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Abstract

3D printing technology has been developing rapidly in recent years. This technology is extensively used for producing pro-
totypes of products and their designs with a wide range of materials in the manufacturing industry. The Fused Deposition
Modelling (FDM) process uses the extrusion of molten thermoplastic materials through heated printing nozzle to create
design objects layer by layer. The current research was to develop 3D printing technology on textile fabrics to create surface
design based on FDM process using the Ultimake 3D printer. Printing parameters play an important role for printing on fab-
rics specially to achieve strong adhesion between the printed patterns and the surface of the fabrics. This research developed
a method for assessing the attachment strength in the interface between the printed objects and the surface of fabrics. The
effect of the initial setting distance between the printing nozzle and the printing platform on the performance of 3D printed
fabrics was investigated. The research work demonstrated the ability to create different design patterns in 3D on the fabrics

with excellent durability to washing, which shows potential for the commercial application in fashion industry.

Keywords 3D printing - Textile patterns - Rapid prototyping - Material extrusion - Fused deposition modelling

1 Introduction

The accessibility and availability of 3D printing have been
developing rapidly. There are many types of 3D printers and
different techniques available. Three popular printing tech-
nologies developed in the current market are SLS (Selective
Laser Sintering), FDM (Fused Deposition Modelling) and
SLA (Stereolithography) [1, 2]. The creation of three-dimen-
sional objects can be achieved by 3D printing using additive
layer by layer processes. Currently, 3D printing techniques
are extensively used for producing prototypes of products
and their designs with a wide range of materials including
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plastics, resins, metals and ceramics in the manufacturing
industry [3].

The Fused Deposition Modelling (FDM) process uses the
extrusion of molten thermoplastic materials through heated
printing nozzle to create design objects layer by layer. A
wide range of thermoplastic materials can be used in 3D
printing. Acrylonitrile butadiene styrene (ABS) was the
first thermoplastic polymer developed for 3D printing [4].
Recently, polylactic acid (PLA) has been commonly used,
because it is biodegradable with a lower melting temperature
and more stable than ABS. Other varieties of thermoplas-
tic filaments are also available such as nylon, polyurethane,
polyvinylchloride, polycarbonate, high-impact polystyrene,
lightweight thermoplastic elastomers, polyethylene tereph-
thalate and wood-based bio-linen filaments [4].

3D printed designs can be combined with fabrics to cre-
ate exciting new textiles. Fashion designers Jiri Evenhuis
and Janne Kyttanen explored Additive Manufacturing (AM)
to create 3D designed textiles and fashion [5]. 3D print-
ing technology has been used to produce simulated textile
weaving or knitting structure of materials [6, 7] despite they
are not suitable to wear on a daily basis. The basic extru-
sion technology has also been used to attempt printing of
conductive tracks on textile substrates [8]. Small patterns
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have been printed on fabrics to create unique three-dimen-
sional effect using SLS technique rather than FDM tech-
nique from Pringle of Scotland [9]. Iris van Herpen's Spring
Summer 2013 collection at Paris Fashion Week showcased
3D-printed ensembles and gowns created with laser sinter-
ing [10].

Pei et al. [4] published the preliminary research of 3D
print on different textile fabrics with FDM systems, which
provided the foundation for further investigation of the mate-
rial compatibility, polymer-textile adhesion and material
deposition of textile 3D print. Recently there is an increas-
ing interest for the development of 3D printing on fabrics at
various scales [10]. Different testing methods for evaluating
the performance of 3D print on fabrics including the adhe-
sion of printed materials on the fabrics have been explored
[11-15]. Perpendicular tensile test, shear test and peel test
to characterise the adhesion of a 3D printed shape on differ-
ent textile fabrics were attempted. The development of the
testing methods becomes important to establish the stand-
ard evaluation methods for further research and develop-
ment in the application of 3D printing technology on textile
materials.

3D printing technology not only shows the innovation
on textile surface design with novel textures and designs
but also demonstrates the benefit of reduction in the lead
times and excessive cost [16]. This technology can also have
potential for contributing to sustainability in the manufactur-
ing, recycle ability and reuse of waste materials. The devel-
opment and application of 3D printing technology in textiles
and fashion design has been reviewed by Xiao and Kan [17].

The current research was to develop 3D printing tech-
nology on textile materials to create surface design based
on FDM process using the Ultimake 3D printer. Printing
parameters for textile printing play an important role for
the adhesion between printed patterns and the surface of
the fabrics. The current research developed a method for
assessing the attachment strength in the interface between
the printed object and the surface of textile and investigated
the effect of the initial setting distance between the printing
nozzle and the printing platform on the performance of 3D
printed fabrics. The research work demonstrated the ability
to create different design patterns in 3D on the fabrics with
excellent durability to washing and their potential for the
commercial application in fashion industry.

2 Materials and Methods
2.1 Textile Materials
100% wool and 100% polyester woven fabrics in same

weave structure, supplied by Camira Fabrics, were selected
for the 3D printing investigation. The characteristics of
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both fabrics in terms of fabric construction, weight and
fabric thickness are shown in Table 1. The thickness of
fabric and surface structure might be the major factors for
affecting the quality of 3D print (Hernandez 2015). There-
fore, these two typical fabrics (wool and polyester) with
same surface structure and similar thickness were used.

2.2 PLA, TPU and ABS Filaments Used for 3D
Printing

There are various filaments commercially available on the
market. Different filaments have varying mechanical and
thermal properties including hardness and flexibility. In
the current research, polylactic acid (PLA) and polyure-
thane (TPU) filaments in same diameter of 2.85 mm but
having different levels of hardness and flexibility were
selected for 3D print. Polylactic acid (PLA) with shore
hardness of 83D was supplied by Ultimaker, whereas pol-
yurethane (TPU) with shore hardness of 85A was supplied
by Ninjaflex. Another thermoplastic filament, acrylonitrile
butadiene styrene (ABS), supplied by Formfutura, was
used in the pattern design on textile fabrics.

2.3 Determining Thickness of Fabric Samples Under
Various Pressures

Thickness and weight of the fabric are two basic character-
istics. They might be relevant to the quality of 3D print on
the fabrics with thermoplastic filaments. The selected fab-
rics (wool and polyester) have the same surface structure
which is the reason for being used in the experiments, but
the thickness of the fabrics could be changed when they
are subjected to the applied pressure during 3D printing
on the fabric at the first layer. Therefore, the thickness
of these fabric samples under different pressures from 20
to 1440 g/cm® was determined using the fabric thickness
gauge.

Table 1 Characterisation of wool and polyester fabric samples

Properties Fabric samples
Wool Polyester
Composition 100% virgin wool 100%
recycled
polyester
Construction Plain weave Plain weave
EPI 211 214
PPI 161 133
Thickness (mm) at 20 gf/cm? 1.06 1.30
Weight per area (g/m?) 370 310
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2.4 Ultimaker 2 3D Printer

3D printer Ultimaker 2 used in the current research was sup-
plied by Ultimaker B.V., Geldermalsen, The Netherlands
(see Fig. 1). Ultimaker 2 utilises the fused deposition model-
ling (FDM) technology to build the patterns of the objects
layer by layer on a platform from the bottom to the top by
heating and melting the filament using a pre-heated nozzle.

2.5 Design of Printing Patterns to Be Printed
on Fabrics

3D printing patterns were designed using the software:
SketchUp and Cura. In order to assess the attachment
strength between printed patterns and fabric surface, the
cube-shaped pattern was designed for printing on the fab-
ric to be tested using Instron tensile tester (Fig. 2). The
structured channel through the cubic patterns was used to

g — o =
o Ultimaker =

Fig. 1 Ultimaker 2 used for 3D printing [18]

allow a narrow lanyard passing through to hold the printed
cubic pattern, so that the cubic pattern can be pulled away
from the fabric using the Instron tensile tester to determine
the attachment strength in the interface between printed
patterns and fabrics.

In order to determine the durability to washing of 3D
printed patterns on the fabrics, a series of shapes, includ-
ing strips, flat pieces, solid circles, rings, and triangles
were designed using Sketch up and Cura software based on
the previous work published by Pei et al. [4]. The specific
geometries of the patterns designed for 3D printing on the
fabrics are listed below (see Fig. 3).

(a) Rectangular strip, with dimensions of 50 mm long X 3
mm wide X 0.25 mm thick;

(b) Rectangular strip, with dimensions of 50 mm long X 5
mm wide X 0.5 mm thick;

Print head cable

\\ * Bowden tube
— * Print head
1 —
i i T Build plate clamps
- T = Build plate

Build plate screws

* Push/rotate button

Display

SD card slot

Fig.2 The structure and size
(10 mm x 10 mm X 10mm) of
PLA prints on fabric samples
tested on the Instron tensile
tester
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(a) ///j

(e) H

Fig.3 The geometry of the 3D shape patterns designed to be printed onto the fabrics for washing test

(c) Flat rectangular piece, with dimensions of 50 mm long
X 10 mm wide X 1 mm thick;

(d) Flat rectangular piece, with dimensions of 50 mm long
X 15 mm wide X 1.5mm thick;

(e) Solid circle, with a diameter (®) of 15 mm, and a
thickness of 1mm;

(f) Annulus, with outer and inner diameters (@) of 25.75
mm and 21.3 mm, respectively, and a thickness of 1
mm;

(g) Flat triangular piece, with each side of 31 mm, and a
thickness of 1 mm.

These patterns were printed on the fabrics with PLA and
TPU filaments, respectively, using Ultimaker 2 as shown
in Fig. 3.

2.6 3D Printing Parameters of PLA and TPU
on Fabrics

Ultimaker 2 is required to calibrate the build plate as print-
ing platform before use. For printing, it is very important
that the first layer adheres to the glass, the build plate. If the
distance between the nozzle and the build plate is too big,
the printed pattern might not adhere properly on the surface.
Also, if the nozzle is too close to the platform, it can prevent
the filament to be extruded from the nozzle. The distance
between the printing nozzle and the platform was set up
using different number of A4 80 g papers based on the thick-
ness of paper. The thickness of paper was determined by
measuring a pack of 40 papers and their thickness was about
0.4 mm, which indicates that the thickness of each A4 paper
is around 0.01 mm. Therefore, the distance between the noz-
zle and the platform was set up using the accounted number
of papers to 0.14, 0.12, 0.10, 0.08, 0.06, 0.04 and 0.02 mm,
respectively. The papers were then removed and replaced
by fabric on the platform for the subsequent printing. The
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major printing parameters for printing patterns on fabrics
are listed in Table 2.

2.7 Determination of Attachment Force of 3D Print
on Fabric

One important factor which is related to the quality of 3D
printed fabric is the attachment or bonding force in the
interface between printed pattern and fabric. In order to
assess the strength of the attachment, the Instron Tensile
Tester (model: 3345) was used (Fig. 4). The cubic pattern
was designed and printed on the wool and polyester fabrics.
The printed fabric was folded and held at the upper jaw of
the Instron. The channel in the cube-shaped pattern can be
allowed for a narrow lanyard passing through and to be held
at the bottom jaw of the Instron tensile tester as shown in
Fig. 4. During the tensile test, the 3D print was pulled away
from the fabric so that the Instron was able to test the attach-
ment force in the interface between the printed pattern and
fabric. The parameters of tensile test are shown below:

e The grab method used with a 5 KN load cell

Table2 3D printing parameters for printing patterns with PLA and
TPU filaments on fabrics

Printing parameters Printing filaments

PLA TPU

Nozzle temperature 260 °C 230 °C
Platform temperature 60 °C 50 °C
Fan speed beside nozzle for cooling 100 m/s

the extruded materials
Filament flow 100 mm/s
Printing speed 100 mm/s
Infill density 60%
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Fig.4 The tensile test method for 3D printed fabrics

e Cross-head speed of 300 mm/min
e Gauge length: 100 mm
e Width: 10 mm

2.8 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) (Carl Zeiss Ltd,
Cambridge, UK) was used to investigate the interface
and the attachment between the fabric and designed 3D
print in order to find out how the 3D printed PLA or TPU
were embedded into the weaving structures of fabric sur-
faces. The surface of the printed patterns and the fabrics
from the interface were prepared by detaching the 3D
prints from the fabrics and then gold-coated in order to
provide a clearer SEM image of the surface under high
magnification. The samples were analysed by SEM with
a beam accelerating voltage of 20 kV, 20 um beam aper-
ture, a probe current of 100 pA and a working distance of

8.5 mm. Alternatively, 3D printed patterns on the fabrics
were also cut cross the interface between printed pattern
and the surface of the fabrics. The cross-section of the
interface was also examined by SEM.

2.9 Washing Test of Fabric Samples Printed with 3D
Shaped Patterns

The wool and polyester fabric samples printed with 3D
patterns were washed in a Wascator washing machine
using a gentle washing programme at 40 °C (4G), and a
mild washing programme at 60 °C (6M). The details of
washing programmes are provided in Table 3. For both
washing programmes, a mixture of 20 g ECE reference
detergent, and 5 g of sodium perborate was used. After
washing, the fabric samples were dried at room tempera-
ture around 20 °C.

After fabric samples were washed, they were assessed
for durability to wash in term of printing quality. The first
step of the testing process was to identify the adhesion
quality of 3D print on the fabrics using both a visual and
a haptic inspection. For this study, the visual inspection
was performed using the naked eye, without the aid of
equipment, to determine the adhesion quality of the 3D
print on the fabric. The haptic inspection was conducted
by feeling the 3D printed fabrics, in order to detect any
defects, and if any defects were present, to determine their
severity. During the haptic inspection, suitable care was
taken to ensure that no printed parts were removed from
the fabrics while they were being felt using fingers. Based
on the visual and haptic inspection, the adhesion quality
of the printed parts was rated using a Likert scale, ranging
from 1 (worse print quality) to 5 (excellent print quality).
The warping (W) was similarly ranked on a Likert scale
from 1 to 5, with 5 indicating no warping, and 1 the worst
warping, as follows:

Warping 5: No warping, and no change to the original
samples;

Warping 4: Warping on a few sharp edges of the patterns;
Warping 3: Warping on the small or narrow patterns;
Warping 2: Warping on almost all of the patterns;

Table 3 Details of the washing programmes used to test the durability of 3D printed fabrics to washing

Washing programme number Agitation during heating, Wash tem- Wash time Cool down Ist rinse 2nd rinse 3rd rinse
washing and rinsing perature (°C)  (min) time (min)  time (min) time
(min)
4G (Gentle wash) Gentle 40+3 3 NO 3 3 2
6M (Mild wash) Mild 60+3 15 NO 3 2 2
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Warping 1: Pattern distortion and warping occurred on
all of the printed patterns.

The bonded attachment (B) was also ranked from 1 to 5
on a Likert scale, with 5 indicating the strongest bonding,
and 1 indicating the weakest bonding, as follows:

Bonding 5: Very strong attachment;
Bonding 4: Good attachment;
Bonding 3: Fair attachment;
Bonding 2: Weak attachment;
Bonding 1: Poor attachment.

3 Results and Discussion
3.1 Characterisation of Textile Fabrics

Wool and polyester fabrics in the same weaving structure
were characterised before they were used to undertake 3D
printing. Figure 5 shows the thicknesses of both polyester
and wool fabrics against the pressure applied by the specific
loads from 20 to 1440 gf/cm?. It can be seen that there is a
correlation between the thickness of fabric and the pressure.
The thickness of the fabrics decreased with increasing pres-
sure. With increasing pressure from 20 to 1440 gf/cm?, the
polyester fabric decreased thickness from 1.30 to 0.45 mm,

E 1.00 A

£

i 0.80 - Q

E 0.60 - \

g 0.40 - §

£ N
0.20 - \
0.00 - §

20 70 170

320 520 770

whereas wool fabric decreased from 1.06 to 0.59 mm. Dur-
ing the 3D printing, the printing nozzle actually applies
pressure on the fabric to print the first layer deeply into the
fabric.

3.2 The Attachment Strength of 3D Printed Patterns
on the Fabrics

The durability of 3D print on the fabrics is dependent on the
adhesion strength of the printed pattern on the surface of
the fabrics. The 3D cube-shaped pattern was designed and
printed on the fabrics as described in Sect. 2.5 for assessing
the strength of the attachment force between the fabric and
3D printed pattern using Instron tensile tester. The cube-
shaped print was pulled away from the fabric by the Instron
so that the Instron was able to record the applied load during
the extension. The typical load versus extension for breaking
the printed cubic pattern from the fabric is shown in Fig. 6.
Only one peak occurred in the tensile curve, the maximum
load required for detaching the cubic pattern from the fab-
ric could be recorded. The average maximum load after 5
repeat tests was calculated to express the adhesion strength
between printed pattern and fabric. This method is simple
and cost-effective in terms of time and effort, therefore, it
was used for assessing the attachment force between print
pattern and surface of the fabric for further research of 3D
printing of fabrics.

Polyester fabric
B Wool fabric

1070

1440

Pressure on the fabric (gf/cm?)

Fig.5 Thicknesses of both polyester and wool fabrics against the pressure gained from the load applied by gauge
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Fig.6 Relationship between 100 -
load and extension for tensile
test of PLA cubic-shape printed 80 -
fabric
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In order to achieve the strongest attachment of 3D print
on textile fabric, it was found that the initial setting for the
distance between printing nozzle and the platform (the build
plate) is crucially important. Therefore, the effect of the ini-
tial setting for the distance between the printing nozzle and
the platform was investigated. The initial distance between
printing nozzle and the platform was set to 0.14, 0.12, 0.10,
0.08, 0.06, 0.04 and 0.02 mm, respectively, as described in
Sect. 2.6. Then, PLA cube-shaped pattern was printed on
both wool and polyester fabrics for their tensile test to assess
their attachment forces.

Figure 7 shows the influence of the initial printing noz-
zle distance to the platform on the attachment force of 3D
print on the surface of wool fabric. When 0.14 mm was
set between the glass platform and the printing nozzle, the
attachment of the cube-shaped print on wool fabric was
extremely weak, indicating that the 3D printed pattern could

160

130.59

140
Z 120
N’
P 94.58
e 100
< 80
N
g 51.94
£ 60
=
et 40
<

20

0

0.02 0.04 0.06

Extension (mm)

be easily detached by the force of 11.38 N, resulting in poor
durability to use. However, reducing the initial setting dis-
tance between printing nozzle and the platform, the attach-
ment strength in the interface between cube-shaped print
and fabric surface increased gradually. It was found that the
distance 0.02 mm provided the strongest attachment up to
130.59 N, thereby making it more durable.

After setting 0.02 mm for the distance between printing
nozzle and the platform, the 1.06 mm thick wool fabric was
placed on the surface of the glass platform. During printing
the first layer of PLA, the surface of wool fabric could expe-
rience the pressure from the printing nozzle much higher
than 1440 g/cm? according to the relationship between pres-
sure and thickness of wool fabrics as shown in Fig. 5. Actu-
ally, the platform was not rigidly held at the level. Under the
pressure, the platform could be flexibly pushed down due
to the spring support underneath. The printing nozzle was

Wool Fabric
24.33 26.64
i i 13.88 11.38
0.08 0.1 0.12 0.14

Distsnce of printing nozzle to the platform (mm)

Fig. 7 The influence of the initial printing nozzle distance to the platform on the attachment strength of 3D print on the surface of wool fabric
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actually squished into the surface of the fabric for the first
layer printing. Therefore, the distance between the printing
nozzle and the platform smaller than the thickness of the
fabric could be used for 3D printing on the wool fabric to
achieve the strongest attachment strength of the 3D print on
the surface of the wool fabric.

Comparing to 3D printing on wool fabric, the cube-
shaped pattern of PLA was also printed on the polyester
fabric under the setting of the different distances between
the initial printing nozzle and the platform. Figure 8 shows
the influence of the initial printing nozzle distance to the
platform on the attachment force of 3D print on the sur-
face of polyester fabric. It was the same trend in which with
reducing the initial setting distance between printing nozzle
and the platform, the attachment strength in the interface
between cube-shaped print and fabric surface increased.
When 0.12 mm were set between the glass platform and
the printing nozzle, the attachment of the cube-shaped print
on polyester fabric was extremely weak, which indicates
that the 3D printed pattern could be easily detached by the
force of 6.24 N. The attachment strength of the print on
the fabric rapidly increased when the initial distance was
reduced to 0.06 mm. Further reducing the initial distance to
0.02 mm, the attachment strength was not increased much
further. Therefore, the initial distance reduced to 0.06 mm,
the attachment of the print on the polyester fabric reached
almost the highest strength. The initial distance between
the initial printing nozzle and the platform could be set at
between 0.06 and 0.02 mm for 3D print on this polyester
fabric.

3.3 SEM to Observe the Interface Between Printed
Patterns and the Surface of Fabrics

The initial distance set between the printing nozzle and the
platform had an influence on the attachment strength of the
3D print on fabrics. The interface between PLA printed pat-
terns and surface of wool and polyester fabrics was investi-
gated using SEM to find out how the printed polymers were
embedded into the surface woven structures of the fabrics.
After 3D printed patterns were detached from the printed
fabrics using the tensile tester, the surfaces of 3D printed
patterns and the fabrics from the interface between the fabric
and printed pattern were examined using SEM. Table 4 pre-
sents the microscopy SEM images of the detached PLA sur-
faces from the wool fabrics printed under different levels of
distances (0.02 mm, 0.04 mm and 0.06 mm) between print-
ing nozzle and the platform. SEM clearly reveals that after
peeling off fabric from the 3D printed pattern, a significant
amount of the wool fibres remained on the detached PLA
surface. The surface of PLA also showed that the footprint
of fabric texture in which the surface scales of wool fibres
were clearly visible. This indicated that the melted PLA was
pressed deeply into fabrics in the first layer of the print. SEM
images also confirmed that there was the strong attachment
of PLA 3D print on the wool fabric from printing with the
setting of the initial distance between the printing nozzle and
platform at 0.02 mm, 0.04 mm or 0.06 mm.

Table 5 presents the microscopy SEM images of the
detached PLA surfaces from the polyester fabrics printed
under different distances (0.02 mm, 0.04 mm and 0.06

Polyester Fabric

160
140 | 132.24 130.85

120
100
80
60
40
20
0
0.02 0.04

Attachment force (N)

128.37

0.06

91.08
48
i 6.24
0.08 0.1 0.12

Distance of printing nozzle to the platform (mm)

Fig.8 The influence of the initial printing nozzle distance to the platform on the attachment strength of 3D print on the surface of polyester fab-

ric
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Table 4 SEM images of the PLA surface detached from wool fabric at different magnifications: 150x and 1kx

Surface of the detached PLA pattern surface with residual wool fibres
Magnification 150x 1kx
E

g 0.02 mm

<

a

Q

<

8

2 : - ¥ “g')v, \ 4
o VRS
2 | 0.04mm TS
k=

g,

G

S}

3

g

2

=

E | 0.06 mm

mm) between printing nozzle and the platform same as the
wool fabrics. Comparing with wool fabrics, similar results
were obtained. The microscopy SEM images can explain
how the PLA 3D prints attached on polyester fabrics. A
considerable amount of the polyester fibres also remained
on the detached PLA surface. All images show the vis-
ible footprint of the polyester fibres on the detached PLA
surfaces. This indicates that the melted PLA was deeply
printed into the fabrics during the first layer of print-
ing process. To conclude, despite the different distances
between the printing nozzle and the platform at 0.02 mm,
0.04 mm and 0.06 mm, all SEM images do not show the
significant difference in the way of the attachment of PLA
3D print on the wool and polyester fabrics.

3D printed patterns on the fabrics were cut cross the
interface between printed polymers and the surface of the
fabrics. The cross-section of the interface was examined
by SEM to provide information on the depth of the printed
filament polymer into the surface of the fabric structure
and to explain the degree of the adhesion of printed pat-
tern on the fabrics.

Figure 9 shows the SEM images of the cross-section of
the interface between the PLA printed pattern and the wool
fabric under different magnifications: 70X, 150x and 1000X.
It is found that the printed PLA was fused and merged with
the wool fabric. Figure 9b and ¢ shows that the printed PLA
polymer penetrated into the surface structure of wool fab-
ric, and the PLA partially surrounded the surface yarns and
fibres of wool fabric. This is due to melting of PLA filament
by the high temperature of the printing nozzle used to fuse
deeply into the surface woven structure of the fabric, result-
ing in the strong adhesion of printed PLA on wool fabric.

For TPU-printed wool fabrics, it is clearly shown that the
first few layers of printed TPU were fused into the surface
of wool fabric. The printed TPU had surrounded the surface
yarns of wool fabrics (Fig. 10b), and covered the individual
fibres completely (Fig. 10c). Comparing between hard PLA
and flexible TPU, TPU penetrated into the woven surface
structure of wool fabric deeper than PLA. Therefore, the
flexible printing materials like TPU could be better inte-
grated with the fabrics to achieve the strong adhesion of
printed TPU on fabric and good flexibility. It was also found
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Table 5 SEM images of PLA surface detached from polyester fabric at different magnifications: 150x and 1kx

Surface of the detached PLA pattern surface with residual polyester fibres

Magnification

150x

1kx

0.02 mm

0.04 mm

Initial distance of printing nozzle to the platform

0.06 mm

BT * 000
WD ThErm
P10 ph

T
WO 83
I Praza s 102k

BT 0 1 gy
WO = RS mm il
| Prokae 190k 3

o O

Fig.9 SEM images of the cross-sections of the interface between PLA 3D pattern and the wool fabric printed at 0.02 mm distance of printing

nozzle to the platform under magnifications: a 70X, b 150x and ¢ 1kx
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Fig. 10 SEM images of the cross-sections of the interface between TPU 3D pattern and the wool fabric printed at 0.02 mm distance of printing

nozzle to the platform under magnifications: a 70X, b 150x and ¢ 1kx

that TPU printed material can be easily cut with fabric,
potential for garment pattern making and subsequent sewing.

3.4 The Durability to Washing of 3D Printing
on Wool and Polyester Fabrics

The wool and polyester fabrics printed with various 3D pat-
terns using filaments PLA and TPU were washed 10 times
in a Wascator washing machine under a gentle washing pro-
gramme (4G) at 40 °C. Table 6 presents images of the 3D
printed wool and polyester fabric samples after one, five, and
ten gentle washing cycles at 40 °C. It was observed that there
was no distortion and no warping to either the fabrics or the
printed patterns after ten washing cycles. There was also no
visual detachment of any of the printed patterns from the
fabrics. All of the patterns printed using two different print-
ing filaments were firmly attached to the fabrics, and there
was no noticeable change to them. Therefore, the wool or
polyester fabric printed with PLA and TPU filament materi-
als was durable to gentle washing at 40 °C, for at least ten
washing cycles.

Based on the visual and haptic inspection of the washed
fabric samples, the durability to washing of the 3D print
on the wool and polyester fabrics, in terms of warping
and bonding attachment, was ranked after one, five, and
ten gentle washes. The results are shown in Table 7. After
ten washes, all of the fabric samples achieved the highest
ranking of five for both warping and bonding. This indi-
cates that the 3D printed wool and polyester fabric samples
remained the same visually as the original samples after ten
gentle washes at 40 °C. The 3D printed patterns were firmly
bonded to the wool and polyester fabrics, and there was no
warping of the printed patterns.

Table 8 presents images of the 3D printed wool and
polyester fabric samples after one, five, and ten washing
cycles under a mild washing programme (6G) at 60 °C.
The results were found that wool fabric had shrunk con-
siderably due to the configuration of overlapping scales
of wool fibre surface, and the pattern of the PLA print
on the fabric had warped noticeably due to the effect of
the high temperature on the PLA. It was also observed
that the edges of the triangle were broken, and the large
circle started warping. After the fifth wash, the warping
increased to affect the edge of the pattern. This increased
up to the tenth wash, although the bonding of the PLA
filaments remained strong. The results, therefore, clearly
showed that the PLA filaments were unable to withstand a
washing temperature of 60 °C due to the poor heat resist-
ance of PLA filament.

Meanwhile, the TPU filaments used for 3D printing on
the wool fabric retained excellent print quality after undergo-
ing the washing test at 60 °C, based on shape maintaining
and adhesion quality of the printed parts, although felting
shrinkage of wool fabrics occurred. Therefore, the TPU pat-
terns on wool fabrics were able to withstand a 60 °C washing
temperature and retained an excellent quality of adhesion.

The polyester fabric samples printed with the 3D patterns
using the PLA and TPU filaments exhibited excellent bond-
ing. However, the PLA filament printing on the polyester
fabric had begun to warp at the edge after the first wash,
and this increased to the tenth wash. The more washes the
polyester fabric printed with PLA filaments was subjected
to, the greater the warping effect became. It was, therefore,
concluded that it is not appropriate to use PLA filaments for
3D printing on polyester fabric, if the fabric is to be washed
at 60 °C. However, the TPU printed patterns exhibited
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Table 6 3D printed wool and polyester fabric samples after one, five, and 10 machine washing cycles under a gentle washing programme (4G) at

40 °C
Fabric | Filament After 1t wash After 5™ Wash After 10™ wash
PLA \
wool E
TPU
PLA
polyester
TPU
Table 7 Ranking 9f the Fabric Filament  After 1 wash cycle After 5 wash cycles After 10 wash cycles
durability to washing of the
3D printed wool and polyester W B Totalranking W B  Totalranking W B  Total ranking
fabrics subject to gentle
washing at 40 °C Wool PLA 5 5 10 5 5 10 5 5 10
TPU 5 5 10 5 5 10 5 5 10
Polyester ~PLA 5 5 10 5 5 10 5 5 10
TPU 5 5 10 5 5 10 5 5 10

excellent print quality on the polyester fabric, and a high
adhesion quality of the printed parts.

Following a visual and haptic inspection of the washed
wool and polyester fabric samples, the durability to wash-
ing of the 3D print on both wool and polyester fabrics,
in terms of warping and bonding attachment, was ranked
after one, five, and ten mild washes at 60 °C. The results

@ Springer

of the ranking are shown in Table 9. After ten washes,
all of the wool and polyester fabric samples achieved the
highest ranking of 5 for bonding, which indicated that the
3D printed patterns can firmly attach on the fabrics over
10 mild washing cycles at 60 °C. However, the warping
of the PLA printed patterns to the fabrics became appear-
ing after washing. Whereas the results obtained from the
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Table 8 3D printed wool and polyester fabric samples after one, five, and 10 machine washing cycles under a mild washing programme (6G) at

60 °C
Fabric | Filament After 1% wash After 5" Wash After 10" wash
= r e
r FAR R
PLA A g &
A .
Wool
TPU
PLA
Polyester
TPU
Table 9 Ranking (,)f the Fabric Filament  After 1 wash cycle After 5 wash cycles After 10 wash cycles
durability to washing of the
3D printed wool and polyester W B Totalranking W B  Totalranking W B  Total ranking
fabrics subject to mild washing
at 60 °C Wool PLA 4 5 9 3 5 8 2 5 7
TPU 5 5 10 5 5 10 5 5 10
Polyester ~PLA 4 5 9 3 5 8 2 5 7
TPU 5 5 10 5 5 10 5 5 10

TPU filament print were good in terms of the warping
and bonding, as there was no warping of the printed pat-
terns. It was, therefore, concluded that attachment bond-
ing of printed patterns on the fabrics can withstand a high
washing temperature at 60 °C if the thermoplastic printed
materials can cope with the washing temperature without
causing warping or shape distortion.

3.5 Prototypes of 3D Patterns on Fabrics Printed
with PLA and TPU

The ability of 3D printing technology to produce 3D mod-
els or patterns on fabrics has been proved to have their
flexibility and durability to washing. FDM technology
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was used to print 3D patterns on different fabric materials
including lace fabrics.

Figure 11 demonstrates different design patterns printed
on different textile fabrics with various filaments including
TPU (red), ABS (white) and PLA (silver and green). Fig-
ure 11a shows 3D pattern printed with PLA on wool fabric
to display aesthetic appearance with high quality and sym-
metrical details. The flexibility of printed patterns could be
depending on not only the hardness of 3D printed materials
but also the thickness of the patterns. Therefore, the PLA
pattern with the thickness of 1.8 mm on fabrics could be
statically displayed with minimum bending required.

The symmetrical design patterns printed with TPU fila-
ment show good flexibility with high precision and strong
adhesion on wool fabric (Fig. 11b) due to excellent flex-
ibility of TPU polymer material. These 3D patterns can be
easily folded and twisted with the fabric without any defor-
mation in the design.

3D designs with hollow or lattice structures require suf-
ficient strength to resist the external forces, therefore, the
proper extruded materials with certain level of hardness
need to be considered for the use in 3D printing. ABS was

printed on yellow wool fabric to create unique attractive
3D structure pattern with the 5 mm thickness of the shape
(Fig. 11c).

3D printing can be used to print 3D shaped patterns as
parts of textiles by combining the shape and showing part
of the fabric. Figure 11d, PLA was printed with different
thicknesses on red wool fabric from transparent few layers
to multiple layers. The printed layers of PLA were around
10 in the transparent area, whereas 22 layers around 2 mm
of thickness in the solid colour area of these 3D shapes.
This allows the red wool in transparent areas to appear.

Interlocking lines and chain lines were printed in 3D
form with different filaments on different fabrics in either
perforated or plain structure. Figure 11e shows that PLA
was used to print interlocking chain lines on yellow woven
wool fabric. The thickness of printed PLA is 2 mm. The
interlocking chain structured pattern could provide not
only the visual unique appearance but also certain level
of bending ability. In Fig. 11f, 3D braided chains were
designed and printed with 30 layers (3 mm thickness) of
ABS on net black polyester fabric. This kind of shaped
pattern has aesthetic appearance and can be used in

(d) (e)

Fig. 11 Different structures of 3D patterns printed on fabrics with different printing filaments
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different areas on the garment such as elbow or knee area
for protection.

3D printing could be successfully applied on various tex-
tile materials including garments and upholstery fabrics to
create logos, designed patterns or functional polymers on
fabrics. By controlling the attachment strength of printed
patterns on the fabrics, the printed objects or polymer mate-
rials could be removed from the fabrics for recycle and
reuse, when the fabrics come to the end of life or need to
be redesigned with new patterns. The filaments for 3D print
could be produced from the waste thermoplastic materials
through recycling processes. The current research could
make contribution to the textile sustainability.

4 Conclusion

3D Printing technology using desktop FDM equipment is
still complicated, especially in the new field of 3D print-
ing on textile fabrics with various printing filaments. It was
important to optimise the control parameters of 3D print
like printing nozzle temperature, printing platform tempera-
ture, printing speed, cooling fan speed, density of printing
objects or patterns, density of printing base layer, the initial
distance between printing nozzle and platform, so that a high
quality of 3D print on fabrics could be achieved. Among
these parameters, a key variable influencing the adherence
of printed material to the fabrics is the initial distance of
printing nozzle to the fabric surface. From the research
based on the Ultimaker 2, it was found that the attachment
strength of printed pattern on the surface of the fabrics was
directly reliant on the original distance between the print-
ing nozzle and the platform set at the Ultimaker 2 printer.
The attachment strength in the interface between printed
pattern and fabric surface can be improved once the initial
setting distance between printing nozzle and the platform
was decreased. If the shorter distance between printing noz-
zle and the platform was set up, the first layer was printed
deeply into the surface of the fabrics since high pressure
could be applied by the printing nozzle on the fabric during
the printing of the initial layer to create a solid attachment
of printed patterns on the surface of the fabrics. This is also
confirmed through SEM on the first layer of the print that the
molten polymer was pressed deeply into fabrics, resulting
in the printed polymer can be intergraded into the surface
structures of the fabric to gain the strong attachment of 3D
print on the fabrics.

The thickness of patterns to be printed on the fabrics can
be controlled by the 3D printer from a few layers for thin
patterns to more layers for thick 3D patterns. The flexibility
of printed patterns could be affected not only by the hardness
of 3D printed materials but also the thickness of the patterns.

Polyurethane-based printing materials are soft, flex-
ible and elastic with high elongation. When TPU printing
filaments are used to print the 3D patterns on knitted or
stretchable fabrics, it was found that this printed fabric can
be stretched with printed patterns with good recovery in
their shape and firmly attaching on the fabrics. Therefore,
3D printing on textile fabrics can be engineered to achieve
variable stretching ability.

The current work also demonstrated the ability to create
different design patterns in 3D on the fabrics. The patterns
can be printed with different thicknesses ranging from trans-
parent few layers to solid multiple layers. 3D patterns on the
fabrics could be created by the combination of the 3D shape,
colour of printed polymers and the background colour of the
fabric appeared in the area of the transparent layers.

FDM technology allow the development of novel and
constructed patterns to be printed on fabrics that would
be impossible to create with conventional methods. High
quality of 3D patterns with precise and detail design can be
printed on fabrics in strong attachment.
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