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Abstract: Fused Filament Fabrication (FFF) is an additive manufacturing process with wide use.
However, the optimization of certain parameters presents some uncertainties in the FFF process. In the
present study, the effect of infill density (ID) on the flexural behavior of Polylactic Acid (PLA) parts
printed by the FFF process was investigated. The experimental tests were performed on rectangular
parts, according to the ISO 178 standard, with a test speed of 5 mm/min. Parts with several IDs in
the 20–100% range were 3D printed, analyzed, and tested. Every sample was subjected to dimensional
and mass analyses before the experimental tests. After testing, the failure mechanisms were highlighted
depending on the ID. It was found that the ID of the printed parts strongly influences the flexural
characteristics (elastic, strength, strain, and energy absorption). However, using the specific properties
(specific modulus and specific strength), it was noted that 20%-ID is the optimal density for such AM
structures. Slight dependencies on IDs were recorded for dimensional accuracy. It was obtained that
at low IDs (<40%), the FFF-printed parts show a quasi-brittle fracture, and with its increase (IDs >

60%), a slight plastic deformation was observed.
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1. Introduction
Additive Manufacturing (3D printing) has become increasingly popular over the past decades [1–3].

The increase is given by the multiple advantages that this technology offers [4,5]. Using computer-
aided design (CAD) software, this process involves creating a 3D model, which is then built by
successively adding material layer by layer using a series of cross-sectional slices [6–8]. The Fused
Filament Fabrication (FFF) is a technique of 3D printing that is widely used in research due to its
cost-effectiveness, versatility, and non-laser application [9,10].

Most of the data are related to traction, but there are also studies with reference to compression
or bending behavior [11,12]. Krzikalla et al. [13], using a three-point bending test, investigated the
flexural properties (experimental and numerical) of FFF long carbon fiber-reinforced composites with
a polymeric matrix of Onyx. The study found that the reinforced layers distribution is essential over
the fiber content. Maqsood and Rimašauskas [14] combined continuous carbon fiber with short carbon
thermoplastic material and studied the phenomenon of delamination instead of breakage during the
bending test. The cause was an insufficient and poor interfacial linkage between the reinforcement and
matrix material, but optimized printing parameters could enhance the effectiveness of the process.

Analysis of parameters characteristic of 3D printing, such as type of infill, infill density, and
interaction of the factors was performed by González Rebenaque et al. [15]. One of the conclusions was
that a better resistance to bending is obtained at higher infill density, but it also leads to an increase
of the printing time. In a study conducted by Yousefi Kanani and Kennedy [16], a variety of distinct
sandwich configurations made using foamable polymer filaments were tested, and the obtained results
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were compared to foamed and non-foamed beams. The research concluded that yield load, stiffness, and
maximum load of composite beams with foamed cores and non-foamed face sheets exhibit significantly
higher values compared to non-foamed PLA-printed beams. Atakok et al. [17] investigate FFF printed
PLA and recycled PLA specimens with different parameters, such as layer thicknesses and occupancy
rates, using the Taguchi methodology. Izod impact, tensile and flexural tests were performed. Layer
thickness was shown to be the most influential parameter for mechanical properties, and the optimal
configuration appeared to be, for all test results, 70%, 0.25 mm and PLA. There are many materials
used for FFF printing and each has different mechanical properties, respectively, suitable for different
applications, reported by Djokikj et al. [18].

As can be seen in the literature, a variety of process parameters influence the performance of the
material extruded parts. This is why, in our investigation, we kept all the process parameters the same to
compare exactly the effect of infill density on flexural performance. In order to find optimal density, we
used not only classical characteristics (strength, energy absorption, and strain) but also the specific ones
too (specific flexural modulus and specific strength).

2. Materials and methods
2.1. Materials and specimens

In the present investigation, Polylactic Acid (PLA) was used, which is bio-based thermoplastic
popular for its printability, superior mechanical strength, low melting temperature, and low costs
[19–21]. This material is used in many industries, such as packaging, agriculture, textiles, electronics,
transportation, and the biomedical industry (Figure 1) [22–24].

Figure 1. Industries that use polylactic acid

For obtaining the 3D printed samples through FFF technology, the orange PLA filament was used
(with an initial diameter of 1.75 mm).

A 3D CAD model of the sample was designed in CATIA V5
R© R©

(v2016, Dassault Systèmes)
software. The geometry was taken from ISO 178 standard [25]: width of 10 ± 0.2 mm, length of 80 ±
2 mm, and height of 4 ± 0.2 mm (Figure 2c).
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The CAD part was saved as .stp file and introduced in the printer software. The printer used for
preparation of the samples was Prusa i3 MK3 (Figure 2a). A total of 4 samples of each infill density
were printed (Figure 2b). Table 1 lists the main printing parameters.

Figure 2. Prusa i3 MK3 printer (a), manufactured parts (b), and flexural part geometry, in mm (c)

Table 1. Printing parameters

Parameter Unit Value

Layer thickness [mm] 0.20
Top solid layers [-] 2
Bed temperature [◦C] 42

Number of outer layers [-] 2
Nozzle diameter [mm] 0.6

Nozzle temperature [◦C] 220
Bottom solid layers [-] 2

Print speed [mm/s] 20
Extruder quantity [-] single

Printing orientation [◦] 0
Travel speed [mm/s] 100
Infill pattern [-] Rectilinear
Infill density [%] 20, 40, 60, 80, 100

2.2. Methods
To assess the flexural performance of the developed composite specimens, a three-point bending test

was conducted in accordance with the ISO 178:2019 standard [25] for determining flexural properties
of rigid and semi-rigid plastics. All tests were carried out under controlled laboratory conditions, at a
temperature of (23 ± 2)◦C and relative humidity of (50 ± 5)%, in compliance with standard testing
environments specified for polymer-based materials. The specimens were positioned on two parallel

Mater. Plast., 62 (3), 2025, 1–9 3 https://doi.org/10.37358/MP.25.3.69588

https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964
https://doi.org/10.37358/MP.25.3.69588


MATERIALE PLASTICE
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

supports with a span-to-depth ratio of 16:1, as required by the standard, to ensure pure bending in
the central region and minimize shear influence. The experimental setup, including fixture geometry,
loading configuration, and specimen alignment, is shown in Figure 3.

Figure 3. Experimental setup according to ISO 178 standard [25], in mm

The flexural tests were performed using a constant test speed of 5 mm/min, on 5 kN Zwick Roell
testing machine. Figure 4 shows the experimental setup with the sample positioned in the machine,
before the test (Figure 4a) and after the test (Figure 4b). Special attention was given to avoid specimen
slippage or misalignment, which can significantly affect the accuracy and repeatability of results.

Figure 4. FFF-printed sample before (a) and during (b) the 3-point bending test

Using Eq. (1), the flexural strength was determined [22].

σ f = 3PL

2bh2 (1)

where σ f is flexural strength, L is support span (in mm), P is load at a given point on the force-
displacement curve (in N), b is width of tested specimen (in mm), and h is thickness of tested specimen
(in mm).
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3. Results and discussions
After the manufacturing process, all the samples were measured and weighed. Dimension relative

error is presented in Figure 5a. As we can see, the biggest error (0.9%) was obtained for the width
values. The width error is decreasing from lower ID to the highest one, but the thickness error is the
same for both infill densities and doesn’t seem to follow any trend. Length error is the smallest one and
is distributed randomly. Deviations recommended by the ISO 178:2019 standard [25] shall not be more
than 2% of the thickness and 3% of the width of the specimen.

Figure 5. Dimension relative error (a), theoretical and measured mass (b), and print time (c)

The mass of the samples was estimated by the software and measured after the printing, resulting in
a real mass that is lower than the theoretical one by 6.5% (Figure 5b). Both are increasing linearly with
the increase in ID, according to the Eqs. (2) and (3) for theoretical and measured mass, respectively.

Printing time was recorded from the printer software. Figure 5c is illustrated that print time is
growing polynomial with a minimum of 55 min for 20%-ID and maximum of 76 min for 100%-ID.

y = 0.0213 · ID + 1.9548, with R2 = 0.9991 (2)

y = 0.02 · ID + 1.8209, with R2 = 0.9981 (3)

In Figure 6a, it is shown that all types of ID have a clear linear-elastic zone. The 20%-ID has a quasi-
brittle fracture right at the point of maximum stress. Looking at the 40%-ID curve, we can see how
material starts to flow. The 60%-ID curve has an even bigger plastic zone, but still the fracture occurs
at the point of maximum strength. The trend of increased plastic zone continues up to 100%-ID sample,
which has a clearly ductile fracture with a big plateau of plastic deformation. As we can see in Figure 6b,
the energy absorption (EA) showed increases from 1.309 MJ/m3 for 20%-ID to 5.265 MJ/m3, which is
the biggest increase among the investigated properties (75.1%).
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Figure 6. Stress-strain (a) and energy absorption-strain (b) curves of FFF-printed samples

Figure 7. Mechanical characteristics of FFF-printed samples: flexural modulus (a), flexural strength
(b), energy absorption (c), strain at strength (d), specific strength (e), specific flexural modulus (f)

Flexural modulus (Figure 7a) showed a linear increase of 28.2%, approximated by Eq. (4).

y = 11.979 · ID + 2070.8, with R2 = 0.9749 (4)
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At the same time, the flexural strength (Figure 7b), which can be calculated by Eq. (5) increased
even more, resulting in a 38.1% difference between the lowest and highest ID.

y = 0.4843 · ID + 51.314, with R2 = 0.9854 (5)

The gap between total energy absorption (EAt) and energy absorption at failure (EAf) is shown to
be growing linearly from 0.049 MJ/m3 for 20%-ID to 2.445 MJ/m3 for 100% ID (Figure 7c) which
corresponds to the evolution of the type of fracture (Figure 6a) from quasi-brittle to the ductile one,
respectively. The EAt follows Eq. (6), and EAf can be calculated according to Eq. (7).

y = 0.0492 · ID + 0.1632, with R2 = 0.9777 (6)

y = 0.0201 · ID + 0.8575, with R2 = 0.9935 (7)

Strain at strength is the only one of the properties that does not have a linear behavior (see Figure 7d),
but a polynomial one, and can be approximated by Eq. (8). It has a small increase from 3.3% to 4.4%
from the lowest to the highest ID, respectively.

y = −0.0002 · ID2 + 0.0357 · ID + 2.6655, with R2 = 0.9886 (8)

For the calculation of specific flexural strength and the specific flexural modulus were used values
from Figure 7a and b divided by the measured density. 20%-ID is shown to be the optimal infill density
for specific flexural strength, and 60%-ID is the worst one (Figure 7e). The increase from worst to best
ID in specific flexural strength is 10.8%. In Figure 7f, it can be seen that the specific flexural modulus is
decreasing polynomial with the increase of ID. Therefore, the 20%-ID has the highest specific flexural
modulus and the 100%-ID has the lowest one.

4. Conclusions
The flexural behavior of Fused Filament Fabrication (FFF)-printed Polylactic Acid (PLA) parts was

investigated in the present paper. The following were found:

• The increase in infill density (ID) leads to a linear increase of all properties, except for the strain at
strength, where it shows a polynomial increase.

• The biggest increase, in the 20–100% ID range, is noted for energy absorption (75.1%), and the
smallest for strain at strength (24.5%).

• Compressive modulus and compressive strength show an increase of 28.2% and 38.1%, respectively.
• The measured mass of the samples is slightly lower (6.5%) than the theoretical one.
• The samples with low ID showed a quasi-brittle fracture, and with the increase of ID this changed

to a ductile one.
• By using specific strength (strength-to-density ratio), it was found that the optimum ID is 20%, and

the weakest is 60%.

Acknowledgement: This work was supported by a grant of the Ministry of Research, Innovation and
Digitization, CNCS -UEFISCDI, project number PN-IV-P1-PCE-2023-1446, within PNCDI IV.

Funding Statement: The authors received no specific funding for this study.

Author Contributions: The authors confirm contribution to the paper as follows: study conception
and design: Ion Miron, Emanoil Linul; data collection: Ion Miron, Cristina Vălean; analysis and
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