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ABSTRACT The use and advancement of manufacturing technologies related to additive manufacturing
significantly increased in the final decade of the 20th century. Technology progressions have led to the
creation of methods for streamlining the printing process, emphasizing cutting down on manufacturing time,
including the use of Genetic Algorithms (GA). The effect produced by changing the path pattern is interesting
for two reasons: a) dimensional accuracy focused on preserving the component’s dimensions and b) the
structural composition and strength that the printing process itself can produce. The objective of this article is
to compare the effect of modifying the path (GA) versus the manufacturer algorithm (MA) of the 3d printed
in two ways, one of them focused on the accuracy dimension of the geometries and the second from the
structural point of view through the comparison by using Computed Tomography. Twenty-three geometrical
pieces were employed in a template printed using FFF technology and PLA as the foundation material.
The total process time needed to print the component was reduced by 11% due to the findings. Regarding
the dimensional analysis, the average deviation produced by the GA path is less than that produced by the
manufacturer’s suggestion. Regarding the porosity analysis, the GA shows a more significant void percentage
but less void dispersion; ironically, the porosity concentrates based on the suggested materials. These results
are crucial for product conceptualization and deposition printing planning.

INDEX TERMS Computed tomography, dimensional analysis, fused filament fabrication, impression path.

I. INTRODUCTION

A. MANUFACTURING

Innovative manufacturing techniques, global market position-
ing, and meeting user needs based on quality requirements
are the focus of organizations to achieve development and
subsistence in the market. [1], [2]. What uncertainty exists
in such business development guidelines and dynamic pro-
duction systems? The demand for performance indicators has
concentrated on the relationship between market expansion
and the rise of global powers [3]. As aresult, several inflation-
related economic pressures can be predicted, which will slow
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the expansion of the manufacturing and service sectors by
3.7% by 2025 [4], [5], [6].

The processing and service industries’ growth estimates
were examined, and subtractive manufacturing (SM) and
additive manufacturing (AM) discovered that market devel-
opment was based on technological capabilities. From
one side, SM is characterized by constant flow produc-
tion, homogenization of production, assembly lines, and a
high degree of mechanization [7]. Conversely, AM focuses
on small production runs, manufacturing complex designs
and mechanisms or components requiring low mechanical
[8], [9]. However, despite the clear market definitions estab-
lished by SM and MA, both compete to meet the manufactur-
ing sectors presented in Figure 1.
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FIGURE 1. The manufacturing industry’s production areas with the fastest
growth [10], [11].
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FIGURE 2. Additive manufacturing technologies [16], [17], [18], [19].
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B. ADDITIVE MANUFACTURING

Additive manufacturing (AM), which is described as the pro-
cess of layer-by-layer fabrication from a digital design [12],
permeates the component manufacturing sector due to design
flexibility, product customization, lower tooling costs, and,
in some cases, lower costs related to logistics activities [13],
[14], [15]. By 2022, 22 innovations, some of which are shown
in Figure 2, will have developed from the initial AM technol-
ogy patent filed in 1980.

As reported by Businesswire [10], Economics [14], For-
tune [11], and Nikitakos et al. [20], in terms of the new era
of manufacturing technology, additive manufacturing (AM)
presents intriguing challenges centered on solving the design
of complex elements to give designers design freedom. These
issues should be resolved by printing in a single process,
reducing or eliminating the subprocess related to quality
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assurance, and preserving the mechanical and functional
properties that SM cannot provide.

The growth of AM has been measured at 16% for industrial
production and professional services and 40% for personal
use and desktop and personalized markets. It is crucial to
emphasize that the reason for the growth is that the proper
application of AM is linked to the reduction of material waste
produced by the nature of the process, something that in the
MS has required resource investment and the use of post
processes.

It is important to note that, according to Makerverse [43],
a v It is important to note that, according to Makerverse [21],
a variety of industries are embracing AM technologies. The
most important information related to the level of adoption is
presented in Figure 3. For instance, only 18% of the automo-
tive industry is using serial production for AM, compared to
52% of the medical sector.

AM Serial Production by Industry
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FIGURE 3. Percentage of adopting AM Serial Production. Source [43].

With all the advantages described above, AM has been
characterized by promoting the customization of objects,
thus achieving production runs of volumes as low as the
unit, with constant improvements in quality and indications
of repeatability in low volume products of production [22],
[23], [24].

C. FUSED FILAMENT MANUFACTURING

Fused Deposition Modeling (FDM), also known as Fused
Filament Fabrication (FFF), is a technique used in additive
manufacturing that relies on the extrusion of thermoplastics.
The printing equipment codes the component’s design as the
first step in the production system’s layer-by-layer printing
process [25].

FFF technology, which achieved a total revenue of
471.3 million, distributed in prototyping, production, proof-
of-concept, market samples, art, education, and hobby appli-
cations, has emerged as the AM technology with the most
significant economic gains over the past ten years, according
to Market Data Forecast [26]. It is anticipated to grow at a
compound annual growth rate of 18.8% over the following
five years.
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Despite the fact that the technology has economic advan-
tages, FFF still has quality problems with structural defor-
mation [27], [28], [29], dimensional deformation [30], [31],
low quality [32], [33], [34], and processing time [35], [36],
which makes it challenging to use this technology for the
direct digital fabrication of objects.

D. OPTIMIZATION ALGORITHM

One strategy adopted by software developers of printing
equipment aimed at reducing the dimensional defects and
surface polish generated by the FFF process was the imple-
mentation and creation of various programming algorithms.
Based on the outcomes of their application in computer
numerical control (CNC) machinery, these algorithms were
created. Robot path optimization for machining [37], Genetic
Algorithm (GA) for reducing tool travel time without increas-
ing the component’s value (tool air time) [38], GA for
reducing operating time and operating parameter variation
[39], [40], and most recently Yodo and Dey [41] presented
their idea for multi-objective optimization based on evolu-
tionary algorithms.

As was already said, there has been a tremendous advance-
ment in the use of GAs to optimize CNC or extrusion tool
paths. It is important to highlight that hybrid approaches have
also been employed to shorten processing times, in addition to
those for artificial immune systems (AIS) and artificial neural
networks (ANN) [42], GA with Particle Swarm Optimization
(PSO) [43], or that of Ulker et al. [44]. Examples include
combining a parameter-focused Neural Networks Algorithm
(ANN) with a response surface algorithm [45] or combining
hybrid particle swarming with bacterial foraging optimization
to improve operating parameters [46].

GAs have been explicitly included in the FFF to improve
the performance of this technology based on the operational
parameters and the computation of their optimal operating
values [13], [36], as demonstrated by [47] with the parameter
optimization model.

The FFF method is without a doubt an alternative for the
creation of 3D printed components, but there is room for
improvement from a variety of research perspectives due to
the length of time needed for component manufacturing and
dimensional finishing. It is possible to use routing models
in accordance with the principles of transport techniques,
in which the tool’s (the extruder) path is determined by the
responses to two questions: the first asks about the curve to be
traced, and the second asks about the direction in which the
curve will be printed. The mathematical expression of this
concept for decision-making is shown as a function of two
variables:

Xi; = {1 if the initial vertex of arciis v;; 0
if the inictial vertex of arciis vip

Yij = {1 if the i — th traced arc arc; 0 any other case (1)

The target function of the model using the aforementioned
variables is to minimize the total run time, namely the air
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time, which has no bearing on the component print. The time
required varies with the distance traveled between subsequent
arcs according to the following function:

n
MinZ = Yyj [Xjag; + (1 — X;) ay;]
j=1

n
+ D Y [Xjayj + (1= X;) agf]
=1

n—1 n n
Sy, (z Yz) @
i=1 j=1 i=1

where

Zj = XiXiaj + X; (1 = X)) bjn + (1 = Xj) Xicji
+ (1= X;) (1 = X)) dy

n is the total number of curves to be printed.
a;; = distance (v,-z, vjl)
bjj = distance (vi2, vj2

djj = distance (vi1, vj1

(vi2, vj)
cjj = distance (Vil’ le)
(vit. vj1)
agj = distance (origin, le)

ayj = distance (origin, vjz)

With Tuker’s formulation, the transport model can have
the following objective function thanks to the inclusion of
constraints that prevent loops:

n n
MinZ =" Y;D; 3)

i=1 j=1

subject to:

n
> Yj=1fori=1untln,
j=1

n
> Yy =1forj=1untln,

i=1
Y; =10,1]
wi—uj+py; <p—lparai=1,..nj=1,....mi#j

The objective function of the prior model, where u; are
variables, represents p as the maximum number of nodes the
extruder must pass over from its starting point until it has
finished printing the layer. The integer programming model
principle is used to determine the best order for viewing the
arcs.

E. COMPUTED TOMOGRAPHY

Itis no secret that Computed Tomography (CT) has developed
into an essential instrument for the study and development
of production processes, principally because it can do many
analyses and provides quicker access to a part’s interior than
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conventional measuring methods [48], [49]. Without hav-
ing to separate the workpiece in order to perform reverse
engineering, it is possible to create a 3D model of the work-
piece and perform internal analyses of the part (even in
regions that are not visible to the eye), dimensional analysis,
and analyses of multi-material parts using just one scanner.
Simulated operations can be carried out using the 3D repre-
sentation of the workpiece without affecting or damaging the
component [50].

CT is widely employed in additive manufacturing pro-
cesses and to examine complex geometry. The two most
important quality control analyses for these parts are part inte-
rior analysis and dimensional correctness. Khosravany and
Reinicke [51] presented a summary of commercial and schol-
arly applications and models produced using various additive
manufacturing processes or techniques in various materi-
als and shapes, all with regular geometries or repeatable
manufacturing patterns, all to analyze porosity and material
density. On the other hand, Cho and Lee [52] demonstrated
the use of CT for the investigation of material density and
porosity in a dog-bone-shaped specimen produced in carbon
fiber reinforced plastic.

In the study by Tkac et al. [53], a part’s porosity is exam-
ined using CT, using a 3D-printed replica of the lattice
structure as a base. The mechanical structural study in [54]
uses the same component. The portions stated in the previous
paragraphs have one thing in common: they all have simple
or recurring geometries. The current study aims to evaluate
the structural quality and dimensional finish of a component
composed of numerous geometric parts.

Il. METHODOLOGY
Figure 4 shows the flowchart of the methodology used.

Home
Get operating instruction code
(6-code)

Obtain the coordinate matrix
of the points of each curve
segment

Determine according to
Is there a 9

geometries of
interest?
Define initial solution

generator chromosomes

Execute genetic algorithm for

Prepare the route optimization

template for
printing

Store C TRAD for
comparative process

FIGURE 4. Flowchart of the methodology.

The following steps were taken in the development of the
current study:
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A. MULTI-GEOMETRIC COMPONENT

Using the Aguilar-Duque et al. [55] model. The adjustments
involved rearranging the geometric pieces and incorporating
two threaded cylindrical components.

B. MULTI-GEOMETRIC COMPONENT'S PREPROCESSING
The printer was set up, taking into account the characteristics
mentioned in Table 1 to calculate the processing time required
to print the proposed template.

TABLE 1. FFF printing equipment operating parameters [1].

Magnitude Reference
Nozzle diameter 0.300 mm [56]
Layer height 0.150 mm [57, 58]
Wall thickness 0.800 mm [58, 59]
Upper/lower thickness 0.800 mm
Filling density 100% [16, 60]
Filling pattern Lines
Material Printing
temperature 215°C [61, 62]
Printing bed temperature 60°C
Filament Diameter 1.750 mm
Flow 100%
Retraction Enabled
Printing speed 60 mm/s [16, 58]
Travel speed 120 mm/s
Print cooling Activate [63]
Generate support Active for -Z [64-67]
Support placement Everywhere
Type of adhesion Border [56, 64, 65, 68]
Edge width 8.000 mm

C. PREPROCESSING OF THE MULTI-GEOMETRIC
COMPONENT

The control template and the template with the GA modified
route technique were manufactured using an Ultimaker S5
printer. The printing equipment was set up in accordance
with the specifications provided in Table 2 after taking into
account the recommendations for the parameters found in the
literature review.

TABLE 2. Printing equipment characteristics.

Feature Technical data
Print size 330 x 240 x 300 mm
Feeding 100 — 240 VAC, 50 — 60 Hz
Software Ultimaker Cura
XYZ Resolution 6.9,69,2.5n
Nozzle diameter 0.25
Nozzle temperature 180 —260 °C
Bed temperature 20-110°C
Printing speed <24 mm3/s

Polylactic acid filament (PLA) has been used for printing.
Table 3 presents the characteristics of the substance as stated
in the manufacturer’s data sheet. Table 4 presents the charac-
teristics of the substance as stated in the manufacturer’s data
sheet.
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TABLE 3. PLA characteristics.

Characteristic Specification
Appearance Filament
Color White
Ignition temperature 388 °C
Thermal decomposition 250 °C
Melting point/melting range 145 -160 °C
Density 1.240 g/cm3

To prepare the materials for the process, they were kept in
an air-conditioned space between 23 and 25 °C for at least
40 hours. This was done while the printing equipment was
being set up.

After printing, vacuum packaging with insulation was
employed to keep the components’ dimensions unchanged
and to guard against size changes, shocks, and temperature
fluctuations. The components were kept and subjected to an
air-conditioning process inside a room with temperature and
humidity control for at least 40 hours at a temperature of
20 + 2°C and a relative humidity without condensation of
50 + 10% in preparation for the digitization process. The
component was scanned using the ZEISS Metrotom 800 CT
scanner, which provides highly accurate measurements of
plastic parts.

D. MEASUREMENT OF COMPONENTS

The dimension analysis of the multi geometric templates
was measured using Geomagic, and VG Studio was used
for porosity analysis. The geometric shapes were constructed
using a point cloud of the workpiece, constantly avoiding the
edges of the parts to prevent influence from potential flaws.
According to the reference coordinates, each component was
measured. The comparative study takes into account the rel-
evant characteristics listed in Table 4.

TABLE 4. Components attributes.

Feature Geometry

Base Base, set of blocks, pyramid overhang

Prisms Base quadrangular groove, perforated cube,
ladder, grooves.

Cylindrical drilling Coaxial cylinders, base pass-through drilling,
base drilling, cube-drills

Sphere Set of spheres

Solid cylinder Concave semi-cylinders

Hollow cylinder
Cone
Angled surfaces

Convex semi-cylinders, cantilevered arch.
Truncated cones
Truncated cones, triangular perforation,

staircase, inclined planes, pyramid of blocks

The multi geometric template has some geometric compo-
nents on the lateral face and 23 geometric components in the
upper section. 134 attributes are considered for the analysis.
Figure 5 presents a CAD of the multi-geometric template
component.
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FIGURE 5. Multi-geometric template.
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FIGURE 6. Comparison of nominal versus actual CAD.
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FIGURE 7. Manufacturing time.

E. COMPARISON OF NOMINAL VERSUS ACTUAL CAD

The inaccuracy produced by the printing process is identified
by tomographic analysis using the dimensions supplied in the
design, according to the following diagram (Figure 6):

Ill. RESULTS

A. REDUCTION OF MANUFACTURING TIME THROUGH GA
According to the preprocess of the manufacturer, 25.03 hours
are required to print the component, using 14.34 meters of
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PLA. When comparing the manufacturing time suggested by
the manufacturer’s preprocess program to the route modifi-
cation generated by the GA, the tool path change results in
a decrease of 11%. Figure 7 presents the comparative time
generated by the de-manufacturer (MT) versus the modi-
fied process (MP) of 7 layers considering the original route,
10 iterations, 50 iterations, 100 iterations, and 500 iterations
of the algorithm optimizing the printing time. The selection of
the layers for the representation of the graph was performed
randomly.

B. DIMENSIONAL ANALYSIS

In order to make a first comparison and obtain a global refer-
ence for the quality of the pieces, a CAD comparison has been
made. Table 5 summarizes the data obtained; the maximum
deviation of the Genetic Algorithm (GA) is less than that of
the Manufacturer (MA), and the minimum deviation is very
similar. The average positive and negative deviation of the
genetic algorithm is also lower than that of the Manufacturer,
and the standard deviation is also lower, being 0.191 mm for
GA and 0.323 for MA. The standard deviation is lower as
well, at 0.191 mm for GA and 0.323 for MA.

TABLE 5. CAD comparison results.

Information Genetic Manufacturer
Algorithm (GA) Algorithm (MA)
Max +5.573 +5.731
Min -5.774 -5.733
Average deviation +0.147 +0.154
positive -0.124 -0.187
Average deviation 0.194 0.323

Figure 8 shows images of the CAD comparison; it is pos-
sible to see that the minimum deviation is in the exact area
of the figure in both cases, whereas the maximum deviation
is in a different area of the figures. In addition to the green
color of both (which indicates little deviation), the light blue
color predominates in the GA piece, which indicates that the
deviation is negative in those areas. In the MA piece, the
yellow color predominates, meaning the deviation in that area
is positive.

FIGURE 8. CAD deviation. a) Genetic algorithm path and b) Manufacturer
algorithm path CAD comparison.

Figure 9 compares the maximum positive deviation of the
GA part and the same area of the MA part; remarkably, the
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FIGURE 9. Comparison of maximum positive deviation point, a) CAD,
b) GA piece y c) MA piece.

finishes of the printed elements are deficient in the angled
elements and irregular in the planes in both cases.

Figure 10 circles the maximum negative deviation and its
comparison through the CAD; the figure exposes a signifi-
cant quality defect, including extra elements to the original
component in both cases and similar areas of the same piece.

FIGURE 10. Comparison of maximum negative deviation point, a) CAD,
b) GA piece y ¢) MA piece.

With the purpose of carrying out a detailed comparison
by type of component, three groups have been generated:
lengths, angles, and diameters. Figure 11 shows the absolute
lengths deviations of the 3D volume measurement generated
with CT from the original CAD design; blue bars describe the
deviations from GA, green bars are from MA, and the red line
is the tolerance. The average deviation for the GA is smaller
than MA, being 0.159 mm and 0.253 mm, respectively; the
maximum deviation is higher for MA, and the minimum and
standard deviation are similar in both cases, around 0.010 mm
and 0.170 mm, respectively. It is also possible to observe that
in the GA part, two lengths are out of tolerance while three
are out of tolerance for the MA piece.
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FIGURE 16. Comparison of defect of the cantilevered arc geometry,
a) CAD, b) GA piece and c) MA piece.
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FIGURE 17. Comparison of threaded element defects, a) CAD, b) GA piece
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FIGURE 13. Measurement deviation (absolute values) diameters.

Figure 12 presents the absolute angle measurement devi-
ations of both pieces. It is possible to highlight that 9 out of
22 evaluated attributes are out of tolerance for the GA piece FIGURE 18. Elements with quality defects.
for 13 for the MA piece, the average deviation is 1°44’ and
5°34’ for GA and MA, respectively, and the maximum value

and the standard deviation is smaller for the GA. 0.006 mm for the GA piece. In comparison, the average

Figure 13 exposes the absolute deviation of the measure- deviation is 0.461 mm, with 2.016 mm as a maximum value
ment of diameters. The average deviation is 0.277 mm, whit and 0.051 mm as a minimum value for the MA piece. In the
a maximum value of 0.870 mm and a minimum value of three comparisons, the best results are for the GA piece.
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Six diameters are out of tolerance for GA, while 17 are out
for MA.

C. STRUCTURAL ANALYSIS

Component infill in AM is a key parameter affecting porosity
and print time, so porosity analysis is essential to determine
manufacturing system capability. In this study, the GA piece
has around 2% porosity, and the MA piece is around 0.5%
porosity of the total volume. Figure 14 shows that most of
the porosity is at the base of both pieces, and the geometry
with greater porosity in both cases is the same.

Figure 15 shows the distribution of porosity spheres or
holes. Figure 15a depicts the distribution of part GA, and
Figure 15b depicts part MA. Although the percentage of
porosity is better in AM, a more excellent dispersion of
porosity can be observed.

Another relevant aspect in AM is the surface finish and
layer resolution. Two figures present problems in defining the
characteristics of the geometries regardless of the algorithm
used. Figure 16 exposes a quality problem in the planes of the
cantilevered arch in both pieces.

In Figure 17, something similar happens to the previous
geometry; the 3D printer cannot print geometries of threaded
elements.

Figure 18 presents an isometric view of the workpieces.
Printing defects on the external faces of the geometries are
highlighted in red circles. Some of the zones are coincident
in both pieces.

IV. CONCLUSION

Production systems have focused their efforts on the opti-
mization of operational and administrative resources. With
the implementation of AG in this project, it was possible to
reduce the production time of the component by 11%. How-
ever, the time required to prepare the process can compensate
for this saving; the benefits obtained by it are achieved by
having an optimal production program that ensures a shorter
production time than estimated by default.

The results based on tomographic analysis show a coin-
cidence in terms of the minimum dimensional deviation
concerning the two components (control template and mod-
ified template). Concerning the printing of the components,
it is clear that the GA template presents negative dimensional
deviations in quadrangular base elements specifically, com-
pared to the positive deviations identified in the angular and
cylindrical elements generated by the process proposed by
the manufacturer. As for the dimensional accuracy of the
components, the AG has on average more minor deviations
than those generated by the manufacturer’s proposal.

As for the porosity analysis, the GA presents a higher
percentage in terms of porosity, which coincidentally focuses
based on the proposed elements. It is also possible to iden-
tify that the cylindrical elements present a greater degree
of complexity during the printing process that forces the
process to generate porosity due to the stepped deposit of the
material. It is worth mentioning that although the percentage
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of porosity in the MA is lower, the dispersion of the same
is more remarkable, thereby identifying a process with lower
porosity. However, with more excellent dispersion or degree
of error, this is an advantage for the AG that despite having
greater porosity, this has less variability than the MA.

Finally, these findings are essential for the conceptual-
ization of products and the planning of deposition printing
processes in which customized elements require a shorter
response time, such as those required in the medical industry
with the replication of orthoses and prostheses, those of the
aerospace industry from the maintenance approach in even
those required by the military industry that requires precision
and resistance.
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