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ABSTRACT: The use of additive manufacturing techniques in the development of unconventional materials can help
reduce the environmental impact of traditional construction materials. In this paper, the properties of a 3D-printed
biocomposite were evaluated. Biofilaments obtained by mixing pulverized bamboo fibers with polylactic acid (PLA)
resin were extruded during the manufacturing process. To assess the effect of incorporating plant fibers, an analysis
was conducted on the morphology, elemental chemical composition, crystallinity index, principal functional groups,
thermal stability, surface roughness, microhardness, density, tensile strength, elastic modulus, and strain percentage of
reinforced samples. The results were compared with those obtained from the characterization of standard PLA filaments
(unreinforced). The fused deposition modeling (FDM) technique was employed to print biocomposite specimens.
Additionally, the influence of the printing parameters (infill density, build orientation, and layer thickness) on the
physical, tribological, and mechanical properties of the biocomposites was analyzed. These results were compared with
those obtained for specimens printed with pure PLA. The findings indicate that incorporating 10% vegetable filler
into PLA filaments enhanced the strength and stiffness of the biocomposite under axial loads. Finally, the strength
of the biocomposite subjected to axial loads was compared with the standardized values for wood-plastic composites,
demonstrating the feasibility of its use for non-structural purposes in civil construction.

KEYWORDS: Biocomposites; biofilaments; 3D printing; fused deposition modeling; printing parameters; mechanical
properties

1 Introduction

The development and application of new materials has positively influenced various industrial sectors.
The use of biodegradable resources to obtain alternative composite materials contributes to the mitigation of
the environmental impact associated with both the use of petroleum-derived resources and the management
of solid waste, which represents a critical aspect of sustainable development [1-4].

Due to their innovative nature, additive manufacturing methods have gained importance in the design
and development of biocomposite materials [5]. Unlike traditional production processes, these methods do
not require the use of specialized tools, enabling the production of personalized designs with a reduction in
time, costs, and waste, allowing the optimization of the design according to the function of the material [5,6].
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In recent years, there have been significant advances in the 3D printing of polymer composites. The
filament fused deposition modeling (FDM) technique enables the printing of composite materials, allowing
flexibility and versatility in the design of unconventional materials [7-11].

According to Valean et al., one of the most-used polymers in fused deposition modeling processes is
polylactic acid (PLA) [12]. This polymer is processed from the chemical sintering of sugars obtained from the
biomass of plants such as corn, cassava, and sugar cane. This resin stands out for its thermoplastic character,
which allows its reversible deformation under heat, facilitating its processing and reuse [13].

Recent studies have focused on evaluating the mechanical performance of biocomposites made by 3D
printing PLA filaments reinforced with plant fibers [14-18]. Some research has focused on analyzing the effect
of the type of fiber, its orientation, and its dosage on the strength and stiffness of the material. The results
suggest that the incorporation of plant fibers as reinforcement in PLA filaments improves the strength and
stiffness when compared to specimens obtained by means of the deposition of pure PLA filaments [14-16].
Although there may be an increase in the mechanical properties of biocomposites made with biofilaments,
some experimental results demonstrate that by increasing the content of reinforcing particles in the filament,
the printed surface becomes more porous and rougher [2]. Additionally, due to the water absorption of plant
fibers, these compounds may not perform adequately in humid environments [17,18].

Experimental results have shown that it is possible to improve the mechanical behavior of the material
by subjecting the plant fibers to preliminary surface treatments and a drying process prior to mixing and
extruding the filaments [19]. The selection of parameters such as temperature and extrusion speed, as well as
the use of lubricants, can contribute to improving the quality of the filaments, thus reducing the appearance
of voids and guaranteeing a homogeneous distribution of the fibers that act as reinforcement [20].

It has recently been proven that the parameters involved in the printing process can affect the physical
and mechanical properties of biocomposite specimens [21]. Research in recent years has proven that the
proper selection of the infill pattern can improve the energy absorption capacity of the material [21,22]. Other
factors, such as build orientation, layer thickness, raster width and angle, and infill percentage are variables
that influence the mechanical performance of the material and therefore must be considered [23,24]. Tt is
for this reason that previous research has focused on the study of these parameters and their effect on the
properties of parts obtained through FDM [25-29].

Based on the above, the purpose of this study was to evaluate the properties of a 3D printed biocomposite
using filaments extruded from a mixture of pulverized bamboo fibers and a polylactic acid (PLA) resin.
The physical, chemical, and mechanical properties of the filaments were analyzed: morphology, elemental
chemical composition, crystallinity index, functional groups, thermal stability, surface roughness, micro-
hardness, density, tensile strength, elastic modulus, and strain percentage. In order to evaluate the efficiency
of filling with bamboo fibers, the results were compared with those obtained when characterizing simple
PLA filaments (unreinforced). Filament fused deposition modeling (FDM) was used to print biocomposite
specimens. The influence of the printing parameters (infill density, build orientation, and layer thickness) on
the physical (density and absorption capacity), tribological (friction coefficient and wear rate), and mechan-
ical (tensile and compressive strength) properties of the biocomposites were analyzed. The experimental
results were compared with those obtained for specimens printed with pure PLA. Finally, the tensile and
compressive strengths were evaluated against the standardized values for wood-plastic composites (WPC).
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2 Materials and Methods
2.1 Materials

Strips 5 cm wide and 30 cm long were obtained from four-year-old bamboo culm stems of the species
Guadua angustifolia Kunth. Subsequently, the strips were crushed by mechanical means in order to obtain
short fibers (between 1 and 2 cm long). Ozone treatment was carried out in order to eliminate lignin, wax, oil,
and some impurities. A Clearwater Tech LLC generator was used for the treatment. The ozone was added ata
rate of 230 mg Os/h. The fibers were treated for two hours. After treatment, the fibers were dried, pulverized,
and sieved through a 45 pm sieve. The size of the filler was selected based on the characteristics of the extruder
used (single-screw extruder). With the use of particles retained in the #325 sieve (45 um), the dispersion
capacity of the reinforcement within the PLA increases. On the other hand, larger particles can cause clogging
in the extruder nozzle and affect the surface quality of the extruded filament.

For this study, an Ingeo biopolymer 4032D was used. Following the supplier’s suggestions, the material
was dried for 4 h at 80°C to prevent loss of viscosity. After drying, the material was stored in a sealed package
in order to avoid contact with atmospheric conditions.

1.75 mm filaments were obtained by applying the extrusion method. Pure PLA filaments (PLA-F) and
filaments obtained from the combination of PLA and pulverized Guadua fibers (PLA-G-F) were constructed
using a single-screw extruder operating at 50 mm/s. The extrusion temperature was 180°C. A commercial
biodegradable plasticizer was used to improve the mixing and extrusion process. For the PLA-G-F filaments,
a composition of 90% granulated PLA and 10% pulverized Guadua fibers was used.

2.2 Properties of PLA-F and PLA-G-F Filaments
2.2.1 Morphology and Elemental Composition

To analyze the morphology of the filaments, the scanning electron microscopy (SEM) technique was
employed, using a Tescan Vega3 electronic microscope with the detection of secondary electrons (SE).
To improve the electrical conductivity, the specimens were metallized. Micrographs at 106x magnification
were obtained. The acceleration voltage of the electron beam was 20 kV, and the working distance (WD)
was 14.9 mm. The determination of the elemental composition of the filaments was done by applying the
energy-dispersive X-ray spectroscopy (EDS) technique, using a Bruker XFlash 410M analyzer attached to
the SEM microscope.

2.2.2 Crystallinity Index

The X-ray diffraction (XRD) spectra of the PLA-F and PLA-G-F filaments were obtained using a
Malvern PANalytical X-ray diffractometer. The scanned samples were taken at diffraction angles between
10° and 40°. The crystallinity index (C.I) was calculated by means of Eq. (1).

Area of all crystalline peaks

C.I(%) = %100 (1)

Area of all acrystallline and amorphous peeaks
2.2.3 Chemical Functional Groups

Fourier transform infrared spectroscopy (FTIR) was performed using a Thermo Scientific Nicolet iS10
equipped with an ATR module, covering a measurement range of 4000 to 600 cm™* with 16 scans.
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2.2.4 Thermal Stability

A simultaneous thermal analysis (DSC-TGA) was conducted using an SDT Q600 V20.9 Build 20.
The results were obtained according to ISO 11358-1:2022 [30]. Thermal stability tests were carried out in
a synthetic air atmosphere at 60 mL/min with a ramp of 5°C/min, in alumina crucibles. The combustion
starting temperature (T,;), the ignition temperature (T;), the temperature at which the maximum rate of
weight loss occurred (Tiax), the burning temperature (T, ), the final combustion temperature (Tf), and the
total mass loss percentage (Am) were determined.

2.2.5 Roughness

The roughness of the filaments was determined using a PCERT 1200 roughness tester. This instrument
allows a measurement range between 0.020 and 160.0 pm and works by moving a 5 ym radius diamond
pointer with a curvature of 90°. For the tests, ten specimens of 1.75 mm in diameter and 5 cm in length
were evaluated.

2.2.6 Hardness

The Vickers microhardness (HV) was determined using a FALCON 400G2 durometer from Innovatest,
applying a load of 50 g. The test was carried out following the recommendations of the ISO 6507-1:2018
standard [31]. The HV was determined using Eq. (2).

p

HYV =0.1891 % — )
D

where P is the applied load in kg, and D is the average diagonal length.

2.2.7 Density

To determine the density of the filaments, five specimens with a diameter of 1.75 mm and alength of 5cm
were analyzed. The pycnometer test was conducted following Method B of the ISO 1183-1:2019 standard [32].
Density (ps) was calculated using Eq. (3).

ms,A * PIL
pe = —SATPIL 3)
Mms,A — Mg, 1L
where mg 4 is the apparent mass in air, in g, mg j; is the apparent mass in the immersion liquid, in g, and py

is the density of the immersion liquid at 23°C, in g/cm’.

2.2.8 Mechanical Properties of PLA-F and PLA-G-F Filaments

For the mechanical tests, an axial tensile test was performed. Fifteen samples of 1.75 mm in diameter and
5 cm in length were prepared. The mechanical tests were carried out on a WP 300 universal testing machine,
which has a 20 kN load capacity. The tensile test is shown in Fig. 1. The strain rate was 1 mm/min.
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Figure 1: Filament tension test

2.3 Printing Process

The dimensions of the tensile specimens were established in accordance with the recommendations of
ASTM D638-Type V [33]. For the compression tests, the samples were designed with a diameter of 25 mm
and a length of 50 mm. To define the number of specimens, a three-factor complete general factorial design
was used. For each factor, three levels and five replicates were defined. Based on the experimental design, the
number of probes to be tested was defined. A total of 270 samples were printed (135 for tensile and 135 for
compression tests). The models were prepared using Ultimarker Cura 5.5.0 software and were printed using
a Creality Ender 5 S1 3D Printer. The printing parameters are presented in Table 1.

Table 1: Printing parameters

Parameter Values
Infill pattern Gyroid
Nozzle diameter 0.4 mm
Printing speed 80 mm/s
Nozzle temperature 205°C
Platform temperature 60°C
Infill density 25%, 62.5%, 100%
Built orientation 0°, 45°,90°

Layer height 0.20, 0.25, 0.30 mm
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2.4 Physical Characterization of 3D Printing

The surface roughness was determined following the procedure outlined in Section 2.2.5. A measuring
platform was employed to adjust the position between the specimen and the instrument. To enhance the
accuracy of the results, ten measurements were taken for each specimen. HV hardness was evaluated
according to the procedure described in Section 2.2.6. For these tests, five specimens with a diameter of
15 mm and a thickness of 3 mm were designed for each of the combinations defined during the printing
process. The absorption capacity after 24 h of immersion in water at room temperature was assessed in
accordance with ASTM 570-22 [34]. Test specimens with a diameter of 50.8 mm and a thickness of 3.2 mm
were prepared for this evaluation. The density of the specimens was determined following the procedures
outlined in ASTM D792-20 [35], using square samples measuring 2 cm on each side.

2.5 Tribological Properties

The tribological properties were assessed by measuring the coefficient of friction (COF) and calculating
the wear rate. For the tests, specimens were printed with a diameter of 15 mm and a thickness of 5 mm.
The “pin-on-disk” technique was employed using a Nanovea tribometer. Testing was conducted at room
temperature with a Cr6 steel ball 6 mm in diameter. The linear speed was set at 600 mm/min with an
amplitude of 10 mm, and the test was carried out for 1000 cycles. A normal load of 5 N was applied, resulting
in a total sliding distance of 20 m. The wear rate was calculated using Archard’s law [36].

2.6 Mechanical Characterization of 3D Printed Specimens

For the mechanical characterization, tensile and axial compression tests were performed. The tensile
tests of the 3D-printed biocomposites were conducted in accordance with ASTM D638 specifications [33].
The compression tests were carried out following the recommendations of ASTM D695 [37]. The mechanical
tests were carried out on the WP 300 universal testing machine, which has a 20 kN load capacity. For the
tensile tests, the strain rate was 1 mm/min. For the compression tests, the strain rate was 1.3 mm/min. The test
setup is shown in Fig. 2. The calculated properties include the tensile and compressive strength, the elastic
modulus under tensile and compressive loads, and the maximum strain percentages.

Figure 2: Tensile tests
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3 Results and Discussion
3.1 Morphology and Elemental Composition

The SEM micrographs for PLA-F and PLA-G-F are shown in Fig. 3a,b. Comparing the micrographs,
some differences can be seen in the surface texture of the filaments. In Fig. 3b, the presence of microvoids
and the randomly distributed Guadua fibers is evident. The microvoids could be associated with the non-
homogeneous distribution of pulverized Guadua fibers and PLA granules during the extrusion process. On
the other hand, some irregularities and the presence of some protuberances can be observed in PLA-G-F
filaments (see Fig. 3b). Similar results were presented by Karis et al. [38], and these are aspects that must be
considered, since they could cause clogging of the nozzle due to the agglomeration of fibers and the irregular
diameter of the filament.

(b)
Figure 3: Morphology of filaments: (a) transversal section of PLA-F; (b) transversal section of PLA-G-F

EDS was used to analyze the elemental composition of the filaments. Fig. 4 presents the spectra. From
the figure, it can be observed that more than 98.5% of the elemental composition of the fibers corresponds
to carbon and oxygen elements, while the small concentrations of Ba, Si, Fe, and Ti may be associated with
impurities and/or contamination during the extrusion process. A small percentage of Ca (0.27%) in PLA-G-
F filaments could be related to the lignocellulosic nature of the vegetal fiber. The results presented in Table 2
show the elemental composition of filaments, as well as the atomic C/O ratio. An increase of 14.5% can be
observed in the C/O ratio of the PLA-G-F. Similar results were reported by Mondragén-Herrera et al. [39]
and can be attributed to the addition of vegetable fiber as filament filler.

@ ®)

Figure 4: EDS of filaments: (a) PLA-F; (b) PLA-G-F



1420 ] Renew Mater. 2025;13(7)

Table 2: Elemental chemical composition

Element PLA-F(wt., %) PLA-G-F(wt., %)

C 53.28 56.90
@) 45.26 41.37
C/O 1.18 1.38

Ba 1.22 -

Si 0.24 -

Ti - 0.80
Fe - 0.50
Ca - 0.27

3.2 Crystallinity Index

XRD spectra of the PLA-F and PLA-G-F filaments were analyzed. The deconvolution and the identi-
fication of crystallographic planes are shown in Fig. 5a,b. The results suggest the semi-crystalline nature of
the filaments analyzed. The diffractograms of PLA-F and PLA-G-F display characteristic crystalline peaks
corresponding to the planes (020) at 13.54°, (010) at 16.22°, (021) at 19.87°, (121) at 25.2°, (040) at 27.14°, and
(002) at 28.97°. By contrast, the PLA-G-F diffractograms show distinctive peaks for the planes (020) at 13.75°,
(110) at 16.58°, (111) at 22.13°, and (040) at 27.47°. The observed crystalline peaks may be attributable to the
a structure of PLA [40].
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Figure 5: Spectral deconvolution and crystallographic plane identification: (a) PLA-F; (b) PLA-G-F

The crystallinity index (C.I) was calculated using Eq. (1) (see Table 3). The results show an increase of
13.50% in the crystallinity index of the PLA-G-F. According to Liao et al., because of the semi-crystalline
nature of PLA it is important to evaluate its crystallinity index and how this value influences the processing
of materials obtained through additive manufacturing processes [41]. Although increasing the crystallinity
index can improve the mechanical performance and strength against thermal degradation of the material,
this increase can affect the adhesion between its successive layers during the printing process. Additionally,
depending on the diameter of the nozzle, it may be necessary to increase its temperature in order to avoid
clogging during the deposition of the filament on the printing bed [42]. An increase in temperature facilitates
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the flow of the filament, promoting greater adhesion between successive printing layers, thus counteracting
the effect of the increase in the crystallinity index on the adhesion between the printing layers.

Table 3: Crystallinity index

Filaments Area of all crystalline peaks Area of all crystalline and amorphous peaks C.I (%)

PLA-F 3576 13,993 25.55
PLA-G-F 3636 12,502 29.00

3.3 Chemical Functional Groups

The ATR-FTIR technique was employed to identify the principal absorption bands corresponding to
the functional groups present in the filaments, as shown in Fig. 6. The results indicate that both PLA-F and
PLA-G-F exhibit the same functional groups. The bands observed between 2995 and 2851 cm™ " are associated
with the symmetric and asymmetric stretching of C-H in CHj. The band near 1745 cm™' suggests carbonyl
group stretching. The bands between 1453 and 1360 cm™' are related to the symmetric and asymmetric
bending of the CH; bond, while those between 1266 and 1081 cm™" correspond to the ether group (C-O-
C). Additionally, the bands from 1043 to 956 cm™" correspond to the rocking of the C~-CH; bond, and the
bands near 867 and 754 cm™" represent the stretching of the O-CH-CHj; group and the wagging of CHs,
respectively [40-43]. On analyzing the ATR-FTIR spectra, variations in the intensity of the bands between
2995 and 2851 cm™* can be observed. Similar results were found by Macedo et al. [44] and may be related
to changes in the structure of CHj. According to Kljun et al., the lateral order index (LOI) can be used to
interpret qualitative changes in crystallinity [45]. This index is based on establishing the relationship between
the absorbance bands located at 1430 and 893 cm™!. Generally, as the LOI increases, the crystallinity also
increases. The LOI was determined for the filaments studied, and values of 1.09 and 1.15 were found for the
PLA-F and PLA-G-F, respectively. An increase of 5% can be seen in this value. These results are consistent
with the increase in the crystallinity index value of the PLAF-G presented in Table 3.
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Figure 6: ATR-FTIR spectra for PLA-F and PLA-G-F filaments. T is the transmittance
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3.4 Thermal Stability

A combined DSC-TGA thermal analysis was performed to evaluate the thermal stability of the PLA-F
and PLA-G-F filaments. The results are shown in Figs. 7 and 8. The findings indicated that adding pulverized
Guadua fibers did not significantly affect the thermal stability of the filaments. The first thermal transition
observed was the glass transition temperature (Tg), which occurred between 60°C and 65°C for PLA-F and
close to 72°C for PLA-G-FE. On the other hand, an exothermic peak near 100°C in the PLA-G-F filaments
can be associated with the cold crystallization of PLA (T.), indicating the crystallization of the polymer
with increasing temperature. The main endothermic peak can be observed near 175°C and corresponds
to the melting temperature T,,. Differences between the values obtained for PLA-F and PLA-G-F may be
related to changes in the crystallinity of the filaments because of the incorporation of plant fibers. Finally, at
temperatures above 350°C, an exothermic peak can be seen, which is related to the weight loss detected in
the TGA curves, confirming the thermal degradation of the material. Similar results were reported by Cuifo
et al. and show typical behavior for semicrystalline thermoplastic materials [46].
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80 415
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Temperature (*C)

Figure 7: DSC-TGA analysis for PLA-F

The stages of the thermal degradation of the filaments can be observed in Figs. 7 and 8. At a temperature
close to 150°C, a slight decrease in mass (less than 2%) in both filaments can be related to the loss of
initial humidity of the samples and the elimination of volatile compounds present in the PLA-G-F filament.
In Fig. 7, the PLA-F degradation process was divided into two stages. The first, located between 315.63°C
and 353.86°C, can be associated with the main degradation of the polymer. At this stage, a mass loss of
96.51% and a maximum degradation rate of 0.9998%/min can be seen. Additionally, an endothermic peak
at 335.12°C could be related to the thermal decomposition of PLA. A second degradation stage can be seen
between 376.50°C and 497.32°C, suggesting the presence of carbonaceous residues in the sample. Finally, the
endothermic peak at 597.53°C could be related to the carbonization of these residues.
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Figure 8: DSC-TGA analysis for PLA-G-F

Fig. 8 shows the thermal degradation stages of the PLA-G-F filaments. Similar results were presented by
Khan et al. [47]. In this case, it is possible to identify three stages in the degradation process. The first stage
begins at a temperature of 308.43°C and corresponds to the initial degradation of hemicellulosic compounds.
The second stage can be observed between 351.44°C and 371.61°C. This is the fundamental phase of the mass
loss of the filament and could be associated with the thermal degradation of the cellulose. In the third stage,
the degradation of PLA begins. This occurs at temperatures above 350°C.

Table 4 presents the TGA results for the PLA-F and PLA-G-F specimens. It can be seen that the addition
of Guadua filler results in a reduction of less than 3% in the values of Ty;, Ti, Tiax, and Ty, temperatures.
However, a 12% reduction in the value of the end of combustion temperature can be observed in the
PLA-G-E. According to Daver et al., this can be attributed to the decomposition of low molecular weight
substances present in the plant fibers used as filler. These substances can decompose at lower temperatures,
thus influencing the overall thermal behavior of the biocomposite [48].

Table 4: TGA results

Specimen T, (°C) T, (°C) T, (°C) T,(°C) T, (°C) Am (%)

PLA-F 33512 315.63 353.86 376.50 49732 98.27
PLA-G-F  331.08 308.43 351.44 371.61  432.73 98.97
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3.5 Physical and Mechanical Properties of the Filaments

Table 5 presents the physical and mechanical properties of the PLA-F and PLA-G-F filaments. The
results indicate that the incorporation of vegetal filler did not significantly reduce the density of the filaments,
with differences of less than 3%. Additionally, an increase in the roughness and hardness of the PLA-G-F was
observed, with values rising by 15% and 20%, respectively. According to Kariz et al., the non-homogeneous
distribution of the filler during the extrusion process can lead to irregularities and protuberances that
contribute to increased roughness of the filaments [38]. On the other hand, the vegetable filler acts as
a reinforcement for the thermoplastic resin, enhancing both the hardness and the tensile strength of
the biofilament.

Table 5: Physical and mechanical properties

Properties PLA-F PLA-G-F
Density (kg/m?) 1240 + 11 1220 + 17
Roughness (um) 3.86 £0.17 5.28+0.43
Hardness (HV) 14.52 +£0.24 1737 + 0.66

Tensile strength (MPa) 61.53 £3.17  65.61 + 2.85
Modulus of elasticity (MPa) 1286 + 15 1354 + 21
Strain (%) 6.42 +0.38 5.01 +£0.27

On analyzing the mechanical properties, an increase of up to 10% in the strength and stiftness of PLA-
G-F was seen. Similar findings were reported by Lau et al. and can be attributed to the amount of fiber used
as filler (10%) [49]. Despite the increase in the strength and stiffness values of the filament under tension, a
reduction of approximately 22% in the maximum strain percentage demonstrates the loss of ductility of the
filaments with the addition of the filler material. The nonhomogeneous dispersion of the reinforcement and
the presence of voids in the filament can increase the brittleness of the filament, affecting their quality and
the mechanical performance of the manufactured products [50].

3.6 Physical Characterization of Printed Specimens

The effect of the printing parameters on the hardness and roughness of the specimens printed with
PA-G-F was analyzed. The results are shown in Fig. 9a,b.

Fig. 9a shows the effect of the printing parameters (infill density, build orientation, and layer thickness)
on the hardness of the specimens printed with PLA-G-F. By increasing the infill density from 25% to 100%, an
increase of between 10% and 40% in the hardness of the specimens can be observed. According to Maguluri
et al., this increase is due to the fact that a higher infill density provides a more solid and homogeneous
internal structure, which contributes to improving the strength against penetration [51]. Analysis of the
influence of printing layer thickness reveals a reduction of up to 40% in the hardness of the specimens when
the layer thickness is increased from 0.20 to 0.30 mm. The increase in layer thickness affects the cohesion
between successive layers due to the greater volume of material deposited with each layer [52]. Furthermore,
specimens printed at 0° exhibited the highest hardness values, ranging from 18.83 to 30.89 HV, while those
printed at a 90° displayed the lowest hardness values, between 16.21 and 22.56 HV.

On observing Fig. 9b, it can be verified that increasing the infill density from 25% to 100% reduces the

roughness by up to 30%. On the other hand, on modifying the build orientation from 0° to 90° an increase in
roughness of 30% to 50% can be seen. Finally, increasing the layer thickness to 0.3 mm leads to a significant
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rise in the roughness of the specimens, exceeding 50%. Specimens printed at 0° with 100% infill density and a
layer thickness of 0.2 mm exhibited the lowest roughness values (4.88 +/— 0.21 um), while those printed with
25% infill density at 90° and a layer thickness of 0.3 mm exhibited the highest values (22.75 +/— 2.05 pm).
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Figure 9: Effect of the printing parameters: (a) effect on hardness; (b) effect on roughness

The effect of the printing parameters on the density and the absorption capacity is illustrated
in Fig. 10a,b. Fig. 10a shows a significant increase in density as the infill density rises from 25% to 100%.
Specimens with 25% infill density exhibited values between 420 and 730 kg/m?, while those with 100% infill
density reached values between 970 and 1225 kg/m®. Additionally, a 20% to 40% reduction in density occurs
when the printing direction changes from 0° to 90°. There is also a slight decrease (less than 10%) in density
when increasing the layer thickness from 0.20 to 0.30 mm.
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Figure 10: Effect of the printing parameters: (a) effect on density; (b) effect on absorption
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On analyzing Fig. 10b, a reduction of up to 38% in the absorption rate is evident in specimens printed
with 100% infill density. Specifically, specimens with 100% infill density, a layer thickness of 0.2 mm, and
a 0° orientation exhibited the lowest absorption values (4.17%), whereas those printed with 25% infill
density, a layer thickness of 0.30 mm, and a 90° orientation exhibited the highest absorption values (6.87%).
These results indicate that on increasing the layer thickness and the build orientation, a greater number of
micropores appear on the surface of the specimens, resulting in higher water absorption.

3.7 Tribological Properties

According to Dawoud et al., abrasive wear appears to be the main wear mechanism of polymers that slide
against hard surfaces [53]. In the present study, a preliminary investigation of the effect of printing parameters
(infill density, layer thickness, and built orientation) on the friction coefficient and the abrasive wear rate
of biocomposites printed using FDM was carried out. Fig. 11a,b shows the coefficient of friction (COF) as a
function of the sliding distance for specimens printed at 0°. In Fig. 11a, a reduction of up to 10% in the COF
value on increasing the infill density from 20% to 100% can be seen. From the results, it is evident that for the
same layer thickness (0.20 mm), specimens printed with the highest infill density (100%) exhibited the lowest
COF values (0.63), while those printed with the lowest infill density (20%) exhibited higher COF values
(0.72). Similar results were reported by Akincioglu et al. when they analyzed the tribological characteristics
of ABS structures with different infill densities [54]. As can be seen, the use of a higher infill density results
in a smoother and less porous surface, which contributes to reducing the coeflicient of friction. On the other
hand, a slight increase (less than 5%) in COF values can be observed when the layer thickness is increased
from 0.20 to 0.30 mm. Although increasing the thickness of the printing layer did not significantly affect the
COF values, it should be taken into consideration that when thicker layers of material are deposited, they
can increase the surface roughness, contributing to an increase in the COFE.
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Figure 11: Effect of the printing parameters on the COF values: (a) effect of the infill density and layer thickness; (b)
effect of the build orientation

The effect of the print orientation on the COF values of specimens printed with a specific infill density
is shown in Fig. 11b. The results reveal an increase of up to 12% in COF values when the print direction is
changed from 0° to 90°. As can be seen, specimens printed along the horizontal axis (0°) had COF values
between 0.63 and 0.65, while those printed in the vertical direction exhibited higher values, ranging from
0.67 to 0.73.
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The wear rate was calculated using Archard’s law, where the volume of material removed in the crater
can be computed using the applied load, the tribometer’s sphere radius, and the length of interaction between
the ball and the surface. The results are presented in Fig. 12. The specimens printed at 0° with 100% infill
density and a layer thickness of 0.20 mm exhibited the lowest wear rate (4.26 x 107> mm’/N-m), while those
printed at 90° with 20% infill density and a layer thickness of 0.30 mm had the highest wear rate (5.91 x
10> mm?/N-m). Increasing the infill density resulted in a reduction of up to 17% in the wear rate of all the
analyzed samples. Additionally, with an increase in the print orientation and the layer thickness, the wear
rate varied by a factor of between 5% and 10%.
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Figure 12: Effect of the printing parameters on the wear rate values

3.8 Mechanical Characterization of 3D Printed Specimens

The influence of the printing parameters (infill density, printing orientation, and layer thickness) on
the strength and stiffness of specimens subjected to axial loads (tensile and compression) was analyzed. The
results are presented in this section.

3.8.1 Effect of Infill Density and Layer Thickness on Tensile Strength

Fig. 13 shows the effect of the infill density on the tensile strength of specimens printed with PLA-G-F
at 0° using layer thicknesses between 0.20 and 0.30 mm. For the analysis, three infill density values were
considered: 25%, 62.5%, and 100%. From the results, it can be seen that regardless of the layer thickness,
an increase in the infill density causes a significant increase in the tensile strength of all the specimens. The
printed specimens with a layer thickness of 0.20 mm exhibited tensile values of 41.76, 34.71, and 32.61 MPa
for infill densities of 100%, 62.50%, and 25%, respectively. These results allow us to verify the 26% increase
in the strength of the material when the infill density was increased by between 25% and 100%. Additionally,
the specimens with a layer thickness of 0.25 and 0.30 mm showed an increase in tensile strength of between
17% and 25%, respectively. Although increasing infill density can increase printing time, a higher density
means that more material is used in the printing of the specimens, making them more solid and dense and
reducing void spaces in the structure, which improves their mechanical behavior [55].
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In Fig. 13, it can be seen that with an increase in the layer thickness, the tensile strength of the specimens
is reduced by between 25% and 35%. Although it is true that increasing the thickness of the printing layer
reduces the printing time and the material consumption, increasing this value can affect the adhesion
between successive layers. On the other hand, larger spaces between layers can create weak points in the
structure, making it more susceptible to delamination and affecting its mechanical behavior [56,57].

3.8.2 Effect of Build Orientation and Layer Thickness on Tensile Strength

Fig. 14 illustrates the effect of the build orientation on specimens printed with 100% infill density and
layer thicknesses of 0.20, 0.25, and 0.30 mm. Specimens printed at 0° exhibited strength values of 41.76,
35.24 and 25.44 MPa for thicknesses of 0.20, 0.2, and 0.30 mm, respectively. Those printed at 45° displayed
strengths of 35.24, 23.54, and 20.07 MPa for the same thicknesses, whereas specimens printed at 90° showed
the lowest strength values: 30.44, 15.33, and 11.12 MPa for thicknesses of 0.20, 0.25, and 0.30 mm, respectively.

50

—~ 30

o, (MPa

Figure 14: Relationship between build orientation and tensile strength
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Analysis of the results reveals that changing the orientation from 0° to 90° leads to a significant
reduction in tensile strength, ranging from 40% to 60%. According to Song et al. [57], the mechanical
behavior of specimens printed with varying build orientations is linked to the manner of material failure.
When the load is applied parallel to the printing direction (0°), the specimens exhibit greater tensile strength.
This alignment facilitates better stress transfer and enhances the material’s ductility. Conversely, when layers
are deposited perpendicular to the tensile load, they are more prone to separation under the applied stress,
leading to delamination in specimens printed at 90°. For specimens printed at 45°, the deposition angle
results in intermediate behavior, hindering optimal stress transfer along the printing lines. Fig. 15 illustrates
the failure surfaces for specimens printed at 0°, 45°, and 90°.

(b)

Figure 15: Tensile failure of specimens: (a) 0°; (b) 45°; (c) 90°

3.8.3 Effect on the Modulus of Elasticity and the Tensile Strength

The effect of the printing parameters on the modulus of elasticity is presented in Fig. 16. The results
indicate that with an increase in the infill density, the stiffness of the specimens increases between 25% and
40%. On the other hand, by increasing the layer thickness from 0.20 to 0.30 mm, the elasticity modulus is
reduced by up to 30%. According to Milovanovic et al., with the use of thinner layers, the adhesion between
successive printing layers increases, contributing to greater stiffness [55]. Specimens printed with 100% infill
density and a layer thickness of 0.2 mm exhibited the highest elastic modulus values when printed at 0°,
reaching up to 1594 MPa, whereas specimens printed at 45° displayed lower elastic modulus values, with a
maximum of 1238 MPa. Similar trends were observed by Arora et al. when varying the infill density (25%
and 62.50%) and layer thickness (0.25 and 0.30 mm). The orientation of the printing lines parallel to the
direction of the load application tends to be more effective, contributing to an increase in both the strength
and the elastic modulus of the material [56].

3.8.4 Effect on the Strength and Stiffness of Specimens Subjected to Axial Compression

The axial compression tests were conducted following ASTM D695-23 [37]. The maximum compressive
strength (oc) and modulus of elasticity (Ec) were determined, with the results shown in Fig. 17a,b. Specimens
printed with 100% infill density, a layer thickness of 0.20 mm, and horizontal orientation (0°) exhibited the
highest strength values, at 65.44 MPa. On the other hand, those printed with 25% infill, a layer thickness of
0.30 mm, and a 90° orientation exhibited the lowest values, at 12.85 MPa. Additionally, specimens with 100%
infill demonstrated greater stiffness, with elastic modulus values ranging from 1332 to 1791 MPa. Increasing
the layer thickness resulted in a reduction of the elastic modulus of 10% to 20%. However, varying the print
orientation from 0° to 90° produced a decrease of less than 15%.
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Figure 16: Variation of elastic modulus with printing parameters in PLA-G-F specimens
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Figure 17: Axial compression test results: (a) Compressive strength; (b) Modulus of elasticity

3.8.5 Effect of the Addition of Reinforcing Fibers on the Physical and Mechanical Behavior of PLA Filaments

To analyze the effect of adding plant fibers as reinforcement of the PLA filaments, samples were printed
with a 100% infill density, a printing layer thickness of 0.2 mm, and a printing orientation of 0°. The results
are presented in Figs. 18 and 19. Based on these results, it can be seen that the addition of natural fibers
did not significantly reduce the density of the specimens. The difference in density values was less than
5% (see Fig. 18). However, an increase in the absorption capacity of the samples made with PLA-G-F was
observed. When analyzing the mechanical behavior of the specimens printed with PLA-G-F, an increase of
around 10% in the tensile strength value was observed (see Fig. 19). The experimental results indicate that
the addition of a low fiber content (10%) as filler in the PLA matrix contributed to increasing the strength
and stiffness of the biocomposite subjected to axial loads (tension and compression). However, according
to Mazzanti et al, it is important to take into consideration that the use of high concentrations of fibers
as filler could increase the amount of microvoids in the printed elements, which would result in a loss of
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adhesion between the printed layers, negatively affecting the mechanical behavior of a material [58]. Upon
analyzing the maximum strain percentage, a reduction of 20% to 30% was observed in specimens printed
with PLA-G-F, showing a decrease in the ductility of the Guadua fiber-reinforced specimens.
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Figure 18: Effect of type of filament on physical properties
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Figure 19: Effect of type of filament on the mechanical properties: (a) stress and stiffness; (b) maximum strain

The properties of the biocomposites subjected to axial loads were compared with those reported in the
technical literature for wood-plastic composites (WPC) [59-61], as shown in Table 6. The results indicate
that despite the higher density of the evaluated specimens, their water absorption capacity remains within
the typical range for WPC materials. Furthermore, the biocomposites produced using PLA-G-F filaments
exhibited strength values approximately 25% higher than those commonly reported for WPC, reflecting
superior mechanical performance. However, the elastic modulus of the PLA-G-F biocomposites fell within
the standard range for WPC under axial loads (1000 to 3000 MPa for tensile and 1500 to 3500 MPa for
compressive loads).
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Table 6: Comparison between the properties of biocomposites obtained through the FDM technique and average values
found for WPC

Properties PLA-G-F biocomposites WPC

D, kg/m’ 1225 + 16 1000-1200
A, % 417 £ 0.19 1.00-8.00
o (MPa) 41.76 + 2.06 25.40-32.30
E, (MPa) 1594 + 143 1000-3000
o. (MPa) 65.44 + 5.99 20.00-50.00
E. (MPa) 1791 + 112 1500-3500

4 Conclusions

In this article, the morphological, chemical, mechanical, and tribological properties of biocomposites
made with PLA filaments reinforced with vegetal fibers were evaluated. The influence of the infill density,
printing layer thickness, and build orientation on their material behavior was determined and compared with
the standard requirements for wood-plastic materials, evaluating their technical feasibility for non-structural
applications in the construction sector.

The use of plant fibers as fillers for thermoplastic resins has garnered increasing interest in recent
years due to their biodegradable nature and favorable physical and mechanical properties. In this study,
filaments were extruded from a mixture of 90% PLA pellets and 10% pulverized Guadua fibers. Analysis of
the morphological, physical, and chemical properties of the filaments revealed an increase in the carbon-
to-oxygen (C/O) ratio and the crystallinity index of the reinforced filaments. ATR-FTIR results indicated
an increase in the intensity of absorption peaks between 2995 and 2851 cm™'. However, the presence of
microvoids and the non-homogeneous distribution of the reinforcement led to increased surface roughness
and a slight reduction in density (less than 5%).

Mechanical tests demonstrated that PLA-G-F exhibited higher hardness, strength, and elastic modulus
values. Nonetheless, the reduction in strain percentage indicates a loss of ductility in the reinforced filaments.

The results of the tribology tests (COF at abrasive wear rate) showed that with increasing filler density,
the internal structure of the material becomes more compact and its surface becomes smoother and less
porous, which contributes to reducing the rate of abrasive wear. On the other hand, by increasing the layer
thickness, the surface roughness of the material increases, which contributes to both the increase in the
friction coeflicient and the value of the wear rate. Furthermore, the effect of build orientation on the wear
rate was determined. Specimens printed at 90° exhibited the highest values. These results correspond to a
preliminary study of the effect of some of the parameters that affect the abrasive wear rate of biocomposites
manufactured by 3D printing. However, an in-depth analysis of the behavior of the material requires an
evaluation of the effect of other printing parameters (fill pattern, temperature, and printing speed) and the
influence of factors associated with the test conditions (applied force, characteristics of the sphere used in
the test, and speed of load application). These parameters should be studied in future investigations.

The effect of the printing parameters, specifically infill density, layer thickness, and print orientation,
was evaluated. The results showed that aligning the printing layers with the load direction enhances stress
transfer and increases material stiffness. On the other hand, increasing the layer thickness from 0.20 to
0.30 mm negatively affects the adhesion between successive printing layers, resulting in reduced strength
and elastic modulus. Specimens printed with 100% infill density displayed superior mechanical performance.
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Moreover, the addition of 10% plant fiber filler in the PLA filaments improved the strength and stiffness of
the biocomposite under axial loads.

The properties of the biocomposites printed with PLA-G-F suggest their potential as a viable substitute
for WPC materials commonly used in non-structural applications such as decking, siding, and other similar
uses. Their strength, stiffness, and absorption capacity align with the average values typically reported in
commercial technical data sheets. However, to fully assess their feasibility, these material properties must be
complemented by an economic viability study that evaluates the costs associated with large-scale production.
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A Absorption capacity

ClI Crystallinity index

COF Coeflicient of friction

D Density

E; Modulus of elasticity in tension

E. Modulus of elasticity in compression
HV Vickers microhardness

mg A Apparent mass in air

mg,11, Apparent mass in the immersion liquid
PLA Polylactic acid

PLA-F Pure PLA filaments

PLA-G-F Filaments obtained from the combination of PLA and pulverized Guadua fibers
SEM Scanning electron microscopy

Ty Burning temperature

T, Cold cristalization tempeature

T, Glass transition temperature

T Ignition temperature

ax Temperature at which the maximum rate of weight loss occurred
Melting temperature

—
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Toi Combustion starting temperature
Tof Final combustion temperature
WPC Wood-plastic composite

XRD X-ray diffraction

Ps Density of the filaments

pIL Density of the immersion liquid at 23°C
Am Total mass loss percentage

& Unitary strain in tension

& Unitary strain in compression

o Tensile strength

o Compressive strength
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