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Abstract

Demand in 3D printing products using fused filament fabrication (FFF) in industry has been growth a lot with 55% in develop-
ment of prototypes, 43% in production, and 41% in conceptual models for testing. However, information regarding the
manufacturing considerations of geometry-restricted components is still an opportunity area, generating printed components
with quality defects. This article is aimed to present some characteristics in geometric components that should be considered
during the developing process for components to be produced in FFF to avoid in quality defects. The methodology used considers
three stages: first, the reproduction of basic geometric elements and a template that integrates elements with software design;
second, the component analysis and the template with software for pre-processing of components, and third, the printing of a
template for assumption validation identified in stage two. Findings obtained indicate that the spherical components are geom-
etries with the greatest possibility of defect generation during the FFF printing process. The complexity of the template allowed to
identify that the template orientation is a factor that generates defects; for example, with 0° orientation regarding the X axis
generates 40,008 risk points for defect and for 30° orientation there are 6658 risk point defects. Therefore, it is advisable to
consider avoid geometries associated with sphericity and cylindrical characteristics as possible in the design processes, since
these geometries require specific processes to achieve the finishing quality.

Keywords Fused filament fabrication - Geometric components - Printing defects

1 Introduction

Due to the emergence of additive manufacturing (AM) in the
early 1980s, the manufacturing industry expanded its field of
production and specialization, breaking the paradigm of sub-
tractive manufacturing processes (MS) [1, 2]. Figure 1 illus-
trates the number of articles published in the ScienceDirect
database that have the phrase “additive manufacturing” in
the title or keywords, where the evolution and exponential
tendency of the use of that tool in manufacturing processes
can be observed.
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One of the reasons for the increase in the use of AM is that
it allows the creation and development of new components in
one or two stages, which with SM technology multiple stages
are required [3—5] and, therefore, greater time or possibilities
of quality breach.

In addition, it is necessary to mention that the growth of
printing equipment in the sector of industrial and professional
3D printers will grow by 16% for this year [6] and that the
market for personal or desktop printers will grow by 40% [7,
8]. Consequently, with these development percentages, North
America has been focused on products for advanced aero-
space technologies and defense, automotive, and three-
dimensional printing of metal parts [9, 10]. In the case of
Asia, China has been focused on the development of 3D mass
printing for the manufacture of aerospace components, mostly
for mass manufacturing at a cost at which the use of technol-
ogy reduces future cost [11, 12]. In contrast, Europe has fo-
cused its efforts on additive manufacturing based on the use of
laser adhesion for naval applications and industrial parts
[13—15]. Although the aforementioned sectors are greatest
boom for AM, there are other fields in developing as
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Fig. 1 Growth trend in research and publicity focused on additive
manufacturing

construction [16—18], dental and medical industries [13,
19-21], fashion [22-24], food [25, 26], and many others.

Figure 2 presents the projections for the future of additive
manufacturing by region [7, 13], where it is observed that they
have caused a stir in the world markets through a continuous
growth during the last decade, where it is projected to have a
growth of 15% between 2019 and 2025. Specifically, the par-
ticipation of the AM in the automotive industry will be 34%
by 2019-2023, in the aerospace and medical industry 51%
market share is expected by 2025, and in the medical industry,
printing is projected for medical devices, which has an expect-
ed growth of 23% by 2025 [27].

The AM can be considered as the result of the evolution of
digital transition mechanisms, where industrial manufacturing
organizations have developed strategies focused on strength-
ening their computer-aided design (CAD), computer-aided
manufacturing (CAM) systems, and computer-aided engi-
neering (CAE) [28, 29], which has been focused on the mod-
ification of the methodologies used for the development and
design of products, use of production systems supported by
new robotic technologies, automated inspection systems and
artificial vision, use of digital media for the control of produc-
tion, feedback from the customers’ needs in real time, use of

Fig. 2 Forecast of the economic
development of additive
manufacturing by 2025. Source
Belman et al. [7]
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modeling strategies, recreation of processes, and production
microsystems [30-33]. However, the AM faces challenges
associated with the development of printing equipment
[34-36], development of new materials [37-40], the need
for personnel training [41-43], and the need for strategies
focused on improving the conditions of pre-processes, pro-
cesses, and post-process printing [44—46)].

1.1 The additive manufacturing industry

The AM is recognized as a recent manufacturing technique
that uses cutting-edge technologies that make it easier for the
designer and the manufacturer to create and produce compo-
nents that are considered complex [4, 47]. The technologies of
the AM are focused on the manipulation of material in solid or
liquid state, allowing to work the material in micrometric
scales, when is deposited in construction sequences layer by
layer, achieve the manufacture of a solid elements [48].

The process flow presented in Fig. 3 presents in three
stages in a generic way the activities that take place within
an AM production system. The first stage begins with the
design and development of the part or component using spe-
cialized design software, such as SolidWorks® [49] and
AutoCAD® [50], among others. At this stage, computer-
aided design and computer-aided engineering allow the de-
signer to perform the feasibility, strength, shape, and materials
analysis digitally to the designed element. The second stage of
the process consists in the preparation of the elements that you
want to print using pre-process software, as a Repetier® [51],
Cura® [52], and Makerbot® [53], among others. Is in this
stage that the extension file must be imported in STL
(Standard Triangle Language), as well as specify the desired
manufacturing properties, such as type of material, orienta-
tion, quality, and strength, among others.

The third stage is associated with manufacturing, which de-
pends on the type of MA technology selected (Stereolithography,
Laminate, Filament Manufacturing, Laser), the strength attributes
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Fig. 3 Development process of fused filament fabrication (FFF)

associated with the type of material used, and quality of finish
[28, 29, 54]. Once the component is manufactured, the user
decided to give the last finish to the component using processes
for extracting excess material, applying lacquers or paints, among
others [55, 56]. Finally, in the case of small productions with a
different approach to prototyping, the manufacturer can perform
quality inspection tests for delivery to the end user [57, 58], and if
they are prototyping elements, the components are sent to labo-
ratories or research and development centers for its use.

1.2 Background and research problem

Atan international level, the manufacturing processes of prod-
ucts, component parts, and assemblies have been classified
according to (a) conformative technologies, (b) subtractive
technologies, and (c) additive technologies [7, 28, 29].
These technologies have caused a stir in the world markets
through a continuous growth during the last decade, and it is
projected to have an exponential growth and evolution in the
coming years, that is why several fields of investigation, ap-
plication, and solution of associated problems have been gen-
erated to the different types of technologies that integrate it [2,
14, 59, 60]. From the commercial point of view and consid-
ering that the FFF process is the technology with more equip-
ment around the world, users and developers of these technol-
ogies have directed their efforts to demand greater quality [3,
7, 61], greater precision in the dimensions of the components
[62—64], better response time in manufacturing processes, and
less time required for component manufacturing [4, 30, 65,
66].

In addition to the previous needs, users have begun to look
for information on the equipment available in the market,
generating a classification of these according to the software

o
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product

capacity, the capacity to generate components attached to the
freedom of design and manufacturing efficiency [7, 47, 67,
68]. However, the problems identified in FFF technology are
focused on the quality of the printed elements, the repeatabil-
ity and preparation of the pre-process equipment and activi-
ties, the post-process activities prior to the finishing activities,
the finishing activities, and maintenance service [1, 67, 69].

From an industrial point of view, low productivity, poor
component quality, and uncertain mechanical properties of
printed components represent a development niche for re-
searchers and developers of FFF technology [68]. In this
sense, the problems of repeatability in the dimensions of the
printed components and proper finishing of the components
represent 90% of the defects identified in printed elements by
low-cost commercial equipment [70]; therefore, Alsoulfi,
Elsayed [71]; Bahr, Westkdmper [62]; and Jiang et al. [63]
have presented strategies for reducing the percentage of de-
fects that are focused on the modification of tools, such as
printing nozzles and feed gears, while Bihr, Westkdmper
[62]; Jiang et al. [63]; and Harikrishnan, Soundarapandian
[72] have focused their strategies on the analysis of tempera-
tures for the handling of several materials.

It is necessary to emphasize that the finish surface is
one of the problems of the FFF and that the generation
of bearings printed in a single process represents a
problem for spherical elements [65, 71, 73]. Therefore,
solutions have been sought based on the design of the
component, orientation of the object during the design
process, and selection of the pre-process parameters
(speed, flow, and temperature) to the point of manufac-
ture, which is affected by the quality of the material,
the reliability of the equipment, the environment, and
among others [67, 74-76].
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Fortunately, the problems identified in FFF technology
have decreased [1, 7]. However, there are still areas of oppor-
tunity that users should respect when developing their designs
and manufacturing their components. In fact, it is necessary to
declare that the information existing in social networks and
Internet sites specialized in 3D printing, as well as information
that has been published in research journals and books in the
manufacturing area, is almost null [1, 29, 48, 70, 77, 78]. In
addition, it does not present the design conditions and speci-
fications that must be verified in the components to achieve a
quality product.

Therefore, the aim of this article is to appraise the
geometric shapes used for the printing of components
using FFF technology and the considerations that users
should keep in mind during the pre-process. The follow-
ing research objectives were considered to achievement
this aim: (1) identify the most common geometries used
to print FFF a cross the cases reported in literature, (2)
develop a set of geometries that considered the charac-
teristics founded in the literature report, (3) identify dur-
ing the pre-process the characteristics that should be
considered at the moment to print an specific geometry,
(4) validate the considerations suggested in this docu-
ment through the analysis of the components printed in
FFF, and (5) suggest a group of considerations that
should be considering during the pre-process FFF com-
ponents with specific geometries.

2 Materials and methods

The materials used during the development of the present
research are as follows:

+ Software SolidWorks® [49] for the design of geometric
elements and components,

*  Software Ultimaker® [52] for the pre-process component
analysis,

*  FFF Prusa® I3 equipment [79], and

* Filament polylactic acid (PLA) diameter 1.75 mm.

Fig. 4 Phases for the analysis of

the geometries in printing FFF Phase 1

The methodology used is based on three stages; Figure 4
presents a diagram of the methodology. The stages are the
following: design stage, pre-process stage, and process stage,
which are described below.

2.1 Phase 1. Design

In order to integrate the most relevant geometric characteris-
tics presented by Esposito Corcione et al. [47]; Gautam et al.
[75]; Soriano-Heras et al. [20]; Song, Park [80]; and Salmi
et al. [21] for the design and development of components
printed by FFF, a set of elements that integrate flat bases,
cubes, perforated cylinders, spheres, solid cylinders, and
coned and angled surfaces must be developed using the soft-
ware SolidWorks®, which according to Locker [81] is a de-
sign software used to create components for 3D printing.

The set of elements to be designed must comply with the
characteristics of the International Standard Organization [82],
such as the following:

(a) Basic dimensions ranges: 1 to 3 mm, 3 to 6 mm, 6 to
10 mm, 10 to 18 mm, 18 to 30 mm, 30 to 50 mm, 50 to
80 mm, and 80 to 120 mm.

(b) Blocks: To define flatness and linearity in the geometric
element, six 4 x 15 mm base blocks with heights of 1, 3,
6, 10, 21, and 28 mm.

(c) Truncated cones: To define elements of geometric round-
ness and angles, two truncated cones are designed. The
first one has the following dimensions: diameter greater
than 20 mm, diameter smaller than 13.6 mm, and height
12 mm. Coaxial internal truncated cone; height of
10 mm, a main diameter of 10 mm, and a diameter of
less than 6.5 mm. The second cone has a diameter greater
than 5 mm, a diameter less than 4 mm, and a height of
6 mm. The external truncated cone with height of 9 mm,
main diameter of 10 mm, and a diameter smaller than
6.8 mm.

(d) Coaxial cylinders: They are used to define the flatness
and roundness of a geometry. Two sets are considered for
this project: two 4 mm and 16 mm diameter cylinders,
with two blind holes with 8 mm and 24 mm diameter,

Phase 2 Phase 3

Design

A—T7-mt-E—

Preprocess Process

SolidWorks®

Ultimaker® Prusai3®
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8 mm height, which is inscribed in a 16 mm high hex-
agonal prism with a hexagonal base and an edge length
of 16 mm. The second set has cylinders of the same
dimensions with the restriction that the development is
inversely.

Hemic cylinders with horizontal axis: These geometries
are used to define roundness. The first set consists of four
convex hemic cylinders with a length of 10 mm, diame-
ters that decrease in sequence of 24, 16, 8, and 4 mm. The
second set is formed by four concave hemic cylinders of
10 mm in length; the diameter of these sets increases in
ascent starting at 4, 8 mm, 16 mm, and 24 mm.

Inclined planes: They are used to define angularity, flat-
ness, straightness, quadrature, precision, and repeatabili-
ty. This set consists of ten elements of 5 x 15 mm, with
inclinations of the planes within the complementary set
and with fan opening at an inclination to the base plane of
the piece that increases from 0 to 45° by 5° steps.
Combination for geometric set 1: It is used to de-
fine the combination of flatness and roundness
from a cube; it is developed from the perforated
cube, with dimensions for the cube of 100 x
100 x 100 mm, and cylindrical perforations passed
from face to face of the cube with a diameter of
80 mm; the perforation should be carried out in the
center of the face of the cube.

Combination for geometric set 2: It is used to de-
fine flatness and roundness from a cylinder; a cyl-
inder with a diameter of 100 mm and a height of
100 mm is developed. The cylinder is pierced with
a square cut of 90 x 90 mm through the center of
the cylinder height.

Combination for geometric set 3: This set is used to
define roundness, flatness, repeatability, and angles.
The set consists of a cylinder that has a diameter of
100 mm and a height of 200 mm. The base 1 has a
cylindrical cut of 80 mm x 15 mm deep, a second
cylindrical cut of diameter of 60 mm x 30 mm deep,
and a third cylindrical cut of diameter of 20 mm
with depth of 40 mm. Base two has a quadrangular
cut of 65 % 65 mm with depth of 40 mm, as well as
a set of hemic cylinders: one with a diameter of
50 mm x 20 mm high and the second with a diam-
eter of 40 mm and a height of 20 mm.

Template: It is used to measure flatness and
straightness, quadrature, parallelism, precision and
repeatability, roundness, cylindricality, precision
and repeatability of radius, spherical roundness, re-
peatability, and inclination on surfaces with inclina-
tion, coaxially, taper and angularity, use is made of
the geometric dimensions set out in sections a—j in
addition to the characteristics proposed by Minetola
et al. [64].

Furthermore, because the FFF printing equipment
uses the files from the Standard Triangle Language
(.STL) [32, 40], the pre-process stage is concluded
when generating the geometric elements designed in
the .STL file.

The development of geometries must integrate the charac-
teristics defined by Rylands et al. [2]; Srivatsan, Sudarchan
[29]; Dong et al. [67]; Mohamed et al. [83]; Dabbour [73];
Moylan et al. [84]; Choi, Kim [19]; Sood et al. [78]; Bourell
et al. [85]; and Mellor et al. [77]. Table 1 presents the charac-
teristics associated with each geometry.

2.2 Phase 2. Pre-process

The software Cura of Ultimaker was used in this phase,
Locker [81] declares that Cura of Ultimaker is the free
most implemented software used during the last years
by users of the FFF equipment during preprinting activ-
ities. During the preparation process, the software
guides the user to determine values that the equipment
operates, as well as the attributes that will be assigned
to the component during the printing process. This pro-
ject considers the parameters listed below as determined
by Srivatsan, Sudarchan [29]; Mohamed et al. [83]; and
Weeren et al. [61].

e Quality: layer height 0.1 mm, shield thickness 0.8 mm,
material retraction enabled, initial layer thickness
0.3 mm, percentage of initial line width 100%.

» Infilling: Thickness of the top layer and bottom layer
0.6 mm, density of the filling 100%, the perimeters must
be printed first, then the filling.

*  Print speed: Transfer speed at 150 mm/s, top layer speed
20 mm/s, fill print speed 80 mm/s, top/bottom speed
15 mm/s, print speed outside of the element 30 mm/s, print
speed inner layer of the element 60 mm/s.

»  Support: Type of support on the whole object, adhesion to
the platform in the form of brim.

* Nozzle dimension: 0.4 mm.

*  Minimum cooling of 5 s per layer.

* Polylactic acid material in the form of a filament with a
diameter of 1.75 mm.

* Equipment operating temperatures: 210 °C for the extrud-
er and 60 °C for the printing plate.

2.3 Phase 3. Process

Finally, the process stage was designed using the FFF printing
equipment for printing the proposed template. The equipment
used is a single extruder printer, Prusa I3 brand, with a printing
area of 200 x 200 x 200 mm, for material consumption of
1.75 mm.

@ Springer
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Table 1 Geometric

characteristics considered for the Characteristic

Purpose

development of printed

components in FFF Cube

Perforated cylinder
Sphere

Solid cylinder
Hollow cylinder
Cone

Angled surface

Quadrature, parallelism, linear precision, and repeatability

Roundness, cylindricality, accuracy, and repeatability of radio

Sphere, relative adequacy, and repeatability on inclined surfaces with continuous curves
Roundness, cylindricality, accuracy, and repeatability of radio

Roundness, cylindricality and coaxially of cylinder

Conicity, inclination of profile, and narrowing of the geometry

Angularity, precision, and repeatability of angles on angular surfaces

3 Results and discussions

The results and discussions are described in the section below
according to the steps described in the methodology that was
used.

3.1 Phase 1. Design

The set of blocks and their design is found in Fig. 5; these
were developed according to the stages specified in the meth-
odology section. Figure 6 shows the plan of the set of truncat-
ed coaxial cones.

Figure 7 shows the set of coaxial cylinders and the
dimensions described in the methodology. Likewise,
Fig. 8 presents the set of hemic cylinders used to review
the roundness effect. Figure 9 portrays the set of inclined
planes showing inclinations of the planes within the set
which are complementary and open in a fan with an in-
clination to the base plane of the piece, which increases
from 0° to 45°by 5° steps. Once the basic geometries were
designed, more complex elements were designed. For

Fig. 5 Blocks for flatness and linearity

@ Springer

this, the use of the perforated cube was made, which is
a cube with dimensions of 100 x 100 X 100 mm, with cy-
lindrical perforations passed from face to face of the cube
with a diameter of 80 mm; Figure 10 presents the element.

Moreover, Fig. 11 shows in reverse the way described in
Fig. 9, a cylinder 100 mm in diameter x 100 mm in height.
The cylinder is pierced with a square cut of 90 x 90 mm
passed through the center of the height of the cylinder.
Figure 12 shows a cylinder with machining in the bases in
view of hidden lines; the specifications were presented in the
methodology section.

In order to integrate representative elements of a flat base,
cubic elements, perforated cylinders, spheres, solid cylinders,
cones, and angled surfaces, a template was developed with the
mentioned elements. Figure 13 presents the template
developed.

3.2 Phase 2. Pre-process

To perform the fault analysis through the pre-process, the use
of the software was made CURA®. The first analysis consid-
ered is that of the block set, for them the overhand view gen-
erated by the software is used. This analysis is focused on
determining characteristics of flatness, straightness, parallel-
ism, linear precision, and repeatability. Figure 14a shows the
set of blocks in orientation of the object against the printing
plate at 0°, Fig. 14b shows the set of blocks in orientation of
the object against the printing plate at 30°, and Fig. 14¢ pre-
sents the set of blocks in orientation against the printing plate
at 60°. Finally, Fig. 14d shows the block assembly in orienta-
tion against the printing plate at 90°. From the analysis of

\Q

Fig. 6 Truncated coaxial cones for angles and roundness
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Fig. 7 Coaxial cylinders for flatness and roundness

images, it is possible to determine by the absence of indicators
from areas or red segments; this visual indicator is very im-
portant due that the software indicates the absence of over-
hang material. The absence also indicates that the last mesh is
normal, and the modal will not present quality defects, at least
in surface. Conducting an analysis of vertices and faces high-
lights that the orientation of the object at 0° or 90° respect of
the plate generates 56 vertices; these minimum number en-
sures that the component is well defined with a few vertices
and faces. In general, the FFF printing equipment does not
have problems to print homogeneous quadrangular elements,
in which there are no geometric variations in the shape of the
component. It is important to note, in addition, that the orien-
tation of the object against the printing plate does not represent
alterations in the time required for printing or in the consump-
tion of material.

In addition, for the development of the second analysis of
geometric components, the elements associated with truncated
cones were used, in order to identify possible effects of failure
in the roundness of the component, taper, inclination of the
profile, and narrowing of the component during the change in
diameter, since the analyzed element has an angled surface,
the angularity, precision, and repeatability of the angles are
also tested.

Figure 15a shows the set of truncated cones with 0° orien-
tation regarding the printing plate. In Fig. 15b, it is possible to
identify the set of truncated cones with 30° orientation regard-
ing the printing plate. Figure 15¢ shows the set under analysis
with an orientation of 60° regarding the printing plate. Finally,
Fig. 15d presents the set of truncated cones with an orientation

Fig. 8 Hemi cylinders for roundness

15

Fig. 9 Set of inclined planes for angularity

of 90° regarding the printing plate. As in the block compo-
nents, it is possible to identify that no possible alterations of
the component are identified by varying the orientation of the
component related to the printing plate. The absence of red
points indicates that the components do not have overhang;
this finding is interesting due that the cones are geometries
with an angle variation, and the absence of overhang assures
that the component will not have surface quality; also, this
characteristic discriminates if the angle is ascending or de-
scending. Considering the analysis of faces and vertex is im-
portant to highlight that the best orientation to this kind of
geometries is 90°; this orientation generates the minimum
quantity or vertex and in consequence fewer quality defects.
No matter the orientation of the component, the consumption
of material is the same.

For the analysis of the characteristics of roundness,
cylindricality, precision, and repeatability of radius in combi-
nation with the characteristics of quadrature, parallelism, lin-
ear precision, and angularity, the use of the components called
cylinders and hemic cylinders was made. Through the view of
the overhang pre-process component, it is possible to identify
that the combination of the geometric elements is not altered,
and the risk of defects is null, since no fault indicators (red
dots) are identified. Considering a depth analysis, the combi-
nation of circular elements and angles supposes the risk of
increase the quality defects over surfaces generated by excess
of material or splicing layers. An assembly of coaxial

RIS

»80

Fig. 10 Perforated cube, for flatness and roundness
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Fig. 11 Perforated cylinder, for flatness and roundness

cylinders increases the vertex number. However, it is possible
according to the vertex and face analysis declare that the best
orientation for this kind of components is 0° with plate re-
spect. The 0° orientation of the object respect to the build plate
is the most accurate, according to Cura Ultimaker software,
for components that integrate angles and circumferences.
Figure 16a shows the image of the cylinder component with
0° orientation related to the flatbed printer. Figure 16b pre-
sents the image corresponding to the orientation of the object
related to the flatbed at 30°; Fig. 16c¢ refers to the component
oriented at 60° related to the flatbed printer. Figure 16d shows
the image of the component with 90° orientation regarding the
printing plate.

Once the components were analyzed individually, it is
proceeded to make the analysis of the template that, being a
more complex component due to the integration of all the
geometries in different scales, the overhang view analysis
has been considered. Figure 17a shows a front view of the
template parallel to the printing plate. In this figure it is likely
to identify possible printing failures generated by overhang in
elements that require a type of support. As we mentioned the
components that have red areas are potentially identified as
effects for quadrangular, circular, and angled components that
have been built without support, even Montero et al. [86] and
Pennington et al. [87] remark that to eliminate overhang the
structures require support, but in the case of the template, the
stairs pyramid and the arcs were designed to be printed in a

Fig. 12 Machined cylinder

@ Springer

Fig. 13 Template with basic and complex geometry elements

staggered way; this alternative prevents the total layer floting.
In contrast with the elements that were placed on the base of
the template, in this cases the top of the geometry flies away,
increasing the overhang as mentioned by Cheng, Chou [88].
Figure 17a presents the mentioned perspective.

In the case of Fig. 17b, it is possible to appreciate that
the effect is not presented in angular elements with stepped
growth, such as the pentagon, even this view allows to
confirm that arcs still marked as a potential fail, as men-
tioned by Montero et al. [86]. For this image, a rotation of
the template at 30° was considered. Figure 17c portrays the
risk point associated with curved elements with support,
which, despite having a stepped growth, the quality of
the figure is restricted by the shape of the component, be-
ing roundness a disadvantage in the case of elements
flown. Due that template is a complex element, the orien-
tation is crucial; considering the number of vertex as a
product of the geometric combinations, the orientation to
30° represents from the pre-process point of view the best
alternative due that reduces the possibility or generates
quality defects or surface defects.

Since the elements were identified with possible points
associated with the generation of defects during the printing
process, an analysis of the critical elements and the concen-
tration of vertices for the template element were performed. It
is necessary to clarify that the template represents the elements
that projected possible defects together with the combination
of the geometries considered, as well as the orientation of the
template related to the flatbed printer. In Fig. 18, it is possible
to confirm that elements with uniform quadratic geometries do
not represent defect points, since the concentration of yellow
points is low or almost zero, which only occurs to the vertices
of the blocks.

Similarly, in the analysis developed in Fig. 18, through the
analysis of vertices of the geometries, it can be identified that
the elements with roundness represent a possible fault gener-
ator depending on the curvature or roundness as had been
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Fig. 14 Block set with different
orientation with respect to the
printing plate. a 0°. b 30°. ¢ 60°. d
90°

Fig. 15 Set of truncated cones
with different orientation with
respect to the print bed. a 0°. b
30°. ¢ 60°. d 90°
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Fig. 16 Cylinder set with
different orientation with respect
to the print bed. a 0°. b 30°. ¢ 60°.
d 90°

Fig. 17 a Template elements with possible fail generators. b Template
elements with possible fault generators, 30° orientation with respect to the
print bed. ¢ Template elements with possible fail generators

@ Springer

mentioned by Zhang et al. [58] and Shanmugam et al. [35].
Figure 19 shows the elements called hemic cylinders, which
with the combination of flatness and curvature it is possible to
identify that the number of yellow dots is indicating defects,
which is reduced. On the other hand, there is the sphere, and
since it is a completely round element without flatness, allows
to identify that the set of yellow dot indicators increases ac-
cording to the increment in vertices required to create the
component.

Once the file was generated for the analysis of vertices and
faces, Table 2 was created, which presents a record of the
number of faces and vertices of the components according to
the orientation of the element.

It is important to notice that each vertex represents a possi-
bility of defect in the component printed by FFF. Table 2 shows
the orientation object regarding the flatbed printer. Columns
labeled with the number 1 indicate the number of vertices gen-
erated in the component by orientation, while Column 2 indi-
cates the number of faces identified in the component. A color
code has been used in which green shows the minimum of
vertices, which represents a smaller number of defects due to
convergence of lines, whereas red color indicates a greater

Fig. 18 Analysis of the template elements considering the set of vertices
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Fig. 19 Analysis of the template elements considering the set of vertices

number of vertices that indicate a greater convergence of lines.
The column with heading 2 has been left for each orientation in
order to show that the number of faces of the component does
not change despite the decrease in the number of vertices.

3.3 Phase 3. Process

Once the pre-process model was developed, the use of the
printing equipment was made to validate the assumptions as-
sociated with the defect generating elements; the orientation
of the template was carried out considering the orientation
based on the least number of vertices. In the case of the tem-
plate, it was verified that the geometries belonging to the set of
blocks did not show printing defects; therefore, the teams do
not have problems with cubic elements; that is, regardless of
the orientation of the component, it is possible that the char-
acteristics of quadrature, parallelism, linear precision, and re-
peatability are preserved as mentioned by Dabbour [73] and
Moylan et al. [84]. However, depending on the desired quality
in the printed component, it is possible to identify the stagger-
ing effect, which should not appear in elements with geome-
tries corresponding to the block family. Elements such as
blocks are considered in Fig. 20.

In the one hand, the case of hollow cylinders and components
with spherical geometries, it was verified that the printing

Fig. 20 Set of blocks printed in FFF

process generates defects associated with the shape of the ge-
ometry, in which excess material layers are generated, which do
not correspond to the component. In Fig. 21, the surplus of
matter in the hollow cylinder geometry is identified. On the
other hand, spherical components are conducive to generating
the staggering effect, which has a marked offset between each of
the printing layers. In this case, it can be mentioned that this type
of elements did not meet the characteristics of cylindricality,
precision, and repeatability in the case of the cylinders.
Regarding the sphere, it did not meet the characteristic of relative
adequacy, repeatability, and inclined surface with continuous
curves. These characteristics match the results mentioned by
Moylan et al. [84]; Choi, Kim [19]; and Rylands et al. [2].
Likewise, in the case of the hemic cylinders, it was possible
to verify that it is possible to print the component without
generating excess material in the geometry. However, due to
the cylindrical shape of the component and the variation of the
scales, the staggering defect was presented, which can be re-
duced by decreasing the diameter of the printing nozzle under
the premise of increasing the printing time. In the case of the
set of inverted hemic cylinders, the staggering effect is pre-
sented when the arc height is increased. Consequently, with
this effect, problems associated with roundness, cylindricality,
precision, and radio repeatability are generated. Figure 22

Table 2 Orientation effect

against the number of vertices Component Orientation

0° 30° 60° 90°

1 2 1 2 1 2 1 2
Set of blocks 56 84 224 84 280 84 56 84
Truncated cones set 676 764 1544 764 2292 764 386 764
Coaxial cylinder assembly 782 1560 4680 1560 3910 1560 2150 1560
Hemicylinders 375 1742 2250 1742 2226 1742 375 1742
Inclined planes 53 102 306 102 106 102 53 102
Geometric set 1 3240 1080 532 1080 1596 1080 3724 1080
Geometric set 2 1212 404 606 404 202 404 1202 404
Geometric set 3 3162 1054 529 1054 1587 1054 2116 1054
Template 40,008 13,336 6658 13,336 16,645 13,336 26,672 13,336

High values represent poor quality because of the greater number of vertices. The best orientation for each
component is the one with the minimum vertex value
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Fig. 21 Set of cylinders and spheres printed in FFF

presents the image corresponding to the set of hemic cylinders
printed in FFF.

Finally, Fig. 23 is presented with the template image
printed in FFF; this template was developed considering the
basic geometric characteristics for the development of printed
components in FFF.

4 Conclusions

As a matter of fact, the FFF technology is an AM technology
that is booming due to its high level of socialization. In this
sense, the relevant information for the development of com-
ponents regarding the specifications that users must consider
should be available when they develop pre-process activities
as well. Coupled with this information, it is important to men-
tion that there are factors that definitely affect the quality of
printed components, such as flexural strength, hardness, ten-
sile strength, compressive strength, dimensional adequacy,
surface roughness, and production time.

Specifically, in this research, pre-process for cubic ele-
ments, cylindrical elements, spheres, cones, and surfaces with
variations of angles were considered; therefore, the analysis of
other variables associated with the equipment, material, and
environmental temperature were not considered but can be

Fig. 22 Set of hemicylinders printed in FFF

@ Springer

Fig. 23 Template printed in FFF

considered for future researches. For the design and develop-
ment of component with cubic elements, such as blocks, the
user must take into account that the orientation of the solid
base of the block must be anchored to the printing plate; re-
gardless the orientation of the block on the “X” axis of the
platform, the quality of the component will not vary as it had
been described; the absence of overhang allows liberty of
design and process as long as the element has at least one of
its sides parallel to the printing plane. However, it is essential
that these types of elements are always printed out on their
design basis.

In the same way, placing the construction of a block type
element on one of the vertices of the component represents a
risk of deformation in the component by generating quadra-
ture defects, low linear precision, and little precision in the
repeatability of the dimensions of the component, along with
the appearance of the effect stepping on the side faces of the
component. In order to define the degree of deformation pres-
ent in block type components, it is recommended to perform a
deformation analysis considering inclinations of printing an-
gles with the help of supports and analyzing the red areas
generated by the software; as it had been mentioned, these
areas will create the effect of overhang in the layer or a defect
in mesh.

The cylindrical elements used in this research represent a
variation in the diameter of the component. The two elements
analyzed were prepared for their printing process with the base
of the component oriented parallel to the printing plate. This
attribute ensures that the roundness of the element is not af-
fected by the deposition of the material. However, the tool
path generates a defect caused by the dragging of material. It
can be feasible to research about the effect of reducing the
height of the layer and the thickness of the shields, with the
aim of increase flexibility in the deposition process.
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Likewise, the thickness of the layers of the cylinders rep-
resents a critical consideration, since the number of shields
assigned to the cylinder formation may directly affect the
strength of the component. Depending on the desired quality
of the component, the cylinder can be printed with the use of a
small diameter nozzle (0.2-0.4 mm) with a minimum of 2
shields. Obviously, minimum size in nozzle diameter will in-
crease the production time. This can be adjusted increasing
temperatures and speed tool, under the risk of affect linked to
this variables. The case of the cylinders is enhanced by the
number of shields (at least 2) that are used to form the curva-
tures, and it is possible to ensure that being a circular geome-
try, the orientation towards the “Y” axis of the printer against
the object does not affect the object definition; that is, the
orientation of the object does not affect the attributes of round-
ness, cylindricality, accuracy, and repeatability of the ele-
ment’s radius. Like the block elements, the possibility of an-
alyzing this type of components is left open when making a
preparation by pointing the cylindrical part towards the print-
ing plate considering more orientation angles.

Moreover, spherical elements are the most complex
set in the FFF printing process. These elements are
widely used for the development of articulated compo-
nents where relative adequacy and repeatability are
sought on inclined surfaces with continuous curves.
Specifically, by being components with an infinite num-
ber of vertices, it is possible to rule out as a factor
generating defects to the orientation of the element with
respect to the printing plate. However, it is necessary to
consider that this type of components tend to reproduce
the staggering effect between layers by their nature,
which, based on the user’s needs, it is advisable to
use nozzle smaller than 0.3 mm of diameter with lower
print speeds at 30 mm/s.

Likewise, the determination of profiles with inclination, as
well as elements with dimensional variation generated by
narrowing of the geometry, can be analyzed with the use of
cones. The present investigation uses two truncated compo-
nents to identify the effects caused by angular variation.
Despite the use of a commercial diameter nozzle and the di-
mensions considered in the design of the cones, the compo-
nent was able to print without defects. However, it should be
considered that the inclination of the component is an impor-
tant factor that is associated with the angle used. The result of
a smaller angle is a consequence of a stepping between the
layers.

A relevant part is a function of the number of vertices and
faces that define the component, which affect both the quality
of the finish and the resistance that the component can offer
different types of efforts. As it is presented in Table 2, simple
geometries have better performance when their construction
angle is parallel to the “X” axis of printing; however, complex
components have a better performance in terms of fewer

vertices when 60° orientations are performed or 30° of the
component regarding the printing axis “X.” The possibility
is left open to experiment with lower angle ranges for future
experiments.

Finally, it is convenient to mention that in the history of the
FFF, the development of research works has been focused on
the analysis of the capacity of reproduction of components,
the development of materials, analysis of mechanical proper-
ties of the printed elements, quality of the component, and the
effect of the printing parameters on the control variables of the
equipment. However, the recommendations of orientation of
objects formed by the basic geometries have been discarded,
which detonate the quality of any component printed in FFF,
because a component is designed from cubes, spheres, cylin-
ders, cones, and inclined planes. Therefore, the possibility of
performing an effect analysis of the several printing factors
against the orientations of basic geometric elements could
define a standard of printing orientation for components,
which are printed through FFF technology; therefore, it is
finally left open for further research.

Finally, here is important to mention some limitations in
our research, because due to characteristics associated to the
filament printing equipment used, the final quality of analyzed
components was limited to the characteristics reproduced by
the height of the layer and the thickness of the shields, espe-
cially in geometries with cylindrical and spherical character-
istics. Likewise, the orientation of components with respect to
the impression plate represents a limitation in this project,
because only four orientations were considered (0°, 30°, 60°,
90°). In addition, the use of the Cura® software limits the
specialist in the object preparation, restricting variables of in-
terest such as the orientation and separation of the filling
patterns.

So, based on that limitations, future works are intended to
replicate the experiment using different 3D printer equipment.
Also, it is intended to modify and reprogram the objects, with
orientation angles, as well as the characteristics associated
with the raster angle, raster width, and air gap.
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