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Abstract: This study investigates the feasibility of self-producing polylactic acid (PLA)
filament for use in 3D printing. The filament was fabricated using a desktop single-
screw extruder and evaluated against commercially available PLA in terms of mechanical
properties and energy consumption. Specimens were printed at two layer heights (0.2 mm
and 0.3 mm) and four infill densities (25%, 50%, 75%, and 100%). The self-produced
filament exhibited lower diameter precision (1.67 £ 0.21 mm), which resulted in mass
variability up to three orders of magnitude higher than that of the commercial filament.
Thermal analysis confirmed that the extrusion and printing process did not significantly
alter the thermal properties of PLA. Mechanical testing revealed that a layer height 0.3 mm
consistently yielded higher stiffness and tensile strength in all samples. When normalized
by mass, the specimens printed with commercial filament demonstrated approximately
double the ultimate tensile strength compared to those that used self-produced filament.
The energy consumption analysis indicated that a 0.3 mm layer height improved printing
efficiency, cutting specific energy consumption by approximately 50% and increasing the
material deposition rate proportionally. However, the total energy required to print with
self-produced filament was nearly three times higher than that for commercial filament,
primarily due to material waste that stems from inconsistencies in the diameter of the
filament. These findings are significant in evaluating the practicality of self-produced PLA
filament, particularly in terms of mechanical performance and energy efficiency.

Keywords: polylactic acid; additive manufacturing; fused filament fabrication; single-screw
extrusion

1. Introduction

Additive manufacturing (AM), commonly known as 3D printing, has emerged as a
game-changing technology in various fields of application, ranging from biomedical [1-5]
to aerospace [6], motor racing [7,8], and energy storage [9], with polymers being key
players in this revolution. Polymer AM diffusion has facilitated the establishment of
minijature production clusters, where users actively participate in the production process,
exerting a notable influence on the distribution and subsequent flow of materials and goods
within the value chain [10]. Manufacturing clusters are designed to minimize production
time while enhancing resource efficiency [11]. Among all polymer AM techniques, fused

J. Manuf. Mater. Process. 2025, 9, 172

https://doi.org/10.3390 /jmmp9060172


https://doi.org/10.3390/jmmp9060172
https://doi.org/10.3390/jmmp9060172
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-1357-8528
https://orcid.org/0000-0002-5917-5273
https://orcid.org/0000-0002-5759-0975
https://orcid.org/0000-0002-5253-5248
https://doi.org/10.3390/jmmp9060172
https://www.mdpi.com/article/10.3390/jmmp9060172?type=check_update&version=1

J. Manuf. Mater. Process. 2025, 9, 172

2 of 24

filament fabrication (FFF) is the most popular methodology, due to its straightforwardness,
versatility, and cost-effectiveness. FFF involves a layer-by-layer deposition approach
using thermoplastic filaments to manufacture objects with complex three-dimensional
geometries [12]. With FFE, the extent of customer integration into the manufacturing
process directly impacts the customization level of products, correlating to a significantly
more tailored and customized manufacturing experience [13,14].

Currently, the modern manufacturing industry faces a fundamental challenge in ad-
dressing environmental issues. In this context, the circular economy plays a crucial role in
sustainability efforts, attempting to minimize waste streams and maximize the lifetime of
materials [15,16]. From a circular economy perspective, 3D printing has the potential to
enhance the use of resources and optimize the value chain of established production meth-
ods [17-19]. Senyana et al. suggested that a transition toward decentralized manufacturing
highlights the potential of AM technologies to contribute to a sustainable manufacturing
system [20]. Moreover, waste parts can be transformed into raw materials for new pro-
ductions, thereby increasing the recycling of polymer components with reduced costs and
environmental impact [21]. For example, FFF is well aligned with this perspective, as it
enables the use of recycled or bio-based filaments, thereby reducing the environmental im-
pact associated with polymer production and depletion of fossil sources [22]. Sustainability
in AM is integrated across its lifecycle: in design, strategies like topology optimization
and part consolidation reduce material use and improve durability; during AM, process
monitoring and closed-loop control enhance reliability and energy efficiency; and post-AM,
repair, remanufacturing, and recycling extend product lifecycles, aligning with circular
economy principles [23].

In the last twenty years, polylactic acid (PLA) has emerged as a popular environ-
mentally friendly thermoplastic polymer for FFF, which can be derived from renewable
resources such as corn starch or sugarcane [24-27]. Commercially available PLA filaments
are renowned for their ease of use, low odor, minimal warping during printing, wide range
of colors, and excellent compatibility with 3D printing. These qualities make them a go-to
choice for users seeking a versatile and sustainable material for personal needs or even
small industrial applications [28,29]. Beyond its printability, PLA is valued for its biocom-
patibility and biodegradability, enabling its use in biomedical applications, such as tissue
engineering, drug delivery, and medical implants. Its biodegradation through hydrolytic
processes results in non-toxic byproducts, highlighting its appeal as a sustainable alterna-
tive to petroleum-based polymers [30]. However, PLA’s mechanical properties, including
tensile and impact strength, are lower than those of other thermoplastic polymers like ABS
or PETG, limiting its use in high-stress applications [31]. Its low heat deflection temperature
of around 55 °C restricts its suitability for heat-exposed environments, as deformation may
occur [32]. Moreover, its degradation rate is influenced by environmental factors, which
pose challenges to long-term predictability [33]. These limitations have driven research
into polymer blends, copolymers, and composite materials to enhance their thermal and
mechanical performance while maintaining their sustainability attributes [34]. Users can
autonomously produce polymer filaments directly from pellets using small desktop extrud-
ers. This self-produced filament can subsequently serve as a feedstock for FFF [35-38]. A
review of previous research papers revealed some interesting advantages and disadvan-
tages associated with self-produced filaments. One of the main benefits is the potential for
cost reduction; in fact, for the same amount of material, the average cost of a filament spool
is approximately twice that of a pellet [39,40]. By enhancing filament self-production, users
can explore locally sourced and recycled materials [41], which aligns with sustainability
goals and contributes to the circular economy by reducing dependence on commercially
manufactured filaments. More importantly, self-produced filaments offer customization
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options, allowing users to tailor the material properties to specific applications by adding,
mixing, or blending the polymer matrix with reinforcing or functional materials. For ex-
ample, polymer matrices reinforced with recycled carbon, basalt, or glass fibers exhibit
increased Young’s modulus and tensile strength [42-45]. Ceramic components, such as
alumina, have been incorporated to develop filaments intended for 3D printing, followed
by debinding and sintering to produce end-usable ceramic parts [46]. In the biomedical
field, bioactive fillers like hydroxyapatite, tricalcium phosphate, and cellulose nanocrystals
have been compounded with various polymer matrices, including PCL, PLGA, PLA, and
PHBH, to 3D print scaffolds with enhanced functionalities, such as osteogenic activity,
improved cell viability, and angiogenesis [47-50]. Additionally, conductive properties
have been imparted to FFF filaments by incorporating carbon-based materials, such as
carbon black nanoparticles, graphite, and carbon nanotubes, paving the way for the 3D
printing of next-generation sensors [51,52]. However, several challenges remain in using
self-produced filaments, including the need for specialized extrusion equipment and the
difficulty in achieving a consistent filament diameter comparable to that of commercial
filaments. In FFF, the filament material requirements are critical for print quality and
mechanical performance. Variability in diameter can cause uneven extrusion, affecting
the material flow, layer adhesion, and surface finish. Key extrusion parameters, such as
the extrusion temperature, extrusion speed, and cooling rate, must be carefully controlled
to maintain consistency [53]. Additionally, controlling the moisture content is essential,
particularly for hygroscopic materials like PLA or polyamide (PA), to prevent defects such
as bubbling and weak interlayer bonding [54].

This research aims to expand the current knowledge on self-produced polymer fila-
ments for FFF. By analyzing the thermal and mechanical properties of the fabricated sam-
ples, the study provides insights into the applicability and performance of a self-produced
PLA filament compared to a commercial one. Furthermore, the investigation of the tensile
properties of 3D printed samples as a function of infill percentage and layer height, along
with energy consumption assessments, offers a better understanding of the production pro-
cess and its sustainability implications. The use of X-ray computed tomography (X-CT) for
cross-sectional area analysis further enhances the study’s comprehensiveness. Ultimately,
this research aims to shed new light on the potential of self-made filaments as a viable and
increasingly desirable alternative to commercial filaments, supporting the advancement of
more sustainable and customizable AM solutions.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA) pellets, identified by the commercial code PLA 3D850, were
supplied by Smart Materials 3D (Smart Materials 3D, Jaén, Spain). Before processing, the
PLA was dried at 80 °C for 4 h in an oven to eliminate any moisture. A commercial spool of
PLA 3D850 filament was supplied by the same company (Smart Materials 3D, Jaén, Spain).
3D850 Natural PLA 3D printing filament was designed using a biodegradable polymer
derived from IngeoTM PLA 3D850 (NatureWorks, Blair, NE, USA).

2.2. Filament Production

Self-produced PLA filament spools were fabricated using a single-screw desktop
extruder model NEXT 1.0 (3devo B.V.,, Utrecht, The Netherlands), as shown in Figure 1a.
The extruder was equipped with four heating systems that were installed from the sub
hopper to the nozzle. To extrude the pellets of PLA 3D850, the following thermal profile was
set along the screw length: 170 °C, 185 °C, 190 °C, and 180 °C (Figure 1b). This temperature
profile was initially based on the manufacturer’s recommendations for generic PLA and
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was then fine-tuned to suit the specific processability of the PLA under investigation, in
accordance with the previous processing of these pellets using the same extruder [55]. The
first three heating zones were set to progressively increasing temperatures, while the final
zone was adjusted to the melting temperature of PLA, as determined by the DSC analysis
of the raw pellets. The rotation speed of the screw motor (M) and winding speed were
set to be automatically controlled by the extruder to achieve a final desired diameter of
1.75 mm through a feedback system with optical control (OC) of the filament size. The
cooling fans (CF) were set to 80%, and the extruder screw speed was set to 4.5 rpm.

185°C 180°C

170°C

190°C

an
oC

o
L N
(a) (b)

Figure 1. Single-screw desktop extruder by 3devo for self-production of PLA filament: photo of the
machine (a) and scheme with the main components and temperatures (b).

2.3. Samples 3D Printing

Both self-produced and commercial PLA filaments were employed on an Ender 3-Pro
(Creality, Shenzhen, China) 3D printer (Figure 2) to fabricate tensile testing specimens,
following the ISO 527 standard (type 1BA) [56]. The specimen design (Figure 3) was
realized using SolidWorks 2023 CAD software (Dassault Systémes, Vélizy-Villacoublay,
France). The Creality Slicer 4.8.2 software (Creality, Shenzhen, China) was then used to
slice the STL file and generate the G-code printing files. Table 1 provides a summary of the
main parameters used for 3D printing the specimens.

Table 1. 3D printing parameters of all PLA specimens.

Parameter Value
Nozzle temperature (°C) 235
Platform temperature (°C) 60
Printing speed (mm/s) 53
Nozzle diameter (mm) 04
Infill pattern Linear
Infill angle (°) +45

Number of top /bottom layers 3
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Figure 3. Dimensions of the tensile specimens following the ISO 527 standard for type 1BA [56], with
a thickness of 2 mm.

Two different layer heights of 0.2 and 0.3 mm were used at four distinct infill percent-
ages: 25%, 50%, 75%, and 100%. Considering the 2 mm thickness for the type 1BA specimen,
10 layers were printed with a layer height of 0.2 mm, while 7 layers were deposited when
adopting a layer height of 0.3 mm.

After production, the specimens were stored under constant environmental conditions
of 20 °C and 50% humidity before testing in the tensile machine.

2.4. Characterization Techniques
2.4.1. Optical Microscopy

Magnified details of the filaments were obtained using a Leica S9i (Leica Camera AG,
Wetzlar, Germany) stereomicroscope. This microscope offers a maximum magnification of
55x and features an integrated 10-megapixel camera for capturing full-HD (1080p) images.
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2.4.2. Energy Consumption

The power consumption during both filament production and 3D printing was mea-
sured using a Meterk M34EU power meter plug (Shenzhen Tomtop Technology Co., Ltd.,
Shenzhen, China). For the 3D printed samples, two additional parameters were calculated
to characterize the production process: specific energy consumption (SEC) and deposition
rate (DR). SEC is defined as the energy required to 3D print a specimen, normalized by
its mass, while DR represents the mass of the specimen divided by the 3D printing time,
expressed in grams per hour (g/h). To calculate the SEC value, the secondary energy, i.e.,
electricity consumption, was used in this work without accounting for energy losses from
generation, conversion, and distribution.

2.4.3. Differential Scanning Calorimetry (DSC)

The main thermal properties of both the PLA pellets and 3D printed specimens
obtained using the self-produced filament were evaluated using DSC. These experiments
were conducted using a DSC 214 Polyma calorimeter (Netzsch Group, Selb, Germany).
Two heating scans were performed on 8 mg samples sealed in aluminum trays under a Np
flow rate of 40 mL/min. The samples were tested using a heating ramp of 10 °C/min from
0 to 250 °C, followed by a cooling ramp of 10 °C/min from 250 to 0 °C. The analysis of the
curves determined: the glass transition temperature (Tg), the melting temperature (Tr),
the cold crystallization temperature (Tc.), the crystallization temperature (T.), along with
their associated enthalpies of fusion (AHp,), and cold crystallization (AHcc). The degree of
crystallinity (X.) was estimated using Equation (1):

AHp — AHe

Xe(%) =
AHY

x 100 1)

where AHY, is the theoretical melting enthalpy of 100% crystalline PLA, assumed to be
93] /g [40].

2.4.4. X-Ray Computed Tomography (X-CT)

The cross-sectional area of the 3D printed specimens was analyzed using X-CT with
a Phoenix v | tome | x 5240 micro-CT system (GE Baker Hughes-Waygate Technologies,
Waunstorf, Germany). Because the tensile specimens were long and a voxel size of 29.6 um
was chosen, the multi-scan function of the datos | acquisition v1.3.2 software was used.
The other X-ray scan parameters were a voltage of 190 kV, a current of 160 pA, a timing
of 100 ms, and 1500 images were acquired for each scan. Following the acquisition of the
X-ray images, reconstruction was performed using the datos | reconstruction v2.1.0 software.
Subsequently, the reconstructed data were transferred to VG Studio Max software (version
3.4) by Volume Graphics (Hexagon Metrology-Volume Graphics, Heidelberg, Germany)
for visualization and analysis. The first step involved the determination of the surface,
conducted with the Advanced (classic) approach, starting the contour from the histogram
with an Automatic material definition. This method performs segmentation by transforming
3D voxel data into 3D surface data by identifying the interfaces between solid materials
and the surrounding air or between different solid materials. The VG Studio Max software
assigns a gray threshold value to the edge voxels to achieve surface determination.

2.4.5. Tensile Testing

For each layer height and infill percentage, 5 specimens were 3D printed from the self-
produced filament and 3 from the commercial spool using an Aura 5T machine (Easydur,
Arcisate, Italy) following the UNI ISO 527 standard [57]. The machine was equipped with
a 5 kN load cell, and a crosshead speed of 5 mm/min was set during the tensile tests, in
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accordance with the referenced standard. The calculation of strain at break (¢},), ultimate
tensile strength (UTS), and Young’s modulus (E) was performed using the obtained stress-
strain curves. Before testing, all samples were weighed using a Gibertini balance (Gibertini,
Novate Milanese, Italy), and their average thickness and width were measured using
a caliper.

3. Results and Discussion
3.1. Filament Production and 3D Printing Samples

The diameter of the filament plays a significant role in the 3D printing process; there-
fore, the first analysis conducted was aimed at determining the consistency of the produced
filament in relation to its average diameter and production yield. The production yield pa-
rameter was calculated as the percentage ratio between the mass of pellets initially inserted
in the hopper (170 g) and the mass of usable filament produced (130 g), excluding filament
segments with improper diameters, i.e., exceeding 1.9 mm or smaller than 1.4 mm. Over
a total filament length of 72 m, the diameter of the self-produced filament was measured
using a micrometer in 222 positions, corresponding to about one value every 350 mm.
Figure 4 shows the distribution of the diameter values of the self-produced filament.

60

50 1

40

30

20 +

Number of filament sections

10 +

|

1.12
1.24 -
1.36 -
1.48 -
1.60 -
1.72 -
1.84 -
1.96 -
2.08 -
2.20

Filament diameter (mm)

Figure 4. Distribution of the diameter values at 222 positions over the total extruded length of 72 m
for the self-produced filament.

In 54 transversal sections, the filament diameter fell outside the range of 1.4 mm
to 1.9 mm. This calculation resulted in a final production efficiency of 76.5%, indicating
that approximately one-quarter of the material was discarded due to excessive deviations
from the target diameter value of 1.75 mm. This high variability was also observed in
the calculation of the average filament diameter. Including the most discordant portions,
the average diameter of the extruded filament was 1.67 & 0.21 mm over a total length of
72 m. Although this value does not match the precision of commercially available filaments,
which are typically around 1.75 £+ 0.05 mm, it is consistent with other experimentally
produced filaments. For example, Andersson et al. fabricated a PLA-based filament using
a 3devo extruder with a diameter of 1.50 + 0.10 mm [58].

Figure 5 presents and compares two views of segments from distinct filaments: the
commercial PLA 3D850 filament (al) and (b1) and the self-produced filament (a2), (a3),
(b2), and (b3). The former filament exhibits a flawless circular cross-section, while the
self-produced filament displays both regular portions and others with a more irregular
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cross-section. These irregularities might be ascribed to the compression of the filament
between the wheels of the filament pulling and winding system in the 3devo extruder or
an inconsistent extrusion flow rate.

(b)

(b1)

o il - B W T A 8 [ B 2T

PR T T TR —r-mnm‘ s e ‘""'

(b2)

(b3)

Figure 5. Optical microscopy images of the top view (a) and cross-section (b) of commercially
available PLA (al,b1), flattened shape of the self-produced PLA filament (a2,b2), and circular shape
of the self-produced PLA filament (a3,b3).

Previous literature has already identified that the variability in the extruded filament
diameter is highly sensitive to process parameters such as processing temperature, feed
flow, screw rotation speed, and even the backflow of material in the feeding zone [36,59-61].
Consequently, the final quality of the 3D print is affected by the size and the consistency
of the filament. The high variability of the filament diameter may cause an inconsistent
flow rate of the extruded and deposited material during 3D printing, which results in
imperfections in the printed object [62-64].

Figure 6 shows 3D printed PLA tensile specimens fabricated using the self-produced
filament with a layer thickness of 0.3 mm representing both layer heights. For all infill
percentages, the top layers are fully dense and thus do not allow for a clear internal view.
However, the quality of the samples seems to be only slightly affected by the non-uniformity
of the filament diameter.
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Infill
25%

Infill

(b) 25%
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Figure 6. Samples fabricated with self-produced PLA filament and a layer height of 0.3 mm: 3D
printed with 25% infill (a); printing path for 25% infill (b); printing path for 50% infill (c); printing
path for 75% infill (d); printing path for 100% infill (e); 3D printed with 100% infill (f).

Nevertheless, the quality observed through visual inspection and specimen aesthetics
is not confirmed by the analysis of the distribution of the sample mass. The masses of the
tensile specimens 3D printed using the self-produced PLA filament are summarized in
Table 2.

Table 2. Mass of the tensile specimens 3D printed using the self-produced PLA filament classified
according to the layer height and infill percentage.

Layer Height (mm) 0.2 0.3
Infill Percentage (%) 25 50 75 100 25 50 75 100

Mass of specimen 1 (g) 0.653 0.775 1.018 1.360 1.091 1.170 1.305 1.440
Mass of specimen 2 (g) 0.645 0.762 0.940 1.206 1.071 1.129 1.164 1.239
Mass of specimen 3 (g) 0.646 0.744 0.912 0.987 1.028 1.150 1.219 1.277
Mass of specimen 4 (g) 0.645 0.803 0.880 0.960 1.044 1.043 1.188 1.241
Mass of specimen 5 (g) 0.662 0.756 0.835 0.987 1.060 1.163 1.258 1.289

Mean value (g) 0.650 0.768 0.917 1.100 1.059 1.131 1.227 1.297
Standard deviation (g) 0.007 0.023 0.069 0.176 0.024 0.052 0.056 0.083

The average mass of the corresponding specimens with the same infill percentage is
higher for the larger layer height because more material is deposited in each layer. For the
same layer thickness, as the infill percentage increases, the average mass of the specimen
also increases because more extruded filament is deposited in each cross-sectional layer.
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Notably, the mass varies significantly between the specimens printed with the minimum
and maximum infill, with a difference of 69% for a layer height of 0.2 mm and 22% for a
layer height of 0.3 mm. Moreover, with an increase in the infill percentage, the standard
deviation associated with the mass of the five specimens per type also increases. This result
confirms that the variation in filament diameter might affect the variability of the flow rate
during the extrusion in 3D printing. An inconsistent flow rate results in higher variability
in the deposited mass for those specimens that are printed with larger infill percentages.

3.2. Energy Consumption

To further characterize the 3D printing process of the different samples, an analysis of
the energy consumption was conducted. Figure 7 depicts the key findings, highlighting the
influence of the layer height and infill percentage on the SEC and DR. The analysis revealed
that samples 3D printed with a 0.2 mm layer height, represented by the blue dashed-line
cluster on the left in Figure 7, exhibited higher SEC and lower DR on average, with a
centroid positioned at about 86 MJ/kg and 5 g/h. Conversely, samples 3D printed with a
layer height of 0.3 mm, represented by the red dashed-line cluster on the right in Figure 7,
demonstrated a lower SEC and higher DR, with a centroid placed at around 38 MJ/kg and
8.6 g/h. These findings indicate that using a higher layer height is more energy-efficient
and allows for greater productivity. Additionally, within the 0.2 mm layer height cluster,
increasing the infill percentage resulted in a decreasing SEC trend. For samples with a
layer height of 0.3 mm, increasing the infill percentage shifts the DR toward higher values.
These observations align with the trends reported in previous studies [65,66], reinforcing
the understanding of how printing parameters affect energy efficiency and deposition
performance. The data for the energy consumption analysis are presented in Tables S1 and
52 in the Supplementary Materials.

140
- T T~ ~
120 - L9 >e
// \\ Layer height 0.3 mm
/ \ Infill 25%  © Infill 50%
/ \
100 / \
| OO © \ ® nfill 75% @ Infill 100%
l o ’. ©° | @ Centroid
_ | |
g 80 \\ Y ° X // ______ —~
% \ ¢ 9 ® e - 7 T~ ~
$) \ AN
% 60 \ s N
\ / ) ° \
AN [ o / |
\\ [o) |~ ./
~~ —_— - — ’\
40 - N . s
Layer height 0.2 mm N o _ s
X ) RN ~ .:). o0 _ —
Infill 25% O Infill 50% t——— e ——
20 -
® nfill 75% @ Infill 100%
@ Centroid
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Figure 7. Correlation between the specific energy consumption (SEC) and deposition rate (DR)
for the tensile specimens printed with self-produced PLA filament at different layer heights and
infill percentages.
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3.3. Thermal Characterization

To thermally characterize the PLA material and determine the impact of filament
self-production and the influence of 3D printing on the PLA structure and properties, three
different DSC scans were performed on unprocessed PLA (Pellet), self-extruded filament
(Filament), and a 3D printed sample (3DP sample). Figure 8a,b show the scans for the first
heating and cooling of the different samples, respectively.

Normalized Heat Flow (mW/mg)

Exo T

Pellet

= Filament

= 3DP sample == 3DP sample

Pellet

= Filament

Normalized Heat Flow (mW/mg)

0 50

100

150 200 250 0 50 100 150 200 250

Temperature (°C) Temperature (°C)

(a) (b)

Figure 8. DSC scans during the first heating (a) and subsequent cooling (b) of three different processed
PLA samples.

Comparing the heating scans, no significant variations were observed for the melting
temperature, which consistently remained at around 180 °C, in agreement with previously
reported values in the literature [30,31,33]. However, a cold crystallization peak appeared
during the first heating for both the filament and 3D printed sample. This peak was not
detected in the unprocessed PLA pellet. Cold crystallization is the result of thermodynami-
cally unstable states, such as residual stresses, orientations, or imperfect crystal structures,
caused by previous cooling conditions [67]. Therefore, the DSC results suggest that during
both filament production and 3D printing, the sample cooled too quickly to crystallize
properly [68]. The appearance of cold crystallization peaks had a notable effect on the
degree of crystallinity, which was approximately 50% for the PLA pellet but then dropped
to 9% for the extruded filament and slightly increased to 13.4% for the 3D printed sample.
This increase could be attributed to the orientation of the polymer chains during the 3D
printing process, which promoted the formation of crystalline structures [69]. The glass
transition temperature on the cooling curves remained constant for all three samples. The
results of the DSC analyses are summarized in Table 3.

Table 3. Thermal properties of 3D printed PLA samples evaluated by DSC analysis under nitrogen.

1st Heating 1st Cooling

Tee CO) AH (J/g) Tm (°O) AHn (J/g) Xc (%) Tg (°C)

PLA pellet

NA *

NA * 180 46.3 49.8 58

PLA filament

105

33.9 179 42.3 9 59

PLA sample

105

35.5 178 47.9 13.4 59

NA * = Not applicable.
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3.4. Tensile Characterization

To characterize the mechanical properties of the 3D printed samples obtained using
the self-produced PLA filament, uniaxial tensile tests were carried out using four different
infill percentages and two distinct layer heights. Figure 9 presents the main investigated
parameters: Young’s modulus (E), ultimate tensile strength (UTS), and their specific values
(E* and UTS*) normalized relative to the mass of the samples. All data on the tensile
characterization are reported in Tables S3-56 in the Supplementary Materials.
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Figure 9. Tensile properties of 3D printed samples obtained by self-produced PLA filament at four
different infill percentages (25%, 50%, 75%, and 100%) for two layer heights of 0.2 mm and 0.3 mm:
(a) Young’s modulus (E); (b) specific Young’s modulus (E*); (c) ultimate tensile strength (UTS);
(d) specific ultimate tensile strength (UTS*).

The average value of E increased with increasing infill percentage. This trend can
be attributed to the larger volume of the deposited material. Interestingly, this effect was
more pronounced for the 0.2 mm layer height, where E showed a 129% increase between
specimens with 25% and 100% infill, whereas E increased by 42% for the 0.3 mm samples
from the minimum to the maximum infill percentage (Figure 9a). This consideration is
consistent with the fact that the mass of the 0.2 mm samples increased more significantly
than that of the 0.3 mm samples (Table 2), which is reflected in the correspondingly more
pronounced increase in the Young’s modulus. All samples fabricated with a self-produced
filament and a 0.3 mm layer height exhibited a stiffer behavior than those 3D printed with a
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0.2 mm layer height. This effect was particularly pronounced at low infill percentages (25%
and 50%). For example, when confronting the 25% infill samples, the E value increases
from 553 MPa to 1616 MPa when the layer height increases from 0.2 mm to 0.3 mm. For
100% infill samples, E shifts from 1269 MPa to 2297 MPa (Figure 9a). To properly interpret
these significant variations, two aspects must be considered: the influence of layer height
and the specific quality of the 3D printed specimens with the self-produced filament. The
influence of the layer height on the mechanical response of the samples aligns with the
findings of Rajpurohit et al., who observed higher impact strength with greater layer
heights, suggesting that this could be due to stronger interface bonding between layers,
which is generated by a greater heat input for thicker layers. Additionally, a higher layer
height results in fewer deposited layers, in this case, seven layers for a 0.3 mm layer height
versus ten layers for a 0.2 mm layer height. This reduction results in fewer bonding lines
and voids between layers, which can enhance mechanical performance [70]. Regarding the
specific quality of the 3D printed specimens, it is important to note that the E of 3D printed
specimens at low infill percentages (25% and 50%) and a 0.2 mm layer height is significantly
lower than the typical values reported for bulk PLA, which generally hovers around
3 GPa [71,72]. This is likely due to poor material deposition and an inconsistent extrusion
flow rate during the FFF process, which is caused by inconsistent filament quality used for
these specific samples. This hypothesis is supported by the mass calculations presented in
Table 2, visual examination in Figure 5(b2), and the standard deviation measured for the
self-produced filament.

To gain a better understanding of the behavior of E, its specific value (E*) was also
analyzed. At the same infill percentage, E* was consistently higher for the 3D printed
samples with a 0.3 mm layer height, although this improvement was approximately half of
the increase observed for E (Figure 9b). This smaller improvement supports the notion that
the significant increase in E is influenced by the layer height and intrinsic quality of the
samples, a factor not considered in E*. Furthermore, since E* does not consider the effect of
sample mass, its increase with higher infill percentages was less pronounced than that of
E. Specifically, the improvements in E* between the lowest and highest infill percentages
were 33% for 0.2 mm samples and 17% for 0.3 mm samples, compared to the much larger
increases of 129% and 42% observed for E under the same conditions.

Analyzing Figure 9¢,d, it can be appreciated that a layer height of 0.3 mm leads not
only to higher stiffness but also to higher UTS and UTS* when compared to samples 3D
printed with a 0.2 mm layer height. The maximum average UTS and UTS* values (23.5 MPa
and 19 MPa/g, respectively) were registered for samples with a layer height of 0.3 mm
and a 75% infill. Both UTS and UTS* exhibited an increasing trend for infill percentages
ranging from 25% to 75%, followed by a slight decline for 100% infill. Nonetheless, it
should be noted that the highest standard deviation was registered for the 75% infill. For
UTS and UTS*, the standard deviation at 75% infill is almost twice the value of other
infill percentages.

The tensile test results presented in this work align with those previously reported in
the literature [73]. Reference can also be made to the findings of Kechagias et al., where
their 3D printed specimens demonstrated a lower E. However, it is important to note that
the higher test rate employed by these authors yielded a more reliable response for UTS
than for stiffness [38]. Furthermore, from the analysis of the findings, lower strain at break
(ep) values were consistently observed for higher layer thicknesses (Table 4), regardless of
the infill percentage in the 3D printed specimens.
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Table 4. Strain at break (¢},) values of 3D printed samples obtained using self-produced PLA filament
at different infill percentages and layer heights.

Layer Height (mm) 0.2 0.3

Infill Percentage (%) 25 50 75 100 25 50 75 100
ep of specimen 1 (%) 0.97 0.73 3.84 1.40 1.45 1.57 4.03 2.37
ep of specimen 2 (%) 3.84 2.53 1.64 1.50 1.74 2.59 2.73 1.29
¢p of specimen 3 (%) 1.49 1.30 2.36 2.50 2.35 1.93 3.37 2.87
€p of specimen 4 (%) 3.72 497 411 2.83 1.53 2.96 1.17 1.24
€p of specimen 5 (%) 3.25 1.38 3.56 2.83 1.39 1.47 1.65 1.63
Mean value (%) 2.65 2.18 3.10 221 1.69 2.10 2.59 1.88
Standard deviation (%) 1.33 1.69 1.06 0.71 0.39 0.65 1.18 0.71

3.5. Comparison with 3D Samples Produced with Commercial PLA Filament

To gain a clearer understanding of the previously presented results, eight experimental
control sets of samples were first 3D printed using the commercial (C) PLA filament and
then characterized to compare the tensile properties with those of the self-produced (SP)
filament. As with the SP filament, both layer heights and the four infill percentages were
examined. Table 5 summarizes the mass values of the 3D printed tensile specimens obtained
using the commercial filament.

Table 5. Masses of the 3D printed specimens with commercial PLA filament classified according to
the layer height and infill percentage.

Layer Height (mm) 0.2 0.3
Infill Percentage (%) 25 50 75 100 25 50 75 100
Mass of specimen 1 (g) 1.107 1.190 1.275 1.347 1.219 1.241 1.274 1.320
Mass of specimen 2 (g) 1.106 1.194 1.274 1.348 1.221 1.241 1.270 1.316
Mass of specimen 3 (g) 1.106 1.193 1.276 1.349 1.220 1.242 1.269 1.318
Mean value (g) 1.106 1.192 1.275 1.348 1.220 1.241 1.271 1.318
Standard deviation (g) 0.001 0.002 0.001 0.001 0.001 0.001 0.003 0.002

The first and most important observation from the analysis of Table 5 is that the
standard deviations for the C filament samples are two to three orders of magnitude lower
than the variability observed for the samples produced with the SP filament (Table 2). This
suggests that the higher consistency of the C filament diameter, as shown in Figure 5, also
results in a much more consistent deposition of material during FFF. For the commercial
filament, the average mass of the specimens with the same infill percentage was also higher
for a larger layer thickness. However, compared to the SP filament, the mass variation
between the specimens printed with the minimum and maximum infill percentages was
much smaller, with a difference of 22% for a layer height of 0.2 mm and 8% for a layer
height of 0.3 mm.

The comparison of the masses of the specimens 3D printed with the two types of
filaments was extended to the actual cross-sectional area. The cross-sectional area analysis
was carried out using the X-CT data from the specimens 3D printed with a 0.3 mm layer
height at minimum (25%) and maximum (100%) infill percentages. The analysis included
113 transverse cross-sections taken from the middle of the tensile specimen, evenly spaced
every 0.25 mm over a total length of 28 mm. The results are summarized in Table 6, and the
distribution of the cross-sectional area values is compared using the boxplots in Figure 10.
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Table 6. Summary of the cross-sectional area analysis at the center of the tensile specimen over a
25 mm length.

Filament Commercial (C) Self-Produced (SP)
Infill Percentage (%) 25 100 25 100
Number of analyzed cross-sections 113 113 113 113
Mean cross-sectional area (mm?) 9.27 10.01 8.34 9.69
Standard deviation (mm?) 0.20 0.07 0.20 0.12
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Figure 10. Comparison of the cross-sectional areas of four different samples, categorized by infill
percentage (25% and 100%) and filament types (SP and C) for a 3D printing layer height of 0.3 mm.

The analysis confirms that the C specimens contain more deposited material than the
SP specimens. The mean cross-sectional area of the C specimens was closer to the nominal
value of 10.00 mm?2. Additionally, for both SP and C samples, the cross-sectional area
increases with a higher infill percentage (100%) compared with a lower one (25%).

At 25% infill, the SP sample exhibited a lower median cross-sectional area than the
C sample (Figure 10), indicating potential structural differences between them. At 100%
infill, both the SP and C samples showed larger cross-sectional areas than their 25% in-
fill counterparts, although the C sample still maintained slightly higher values than the
SP sample.

The larger variability in the cross-sectional area observed in the specimens with 25%
infill can be attributed to the differences in the material distribution along the printing
path (Figure 6). Conversely, at 100% infill, both the SP and C samples displayed reduced
variability, indicating more consistent cross-sectional areas.

Overall, this analysis highlighted that the infill percentage and filament type signifi-
cantly affected the cross-sectional area, with potential implications for mechanical strength
and structural integrity.

To further evaluate whether and how better deposition of the material during the FFF
process reflects on the tensile properties of the specimens, uniaxial tests were conducted
on all samples fabricated with the C filament. The main tensile results are illustrated in
Figures 11 and 12, whereas all tensile characterization data are reported in Tables S7-5S11 of
the Supplementary Materials.
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Figure 11. Tensile properties of 3D printed samples fabricated with self-produced (SP) and commercial
(C) PLA filaments at four infill percentages (25%, 50%, 75%, 100%): (a) Young’s modulus (E) of samples
printed with a 0.2 mm layer height; (b) Young’s modulus (E) of samples printed with a 0.3 mm layer
height; (c) specific Young’s modulus (E*) of samples printed with a 0.2 mm layer height; (d) specific
Young’s modulus (E*) of samples printed with a 0.3 mm layer height.

An important observation from Figures 11 and 12 is that the higher variability in
the sample mass observed in the SP specimens translates into a broader dispersion of
the mechanical results, as reflected by the larger error bars. In contrast, the C samples
generally display smaller error bars, indicating better consistency and repeatability of their
mechanical properties. Additionally, regardless of the layer height and infill percentage,
the samples produced with the C filament consistently exhibited superior mechanical
performance in terms of both absolute and specific properties. Notably, similar to the trend
observed in the SP samples, the C specimens with a 0.3 mm layer height also exhibited
superior mechanical properties (E and UTS) compared to those with a 0.2 mm layer height.
This improvement can be attributed to the reduced number of deposited layers. Since the
top and bottom layers remain constant, increasing the layer height results in fewer total
and infill layers. This structural change may enhance the performance by influencing the
overall distribution of stress and interlayer adhesion.
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Figure 12. Tensile properties of 3D printed samples fabricated with self-produced (SP) and commercial
(C) PLA filaments at four infill percentages (25%, 50%, 75%, 100%): (a) ultimate tensile strength (UTS)
of samples printed with a 0.2 mm layer height; (b) ultimate tensile strength (UTS) of samples printed
with a 0.3 mm layer height; (c) specific ultimate tensile strength (UTS*) of samples printed with a
0.2 mm layer height; (d) specific ultimate tensile strength (UTS*) of samples printed with a 0.3 mm
layer height.

The normalized properties, E* and UTS*, followed trends similar to their absolute
counterparts, indicating that the improvements in stiffness and strength persist even when
accounting for material efficiency. The average values of E* for C samples were 1971 MPa/g
and 2125 MPa/g for layer heights of 0.2 mm and 0.3 mm, respectively. In contrast, the SP
samples showed significantly lower values of 916 MPa/g and 1583 MPa/g under the same
conditions. A similar pattern was observed for UTS*, where C samples achieved 33 MPa/g
and 35 MPa/g for 0.2 mm and 0.3 mm layers, respectively, while SP samples reached only
12 MPa/g and 16 MPa/g. The mechanical performance of the commercial filament aligns
with the values reported for 3D printed PLA samples in the previous literature [73,74].
The lower mechanical properties of the SP samples, consistent with previous studies on
self-produced PLA filaments [35], suggest that commercial filaments provide more reliable
structural integrity than self-produced filaments.

To support the experimental tensile test results (Figures 11 and 12), the X-CT data used
for the cross-sectional area analysis (Table 6 and Figure 10) were considered in preparing
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Figure 13. This figure compares four representative specimens: two fabricated with SP
filament and two with C, all 3D printed with a 0.3 mm layer height at both minimum (25%)
and maximum (100%) infill percentages. In Figure 13, the middle-plane cross-section of
each specimen is highlighted in green, providing a visual representation of its internal
structure. Additionally, transversal cross-sections at different positions along the x-axis
(=10 mm, —5 mm, 0 mm, +5 mm, +10 mm) within the central narrowed zone of the
specimens are depicted.

SP specimen - Infill 25% SP specimen - Infill 100%

% =5 5 o
) ﬁg%ﬂ ﬁf § g" og®

| | |
| | |
Lo - Lo L -

C specimen — Infill 25% C specimen — Infill 100%

Figure 13. Comparison of material distributions inside different tensile samples fabricated with
a layer height of 0.3 mm: 3D printed with 25% infill and self-produced (SP) PLA filament (a); 3D
printed with 100% infill and self-produced (SP) PLA filament (b); 3D printed with 25% infill and
commercial (C) PLA filament (c); 3D printed with 100% infill and commercial (C) PLA filament (d).

At 25% infill, the SP specimen displayed a more irregular internal structure with
uneven material distribution (Figure 13a), leading to noticeable voids that result in weaker
mechanical properties, especially under tensile stress. In contrast, the C specimen exhibited
a more uniform and consistent internal structure at 25% infill, with a smoother material
distribution and fewer weak points (Figure 13c).

At 100% infill, the internal structures of both the SP and C specimens appeared
significantly more uniform than those of their 25% infill counterparts, with a drastic
reduction in internal voids. However, even at 100% infill, the SP specimen still presented
minor voids, suggesting small inconsistencies introduced during its manufacturing process
(Figure 13b). By contrast, the C specimen maintained a higher degree of internal uniformity
at both infill levels (Figure 13c,d), reinforcing its superior mechanical performance, as
observed in Figures 11 and 12. Notably, at 100% infill, the C specimen exhibited fully dense
cross-sections (Figure 13d).
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These structural differences align with the boxplot analysis in Figure 10, where the C
specimens exhibited larger and more consistent cross-sectional areas. With 100% infill, both
the SP and C specimens demonstrated significantly improved tensile strength compared
to the 25% infill versions (Figures 11 and 12). This comparison highlights the significant
impact of infill patterns on the mechanical properties of 3D-printed specimens, directly
influencing their performance in tensile tests. Consequently, further optimization of the
self-production process is necessary to achieve filaments with mechanical performance
comparable to that of industrially produced filaments. Improving the reliability of self-
produced filaments is crucial for enabling the direct fabrication of end-use components from
PLA pellets through 3D printing, paving the way for more sustainable and self-sufficient
manufacturing workflows.

Nonetheless, the tensile test results for the 3D printed samples of PLA grade 3D850
align with other studies in the literature for both self-produced [75,76] and commercial
filaments [77-79].

Another crucial aspect of filament production that is taken into consideration is energy
consumption. The comparison between the commercial PLA filament and the self-produced
PLA filament considers only the difference in the filament manufacturing process. The
embodied energy required for PLA pellet production and the energy used to produce the
tensile specimens remain unchanged. According to the energy consumption data available
in databases used for product lifecycle analysis, such as Ansys Granta Selector, the extrusion
of 1 kg of PLA pellets requires an average of 5.74 MJ of primary energy. This value is
derived from the Granta EduPack 2021 R2 version (Ansys, Inc., Canonsburg, PA, USA) and
is slightly higher than that reported in previous versions of the same database [80].

Regarding filament production from pellets using desktop extruders, a study by
Enemuoh et al. found that producing approximately 196 g of PLA filament consumed
0.0695 kWh of energy [81]. This equates roughly to 0.355 kWh per kilogram of extruded
PLA filament using a Filabot machine. However, to accurately assess primary energy
consumption, the primary-to-secondary energy conversion efficiency must be considered.
This efficiency typically ranges between 35% and 40%, implying that approximately 3 M]
of primary energy is required for every 1 M]J of electricity.

In line with other studies [82], assuming a primary energy conversion factor of 0.38, the
energy consumption for PLA filament extrusion reported by Enemuoh et al. corresponds
to 3.36 MJ/kg of filament. In this study, we employed the 3devo extruder, where a total
of 0.24 kWh of energy was required to extrude 170 g of the filament. This translates to a
secondary energy consumption of 5.06 MJ/kg, which is equivalent to 13.3 MJ/kg of primary
energy. When considering only filaments with a consistent diameter suitable for effective
3D printing, the specific energy consumption increases to 17.1 MJ/kg, nearly three times
higher than that reported for industrial PLA filament production for FFF (5.74 M] /kg) [80].
This highlights a significant trade-off between filament quality and energy efficiency during
small-scale extrusion. While self-produced filaments offer customization and potential cost
savings, further optimization of the extrusion parameters is essential to improve the energy
efficiency and competitiveness of commercial alternatives.

4. Conclusions

In this study, a self-produced PLA filament was fabricated using a desktop extruder
for application in FFF 3D printing. PLA pellets underwent single-screw extrusion, followed
by 3D printing of tensile test specimens with variations in layer height and infill density.
The key findings are as follows:
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e  The SP filament exhibited higher diameter variability, leading to greater deposition
rate fluctuations compared to the commercial PLA filament, although 3D printing
remained feasible.

e  Thermal analysis confirmed that extrusion and printing had no significant impact on
the melting and glass transition temperatures of the PLA.

e X-ray computed tomography (X-CT) revealed small voids or imperfections in the
cross-sections of the SP samples, indicating inconsistencies in material deposition
during 3D printing.

e  The resulting uneven material distribution in the SP specimens resulted in inferior
mechanical performance compared to that of the C specimens. Tensile testing showed
that both stiffness and tensile strength were consistently higher for the C samples than
for those printed with the SP filament.

o Using a 0.3 mm layer height improved the efficiency by reducing the specific energy
consumption by 50% and increasing the deposition rate by a similar margin. Addi-
tionally, specimens printed with this layer height exhibited higher tensile properties
than those printed with a 0.2 mm layer height for both the SP and C filaments.

e  SP filament exhibited nearly three times higher energy consumption than the C fila-
ment, also due to material waste from inconsistent filament diameter.

These findings highlight the need for extrusion parameter optimization to enhance
filament quality and printed component performance, ultimately supporting the feasibility
of self-produced filaments as a cost-effective and customizable alternative to commercial
options. Future research should investigate the correlation between the feedstock filament
diameter variability and the deposited material quantity during FFF. This can be achieved
through the real-time monitoring of the filament size at the printer’s extrusion head and
the subsequently deposited layer.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /jmmp9060172 /s1, Table S1: Specific energy consumption (SEC)
for the 3D printed PLA samples at different infill percentages and layer heights; Table S2: Deposition
rate (DR) for the 3D printed PLA samples at different infill percentages and layer heights; Table S3:
Young’s modulus (E) for the 3D printed samples with self-produced PLA filament at different infill
percentages and layer heights; Table S4: Specific Young’s modulus (E*) for the 3D printed samples
with self-produced PLA filament at different infill percentages and layer heights; Table S5: Ultimate
tensile strength (UTS) for the 3D printed samples with self-produced PLA filament at different infill
percentages and layer heights; Table S6: Specific ultimate tensile strength (UTS*) for the 3D printed
samples with self-produced PLA filament at different infill percentages and layer heights e; Table S7:
Young’s modulus (E) for the 3D printed samples with commercial PLA filament at different infill
percentages and layer heights; Table S8: Specific Young’s modulus (E*) for the 3D printed samples
with commercial PLA filament at different infill percentages and layer heights; Table S9: Ultimate
tensile strength (UTS) for the 3D printed samples with commercial PLA filament at different infill
percentages and layer heights; Table S10: Specific ultimate tensile strength (UTS*) for the 3D printed
samples with commercial PLA filament at different infill percentages and layer heights; Table S11:
Strain at break (g},) for the 3D printed samples with commercial PLA filament at different infill
percentages and layer heights.
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