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Abstract: The impacts of infill patterns and densities on the mechanical characteristics of items
created by material extrusion additive manufacturing systems were investigated in this study. It
is crucial to comprehend how these variables impact a printed object’s mechanical characteristics.
This work examined two infill patterns and four densities of 3D-printed polyethylene terephthalate
reinforced with carbon-fiber specimens for their tensile characteristics. Rectilinear and honeycomb
infill designs were compared at 100%, while each had the following three infill densities: 20%, 50%,
and 75%. As predicted, the findings revealed that as the infill densities increased, all analyzed infill
patterns’ tensile strengths and Young’s moduli also increased. The design with a 75% honeycomb
and 100% infill density has the highest Young’s modulus and tensile strength. The honeycomb was
the ideal infill pattern, with 75% and 100% densities, providing significant strength and stiffness.

Keywords: additive manufacturing; CF/PETG; infill pattern effect; infill density effect

1. Introduction

To improve the manufacturing process for all human endeavors, new technologies
and solutions must be developed for civilization to advance. Traditionally, honeycombs or
other composite materials are produced via extrusion, welding, or injection molding [1]. In
this regard, additive manufacturing (AM) is a revolutionary technological advancement
that is revolutionizing the production of goods. Mass customization, complex designs
and geometries, waste reduction, supply chain simplification, quicker time to market,
drastic assembly reduction, weight reduction (topology optimization), and low-volume
manufacturing are just a few advantages of additive manufacturing (AM) over traditional
manufacturing processes that are driving the revolution [2,3].

AM technology is now widely used in academic research as well as in several en-
gineering applications, including the mechanical [4], biomedical [5-8], construction [9],
aerospace, and food sectors [10]. Moreover, recycling and reusing thermoplastic composite
materials at both high and low temperatures is known as additive manufacturing [11-13].

Binder jetting, direct energy deposition, material extrusion, material jetting, powder
bed fusion, sheet lamination, and vat photopolymerization are the seven basic processing
techniques used in AM based on printing technology [14].
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Fused deposition modeling (FDM) is an extrusion-based technique for creating polymer-
based models and structures [15]. The model that will be produced is transformed into a
design model for the FDM printing technique and imported into the slicing program [16].

Several factors must be considered, including build orientation, nozzle diameter,
printing speed, layer thickness, and extrusion temperature. The primary material used in
FDM technology is a filament which is turned into a semi-liquid condition and injected
into a nozzle that travels by the commands of the slicing program.

The material extruded from the nozzle is deposited layer-by-layer to print the entire
model. Figure 1 depicts a schematic representation of the FDM process [17].
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Figure 1. Schematic representation of the FDM process and its parameters.
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When considering infill, one must consider the unique relationship between strength,
cost, and print time. Every increase in an object’s strength increases the printing cost
and time. The key to successful infill use is finding a balance where sufficient strength
is procured for an object’s intended purpose while keeping the cost and time within
reasonable bounds.

One of the most popular infill patterns is the 3D honeycomb infill. It is regarded as
the most widely used and potent infill pattern. This standard infill pattern offers sufficient
rigidity in all directions. It is also one of the most straightforward infill patterns to print,
requiring only a tiny amount of bridging from a print head.

Several academic works have studied the static and dynamic behaviors of honeycombs
made via additive manufacturing. The impacts of infill density and print orientation
on the mechanical behavior of finished items have been the subject of several research
works [18,19].

A filling density is the percentage by which a container’s interior will be filled. Its
primary influence is the overall resistance of the piece. However, the filling rate will be
factored into the calculation of the print duration, as well as the final cost of the piece. The
greater the density, the greater the amount of filament required. The filling density will
also affect the weight of a piece.

A frequently asked question whether or not the importance of the filling density is
related to the final resistance of a piece, and if so, why not use a 100% filling density for all
impressions. In simple terms, the time it takes to print and the cost of consumables make
using a 3D printer unprofitable. Furthermore, a 100% filling may cause a slight deformation
in the printed piece, resulting in a change in the exterior linearity of the surface.

Furthermore, it is not only the filling density that influences the behavior of a 3D-
printed sample. The evolution of the filling density is not always proportional to the
evolution of the resistance, depending on the shape of the piece. Even if the filling density
significantly impacts the final resistance, a filling density greater than 80% is not always
recommended. According to 3DHubs, the resistance of a piece with a 50% filling rate
increases by 25% compared to a piece with a 25% filling density. However, between a filling
density of 50% and a filling density of 75%, the resistance increases by only 10%.

There are numerous geometries and shapes available for filling out samples. These
themes each have their advantages and are intended for specific applications. The critical
thing to remember when selecting a filling motif is to consider the use that will be made of
the impression. Furthermore, the motif must be associated with a high fill rate to obtain
satisfactory results.

Khan et al. [20] found that the honeycomb (also known as hexagonal) infill pattern for
printed acrylonitrile butadiene styrene (ABS) specimens had the lowest tensile strength
compared to rectilinear and concentric patterns. This could have been because more voids
were printed with this infill pattern inside the specimen. Rismalia et al. [21] demonstrated
that increasing infill densities improved the three infill patterns’ tensile properties. Tensile
properties are affected by infill patterns. Compared to the other two patterns, the con-
centrate infill pattern has the highest tensile properties, while the grid and tri-hexagonal
patterns have similar levels.

Yang et al. [22] investigated the mechanical characteristics of additively manufactured
3D re-entrant honeycomb auxetic structures. By using additive manufacturing (AM),
Fadida et al. [23] examined the mechanical aspects of samples of Ti6Al4V under static and
dynamic compression. The findings demonstrated that when exposed to dynamic and
static loads, the dense material created by a laser had superior resistance to the identical
traditional material, but their ductility was equivalent.

The impact strength of PLA specimens created by additive manufacturing at various
printing rates was investigated by Tsouknidas et al. [24]. The PLA sample was subjected to
a compressive load. The investigation showed that printing at the slowest pace produced
the highest compressive strength.
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Using desktop 3D printing, Fernandez et al. [25] examined the impact of infill density
on the tensile mechanical response. To determine how nonlinear scaling affected the
stiffness of soft cellular structures, Wyatt et al. [26] conducted a study. The results showed
a high correlation between the experimental findings and the finite element simulation.

A honeycomb structure constructed from polycaprolactone using additive manufac-
turing was shown by Zhang et al. [27] to recover up to 80% of its volume following a single
compression to densification.

To evaluate the ability of the honeycomb structure Ti6Al4V produced by laser-engineered
net shaping (LENSTM) to absorb impact energy, Dudka et al. [28] recently examined the
static and dynamic behaviors of the structure. To completely comprehend the compressive
behavior of 3D-printed thermoplastic polyurethane honeycombs with different densities,
Simon and colleagues [29] conducted experimental research. The outcomes showed that
the TPU constructions with different densities could offer adequate impact protection in
challenging environmental circumstances.

A study by Yu et al. [30] showed that the analyzed additively manufactured gy-
roid samples had high dynamic compression-energy absorption capacities. In contrast,
the analyzed gyroid structure’s energy absorption was on par with that of a uniform
gyroid structure.

To replace structures made with standard techniques with 3D-printed structures, it is
fundamental to identify the optimal parameters for 3D printing; that is, printed structures
must have properties that are equivalent to traditional structures. Many scientific and
technical challenges must be met to achieve this goal, and they must go through the phases
of characterization of these materials and quantify their performance. A detailed study of
the bibliographical references showed no significant works on the mechanical behavior of
honeycomb and rectilinear composites produced by 3D printing under quasi-static loads.

Using the INSTRON machine, a series of uniaxial tensile tests were carried out on
polyethylene terephthalate reinforced with carbon-fiber (CF/PETG) composite specimens
produced by the FDM technique in 3D printing. From the perspective of developing
a new generation of lightweight materials with optimal mechanical performances, two
parameters were studied in this paper: (1) the effect of the geometry (Nida vs. rectilinear)
and (2) the filling density (20%, 50%, 75%, and 100%). This paper aimed to characterize the
mechanical and fracture behaviors of the different types of specimens, particularly their
Young’s moduli, stiffness, maximum loads, and displacements at the breaks. A comparison
between Nida and rectilinear fillers and an evaluation of the influence of the percentage of
filler on the mechanical behavior of the 3D-printed parts was carried out.

This study intended to show how CF/PETG performs mechanically under tensile
loading to strike a compromise between weight, resistance, and mechanical behavior. The
material from which a structure is made, its cell shape, its relative density, and several other
elements, such as the features of the manufacturing process, the structural boundary, and
the loading circumstances, all affect how mechanically strong a structure will be. Similarly,
the CF-PETEG product will have reduced tensile strength and yield strength if a designer
decides to reduce the filling density from 100% to 75% to save on time and 3D-printed
materials. In addition, the results demonstrate that the honeycomb filling pattern has the
highest tensile and yield strengths when compared to straight filling. The tensile strengths
of the honeycomb and 75% rectilinear fillings were marginally lower than that of the
100% filling.

2. Materials

PETG, also known as glycolic polyester, is a thermoplastic frequently used in additive
manufacturing facilities because it combines the ease of PLA printing with the strength of
ABS [31]. It is an amorphous plastic with an identical chemical make-up to polyethylene
terephthalate, commonly known by its acronym PET, and it can be completely recycled.
Glycol was added to lessen its fragility and brittle appearance.
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As a result, PETG is a copolymer combining PET and glycol qualities. By including the
latter, it is possible to lessen PET’s overheating and, as a result, brittle appearance. PETG’s
hardness, chemical and impact resistance, transparency, and ductility make it ideal for 3D
printing. It is a thermally stable material that is simple to extrude. In particular, it is valued
for being compatible with food contact. Concerning its shortcomings, we note that the
PETG requires a heating plate to prevent the warping issues seen with ABS [31].

It is better to utilize a BuildTak sheet to ensure the material hangs, even if the warping
rate is modest. In comparison to PLA, it is also more prone to scratches. Also, it keeps well
in a cold, dry atmosphere and can quickly absorb moisture. One must be aware that PETG
is frequently reinforced with carbon fibers, increasing the part’s rigidity while minimizing
the weight of the 3D-printed components.

Our industrial partner provided this option in its selection of filaments. It has also
created a carbon-fiber-reinforced PETG that increases rigidity while reducing the matrix’s
brittleness [31].

As shown in Table 1, the composite (CF/PETG) was chosen for this study as a ma-
terial with a high mechanical performance. This substance is regarded as a high-tech
engineering polymer.

Table 1. Mechanical properties of the CF/PETG.

Mechanical Properties of the CF/PETG

Property Value Unit
Density 1.08 g/ cm?
Traction modulus 4700 MPa
Bending modulus 3800 MPa
Elongation at break 2 %
Stress at rupture 42 MPa
Poisson’s ratio 0.4 -

3. Structural Design

The specimens displayed in this study were made using the FDM procedure. Figure 2
shows the FDM system operation diagram and the printing system used in our investigation
of the printed specimens.

Table 2 summarizes the printing characteristics of all the samples. Two different
CE/PETG composite configurations, Nida and rectilinear, were tested experimentally. The
FDM process was used to create specimens with dimensions of 151.8 mm in length, 4 mm
in thickness, and 21.8 mm in width. While fabricating the specimens, the infill densities
were varied to better understand the mechanical properties. All specimens used to test
the effect of filling density were made with the two filling patterns (NIDA and REC), with
filling densities of 20%, 50%, 75%, and 100%, as shown in Figure 2.

Table 2. (A) The print properties of the CF/PETG and (B) the print statistics.

(A) Print Properties of the CF/PETG
Extrusion temperature 395 °O)
Plate temperature 165 (°O)
Nozzle 0.5 (mm)
Print speed 40 (mm/s)
Layer thickness 0.3 (mm)
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Table 2. Cont.

(B) Number of Layers Total Rows Re:iliig::le&m) Print Time

5 20% 12 11,140 871 Oh,40mn, 36 s

E_.—'i 50% 12 12,369 1064 Oh, 47 mn,01s

E 75% 12 12,369 1272 0h,47 mn,01s

"g 20% 12 12,832 882 0h,41 mn,04s

g 50% 12 35,752 1226 0h, 54 mn, 06 s

§ 75% 12 35,752 1515 Oh,54mn, 06s

100% 12 15,875 1438 1h,03mn,21s

Ny

Catia View

a) Printing with a rectilinear pattern of 20%.
(a) g P

5|

Sample

(b) Printing with a Nida pattern of 20%.

Figure 2. The 3D printing system and the differences between the two infill patterns.
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As has already been said, the specifications of each print job should be considered
when choosing a filler. Saving money and time without compromising the durability of a
material is the fundamental justification for printing less than 100 percent of a filling piece.
Table 2 shows the total number of printed pieces and a comparison of the various filling
densities in terms of the amount of time and material required for printing.

4, Tensile Tests

The tensile test stands out as the most fundamental among the different mechanical
tests used to fully comprehend and characterize the behaviors of materials. With its vital
insights into the mechanical properties of materials, this specific testing technique is a
cornerstone in materials research and engineering. The tensile test can identify critical
properties that define a material’s mechanical behavior. These essential characteristics
include the ultimate tensile strength (UTS), indicating the most significant stress and strain
a material can sustain without rupturing. The tensile test also offers information on the
material’s tensile strength, which measures the most incredible pressure it can withstand.
Other crucial mechanical characteristics derived from the tensile test include yield strength,
the stress point at which the material starts to demonstrate plastic deformation, and
elongation at break, which reveals the material’s ductility and capacity to deform before
fracturing. The test also provides information on the material’s stiffness (its Young’s
modulus) and lateral contraction in response to axial stretching (its Poisson’s ratio). The
tensile test procedure in this study entailed applying a continuous strain at a set rate to a
specimen with a dumbbell shape.

The quasi-static tests were performed on an Instron electromechanical testing ma-
chine (a type 5585H universal traction machine) equipped with a 10 kN force cell and
an INSTRON AVE 2663-821 model video extensometer (Figure 3 (1)). A computer ran
the test through the Bluehill modular software (https://www.instron.com/en/products/
materials-testing-software /bluehill-universal accessed on 1 March 2024) (Figure 3). The
tensile force was applied to a sample until it broke at a constant speed according to the
charging process. The two ends of the sample were clamped, and sliding was prevented
by using sandpaper stuck onto the clamps. The samples were loaded with a displacement
speed of 2 mm/min. All tests were performed at an ambient temperature and repeated
three to five times on different specimens of the same shape to ensure repeatable results.
Conducting tests to characterize the mechanical properties and measure the magnitude
(stress and deformation) did not cause any particular problems.

Results

It was essential to establish and guarantee the reproducibility of the test procedure
before carrying out the quasi-static tensile tests on the INSTRON machine. To this end, a
thorough evaluation of each specimen was carried out to confirm the accuracy and relia-
bility of the test results. Samples were subjected to the tensile test technique at least three
times for this evaluation, with different filling patterns and densities at each iteration. In
this way, we hoped to ensure that the results were not influenced by chance or external
variables, guaranteeing subsequent test results” accuracy and consistency. This comprehen-
sive testing technique underlined our commitment to the accuracy and reliability of our
research results.

Figure 4 presents the force vs. displacement curves obtained for the different filling
densities of the CF/PETG with honeycomb (NIDA) and rectilinear (REC) filling patterns.
Figure 4 depicts a representative repeatable force vs. displacement variation for the different
CF/PETG filling densities.
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Figure 3. Components of the traction machine.

As seen in Figure 5, no particular infill pattern was formed by the infill densities in the
100% specimen created by the slicing program MakerBot Makerware. The data collected at
the 100% infill density were used as the control variable for the comparative study.

Figure 5a,b depicts the behavior variations for the two filling patterns with different
infill densities. It shows that specimens manufactured with 100% infill densities had the
highest resistance in the tensile tests compared to the honeycomb and rectilinear filling
specimens. The mechanical behavior of samples with densities of 20-50% infill decreased
significantly. This relationship was nearly linear, and the peak stress was proportional to the
infill densities in the honeycomb and rectilinear filling patterns. This finding indicated that
the infill density significantly impacted the mechanical properties of the CF/PETG sample.
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Figure 4. Examples of test reproducibility for the NIDA and RECT patterns.

The Young’s moduli and tensile strengths rose with the increasing infill densities,
according to the experimental results of the printed composite structures with various infill
densities. These could be compared to the enhanced deformation resistance capabilities of
the composite structures.

The ultimate tensile strength of the CF/PETG with the two infill patterns (Nida and
REC) and the different density percentages (20%, 50%, 75%, and 100%) were tested using
an Instron tensile machine with an additionally connected extensometer. The values with
error bars are shown in Figure 5c and Tables 3 and 4.
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Table 3. Summary of the behavior results of the 3D-printed honeycomb samples.
E (GPa) Poisson’s U Max F Max LE_Longi Stiffness UTS
Ratio (mm) (kN) Max (%)  (N/mm) (Mpa)
20% Average 2.276 0.46 3.36 1.16 3.02 830.267 28.957
° St-Dev 0.151 0.05 0.23 0.02 0.60 53.545 0.611
509 Average 2.861 0.40 5.72 1.60 5.38 939.054 39.904
° St-Dev 0.071 0.04 0.09 0.02 0.51 13.679 0.409
759, Average 3.730 0.38 6.24 2.34 6.00 1309.669 47.626
° St-Dev 0.174 0.04 0.79 0.02 1.23 29.067 0.594
100°% Average 3.545 0.49 5.81 2.14 6.80 1361.629 53.492
° St-Dev 0.601 0.03 0.48 0.02 1.03 6.203 0.611
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Table 4. Summary of the behavior results of the 3D-printed rectilinear samples.

E (Gpa) Poisson’s U Max F Max LE_Longi Stiffness UTS

Ratio (mm) (kN) Max (%) (N/mm) (MPa)

20% Average 2.138 0.49 3.67 1.05 3.51 738.374 26.199
° St-Dev 0.046 0.01 0.23 0.00 0.73 15.345 0.040
509 Average 2.105 0.59 6.35 1.23 7.73 737.611 30.843
° St-Dev 0.032 0.03 0.46 0.00 1.74 1.06115 0.118
750, Average 2.607 0.47 5.90 1.54 5.56 900.791 38.564
° St-Dev 0.080 0.02 0.45 0.01 1.04 11.577 0.319
100°% Average 3.545 0.49 5.81 2.14 6.80 1361.629 53.492
° St-Dev 0.601 0.03 0.48 0.02 1.03 6.203 0.611

The ultimate tensile strengths of the CF/PETG samples at the different infill densities
for the honeycomb filling method were 13.28, 18.31, and 21.85 MPa. The tensile strength
increased progressively as the infill density continued to increase. The Young’s modulus
increased as the infill density increased, (2276, 2861, and 3730 MPa for 20%, 50%, and 75%,
respectively). At a 100% infill density, the CF/PETG had the maximum Young’'s modulus
of 4148.59 MPa.

The ultimate tensile strength of the CF/PETG at 50% and 75% infill densities for the
rectilinear filling pattern were 30.84 and 38.56 MPa. At a 100% infill density, the CF/PETG had
the maximum tensile strength of 53.49 MPa. At a 100% infill density, the annealed CF/PETG
had the maximum Young’s modulus of 4148.59 MPa. The Young’s modulus increased as the
infilling density increased, with 2690.31 and 3350.37 for 50% and 75%, respectively.

Improved deformation resistance capabilities may have caused the enhanced Young'’s
moduli and tensile strengths observed with the increased infill densities. Notably, the higher
infill densities reduced the gaps in the composite structures, increasing the cross-sectional
areas that could effectively support the tensile loads [32].

Furthermore, these variabilities were related to the printed parts” orientations, pre-
ferred reinforcements, post-processing, and infill densities. The tensile modulus of each
printed specimen was increased by transversal printing. The infill density significantly
impacted the strength of the printed specimen. The space between each layer was too close
at a 100% infill density, which may have increased the high bonding strength between each
printed layer [33], as shown in Figure 6.

Figure 5a,b demonstrates that the elongations at the breaks of the composites increased
with the decreasing filling densities for the two types of filling patterns, increasing the
total relative energy absorption. The composite specimens with higher infill densities had
higher stiffness and tensile strengths. Elongations, on the other hand, decreased as the infill
densities increased.

A higher defect density with more connecting nodes may have caused a decrease in
the elongation associated with the high infill densities in the composite constructions. All
printed specimens contained manufacturing flaws in the internal nodes of the cells because
of the numerous crossovers of fused filaments created by the printing process [34,35], as
seen in Figure 5a,b.
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Figure 6. Comparative study between the honeycomb and rectilinear infill patterns.

The increased imperfection density and decreased elongation may have affected the
higher infill density specimens [36]. Another reason for the increased elongation in the
specimens with lower infill densities was the extended structure in each unit [37], as seen
in Figure 5.

The maximal forces of the composite samples with the two distinct infill patterns
resulted in similar stress distributions on the structures that were dependent on the infill
densities during the static tensile deformation.

As a result, the infill density had little effect on the failure mode, except for the
low-density percentage of 20%, which degraded in a short period of time.

As with the 50%, 75%, and 100% densities, a prominent unit structure would typically
permit more rotation space and flexibility along the axial extension direction, resulting in a
higher elongation for a composite construction.
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As shown in Figure 5¢, at varying infill densities, the composites with honeycomb
infill structures were stiffer and less ductile than those filled with rectilinear units.

Figure 6 shows that the composite constructions with honeycomb infill patterns had
better Young’s moduli, and this was linked to the beam theory.

5. Conclusions

A filling must be selected for the unique requirements of a print job, as stated in the
introduction. Therefore, filling density is decided based on the application needed.

One of the benefits of 3D printing FDM technology is that product lines can be
produced with varying infill densities. This benefit reduces the time and material used and
the cost of the finished product. After analyzing the tensile testing results, it was possible
to conclude that:

The infill types and densities affect the ultimate tensile strengths and yield strengths.
The ultimate tensile strengths and yield strengths of all types of infill patterns increase
as the density increases from 20% to 75%. Maximum strength is achieved with a 75%
infill.

e  The results showed that the honeycomb infill pattern had the highest ultimate tensile
strength and yield strength when compared to the rectilinear infill.

e Compared to the 100% infill, the honeycomb and rectilinear infill patterns of 75%
resulted in slightly lower ultimate tensile strengths.

The effects of infill patterns and densities on material properties were investigated in
this paper only for tensile testing in one direction and for one printing orientation. Other
factors to consider in future examinations include different printing orientations and testing
in three directions. In addition, the effects of infill patterns and densities on other material
properties (bending, pressure, hardness, and so on) should be investigated.

Furthermore, it will be necessary for companies to calculate the amount of filament
to use and the printing time required due to filling in to determine if 3D printing remains
profitable.
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