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Abstract

Polymerbased additive nmufacturing (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
fabricake flexible fabric structuresSeveral researchers attempted to adely manufacture
fabric structures,but the mechanical property evaluation was not performed due to the
complexity of the geometry and the loadidificulty on the testing fixture. In addition,
poly(lactic) acid (PLA) is mostly explorett.is brittle in nature and has elongation at break in
the range of 2.5 6.0 % which limits its application in fabrics and fashion industriashis
context, this dissertin deals with the desigradditive manufacturing,and mechanical
properties characterization tdbric structuresln addition, t discusseshe manufacture and
characterization of novel composite filaments to use in FDié.creep behavior of 3D printed
composite filaments is also modeled.

In chapter3, the design, 3D printing and analysis of mechanical and microstructural
behavior of interlaced fibrous structuregre assessedt was found that the mechanical
strength is higher in warp direction aswuared to that of in weft directidor 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 comiined voids which decreased thechanical strength.

In chapter 4the effect of heat treatment on 2/1 twill weave fabrics andbaog
samplesvere studied. Thewere compared in terms of mechanical properties and crystallinity.
The crystallinity of bothsamples improved significantly when they were heat treated at
temperatures above the glass transition temperdtdyef the materialBut an improvement
in mechanical properties of twill weave fabric was not observed whereas they were improved
for dogbone samples.

In chapter 5a multiphysics computational model is utilized to studyapled thermo
mechanicaliscoelastic properties of 3D printed plain weave fabacsnd abovéY. The
temperatures considered #fBad ¥andte sstoalastic ar e
properties is represented by a Prony sehrethis 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 fgrature mentioned abové he computational analysis

was performed in ABAQUS simulation software, and the results were compared with the



experimental resultI.he relative error percentages in the peak forces at each tempemtire
23.60% at % 0Oat ,65i8.,85&mdat 70 . A better agt
was seen for unit cells abov¥. The computational model developed for unit celés used

to predict the thermaechanicaliscoelastic response of large additively manufactured fabric
structures which is difficult to evaluate experimentally.

In chapter 6composite filaments using PLA and TPU were manufactured using twin
screw and singlscrew extruders. Different material characterization methods were utilized to
study the material prapties of the composite filament$he tensile stress ando un g 6 s
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
caloiimetry (DSC) and polarized optical microscope (POMie analysis also showed a partial
miscibility of the polymer constituents.

In chapter 7,the effect of a plasticizer on mechanical, thern@demical, and
morphological properties were studied. Polfggne) glycol (PEG) was used as a plasticizer
in PLA/TPU compositionlt was found that although the yield stress decreased, the ultimate
tensile stress of the filaments did not shewropin their values. This might have happened
due to the plasticizingffect of PEGFinally, 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 dissertatidiscusseghe creep behavior and computational
modeling of 3D printed composite filamentBhe 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 usthg Generalized VoigKelvin solid model and tiee
terms inthe Pronyseries. 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 filamentaterial characterizationgreep

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 industincluding architecture, construction, composites,
filtration, geosynthetics, medicine, military and defense, papermaking, safety and protection,
sports and recreation, transportatiand agriculture. The current fabric manufacturing
methods have some majssues: (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 thedpction of fibers from
polymers using one of the 3 fiber spinning processes: melt spinning, dry spianthgvet
spinning. Then, a number of fibers are spun together to form a yarn with one of the 4 yarn
spinning methods: ring spinning, opend (rotor)spinning, aifjet 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 productio methods are weaving, knitting, braiding, tufting and nonwoven
manufacturing1][2]. Hence, the whole process consumes a lot of time to produce fabrics.
Similarly, a huge nuilmer 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. Mgréover
requires large and complex machinery which occupies large spaces. Fabric manufacturing is
also a chemicahtensive process and requires a high volume of water throughout its
operations. Textile plants produce textiles solid wastes, wastewater augtdifferent
pollutants, and billions of tons of soofccording to the United States Environmental
Protection Agency (EPAX)he textile solid waste generation was 17.05 million tons in 2018,
out of which more than 11.29 million tons weaedfilled[3]. According to Natural Resources
Defense Council (NRDC) website, the apparel industry is one of the biggest polluters on the
planet. Textile mis generate onfifth of the world's industrial water pollution and u&@ 000

chemicals, many of which are carcinogenic, to make cl¢gffje$hese wastes cause a negative
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impact on the envirmament and therefore, there have been increasing concerns regarding the

disposal of fabric waste around the globe.

The abovementioned problems can be resolvedcbytinuouslyworking onresearch
projects for aralternative method of fabric manufacturing astddyingdifferent materials
useful forproduction To makefabric manufacturing sustainable, a scientific selection of
materials and manufacturing methods become impoaéthbugh traditional fibrous struate
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 oémiy 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, reduaste,and makesmanufacturing
more sustainable. The time it takes for fireducts to get to the markets is much shorter
because it eliminates most of the themnsuming processes in the design and manufacturing

stages of fibrous structure

1.2.0bjectives
The research outline is divided into two parts with their own specificobbgs as
shown inFigure 1.1.The proposed works will contribute to the additive manufacturing,

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

Research Outline

Part 1: Design and Part 2: Materials
Additive Manufacturing Development
Objective 1] | Objective Il | | Objective Il Objective IV Objective V | | Objective VI

Figurel.1l. Researcloutline.

The objectives are described below.

l. Design and additive manufacturing of interlaced fibrous structures.

Il. Study the effect of heat treatment on crystallinity and mechanical properties of 3D
printed structures.

[I. Computational modeling of 3printed woven fabrics.

V. Manufacturingof PLA/TPU compositdilamentsfor 3D printing



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

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

Objective I. Design andadditive manufacturing of interlaced fibrous structures

The goal of this objective igo 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 baided fabric structures are designed using comjautierd design (CAD)
software, Solidworks and 3D printed using Fused Deposition Modeling (FDM) machine to
determine the best model that could be printable. The strucrgegsigned in such a way
that thefabricated yarns with pure polylactic acid (PL&enot sticking to each other in the
plain weave and twill weave fabric structure. The plain weave, twill weave and braided fabric
specimensare printed in vertical orientation and wekhitted structure n horizontal
orientation. Tensile and thrgmint bending (flexural) testreconducted for twill weave and
weft-knitted fabrics whereas compression tesperformed for braided structures. Optical
microscopes used to study the microscopic structwethe yarns and fabric structures.

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

of 3D printed structures.

The goal of this objective is to 3D prigtl twill weave fabric structures using poly (lactic)

acid (PLA) and study the effect of heat treatment on crystallization and mechanical behavior
The printed sampleare heaittreatedin a temperatuiiecontrolled lab oven at different
temperatures for 1 hour and then allowed to cool slowly in the oven by a process called furnace
cooling. The sampleareheait r eat ed at 50 , 75 , . h@ 0 :
mechanical properties and crystallinity of twill weafabris are studied. For comparison, an
ASTM standard dodpone specimen is 3D printed, hésgtated using the identical conditions

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

Objective Ill. Computational analysis of 3D printed woven fabrics.

The goal of this objective is to study the couplaermemechanicaviscoelastidbehavior of
additively manufactured plain weave fabrics at and above glass transition tempénature (
using a multiphysics mite element model. Unit cells of plaimeave 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 canpared with that of computational results; good agreement between them is observed,

with an error percentage in peaRlR%f atcé8d hawan
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-6 % at THeGomputational model developed for unit cells is used to préedicoupled
thermemechanicaviscoelasticresponse of large additively manufactured fabric structures

which is difficult to evaluate experimentally.

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

The goal of thisobjective is to manufacture a composite filament having high mechanical
strength and high flexibility. &ylactic acid (PLA) and thermoplastic polyurethane (TPU)
pelletsare blended using the twgacrew and singscrew 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 rdng@ of
mm to 1.90 mm were used for the analy3é®e properties are characterized by using several
analytical instruments such as tensile test, differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), dynamic mechanical analysis (DMA),i€&otransform
infrared spectroscopy (FTIR), polarized optical microscope (POM), rheology, and scanning
electron microscopy (SEMFinally, the TPU_30 (PLA 70% and TPU 30%) filamentis

used to3D printed plain weave fabric structure using the fused siegpo 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 i® studythe effect of a plasticizer such as poly(ethylene) glycol
(PEG) on the properties of PLA/TPU composite filamenke amount of TPU content in the
composition is kept constant either being 30% or 40%. PLA and PEG are added in varying
weight percentages.h€ filaments produced had varying diameters, but the diameter in the
range of 1.70 mm to 1.80 mimconsidered for this study. The properties of the filamargs
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 corposite filaments.
The goal of this objective is to experimentally characterize and computationally model the
creep behavior of 3D printed samples using the composite filanTér@somposite filaments

areemployed in the 3D printing of creep samples. Thm@es 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 computaibmesults, 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 theeep behavior of similar polymers and polymer composites.
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Chapter 2

Literature review

(Jayswal, A.and Adanur, S An overview of additive manuf ac
applicati ons f oJdourdalotindustrsidl €extites, vou 52 tppdR,2G622) ,

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. Polpased AM processes allow the
flexibility, rapid, and lowcost fabrication of complex geometries depegdin the types of
materials used. The purpose of thisraturereview is to summarize the major AM methods,
materials, and their emergigplications to additively manufacture the flexible structures. In
the AM methods section, Fused Deposition Mode({iRDM), 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, propeatsntages, and
limitations of some of the widely used materials in tkatgeensional (3D) printing of polymers
are reviewed. Third, the applications of these methods and materitabriosand electronics
are covered. Finally, the associated opporesiand 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 pperties, and hybrid 3D printing process.

2.1.Introduction

Theinternational standard ISO/ASTM 52900 defines additive manufacturing (AM) as
afiprocess of joining madineensioral(3D)model data,kseallyp ar t s
l ayer upld.rAM methodsrare classified into seven categories: material extrusion,
material jetting, binder jetting, sheet lamination, vat photopolymerization, powder bed fusion,
and directed energy depositiph]. These methods are further ddi®d into subcategories
depending on the type of materials used and the process of material deposition. The materials
may be in the form of powddilaments, liquid, hydrogels or ink, and she@fs In this method
of manufacturing, materials are added layer upon layerlifgren3D solid object. A computer
aideddesign (CAD) model is developed and sliced into several layers by sabangg

software. The genefcaotded mhdelh iis ddwead | &gs usg
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produce the solid object. The schematiagdam showing the working principle of AM
processes using unit material is showirigure2.1.

The conventional manufacturing methods suchsabtractive machining, casting,
forging, and powder metallurd$][2] take longer time and produce waste. As a result, the cost
of fabrication andihal product becomes higher whereas AM methods fabricate the parts in a
minimal time with little or no wastgg][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 developme#d{[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 ecdi@dmy

— _———

CAD Design .STL file

Slicing software

Solid dl;jéct

Sliced layers

3“Dprintér
Figure 2.1. Schematic diagram of working principle of additive manufacturing process
(Modified after ref[8].)

In recent years, AM methods have attracted attentidabigcatingflexible structures
such as fabrics and flexibleeektronics. The main conventional methods of fabric production
are weaving, knitting, braiding, tufting and nonwoven manufacty®gAmong all these
methods, weaving is the most common method, in which warp and weft yarns are interlaced in
a defined pattern. A particular fabricamufacturing method is used according to the required
fabric designAll the traditional fabric manufacturing processes consume a lot of time and
generate wastes. This is one of the reasons that has attracted the attekitloreséarchers.
Similarly, theresearch 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 tioe @eciting



new applications, and opportunities. It has been possible to 3D print stretchable, flexible, and
bio-compatible electronic devices which can be adjusted ioragularly shaped mounting
surfaces. In summary, AM has offered great potential and unique capabilities to fabricate parts
with multiple functionalitie§10][11][12][13].

This chapteris organized into different sections. In the Additive Manufacturing (3D
Printing) Methods section, the working principles and schematic diagrams, advantages,
limitations, prospective @plications, 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 flelelokeamic 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 tsearchers manufacturers, and
innovators. Some of the methods that are used in 3D printing of flexible structuheassuc
fabrics, sensors, and electronics are briefly discussed in this section. The methods reviewed in
thischapterare highlighted ifFigure22.FDM ancthe&Sh8ds are revi ewed
of fabrics, and DIW for 3D printing of fl exi

Additive Manufacturing
Material | [Material Binder Direct Powder Sheet VAT
Extrusion| | Jetting | [ Jetting Energy Bed | |Lamination| | Photopoly
~ Deposition| [Fusion merization
—| Polyjet
| FDM —|SLS .
o —1 Inkjet SLA
— Thermojet — SLM Digital
Elect —| Light
ectron Processing
—{ Beam
Melting

Figure2.2. Summary of different additive manufacturing methods.



2.2.1.Fused Deposition Modeling (FDM)

FDM method works on the principle of material extrusion as shovigare2.3. In
this method, a thermoplastic polymer is melted and then extthdaagh a nozzle on a build
platform. The movement of the nozzle depends on the prograrad@ generated by the
slicing software for a specific design. The melted polymer is deposited layer by layer and
produces the threédimensional (3D) object. Forrstctures having hanging partsater or
chemical dissolvable support material is used. Although the AM process producestear
shape products, sometimes, it may require-postessing such as support removal, cleaning,
and finishing.Postprocessing 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].

Dual extrusion
nozzles Support

Build
filament

Z-axis
movement

material

Y-axis
movement X-axis movement Build
plate
Figure2.3. Schematic of fused deposition modeling (FDM) method employed to 3D print a

cup with support materials.

The main advantages of this method are procesyabila 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 dimensionspaprance of voids and lower mechanical propeftié$.



Some of the approaches to overcome these disadvantages are optimization of 3D printing
process parameters and using polymer composite filaments.

Process parameters include layer thicknesgemasngle, print orientation, print
temperature, infill pattern and density, and others. Durgun and Béhfiound that raster
angle and orientation affected the surface roughness, mechanical properties, and production
costs. In particular, the bdibrientation exhibited significanteffect on surface roughness and
mechanical properties of the parts rather than the raster angle. Poor surface quality caused by
stairstepping effect is generally seen in layer manufacturing processes. Severalsstadies
that a smaller layer thickness can bring lower surface roughness but this can increase the
production timg17] [18]. Chacon, et. a[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 whereadgmand flat orientations the
highest. Theyalso observedan increasen 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 foredige and flat orientations.

Sever&iresearchers 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 effef heat treatment at 90% of glassnsition 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 gRa].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 Varsavg22] examined the mechanical performance of neat PLA, glass
fiber (GF)reinforced PLA, and TPWlended PLA composites using injection molding and 3D
printing mehods. They used twiacrew 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 ddmpne specimens and compared their performance with the dog
bonesamples 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 thajeofion 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 irFigure2.4a; it is also known as Robocasting. As its name suggests, the material
used in this met hod ahghlyviscous liqeid, éind maktbe abilioytom, wh
retain its shape afteteposition. 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 obimabom
of materials can be used ranging from ceramics, plastics, and food to living cells. Hence it is
an extremely versatile technology. Rpsbcessing such as drying, heating or sintering may be
required to harden the printed part and improve its ar@chl propertie§l5] [23] [24].

This printing method follows three steps: 3D design, generation of a path file for nozzle
and extrusion of ink. After the completiontbe 3Dmodel inCAD software, the 2D lay€by-
layer or 3D movemenpath 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
layerby-layer and subsequently builds the 3D object. Alternatively, a 3D object caimtszlpr
directly by the movement of nozzle in three dimensions which does not involve @Yayer
layer approach. This method demands specific material strategies to hold the printed structure
after deposition. The strategies are: (i) to deploy the intrprsigerties of ink such as the facile
oxidation and solidification of liquid metal filaments in air, which can help maintain the 3D
structures, and (i) to fabricate 3D object within a supportive méu8§ [25] [26].

(a) (b) Robotic dispensing

pneumatic piston screw

| =

Dispenser

>

Printed material
Nozzle

" el
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Figure2.4. (a) Schematic of direct ink writing procd28] (Reproduced with permission from
ref. [23]. CopyrightJohn Wiley and Sonk and (b) Different dispensers used in DIW process
[24] (Reproduced with permission from r&4]. 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 shiowigure2.4b. 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 applicatioesguiring 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 thermting of biomaterials possibl@4].

The polymers used for DIW often have limited mechdmcaperties and experience
fatigue under repeated stress, which causes limitations in their applications. This limitation can
be addressed by improving the hydrogel used. Gong [@74].28] introduced the concept of
modifying the hydrogel used for fabrication by inducingoalldle network (DN structure for
various combinations of hydrophilic polymers. The DN hydrogels containéd®60% water
and exhibited a fracture strength of a few to several tens of megapascals and high wear
resstance due to extremely low friction coefficients of the gels. Yang 2% ldemonstrated
a twostep method to fabricate a DIW object using DN hydrogels as showigume2.5. In
t he first step, t hey pr ep acrmethyenebis@ddylamide) nt a b |
(MBAA), Irgacure 2959, Laponite RDS, sodiumag2rylamide2-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 acrytlenMBAA, 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 crosknker, 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 angbrinting parameters such as ink exiting speed, nozzle size,
dispenser moving speed, temperature, and external environment directly influence the final

product.
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LLaponite RDS
AMBRS
MBAA

PAMPRS network
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ION:

e 3D print AMPS Btispénsion ™ " UV-cure PAMPS network

Acrylamide
MBAA PAMPS/Polyacrylamide

12959 network

- e e

Soak in acrylamide solution UV-cure polyacrylamide network

Figure2.5. 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 netwi@%]. (Reprinted with permission
from ref.[29]. Copyright 2017 American Chemical Socigty.

2.2.3.Selective Laser Sintering (SLS)
Selectivdaser sintering is a widely used powder bed fusion (PBF) AM technique which
uses powder form of materials. In this methmmmplex3D parts can be generated by the fusion
of powder material on top of each layer in an enclosed chamberthsimgalenergysupplied
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 thi mdksmmersteed byma pdawdee r a n ¢
deposition systerf80] [31].
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Figure2.6. A typical Selective Laser Sintering Additive Manufacturing (SL8M) set up
[32]. (Reproduced with permission from ré82]. Copyright 2014 Elsevier.)

Figure 2.6 shows the schematic diagram of a SAM setup. The SLSAM system
contains laser, mirror scanner, roller, feed container, build cylindet aatimosphere. 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 pointtisatcthe 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 saatoedjust the
focus of laser on each layer and determine thehh@fjpowder bed. The process continues
until the final 3D product is obtained, and allowed to cool down, and tsitered powder
is removed. Lastly, the product is taken out from the priB@r[31].

The products manufactured by this method have high dimensional accuracy, which
depends on several paramegarsh 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 eacnthyer

dependent on the laser beam der88]. Thee must be adequate supply of laser power to get

14



a highquality product with better sintering between the layEigure 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 seguré2.7b). Hence, the energy

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

Laser speed
(a) :
|:> (b) Laser
beam
Laser
Radiation and power
convection " |
Reflected Lower laser power
radiation
Sintered
area Unbound
powder =
" : ayer
< Conduction =g Vs

@ Transmitted radiation
@ & & Higher laser power

Beam speed . . Layer boundary
(C) i Beam offset
Y/
Contour lines ——— == ;7( ______  Hatch
distance
________ {_ PR Sy
Hatch lines Heated powder
Layer bed
thickness I =

Sintered layer

Figure2.7. SLS system: (a) Effect of laser power on the sintering process of powders, (b)
Effects of lower and higher laser power, (c) Hatch dist488¢ (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 uni3dig&3] [34].

(2.1)

where,ED is energy densityP is the laser powe is laser beam speed,is laser beam
diameter, andt is hatch distancd~{gure2.7c). Hatch distance is the spacing between asei

beams.
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The powder can be fused together following different binding mechafB&h85] [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 temperatiré§ and below the
melting temperatureY . 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 carac 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 foYitgiwhich acts as a binder
between the particles. This produces fullskenbjects.

(c) Liquid phase sintering 1 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 teltitsgneemperature,
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 thetiples. 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 mechanismmtterial is melted completely by the
use of laser power. This results in nearly full dense objects, good mechanical properties

and prevents the lenghty pgsibcessing steps.

Some of the advantages of this method are as foll®vys

0] It is one of the faster forms of 3D printing.

(i) Support structures are not required since the parts are supported by the material
powder.

(i) Multiple components can be nested within the powder bed to speeddystion

(iv)  The restution 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 maturiproductssuch as TPU,
polystyrene (PS), polyester block amide (PEBA), PEEK, and blends of polyamide

(nylon), including glasseinforced grades.
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SLS has the following shortcomin{¥7]:

(i)
(ii)

(iii)

Due to the higltost of laser, the machine can be expensive.

Limited availability of different types of thermoplastic powder materials to make

the parts.

The manufactured products may have porous surface finish which requires post

processing.

In summary, the workingprinciples, advantages, and disadvantages of the additive

manufacturing methods discussed above are preseniadlie?.1.

Table2.1. Summary of different 3D printing methods.

Method Materials Principle Advantages Disadvantages | References
Processable with a de
variety of materials,
_ Surface roughness
can produce muki
_ _ rather slow
Filament form material structures, low _
. process, restricted
of PLA, ABS, maintenance costs, no| )
_ . . dimensions,
FDM TPU, PC, Extrusion toxic chemicals [14] [15]
_ ) appearance of
Nylon, PEEK, involved, rapid _
_ voids and lower
glass, metal. production, overall )
mechanical
tolerance of 0.1 mm, _
_ properties.
and easy material
change.
Huge application areag
Ink form of such as photonics,
plastics, microelectronics, Requires post
DIW ceramics, food| Extrusion advanced ceramics, | processing, low [15] [25]
living cells, micro fuel cells and resolution.
composites batteries, sensors, and

biological applications.
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Powder form Rapid production, high| Expensive,
of metals, dimensional accuracy, | limitations of
Powder bed _ _ [31] [33]
SLS polymers, _ resolution around 0.1 | thermoplastics,
_ fusion . [37]

ceramics, and mm, support not requires post

glass. required. processing.
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, advantagésjitations
of some of the widely used materials is presented. The materials reviewed in this paper are
highlighted inFigure2.8.

Additive Manufacturing

FDM [ DIW [ SLS

PLA | |Hydrogels —|Pol
| -
£ — TPU | |Liquid
= —[PVA Polymer Polystyrene (PS)

~ —- || Colloidal —| Metals
Suspension

Figure2.8. 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 s|&aF{3@ie It
has been extensively used in pharmaceutical and biomedical appli¢d@hredectrochemical
energy conversion and storgdgd], packaging and tissue engineerjag], fabric and fashion
industrieq14] [43] [44] [45].
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PLA is manufactured by processing and polymerization of lactic acid monomers which
exist in two optically act i wshownaiigure2p{délat i ons
[47] [48]. The weight percentages of these isomers directly influences the crystallinity,
mechanical properties and degradation characteristics of49]Alf the content of D ismers
is less than 2% in the-D blends, then a highly crystalline PLA can be obtained whereas if it
is higher than 20%, a highly amorphous PLA can be prod4d@d50]. Hence, these lactides
are mixed in an appropriate proportiorptoduce either senarystalline PLLA (polyL-lactic
acid) or amorphous PDLA (polR-lactic acid) by a ring opening polymerization process.

o o
OH OH, ,J
\-\ .____...--.-«.._\___._ '\\ ._____,.--- H CH:L D CH!
H  CH, cH, M HO n 0/\/
L-Lactic acid D-Lactic acid 0 CH, 0

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

weight PLA formed by ring opening polymerization (rigfty].

The lower glass transition temperatuf® £ 607 6 5 ), mel ti g tempe
1701180 ), |l ower coef f i[40] amdchnoradhdrende koehe pniatihg e x p a
surface makes it a suitable candidate for 3D printing purp#s[51]. Its production
consumes carbon dioxid®2] [53] and does not produce toxic or carcinogenic efff2s It
requires 25% 55% less energy to prade than petroleurhased productfs4]. 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
geometrieg14] [55]. However, the properties such as low thermal stability, high degradation
rate during processing, brittle in nature with less than 10% elongation at[54¢$k6], low
toughness and moisture sensitivity limit its applicati@ig [57]. Soft PLA (PLA + softener)
provides better elongatieai-break properties (up to 2009&8]. It is a potential candidate
because of its availabif 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 mnj59]. Therefore, it isuitablefor parts with fine details.

Figure2.10shows the Differential Scanning Calorimetry (DSC) curve of a 3D printed PLA

material exhibiting the first heating cycle, cooling cycle and second heating cycle for

19



exothermic process in an upward direction. The spectra determines important features of semi
crystalline thermoplastic PLA, such as glass transition temperajrexothermic cold
crystallization temperatufé and as s o c i dQ, endothemctmieliény tpnyperature

“Yand entOh[89] phe samplei$§ i r st heated from 40 t o
from 200 to 40 at heat i n[@0]. @oiddrystalbzatibni ng r a
peaks are visible when the polymer chains do not get enough time to fullydgeta 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 materii@l]. Sometimes, first heating cycle is performed to

remove the thermal history pexisting on the samplg2] [63]. During the second heating

cycle, two endothermic melting peaks (as observed in[B4}) can be seeat ~158 an
~ 1 6 6which has been formed due to the presence of multiple crystalline statesi(d U) o f
PLA during thermal cycling39] [65] [66]. The first peak present at the lower tergiure is
associated with the melting of the UNj cryste
whereas the second peak at higher temperatur
the melting of the UNjifnotrom G nfdo rim sicGrng dthees £t ail

transition[66].

1
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Figure2.10. 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%635% acrylonitrile (A), 5% 30% butadiene (B) and
40%7 60% styrene (S)67]. The chemical structas of these monomease shown irFigure
2.11 [68]. Two different phasesfABS terpolymer exist: a continuous phase of styrene

acrylonitrile (SAN) and a dispersed phase of polybutadiene as shdviguie2.12 [69].

S
A B X
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Figure2.11. Monomer units constituting the ABS filamd8].
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Figure2.12. 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 prdd0¢ist
has good dimensional stability, impact strength, abrasion resistance, low coefficient of thermal
expansion and can withstand many chemical read@@fsin addition, it is easy to spe but
tough to break, as it melts and becomes plii
which makes it suitable for 3D printif@4]. The matrix composition, molecular mass, type of
rubber, rubber particle size, grafted rubber structure, additiverpmolume 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-stigoture. It
is hydrophobic and shows an absorptibomto 1.5 % of water upon storage in aqueous media
due to the presence of residual emulsifier and the polarity of the nitrile side géugshas
a elongation at break in the range af 30 % and flexural strength up to 48110 MPa[8]
[71]. It has the following limitations:
(a) It does mt attach satisfactorily to cold print beds. This resuldistortedproducts.
Hence, it is suggested to[ldleep the bed |
(b) Fumes are produced when this filament is melted during extrusion in the nozzle,
which is not safe to breathehTat 6 s why the printer sholt
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 cop¢RZher
[73], which is synthesized by the reaction of polyols with aliphatic or arordigsocyanates.
The polyols may be etherester, and carbonatbased 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 diphenylmethé&daliisocyanate (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 crosslin34] [75] [76]. The chemical structure of the materials showing
the hard segments and soft segments are sholigune2.13. Its properties vary from being
a highperformance elastomer to tough thermoplastic polyji#igr[78]. It gets its rigidity and
hardness from HS domains whereas the flexibility and elastomeric behayaimesl from SS
domaing79]. It is used for high tensile strength, abrasion resistance, tear resistance, low
temperature flexibility and high versatility in chemical structyivds. It can be used in several

applications such as textile, footwear industry, tubing, biomaterials, and adhesives.
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Figure2.13. (a) Chemical structure of TPU consisting of hard and soft segments, (b) Schematic
structure of TPU76]. (Reproduced with permission from rgf6]. Copyright 201 dohn Wiley

and Sons.)

TPUOGS easy printability has made it a goo
provides high flexibility, and strength to the final products. Likestelastomers, it is melt
processable, recyclable, and elastic. It can be processed by compralssiorand 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 ssftrubber or as hard as rigid plastic; thus, TPU bridges the
gap between rubber and plagBd]. TPU suffers from the following limétions:

(@) Its production is highly dependent on nm@mewable fossibased polyols and
isocyanates. The gradual exhaustion of conventional fossil fuels makes its applications
limited unless it is produced from renewable sou[82%

(b) It has lower thermal stability and mechanical strerfi@g#.

2.3.4.Poly(vinyl) alcohol (PVA)

Polyvinyl alcohols are netoxic, watersoluble, biedegradable, bicompatible, semi
crystalline, and synthetic polymers which are prepared by polymerizing vinyleaf@tatving
the hydrolysis or partial hydrolysis methd@8d4] [85]. Therefore, it can belassified into two
groups; fully hydrolyzed PVA (FHPVA) (1i2 mo | % a c ¢andpardallychydmlyzeds
(PHPVA) (16115 mol % a c g86]laTthe chamica strpctudes of FPVA 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 industf38] [89]. PH-PVA is used in packaging for bleaches, bath
salts, insecticides, and disinfectaf86]. 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, flexibilyength, and adhesiveness. It is

an odorless, tasteless, translucent, white or cia@ared granular powd¢0].

CH>— (|:H —CH;—(|3H—— CH;—CIH
OH 0 OH
14 | n

Jm

Figure2.14. Chemical structure of PVA: partially hydrolyzed (left), and fully hydrolyzed (right)
[87].

The thermoplastic PVA haa glass transition temperature 6f = 34 |, melt

temperature of 174178 , dens i t yQd&mofa [91][92], afd. p@niing temperature

of 19071 220°C, which makes it a suitable candidate to beduse 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 aradits in complex components and prototypes

[93] [94]. PVA has been extensively used in textile and paper indugi¢spharmaceutical

industrieq95][96], and tissue engineerijg7]. A few limitations of this polymer are:

(a) Storage: Since PVA is hydrophilic in nature, it has a tendeatwybsorbing any form of
moisture even from air and the final print can bubble or crack, degrading the final quality
and strengtli98].

(b) Expensive:lt is expensive in compariaowith most typical polymeric filaments. It costs
around two or three times as much as PLA or ABS filam@ais

(c) Clogging and oozing:Sometimes PVA can clog the nozzle.Héttemperature 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 processis also suggested to remove any unused PVA from
the printer when it is not in use to protect it from the exposure to huni@Bir

(d) It does not have ceddhesive propert}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 thousanaind 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 temperaturéeThigher molecular weight PEGs are waxy white

solids. PER2 000 has a solubility of about 60% in w
on its molecul ar wei ght a[ddd][162} his bidcangatibee p |l at €
[103][104], yields norimmunogenicity, nofantigenicity, protein rejection, and ntoxic.

That 6s why it has rgsaarcheesthe ghenpcal Istaucturetisyshoawmo n g
Figure 2.15. It is most popular in pharmaceutical indussti tissue engineerindg05] and

medicals. PE&ased wound healing especially in diab&tounds causes skin cells to grow

faster and accelerates the hea[ib@g].

HO-(CH,CH,0),- CH,CH,OH

Figure2.15. Chemical structure of PEG.

The properties of the materials used in FDM 3D printing are summaridedim?2.2.

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

Materials Mechanical Thermal Chemical References

1 Optically active

} 1.21i 1.25g/0a |"Y:451 60 configurations: Li lactide | [14][47]
0 217 60MPa “Y 117011 8 0 | and Di lactide. [50][107]
E:0.351 3.5 GPa YO =93.6(J/g) | T1Optically pure PLLA and | [108][109]
N: 2,51 6.0 % ¢ =i 30 ) PDLA are crystalline. | [110][111]
, .651 157 MPa 9 If the content of D isomer

PLA 0 : 2.50 GPa is less than 2% in the-D
L 4. 2 Qi blends then a highly

crystalline PLA can be
obtained whereas if it is
higher than 20%, a highly
amorphous PLA can be

produced.
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ABS

} 1.01i 1.20gh &
g : T 326MPa
E:0.17 2.4 GPa
N2 3T 20 %

, 487 110 MPa
0 :2.250 GPa

IZOD impact,notched:
106 J/m

“V: 1057 110
V:2301270

1 SAN determines the
chemical properties of
ABS.

1 High resistance to acids,
alkalis, fats, or aqueous
solutions of salts.

1 Hydrophobic.

9 Contact angle between
ABS and water is 81.0 £
0.6°.

1 Insoluble in paraffinic

hydrocarbons.

1 SAN phase is soluble ir

halogenated hydrocarbon
aromatics, esters, and

ketones.

1 Oxidizing agents,

especially inorganic acids
break up the chains and
cause degradation of th

polymer.

(8]
[14][16]
[69][71]
[112]

TPU

} 1.10g/cn?
g: 50
N: 550 %

© ¢68.9 MPa

MP a

Y133

MFI = 32 g/10
min
U = pérl

mm/mm/ °C

1 Semicrystalline, and

hygroscopic

1 Can be polyethelbased or

polyesterbased.

1 Etherbonded compounds

are often poorly
biodegradable.

[113][114]
[115]

PVA

] = a7 g
817. 84 MRa 1
E:5.60 £ 0.26 MPa (at
10% strain)

MFI= 39+8
g/10 min
Y:34

Yo 178

1 Hydrophilic polymer with

excellent biocompatibility.

1 PVA with low degree of

hydrolys (DH) shows

[91][99]
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(mm/mm)

n:2.18 N 0.6 =

higher solubility in water
at low temperature.

PVA with highDH, must
be heated above 70°C to
dissolve in water.
Residual acetate groups
(hydrophobic in ature)
weaken the intra and
intermolecular hydrogen
bonds of ad|]j

groups.

Note:y; = Density; 0 =

Flexural strength; [, = Flexural modulusd. = Impact strength;J|| = Glass transition

temperature;4||D = Melting temperaturei?’ﬂD = Melting enthalpy of 100% crystalline

Tensi | " =Tensleeclomyationd, =E

polymers;c = Crystallinity;

expansion.

2.3.6.Hydrogels (Ink) for DIW

= Te

M Ebdefficent Mdihear thérhad w i n

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

solvents as shown iRigure 2.16a [25]. Valentine et. al[116] prepared two types of ink:
insulating ink and conductive ink. For insulatiing, they mixedTPU (Elastollan soft 35A) in

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

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

then silver flakes, and APS 2 pm (Inframat Advaned 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. a[117]i mmer s e d

When the water started boiling, hexadecylamine (HDA) and copper chlé 6 A& 0

a

bottl e

containing

wat e

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

bl ue, -dlucase (Mdrck)vas added, then the color of solution changed from pale brown

to dark brown. After stirring for 6 hours, the solution was removedfoil bath and

centrifuged, and hence the ink was ready to use as shdvigire2.16b.
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Wang et. al[118] prepared electrode layer ink by dissolving TPU (Elastollan 35A,
BASF)inDMF at 1: 1.5 ratio of TPU:DMF. Then, sil
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 aGll€ was
reduced to < 100 em, and then mixed with car
of DMF). This solution was mixed thoroughly, and a porous and conductive ink was obtained.

Lacey et. al[119] produced additivéree and aqueous carbbasednk 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 hi gh ¢ onc e n trintabteinlowith sbearthnniigd 0 mm.
behavior was produced as showrFigure2.16¢c. The produced ink was used to 3D print a

complex structure, stacked mesh structure.
Ink formulation Ink Rheology

Solvent ¢B; A eometer
e e )
7 N &

(a)

Figure 2.16. Images showing (a) Ink formulation and rheology for DIW 3D prin{i2g]
(Reprinted with permission from rg5]. Copyright 2019 American Chemical Societyh)
Ink formulated by using copper nanowires, HDA and wHt&7] (Reprinted with permission
from ref.[117]. Copyright 2015 American Chemical Societand (c) Image showing the pge
of preparing the additive free ink using holey graphene and \\&k6t. (Reproduced with
permission from refi119]. Copyright WileyVCH GmbH.)

The compositia of inks determines the mechanical properties, resolution, and
conductivity of the printed electronics. The inks must possess two important characteristics:

shear thinning behavior and viscoelastidity0] [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 fideshape of object after printing due to its higher storage modulus
and yield strengtt{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 stteissgfeater than yield point

(T oftheinks. The relationship between shear stress, shear rate and viscosity can be expressed
by Eq.(2.2).
U = ¢ or (2.2

where,d is apparent viscosity, is shear rateK is viscosity parameter, amds the power law

exponent.
10° ey ey
= AGTPU ]
TPU ]
v
o
o .
31?; -
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o}
L ]
o
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o 1
a 3
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A m .....mb. 2 e e
Shear rate [57]

Figure2.17. Rheological behavior of TPU ink prepared for direct ink writing of soft electronics

[116]. (Reproduced with permission from rgfl16].Copyright WileyVCH GmbH) (For

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

version of this article.)

Theinks having lower viscosity extrudes easily from the nozzle but have to be cured
rapidly to retain the final shape. TPU ink having low viscosity, arqumdto p 11 Pa.s, was
extruded through a 200 em nozzl e whdentdf beha\
the shear rate) (shown by blue curvd-igure2.17). After printing, the product was cured at
80 wi t h iThe inks havimgwsear thinning behavior exhibits lower viscosity with
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increasing shear ratés(n < 1). This type of rheologit 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 cukigure2.17)

and become gdike 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 becausksdfght weight, excellent
mechanical properties, superior flexibility, low moisture absorption, chemical resistant and
good dimensional stabilitjl23]. Many forms of nylon are available the marketsuch as
Nylon 6, Nylon 11, Nylon 12, Nylon 46, and Nylon 6,6. The sergstalline forms of nylon
such as Nylon 11 and 1EiQure2.18) are easy to sinter using the SLS method.

D s
~FtcHat

Figure2.18. Chemical structures of Nylon: Nylon 11 (left) and Nylon 12 (rigfh2y].

O

ZT

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

Firstroute:1 n t hi s process, Hanielayioaciy, a miuncienatenamer o N C

with oneamineandonecarboxylic acidgroup takes place ahown in Eq(2.3) [124]:

€00 00 6000 0O 6000 ¢£00 (2.3

Second route:In this process, a ringopening polymerization of laurolactan at 268 0 0

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 oxéttizioely faster

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

commercial production as shown in Eg4) [124].

¢ 6°0 60600 80 6000 (2.4)
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The melting temperature of nylon 11 and 12 is 17208 0 : Nyl on 12 1is
industries including as films for packaging materials in the food indystermaceutical and

medical fields, sintered powder for coating metals, textile industry amy wthers.

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 recrystadliand achieve better products by the proper
fusion of newer layers with the older or{@25]. Similarly, molecular weight ian important
aspect to consider whit@nteringpolymer. It affects the melting viscosiiyd 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):

- Qb (2.5)

where~ is the viscosity of polymekis constant, and is molecular weight. Every polymer

has its critical molecular weighi, . If 0 0 hthenn=1, and if0 0 hthenn=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 E(2.6) andFigure2.19[126].

W o, O (2.6)

where,, w & &are the surface tensions of the polymer materials and the time required to
scan a dot by the laser, respectivelys the radius of powder grains, ards the width of
sintered layers between the particleswlfi  T@®hit was proposed that sintegprocess has

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

Figure2.19. Frenkel sintering model (Modified after r§f26]).
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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 useof different additive manufacturing (3D printing) methods is in its icyathey
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 ethanical, 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 technolpn fashionand 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 BendLay107]. They printed weft knitted structures as showifrigure 2.20.

The knittedstructure was printed using BendLay and with support material. It was realized that
support structure was hard to remove, chhilestroyed the model as showrfFigure 2.20a.
Hence, they concluded that it was not possible to print a fine model by FDM. However, using
soft PLA andwithout support material, they could obtain the structure having separated loops
and exhibiting similar properties to knitted fabrics as showFRigure 2.20b. The surface

roughness and fine fibers between loops could be easily observed on a macroscopic level.
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Figure2.20. Weft knitted fabric structure 3D printed by using FDM method: (a) BendLay with

support materials, and (b) Soft PLA without support matefi03]. (Copyright 2014 10P
Publishing Ltd)

Spahiu et. al. designed a 3D model of fabric as shoviguare2.21a, in which the
shape of structure is an ar rngdinmeesopmtof30mm nega
x 130 mm[127].A structure having negative Poissonos
used the material, FilaFlex manufactured by Recreus with shore hardness A82 to fabricate the
lattice structures. They printed several lattice structures and then using aDikad® Pen,
all the parts were joined with each other in a definite pattern. Finally, a complete 3D printed
dress was obtained as showrFigure2.21b. However, they concluded that more research is

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

s ]

OO

(2)

POPPOODP

7%
%227 % %

s

130 mm

Figure2.21. FDM 3D printed fabric structure: (a) 3D modeled lattice structure for fabric, and

(b) A complete 3D printed dress over a manneddi?7]. (Copyright 2020Journal of
Engineered Fibers and Fabrjcs

Kim et. al. 3D printed unit cell of fabric structures using TPU as main building material
as shown irFigure2.22a [128]. Their fabric design was inspired by the spider web and used
triangles of different sizes and shapes. They designed the final silhouette ofbthdDio
printed clothng using the software, Rhinoceros and then modelled the fabric structure by using
another software, Grasshopper as showhigre2.22b. After 3D prining of the unit cells,
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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 manufactdress is shown iRigure2.22c.

5 D
(b) ORY v,
y
nd I

(a)

TR ‘:-\.' Y -.
Figure2.22. (a) 3D printed unit cell of fabric, (b) Design oftbe-3D-printed clothing, and (c)
A complete 3D printed dress over a traditionally manufactured {t28% (Copyright 2019

Fashion and Textilgs

Uysal and Stubbs used a combination of different materials, PLA andH@MM 40,
to 3D print textile like structures using the 3D printer X400 such as gloves as shdwguire
2.23 [129]. LAY-FOMM 40 is made of rubbezlastomeric polymer and PVA component.
After rinsing in water, PVA disappears, and the remaining part becomes soft, flexible, and
micro-porous. It is Brmless and foedafe[130]. First, they printed the sewing patterkg(re
2.23A) in which the surfaces were printed paliyiakith polygons Figure2.23B and C)and
then the patterns were sewn together to obtain the final 3D form of dloued2.23D). The
authors suggested two future studies regarding joining the printed patterns: ultrasound

technique and 3D printed connections to join the patterns to avoid extra nésals.of
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Figure2.23. (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 gloveg129]. (Reproduced with permiss 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 showFiguare 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 e 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 usé¢ti31].

Figure2.24. 3D printed blouse and skirt by using Kinematics mef{i8d]. (Reproduced with
permission fran [131]. CopyrightNervous System.)
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Beecroft 3D printed textidased tubular structures using SLS metftiB]. 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 amgateios in the knit,
and the compressed and extended lengths were determrigece@.25a and b). This tube has
a compression and extension range ofr88, 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 tuliegure 2.25¢c). 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 struettecovered to its original shagéadure
2.25d).

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 methoelvaeed 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 usinginsulating matrix and conductive electrode inkKkl6]. They used
thermoplastic polyurethane (TPU) elastomers which acted as ingufagtrix. To make it
conductive, silver flakes with di mensions of

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 electriccait. 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
Figure2.26. 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 camctive ink with respective to powdaiw theory for a

percolating network is given liq. (2.7):

8 =6 o 2.7)

where,lis conductivity of composite ink, is bulk conductivity of silvery is volumetric

fraction of silver flakes in dried formy is critical volume fraction at percolation (in dried
form) andsis the powe 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 abovep TTSA [ [116].

(a)

Sensor Arrays

Insulating Matrix

(d)
Functional
Devices

Components K = | |Conductive Trac®

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
andplace of components using vacuum nozzle, (e) Direct ink writing of AQTPU tranckf) a

A functional LED device worn on a fingef116]. (Reproduced with permission from ref.

[116].Copyright WileyVCH GmbH)

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

[132]. They employd GalliumIndium alloys such as eutectic Ga(EGaln) (75% Ga, 25%
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In) asink and extruded over two silicdnbased substrates: glass and Polydimetiigkane
(PDMS) mixed in 10:1 weight ratio. The printing setup is showRigure2.27 (a7 c). The
ratio of the velocity of the EGaln exiting the needle to the stage velocity, v* can be expressed

by:

(2.8)

V¥ = ——

where,Q is flow rate of ink|D is inner diameter of stationary syringe needle \aisdselocity

of stage. They printed novel strain gauges directly on PDMS substrate and then encapsulated
in PDMS for performance characterization. The variation in @sist 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 shayihe stretchability of the printed strain gauges are
shown inFigure2.27 (d i f). This process can be useful for rapid fabrication of inductors, and
cgpacitors with potential applications in sensing, actuating skins, robotics, medical devices,

and stretchable electronics.

Stationary
Dispensing Needle

‘F\ Syringe Pump
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Figure2.27. Direct ink writing of stretchable electronics: (a) DIW equipment, (b) schematic of
DIW process, (c) Detailed crosgctional view of deposited ink, (d) 3D printed stretchable
strain gauge using DIW method. Scale bar is 5mm in length, (e) Comparisaricofmaace
characterization of DIW 3D printed strain gauges at 50 % and 100% strain loops repeated for
5 cycles, and (f) Strain gauges stretched at different sfd88% (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 innovatf8s [133]. The challenges include
representation, optimization, material selection, matetevelopment 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 complextatecture, 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 all@hging 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 matesado 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 Bigs 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, bringoojpmities forinnovatorsand 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 thehallenges 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 éeatype
because of the limitation of substrate material suchaadboard angbolymers. 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 exgiffezent
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, ahoe insole was 3D printed by using muitaterials,
which had embedded pressure and temperature sensor, and mounted with wireless
communications chip for data transmissibrg(ire2.28). The multilayer sensoralong
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 headd.0]. Along with all these challenges, the innovative eyes can see
the opportunities. For example, one can combine 3D printed electronic elements such

as sensors ioompletely3D printed fabrics.
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(b) One of the major challenges is to maintain the resolution ofegrielectronics, 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 electronjt84] [135] [136].
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Figure2.28. (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 indal@]. (Copyright 2018 Optdtlectronic 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 aofddiave 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), aete&ive Laser Sintering (SLS), which
have been discussed in this article. The most common materials used are PLA, ABS, TPU and
nylon. However, aletailedstudy on the mechanical properties of printed fabrics is still not
seen in the literature. Moreovditeraturealso 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, bunh 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 mddd. printable ink for DIW can be
fabricated by mixingiflers, binders, additives, and solventsis useful for a wide variety of
materials such as ceramics, plastics, food and living cells. Hence, it is an extremely versatile
technology. Posprocessing such as drying, heating, or sintering may be redqainedden the
printed part and improve its mechanical properties. It fabricates flexible and wearable
electronics usinginsulating matrix and conductive electrode inkslowever, the poor
conductivity, limitations of material types available, and resolubioB8D printed electronics

are some of the difficultiesFuture 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 Addi ti ve manufacturing Rapid i nt el
Prototyping Journal, vol. 27, No. 4, pp. 6681, 2021.)

(Adanur, S., Jayswal, AGriffin, K.O. andHancock, JLA Addi ti ve manufact ul
knitted and baided fabric structurewith fused deposition modeliagThe Journal ofthe

Textile Institute, 203.)

Abstract

The purpose of this research is to design, 3D print and analyze mechanical as well as
microstructural behavior of interlaced fibragtsucturesA series of plairweave twill weave
weft-knitted and braidedabric structuresare designed using computEded design (CAD)

software Solidworks and printed using Fused Deposition Modeling (FDM) machine to
determine the best model that abible 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 weaviabric structure. Thelain weave, twill weave and braided fabric
specinens were printed in vertical orientaticand weftknitted structure in horizontal
orientation. Ensile and threpoint bending(flexural) tests were conducted for twill weave

and weftknitted fabrics whereas compression test were performed for braidedtstes

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, beaddhgther strengths to

make the 3D printed structures more pexible
on the largescale manufacturing of 3D printed fabrid$is paper supports work on wearable

3D printed fabrics.

3.1.Introduct ion

Typically, fabrics are formed by yarns, y al
[1]. A polymer is darge chaidike molecular structure produced by a combination of many

small repeating molecules called monomi@js T e xt i | e -ligebseuctgres avlmoge h ai r
di ameter is several hundred times small er th
animals and plant§l] [3] and synthet yber s from organi ¢]. and i
Synthetic ybers are manufactured by differer
spinning. Anumbeof ybers are spun together to form

processes such as ring spinning, epad rotor spinning, ajet spinning and friction spinning.
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The characteristics of polymers, fibers and yarns determine certain propertiesias. fabr
combination of warp yarns (also called machilirection yarns or vertical yarns) and weft

yarns (also called crossachi ne direction yarns [4.rTheyl |l i ng
appearance of a fabric depends on the interlacing pattern of warpayarngeft yarns. The

main methods of fabric production are weaving, knitting, braiding, tufting and nonwoven
manufacturing2] [5]. Weaving is the most common method of fabric production which is
produced byinterlacingwarp and weft yarns. Because of the ease of variation in interlacing
pattern, different weave designs such as plaarpwb, filling rib, twill, basket, satin, etc. and

their many variations are possible to produce. A typical modern weaving machine consists of
approximately 5000 parfd]; as a result they are complicatgd and expensive. Since the
production process goes through f f er en't phases | ike yber pro

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 shortcomingshich led to the thought of new methods such as additive manufacturing
(AM), which is also referred to as thrdemensional (3D) printing. 3D printing is not just a
mere emerging technology but also has the potential to become a truly transformative
technobgy within the next few decad¢g]. Its ability to build almost any designable object
[7] increases gfciency, 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 timeconsuming processes in the design and manufacturing stages. It does rextyneed
extra parts and/or accessories to develop and manufacture the products. Therefore, the time and

costs can be minimized with this method.

Figure3.1 shows the comgrison of fabric manufacturing processes by the traditional
met hods and AM met hod. The for mer met hod yr
di fferent yber spinning methods, then, the Yy
intertwined in a ceain 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 edisnatlathe
intermediate steps and manufactures the fabrics directly from polymers which makes it an
efycient manufacturing method. Wi th a CAD m
within a short period of time without utilizing a huge number of warke
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Figure3.1. Comparison of fabric manufacturing: Traditional (left) versus AM Method (right).

Knitting involves the intetooping of one yarn system into continuously connecting
vertical columns (wales) and horizontal rows (courses) of loops to form a knitted fabric
structurg[2]. There are two types of knit structures: weft knit, and warp knit. Weft knit fabrics
are formedby 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 inFigure3.2a. 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 samedge of the fabric. The plain fabric has a smooth face and a rough back. These
fabrics have good stretchability especially in the course diref2ijonWarp knit fabrics are
produced by using a warp beam containing several hundred or thousand ends. Each end passes
through its own nedle 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 indigatesblid

dark line inFigure3.2b.
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Figure3.2. Schematic diagrams showing different types of knit fabric structures: (a) Weft knit,
and (b) Warp knif8].

A braid structure is formed by crossing a number of yarns diagonally so that each yarn
passes alternately over and under one arenad 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
atanangleintdm +d and 1 [6]. Addiamand draiddasghe intersection of yarns
diagonally with a yarn over and under another yarn (1/lateqepattern). 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 paf@rnTriaxial braided fabric has three
different sets of yarns: * braids (xbias) and warp (axialjid®d 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 fornoatiof biaxial and triaxial braid structures are presented
in Figure3.3a and b. Bifurcated braid structures have two divisions of braid structure at one

end as shown iRigure3.3c.
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Figure 3.3. Schematic diagrams showing tslomensional (2D) braids. (a) Regular braid

representing biaxial braid, (b) Triaxial brdf], and (c) Bifurcated braid.0].

The development of additive manufacturing (AM) methods has attracted the attention
of several researchers 8D printing of textilebased 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 profting
fine models, and soft PLA can be used for future production of tddded structurgd 1].
Partsch et. al. 3D printed three different plain weave fabrictateg using ABS and found
that it is possible to print textile structurfl?]. Lussenburg et. ahttempted to design a
wearable garment using PLA with 3D printing and concluded that final product does not
resemble all the taic properties and needs further research to improve tear resistance and
softness of the final structur@s3]. 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
manufacturing14]. Kim et. al. used TPU filament and Ribinted unit cells inspired by spider
web. All the unit cells were assembled, and the final 3D printed cloth was obfabjed
Beecroft dsigned and 3D printed textilegased tubular weft knitted structures using SLS
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method with nylon powddd.6]. 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 methgdshis

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 printng

PLA of diameter 1.75 mm and Dremel 3D45 machine was used to 3D print the plain
weave and twill weave fabrics, whereas Polymaker PolyLitdlack PLA filament of
diameter 2.85 mm and 3D printer, LulzBot Taz Pro was employed to fabricate tHeniitefd
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 documéne S TL y Il es
plain weave and twill weave fabrics were imported to an @oemce 3D printing software
Dremel Digilab 3D Slicer whereas these files of wefitted and braided structures were
imported to an opesource 3D printing slicing software, CuralzBot 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 shownhahle3.1.

Table3.1. 3D printing settings foplain weave, twill weaveyeft knitted and braidefhbric
structures.
Parameters Value

_ _ 1.75 mm for plain weave and twill weave structure
PLA filament diameter ] )
2.85 mmfor weft-knitted and braided structures

Layer Height 0.2 mm
Infill density 100 %
Printing Temperature 225
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Build Plate Temperature |4 0

) 30 mm/s for plain weave andill weave structures
Print Speed

10 mm/s for weft knitted and braided structures

120 mm/s for plain weave and twill weave structur
Travel Speed

70 mm/s for weft knitted and braided structures

3.2.2. Design and3D printing of plain weave and twill weave dbrics

The yarns in printinglirection are called warp yarns and the perpendicular yarns in
crossprinting direction are termed as weft yarns. The nozzle moves in horizontal saxss{X
and prints t hatalpatter and tleey moves upwaregXis) to @rint the next
layer of the fabric. As a result, the warp yarns lie #ax{s (warp direction) and weft yarns in
Z-axis (weft direction). Yaxis represents the thickness of the fabric structure as shown in
Figure3.4.

z PLA filament

!Ly /

X build material
spool

nozzle I P
Z axis wars varms
movement 71’P y
- A

" weft yarns
7

y axis
movement

nt

Figure3.4. Schematic representation of the fused deposition modeling (FDM) set@p for
printing of 2/1 twill weave fabridike structures.

3.2.2.1Plain Weave

Since 3D printing requires a CAD model, a plain weave design was modelled in
Solidworks as shown ifrigure 3.5. The designed structure had the dimens@h83mm Xx
83mm having 17 warp and 17 weft yarns. A solid object made of PLA was 3D printed in a
vertical orientation as shown kigure3.6. The diameteof each yarn was set to 3 mm and the
spacing between two warp yarns as well as two weft yarns was Y = 5SFigorg3.7).
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However, all the yarns were ded together and could not be separated because no support
material was used for this structure.

Figure3.5.
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Figure3.6. 3D printed plain weave with FDM and PLA.

The design was modiyed by increasing the

weft yarns to Y = 10mm with a gap bf= 1mm between their crossing poinEdure 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 proce

vertical and 45° inclination. Since Dremel 3D#achine does not useaterialother 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 froh = 1mm toh = 0.25mm, keeping other values the same. Support

was not provided for the yarns printed which again catisedibers to be fusedt some
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Figure3.7. Detail view of plain weave fabric (dimensions, in mm).
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woven structure made of PLA with separated yarns was obtained. Itphaia wovenfabric-

between two warp yarns and two weft yarns was Y = 10mm. The thickness of the structure was

6.5mm which allows to maintain a gaphtof 0.5mm between the yarns at the interlacing point.
Figure3.8 andFigure3.9 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 uytiform|

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 ymithsut the support in
overhanging position. As a resulthe 3D printer failed to print uniform warp yarns.

Considering all these challenges, it was decided to move forward with a gap@®@bmm at

the interlacing points.




Figure3.8. Final CAD design of plain weave fabric.

Figure3.9. FDM PLA plain woven structure 3D printed in vertical orientation (left) and an

individual yarnseparated from fabric (right).

3.2.2.2. Twill Weave

Next, fabrication of 2/1 twill weave fabr
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 betwettie twoweft 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 separat&tie close observation revealttht the weft yarnsinder
warp were stickingo warp yarns since the spacing was not enough. The warprgaipassing
under one and over two weft yarnghthat its bending with different radius of curvatures at
different locations causea difference in the spacing between th&#nenawarp yarn passes
over two weft yarnssomeof their partsbulges outsideFigure 3.10 shows 2/1twill weave

fabric design.
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Figure3.10. 2/1 Twill design (dimensions in mm).

The design was again revised by increasing the valdefwm 0.5mm to 0.65mm
keeping allthe other valuegshe sameThis increment resulted id = 0.59mm and L = 0.90
mm. After printing, it wasobservedhatthe weft yarnsunderwarp werebarelytouching the
surface ofthe warp yarns andhey could be easily separatedanually This structurewas
pexible,compactandhadloadbearingstrength which wakterdetermined by different tests.

— b 2

Filling vams

1 2 3
Warp varns

Figure3.11. Schematic of 2/1 lefhand twill weave.

Figure3.11 represents the unit cell of 2/1 left hand twill weave design. The columns
and rows stand for warp and weft (ylling) vVya
and under .A\hileYdsigningtlgis fabricrthmee different types of warp yarns and
ylling yarns were used and then assembled ap

A detailed explanation with schematic diagram is necessary to better understand the
i mpl ementation of this design for FDM met ho
weft yarns and then under the thindsdtonwlhé t vy ar
second warp is over the yrst weft, under the
weft and so on. The third warp is under the
fourth, over yf trigure812d8howsithe three saccedsiveswarp gamns used
in the design of 2/ 1 twil!]l weave fabric. Si

warpyartnsand t hen over the third warp, under fo
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second weft is wunder the yrst warp, over the
under sixth and so on. The thirdthetiifdtover s ove
fourth, wunder vy fRgbre3d3skhowsthexhted suecessive walt yaons used

in the design of 2/1 twill weave fabric. The warp andtwefy ar ns wer e assembl e
desi gn. The ynal CAD design ankguré3ie 3D printe
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Figure3.12. Warp profiles of 2/1 twill degn: (a)first warp yarn, (b) second warp yarn and (c)
third warp yarn.
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Figure3.13. Weft profiles of 2/1 twill design(a) first weft yarn, (b) second weft yarn and (c)

third weft yarn.
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Figure3.14. CAD model and 3D printed 2/1 twill weave fabric. (a) and (b) CAD design, (c)

and (d) 3D printed fabric andseparated yarn.

3.2.3.Design and 3D printing of weftknitted 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 shéwjuie3.15a. A

CAD model of a single loop ishewn inFigure3.15b. Using the liear 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 asandle

horizontal rows as coursesigure3.15d).

(a

N’

(b)

27.14
24.60

R R A R AR R R R R R AU RR SR RS AU AR R RN AU
R R R AU R R R IRCRE IR RE SRR IRURE IRURR RUREUAU
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9000p0p0y0p0,0y0,0,0,
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Course Direction
Figure3.15. Computeraided 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

Wale Direction

fabric. The dimensions are given in millimeters (mm).

The 3D printed individal yarn andweft knittedfabricareshown inFigure3.16. 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 printesiware 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 Eigant 3.16 a-e). The

tensile and flexural test results of the weft knitted fabrics are presented in Se8tin
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Figure3.16. Additive manufacturing of weft knitted fabrics. (a) 3D prlnted smgle yarn, (b) In
plane stretching of the yarn, (g}-plane bending of the yarn, (d) Goft-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 designetd havea yarn of circular crossection 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 SolidW®rkgersion 2021, Education
Edition). The design and CAD model of a diamond braid is showigure3.17. The design
and CAD model of regular, Hercules, triaxial and bifurcabedids are included in the

AppendixA.
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Figure 3.17. Design and CAD modeling of diamond braid falstoucture. (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 materias&lsamples were printed in vertical
orientation. The support material was used to print the bifurcated braid arti@ftempletion

of theprint, it was removed manuallifzigure3.18 shows the printed samplegde withPLA.
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Figure3.18. 3D printing of different designs of braided structures made of PLA. (a) Diamond
braid, (b) Regulabraid, (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 temstirength in each directioASTM D382201 standard
test methodvas 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 lengthand kN | oad cel l at a yxed |l oading
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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,lpad@nd t he tensi |

modulus ©O). Tensile stress at maximum load was calculated using the following equation:

- (3.1)

where,”O s the force at maximum load aAds the crossectional area of the yarn.

For tensile and threpoint 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. Themensions 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

calculaed using the following equation:

0O (3.2)
£20

where,nis the number of yarns (warps or wefts).

For 3point bending tests of the 3D printed fabrics, ASTM D190standard 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. Thermaxim

nor mal b e x upoiatlbending te& sas beiwritten3as:

g0 0 (3.3)
cLO

where,;,O i s the force at Lmathkeilemyihnof shpport spamis thel o a d

width of specimen, ands the thickness of the specimen. The maximum straivf the outer

surface at migpan was calculated using the following relation:

. @0 (34
0
whereii s t he pexur al di spl acement at maxi mum
elastictyOi s the ratio of pexur al stress to the

on the stresstrain curvewhich can be calculated as
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0 & (3.5)

T00
where mis the gradient(i.e., slope)of theinitial straightl i ne porti on of the

curve.

3.2.6.Mechanical testing of 3D printed weftknitted 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 loadin
rate of 3 mm/min using Instron 55@Biversal testing machine with 5 kN load dellowing
the ASTM D503511 Standard Test Method for Breaking Force and Elongation of Textile
Fabrics (Strip Method]18]. Theforce-displacement graphs were obtained. The experimental
set up of the tensile test is showrFigure3.19. The tensile test in the wale direction is not
performed because the length of the fabrithis 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 (3point kending) tests were performedboth 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 BlrBStandard 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 showigure3.19.
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Figure3.19. Representative mechanical test set up of knitted fabric structures. (a) Tensile test

set up, and (b) Flexural {@oint bending) set up.

3.2.7. Mechanical testing of 3Dprinted 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 obifurcated braid was 62.50 mm, outer diameter 40 mnuamdeter of individual
yarns was 2 mm. Compression test was performed using Instron 5565 univéngaiashine
with a compressive load rate of 2 mm/nfollowing the ASTM D69515 Standard Test
Method for Compressive Properties of Rigid Plasf}]. This test method is suitable for
testingunreinforced cellular material¥he braids bulgedutside somewhere halfway of their

height.A representative compression test omtbad braid is shown iRigure3.20.

Figure3.20. Representative compression test on diantad.

3.2.8.0ptical microscope analysis
The crosssections 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 analyzeduosiptical
mi croscope. |t was found that the yarns ar ¢
direction and | i-pkinting difealiontThigcorgrastsin sitture causea she
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 cresstional materials layer upon layer,
which resulted in nowminiform and rough surfacdbat 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 rekung 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
neighborng layers can be easily differentiated from each other, and the valleys formed at their
fusion lines can be observed, which means that thelayer fusion would not be strong.
Figure3.21 shows optical microscope images at 500 pm resolution. It was also observed that
few warp yarns had an additional polymeric material attached as shéwgune3.21 (c) and

(d), which may be due to the printing defects.

v R
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Figure3.21. Optical microscope images showing the details osthéaces of 3D printed 2/1
twill structures. (a) Top view of the printed twill structure showing the continuous and short
ybers in warp and weft yarns, respectivel vy,

weft direction, (c) and (d) Printing dedts in some warp yarns.

The microscopic examinations of the printed twill fabrics also revealed that the yarns
contain voids in the crossections as well as on the surfaces. Voids in FDM are caused by
many factors such as nozzle size and shape, lagatations, cooling rate, melt flow pressure
and velocity gradienf®0]. The voids play a major role in weakening the structure andajevel
crack initiation due to stress concentrations. The bonding of a layer with its neghbouring layer
is highly dependent on the energy of senalten polymerand thus, the temperature of
successive layers is important to achieve a good quality of Bagute3.22 shows intetlayer
bonding and voids in 3D printed warp and weft yarns at their @@stsonsand surfaces. In
warp yarns, the voids look likdnannels between the layers and a number of voids are present
at their crossections. 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 therasssections 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 numberscanadid

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 idégrer bonding and voids at
longitudinaldirection and crossections of warp and weft yarns. (a) ink@yer bonding and
voids in crosssection of warp yarns, (b) intéayer bonding in crossection of weft yarns, (c)
inter-layer bonding and voids on the surface of warp yarns, (d)}leyer londing and voids

on the surface of weft yarns.

The microscopic analysis of the yarns of weft knitted and braided structures were
performed using opticainicroscope (OM). The yarns were printed with a mixed form of
filament deposition continuous filament deposition in printing directiamd short fibes
deposition in crosgrinting direction. It can be seen kigure 3.23a that the crossection of
theyarn contains voids as indicated tne arrows.It can also be seeifrigure3.23b) that the
deposited neighboring layers can be easily differentidtexl topeaks 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

relativelysmall loads applied.

Voids in FDM are caused by many factors sashnozzle size and shape, layer

orientations, cooling rate, melt flow pressure and velocity gradj@dis 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 semmolten polymer and, thus, the temperature of successive layers is impmrtant
achieve a good quality of bond. The number of voids and their sizes must be reduced to improve

the mechanical strength of the structure.

(a)

Figure 3.23. Representative optical microscopic images. (a) £sestion of a yarn, and (b)

longitudinal surface of a yarn.

3.3.2.Mechanical Test Results

The stresstrain (for uniaxial tensile tests) and fowtisplacement (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 crosrint directions. The shape of the curves varies from nearly
linear elastic behavior at first followed by nrbtnear response due to plastic behavior in both
warp and weft directions. Thearp yarns showed elasiitastic 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
deformationwhere the tangent modulus starts decreasing. The weft yarns showmaestc
deformation with limited ductility. They exhibit permanent deformation under the influence of
small strains in a relatively small plastic region where the tangent moduliesasesr 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 structufed].

Due to weaker intelayer bonding, the failure strains for the 3D printed weft yarns and
twill fabric structuresn 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 20% under tesile

loading and between 8 mih2 mm under flexural displacement. This is because the warp yarns
are made of long and continuous bundles of fine layers, called fibers, sticicto each other
better. As a result, when a tensile load is applied alongaheaxis, 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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Figure3.24. Mechanical property testing of 3D printed twill fabric structures: (a) Stteam

curves for individual warp yarns, (b) Strestgain curves for individual weft yarns, (c) Stress

strain curves for twill fabric in warpigection, (d) Stresstrain curves for twill fabric in weft

direction, (e) Forcel i spl acement
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The average values of the test results of the maximum strengihs and stiffnesses

'OHRO for the printed yarns and twill fabric structures from PLA are tabulat&dlie3.2 for

tensile tests and imable3.3f or
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test s.
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yarn

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 siefjlgarn 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
ekutal streagth foa tivik fabricovassraaller e d

per manently defor med.

t

than the fabric tensile strength; hence, this twill structure could fail under bending force easier

than under tensile load.
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Table3.2. Average tensile test ressilbf the 3D printed warp yarns and 2/1 twill fabrics

Sample Number of yarng & A - 0A % - 0 A
Warp yarn 1 23.20 29.54 415.12
Weft yarn 1 14.03 17.86 628.32

Fabric (warp

o 15 381.02 32.34 609.07

direction)
Fabric (weft

o 15 120.03 10.19 532.28

direction)

Table3.3. Average 3point bending flexural test results of 3D printed 2/1 twill fabrics

Sample Number of yarns & A - 0A % - 0 A
Fabric (warp

o 15 14.165 1.842 28.520
direction)
Fabric (weft

o 15 8.785 1.147 35.196
direction)

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 irFigure 3.25, which is commonly observed in fabric structuf2$]. The force

displacement graphs of 3Winted weft knitted fabrics are shownkigure3.26. The shape of

the curves variefom 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 tlezlkadp. The head
expands elastplastically 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 happertss type of behavior of the fabric structure is

shown inFigure3.26a.
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Figure3.25. Fractured weft knitted fabric specimen during tensile test.

The tensile displacement can be observed in the rangeiof32nm. 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 f&.nearly 250
N. On the other hand, the flexural tests show that the maximum load applied is in the range of
157 22 N in the course direction, and B®5 N in the wale direction. The lower amount of
flexural force compared to tensile load demonsttahat the fabrics could experience failure
easier in flexing. They provide less strength ina@iyplane 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 #t this is sufficient for enough flex and bending for several applications
such as filtration, artificial knee joints and geotextiles. The weakerlaer bondingand

voids are the reasons for lower mechanical strength in the specimens.
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Figure3.26. 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 desigrepmpressive foredisplacement graphs

of 3D printed braids are shown Higure 3.27. The averagenaximumcompressive 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 displacenmsaxiatum

loadis 5.04 mm for diamond braids, 3.75 mm for regulraids, 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 foifarcated braids. The compression test results showed that these
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structures can bear significantamount of load before complete failure and can be used for

shock absorption applications.

Braid structures have several yarns arranged in a circular dodl lpaittern. 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 permanerdeformation occurs, a yarn tares 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

compressivdéoading as shown iRigure3.27.

Diamond braid has a pattern of 1/1 in the unit cell. Therefore, if one yarn breaks, then
the whole structure collaps@s shown ifrigure3.27(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 irFigure3.27(b). The same is true for Hercules braid, which is Big§yre3.27(c)).
Triaxial braid has yarns in the loading direction which are brittle; therefore, their failgesca
a rather sudden drop in forcEigure 3.27(d)). The bifurcated braid has also 2/2 pattern like
regul ar br ai d; Figuredi7@)sis swniay to that of regularrbraid.  (

(a)l 500 Diamond Braid - Compression Test
o S - -Specimen 1
/ -+ Specimen 2
g el —Specimen 3
3 ..
5 e
=500 S
., ~‘f\~-‘., .. ‘_:
O L 1 L L N ' . \
0 5 10 15 20 55

Displacement (mm)
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(b)1500 Regular Braid - Compression Test

~ 1000 F
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(©) Hercules Braid - Compression Test
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(e) Bifurcated Braid - Compression Test

1000
800 F
Z 600 }
§ --Specimen 1
o 400 Specimen 2
200 —Specimen 3
0 1 L 1 L L L 1 L 1 L 1 L

0 5 10 15 20 25 30 35 40
Displacement (mm)
Figure3.27. Compression test results of 3D printed braid structure®iéahond 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 suchlam weae, 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 anbraid designs wer8D printed in vertical orientation. The
mechanical properties of the printed samples were studied using ,teffesileral, and
compressionest methods. fle microscopic structures were analyzed using optical microscope
(OM). The resultshowed thathe warp yarns are stronger than the weft yarns, which results in
a stronger fabric in warp directiolh wasalsofound that the knitted fabrics had good flexibility
in both course and wale directions, but the flexural strength in cours@afirecsignificantly
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. Howevtre fabric structures still need
improvements to increase the tensile, bending, and other strengths to make the printed fabrics
mor e pexi bl &heaenfarmasce of thesg sructures amobe improved by using

a combination of different matais to increase the mechanical properties.
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Chapter 4
Effect of heat treatment on crystallinity and mechanical propertiesof 3D printed twill

weave fabric structure

(Jayswal, A., and Adanur, SGEf f ect of heat treat ment on
properties of flexible structures 3D printed with fused depositioo d e | Uonrgad of
Industrial Textiles, vol. 51, No. 2S, pp616S 26415 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) anusdey 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 imet warp and weft directions and the modulus
(stiffnesses) are measured for Aweattreated (NHT) samples. The printed samples were heat
treated (HT) to improve the strength and stiffness. The variation in ultimate tensile strength is
statistically insigrficant 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 treainfieméential
scanning calorimetry (DSC) tests showed the highest crystallinity at 125°C. The properties of
the twill fabrics were compared with a standard-doge (DB) specimen using uniaxial tensile
tests, Differential scanning calorimetry tests, anticap microscope (OM). For delgone
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 strémgf 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 enguggitilen[2].
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Fused deposition adelling (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), nylonRoly(methyl methacrylate) (PMMA)and
poly(carbonatefPC). The polymer is melted and extruded through a nozzle and deposited on
a build plate layer by layer forming a solid obj§&t 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
rasterg4]. 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 Behravedb] investigated the effect of filling patterns and lirdensity
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 spadiling curve) at 100 % infilldensity show increase in mechanical
strength of the products. However, a study of these parameters-standard materials such
as 3D printed fabrics would be required to truly compare their effects orstaondard
materialsChacon, et. a[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 whereasdga and flat
orientations the highest. They also obsered increasen mechanical properties with
increasing layer thickness and decrease with increasing feed rate for upright orientation
wheeas the layer thickness and feed rate play insignificant role feedge and flat
orientations. However, it should be mentioned that all-standard materials may not be
possible to print in flat or eedge orientationsChacén et al[7] worked on continuous fiber
reinforced thermoplastic comptess 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 no-heattreated (NHT) samplg8]. This method increases the bonding between the layers
and rasters. Avila et. dB] investigated the effect of heat treatment at 90% of gtassition

temperature4 ) on mechanical properties of FDM printed products using PC, PMMA and

PEEK. They fand an increase in tensile strength of about 10 MPa for PC, 20 MPa for PMMA
and a slight change for PEEK. Akhoundi et.[&D] studied the effect of heat treatment on

mechanical properties of highe mper at ure polylactic acid (H
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found that the tensile strength and modulus increased by 2.5% and 15.31%, resp¥etingly.

et al. [11] studied various thermal processing conditions in 3D mgndf 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 nonstandard samples such as 3D prirfedatics and compare it with the ASTM standard
dogbone 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 HiRinis
gowns[13] and shoe$14]. Melnikova et al[15] 3D printed textile based structures using
different polymers. They studied PLA, soft PLA, Lay Tekkks and Bendiralydemonstrated
that soft PLA is the potential candidate to be used to print tdik#estructures. Partsch et al.

[16] used ABS to insert textile properties in 3D printed objecteyTdesigned, printed, and
evaluated three different plain weaves. Quan dtL].3D printed multidirectional preforms

using ABS and showed the feasibility of 3D printing ofiltindirectional textile based
preforms. Lussenburg et 18] designed a wearable garment using PLA and concluded that
ynal product does not raedsneedsldurtieer resealch to imgrové a b r i
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 literat@ except as indicated in our previous wdik 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 tensiingaand 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 tensiengths 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 can, wheat, rice, et¢19][20]. It is produced by processing and polymerization of lactic
acid monomer and it exists in two opticadigtive configurations, the L(+) and{p(somers as
shownin Figure4.1 [21] [22] [23]. The content of L, D and-D type of lactides in the blend
influences crystallinity, mechanical properties and degradation characteristics ¢8P15A
highly crystalline PLA can be produced by decreasing the D content (< 2%) wherealy a total
amorphous PLA can be obtained by increasing the D content (>®6)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 pe lactides are us¢d] [24]. These lactides are blended in a required
amount to produce either seanrystalline PLLA (polyL-lactic acid) or amorphous PDLA
(poly-D-lactic acid) by a ring opening polymerization process.

o 0

OH

H CH, cH, H _
L-Lactic acid D-Lactic acid CH,

Figure4.1. Chemical structure of L and D isomers of lacad (left) and high molecular

weight PLA formed by ring opening polymerization (rigf#&2].

The arrangement of macromolecular polymer chains is an important factor related to
mechanicastrength. 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 strengtkigure4.2 shows a schematic diagram representing the arrangement of

crystalline and amorphous regions of 3D printed PLA samples.

Printing direction
A —
- - =, .
T A L A e A I AL AL e

W _ 7
Crystalline (ordered) region Amorphous

(disordered) region
Figure4.2. Schematicdiagram 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 atsvimoperatures 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 fabmostiures are compared with those of standard

dogbone 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 N 0.03 mm and recomr
The print settings used in this iehaosr k wer

presented iTable4.1.

Table4.1. 3D print settings for 2/1 twill weave fabrics and dugpnespecimeng$4].

Parameters Values
PLA filament diameter 1.75 mm
Layer height 0.2 mm
Infill density 100 %
Printing temperature 225
Build Plate temperature 40
Printspeed 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 dbgne specimens were prepared using
computer aided design (CAD) software, Solidworks® and saved with .STL format. Dreme
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 prin2re(mel Manufacturing

Company, Racine, Wisconsin, USA)he printer had a nozzle diameter ¢f éhm.

The movement of the nozzle indirection is the print direction (PD, 0°) and the
movement in Airection is the crosprint direction (CD, 90°). The yarns in printing direction
are called warp yarns and the perpendicular yarns in-progfng 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 shapmgure4.3 represents the schematic of FDM process used
in the 3D printing of twill weave fabrics artgure4.4 shows the FDM 3D printed twifabric
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 1.016f1 | and the aveage fabric cover is
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4,6841 | or 55.34%.For details about the construction and design of the 2/1 twill weave
fabrics, one may refer to referer{d¢. The dogbone specimens were designed, and 3D printed

in vertical and horizontabrientations having their width dimension parallel to the print bed

(Figure4.5 andFigure4.6).

/—\PLA filament

warp yarns
Ly

weft yarns
Z axis i
movement Print bed
X axis movement ]
y a_\N |
movement

Figure4.3. Schematic of FDM printing of 2/1 twill weave fabric structures (not to scale).

Warp yarns
(dia. 1 mm)

Weft yarns
(dia. 1 mm)

[Flu:lm'n; '."'I'“LI ,unu:rnqqzlu
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Figure4.4. 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.

165

13
—— _—— I

— — — — — — - —{1

#Q_ — " — 1

R 76

Figure4.5. Dog-bone speimen geometry and dimensions for uniaxial tensile tests according to
ASTM D63814, Type | standard (dimensions in mi23].

Figure4.6. 3D printed and ncheattreated dogbonespecimen.

4.2.3.Heat treatment of samples

The printed samples were heated itemperatureontrolledlab oven at different
temperatures for 1 hour and then allowed to cool slowly in the oven, a process called furnace
cooling. The samples were hdsgated at 6 , 5 , 100 , and 125
termed as HT50, HT75, HT100, and HT125, respectively. The nomenclature of the samples

used in this study is shown kigure4.7.
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NHT - warp/ weft/ horizontal/ vertical

A Dog-bone specimen printed
Non—heat—treated—f L ] g ) P . . P
in vertical orientation.

Dog-bone specimen printed
in horizontal orientation.

Weft direction of twill fabric.

Warp direction of twill fabric.

HT xx — warp/ weft/ horizontal/ vertical
‘ +—Temperature.
Heat-treated samples
Figure4.7. Nomenclature of the samples used in this study.

4.2.4.Uniaxial tensile testing

The tensile test samples were cut from the printelll 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 neheattreaed (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 D5035standard26], with a gage length of 25 mm, and crosshead
speed of 3nm/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
Youngds modul u,s .of the 8D mwintdd &abris struceiresswea{culated using
the following equation:

O (4.1)
£20

where,F is the force applied during the tesig=15) is the nurber of yarns (both for warps or
wefts) in each fabric sample, aAd=""Q #t, whered = 1 mm is the yarn diametés)the initial

crosssectional area of each yarn.

Similarly, the mechanical properties of 3D printed, Hesdted and noheattreated
rectangular dogoone 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 Figu(e4.5) following ASTM D638
14, Type | standarf25]. The tensile test was carried out on 5 specimens for each structure at
room temperature, and the average values were reported. Tensile,stre$she 3D printed

dogbone samples was calculatesing the following equation:
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o (4.2)
"0 Q@O MO QE Qi i

where F is the force applied during the tests; initial width and thickness of thbalog samples
are 13 mm and 3.2 mm respectively.

Youngdés modulus (E) was measured in |inese

A 9BR (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 BL/min. The samples used weighs in the range of 4 to 8

mg . They were first heated from 40 to 200
heating and cooling rate of 10 / min. The me
(4 , cold crystallizaton temperatured( , cold crystal(l imatng on en
temperature4{ ) , and mel t(i nwereeneasurea.lTheyenti{algy of fusion of a

100% crystalline PLA sampl&/( ) is 93.6 J/27], [28]. Eq.(4.4) was used to determine

the crystallinity of the samples.

(X (4.4)

4.2.6.0ptical Microscope Images

The crosssections and longitudinal surfaces of warp yarns, weft yarns, antdaiey
specimens fractured during tensile testing were studied using an optical microscope (Olympus
SZX7, Japan). The optical microscope was used to measure the area of veddth amage
and percent void content relative to the total area, as shokigure4.8. The void content is
calculated as the ratio of void area to tatalsssectional area or surface area. Mathematically,
it can be expressed as:

R 1! OAAEADE EA (4.5)

N

T G0 A GBTRD 00 AR TP
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The void content of HT12®%arp sample isﬁh% pnnbp® YB

Figure4.8. Example showing the measurement of void content on theectien 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 abom®gamples.
All analyses were carried out at 0.05 significaneevlie | (i . e.To detehrmire 0. 05
exactlywhich group meansare significantly different, a Tukey-Kramer post hoc test was

performed.

4.3.Results and discussion
4.3.1.0ptical Microscope (OM) Analysis

The OM images of the cros®ctions of fractured NHT and Hwill fabric samples are
presented ifrigure4.9. The crosssection of NHFwarp shows uniform fusion of fibers having
smaller pores, whereas the HT2®&rp 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 uteler tensi
loading and contribute equally to mechanical strength. The-WeIT yarn has proper fusion
of fibers on its crossection, but it contains crack growth lines extending from the

circumference towards the center with a void content of 1.82% of its tosssectional area.
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Af ter heat treat ment at 125 , the crack p
fractured and the void content increased to 6.78% of the total-eec8enal area. The

fractured layer contributes to strength reduction and atefgfailure.

Figure4.9 Optical microscope images showing the cresstions of notheattreated and heat
treated warp and weft yarns separated from 3D printed 2/1 twill fabric structures after tensile
testing: (a) NH¥warp, (b) HT125warp, (c) NHFweft, and (d) HT125veft.

The longitudinal surfaces of warp and weft yarns are showigime4.10. The surface
of NHT-warp is observed to be intact and voids are hard to find, whereas in the-Wad25
yarn, the broken fibers can be easily observed. However, most of the fibers artastitumnal
continuous; as a result, the change in tensile strength was statistically insignificant. In case of
weft yarns, the NH3weft yarn contained proper fusion of deposited layers except few voids,
which is only 0.69% of the total surface area. As altes heat treatmentat 125, t he | ayer
are broken multiple times as shown by dotted cirdlegufe 4.10 d) and the void content

became 1.17% of tdtaurface areaSince 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.

Figure4.10. Optical microscope images showing the longitudinal surfaces ctrieaé¢d and
northeattreated warp and weft yarns separated from 3D printed 2/1 twill fabric structures after
tensile testing: (a) NHivarp, (b) HT125warp, (c) NHFweft, and (d) HT125veft.

Figure4.11represents the microscopic images of cismsdions for hedfreated (at 125

) and norheattreated doghone specimens. The cressction of NHFhorizontal specimen
shows the fusion of the desited layers; after heatingat 125 t he | ayer s ar e &
sequence. The HT1z%orizontal specimen undergoes brittle failure showing higher
mechanical strength and lower elongation at maximum load. In vertical specimens, a void
content of 26.70%fdhe total crossectional area between the layers can be seen as shown by
the arrows. Those voids are filled up by the
This might have happened due to heating above glass transition temperature at ehich th
polymer chain got chance to reinfuse together. It is believed that his reinfusion of layers

improved the mechanical properties.
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