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Abstract

Today, one of the fastest growing manufacturing technologies is certainly additive manufacturing, where there are several
different product manufacturing processes, and one of the most famous is FDM 3D printing process. From literature
review, it can be concluded that many parameters affect the final mechanical properties of FDM printed materials. Also,
one of the great advantages provided by this technology is the production of product materials with an infill structure,
which brings several advantages such as: reduced time of production, reduced material consumption, lower product
weight and generally more economical production. The aim of this study is to analyse the influence of infill design on the
compressive and flexural properties of FDM printed material. In particular, the influence of infill pattern and density for
PLA FDM printed material was analysed. Based on the results of the statistical analyses, it can be concluded that the infill
pattern and density affect the compressive and flexural strength and modulus of PLA FDM printed material.
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1. Introduction

In general, additive manufacturing (AM), known as 3D printing, is defined as the novel technology used to produce
the 3D/4D parts from a CAD model by adding layers of material bottom-up of various types of materials such as polymers,
ceramics and composites. Fused deposition modelling (FDM) is one of AM technology that has experienced a great
increase since it was presented on the market [1], [2], [3]. Also, one of the most well-known AM technologies is FDM,
and it can be said, mostly due to the relatively low cost of the devices and materials used for production. In addition to
the relatively low cost, FDM has other advantages presented below (Fig. 1) [4], [5], [6].

This technology finds its applications in education, research and many fields of engineering and industry, such as
automotive products, aircraft, medical implants, dental and more. Also it is very popular in maker and start-up hubs, and
changed the standard way of developing prototypes and products [7].

-0191 -



32ND DAAAM INTERNATIONAL SYMPOSIUM ON INTELLIGENT MANUFACTURING AND AUTOMATION

—

FDM technology advantages

Complex geometry fabrication

Product material with infill structure
Easy aplication

A large number of different materials
Fast production of small series products

Rapid prototyping

L

Low cost

Fig. 1. FDM technology advantages over traditional manufacturing production

FDM technology belongs to the group of AM processes that, in general, uses thermoplastic polymers, but in today’s
market there are FDM machines that also makes products from metallic materials [8]. In this process, the material is
melted in a liquid state in a printer head (extruder) and then deposited through a nozzle that traces the parts cross sectional
geometry to create 3D object (product, part) on printer build platform directly from a CAD model (Fig. 2) [7].
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Fig. 2. Basics of FDM 3D printing process [9]

FDM 3D printer uses a CAD model for rapid prototyping process. The 3D model from CAD software, is converted to
stereo lithography (.STL) format and after that, using “slicer” software, user is creating G-code for 3D printer [10]. Despite
the number of advantages offered by these technologies, designers, when designing new products, must adapt the design
of their product in order to take full advantage of these technologies. In addition to product design, the properties of FDM-
produced parts significantly depend on the processing parameters. These parameters include layer height, nozzle
temperature, nozzle diameter, air gap, build direction, print orientation, extrusion width, raster orientation, raster angle,
infill pattern, infill density, infill angle, raster overlap and more [11], [12]. One of the benefits of FDM technology is the
ability to fabricate the product material with an infill structure. Product material with infill structure provides several
advantages (Fig. 3) such as reduced time of production, reduced material consumption, lower product weight and
generally more economical production [1], [13], [14].
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Fig. 3. Benefits of product material with infill structure
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A review of the above mentioned literature, as well as the study [15], shows the direct impact of infill design on the
mechanical properties of FDM printed material. The focus of this research paper was to study the effect of infill pattern
and density on compressive and flexural mechanical properties of PLA FDM printed material. Five different infill
patterns, with variation of infill density, were analysed and compared with samples with 100% infill density. All results
are analysed using statistical methods and presented in further text. Also, the literature review shows that the mechanical
properties of printed materials are influenced by the material colour [3], the manufacturer (brand) of the material [4] as
well as the model of the 3D printer [16]. In order to reduce the influencing factors on the results, for each test the samples
were made on the same 3D printer, from materials of one manufacturer as well as the same colour.

2. Research methodology

Methodology of the experimental part of this research is presented on Fig. 4, where the goal was to analyse the
influence of the infill pattern and density on the compressive and flexural properties of FDM printed PLA material.

Solidworks Material Cura 4.8.0
*3D model of specimen oPLA (Polylactic Acid) eInfill pattern

for compression and —> —> eInfill density

flexural testing eG-code

\/

3D Print Testing Results analyse
eUltimaker 2+ eShimadzu AGS-X eAnalyse of infill design
eUltimaker 3 > «Compressive properties > influence on FDM

printed material

eFlexural properties . .
mechanical properties

Fig. 4. Methodology of research experiment

Using Solidwors CAD software, 3D models of testing specimens were created, where the specimen for compression
testing were designed according to ASTM D695 and for the flexural testing according to the EN 1SO 178 standard (Fig.
5). As there are still no standards for FDM materials testing, but also for materials in additive technologies in general,
material testing in this study is based on these standards, as can be seen in other research papers.
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Fig. 5. Compressive (ASTM D695) and flexural (EN 1SO 178) testing specimen

In this study, significantly researched and widely used PLA (supplied by 3D Republika) material was examined. PLA
is from group of aliphatic polyesters, nontoxic and biodegradable material. A biopolymer prepared from corn, sugarcane,
with relatively good mechanical properties and its major drawbacks include brittleness and low thermal stability [4], [6],
[17]. As meintoined before, in general, FDM printed materials properties depends on 3D printing parameters and for this
experiment all specimens are printed with same 3D printing parameters defined by default Ultimaker printing profile
“Normal 0,15mm”. Specimens and 3D printing parameters are prepared for printing using Cura 4.8.0 slicer and all
specimens are printed with Ultimaker FDM 3D printers.

Inslicer Cura, itis possible to choose 13 different infill patterns, but for this study, five different patterns were analysed
(Fig. 6.), as follows: concentric (CO), grid (GR), gyroid (GY), octet (OC) and triangle (TR), and for each pattern the
density was varied (20%, 40%, 60%, 80% and 100%).
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Fig. 6. Five different infill patterns used for testing
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From slice Cura, g-code with printing details and parameters is transferred to 3D printers. All specimens for
compressive testing are printed with Ultimaker 2+ and for flexural testing with Ultimaker 3. Compressive (ASTM D695)
and flexural (EN ISO 178) testing of printed samples were performed on a Shimadzu AGS-X universal testing machine
(Fig. 7), where strain rate was 5mm/min. For every test, five specimens are tested. The results and Hooks diagrams are
recorded and collected with Shimadzu Trapezium X software, and in further text statistical analyses are presented.

Fig. 7. Compressive (left) and flexural (right) testing on Shimadzu AGS-X testing machine

3. Results and discussion

After analysing the obtained data of compressive and flexural material testing, the results with discussion are presented
below. What has been analysed is whether the infill pattern and density affect the compressive and flexural properties of
the FDM printed PLA material with infill structure. Compressive and flexural strength as well as young modulus were
analysed from the material properties. A total of five different infill patterns were analysed, where different infill density
was varied for each pattern (20%, 40%, 60% and 80%). What should be noted is that the strength results obtained by the
test are values for the “full” cross section of the material, but as the aim of the research is to see percentage differences in
mechanical properties, so this will not affect the final results.

Compressive and flexural stress-strain diagrams for PLA FDM 3D printed material with “Triangle” infill structure
with different infill density are presented on Fig. 8.

20 Triangle 80% 72
5 66 |-
32| . Triangle 60%. &0
— i 54
§ 28 |- e Trianigle 40%" § "
—
3 i T T £
H 24 ! = 42 |-
£20 o Triangle 20% g8
B s [ ————— @ 30|

0 1 2 3 4 5 6 7 8 9 10 " 12 13 0 06 12 18 24 3 36 42 4.8 54 6
Strain(%) Strain(%)

Fig. 8. Compressive (left) and flexural (right) stress — strain diagrams for “Triangle” infill pattern with different infill
density
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From Fig. 9. it can be seen that infill density have influence on compressive strength for every tested infill pattern,
and for each pattern the compressive strength increases linearly with increasing infill density. Also, as expected, the
highest values of compressive strength were obtained for an infill density of 80%.

N

TR TR TR TR OC OC OC OC GR GY GY GY GY
20 40 60 80 20 40 60 80 20 20 40 60 80 20
Stress [MPa) 23.3129.9 38.143.3 24 29.133.841.129.1 38 44.654.121.1 257 31.6 42.2 21.4 26.2 32.9 44

Fig. 9. Influence of infill density for five different infill patterns on compressive strength

The diagram below (Fig. 10) shows that in addition to the infill density, the infill pattern also has an effect on the
compressive strength. In general, it can be observed that from five tested infill patterns, “Grid” pattern gives the highest
values of compressive strength for all tested infill densities. It is interesting to see that the “Grid” pattern with density of
20% shows higher compressive strength than “GY” and “CO” patterns with density of 40%, and the same value as the
“OC” pattern. Also, the “Grid” pattern with 60% density gives a higher value of compressive strength than the “TR”,
“OC”, “GY” and “CO” patterns with a density of 80%.
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Fig. 10. Influence of infill pattern with different infill density on compressive strength

The diagram in Fig. 11. shows that the infill density also affects the compressive modulus, and generally for all five
tested infill patterns a linear relationship between the infill density and the compressive modulus can be seen. In the case
of “Triangle” and “Grid” patterns, it can be noticed that for infill densities of 60% and 80%, relatively equal values of
compression modulus are obtained, where the difference for “Triangle” pattern is about 3% and for “Grid” pattern about
1,5%.

Influence of infill pattern with different infill density on compressive modulus is presented on diagram bellow (Fig,
12). From the diagram it can be concluded that the infill pattern affects the compressive modulus, where for infill density
of 20%, 40% and 60%, depending on the infill pattern, compressive modulus differs up to 15%. While for a infill density
of 80%, the compressive modulus for the “Gyroid” pattern is lower by 7% compared to other patterns that have relatively
the same compressive modulus value.
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Fig. 11. Influence of infill density for five different infill patterns on compressive modulus, E [GPa]
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Fig. 12. Influence of infill pattern with different infill density on compressive modulus, E [GPa]

The obtained results of compressive mechanical properties of FDM 3D printed PLA material with infill structure
could not be compared with the results of samples with 100% infill density, because the testing machine has a maximum
force of 10 kN, and samples of PLA material with 100% infill density require higher force at compressive tests.
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Fig. 13. Influence of infill density for five different infill patterns on flexural strength
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From diagram above (Fig. 13) it can be seen that infill density have influence on flexural strength for every tested
infill pattern, and for each pattern the flexural strength increases linearly with increasing infill density. Also, with the
“Octet” infill pattern, it can be seen that an infill density of 20% gives a higher value of flexural strength, wich is not
expected, so these measurements should certainly be repeated.

As expected, the highest values of flexural strength were obtained for an infill density of 80%, and when they are
compared with the flexural strength values for infill density of 100% the flexural strength varies from 5% to 17%
depending on the shape of the infill.

The diagram from Fig. 14. shows that the infill pattern influences the flexural strength. If we exclude the results for
the “Octet” pattern with infill density of 20% due to the previously mentioned reasons, it can be concluded that the
“Concentric” pattern gives the highest values of flexural strength. What also can be concluded from the diagram is that
“Concentric” pattern with density of 20% shows higher flexural strength than “TR” and “OC” patterns with density of
40%. Also, the “Concentric” pattern with 60% density gives a higher value of flexural strength than the “TR”, “GR” and
“GY” patterns with a density of 80%.
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50
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Flexural strength [MPa]
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TR OC GR GY CO TR OC GR GY CO TR OC GR GY CO TR OC
20 20 20 20 20 40 40 40 40 40 60 60 60 60 60 80 80 80 80 80
Stress [MPa] 59.6 73.7 64.2 62.1 67.6 63.5/62.2 69.1 68.7 75.6 68.5 74.1 69.8 73.1 785 76 82.476.8 75.8 85.7

Fig. 14. Influence of infill pattern with different infill density on flexural strength

The diagram in Fig. 15. confirms the influence of infill density on flexural modulus, where the linear dependence of
flexural modulus and infill density are also confirmed. It can be noticed that for the “Octet” and “Concentric” infill pattern
with an infill density of 80%, the flexural modulus value differs by 4% (for Octet) and 0,7% (for Concentric) compared
to the test sample with 100% infill density.
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Fig. 15. Influence of infill density for five different infill patterns on flexural modulus, E [GPa]

The results of influence of infill pattern with different infill density on flexural modulus are presented on diagram
bellow (Fig, 16). From the diagram it can be concluded that the infill pattern affects the flexural modulus, and depending
on the infill pattern, for infill density of 20% differs up to 15%, for infill density of 40% differs up to 17%, for infill
density of 60% differs up to 12% and for infill density of 80% differs up to 10%.
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Fig. 16. Influence of infill pattern with different infill density on flexural modulus, E [GPa]

4. Conclusion

The experimental study presented in this research paper aims to present the influence of infill pattern and density on
compressive and flexural mechanical properties of FDM printed PLA material. Five different infill patterns (Triangle,
Octet, Grid, Gyroid and Concentric) with different infill densities (20%, 40%, 60% and 80%) were analysed. Of the
mechanical properties, compressive and flexural strength as well as modulus of elasticity were analysed, and results
obtained from this research conclude the followings:

o Infill density have influence on compressive strength for every tested infill pattern, and compressive strength increases
linearly with infill density increase.

o Infill pattern influences the compressive strength. From five tested infill patterns, “Grid” pattern gives the highest
values of compressive strength for all tested infill densities. The “Grid” pattern with density of 20% shows higher
compressive strength than “GY” and “CO” patterns with density of 40%, and the same value as the “OC” pattern.
Also, the “Grid” pattern with 60% density gives a higher value of compressive strength than the “TR”, “OC”, “GY”
and “CO” patterns with a density of 80%.

o Infill density affects the compressive modulus, where for all five examined infill patterns a linear relationship between
the infill density and the compressive modulus is shown. For “Triangle” and “Grid” patterns, with infill densities of
60% and 80%, relatively equal values of compression modulus are obtained, where the difference for “Triangle”
pattern is about 3% and for “Grid” pattern about 1,5%.

o Infill pattern affects the compressive modulus, where for infill density of 20%, 40% and 60%, depending on the infill
pattern, compressive modulus differs up to 15%. While for a infill density of 80%, the compressive modulus for the
“Gyroid” pattern is lower by 7% compared to other patterns that have relatively the same compressive modulus value.

¢ Infill density have influence on flexural strength for every tested infill pattern, and for each pattern the flexural strength

increases linearly with increasing infill density. Also, with the “Octet” infill pattern, an infill density of 20% gives a

higher value of flexural strength, which is not expected, so these measurements should certainly be repeated.

o Infill pattern influences the flexural strength, and it can be concluded that the “Concentric” pattern gives the highest
values of flexural strength. What also can be concluded from the results is that “Concentric” pattern with density of
20% shows higher flexural strength than “Triangle” and “Octet” patterns with density of 40%. Also, the “Concentric”
pattern with 60% density gives a higher value of flexural strength than the “Triangle”, “Grid” and “Gyroid” patterns
with a density of 80%.

e Results confirms the linear influence of infill density on flexural modulus. It can be noticed that for the “Octet” and
“Concentric” infill pattern with an infill density of 80%, the flexural modulus value differs by 4% (for Octet) and
0,7% (for Concentric) compared to the test sample with 100% infill density.

o Infill pattern affects the flexural modulus, and depending on the infill pattern it differs from 10% to 17%.

In general, the printed materials with an infill structure are the future of production, which provides a number of
advantages. In this research, only one segment of the influence of infill design on the compressive and flexural mechanical
properties of PLA material was performed. In order to better understand and describe the behaviour of printed materials
with an infill structure, similar tests should be performed on other materials too in future research. Also, the influence of
infill design should be examined in the other two build orientation, because in this paper only one build orientation was
analysed. What else should be also done on the topic of material characterization, where the results of real strength values
would be obtained, because in the case of materials with infill structure, the cross section is not solid. In future, research
on obtaining models of materials for FEM/FEA analyses and more should be done.
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