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Abstract

Additive manufacturing is gaining a significant place in Industry 4.0-driven environments, primarily due to the requirements for smoothly and
quickly generatively designed components as opposed to multiple machining processes. The internal structure of the manufactured components
has different geometric specifications depending on the filling density (80% to 100%) and filling pattern (lines, grid, triangles, etc.). This paper
attempts to define the porosity of the additively manufactured parts depending on the infill parameters that affect the mechanical characterization
of the parts using industrial computed tomography and observe the internal lattice structures and pattern-to-pore ratios of the manufactured parts.
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1. Introduction

Additive manufacturing is gaining increasing importance in
fields such as rapid prototyping, medicine, aerospace and
Industry 4.0 concepts due to its flexibility and rapid and direct
CAD-to-Product capabilities. In particular, Fused deposition
modeling has seen a rise in popularity due to the simplicity of
the technology and the reduced cost of materials. However, all
of these advantages are offset by the low surface quality and
dimensional and geometric accuracy of the components
obtained by using these technologies. Studies are being
performed with good results on compensation methods [1] to
mitigate these disadvantages by employing iterative correction
loops. Research is also performed with good results in
determining the effects of the main FDM process parameters on
the quality of additive manufactured parts [2] and if predictive
models for the ideal process parameters are feasible [3, 4]. The
low quality of additive manufactured parts is especially
challenging in the case of miniaturization of components [5],
where studies [6] are performed employing high precision
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metrology and non-destructive measurement techniques for
quality assessment and assurance of these components.

Nomenclature

CAD  Computer-Aided Design

CAM Computer-Aided Manufacturing

FDM  Fused Deposition Modeling

STL Standard Triangle Language — file format
PLA  Polylactic Acid

One of the most critical characteristics of additive
manufactured parts is the infill pattern and density, which can
affect the mechanical behavior [7, 8, 9, 10] and the dimensional,
geometric, and surface quality of 3d printed components [11].
Infill pattern geometry and density also influence the total
printing time of the component, as indicated by comparative
studies [12], placing limits on choosing a compromise between
part quality, mechanical behavior, and manufacturing
productivity and cost. Complex bio-inspired infill patterns have
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also been studied [13, 14] to determine their capabilities from a
mechanical behavior, economic, and sustainability standpoint.

In situations where the mass and density of the additive
manufactured component are critical, infill pattern and
percentage play an essential role. This study analyses the
discrepancy between the expected mass, density, and infill
percentage and the actual values of these characteristics and
attempts to identify the root cause of the differences. To this
end, a series of test parts are manufactured by FDM technology
using eco-PLA material. The samples are fabricated with
different infill patterns and percentages and subjected to
Computed Tomography to determine the difference between
the nominal and actual infill percentage as well as discrepancies
in mass and density. The results are cross-correlated with the
total manufacturing time and the time needed for printing the
infill, informing decisions on the best choice of infill geometry
for the desired application.

2. Theoretical and Experimental Parts
2.1. CAD Process

The geometry of the test samples is chosen and created as
per standard ISO 10791-7 [15] to ensure consistent results
across studies. The cad model is displayed in Fig. 1. with all
relevant dimensional and geometric characteristics as specified
in ISO:1101, which governs geometric product specifications.
[16]
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Fig. 1. Positioning and contouring workpiece in ISO 10791-7, 80x80 mm.
2.2. CAM Process

The CAM design process is performed using the Ultimaker
Cura [17] slicing software. G-code manufacturing program is

realized with 80% and 90% infill percentages in different infill
pattern geometries. A preview of the examined patterns and the
G-code generated for manufacturing are presented in Fig 2.

(@ (h)

Fig. 2. Infill pattern geometries (a) Grid; (b) Lines; (c) Triangles; (d)
Trihexagon; (e) Octet; (f) Concentric; (g) Zigzag; (h) Gyroid.

2.2.1. FDM - Additive Manufacturing

After creating and designing the CAD model (Fig. 3a.) of
sample geometry, the data is converted to the STL file format
(Fig. 3b.) in order to generate G-code (Fig. 3c.) through
Ultimaker Cura software. The Additive Manufacturing CAM
process is realized using the Octo Print User Interface, a
platform to manage the 3D printer via the network connection.
A flow chart is presented in Fig. 3. A manufactured component
from 18 workpieces is available in Fig. 3d.
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Eighteen test samples are manufactured from eco-PLA [18]
filament on an Anycubic Mega X 3D Printer [19] using
different infill patterns as demonstrated in Fig. 4a. The test
samples are manufactured with the same main process
parameters to ensure consistency of the results. The
manufacturing parameters are, Nozzle temperature 200°C,
heated bed temperature 60°C, speed 60 mm/s, cooling 75%, and
layer height 0.2mm. The manufacturing is done by a 0.4 mm
nozzle and 1.75 mm diameter filament.

(© d

Fig. 3. (a) CAD Model; (b) STL Model; (¢) G-Code Model (d) Additive
Manufactured Model.

Two samples are manufactured with 80% and 90% infill
density for each infill pattern employed. Two samples with
100% infill are also manufactured to provide a control point.
The infill type and percentage are presented in Table 1.

Table 1. Infill pattern type and percentages of additive manufactured models.

Part numbers Infill pattern type Infill percentages (%)
1-2 Grid 80 and 90

3-4 Lines 80 and 90

5-6 Triangles 80 and 90

7-8 Trihexagon 80 and 90

9-10 Octet 80 and 90

11-12 Concentric 80 and 90

13-14 Zigzag 80 and 90

15-16 Gyroid 80 and 90

17-18 Filled Up 100

2.3. Measurement Process

Computer tomography is performed on the test samples
employing a Zeiss Metrotrom [20] tomograph in Fig. 4c. The
parameters used for scanning are 120kV at 230 pA and 500 ms
integration time. Five images are integrated for each slice to
increase the signal-to-noise ratio. The sample is scanned at a
distance of 425 mm from the sensor, giving a voxel size of
0.113mm. The point cloud for 3D reconstruction is interpolated
from 1050 slices representing a full 360deg scan at a step angle
of 0.34deg. Data analysis is performed using the GOM volume
inspect software [21].

(c)

Fig. 4. (a) Anycubic Mega X 3D Printer; (b) Precision Scale; (¢) Computed
Tomography Metrotom..

The mass of the parts is measured using a Sartorius
TE3102S [22] precision scale as illustrated in Fig. 4b. These
measurements are used to determine the actual density of the
samples for each infill pattern and percentage.

3. Results

The results of all measurements in the form of actual
volume, part volume without defects, and volume defects in
cm® depending on the infill pattern type and infill percentage
are detailed by the advanced evaluation software as indicated
in Table 2. It is possible to infer that the total volumes of the
outer hull values are in close proximity to each other.
Nevertheless, the highest value of the volume of the outer hull
occurs at the octet infill pattern with 80% and the highest
porosity is observed at the trihexagon with the 80% infill
percentage.

Table 2. Volume, volume defects and porosity of additive manufactured parts.

Infill Infill Total Part Total Porosity
pattern Percentage | Volume | volume | volume (%)
(%) of outer | without | defects

hull defects (cm?)

(cm?) (cm?)
Grid 80.00 89.522 | 70.939 18.583 20.758
Grid 90.00 89.340 | 75.496 13.845 15.497
Lines 80.00 89.213 80.456 8.757 9.816
Lines 90.00 89.216 85.262 3.954 4.432
Triangles 80.00 89.541 70.899 18.642 20.819
Triangles 90.00 89.685 76.478 13.207 14.726
Trihexagon | 80.00 89.524 | 67.921 21.603 24.131
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Trihexagon | 90.00 89.618 74.461 15.157 16.913
Octet 80.00 89.504 72.245 17.259 19.283
Octet 90.00 89.579 76.782 12.797 14.286
Concentric | 80.00 76.237 73.474 2.762 3.623
Concentric | 90.00 88.707 86.523 2.041 2.300
Zigzag 80.00 82.467 80.560 1.907 2.313
Zigzag 90.00 88.878 87.599 1.279 1.439
Gyroid 80.00 87.301 79.184 8.117 9.298
Gyroid 90.00 89.013 88.499 0.514 0.577
Filled Up 100.00 88.244 88.043 0.201 0.227
Filled Up 100.00 88.220 88.096 0.125 0.141

The internal gaps resulting from the infill pattern are
presented in Fig. 5., in the form of volume defects, color-coded
by the volume of each individual gap.

Fig. 5. Volume defect maps of additive manufactured models (a) Grid 80%;
(b) Grid 90%; (c) Lines 80%; (d) Lines 90%; (e) Triangles 80%; (f) Triangles
90%; (g)Trihexagon 80%; (h) Trihexagon 90%; (i) Octet 80%; (j) Octet 90%;

(k) Concentric 80%; (1) Concentric 90%; (m) Zigzag 80% (n) Zigzag 90%;

(0) Gyroid 80%; (p) Gyroid 90%; (q) Full-1 100% (r) Full-2 100% .

Volume defect maps of additive manufactured models are
represented in Fig. 5. The defects maps are useful to see the
mean defects values as the colored legends; one of them is the
dark brown color shows outliers from the average range of
volume defects. The green colors highlight the volume defects
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in minimum scales. Grid, triangles, and trihexagon infill
patterns with 80% and 90% infill, illustrated in Fig. 5a., 5b.,
Se., 5f., 5g. and 5h., have regular porosity distribution. The
Infill pattern lines with 80% infill has irregularities at the
corners of test samples, especially in those areas where volume
defects are higher than the lines with 90% infill, as seen in Fig.
5c. and 5d. When infill percentages are increased from 80% to
90%, the average sizes of the volume defects are decreased for
the infill patterns lines, triangles, trihexagon, octet, and gyroid.
For instance, the average volume defect sizes of lines infill
patterns are reduced from max 7.78 mm? to max 1.66 mm® in
the legend of the volume defect maps seen in Fig. Sc. and 5d.
On the other side, the average volume defect sizes of the grid,
concentric and zigzag infill patterns are enlarged, as seen in
Fig. 5. even though the total volume defects of those infill
patterns are diminished seen in Table 2. The distribution of the
volume defect size according to the infill pattern types is the
smallest with the 0.16 mm?® value on the gyroid infill pattern
with 90% infill, as illustrated in the legend on the graph Fig.
5p. Besides, the lines infill pattern has the largest volume defect
size, which is 572.66 mm?, although the total volume defects
of that infill pattern are not maximal, according to Table 2.

Porosity Ratios (%) of Infill Patterns according to Infill Percentages (%)
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Fig. 6. Porosity ratios (%) of infill patterns according to the infill percentages.

From an analysis of the 3D structure of the resulting infill
pattern, it is evident that as the complexity of the infill
geometry increases, the quality of the printed pattern decreases,
as is visible, especially in the case of zigzag, gyroid, and

concentric. The effects of over and under extrusion are also
evident, as well as material overflow due to pressure build-up
inside the nozzle.

An analysis of expected versus actual infill percentage with
the reference lines 0%, 10%, and 20% is shown in Fig. 6a. The
most proximate porosity ratios of infill patterns to the reference
lines are detected at the grid, triangles, octet, and filled up infill
patterns, as shown in Fig. 6a, whose values are respectively
3.79%, 4.10%, 3.59%, and 0.18% (average value for filled up)
as observed in Fig. 6b. The measurement results compare to
infill percentages; while the infill percentage is 80%, the
workpiece with a grid infill pattern has only a 3.79% deviation
from solid geometries, but when the infill percentage is 90%,
that value is abruptly increased by 54.97%. The triangles infill
pattern with an 80% infill percentage has the slightest deviation
between expected and actual infill percentage. The minor
deviation for the 90% infill percentage is seen in the octet infill
pattern and the deviation for the 100% infill percentage is
predictably minimal as observed in Fig. 6b.

The statistical results indicate that the geometric complexity
of the infill pattern has a high impact on the actual infill
percentage of the manufactured part. Complex infill pattern
geometries like concentric, zigzag, and gyroid have higher
deviation between expected infill and actual infill percentages.

Comparison of Calculated and Actual Mass
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ANOVA - Calculated Density versus Infill Pattern Type
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Fig. 8. ANOVA statistical analysis for calculated density versus infill pattern.

The calculated and actual mass comparison is evaluated in

Fig. 7. According to the actual mass, the density of the infill
pattern geometries is calculated and determined the mean
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values with 95% confidence intervals with ANOVA statistical
analysis, as delineated in Fig. 8. The 90 % gyroid infill pattern
has the heaviest calculated mass in Fig. 7. due to its part volume
without defects. The trihexagon infill pattern with 80% has the
lowest mass value of 84.22 g and has the closest density value
as 1,20 g/cm? to the eco-PLA density (1,25 g/cm?) in Fig. 8.

These results indicate that geometries that require a high rate
of fast changes in the direction of the printing nozzle, as well
as a high number of filament retraction operations, will lead to
lower quality infill patterns and thus a high discrepancy
between expected and actual part infill percentage, mass and
density. Errors in manufactured infill patterns can lead to
density variations, and changes in the mechanical properties of
the additive manufactured parts. In cases where these
characteristics are critical, the choice of infill pattern is critical.
However, if the application requires a specific infill geometry,
the parameters of the machine used to manufacture the parts
must be fine-tuned. The parameters which affect infill quality
and accuracy are flow rate, material retraction, acceleration,
speed, and backlash compensation.

4. Conclusions and Discussion

The study focuses on the effect of infill pattern geometry
and percentage on the actual infill percentage, mass, and
density of the additive manufactured parts.

A strong correlation between the complexity of the infill
pattern geometry and the actual infill parameters and quality is
observed in the results, indicating that for applications where
the infill percentage, mass and density of the manufactured
parts are critical, special care must be taken in fine-tuning the
process parameters in the form of flow rate, printing speed and
acceleration, filament retraction distance and speed.

A compromise between infill geometry characteristics
desired part mechanical properties, and printing time also
exists, thus the infill geometry must be chosen in order to
satisfy mechanical and functional specifications of the
manufactured component but with an emphasis on economic
and time constraints. Future studies can be performed on
developing mathematical predictive models for the ideal
process parameters according to infill geometry complexity
which allows for the lowest discrepancy between expected and
actual values of manufactured components' mass, density, and
infill percentage.
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