Hindawi

Mathematical Problems in Engineering
Volume 2022, Article ID 2698845, 13 pages
https://doi.org/10.1155/2022/2698845

Research Article

@ Hindawi

Optimization of FDM Printing Process Parameters on Surface
Finish, Thickness, and Outer Dimension with ABS Polymer
Specimens Using Taguchi Orthogonal Array and

Genetic Algorithms

Jasgurpreet Singh Chohan ,! Raman Kumar ®," Aniket Yadav,' Piyush Chauhan,!
Sandeep Singh ,2 Shubham Sharma ©,"? Changhe Li,* Shashi Prakash Dwivedi,’

and S. Rajkumar

'Department of Mechanical Engineering, Chandigarh University, Mohali 140413, India

2Department of Civil Engineering, Chandigarh University, Mohali 140413, India

*Deptt. of Mechanical Engg., IK Gujral Punjab Technical University, Main Campus, Kapurthala 144603, India
“School of Mechanical and Automotive Engineering, Qingdao University of Technology, Qingdao, 266520, China
°G.L. Bajaj Institute of Technology & Management, Greater Noida, Gautam Buddha Nagar, UP 201310, India
®Department of Mechanical Engineering, Faculty of Manufacturing, Institute of Technology, Hawassa University,

Awasa, Ethiopia

Correspondence should be addressed to Shubham Sharma; shubhamsharmacsirclri@gmail.com and S. Rajkumar;

ccetraj@gmail.com

Received 7 November 2021; Revised 13 January 2022; Accepted 31 January 2022; Published 11 March 2022

Academic Editor: Jiafu Su

Copyright © 2022 Jasgurpreet Singh Chohan et al. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Fused deposition modelling (FDM) is a technique of additive manufacturing used to fabricate a 3D (three-dimensional) model
with layer-by-layer deposition of required materials with less material wastage. FDM is used to make any objects with a meager
cost, but also there are some negative points related to less strength, less accuracy, and less surface finish. In this study, acrylonitrile
butadiene styrene (ABS) is printed using an FDM printer to investigate the effects of various changing parameters like nozzle
temperature (°C), infill pattern, and printing speed (mm/s) on surface roughness and thickness measurement. Experiments are
designed using the Taguchi L9 orthogonal array method and ANOV A method. For obtaining an increase in surface roughness, the
most influencing factor is printing speed with 83.41% contribution, and the effect of nozzle temperature is 9.04%. Lesser printing
speed enhances the surface finish and, in the case of thickness and outer dimension of all the printed samples, results are almost
constant. Regression analysis is performed to formulate the single-objective equations, and a genetic algorithm (GA) is applied to
optimize the values of process parameters.

1. Introduction

Additive manufacturing is a rapidly growing technique that
has significant advantages over conventional subtractive
manufacturing techniques. In this technique, design is
prepared in CAD software and printed layer by layer using
three-dimensional (3D) printers and a final 3D solid is
obtained [1]. It is also used to make joint fewer products or

specimens comparatively higher the strength than the ma-
terial removal process [2]. Additive manufacturing is used to
make complex structures like dental implants [3], hip im-
plants [4], gears [5], and many other objects which are
difficult to manufacture by using subtractive manufacturing
techniques. It is used in almost every field of application like
biomedical industry [6], aerospace industry [7], automotive
industry [8], food printing [9], and teaching [10] also. These


mailto:shubhamsharmacsirclri@gmail.com
mailto:ccetraj@gmail.com
https://orcid.org/0000-0002-3903-8589
https://orcid.org/0000-0002-5040-7920
https://orcid.org/0000-0002-8244-3686
https://orcid.org/0000-0001-9446-8074
https://orcid.org/0000-0002-6544-3852
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/2698845

3D printers can be of different types and are based up
different principle techniques [11]. Different printers have
different states of input material like powder form and fil-
ament form. 3D printers can be of many types like SLA [12],
SLS [13], LOM [14], and FDM [15], which are commonly
used in industry. FDM is most widely used due to its easy
construction, low cost, and maintenance [16]. In FDM, the
parts having complex geometries are rapidly created through
numeric controlled nozzles through layer-by-layer
manufacturing while no clamps, jigs, and fixtures are re-
quired as traditional manufacturing processes. The FDM
incorporates a desktop prototyping facility in the office as it
uses nontoxic, odourless, and environmentally friendly
materials. Due to the good chemical and mechanical
properties, the FDM parts are highly suitable for conceptual
modelling, functional prototypes, and end-use production
parts. The demand of tight dimensional tolerances and
complex design features that were unobtainable with tra-
ditional processes became practical with FDM technology.
Consequently, AM technology has been adopted by various
biomedical, automotive, aerospace, and electronics
industries.

In fused deposition modelling, the parts are digitally
manufactured layer by layer extruding a small bead of heated
plastic material (0.5°C above melting point) by robotically
controlled nozzle head moving in X and Y directions on a
fixtureless table. After one layer is deposited, the extrusion
nozzle head is numerically raised relative to the table to
deposit subsequent layers of the part. Similar to other AM
processes, the FDM also requires support structures to be
added beneath the overhanging features, which are later
removed. Support material is extruded through other nozzle
acting as scaffolding which is water soluble and afterward
removed from the substrate. As FDM is evolving with
enormous pace today, it can be used for printing of various
materials like polymers [17], composites [18], biomaterials
[19], wood [20], food materials [9], and ceramics [21]. Out of
all these materials, polymers are widely used. PLA and ABS
are two widely used polymers due to several unique ad-
vantages like both are thermoplastics (can be reused), and
both can be made into the filament form and hence can be
used in FDM printers [22]. The present study has focused on
the impact of FDM process parameters on surface roughness
and dimensional accuracy. Furthermore, multiresponse
optimization has been performed to identify an optimum set
of parameters for both responses.

The rest of the paper is organized as follows: Section 2
presents the relevant literature. Section 3 provides the details
of the experimental setup. Section 4 presents the optimi-
zation of process parameters. The last section provides the
concluding remarks.

2. Literature Review

FDM is an additive manufacturing technique that depends
upon various printing parameters. Ali et al. (2019) have
predicted the dynamic mechanical properties of the printed
structure. Various parameters like raster angle, air gap, and
build orientation were changed for the evaluation purpose
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and, according to this design, artificial neural network
(ANN) model was developed and the accuracy is increased
within 5% [23]. Wankhede et al. [24] have investigated the
surface roughness with changes in parameters like build time
on bed, infill density, and layer thickness. Taguchi L9
method is applied to optimize the process and found that
layer thickness was the most influencing parameter. Chohan
et al. [25] used the Taguchi and ANOVA for 3D-printed
parts using FDM and vapour smoothing. In this experiment,
six parameters were taken and derived using the Bucking-
ham Pi theorem; it was also found that after a number of
cycles of vapour smoothing, there is an increase in the
percentage of surface finish. Wang et al. [26] established the
3D printing heat-resistant model using resin and nozzle
temperature, printing speed, and layer thickness as the
changing parameters. In this work, several structures were
made with and without resin, and a surface roughness test
was performed. It is found that this model provides a better
surface finish. Peng and Yan [27] considered surface
roughness and energy consumption simultaneously. After
controlling the changing parameters like infill ratio, printing
speed, key process parameters, and layers thickness, defined
structures were fabricated on three different printers. From
this research, it is found that layer thickness was the most
influencing parameter for a better surface finish. Yadav et al.
[28] have used the ABS and multimaterial in which 60% is
ABS and 40% is PETG. Various changing parameters like
nozzle temperature, layer thickness, and infill density were
taken. In this research work, thirty experiments were per-
formed on Universal Testing Machine and a tensile test was
performed. It is found that the specimen with 0.1 mm layer
thickness and 225°C nozzle temperature had high tensile
strength. Khan et al. [29] used nickel as a coating material
due to its lower cost and aesthetic look, and various pa-
rameters like raster angle, air gap, and time to metal implant
were taken under the maintained environment. It is found
from the experiments that there was an increase in the
surface of each part. Sajan et al. [30] investigated the cir-
cularity and surface roughness of the FDM build part with
various changing parameters like bed temperature, nozzle
temperature, infill density, print speed, layer thickness, and
the number of loops. In this research work, a shape of a
grinder blade having some holes is used. It is found that, at
the XY plane on the hole, the circularity and surface finish
are minimum, while they are maximum at the XZ plane.
Ehsanul Haque et al. [31] used the face centered central
composite design (FCCCD) as a design of experiments
(DOE) to minimize the number of experiments. In this
experiment, various changing parameters like layer thick-
ness, raster width, overlap distance, and part orientation
were used to design the specimens and to check the surface
roughness. It is found that layer thickness was the most
influencing parameter to improve the surface finish.
Farina et al. [32] investigated the hardness and bending
strength of cement-matrix composites with fractal geometry
manufactured through 3D printing. It was found that re-
inforcements with fractal geometry improved the first crack
strength along with residual loading. The interlocking at
matrix and ribs of reinforcements delayed the cracking after
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the load is exerted. Hibbert et al. [33] evaluated the impact of
FDM process parameters on tensile strength through a fully
factorial experimental design. It was noted that smaller layer
thickness and 90° orientation angle yielded higher me-
chanical strength. Furthermore, it was found that raster
angle has a significant impact on the modulus of toughness,
whereas infill pattern influences the yield strength. In a
recent study [34], the compressive strength of different 3D-
printed materials has been tested. The comparative study has
been carried out using PLA, PEEK, ABS, and FDM at dif-
ferent orientation angles. Scanning electron microscope tests
reveal that interlaminar pores generated during printing
have a significant impact on compressive strength. Fur-
thermore, the compressive strength of different materials
also depends upon orientation angle settings. Wang et al.
[35] investigated the anisotropic behavior and its impact on
the tensile properties of 3D-printed material. The anisotropy
increases with a decrease in the strain rate. Also, the tensile
fracture observed in a vertical plane is more uniform as
compared to a parallel plane.

3. Materials and Methods

In this research work, a total of nine structures were fab-
ricated to investigate the effect of important parameters of
important machine parameters like nozzle temperature (°C),
infill pattern, and printing speed (mm/s) on the surface
roughness. Layer thickness is 0.1 mm, and it is kept constant
for all the structures. The schematic diagram of layer de-
position is shown in Figure 1. The printing material used for
the present investigation is ABS to highlight its wide range of
applications.

3.1. Taguchi Procedure for Experimental Design and Analysis.
Table 1 shows various parameters designed for the experi-
ment using Taguchi L9 orthogonal array method for opti-
mization. The surface roughness with surface roughness
tester and thickness and outer dimension of the gear was
measured with the help of a vernier caliper.

3.2. Part Fabrication. The surface roughness, thickness
measurement, and outer diameter measurement of ABS with
a 3D printer (Prusa i3 Mk2) are investigated. Dimensions of
the specimens are 32.9 x 33 x 6 mm with the flat surface only.
The infill parameters are infill pattern (lines, triangles, and
tetrahedral), nozzle temperature (210°C, 230°C, and 250°C),
and layer thickness (60 mm/s, 70 mm/s, and 80 mm/s).
Printed specimens are in a shape of a gear, as shown in
Figure 2. For the manufacturing of these parts, ABS L400
was used.

4. Results and Discussion

Every 3D-printed part of ABS using the FDM process was
measured by time (TR110) surface roughness tester ranging
from 0.05- to 10.0 ym, and these printed parts are measured

thrice for better accuracy and after that mean of the readings
was taken, as shown in Table 2.

Slow printing speed leads to better surface finish as more
time is incorporated for fused material flow and deposition;
as ABS is an amorphous type of thermoplastic material, it
does not show any true melting point and depicts best
printing results near 230°C. Line-type infill pattern shows
more surface finish value due to the fact that more area is
covered in a line-type pattern as compared to triangular and
tetrahedral infill patterns. The effect of various parameters
on the surface finish is shown in Figure 3.

Table 3 readings are calculated through the ANOVA
method, and printing speed is the most influencing factor
here with a percentage of 83.41%. Slow printing speed leads
to a better surface finish. Also, the variation due to the nozzle
temperature cannot be neglected as it gives 9.04% variation,
as shown in Table 3.

4.1. Thickness Measurement of the Structures. The thickness
of the 3D-printed part is measured by the analog vernier
caliper of Hauser Germany whose least count is 0.02.
Readings of each structure were taken thrice for more ac-
curacy. Also, there is little variation in the actual height and
observed height or thickness of the specimen, as shown in
Table 4 and Figure 4.

The readings in Table 4 show that there is no major effect
of variable parameters on the thickness. The thickness of
each structure is almost the same, but there is a minor
change in value. It can be because of the gum which is
applied on the bed due to the poor sticking of ABS.

Readings in Table 5 are calculated through the ANOVA
method, and printing speed and infill pattern are the most
influencing factors here with a percentage of 46.35% and
39.07%.

4.2. Measurement of the Outer Diameter of the Structures.
The outer diameter of the structures was measured by the same
above-mentioned vernier caliper. There can be also some change
in dimensions as the accuracy of the FDM is less. To take the
reading, vernier caliper is placed at the corner of the teeth of the
gear and these readings were taken thrice for each structure, as
mentioned in Table 6 and Figure 5.

From the above values of the outer diameter of the
structure, all the values are almost constant, so there is no
major effect of variable parameters like printing speed,
nozzle temperature, and infill pattern on the outer diameter.
According to the CAD, the design value is 32.9 and the actual
value is almost near to 32.70; this small deflection can occur
due to less accuracy of FDM-based printers. Table 4 shows
the results of thickness measurement.

Readings in Table 7 are observed through the ANOVA
method, and here printing speed is the most influencing
factor with 87.61% and also the nozzle temperature gives
good contribution in the better accuracy with 11.22%. Less
printing speed leads to better accuracy, as shown in Table 7.
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STRUCTURE HEATED BED
FIGURE 1: Schematic diagram of layer-by-layer deposition of ABS material.
TaBLE 1: Process parameters and their levels.

Exp no. Infill pattern Nozzle temperature (°C) Printing speed (mm/s)
1 Lines 210 60

2 Lines 230 70

3 Lines 250 80

4 Triangles 210 70

5 Triangles 230 80

6 Triangles 250 60

7 Tetrahedral 210 80

8 Tetrahedral 230 60

9 Tetrahedral 250 70

FIGURE 2: Image of 3D-printed parts.
TaBLE 2: Readings of surface roughness tester.

Exp. no. Reading no. 1 Reading no. 2 Reading no. 3 Mean value
1 1.99 2.48 2.43 2.30
2 1.52 1.44 1.81 1.59
3 2.29 2.39 2.43 2.37
4 1.14 1.03 0.95 1.50
5 2.85 2.40 2.67 2.64
6 1.97 2.51 2.32 2.26
7 1.54 1.71 1.82 1.69
8 1.99 2.35 2.23 2.19
9 1.80 1.48 1.41 1.56
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Main Effects Plot for Means
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FiGuRre 3: Effect of variable parameters on surface roughness: (a) mean values and (b) SN ratio.

TaBLE 3: ANOVA test results for surface roughness.

Source DF Seq. SS Adj. SS Seq. MS P value F value Percentage contribution (%)
Infill pattern 2 0.12449 0.12449 0.06225 0.371 1.70 4.76

Nozzle temperature 2 0.23650 0.23650 0.11825 0.237 3.23 9.04

Printing speed 2 2.18278 2.18278 1.09139 0.032 29.78 83.41

Error 2 0.07330 0.07330 0.03665 2.80

Total 8 2.61707 100.00

5. Multiobjective Optimization of Process
Parameters Using Genetic Algorithm

regression method. The present work is focused on three
response parameters; therefore, three single-objective
equations are formulated with the help of the regression

The regression method is applied to investigate the effect of ~ method. To optimize the process parameters, the mathe-
input on output. SPSS software is used to apply the  matical model must be formulated which is further used as
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TABLE 4: Reading of thickness measurement.

Exp. no. Reading no. 1 Reading no. 2 Reading no. 3 Mean value
1 6.20 6.22 6.22 6.21
2 6.20 6.24 6.26 6.23
3 6.24 6.26 6.28 6.26
4 6.16 6.20 6.24 6.20
5 6.20 6.22 6.22 6.21
6 6.18 6.20 6.22 6.20
7 6.24 6.26 6.24 6.24
8 6.20 6.22 6.22 6.20
9 6.20 6.24 6.26 6.23

Main Effects Plot for Means

Data Means
624 Infill pattern Nozzle Temperature (°C) Printing Speed (mm/s)
6.23
2
g
p
S
© 6.22 4
g
§
=
6.21
6.20
T T T T T T T T T
Lines Tetrahedral Triangles 210 230 250 60 70 80
@
Main Effects Plot for SN ratios
Data Means
15.85 Infill pattern Nozzle Temperature (°C) Printing Speed (mm/s)
-15.86
g
£ -15.87 -
Z
w
S
S
=
S -15.88
=
-15.89 4
-15.90
T T T T T T T T T
Lines Tetrahedral Triangles 210 230 250 60 70 80
(®)

FiGuRre 4: Effect of variable parameters on the thickness: (a) mean values and (b) SN ratio.
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TaBLE 5: ANOVA test results for thickness.

Source DF Seq. SS Adj. SS Seq. MS P value F value Percentage contribution (%)
Infill pattern 2 0.001389 0.001389 0.000694 0.045 21.39 39.07
Nozzle temperature 2 0.000453 0.000453 0.000227 0.125 6.99 12.76
Printing speed 2 0.001648 0.001648 0.000824 0.125 25.39 46.35
Error 2 0.000065 0.000065 0.000032 1.83
Total 8 0.003555 100.00
TABLE 6: Measurements of outer diameter.
Exp. no. Reading no. 1 Reading no. 2 Reading no. 3 Mean value
1 32.70 32.74 32.72 32.72
2 32.56 32.60 32.64 32.60
3 32.60 32.64 32.62 32.62
4 32.58 32.60 32.62 32.60
5 32.64 32.64 32.64 32.64
6 32.68 32.72 32.70 32.70
7 32.54 323.70 32.66 32.60
8 32.66 32.70 32.68 32.68
9 32.60 32.60 32.60 32.60
Main Effects Plot for Means
Data Means
Infill pattern Nozzle Temperature (°C) Printing Speed (mm/s)
32.70 4

32.68

32.66

32.64

Mean of Means

32.62

32.60

T T T T
Lines Tetrahedral Triangles 210 230 250 60 70 80
@

FiGure 5: Continued.
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Main Effects Plot for SN ratios
Data Means
Infill pattern Nozzle Temperature (°C) Printing Speed (mm/s)
-30.265
-30.270
g
£-30.275 -
Z
a
o
§-30.280 -
=
-30.285
-30.290
Lines Tetrahedral Triangles 210 230 250 60 70 80
(b)
FIGURE 5: Effect of variable parameters on the outer diameter: (a) mean values and (b) SN ratio.
TaBLE 7: ANOVA test results for diameter.
Source DF Seq. SS Adj. SS Seq. MS P value F value Percentage contribution (%)
Infill pattern 2 0.0000 0.0000 0.0000 0.99 0.503 0.58
Nozzle temperature 2 0.0000 0.0000 0.0000 19.05 0.050 11.22
Printing speed 2 0.0000 0.0000 0.0000 148.72 0.007 87.61
Error 2 0.0000 0.0000 0.0000 0.59
Total 8 0.0000 100.00

an objective function for optimization. The mathematical
model defines a relationship between input and output
parameters. In the present context, there are three main
process variables of the FDM process, whereas SR, T,, and

D, are output parameters. Three equations are developed,
one for each output, using regression methods, where
minimization of SR, T,, and D, are the objectives’ function:

SRyun = 32.33 — 1.870A + 0.09217B — 1.142C - 0.1833A * A — 0.000267B = B
+0.008517C * C + 0.01600A = B — 0.01733A * C,

TCyux = 0.9529 — 0.05167A — 0.008500B + 0.005333C + 0.02500A * A

1

+0.000021B * B — 0.000033C * C — 0.000333A * B + 0.000333A * C,
DCyy = —5.935 + 0.7200A + 0.02800B + 0.07100C — 0.01000A * A — 0.000050B * B
—0.000500C = C — 0.003000A * B — 0.000000A * C.

Genetic algorithm is a nature-based algorithm used to
solve nonlinear objective functions. Holland (1960) devel-
oped the GA and further modified it by Goldberg in 1989.
GA is used to achieve the best fitness values and its results are
more reliable, especially in a constrained optimization
problem, as shown in Figure 6.

The result of GA showed that the infill pattern should be at
higher values for minimizing the surface roughness, change in
diameter, and multiobjective optimization [36-69]. The value

of the infill pattern should be 2, if we are considering
minimizing the change in thickness only. The notable
finding of this work is the printing speed should not be at the
highest level as suggested by all single objectives and mul-
tiobjective function values. The value of the printing speed
should be at a minimum, i.e., 60 for minimizing the change
in thickness and diameter. The value of the printing speed
should be 70 for minimizing the surface roughness and also
suggested by multiobjective optimization. The value of
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‘ Define fitness function ’

Generate Initial random population of
chromosomes

‘ Evaluate fitness for each chromosome ’

ﬁ( Selection of parent chromosomes from the population

‘ Crossover to form new offsprings ’

N2

‘ Mutate new chromosomes ’

N2
Replace the old population of ’

chromosomes with the new population

)

Optimal or good
solution
achieved

4‘ Generation=Generation+1 ’

FIGURE 6: Flow diagram of GA.

TaBLE 8: Output of genetic algorithm.

Optimization Objective function value Infill pattern Nozzle temperature Printing speed
SRyin 0.885 3.000 210.000 70.094
TCyin 0.190 2.092 218.965 60.000
DCumin 0.220 3.000 250.000 60.000
Multiobjective 0.520 3.000 210.000 69.931
300.000 -
250000 { - M ,
18.965
200000 4 - 210000 TR 210.000
150.000 -
100.000 -
70.094 69.931
50,000 - 60,000+ 60.000 :
0.000 +-3.000. 2092 +-3.000. + 3000,
SRMIN TCMIN DCMIN Multi-
Objective

—o— Infill pattern
—m- Nozzle Temperature
Printing Speed

FIGURE 7: Values of process parameters for optimization.
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Best, Worst, and Mean Scores

1.1

0.9

0.8

0.7

0.6

0.5

50 100 150 200 250 300
Generation

FIGURE 8: The number of iterations in multiobjective function.

nozzle temperature should be 210 for minimizing the surface
roughness and also suggested by multiobjective function
results. The results of GA are presented in Table 8 and
Figure 7. Figure 8 represents the number of iterations and
objective function value. The minimum objective values
achieved 0.520 in multiobjective optimization.

6. Conclusions

In the present research, 3D printing of gear-shaped speci-
mens made up of ABS is carried out and the effect of an infill
shape pattern, built plate temperature, and nozzle speed on
surface finish and thickness is investigated. The most
influencing factor is printing speed. The results obtained can
be summarized as follows:

(i) Surface finish in ABS depends on nozzle speed; low
nozzle speed tends to better surface finish. The effect
of changing the printing speed is very much
satistying.

(ii) In the aspect of thickness measurement, all the
readings are almost the same and there is a little
variation from the actual design due to the gum
applied on the bed but this is almost constant in
each part.

(iii) Measurement of the outer diameter also gives the
almost constant reading in each part, and observed
reading is less than the actual drawing value.

(iv) Results of GA suggested that the value of infill
pattern and nozzle temperature should be at level 1,
and the value of printing speed should be at level 2
for achieving optimized results.

In the present examination, the impacts of parameters
like shape pattern design, built plate temperature, and nozzle
speed were examined for surface finish and thickness. In
future, the impact of different parameters, for example,
orientation and layer height, can be researched. The impact
of these parameters on some other printing materials like

Mathematical Problems in Engineering

PLA and so forth can likewise be explored. The impact of
these parameters on composite 3D-printed structures can
likewise be examined. FDM printer design can be improved
for better accuracy of surface finish and dimensions.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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