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Abstract

Textile materials have been combined with polymers using 3D printing technology, thus producing structures with
novel properties. The aim of this study was to use statistical methods to determine the effect of 3D printing machine
parameters on the mechanical properties of cotton fabrics combined with polylactic acid. Polylactic acid was printed on
a cotton fabric using an Athena Fused Deposition Modelling 3D printer. The effect of extrusion temperature, printing
speed, fill density and model height on adhesion force before and after washing was investigated. A study of the tensile
strength was also undertaken using a central composite rotatable design and regression analysis. The experimental data
were used to develop regression models to predict the properties of the cotton/ polylactic acid structures. The model
for adhesion force before washing yielded a coefficient of determination (R?) value of 0.75 and an optimum adhesion
force of 50.06 N/cm. The model for adhesion force had an R? value of 0.84 and an optimum adhesion force of 42.91 N/cm
and showed that adhesion force reduced after washing. Adhesion forces before and after washing were both positively
correlated to extrusion temperature. However, they reduced with an increase in printing speed and model height.
A positive correlation exists between tensile strength and temperature, while a negative correlation exists between
tensile strength and printing speed and model height. From the results of this study, it was concluded that 3D printing
parameters have an effect on the properties of the structures.
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Introduction

3D printing has found several functions in the textile and |
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Although the 3D printed textile-like structures have opened
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doors for new opportunities, the speed of modern 3D print- .
Corresponding author:

ing is still not fast enough to compete with the conventional
textile production methods such as weaving and knitting.
Recent studies have also shown that although garments such
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as skirts and dresses can be produced using 3D printing,
there are still limitations related to the creating process,
printing processes, materials, modelling programmes, and
wearing the cloth.’ There is also the challenge of 3D printed
textiles having inferior flexibility, comfort and strength
when compared to traditional textiles. Research has been
done to improve the mechanical properties of fabrics, while
maintaining the drape and functionality of the textiles by
direct deposition of polymers onto textile fabrics using 3D
printing techniques.® This method has expanded the possi-
ble smart textile applications that can be explored in 3D
printing such as electroluminescence devices and wearable
electronics.”® However, there is the challenge of the adher-
ence of the polymer to the textile fabric.

Considerable efforts to improve adhesion have been
done by varying the textile fabric, polymer, as well as the
printing parameters'®'? and also by polymer coating.'®
Although the effect of these different factors has been
studied and observed, there is still need for more research
to be able to determine the optimum settings for the best
adhesion in different polymer—textile combinations. This
article will investigate the effect of 3D printing machine
parameters on the properties of 3D printed structures.

Adhesion of polymers to fabric

Adhesion is the tendency of unlike surfaces to cling to one
another due to the intermolecular and interatomic interaction
of the two surfaces. There are different theories of adhesion
based on the surface characteristics of the materials involved.
The theory that is applicable to polymeric adhesion is the dif-
fusion theory which is based on the inter-penetration or diffu-
sion of the polymer across the interface. This is affected by
parameters such as the temperature of the polymer, the con-
tact time, the physical form and the weight of the polymer.'+1¢
Studies on polymer to fabric adhesion have highlighted the
importance of understanding the binding process of the poly-
mers with the textile fabric as well as factors that influence
the flow of the polymer. They determined that for better adhe-
sion, the polymer should be able to penetrate into the fabric.
This can be done by reducing the viscosity for high viscosity
polymers or by adding pressure for better adhesion.!”

Adhesion of polymers to fabrics is also affected by
cohesion of the macromolecules of the polymer. The dif-
ference between adhesion and cohesion is that in adhe-
sion, the adhesive forces cause two different surfaces to
cling to one another, whereas in cohesion, the cohesive
forces cause similar surfaces to cling to one another.
Generally, the strength between the polymer and the fab-
ric is affected by the speed at which the polymer is depos-
ited.!! If the adhesive forces are less than the cohesive
forces, adhesion strength between the polymer and the
fabric decreases. It is therefore important to determine the
most appropriate speed to achieve a good adhesion
strength between the fabrics and polymers.

Researchers have tested 3D printed fabric for adhesion
using different methods, with several factors found to be
influencing the adhesion force between the polymer and
textile substrate. The quality of adhesion between the pol-
ymer and the fabric has been examined through visual and
surface inspection'” and by the use of the perpendicular
test, the shear test and the peel test.'8

Factors affecting the adhesion force between
the polymer and textile substrate

Data from previous research suggest that fabric structure
properties such as roughness, areal density, fibre type,
weft and warp count as well as fabric thickness have a
significant effect on adhesion force.”!%!82% Other stud-
ies have emphasised the importance of a lower viscosity
of the polymer in achieving a higher adhesion force.
These studies have shown that a lower polymer viscosity
enables stronger penetration into the pores of the textile
substrate and therefore creates a better connection
between the polymer and the substrate.®!!182! Viscosity
can be reduced by increasing the nozzle and print bed
temperature?! and also by using flexible filaments.® The
distance between the nozzle and the printing bed is
another important factor in polymer/textile adhesion.
Adhesion force has been observed to increase with a
decrease in the distance between the nozzle and the
printing bed due to the nozzle pressing the polymer into
the pores of the fabric with a higher force.?! Studies have
also shown that pretreatment processes carried out on
the fabric before printing have an effect on the surface
tension and hydrophilicity of the fabric, therefore alter-
ing the adhesion force.?>* Processes done in the weav-
ing shed like sizing are important in stabilising warp
yarn for weaving but may reduce the wettability of the
fabric. Washing and desizing of fabrics before 3D print-
ing has resulted in increased adhesion force due to an
improvement in wettability of the fabrics.’

The effect of varying different 3D printing parameters on
adhesion force has been studied with different combinations
of polymers and textile fabrics. An investigation has been
done into the adhesion properties of direct 3D printing of
polymers and nanocomposites on textiles by varying the
printing process parameters.!! The research concluded that
varying different 3D printing parameters like platform tem-
perature, printing speed and extrusion temperature can have a
significant effect on the adhesion force of polymers to textile
fabrics in direct 3D printing. Another study also showed that
3D printing parameters like printing speed and extrusion tem-
perature have a significant impact on the adhesion force,
while nozzle diameter and first layer height had no effect on
adhesion force.?* Optimisation of adhesion of polylactic acid
(PLA), combined with polyethylene terephthalate woven fab-
ric, has been done by the use of modelling and has shown that
textile structure properties affect adhesion properties.?> These
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Table I. Design of experiment runs.

Runs Factors Runs  Factors

Extrusion Printing  Fill density = Model height Extrusion Printing  Fill density  Model height

temperature  speed X, X, temperature  speed X, X,

XI XZ XI XZ
| 210 55.0 30.0 0.40 17 205 42.5 82.5 0.35
2 210 30.0 65.0 0.40 18 205 67.5 47.5 0.35
3 205 42.5 47.5 0.35 19 205 425 47.5 0.45
4 205 67.5 82.5 0.35 20 205 67.5 47.5 0.35
5 210 55.0 65.0 0.30 21 210 55.0 65.0 0.40
6 215 42.5 825 0.35 22 210 55.0 65.0 0.40
7 215 67.5 47.5 0.45 23 220 55.0 65.0 0.40
8 215 67.5 825 0.35 24 215 42.5 47.5 0.35
9 210 55.0 65.0 0.40 25 210 55.0 65.0 0.50
10 200 55.0 65.0 0.40 26 210 80.0 65.0 0.40
I 205 425 825 0.45 27 210 55.0 65.0 0.40
12 215 425 82.5 0.45 28 210 55.0 100 0.40
13 210 55.0 65.0 0.40 29 205 67.5 82.5 0.45
14 210 55.0 65.0 0.40 30 210 55.0 65.0 0.40
15 215 67.5 65.0 0.40 31 215 67.5 82.5 0.45
16 215 42.5 47.5 0.45

studies have necessitated more research in optimising adhe-
sion force with different machine parameters and different
combinations of the polymer and the fabric. This study inves-
tigates the influence of extrusion temperature, printing speed,
fill density and model height on the properties of 3D printed
PLA/Cotton structures. The purpose of this investigation was
to keep the polymer and the fabric parameters constant, while
varying the 3D printing machine parameters.

Methods and materials

Statistical design of experiments

The statistical design of experiments used in this research
work involved the use of a four-factor inscribed central
composite design (CCD) to identify the relationship
existing between the response functions and the process
variables as well as to determine those conditions that
optimised the responses. The CCD of experiments is a
response surface method that uses a combination of sta-
tistical and mathematical methods to choose the best
experimental methods to maximally reduce the number
of experiments.?® In CCD, the factors are tested at a min-
imum of three levels, that is, minimum, middle and max-
imum and are coded as —1, 0 and 1. For a rotatable
design, each experimental factor must be represented at
the five levels of coded units, that is, - o, - 1, 0, 1 and o.
This property ensures constant variance at points that are
equidistant from the centre point and therefore provides
equal precision of response estimation in any direction
of the design.?’” The independent variables studied were
extrusion temperature (X,), printing speed (X,), fill den-
sity (X;) and model height (X,) (see Table 1).

Optimal data values and sample points were generated,
with the predicted response values being closest to the
optimal solution. The analysis of variance (ANOVA,
P-values) and variance inflation factors (VIFs) were
recorded and used to ensure the accuracy as well as the
statistical significance of the model. Experimental
responses of adhesion force before washing, adhesion
force after washing and tensile strength were considered to
predict the optimum and interaction effects using regres-
sion analysis. The four factors and levels of variation are
given in Table 1.

Cotton fabric

The fabric used was 100% cotton, and it had the following
characteristics: 24 ends/inch, 38 picks/inch, 50 tex warp
count, 37 tex weft count, 355.2 grammes per square metre,
a thickness of 0.19mm and white in colour. The fabric
was selected based on an earlier study where PLA was 3D
printed on 15 randomly selected samples to determine the
effect of fabric parameters such as areal density, warp and
weft count, fabric thickness and fabric handle on adhesion
force.'? The sample that displayed superior adhesion force
was selected for the current study.

PLA polymer

The PLA polymer used in this experiment was acquired
from Hatchbox, United States of America. The filament
was purchased from the company’s online shop at http://
hatchbox3d.com. The filament was red in colour and had
the properties shown in Table 2.
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Table 2. Properties of the PLA polymer.

Property Value
Elongation at break (%) 4
Diameter (mm) 1.75
Tensile modulus (MPa) 1968
Extruder temperature range (°C) 180-210
Density (g/cm?®) 1.27
Melting temperature (°C) 155
Solubility in water Insoluble
PLA: polylactic acid.
Fabric
Sample
Securing
L Clips

Figure |. (a) Preparation of the fabric sample for 3D printing.
(b) Fabric sample attached to the 3D print bed with securing
clips.

3D printing experiments

The machine used for the 3D printing process was the
Athena 3D printer from Michigan State University, USA;
it uses the fused deposition modelling 3D printing tech-
nique and works with the Franklin Software. The printer
had no heated printing bed with a nozzle size of 0.4 mm,
and printing was done at a layer height of 0.15 mm. The 3D
printer and the fabric were set up according to the method
reported in an earlier study.!® The fabric sample was laid
on the printer bed and secured with clips to enable the
direct deposition of the polymer on the fabric (Figure 1).

The model for 3D printing was designed using Solid
Works design software, converted to the STL format and
then sliced using the Cura software. The design was a rec-
tangle which had a length of 150 mm and a width of 25 mm
(Figure 2(a)). The image of the red PLA filament printed
on the white fabric is shown in Figure 2(b).

Characterisation of mechanical and physical
properties of the printed fabric

Tests were carried out on the printed fabric to determine the
tensile strength, adhesion force before washing and adhesion
force after washing. The adhesion tests were carried out
according to the DIN 53530 standard using the Testometric

Figure 2. (a) Model designed for 3D printing. (b) 3D printed
PLA/cotton structure.

Micro 500 model tensile tester. The same procedure was used
to test the adhesion force of the samples after washing.
Washing was done using an M228 Rotawash according to the
method outlined in standard ISO 105 COl. The M228
Rotawash machine was operated at a temperature of 40°C for
30min with the shaft assembly rotating at a speed of 40 *= 21/
min. Samples were rinsed and air-dried at room temperature
before carrying out the adhesion tests. The tensile test was
carried out according to standard ASTM D5034 using the
Testometric Micro 500 model tensile tester from Rycobel,
Belgium. The samples were 150mm long and 25mm wide
and were gripped evenly by the jaws of the machine with the
longitudinal axis in line with the direction of load application.
Testing was done at a speed of 100 mm/min.

Results and discussion

Characterisation of the printed fabrics

Characterisation and optimisation of the mechanical proper-
ties of the printed fabrics were done by the use of statistical
methods. The mechanical properties were the response of
the system, while the four process parameters were the input
independent variables. The effect of extrusion temperature,
fill density, printing speed and model height on the mechan-
ical properties was determined, and these factors were mon-
itored for the optimisation of the mechanical properties.

The regression model for adhesion force (Y ,) shown in
equation (1) had an R? value of 0.7473. The ANOVA results
were done at the alpha (at) value (P < 0.05) and were deemed
to be significant. The regression analysis showed that extru-
sion temperature (X,), extrusion speed (X,) and model
height (X,) had an effect on adhesion force, while fill den-
sity (X,) had no significant effect on adhesion force

Y, =— 1054 +4.113X, +14.05X, +864X,
0.01737X,X, ~1048X,,X, —0.0584X,X, )
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Table 3. ANOVA, FC% and VIFs for adhesion force.

Source ANOVA (P-value) FC (%) VIF

Regression 0.000 74.73

X, 0.000 35.62 1.00
X, 0.022 2.28 1.01
X, 0.029 1.58 1.01
X, ¥X, 0.003 10.02 1.02
XX, 0.004 12.21 1.02
X *X, 0.004 13.01 1.00
Error 25.27

Lack-of-fit 0918 12.96

Pure error 12.31

Total 100.00

ANOVA: analysis of variance; FC: factor contribution; VIF: variance
inflation factor.

Mean of Adhesion Force
(N/cm)

200 205 210 25 20
Extrusion Temperature X1 (°C)

Figure 3. Combined effect of extrusion temperature and
printing speed on adhesion.

The ANOVA, factor contributions (FC%) and VIFs for
the adhesion force are shown in Table 3. The percentage
contribution of the factors showed that the extrusion tem-
perature X, had the highest percentage contribution of
35.62%, while the combined effects of extrusion tempera-
ture X, and printing speed X, had the second highest con-
tribution of 13.01%. Printing speed contributed 2.28% and
model height 1.58%. The P values for the estimated coef-
ficients and curvilinear and interaction effects were less
than 0.05 and were therefore significant in the model.

The combined effect of extrusion temperature and print-
ing speed is shown in Figures 3 and 4. The graphs show that
as the temperature increased and the printing speed
decreased, there was an increase in the adhesion force.

The normal probability plot of residuals for adhesion
force (Figure 5) indicated that the data points were nor-
mally distributed.

The regression model was used to predict the optimal
settings for a maximised adhesion force. The optimal set-
tings obtained were extrusion temperature (X,) of 220°C,
printing speed (X,) of 34.55mm/s, a model height (X,) of
0.41mm and a predicted adhesion force (Y ,) of 50.06 N/cm.

The top five values closest to the predicted optimum
settings for adhesion force (Table 4) were also considered
in case the optimum settings were not practicable.

Adhesion Force (N/cm)

Printing Speed (mm/s) 425 205 Extrusion Temperature (°C)

Figure 4. Response surface 3D plot indicating the interaction
between printing speed and extrusion temperature on
adhesion force.

Normal Probability Plot
(response is Y)

Percent
o
(=]

2 1 0 1 2
Standardized Residual

Figure 5. The normal probability plot for adhesion force.

Table 4. Predicted optimum settings.

X, X, X, Predicted Y,
220 55 0.4 42.7830
215 425 0.45 39.3309
215 425 0.35 36.8322
210 55 0.4 33.7513
215 67.5 0.45 29.0334

X,: temperature; X,: speed; X,: model height.

It is worth noting that the optimum settings yielded maxi-
mum extrusion temperature of 220°C. An increase in extru-
sion temperature resulted in an increase in adhesion force
(Figure 6). This is in line with the general trend in previous
studies that showed that an increase in temperature leads to an
increase in adhesion force. This is explained by the reduced
viscosity of PLA at higher temperatures, which then allows
the polymer to penetrate deeper into the woven fabric.!-**
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Extrusion Temperature Printing Speed Model Height
X1 X2 X4
50 i i /HT\
Adhesion
Force 0 | | ‘
(N/m) 10- l I , |
» 0 s © & ® > oh o°

Figure 6. Settings and sensitivity for optimal adhesion solution.

Table 5. FC% and VIFs for adhesion force after washing.

Source ANOVA (P-value) FC (%) VIF
Regression 0.000 83.37%

X, 0.000 57.56% 1.03
X, 0.048 1.07% 1.03
X, 0.012 1.04% 1.05
X, *X, 0.001 10.93% 1.05
X, * X, 0.014 12.77% 1.09
Error 16.67%

Lack-of-fit 0.637 10.79%

Pure error 5.84%

Total 100%

FC: factor contribution; VIF: variance inflation factor; ANOVA: analysis
of variance.

Another study also showed that PLA adheres better to fabric
when extruded at higher temperatures than the normal extru-
sion temperatures between 180°C and 210°C .28

Another factor to note is that the optimum settings
yielded a value close to the minimum printing speed, that
is, 34.5mm/s. The graphs in Figure 6 show that as the
printing speed increased, adhesion force decreased.
Previous research has shown that the adhesion force
reduces with an increase in printing speed.?* The penetra-
tion of the macromolecules of polymers into the fabric is
slow at high printing speeds; as a result, the adhesive
forces are less than cohesive forces, hence the decrease in
adhesion strength.!! The adhesion force increased with an
increase in model height to an optimal height of 0.411 mm,
beyond which the adhesion force reduced. This could be
due to the fact that as the height of the model continues to
increase, the print becomes easier to peel off the fabric,
hence the reduced adhesion force.

Adhesion force of the printed fabric after
washing (Y,,)

The adhesion force regression model (Y , ) shown in equa-
tion (2) had a coefficient of determination (R?) of 0.8337.

The ANOVA gave a P value which was 0.000 for the gen-
eral model and was less than the alpha (o) value (P <0.05)
and was therefore a significant model

Yaw = = 459741233X, + 203X, +873X,
-0.01902X,X, ~1073X,X,

The regression analysis showed that extrusion tempera-
ture (X,), printing speed (X,) and model height (X,) had an
effect on adhesion force after washing, while fill density
(X;) had no significant effect; thus, it was not captured in the
model.

The ANOVA, FC% and VIFs for the adhesion force
after washing are shown in Table 5. The percentage contri-
bution of the factors showed that extrusion temperature
contributed 57.56% to the regression model for adhesion
force after washing, while printing speed and model height
contributed 1.07% and 1.04%, respectively. The P values
for the estimated coefficients and curvilinear and interac-
tion effects were less than 0.05 and were therefore signifi-
cant in the model.

The normal probability plot of residuals for adhesion
force after washing (Figure 7) showed that the data points
were normally distributed.

The regression model was used to predict the optimal
settings for a maximised adhesion force after washing. The
optimal settings obtained were extrusion temperature (X,)
of 220°C, printing speed (X,) of 53.23 mm/s and a model
height (X,) of 0.41 mm to achieve a predicted maximum
adhesion force after washing of 42.921 N/cm. This is less
than the predicted maximum adhesion force before wash-
ing, which has a value of 50.06 N/cm. This showed that the
adhesion force is expected to reduce slightly after washing
the sample.

The top five values closest to the predicted optimum
settings for adhesion force after washing (Table 6) were
also considered to be used in a situation where the opti-
mum settings proved to be unfeasible.

The optimal settings yielded a maximum temperature
of 220°C. Figure 8 shows that as extrusion temperature
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increased, adhesion force increased. The optimum printing
speed for adhesion force after washing is 53.23 mm/s. As
the printing speed increased, the adhesion force after
washing increased until a speed of 53.23 mm/s; thereafter,
the adhesion force started to decrease. The optimal settings
yielded a maximum model height of 0.41 mm. The adhe-
sion force increased with an increase in model height to an
optimal height of 0.41 mm, beyond which the adhesion
force reduced.

Results of the study also showed that the adhesion force
reduced after washing (Figure 9), as was also observed by
researchers in previous studies.?>?

Normal Probability Plot
(response is YT)

Percent
Ui
o

-3 2 1 0 1 2 3
Standardized Residual

Figure 7. The normal probability plot for adhesion force after
washing.

Table 6. Predicted optimum settings for adhesion force after
washing.

X, X, X, Predicted Y,
220 55.0 0.40 42.8071
215 42.5 0.45 32.5952
215 425 0.35 31.1052
210 55.0 0.40 30.4794
215 67.5 0.35 29.3859

X,: temperature; X,: speed; X,: model height.

Tensile strength (Y;) of the printed fabric

The regression model for tensile strength (Y;) is repre-
sented in equation (3), which was tested at an alpha (o)
value (P <0.05) and was deemed to be significant

Y, = 43148 — 363.8X, - 1161 X, — 77.77X,
— 8334X, + 0.775X,X, + 03561X,X;  (3)
+ 28.7X,X, — 0.0426X,X; + 36.27X,X,

The regression analysis showed that all factors, that is,
extrusion temperature (X,), printing speed (X,), fill den-
sity (X;) and model height (X,) had an effect on tensile
strength. The ANOVA, FC% and VIFs for the tensile
strength are shown in Table 7. The percentage contribution
of the factors showed that extrusion temperature contrib-
uted 4% to the model for tensile strength, while printing
speed contributed 1.02%, fill density 6.33% and model
height 4.70%.

The combined effect of extrusion temperature and fill
density had the highest percentage contribution of 36.58%.
The combined effect of printing speed and fill density had
the second highest percentage of 21.83%. The combined
effect of extrusion temperature (X1) and fill density (X3)
is shown in Figures 10 and 11. The graphs show that as
both the extrusion temperature and the fill density
increased, there was an increase in tensile strength.

The normal probability plot of residuals for tensile
strength (Figure 12) showed that the data points were nor-
mally distributed.

The regression model was used to predict the optimal
settings for a maximised tensile strength. The optimal set-
tings obtained were extrusion temperature (X,) 220°C,
printing speed (X,), fill density (X;) 100% and model
height (X,) 0.35mm to achieve a tensile strength of
346.22 MPa.

The top five values closest to the predicted optimum
settings for tensile strength were also considered and are
presented in Table 8 in case the optimum settings were not
possible.

The optimum settings produced a maximum extrusion
temperature of 220°C. Figure 13 shows that as extrusion

PR S

Extrusion Temperature Printing Speed Model Height
Adhesion X1 X2 X4
Force 40
After
Washing
(N/m) 20

@ & o> ok o

Figure 8. Settings and sensitivity for optimal adhesion after washing solution.
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Boxplot of Adhesion Force before Force after
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Adhesion Force before washing N/cm Adhesion Force after washing N/cm

Figure 9. Boxplot for adhesion force before and after
washing.

Table 7. FC% and VIF for the tensile strength.

Source ANOVA (P-values) FC (%) VIF

Regression 0.000 94.06

X, 0.000 4.00 I.11
X, 0918 1.02 1.05
X 0.052 6.33 1.04
X, 0.003 4.70 1.05
X *X, 0.000 12.93 1.10
X*X 0.000 36.58 1.06
X *X, 0.047 4.68 1.06
X¥Xy 0.014 1.99 1.05
XX, 0.000 21.83 1.05
Error 5.94

Lack-of-fit 0.540 4.64

Pure error 1.30

Total 100

FC: factor contribution; VIF: variance inflation factor; ANOVA: analysis
of variance.

g 300
&
@9 —
= g
§S 200
2e
-
o
e
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3
204 210 216 220
Extrusion Temperature X1 (°C)

Figure 10. Combined effect of extrusion temperature and
printing speed on tensile strength.

temperature increased, tensile strength increased. Earlier
results have shown that an increase in extrusion tempera-
ture results in an improved tensile strength, with the best

Tensile Strength (MPa)

Figure Il. Response surface 3D plot indicating the
interaction between fill density and extrusion temperature on
tensile strength.

Normal Probability Plot
(response is YT)

Percent
w
(=]

=3 2 -1 0 1 2 3
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Figure 12. Normal probability plot for tensile strength.

Table 8. Predicted optimum settings for tensile strength.

X, X, X, X, Predicted Y,
205 425 475 0.35 259.883
205 67.5 475 0.45 236931
205 67.5 475 0.35 236.565
215 425 825 0.35 216.370
205 425 82.5 0.35 204.626

X,: temperature; X,: speed; X;: fill density; X,: model height.

tensile strength achieved at a temperature of 220°C.3%3!
This is because at higher temperature, the polymer is less
viscous and there is improved adhesion between the layers.
The predicted optimum printing speed for maximum ten-
sile strength is 42.5 mm/s. As the printing speed increased,
the tensile strength reduced. The graph for fill density ver-
sus tensile strength shows that as fill density increases,
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Figure 13. Settings and sensitivity for optimal tensile strength solution.

tensile strength increases. An increase in fill density means
that there is more material in the specimen; therefore, the
tensile strength is likely to increase.3? An increase in model
height resulted in a slight decrease in tensile strength.

Conclusions and recommendations

This study showed that the 3D printing machine parameters
have an effect on the properties of the PLA/textile structure.
The factors that affected adhesion force both before and
after washing were extrusion temperature, printing speed
and model height, while fill density had no significant effect.
Adhesion force before and after washing were both posi-
tively correlated to extrusion temperature and negatively
correlated to printing speed and model height. The results
also showed that the adhesion force reduced after washing.
A positive correlation exists between tensile strength and
temperature, while a negative correlation exists between
tensile strength and printing speed and model height.

From the results obtained, it can be recommended that
research should be done to determine the best washing
parameters to maintain a good adhesion force after several
washing cycles. Parameters such as washing temperature,
washing time, washing detergent and number of washing
cycles could be studied.
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