, and (b) Soft PLA without support materials [107]. (Copyright 2014 IOP 

Publishing Ltd)  

  

Spahiu et. al. designed a 3D model of fabric as shown in Figure 2.21a, in which the 

shape of structure is an arrowhead with negative Poissonôs ratio having dimensions of 130 mm 

× 130 mm [127]. A structure having negative Poissonôs ratio is called auxetic structure. They 

used the material, FilaFlex manufactured by Recreus with shore hardness A82 to fabricate the 

lattice structures. They printed several lattice structures and then using a Dikale 07A 3D Pen, 

all the parts were joined with each other in a definite pattern. Finally, a complete 3D printed 

dress was obtained as shown in Figure 2.21b. However, they concluded that more research is 

needed to achieve the properties of textile materials to replace the traditional way of garment 

manufacturing.  

 

      

Figure 2.21. FDM 3D printed fabric structure: (a) 3D modeled lattice structure for fabric, and 

(b) A complete 3D printed dress over a mannequin [127]. (Copyright 2020 Journal of 

Engineered Fibers and Fabrics.) 

  

 Kim et. al. 3D printed unit cell of fabric structures using TPU as main building material 

as shown in Figure 2.22a [128]. Their fabric design was inspired by the spider web and used 

triangles of different sizes and shapes. They designed the final silhouette of the to-be-3D-

printed clothing using the software, Rhinoceros and then modelled the fabric structure by using 

another software, Grasshopper as shown in Figure 2.22b. After 3D printing of the unit cells, 



34 

 

they assembled them together producing the final 3D printed cloth. They used different 

connection methods to join the triangles such as sewing, and copper wire. A complete 3D 

printed dress wrapped over the traditionally manufactured dress is shown in Figure 2.22c.  

 

 

Figure 2.22. (a) 3D printed unit cell of fabric, (b) Design of to-be-3D-printed clothing, and (c) 

A complete 3D printed dress over a traditionally manufactured dress [128]. (Copyright 2019 

Fashion and Textiles) 

 Uysal and Stubbs used a combination of different materials, PLA and LAY-FOMM 40, 

to 3D print textile ï like structures using the 3D printer X400 such as gloves as shown in Figure 

2.23 [129]. LAY-FOMM 40 is made of rubber-elastomeric polymer and PVA component. 

After rinsing in water, PVA disappears, and the remaining part becomes soft, flexible, and 

micro-porous. It is harmless and food-safe [130]. First, they printed the sewing patterns (Figure 

2.23A) in which the surfaces were printed partially with polygons (Figure 2.23B and C) and 

then the patterns were sewn together to obtain the final 3D form of glove (Figure 2.23D). The 

authors suggested two future studies regarding joining the printed patterns: ultrasound 

technique and 3D printed connections to join the patterns to avoid extra needs of tools.   

https://fashionandtextiles.springeropen.com/
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Figure 2.23. (A) Sewing pattern 3D printed using two materials, (B) surface design of glove, 

(C) flexible sewing pattern with inner lining, (D) pattern pieces sewn together to form a 3D 

printed glove [129]. (Reproduced with permission from ref. [129]. Copyright 2019 Tekstilec).  

2.4.1.2. Selective laser sintering (SLS) 

A fashion design company named, Nervous System, 3D printed different fabrics structures 

following kinematics methods with SLS using Nylon powder as shown in Figure 2.24. 

Examples of 3D printed structures include skirt, blouse, belts, jewellery, and many more. The 

kinematics bodice they produced was composed of 1320 hinged pieces, and was 3D printed in 

a single folded piece. To adjust the size of bodice into the printer, the fabric was printed in a 

flattened form which was produced by Kinematics folding software. The 3D printed bodice 

was wearable straight out of the printer since no pieces were manually assembled and no 

fasteners were used [131].  

   

Figure 2.24. 3D printed blouse and skirt by using Kinematics method [131]. (Reproduced with 

permission from [131]. Copyright Nervous System.) 
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Beecroft 3D printed textile-based tubular structures using SLS method [123]. The 

material employed was nylon powder to produce flexible weft knitted structures. For 3D 

printing, a CAD model is required which was developed by using Rhino CAD software. The 

printed samples were manually compressed and stretched without any deformations in the knit, 

and the compressed and extended lengths were determined (Figure 2.25a and b). This tube has 

a compression and extension range of 95 mm, which is 52.80% of its length. Moreover, the 

samples were manually stretched over the conical structure repeatedly to determine the stretch 

and recovery properties of the tube (Figure 2.25c). It was observed that the loop structure 

recovered its shape but had slight deformations. In addition, each tube was bended and folded 

manually to see the overall flexibility and the structure recovered to its original shape (Figure 

2.25d).  

 

 

Figure 2.25. Weft knitted textile-based structures [123]. (Copyright 2019 International Journal 

of Fashion Design, Technology and Education)   

 

2.4.2. Additive manufacturing of flexible electronics  

Several research works on 3D printing of flexible electronics have been performed. Some 

relevant works along with the associated additive manufacturing method are reviewed in this 

section.  

 

2.4.2.1. Direct Ink Writing (DIW)  

Valentine et. al. developed a hybrid 3D printing method to fabricate flexible and wearable 

electronics using insulating matrix and conductive electrode inks [116]. They used 

thermoplastic polyurethane (TPU) elastomers which acted as insulating matrix. To make it 

conductive, silver flakes with dimensions of å 2 ɛm were added to TPU matrix. These inks can 

be used to print in a specific layout and then both the active and passive electrical components 
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are merged to obtain the final electric circuit. To combine, vacuum nozzle can be employed to 

pick up the components from one location and place at another. The conducive traces were 

printed to make electrical connection between the components. The whole process is shown in 

Figure 2.26. They observed a strong bonding between TPU and AgTPU inks, and as a result, 

delamination, and cracking during or after printing were not seen. This observation solved a 

common problem of delamination during printing.  

The conductivity of a composite conductive ink with respective to power-law theory for a 

percolating network is given by Eq. (2.7):  

 

 ů = „ ὠ  ὠ  (2.7) 

where, ů is conductivity of composite ink, „ is bulk conductivity of silver, ὠ is volumetric 

fraction of silver flakes in dried form, ὠ is critical volume fraction at percolation (in dried 

form) and s is the power law exponent. From their experimental observations, they decided to 

work with 36 vol% of silver in the conductive composite ink (AgTPU ink) which contained an 

initial conductivity above ρπ S ÃÍ  [116].    

 

Figure 2.26. Schematic diagrams showing (a) DIW 3D printing using an insulating ink, (b) 

DIW 3D printing using conductive ink, (c) 3D printed wearable and flexible sensor, (d) Pick-

and-place of components using vacuum nozzle, (e) Direct ink writing of AgTPU traces, and (f) 

A functional LED device worn on a finger  [116].  (Reproduced with permission from ref. 

[116].Copyright Wiley-VCH GmbH.)  

  

 Boley et. al. used direct ink writing method to fabricate novel stretchable strain gauges 

[132]. They employed Gallium-Indium alloys such as eutectic Ga-In (EGaIn) (75% Ga, 25% 
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In) as ink and extruded over two silicon ï based substrates: glass and Polydimethyl-siloxane 

(PDMS) mixed in 10:1 weight ratio. The printing setup is shown in Figure 2.27 (a ï c). The 

ratio of the velocity of the EGaIn exiting the needle to the stage velocity,  v*  can be expressed 

by:  

 
v* =  

(2.8) 

where, Q is flow rate of ink, ID is inner diameter of stationary syringe needle, and v is velocity 

of stage. They printed novel strain gauges directly on PDMS substrate and then encapsulated 

in PDMS for performance characterization. The variation in resistance increment is almost 

linear for strains  up to 50% with an approximate slope (gauge factor) of 1.5, whereas it deviates 

from linear trend for strains greater than 50% making a quadratic least square fit for 100% 

strain. The experimental approach showing the stretchability of the printed strain gauges are 

shown in Figure 2.27 (d ï f). This process can be useful for rapid fabrication of inductors, and 

capacitors with potential applications in sensing, actuating skins, robotics, medical devices, 

and stretchable electronics.  
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Figure 2.27. Direct ink writing of stretchable electronics: (a) DIW equipment, (b) schematic of 

DIW process, (c) Detailed cross-sectional view of deposited ink, (d) 3D printed stretchable 

strain gauge using DIW method. Scale bar is 5mm in length, (e) Comparison of performance 

characterization of DIW 3D printed strain gauges at 50 % and 100% strain loops repeated for 

5 cycles, and (f) Strain gauges stretched at different strains [132]. (Reproduced with permission 

from ref. [132]. Copyright Wiley-VCH GmbH.) 

 

2.5. Challenges and opportunities 

AM methods allow to produce complex structures depending on the CAD model. The 

structures may be a topology of an internal architecture of a part or the whole geometry. With 

high degree of design and fabrication freedom comes the associated challenges and 

opportunities for the researchers and innovators [3] [133]. The challenges include 

representation, optimization, material selection, material development and 3D printing of 

complicated geometries.   

Since the research field related to additive manufacturing of fabrics is new, it carries a lot 

of challenges to overcome to make an impact on human lives.    

(a) The fabric structures have complex architecture, which needs a good design knowledge 

in CAD software. An experienced design engineer needs to be involved.  

(b) The lattice structure may contain gaps between the yarns and have weaving curves. This 

makes the rapid prototyping of such structures a challenging task. Many printing 
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parameters such as printing orientation, temperature, speed, infill density, and layer 

thickness need to be studied.  

(c) The materials available are PLA, TPU, ABS or other thermoplastics. The resulting 

fabrics using these materials do not possess the required fabric properties such as 

flexibility and strength. Hence, novel material development and its adoption to the 

additive manufacturing should be pursued.   

(d) Most of the 3D printers are designed to fabricate parts of limited size. This brings a 

challenge to produce fabrics of larger size. Moreover, it is a challenging task to connect 

or join or stitch all the smaller parts. Therefore, research on stitching of parts is 

important.   

All these challenges, on the other hand, bring opportunities for innovators and scientists. 

The additive manufacturing of flexible structures is interesting and revolutionary. It can be 

used to produce support structures for fabrics along with the fabrics manufactured by traditional 

methods.  

Some of the challenges and opportunities associated with the 3D printing of electronics are 

as follows:  

(a) To maintain the same conductivity of the 3D printed electronics is still challenging. The 

reason is the poor conductivity of ink which is caused by low curing temperature 

because of the limitation of substrate material such as cardboard and polymers. In 

addition, the available material types and their processing to 3D print electronic objects 

is also one of the major difficulties. Hence, it is recommended to explore different 

materials to provide adequate functionality and manufacturability for the product. 

Moreover, a hybrid 3D printing process should also be studied. A hybrid process 

combining FDM and direct ink writing shows higher applied potential, and more 

flexibility [10]. For example, a shoe insole was 3D printed by using multi-materials, 

which had embedded pressure and temperature sensor, and mounted with wireless 

communications chip for data transmission (Figure 2.28). The multi-layer sensors along 

with the insulating layers and sensing elements have been printed using hybrid printing 

method. This has made possible with the combination of ink jet, aerosol jet and 

extrusion print heads [10]. Along with all these challenges, the innovative eyes can see 

the opportunities. For example, one can combine 3D printed electronic elements such 

as sensors in completely 3D printed fabrics.  
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(b) One of the major challenges is to maintain the resolution of printed electronics, which 

directly affects their performances. An electronic component with higher resolution 

works better than that with lower resolution. This hinders the wider adoption of additive 

manufacturing technologies in electronics [134] [135] [136].  

 

Figure 2.28. (a) 3D printed shoe insole with embedded pressure and temperature sensors with 

wireless communications chip for data transmission, and (b) Data generated from the chip 

embedded in the 3D printed shoe insole [10]. (Copyright 2018 Opto-Electronic Advances.) 

  

2.6. Conclusions  

In this chapter, several AM methods, and materials are reviewed, which have found 

applications for fabrication of flexible structures such as fabrics and electronics. AM is 

transforming the manufacturing industries providing the capability to fabricate objects ranging 

from simple to complex geometries. It has been adopted in almost every industry for fabricating 

prototypes or for research work. A group of researchers have started working on 3D printing 

of fabrics. Based on the design requirements, different types of fabrics have been investigated 

for a wide variety of materials available. The designs of fabrics studied are plain and twill 

weave, knitted, or some other innovative designs. The additive manufacturing methods 

explored are fused deposition modeling (FDM), and Selective Laser Sintering (SLS), which 

have been discussed in this article. The most common materials used are PLA, ABS, TPU and 

nylon. However, a detailed study on the mechanical properties of printed fabrics is still not 

seen in the literature. Moreover, literature also lacks studies on printing process parameters. 

This creates a future research direction on 3D printing of fabrics.  

 In the second part, the fabrication of electronics is discussed. There are many methods 

for 3D printing of electronics, but in this review the material extrusion based direct ink writing 

(DIW) method is discussed. This method uses the hydrogel or ink form of materials and 
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extrudes through the nozzle based on the CAD model. The printable ink for DIW can be 

fabricated by mixing fillers, binders, additives, and solvents. It is useful for a wide variety of 

materials such as ceramics, plastics, food and living cells. Hence, it is an extremely versatile 

technology. Post-processing such as drying, heating, or sintering may be required to harden the 

printed part and improve its mechanical properties. It fabricates flexible and wearable 

electronics using insulating matrix and conductive electrode inks. However, the poor 

conductivity, limitations of material types available, and resolution of 3D printed electronics 

are some of the difficulties. Future work can be on increasing the conductivity, explore 

different combinations of materials and/or develop innovative materials, and increasing the 

resolution of 3D printed electronics.  
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Chapter 3  

Additive manufacturing of interlaced fibrous structures 

(Adanur, S., and Jayswal, A., ñAdditive manufacturing of  interlaced fibrous structuresò, Rapid 

Prototyping Journal, vol. 27, No. 4, pp. 671-681, 2021.) 

(Adanur, S., Jayswal, A., Griffin, K.O. and Hancock, J.L. ñAdditive manufacturing of weft 

knitted and braided fabric structures with fused deposition modelingò, The Journal of the 

Textile Institute, 2023.) 

 

Abstract  

The purpose of this research is to design, 3D print and analyze mechanical as well as 

microstructural behavior of interlaced fibrous structures. A series of plain weave, twill weave, 

weft-knitted and braided fabric structures are designed using computer-aided design (CAD) 

software, Solidworks and printed using Fused Deposition Modeling (FDM) machine to 

determine the best model that could be printable. The structures were designed in such a way 

that the fabricated yarns with pure polylactic acid (PLA) were not sticking to each other in the 

plain weave and twill weave fabric structure. The plain weave, twill weave and braided fabric 

specimens were printed in vertical orientation and weft-knitted structure in horizontal 

orientation. Tensile and three-point bending (flexural) tests were conducted for twill weave  

and weft-knitted fabrics whereas compression test were performed for braided structures. 

optical microscope was used to study the microscopic structures of the yarns and fabric 

structures. Future work should include improvement of the structure and exploration of 

different polymers and their composites to increase the tensile, bending, and other strengths to 

make the 3D printed structures more þexible and stronger. Future research should also focus 

on the large-scale manufacturing of 3D printed fabrics. This paper supports work on wearable 

3D printed fabrics.  

 

3.1. Introduct ion 

Typically, fabrics are formed by yarns, yarns by ýber(s), and ýbers by polymer molecules 

[1]. A polymer is a large chain-like molecular structure produced by a combination of many 

small repeating molecules called monomers [2]. Textile ýbers are hair-like structures whose 

diameter is several hundred times smaller than their lengths. Natural ýbers are extracted from 

animals and plants [1] [3] and synthetic ýbers from organic and inorganic polymers [3]. 

Synthetic ýbers are manufactured by different spinning methods including melt, dry and wet 

spinning. A number of ýbers are spun together to form a yarn following some yarn spinning 

processes such as ring spinning, open-end rotor spinning, air-jet spinning and friction spinning. 
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The characteristics of polymers, fibers and yarns determine certain properties of fabrics. A 

combination of warp yarns (also called machine-direction yarns or vertical yarns) and weft 

yarns (also called cross-machine direction yarns or ýlling yarns) forms a fabric [4]. The 

appearance of a fabric depends on the interlacing pattern of warp yarns and weft yarns. The 

main methods of fabric production are weaving, knitting, braiding, tufting and nonwoven 

manufacturing [2] [5]. Weaving is the most common method of fabric production which is 

produced by interlacing warp and weft yarns. Because of the ease of variation in interlacing 

pattern, different weave designs such as plain, warp rib, filling rib, twill, basket, satin, etc. and 

their many variations are possible to produce. A typical modern weaving machine consists of 

approximately 5000 parts [1]; as a result they are complicated [6] and expensive. Since the 

production process goes through different phases like ýber production, yarn production and 

many inter processes, it consumes a lot of time and human resources to manufacture fabrics.  

Although traditional manufacturing has advanced the industrial revolution, it holds 

some shortcomings which led to the thought of new methods such as additive manufacturing 

(AM), which is also referred to as three-dimensional (3D) printing. 3D printing is not just a 

mere emerging technology but also has the potential to become a truly transformative 

technology within the next few decades [7]. Its ability to build almost any designable object 

[7] increases efýciency, reduces waste, and is making manufacturing more sustainable. The 

time it takes for the products to get to the markets is much shorter since it eliminates most of 

the time-consuming processes in the design and manufacturing stages. It does not need any 

extra parts and/or accessories to develop and manufacture the products. Therefore, the time and 

costs can be minimized with this method.  

 

Figure 3.1 shows the comparison of fabric manufacturing processes by the traditional 

methods and AM method. The former method ýrst produces the ýbers from polymers by 

different ýber spinning methods, then, the ýbers are spun together to make yarns and yarns are 

intertwined in a certain pattern to make a fabric. This is a lengthy process and consumes lots 

of energy, time, space, and human resources. In general, for different fabric designs, different 

machines and different skilled workers are required. On the other hand, AM eliminates all the 

intermediate steps and manufactures the fabrics directly from polymers which makes it an 

efýcient manufacturing method. With a CAD model, AM can produce any design of fabrics 

within a short period of time without utilizing a huge number of workers. 
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Figure 3.1. Comparison of fabric manufacturing: Traditional (left) versus AM Method (right).  

Knitting involves the inter-looping of one yarn system into continuously connecting 

vertical columns (wales) and horizontal rows (courses) of loops to form a knitted fabric 

structure [2]. There are two types of knit structures: weft knit, and warp knit. Weft knit fabrics 

are formed by a yarn which forms into loops successively at each needle during the same 

knitting cycle [8]. Weft knitting action occurs in the course direction, as indicated by a solid 

dark line in Figure 3.2a. Several types of knitting stitches are used in weft knit fabrics including 

plain, tuck, purl (reverse), and float (miss). The plain stitch fabric has all of its loops drawn 

through the same side of the fabric. The plain fabric has a smooth face and a rough back. These 

fabrics have good stretchability especially in the course direction [2]. Warp knit fabrics are 

produced by using a warp beam containing several hundred or thousand ends. Each end passes 

through its own needle and is formed into loops which intersect with adjacent loops. Thus, a 

flat looped fabric is knitted using only warp yarns without the necessity of weft yarns being 

interwoven. Warp knitting takes place in the wale direction of the fabric, as indicated by a solid 

dark line in Figure 3.2b.  
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Figure 3.2. Schematic diagrams showing different types of knit fabric structures: (a) Weft knit, 

and (b) Warp knit [8].  

A braid structure is formed by crossing a number of yarns diagonally so that each yarn 

passes alternately over and under one or more of the others. The most common designs of 

braids are diamond braid, regular braid, and Hercules braid. These braids are categorized as 

biaxial braids since the yarns are positioned in two different directions at certain angle (oriented 

at an angle in the +ɗ and īɗ directions) [9]. A diamond braid has the intersection of yarns 

diagonally with a yarn over and under another yarn (1/1 repeating pattern). A regular braid has 

a repeating pattern of a yarn over and under two yarns (2/2 repeating pattern). Similarly, 

Hercules braid has 3/3 intersection repeating pattern [2]. Triaxial braided fabric has three 

different sets of yarns: ± braids (±bias) and warp (axial). Braided yarns intertwin with each 

other around the axial yarns at about 45° angle whereas the axial yarns do not interlace or 

intertwin with other yarns and are trapped between the two braided yarns in the structure. The 

schematic diagram showing the formation of biaxial and triaxial braid structures are presented 

in Figure 3.3a and b. Bifurcated braid structures have two divisions of braid structure at one 

end as shown in Figure 3.3c.  
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Figure 3.3. Schematic diagrams showing two-dimensional (2D) braids. (a) Regular braid 

representing biaxial braid, (b) Triaxial braid [9], and (c) Bifurcated braid [10]. 

The development of additive manufacturing (AM) methods has attracted the attention 

of several researchers on 3D printing of textile-based structures. The most common methods 

used for 3D printing of fabrics are fused deposition modeling (FDM), and selective laser 

sintering (SLS). Few materials explored are poly(lactic) acid (PLA), acrylonitrile butadiene 

styrene (ABS), thermoplastic polyurethane (TPU), and nylon. Melnikova et. al. explored 

several polymeric materials such as PLA, soft PLA, and BendLay and 3D printed weft knitted 

fabric structures using FDM method. They found that FDM is not suitable for 3D printing of 

fine models, and soft PLA can be used for future production of textile-based structures [11]. 

Partsch et. al. 3D printed three different plain weave fabric structures using ABS and found 

that it is possible to print textile structures [12]. Lussenburg et. al. attempted to design a 

wearable garment using PLA with 3D printing and concluded that final product does not 

resemble all the fabric properties and needs further research to improve tear resistance and 

softness of the final structures [13]. Spahiu et. al. designed and 3D printed a wearable dress 

using the material, FilaFlex with a shore hardness of A82. They realized that further research 

is required to achieve the textile properties to replace the traditional way of garment 

manufacturing [14]. Kim et. al. used TPU filament and 3D printed unit cells inspired by spider 

web. All the unit cells were assembled, and the final 3D printed cloth was obtained [15]. 

Beecroft designed and 3D printed textile-based tubular weft knitted structures using SLS 
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method with nylon powder [16]. The details on the use of nylon powder in SLS method can be 

found in ref. [17]. The printed structures were inspected visually.  

This chapter focuses mainly on the design and 3D printing of plain weave, twill weave, 

weft-knitted and braided fabric structures using PLA. Mechanical properties and microscopic 

structures are studied for the 3D printed samples. This work also shows the feasibility of 3D 

printed fabrics by presenting a comprehensive design and manufacturing methods using AM 

to replace the traditional fabric manufacturing methods.  

3.2. Materials and methods  

In this section, the design of fabrics structures, fabrication of samples using fused 

deposition modeling (FDM) additive manufacturing method, and experimental set up for the 

property analysis of the samples are described.   

3.2.1. Material  selection and 3D printing 

PLA of diameter 1.75 mm and Dremel 3D45 machine was used to 3D print the plain 

weave and twill weave fabrics, whereas Polymaker PolyLite  black PLA filament of 

diameter 2.85 mm and 3D printer, LulzBot Taz Pro was employed to fabricate the weft-knitted 

and braided fabric samples. PLA was chosen for this research because of its availability, 

biodegradable properties, and low cost. The filaments are used as received. The fabrics were 

designed in CAD software Solidworks® and exported as an STL document. The STL ýles of 

plain weave and twill weave fabrics were imported to an open-source 3D printing software 

Dremel Digilab 3D Slicer whereas these files of weft-knitted and braided structures were 

imported to an open-source 3D printing slicing software, Cura LulzBot Edition version 3.6.36 

where all the printing commands were given and controlled. The 3D print settings used are the 

same for all the samples and are shown in Table 3.1.  

Table 3.1. 3D printing settings for plain weave, twill weave, weft knitted and braided fabric 

structures.  

Parameters Value 

PLA filament diameter  
1.75 mm for plain weave and twill weave structures  

2.85 mm for weft-knitted and braided structures  

Layer Height  0.2 mm 

Infill density  100 % 

Printing Temperature  225  
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Build Plate Temperature  40  

Print Speed  
30 mm/s for plain weave and twill weave structures 

10 mm/s for weft knitted and braided structures 

Travel Speed  
120 mm/s for plain weave and twill weave structures  

70 mm/s for weft knitted and braided structures  

  

3.2.2.  Design and 3D printing  of plain weave and twill weave fabrics  

The yarns in printing direction are called warp yarns and the perpendicular yarns in 

cross-printing direction are termed as weft yarns. The nozzle moves in horizontal axis (X-axis) 

and prints the ýrst layer in horizontal pattern and then moves upward (Z- axis) to print the next 

layer of the fabric. As a result, the warp yarns lie in X-axis (warp direction) and weft yarns in 

Z-axis (weft direction). Y-axis represents the thickness of the fabric structure as shown in 

Figure 3.4.  

 

 

Figure 3.4.  Schematic representation of the fused deposition modeling (FDM) setup for 3D 

printing of 2/1 twill weave fabric-like structures. 

3.2.2.1. Plain Weave   

Since 3D printing requires a CAD model, a plain weave design was modelled in 

Solidworks as shown in Figure 3.5. The designed structure had the dimensions of 83mm x 

83mm having 17 warp and 17 weft yarns. A solid object made of PLA was 3D printed in a 

vertical orientation as shown in Figure 3.6. The diameter of each yarn was set to 3 mm and the 

spacing between two warp yarns as well as two weft yarns was Y = 5 mm (Figure 3.7). 
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However, all the yarns were fused together and could not be separated because no support 

material was used for this structure. 

 

Figure 3.5. CAD model of plain weave fabric. 

 

Figure 3.6. 3D printed plain weave with FDM and PLA. 

The design was modiýed by increasing the spacing between warp yarns and between 

weft yarns to Y = 10mm with a gap of h = 1mm between their crossing points (Figure 3.7). 

Since all the yarns are supposed to be separate and independent of each other, a support material 

was necessary to complete the printing process using PLA in three different orientations: þat, 

vertical and 45° inclination. Since Dremel 3D45 machine does not use material other than PLA 

for support, it was a challenging task to print the fabric. The support was fused together with 

the fabric structure and therefore could not be removed. The CAD model was again changed 

by decreasing the gap from h = 1mm to h = 0.25mm, keeping other values the same. Support 

was not provided for the yarns printed which again caused the fibers to be fused. At some 
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points, ýne ýbers could be seen clearly and the surface was not smooth. This might have 

happened due to printing defects. 

 

Figure 3.7. Detail view of plain weave fabric (dimensions, in mm). 

After a series of modiýcations in CAD drawing and 3D printing, a þexible and compact 

woven structure made of PLA with separated yarns was obtained. It was a plain woven fabric-

like structure printed in vertical orientation. The yarn diameter was 3mm and the spacing 

between two warp yarns and two weft yarns was Y = 10mm. The thickness of the structure was 

6.5mm which allows to maintain a gap of h = 0.5mm between the yarns at the interlacing point. 

Figure 3.8 and Figure 3.9 represent the final CAD design of plain weave fabric and 3D printed 

fabric using PLA, respectively. The support material of PLA was applied only at the crossing 

points in minimal amount and was removed manually after fabric formation to allow the yarns 

to move freely. However, the warp yarns in plain weave design were not printed uniformly; 

the fibers were not fused together well, and the nozzle also failed to extrude the molten polymer 

which caused diameter variations. This may have happened because the nozzle had to extrude 

the molten PLA over a long spacing (Y = 10mm) between the yarns without the support in 

overhanging position. As a result, the 3D printer failed to print uniform warp yarns. 

Considering all these challenges, it was decided to move forward with a gap of h = 0.5mm at 

the interlacing points. 
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Figure 3.8. Final CAD design of plain weave fabric. 

 

Figure 3.9. FDM PLA plain woven structure 3D printed in vertical orientation (left) and an 

individual yarn separated from fabric (right). 

3.2.2.2.   Twill Weave  

Next, fabrication of 2/1 twill weave fabric was attempted which was designed by ýxing 

the diameter of each yarn at 1 mm. The spacing between the warp and weft yarns was kept at 

h = 0.5 mm. The distance between the two weft yarns under warp was 3 mm. The designed 

fabric was 3D printed with PLA as the main material; however, the printed part had attached 

yarns that could not be separated. The close observation revealed that the weft yarns under 

warp were sticking to warp yarns since the spacing was not enough. The warp yarn was passing 

under one and over two weft yarns such that its bending with different radius of curvatures at 

different locations caused a difference in the spacing between them. When a warp yarn passes 

over two weft yarns, some of their parts bulges outside. Figure 3.10 shows 2/1 twill weave 

fabric design. 
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Figure 3.10. 2/1 Twill design (dimensions in mm). 

 

The design was again revised by increasing the value of h from 0.5mm to 0.65mm 

keeping all the other values the same. This increment resulted in H = 0.59 mm and L = 0.90 

mm. After printing, it was observed that the weft yarns under warp were barely touching the 

surface of the warp yarns and they could be easily separated manually. This structure was 

þexible, compact and had load bearing strength which was later determined by different tests. 

 

 

Figure 3.11. Schematic of 2/1 left-hand twill weave. 

Figure 3.11 represents the unit cell of 2/1 left hand twill weave design. The columns 

and rows stand for warp and weft (ýlling) yarn, respectively. Each warp yarn passes over two 

and under one ýlling yarns. While designing this fabric, three different types of warp yarns and 

ýlling yarns were used and then assembled appropriately to obtain the shape of the twill fabric.  

A detailed explanation with schematic diagram is necessary to better understand the 

implementation of this design for FDM method. The first warp is running over the ýrst two 

weft yarns and then under the third weft yarn, over fourth and ýfth, under sixth and so on. The 

second warp is over the ýrst weft, under the second weft, over third and fourth weft, under ýfth 

weft and so on. The third warp is under the ýrst weft, over the second and the third weft, under 

fourth, over ýfth and sixth and so on. Figure 3.12 shows the three successive warp yarns used 

in the design of 2/1 twill weave fabric. Similarly, the ýrst weft is running under the ýrst two 

warp yarns and then over the third warp, under fourth and ýfth, over sixth and so on. The 
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second weft is under the ýrst warp, over the second, under the third and the fourth, over ýfth, 

under sixth and so on. The third weft is over the ýrst warp, under the second and the third, over 

fourth, under ýfth and sixth and so on. Figure 3.13 shows the three successive weft yarns used 

in the design of 2/1 twill weave fabric. The warp and weft yarns were assembled to get the ýnal 

design. The ýnal CAD design and the 3D printed product are shown in Figure 3.14. 

 

 

 

Figure 3.12. Warp profiles of 2/1 twill design: (a) first warp yarn, (b) second warp yarn and (c) 

third warp yarn. 
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Figure 3.13. Weft profiles of 2/1 twill design: (a) first weft yarn, (b) second weft yarn and (c) 

third weft yarn.  

       

 

Figure 3.14. CAD model and 3D printed 2/1 twill weave fabric. (a) and (b) CAD design, (c) 

and (d) 3D printed fabric and a separated yarn.     

3.2.3. Design and 3D printing of weft-knitted fabrics 

The diameter of each yarn considered was 2.54 mm and the height of each loop was 

27.14 mm. The design parameters and the related dimensions are shown in Figure 3.15a. A 

CAD model of a single loop is shown in Figure 3.15b. Using the linear pattern command in 

Solidworks® (Version 2021, Education Edition), a yarn was generated. The yarns were then 
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used to model the entire weft knitted fabric. The vertical columns are known as wales and 

horizontal rows as courses (Figure 3.15d).  

            
 

 
Figure 3.15. Computer-aided design (CAD) modeling of weft knitted fabrics. (a) Design of a 

single loop, (b) 3D model of a loop, (c) 3D model of a yarn, and (d) 3D model of an entire 

fabric. The dimensions are given in millimeters (mm).  

 

The 3D printed individual yarn and weft knitted fabric are shown in Figure 3.16. These 

parts were 3D printed in horizontal (flat) orientation. PLA was used for support structure, and 

later after the completion of the task, it was removed manually. The printed yarns were initially 

inspected by stretching, bending, and shearing. The initial observations showed that the yarns 

were flexible and can be stretched, bent, and sheared to some extent (Figure 3.16 a-e). The 

tensile and flexural test results of the weft knitted fabrics are presented in Section 3.3.2.   
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Figure 3.16. Additive manufacturing of weft knitted fabrics. (a) 3D printed single yarn, (b) In-

plane stretching of the yarn, (c) In-plane bending of the yarn, (d) Out-of-plane bending of the 

yarn, (e) Twisting of the yarn, and (f) Weft knitted fabric structure with its magnified view.  

3.2.4. Design and 3D printing of braided structures  

All the braids were designed to have a yarn of circular cross-section of 2 mm in 

diameter. A cylindrical structure was generated having a height of 50 mm and outside diameter 

of 54.55 mm. The CAD modeling was done using SolidWorks® (Version 2021, Education 

Edition). The design and CAD model of a diamond braid is shown in Figure 3.17. The design 

and CAD model of regular, Hercules, triaxial and bifurcated braids are included in the 

Appendix A.  
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Figure 3.17. Design and CAD modeling of diamond braid fabric structure. (a) Design of a 

braid, and (b) 3D model of braid. The dimensions are given in millimeters (mm).  

  

Different designs of braiding such as diamond, regular, Hercules, triaxial and bifurcated 

were 3D printed using PLA filaments as base material. These samples were printed in vertical 

orientation. The support material was used to print the bifurcated braid and after the completion 

of the print, it was removed manually. Figure 3.18 shows the printed samples made with PLA.  
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Figure 3.18. 3D printing of different designs of braided structures made of PLA. (a) Diamond 

braid, (b) Regular braid, (c) Hercules braid, (d) Triaxial braid, and (e) Bifurcated braid.  

3.2.5. Mechanical testing of 3D printed twill weave structures   

A PLA specimen was dismantled manually to remove its warp yarns and weft yarns for 

testing. Ten yarns were tested for tensile strength in each direction. ASTM D3822-01 standard 

test method was used to test the tensile strength of the printed specimens. The diameter of each 

printed yarn was 1.0 mm. Uniaxial tensile tests of single yarns were performed with 25 mm 

gauge length and 1 kN load cell at a ýxed loading rate of 10 mm/min using Instron 5565 
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universal testing machine and the corresponding strain was measured. The experimental data 

were processed to determine the tensile stress at maximum load („) and the tensile Youngôs 

modulus (Ὁ). Tensile stress at maximum load was calculated using the following equation: 

 „ =  (3.1) 

where, Ὂ  is the force at maximum load and A is the cross-sectional area of the yarn. 

For tensile and three-point bending tests of the printed twill structures, samples in warp 

and weft directions were cut from the printed structures; each set contained 10 specimens with 

a total of 40 specimens. The dimensions of the specimens were 92 mm (length) x 46 mm (width) 

x 3.15 mm (thickness). The uniaxial tensile tests for printed twill fabrics were performed by 

maintaining the same test conditions as single yarns. Tensile stress at maximum load was 

calculated using the following equation: 

 
„  

Ὂ

ὲz ὃ
 

(3.2) 

where, n is the number of yarns (warps or wefts).                               

For 3-point bending tests of the 3D printed fabrics, ASTM D790-17 standard test 

method was followed using Instron 5565 testing machine with a loading speed of 10 mm/min, 

and support span of 40 mm; the structure is assumed as a rectangular object. The maximum 

normal þexural stress in 3-point bending test can be written as:  

 
„  

σὊ ὒ

ςύὸ
 

(3.3) 

where, Ὂ  is the force at maximum þexural load, L is the length of support span, w is the 

width of specimen, and t is the thickness of the specimen. The maximum strain ‭ of the outer 

surface at mid-span was calculated using the following relation: 

 
‭  

φ‏ὸ

ὒ
 

(3.4) 

where, ŭ is the þexural displacement at maximum þexural load. The þexural modulus of 

elasticity Ὁ is the ratio of þexural stress to the corresponding þexural strain at a given point 

on the stress-strain curve, which can be calculated as:  
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(3.5) 

where, m is the gradient (i.e., slope) of the initial straight-line portion of the load deþection 

curve. 

 

3.2.6. Mechanical testing of 3D printed weft knitted structures  

The 3D printed weft knitted fabric structure was considered as a rectangular specimen. 

The dimensions of the specimens were 160 mm (length), 51 mm (width) and 4.50 mm 

(thickness). Tensile tests were performed with a gauge length of 25 mm and a fixed loading 

rate of 3 mm/min using Instron 5565 universal testing machine with 5 kN load cell following 

the ASTM D5035-11 Standard Test Method for Breaking Force and Elongation of Textile 

Fabrics (Strip Method) [18]. The force-displacement graphs were obtained. The experimental 

set up of the tensile test is shown in Figure 3.19a. The tensile test in the wale direction is not 

performed because the length of the fabric in this direction is not sufficient enough. The length 

of sample is 51 mm in this direction. After fixing the sample in tensile testing fixtures, the gage 

length was less than 8 mm, which is not considered good for this type of sample. 

The flexural (3-point bending) tests were performed in both course and wale directions 

using Instron 5565 universal testing machine with a loading rate of 1.27 mm/min (0.05 in/min), 

and a support span of 51.05 mm (2.01 in) following the ASTM D790-17 Standard Test Methods 

for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating 

Materials [19]. The experimental set up of the flexural ensile test is shown in Figure 3.19b.  
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Figure 3.19. Representative mechanical test set up of knitted fabric structures. (a) Tensile test 

set up, and (b) Flexural (3-point bending) set up.   

3.2.7.  Mechanical testing of 3D printed braided structures  

The 3D printed braided structures were considered as a cylinder having a circular cross-

section. The height of the structures was 50 mm with an outer diameter of 54.55 mm for 

diamond, regular, Hercules, and triaxial braids. The diameter of individual yarns was 2 mm. 

The height of bifurcated braid was 62.50 mm, outer diameter 40 mm and diameter of individual 

yarns was 2 mm. Compression test was performed using Instron 5565 universal testing machine 

with a compressive load rate of 2 mm/min following the ASTM D695-15 Standard Test 

Method for Compressive Properties of Rigid Plastics [20]. This test method is suitable for 

testing unreinforced cellular materials. The braids bulged outside somewhere halfway of their 

height. A representative compression test on diamond braid is shown in Figure 3.20.  

 

 

Figure 3.20. Representative compression test on diamond braid.  

 

3.2.8. Optical microscope analysis 

The cross-sections and longitudinal surfaces of yarns fractured during tensile testing were 

studied using an optical microscope (Olympus SZX7, Japan).  
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3.3. Results and discussion 

3.3.1. Microscopic Analysis 

The microscopic structures of warp yarns and weft yarns were analyzed using an optical 

microscope. It was found that the yarns are printed like continuous ýlaments in printing 

direction and like short ýbers in cross-printing direction. This contrast in structure caused the 

warp yarns to be stronger than the weft yarns, which can be classified as an orthotropic material. 

The weft yarns are formed by addition of small cross-sectional materials layer upon layer, 

which resulted in non-uniform and rough surfaces that contain peaks and valleys, causing 

weaker interlayer bonding, which increases the chances to develop cracks and ultimately failure 

even under small loads applied. The warp yarns are formed by the fusion of long fibers extruded 

through the nozzle resulting in more smooth and uniform surfaces. The alignment of fiber 

material along the yarn axis makes the warp yarns stronger along the longitudinal direction 

under applied loads; however, fusion between the successive fibers is not very good. Two 

neighboring layers can be easily differentiated from each other, and the valleys formed at their 

fusion lines can be observed, which means that the inter-layer fusion would not be strong. 

Figure 3.21 shows optical microscope images at 500 µm resolution. It was also observed that 

few warp yarns had an additional polymeric material attached as shown in Figure 3.21 (c) and 

(d), which may be due to the printing defects. 
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Figure 3.21. Optical microscope images showing the details of the surfaces of 3D printed 2/1 

twill structures. (a) Top view of the printed twill structure showing the continuous and short 

ýbers in warp and weft yarns, respectively, (b) Weft yarn profile showing each added layer in 

weft direction, (c) and (d) Printing defects in some warp yarns.  

The microscopic examinations of the printed twill fabrics also revealed that the yarns 

contain voids in the cross-sections as well as on the surfaces. Voids in FDM are caused by 

many factors such as nozzle size and shape, layer orientations, cooling rate, melt flow pressure 

and velocity gradients [20]. The voids play a major role in weakening the structure and develop 

crack initiation due to stress concentrations. The bonding of a layer with its neghbouring layer 

is highly dependent on the energy of semi-molten polymer and thus, the temperature of 

successive layers is important to achieve a good quality of bond. Figure 3.22 shows inter-layer 

bonding and voids in 3D printed warp and weft yarns at their cross-sections and surfaces. In 

warp yarns, the voids look like channels between the layers and a number of voids are present 

at their cross-sections. However, the overall volume of voids  in warp yarns is less in 

comparison with the weft yarns. In weft yarns, more uniform fusion of extruded polymer is 

observed at the cross-sections but the voids are spotted as holes on their surfaces. The sizes of 

the voids are inconsistent and ramdomly spread. The deposition of each layer and bonding 

between them is also not uniform, especially in the curved regions. The number of voids and 

their sizes must be reduced to improve the mechanical strength of the structure.  
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Figure 3.22. Optical microscope images showing the inter-layer bonding and voids at 

longitudinal direction and cross-sections of warp and weft yarns. (a) inter-layer bonding and 

voids in cross-section of warp yarns, (b) inter-layer bonding in cross-section of weft yarns, (c) 

inter-layer bonding and voids on the surface of warp yarns, (d) inter-layer bonding and voids 

on the surface of weft yarns. 

The microscopic analysis of the yarns of weft knitted and braided structures were 

performed using optical microscope (OM). The yarns were printed with a mixed form of 

filament deposition: continuous filament deposition in printing direction and short fibers 

deposition in cross-printing direction. It can be seen in Figure 3.23a that the cross-section of 

the yarn contains voids as indicated by the arrows. It can also be seen (Figure 3.23b) that the 

deposited neighboring layers can be easily differentiated due to peaks and valleys at their 

infusion lines. All these surface roughness, peaks, valleys, and voids contribute to lower inter-

layer fusion and hence increase the chances of generating cracks and ultimately failure under 

relatively small loads applied.   

Voids in FDM are caused by many factors such as nozzle size and shape, layer 

orientations, cooling rate, melt flow pressure and velocity gradients [20]. The voids play a 
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major role in weakening the structure and develop crack initiation because of stress 

concentrations. The bonding of a layer with its neighboring layer is highly dependent on the 

energy of semi-molten polymer and, thus, the temperature of successive layers is important to 

achieve a good quality of bond. The number of voids and their sizes must be reduced to improve 

the mechanical strength of the structure.  

 

Figure 3.23. Representative optical microscopic images. (a) Cross-section of a yarn, and (b) 

longitudinal surface of a yarn.  

 

3.3.2. Mechanical Test Results  

The stress-strain (for uniaxial tensile tests) and force-displacement (for flexural tests) 

curves of the 3D printed twill fabrics and yarns (after separating from the fabric) are shown in 

Figure 3.24 for print and cross-print directions. The shape of the curves varies from nearly 

linear elastic behavior at first followed by non-linear response due to plastic behavior in both 

warp and weft directions. The warp yarns showed elastic-plastic behavior with significant 

ductility and strength compared to the weft yarns. The elastic modulus and the tangent modulus 

are almost the same during elastic stretch of the yarns; then, the yarns undergo plastic 

deformation where the tangent modulus starts decreasing. The weft yarns show elastic-plastic 

deformation with limited ductility. They exhibit permanent deformation under the influence of 

small strains in a relatively small plastic region where the tangent modulus decreases. The 

decrease of tangent modulus is due to geometric change of woven fabrics (i.e., decrease of 

undulation). Microscopic damages are induced in the curved regions of yarns, which is 

commonly observed in fabric structures [21].  

Due to weaker inter-layer bonding, the failure strains for the 3D printed weft yarns and 

twill fabric structures in weft direction are less than 5% under uniaxial tensile loading and less 

than 5 mm in flexural displacement. In contrast, the 3D printed warp yarns and fabrics in warp 
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direction exhibit more strength and break at an elongation between 10% - 30% under tensile 

loading and between 8 mm -12 mm under flexural displacement. This is because the warp yarns 

are made of long and continuous bundles of fine layers, called fibers, which stick to each other 

better. As a result, when a tensile load is applied along the yarn axis, the fibers resist the load 

together which increases the total load bearing strength in the warp direction, while increasing 

the breaking elongation as well.  
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Figure 3.24. Mechanical property testing of 3D printed twill fabric structures: (a) Stress-strain 

curves for individual warp yarns, (b) Stress-strain curves for individual weft yarns, (c) Stress-

strain curves for twill fabric in warp direction, (d) Stress-strain curves for twill fabric in weft 

direction, (e) Force-displacement curves for þexural tests in warp direction, (f) Force-

displacement curves for þexural tests in weft direction. 

The average values of the test results of the maximum strengths „ȟ„  and stiffnesses 

ὉȟὉ  for the printed yarns and twill fabric structures from PLA are tabulated in Table 3.2 for 

tensile tests and in Table 3.3 for þexural tests. The warp yarns showed higher tensile strength 

than the weft yarns. The mean tensile stress at maximum load is 29.54 MPa and 17.86 MPa for 

warp and weft yarns, respectively. The maximum load applied for a single warp yarn and twill 

fabric with 15 warp yarns are 23.20 N and 381.02 N respectively, which indicates that the load 

bearing capacity of the fabric is roughly equal to the number of warp yarns times the load 

bearing capacity of a single yarn. The maximum forces applied on a single weft yarn and twill 

fabric having 15 weft yarns are 14.03 N and 120.03 N, respectively, i.e., the load bearing 

capacity of the fabric in weft direction is only 8.5 times the single weft yarn before being 

permanently deformed. It was also observed that the þexural strength for twill fabric was smaller 

than the fabric tensile strength; hence, this twill structure could fail under bending force easier 

than under tensile load.  
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Table 3.2. Average tensile test results of the 3D printed warp yarns and 2/1 twill fabrics 

 

Table 3.3. Average 3-point bending flexural test results of 3D printed 2/1 twill fabrics 

 

During tensile testing, the yarns of weft knitted fabrics are stretched, and the stress 

concentration occurs at the curves of each yarn. On further extension, the yarns break at curves 

as shown in Figure 3.25, which is commonly observed in fabric structures [21]. The force-

displacement graphs of 3D printed weft knitted fabrics are shown in Figure 3.26. The shape of 

the curves varies from nearly linear elastic behavior at first followed by nonlinear response 

because of plastic behavior in the yarns. The yarn reaches the peak force and on further loading 

the fracture occurs in the course direction, specifically at the head of the knitted loop. The head 

expands elasto-plastically first, then fractures. After that the other yarns bear the load and reach 

the peak force and then fracture in randomly sequential fashion. This process continues until 

the complete failure of the sample happens. This type of behavior of the fabric structure is 

shown in Figure 3.26a.   

 

Sample Number of yarns & . ʎ -0Á % -0Á 

Warp yarn  1 23.20 29.54 415.12 

Weft yarn 1 14.03 17.86 628.32 

Fabric (warp 

direction)  
15 381.02 32.34 609.07 

Fabric (weft 

direction)  
15 120.03 10.19 532.28 

Sample  Number of yarns & . ʎ -0Á % -0Á 

Fabric (warp 

direction) 
15 14.165 1.842 28.520 

Fabric (weft 

direction) 
15 8.785 1.147 35.196 
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Figure 3.25. Fractured weft knitted fabric specimen during tensile test.  

 

The tensile displacement can be observed in the range of 12 ï 15 mm. This result also 

revealed that the fabric possesses ductile behavior and can withstand significant load in the 

course direction before failure. The maximum force applied on the knitted fabric is nearly 250 

N. On the other hand, the flexural tests show that the maximum load applied is in the range of 

15 ï 22 N in the course direction, and 85 ï 95 N in the wale direction. The lower amount of 

flexural force compared to tensile load demonstrated that the fabrics could experience failure 

easier in flexing. They provide less strength in out-of-plane direction and can be said that they 

are more brittle against flex loading. The maximum flexural displacement is close to 10 mm. 

It should be noted that this is sufficient for enough flex and bending for several applications 

such as filtration, artificial knee joints and geotextiles. The weaker inter-layer bonding and 

voids are the reasons for lower mechanical strength in the specimens.  

 



 

87 

 

 

 

Figure 3.26. Mechanical test results of 3D printed weft knitted fabric structures.  

The samples for compression testing were 3D printed using PLA as a base material. 

Three specimens were tested for each braid design; the compressive force-displacement graphs 

of 3D printed braids are shown in Figure 3.27. The average maximum compressive force is 

1234.62 N for diamond braids, 915.16 N for regular braids, 1056.88 N for Hercules braids, 

440.21 N for triaxial braids and 658.76 N for bifurcated braids. The displacement at maximum 

load is 5.04 mm for diamond braids, 3.75 mm for regular braids, 3.89 mm for Hercules braids, 

3.05 mm for triaxial braids and 4.39 mm for bifurcated braids. The displacement at failure is 

25 mm for diamond braids, 35 mm for regular braids, 30 mm for Hercules braids, 25 mm for 

triaxial braids, and 40 mm for bifurcated braids. The compression test results showed that these 
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structures can bear a significant amount of load before complete failure and can be used for 

shock absorption applications.  

Braid structures have several yarns arranged in a circular and helical pattern. When the 

compressive load is applied, the sample withstands a force up to its proportional limit value. 

When the load exceeds the limit, a permanent deformation occurs in the structures. Here, when 

the permanent deformation occurs, a yarn fractures and as a result, a drop in compressive force 

is observed. Again, the other yarns bears the load until they fracture. This is the reason for 

increasing of the force after dropping when the yarns fracture. This scenario is seen during the 

compressive loading as shown in Figure 3.27.  

Diamond braid has a pattern of 1/1 in the unit cell. Therefore, if one yarn breaks, then 

the whole structure collapses as shown in Figure 3.27(a). Regular braid has a pattern of 2/2 in 

the unit cell. Therefore, it is possible that each of the two yarns does not fail at the same time 

as shown in Figure 3.27(b). The same is true for Hercules braid, which is 3/3 (Figure 3.27(c)). 

Triaxial braid has yarns in the loading direction which are brittle; therefore, their failure causes 

a rather sudden drop in force (Figure 3.27(d)). The bifurcated braid has also 2/2 pattern like 

regular braid; thatôs why its curve (Figure 3.27(e)) is similar to that of regular braid. 
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Figure 3.27. Compression test results of 3D printed braid structures, (a) Diamond braid, (b) 

Regular braid, (c) Hercules braid, (d) Triaxial braid, and (e) Bifurcated braid.  

 

3.4. Conclusions 

This work was performed to explore the application of fused deposition modeling 

(FDM) method to fabricate complex structures such as plain weave, twill weave, weft-knitted 

fabrics, and braid structures. Poly(lactic) acid (PLA) filaments were used in this research to 

fabricate the samples. The weft knitted fabrics were 3D printed in horizontal orientation whereas 

the plain weave, twill weave and braid designs were 3D printed in vertical orientation. The 

mechanical properties of the printed samples were studied using tensile, flexural, and 

compression test methods. The microscopic structures were analyzed using optical microscope 

(OM). The results showed that the warp yarns are stronger than the weft yarns, which results in 

a stronger fabric in warp direction. It was also found that the knitted fabrics had good flexibility 

in both course and wale directions, but the flexural strength in course direction is significantly 

lower than in wale direction. The maximum tensile force of knitted fabrics in course direction 

is almost 250 N. The compression tests on braids revealed that they are capable of holding 

failure displacement of more than 25 mm. However, the fabric structures still need 

improvements to increase the tensile, bending, and other strengths to make the printed fabrics 

more þexible and stronger. The performance of these structures can also be improved by using 

a combination of different materials to increase the mechanical properties. 
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Chapter 4  

Effect of heat treatment on crystallinity and mechanical properties of 3D printed twill 

weave fabric structure  

 

(Jayswal, A., and Adanur, S., ñEffect of heat treatment on crystallinity and mechanical 

properties of flexible structures 3D printed with fused deposition modelingò, Journal of 

Industrial Textiles, vol. 51, No. 2S,  pp. 2616Sï2641S, 2021) 

  

Abstract  

Fused Deposition Modeling (FDM) is a widely used 3D printing technique, which works based 

on the principle of melted polymer extrusion through nozzle(s) and depositing them on a build 

plate layer by layer. However, products manufactured with this method lack proper mechanical 

strength. In this work, 2/1 twill weave fabric structures are 3D printed using poly (lactic) acid 

(PLA). The ultimate tensile strength in the warp and weft directions and the modulus 

(stiffnesses) are measured for non-heat-treated (NHT) samples. The printed samples were heat-

treated (HT) to improve the strength and stiffness. The variation in ultimate tensile strength is 

statistically insignificant in warp direction at all temperatures; however, the tensile strength in 

weft direction decreased after heat treatment. The modulus in warp direction increased by 31% 

after heat treatment while in the weft direction it decreased after heat treatment. Differential 

scanning calorimetry (DSC) tests showed the highest crystallinity at 125°C. The properties of 

the twill fabrics were compared with a standard dog-bone (DB) specimen using uniaxial tensile 

tests, Differential scanning calorimetry tests, and optical microscope (OM). For dog-bone 

specimens, the maximum values of crystallinity, ultimate tensile strength, and modulus were 

found to be at 125°C. The maximum crystallinity percentages are higher than that of the NHT 

samples. The ultimate tensile strength of NHT DB specimen 3D printed in horizontal 

orientation improved after heat treatment. The ultimate tensile strength of DB samples in 

vertical directions increased after heat treatment as well. The stiffness increased in both 

directions for DB samples. 

4.1. Introduction  

Additive manufacturing (AM) is a revolutionary manufacturing technology which has 

the potential to build almost any complex product within a reasonably short time with minimal 

waste [1]. This technology is classified into seven categories by The American Society for 

Testing and Materials (ASTM): material extrusion, material jetting, binder jetting, sheet 

lamination, vat photopolymerization, powder bed fusion, and directed energy deposition [2]. 
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Fused deposition modelling (FDM) works on the material extrusion principle and utilizes 

thermoplastic materials such as poly(lactic) acid (PLA), acrylonitrile butadiene styrene (ABS), 

polyether ether ketone (PEEK), nylon, Poly(methyl methacrylate) (PMMA) and 

poly(carbonate) (PC). The polymer is melted and extruded through a nozzle and deposited on 

a build plate layer by layer forming a solid object [3]. However, the mechanical strength of 

FDM 3D printed parts is lower compared to those obtained from injection molding or other 

manufacturing methods due to the presence of voids and weaker bonding between layers and 

rasters [4]. Therefore, different methods have been proposed to increase the strength which 

includes parameter optimization, addition of filler materials and post curing with heat treatment 

(HT).  

Akhoundi and Behravesh [5] investigated the effect of filling patterns and infill density 

on the mechanical properties of 3D printed parts and concluded that concentric fill at all infill 

densities and Hilbert curve pattern (named after the German mathematician David Hilbert 

which is a continuous space-filling curve) at 100 % infill density show increase in mechanical 

strength of the products. However, a study of these parameters on non-standard materials such 

as 3D printed fabrics would be required to truly compare their effects on non-standard 

materials. Chacón, et. al. [6] studied several process parameters such as build orientation, layer 

thickness and feed rate and their effects on final strength of 3D printed products and found that 

upright orientation exhibited the lowest mechanical properties whereas on-edge and flat 

orientations the highest. They also observed an increase in mechanical properties with 

increasing layer thickness and decrease with increasing feed rate for upright orientation 

whereas the layer thickness and feed rate play insignificant role for on-edge and flat 

orientations. However, it should be mentioned that all non-standard materials may not be 

possible to print in flat or on-edge orientations. Chacón et al. [7] worked on continuous fiber 

reinforced thermoplastic composites and demonstrated that the carbon fiber reinforced samples 

developed the highest strength and stiffness than all other samples. Heat treatment increases 

the crystallinity of samples and hence improves the mechanical properties in comparison with 

the non-heat-treated (NHT) samples [8]. This method increases the bonding between the layers 

and rasters. Avila et. al. [9] investigated the effect of heat treatment at 90% of glass-transition 

temperature (4) on mechanical properties of FDM printed products using PC, PMMA and 

PEEK. They found an increase in tensile strength of about 10 MPa for PC, 20 MPa for PMMA 

and a slight change for PEEK. Akhoundi et. al. [10] studied the effect of heat treatment on 

mechanical properties of high-temperature polylactic acid (HTPLA) printed at 250  and 
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found that the tensile strength and modulus increased by 2.5% and 15.31%, respectively. Yang 

et al.  [11] studied various thermal processing conditions in 3D printing of PEEK materials and 

found that different degrees of crystallinity and mechanical properties can be found. However, 

it would be highly recommended to study the effect of heat treatment at various temperatures 

on non-standard samples such as 3D printed fabrics and compare it with the ASTM standard 

dog-bone samples to derive any conclusion about this method, which is the main objective of 

this paper.  

Recently, FDM has been used in fashion and textile industries to produce bikinis [12], 

gowns [13] and shoes [14]. Melnikova et al. [15] 3D printed textile based structures using 

different polymers. They studied PLA, soft PLA, Lay Tekkks and BendLay and demonstrated 

that soft PLA is the potential candidate to be used to print textile-like structures. Partsch et al. 

[16] used ABS to insert textile properties in 3D printed objects. They designed, printed, and 

evaluated three different plain weaves. Quan et al. [17] 3D printed multidirectional preforms 

using ABS and showed the feasibility of 3D printing of multi-directional textile based 

preforms. Lussenburg et al. [18] designed  a wearable garment using PLA and concluded that 

ýnal product does not resemble all the fabric properties and needs further research to improve 

tear resistance and softness of the structures. Although several researchers attempted to 3D 

print fabric structures, the evaluation of mechanical properties of 3D printed fabric structures 

is lacking in the literature except as indicated in our previous work [4]. We evaluated the tensile 

and flexural properties of 3D printed twill weave fabric structures and found that the fabrics in 

weft direction fail at less than 5 % of strain under uniaxial tensile loading and less than 5 mm 

in flexural displacement. Fabrics in warp direction exhibited more strength and broke at an 

elongation between 10 % and 30% under tensile loading and between 8 mm and 12 mm under 

flexural displacement. The average ultimate tensile strengths were 32 MPa and 10 MPa in warp 

and weft directions, respectively.  

PLA is one of the most common materials used in 3D printing with FDM. It is bio-

degradable, recyclable and renewable thermoplastic material synthesized from starch obtained 

from corn, wheat, rice, etc. [19] [20]. It is produced by processing and polymerization of lactic 

acid monomer and it exists in two optically active configurations, the L(+) and D(-) isomers as 

shown in Figure 4.1 [21] [22] [23]. The content of L, D and D-L type of lactides in the blend 

influences crystallinity, mechanical properties and degradation characteristics of PLA [8]. A 

highly crystalline PLA can be produced by decreasing the D content (< 2%) whereas a totally 

amorphous PLA can be obtained by increasing the D content (>20%) [22] [24]. Hence, to 

produce the PLA material for commercial use, generally a higher amount of L type lactides 
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and lower content of D type lactides are used [8] [24]. These lactides are blended in a required 

amount to produce either semi-crystalline PLLA (poly-L-lactic acid) or amorphous PDLA 

(poly-D-lactic acid) by a ring opening polymerization process. 

 

 

Figure 4.1. Chemical structure of L and D isomers of lactic acid (left) and high molecular 

weight PLA formed by ring opening polymerization (right) [22].  

The arrangement of macromolecular polymer chains is an important factor related to 

mechanical strength. In crystalline regions, the macromolecular chains are arranged in a regular 

fashion and hence they contribute towards the higher intermolecular forces whereas in 

amorphous regions, the macromolecular chains have a random arrangement and therefore they 

are weaker in strength. Figure 4.2 shows a schematic diagram representing the arrangement of 

crystalline and amorphous regions of 3D printed PLA samples.  

 

Figure 4.2. Schematic diagram showing the arrangement of crystalline and amorphous regions 

in 3D printed PLA samples.  

This research focuses on 3D printing of twill weave structures for wearable fabrics 

which is a current development area. The effect of heat treatment at various temperatures on 

the mechanical properties and crystallization behavior of PLA is studied. The relationship 

between crystallinity and mechanical properties (e.g., modulus and ultimate tensile strength) is 

investigated. The properties of 3D woven fabric structures are compared with those of standard 

dog-bone samples.  
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4.2. Materials and methods 

4.2.1. Materials and 3D print settings  

PLA filaments (Hatchbox®, 3D printer filament, true black) were used for this project 

with a diameter of 1.75 Ñ 0.03 mm and recommended extrusion temperature of 180  ī 210 

. The print settings used in this work were kept the same for all the specimens which is 

presented in Table 4.1.  

Table 4.1. 3D print settings for 2/1 twill weave fabrics and dog-bone specimens [4].  

Parameters  Values  

PLA filament diameter     1.75 mm 

Layer height 0.2 mm 

Infill density 100 % 

Printing temperature 225  

Build Plate temperature 40  

Print speed 30 mm/s 

Travel speed 120 mm/s 

Initial layer speed 25 mm/s 

 

4.2.2. 3D printing of specimens 

3D models of 2/1 twill weave fabrics and dog-bone specimens were prepared using 

computer aided design (CAD) software, Solidworks® and saved with .STL format. Dremel 

DigiLab 3D slicer 1.2.2 software was used to slice the 3D models, and the resulting gcode files 

were used for 3D printing using Dremel DigiLab® 3D45 3D printer (Dremel Manufacturing 

Company, Racine, Wisconsin, USA). The printer had a nozzle diameter of 0.4 mm. 

The movement of the nozzle in x-direction is the print direction (PD, 0°) and the 

movement in z-direction is the cross-print direction (CD, 90°). The yarns in printing direction 

are called warp yarns and the perpendicular yarns in cross-printing direction are termed as weft 

yarns. Y-axis represents the thickness of the fabric structure.  The fabrics were printed in a 

vertical orientation in a square shape. Figure 4.3 represents the schematic of FDM process used 

in the 3D printing of twill weave fabrics and Figure 4.4 shows the FDM 3D printed twill fabric 

structures. The dimensions of the 3D printed fabrics are 92 mm x 92 mm with 30 warp and 30 

weft yarns; each yarn diameter is 1 mm. The spacing between the yarns is 3 mm in both 

directions. The areal density of the fabric is 1.018 ÍÇȾÍÍ  and the average fabric cover is 
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4,684 ÍÍ  or 55.34%. For details about the construction and design of the 2/1 twill weave 

fabrics, one may refer to reference [4]. The dog-bone specimens were designed, and 3D printed 

in vertical and horizontal orientations having their width dimension parallel to the print bed 

(Figure 4.5 and Figure 4.6).  

 

Figure 4.3. Schematic of FDM printing of 2/1 twill weave fabric structures (not to scale).  
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Figure 4.4. FDM 3D printed 2/1 twill weave fabric structure: (a) Front view of the fabric along 

with its unit cell, and (b) Side view of the 3D printed fabric.  

 

Figure 4.5. Dog-bone specimen geometry and dimensions for uniaxial tensile tests according to 

ASTM D638-14, Type I standard (dimensions in mm) [25].  

 

Figure 4.6. 3D printed and non-heat-treated dog-bone specimen. 

 

4.2.3. Heat treatment of samples 

The printed samples were heated in a temperature-controlled lab oven at different 

temperatures for 1 hour and then allowed to cool slowly in the oven, a process called furnace 

cooling. The samples were heat-treated at 50 , 75 , 100 , and 125  for 1 hour and were 

termed as HT50, HT75, HT100, and HT125, respectively. The nomenclature of the samples 

used in this study is shown in Figure 4.7.  
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Figure 4.7. Nomenclature of the samples used in this study. 

4.2.4. Uniaxial tensile testing 

The tensile test samples were cut from the printed twill fabric structures in warp and 

weft directions having dimensions of 92 mm (length) x 46 mm (width) x 3.15 mm (thickness) 

in such a way that each test specimen contained 15 yarns. Mechanical properties of 3D printed, 

heat- treated (HT) and non-heat-treated (NHT) twill weave fabric structures were measured 

using an Instron 5565 universal testing machine (Norwood, MA, USA) with a load cell of 1 

kN following the ASTM D5035 standard [26], with a gage length of 25 mm, and crosshead 

speed of 3 mm/min. The breakage of the first yarn is considered as the failure of the fabric 

structure. The experimental data were processed to determine the ultimate tensile strength and 

Youngôs modulus. Tensile stress („ of the 3D printed fabric structures was calculated using 

the following equation: 

 
„  

Ὂ

ὲz ὃ
 

(4.1) 

where, F is the force applied during the tests, n (=15) is the number of yarns (both for warps or 

wefts) in each fabric sample, and A (= ́ ὨȾτ, where d = 1 mm is the yarn diameter) is the initial 

cross-sectional area of each yarn. 

Similarly, the mechanical properties of 3D printed, heat-treated and non-heat-treated 

rectangular dog-bone specimens were measured using the same equipment with a load cell of 

5 kN, a gage length of 50 mm and thickness of 3.2 mm (Figure 4.5) following ASTM D638-

14, Type I standard [25]. The tensile test was carried out on 5 specimens for each structure at 

room temperature, and the average values were reported. Tensile stress („ of the 3D printed 

dog-bone samples was calculated using the following equation: 
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(4.2) 

 

where, F is the force applied during the tests; initial width and thickness of the dog-bone samples 

are 13 mm and 3.2 mm respectively.  

Youngôs modulus (E) was measured in linear region by using the following equation: 

  

 ʎ  %Ȣ  ʀ  (4.3) 

where, ‐ is the elongation (or strain) of the samples. 

 

4.2.5. Differential scanning calorimetry (DSC) 

DSC test was conducted using a Q 2000 (TA instruments, USA) maintaining a nitrogen 

atmosphere with a supply rate of 50 mL/min. The samples used weighs in the range of 4 to 8 

mg. They were first heated from 40  to 200  and then were cooled back to 40  at a 

heating and cooling rate of 10 /min. The measurements such as glass transition temperature 

(4 , cold crystallization temperature (4 , cold crystallization enthalpy (æ( , melting 

temperature (4), and melting enthalpy (æ(  were measured. The enthalpy of fusion of a 

100% crystalline PLA sample (Ў( )  is 93.6 J/g [27], [28]. Eq. (4.4) was used to determine 

the crystallinity of the samples.   

 

 ʔ  
Ў( Ў(

Ў(
 ρππϷ (4.4) 

 

4.2.6. Optical Microscope Images 

The cross-sections and longitudinal surfaces of warp yarns, weft yarns, and dog-bone 

specimens fractured during tensile testing were studied using an optical microscope (Olympus 

SZX7, Japan). The optical microscope was used to measure the area of voids on each image 

and percent void content relative to the total area, as shown in Figure 4.8. The void content is 

calculated as the ratio of void area to total cross-sectional area or surface area. Mathematically, 

it can be expressed as:  

 

 
ÖÏÉÄ ÃÏÎÔÅÎÔ  

ɫ !ÒÅÁ ÏÆ ÅÁÃÈ ÖÏÉÄ

4ÏÔÁÌ ÃÒÏÓÓÓÅÃÔÉÏÎ ÁÒÅÁ ÏÒ ÓÕÒÆÁÃÅ ÁÒÅÁ
 ρππϷ 

(4.5) 
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The void content of HT125-warp sample is 
ȟ Ȣ  

ȟ ȟ Ȣ  
 ρππϷρςȢυψϷȢ  

 

Figure 4.8. Example showing the measurement of void content on the cross-section of HT125-

warp sample.  

 

4.2.7. Statistical Analysis 

 Analysis of variance (ANOVA) test was done for tensile test results by using Microsoft 

Excel to evaluate the effect of heat treatment on the 3D printed fabrics and dog-bone samples. 

All analyses were carried out at 0.05 significance level (i.e., Ŭ = 0.05). To determine 

exactly which group means are significantly different, a Tukey-Kramer post hoc test was 

performed.  

 

4.3. Results and discussion  

4.3.1. Optical Microscope (OM) Analysis 

  The OM images of the cross-sections of fractured NHT and HT twill fabric samples are 

presented in Figure 4.9. The cross-section of NHT-warp shows uniform fusion of fibers having 

smaller pores, whereas the HT125-warp has separated fibers having a large volume of voids, 

as indicated by dotted circles. Although each fiber is separated, the breaking of individual fibers 

is not seen. Since all the fibers are positioned parallel to each other, they are united under tensile 

loading and contribute equally to mechanical strength. The NHT-weft yarn has proper fusion 

of fibers on its cross-section, but it contains crack growth lines extending from the 

circumference towards the center with a void content of 1.82% of its total cross-sectional area. 



 

103 

 

After heat treatment at 125 , the crack propagated causing each deposited layer to be 

fractured and the void content increased to 6.78% of the total cross-sectional area. The 

fractured layer contributes to strength reduction and ultimately failure.    

  

 

 

Figure 4.9 Optical microscope images showing the cross-sections of non-heat-treated and heat-

treated warp and weft yarns separated from 3D printed 2/1 twill fabric structures after tensile 

testing: (a) NHT-warp, (b) HT125-warp, (c) NHT-weft, and (d) HT125-weft.  

  

The longitudinal surfaces of warp and weft yarns are shown in Figure 4.10. The surface 

of NHT-warp is observed to be intact and voids are hard to find, whereas in the HT125-warp 

yarn, the broken fibers can be easily observed. However, most of the fibers are still intact and 

continuous; as a result, the change in tensile strength was statistically insignificant. In case of 

weft yarns, the NHT-weft yarn contained proper fusion of deposited layers except few voids, 

which is only 0.69% of the total surface area. As a result of heat treatment at 125 , the layers 

are broken multiple times as shown by dotted circles (Figure 4.10 d) and the void content 

became 1.17% of total surface area. Since the tensile force is applied perpendicular to these 
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deposited layers, they got detached from each other under relatively small loads, which 

contributed towards the reduction in mechanical properties.  

 

 

Figure 4.10. Optical microscope images showing the longitudinal surfaces of heat-treated and 

non-heat-treated warp and weft yarns separated from 3D printed 2/1 twill fabric structures after 

tensile testing: (a) NHT-warp, (b) HT125-warp, (c) NHT-weft, and (d) HT125-weft. 

   

Figure 4.11 represents the microscopic images of cross-sections for heat-treated (at 125 

) and non-heat-treated dog-bone specimens. The cross-section of NHT-horizontal specimen 

shows the fusion of the deposited layers; after heating at 125, the layers are arranged in a 

sequence. The HT125-horizontal specimen undergoes brittle failure showing higher 

mechanical strength and lower elongation at maximum load. In vertical specimens, a void 

content of 26.70% of the total cross-sectional area between the layers can be seen as shown by 

the arrows. Those voids are filled up by the respective layers at 125  and reduced to 5.65%. 

This might have happened due to heating above glass transition temperature at which the 

polymer chain got chance to reinfuse together. It is believed that his reinfusion of layers 

improved the mechanical properties.  


















































































































































































































































































































