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Graphical abstract Abstract

The widespread adoption of 3D printing using Fused Deposition Modelling
(FDM) has led to a significant accumulation of Polylactic Acid (PLA)
waste. This study aimed to address this environmental concern by
recycling PLA waste into recycled PLA (rPLA) filaments and exploring the
potential enhancement of their mechanical properties through the
addition of coir fibre reinforcement. Design of Experiments (DoE)
approach using Taguchi orthogonal arrays and Grey relational analysis
was employed to assess impact of coir fibre addition and exirusion
process parameters on the mechanical properties of rPLA filaments. The
analysis revealed that coir fibre reinforcement did not significantly
improve mechanical properties and the optfimal exfrusion conditions for
maximizing ultimate tensile strength (UTS) and elongation at break were
identified at a melt temperature of 170°C, and an exirusion speed of 650
mm/min. Under these conditions, rPLA filaments achieved a UTS of 17.02
MPa and an average elongation at break of 1.09%. The study successfully
demonstrated the feasibility of recycling PLA waste into rPLA to contribute
fo a more sustainable 3D printing industry.
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1.0 INTRODUCTION addition process. This method offers several
advantages over conventional manufacturing
Additive manufacturing (AM), also known as 3D techniques, which typically involve subfracting

material from a larger workpiece. AM enables the

printing, is an advanced manufacturing technique
production of complex geometries that would be

that constructs 3D objects through a layer-by-layer
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otherwise difficult or impossible to achieve using
fraditfional methods. It effectively addresses
challenges such as low production volumes, high
design complexity, and frequent design changes [1].
Based on stafistical data in 2018, AM technology
developed by 18% and is estimated to increase to
26% in 2026 [2]. It has been used in a wide range of
industries such as aerospace [3, 4, 5], healthcare [6,
7], fashion [8, 9], and consumer goods [10, 11].
Several common techniques of AM include
Stereolithography (SLA), Selective Laser Sintering
(SLS), and Fused Deposition Modelling (FDM).

FDM is the most commercially available printing
technique, projected to grow at a CAGR of 32.11%
from 2023 to 2028 according to Global Market
Estimates [12]. This growth is attributed to the
technology's low costs, ease of printing, material
flexibility, availability, and application simplicity.
Common materials used in FDM include ABS
(acrylonitrile  butadiene styrene), PLA (polylactic
acid), nylon/polyamide, ASA (acrylonitrile styrene
acrylate), PET (polyethylene terephthalate), PETG
(polyethylene terephthalate glycol-modified), and
PC (polycarbonate), with ABS, PLA, and nylon being
the most popular due to their low melting
temperatures [13]. PLA is particularly favoured in FDM
due to its low glass transition temperature (Tg = 60-
65°C) and melting temperature (Tm = 173-178°C),
which simplify the printing process as they do not
require a heated print bed [14]. However, the
widespread use of PLA also leads to environmental
and efficiency challenges, as the material
contributes to significant waste from supports,
experimental artifacts, and failed prints. Despite
these issues, the demand for PLA filament continues
to rise, with an annual growth rate of up to 20% [15].
Fortunately, the waste generated from 3D printing
with PLA can be reprocessed info new filament,
offering a  potential solution to  mitigate
environmental impact.

PLA material can undergo structural changes
when liquefied and cooled during FDM printing,
which can affect its characteristics [16]. This is due to
thermal degradation, which can reduce molecular
weight and crystallinity. Consequently, objects
printed using recycled PLA filament (rPLA) may
exhibit decreased tensile strength and altered
morphology compared to those printed using virgin
PLA. Numerous studies have aimed to enhance the
performance of PLA filaments by creating composite
materials. For instance, incorporating additives such
as carbon fibre [17], [18], [19] and graphene [20],
[21], [22] into PLA has been shown to improve ifs
mechanical properties. Given the success of these
approaches with virgin PLA, it is reasonable to expect
that integratfing similar additives intfo rPLA could also
enhance the performance of rPLA filamentfs.
However, these additives are often expensive and
difficult to use for practical purposes [23].

Biopolymers reinforced with natural fibres have a
positive environmental impact due to their
sustainable composition. The unique cell structure of

natfural fibres, composed of cellulose microfibrils
embedded in a lignin and hemicellulose matrix [24],
provides desirable properties for reinforcement. One
readily available natural fibre, particularly in
Indonesia, is coir fibre (CF). Coir fibre has a low
cellulose (40-43%) and hemicellulose (0.15-0.25%)
content and a high lignin content (41-45%) [25]. Coir
fibre was selected for this study due to its high
availability in Indonesia, cost-effectiveness, and
environmental sustainability. It is a widely available
agricultural  byproduct rich in lignin, making it
relatfively stiff and durable among natural fibres. Its
use supports the valorization of local biomass
resources and confributes fo developing more
sustainable 3D printing materials. Coir fibre has been
studied extensively as a reinforcing material for
various polymers and plastics, including TPS,
polypropylene, and PLA [26], [27]. Previous study has
shown that TPS/PLA/CF composites, processed using
extrusion and injection moulding methods, exhibit a
continuous structure with increased stiffness and
hardness [28]. Another study investigated the effect
of particle size and raster angle on the mechanical
properties of the PLA/CF composite [29]. For
instance, several studies have emphasized the
importance of chemical freatments such as
alkalization and silanization in enhancing the
compatibility between natural fibres and PLA
matrices. PLA composites reinforced with treated flax
fibres have been shown to achieve a 120% increase
in impact strength and a 31.2% increase in tensile
elongation compared to neat PLA [30]. Another
study reported that the tensile strength of alkali-
freated flax fibore composites increased significantly,
reaching up to 50 MPa [31].

Despite the considerable research on CF as a
reinforcement in various polymer matrices, there has
been a lack of studies specifically incorporating CF
info rPLA. Moreover, filament production for FDM,
particularly involving composite materials, faces
challenges related to dimensional accuracy,
consistent  melting, and exfrusion stability [32].
Therefore, this study aims to fill in the gap in the
literature by assessing the influence of CF and
exirusion process parameters on the mechanical
strength of rPLA.

2.0 METHODOLOGY
2.1 Specimen Fabrication

Recycled PLA pellets were created from PLA 3D
printing waste that has been shredded first with @
length of 3-5 mm (Figure 1). Coir fibres, extracted
from coconut husk sourced from Temon, Kulon Progo,
were cut with around 4 mm length (60 grams) before
added to 1 liter of a mixture containing 160 ml of
hydrogen peroxide (H202) and 0.5 grams of sodium
peroxide and stired for 1 hour. Afterward, the coir
fibres were rinsed using distilled water and dried using
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an oven at 100°C for 12 hours. The preparations flow
of coir fibre is shown in Figure 2.

According fo the preliminary experiments, rPLA
was very brittle hence it was subsequently mixed with
virgin PLA pellets measuring 2-3 mm (NV = EX2001;
purchased from Indofilam) at 50%-50% ratio. Before
use, rPLA pellets and virgin PLA pellets were dried
using an oven at 100°C for 2 hours to reduce the
water content. The mixture of rPLA, virgin PLA, and
coir fibres was melted and extruded using a
Wellzoom Filament Extruder. This device is a
compact single-screw extruder with a screw
diameter of 16 mm and a length-to-diameter (L/D)
ratio of 15:1, equipped with a PID-confrolled heating
system and adjustable speed via a stepper motor. It
supports various thermoplastics, including PLA, ABS,
and wood-plastic composites, and can operate at
temperatures up to 300°C. The extruder uses a 1.75
mm nozzle, with an extrusion accuracy maintained
within £0.05 mm.

Coconut husk Coir fibre: Caoir fibre after cutting

Dried coir fibre:

Bleaching treatment

Figure 2 Coir fibres preparations

2.2 Design of Experiments (DOE)

This study evaluates three factors, i.e., ratio of coir
fibre content, melting temperature, and exirusion
speed. Each factor was tested at three levels, as
shown in Table 1, to determine their impact on the
filament strength.

Table 1 Influencing factors and level for each factor

Taguchi method was employed using an orthogonal
array (OA) to optimise the exirusion parameters for
recycled PLA filament. Instead of testing every
possible combination of levels across all factors, this
method is designed fo cover the parameter space
efficiently by capturing the main effects and
sufficient interaction effects with fewer experiments.
The size of an OA depends on the number of factors
and levels and degrees of freedom of the
parameters selected. This study used L9 (33) OA as
shown in Table 2. Each run was duplicated three
fimes, creating 27 total specimens.

2.3 Experimental Setup

To assess the mechanical properties of the extruded
filament, tensile tests were conducted using the CRN-
50 Ultimate Tensile Machine (Carson Technology
Testing Equipment Co. Ltd.). The filament samples
prepared for testing had a diameter of 0.75 mm and
a length of 150 mm. The tensile speed used in the
experiment was 0.5 mm/min. It was selected to
ensure precise load application on the small-
diameter specimens and to minimize strain rate
effects.

Table 2 L orthogonal array

_— Extrusion
Run Code Coir 5;) res T MeIiD Speed

(Wi%) emp(*C) (mm/min)

1 0-160-300 0 160 300

2 0-170-475 0 170 475

3 0-180-650 0 180 650

4 1-160-475 1 160 475

5 1-170-650 1 170 650

6 1-180-300 1 180 300

7 3-160-650 3 160 650

8 3-170-300 3 170 300

9 3-180-475 3 180 475

Coir Fibres Melt Extrusion Speed
(wi%) Temperature (°C) (mm/min)
0 160 300
1 170 475

3 180 650

For validating the experimental outcomes, the
optimized combination of coir fibre content, melting
temperature, and extrusion speed was selected for
extrusion. The filament was subsequently printed
using an FDM printer following the ASTM Dé38 type IV
standard (Figure 3). The dimensions of the specimen
were 115x19%3.4 mm. While ASTM Dé38 recommends
a 5 mm/min crosshead speed for Type IV specimens,
a reduced speed of 2 mm/min was used in this study.
This adjustment was based on preliminary frials that
revealed the brittle nature of the recycled PLA
composites caused premature failure when tested at
higher speeds. The lower speed allowed for smoother
load application and better consistency in capturing
tensile properties.
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Figure 3 Specimen dimension according to ASTM Dé38 type
IV standard

Printing parameters used were as follows: nozzle
diameter of 0.4 mm, layer thickness of 0.15 mm, hot-
end temperature of 220°C, bed temperature of 60°C,
infill percentage of 100%, infill pattern of lines, and
print speed of 70 mm/s. The specimens’ morphology
was captured using a digital microscope Dino-
Lite/1,3MP series AF4915 analysed using Imagel
software. The cross-sectional images of fractured
specimens were processed by converting the images
to grayscale. Subsequently, the images were
binarized using an optimized threshold. The total pore
area was determined using the "Analyze Particles”
tool, and porosity was calculated as the percentage
of pore area relative to the total cross-sectional area.

Tensile properties were selected as the focus of
this study due to their sensitivity to material defects
and their relevance in evaluating the structural
integrity of FDM-printed parts. Since rPLA and fibre-
reinforced composites are prone fo issues such as
poor interfacial adhesion and increased porosity,
tensile fests provide a robust basis for assessing
performance under load.

2.4 Analysis using Taguchi

Using the Taguchi method, experimental data were
transformed into signal-to-noise (S/N) ratios. S/N raftios
quantify the influence of factors on a response by
maximizing the 'signal' (desired outcome) and
minimizing the "noise" (undesirable variations). The
S/N ratio is used to see which factors have the most
influence on the experimental results. Three types of
S/N ratio characteristics include smaller is better,
nominal is the best, and larger is better.

For this experiment, where the goal was to
maximize the tensile properties of a material, a 'larger
is better' S/N ratio was employed. This means that
factors leading to higher tensile values would result in
larger S/N ratios. The formula to calculate this
approach is shown in Eq. (1), where n equals to S/N
ratio, n represents the number of repetitions, and Y;
represents the i*" individual experiment result.

1 1
1= -10log[2 T ()

The Taguchi method was chosen for this study
due to its simplicity, efficiency, and suitability for
early-stage  optimization. Compared to other
factorial or response surface designs such as Box-

Behnken Design (BBD) or Central Composite Design
(CCD), the Taguchi method enables significant
reduction in the number of experimental runs while
still identifying the most influential factors affecting
the responses. This is particularly important given the
resource constraints associated with processing
recycled PLA and natural fibre reinforcements.
Moreover, to address the multi-response nature of
the study, the Taguchi method was infegrated with
Grey Relafional Analysis (GRA). This combined
approach allows for effective  simultaneous
optimization of multiple performance characteristics
without the need for complex response surface
modeling.

2.5 Grey Relational Analysis

Grey Relational Analysis (GRA) is a statistical method
that combines multiple performance characteristics
intfo a single value, allowing for the optimisation of
control parameters with  mulfi-responses.  This
approach utilizes the Grey Relational Grade (GRG) to
optimize parameters based on their effects on the
responses [30]. First, each performance
characteristic's data must be pre-processed fo
enable comparison across various scales and units.
This pre-processing involves normalizing the data so
that each factor's impact is equally considered,
regardless of its original magnitude or unit. As the
response for tensile data is expected to be larger,
“larger is better” is chosen. The equation is shown in
Eg (2), where x;* is the normalised value, x; is the
original S/N ratio value of the i-th experiment for the
j-th performance characteristics, min (x;) and max
(xj) are the minimum and maximum values of the j-th
performance characteristic across all experiments,
respectively.

Xj — min(x;)
it = (2)
max(x;) — min(x;)

Following normalization, the next step involves
calculating the Grey Relational Coefficient (GRC) for
each response. This coefficient measures the
closeness of the given alternafive to the ideal
solution. The GRC is computed using a formula that
considers both the deviation of each alternative from
the ideal, and a distinguishing coefficient which helps
modulate the influence of the deviation on the final
result. The deviation sequence and the GRC formula
are shown in Eq (3) and (4) respectively, where
A;;represents the deviation,  xg is ideal (best)
normalized value for the performance characteristic,
typically taken as 1 for “larger is better”, xfj is the

normalized value of the i -th experiment for the j-th
performance characteristic, {;; is the GRC value of
the i -th experiment for the j-th performance
characteristic; A,,;, and A,,;, are the minimum and
maximum deviations across all experiments for all
characteristics, and ¢ is the distinguishing coefficient
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(also known as the resolution coefficient), which is a
user-defined parameter typically set between 0 and
1(in this study it is set at 0.5).

Aij = |xg —xi; (3)
_ ﬁ::zi::"’ﬂanzﬂx
gij N ﬂﬂi(k]""{"(mﬂx (4)

Once all GRCs are calculated, they are
aggregated into the Grey Relational Grade (GRG).
This grade is a weighted sum of the GRCs, where
weights reflect the relative importance of each
response in the multi-response scenario. A higher
GRG indicates a better overall performance of the
parameter setfings under consideration. GRG
formula is shown in Eq (5), where y; represents (GRG)
for the i -th experiment; n is the total number of
performance characteristics or criteria evaluated in
the experiment, ¢;; is the GRC value of the i -th
experiment for the j-th performance characteristic.

Vi=En & (5)

While  Young’'s modulus is an important
mechanical property representing material stiffness, it
was not included in this study’s opfimization scope.
The focus was directed toward UTS and elongation atf
break, as these properties are more sensitive to
recycled material degradation and more relevant for
FDM applications where tensile failure is often critical.
Moreover, limiting the analysis to two oufputs
enabled a clearer implementation of the Taguchi-
GRA method in this preliminary investigation.

3.0 RESULTS AND DISCUSSION
3.1 Ultimate Tensile Strength

Figure 4 shows the average and standard deviation
of the ultimate tensile strength (UTS) of extruded and
commercial filaments. Extruded filaments generally
display a lower average UTS compared fo
commercial filaments, as indicated in the graph.
Extruded filaments with the highest UTS results are
filaments with variations of 1% coir fibres, melt
temperature 170°C, and exirusion speed 650 mm/min.
This may be attributed to more effective dispersion of
coir fibres at this setting, which can enhance stress
fransfer between the maftrix and fibres. In contrast,
during extrusion frials, it was qualitatively observed
that at 160°C, the rPLA-coir mixture became more
viscous and prone to premature solidification inside
the barrel, leading to flow instability and partial
clogging. At 180°C, however, the melt became
excessively fluid, which likely reduced shear forces
and hindered fibre dispersion, resulting in
agglomeration. This behavior aligns with findings from
Abeykoon et al., where underheating leads to
inadequate melt fluidity and poor fibre mixing, while

overheating causes thermal degradation and
disrupts fibre distribution uniformity, both of which
compromise mechanical performance [34], [35].
Additionally, the exfrusion speed significantly
influences the UTS; higher speeds tend to increase
the UTS. However, increasing the coir fibre content
leads to fibre accumulation at several points,
consequently lowering the UTS of the resulting
filament.
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Figure 4 UTS of the exiruded filaments compared with
commercial PLA

S/N ratio for the UTS is shown in Figure 5. The highest
S/N ratio is obtained when no coir fibres added. As
the coir fibre content increases, there is a noticeable
decline in the S/N ratio. This resultf is different from the
previous where the highest UTS observed from
filament with 1% coir fibre. This is probably because
filaments without coir fibre exhibits less variability and
those with coir fibre show higher variability due to
uneven distribution of fibres. Furthermore, the
reduction in UTS with increasing coir fibre content
may also stem from the intrinsic incompatibility
between the hydrophilic nature of untreated coir
fibres and the hydrophobic PLA matrix. This mismatch
can result in poor interfacial adhesion and
inadequate stress transfer, promoting interfacial
debonding and fibre pull-out during fensile loading
[86]. [37] Such weak bonding acts as sfress
concentrators, thereby reducing the composite's
load-bearing capability. For the melt temperature,
the S/N ratio peaks at 170°C. Lower and higher
temperature resulted in lower S/N ratio, consistent
with the findings from Figure 4. Extrusion speed also
shows similar results where the highest S/N ratio
achieved from the higher extrusion speed.
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Figure 5 Main plot graph for ultimate tensile strength

3.2 Elongation at Break

Figure 6 displays the average and standard deviation
of the elongation at break of commercial flaments
and extruded filaments. Based on the data obtained,
all extruded filaments have a lower elongation at
break compared to commercial filaments. This shows
that commercial PLA have better ductility compared
to recycled filaments. This is expected as extruded
filaments have experienced degradation when
reheated and confain  more porosity than
commercial filaments. As measured from cross-
sectional images using ImageJ, the porosity of rPLA
specimens averaged 28.2%, compared 1o just 5.2% in
commercial PLA. Higher porosity increases the
number of voids and disconfinuities within the
material, which act as stress concentration points
and inhibit plastic deformation. This leads to earlier
crack initiation and brittle failure, thus reducing the
material's ductility and elongation at break.
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Figure 6 Elongation at break of the extruded filaments
compared with commercial PLA

Consistent with the UTS findings, the highest S/N
ratio is observed from extruded filaments with no coir
fibre (Figure 7). The elongation at break decreased

with higher fibre content, which can be attributed to
weak fibre-matrix interactions that limit the material’s
ability fo undergo plastic deformation before
fracture. Several studies have similarly reported that
increasing fibre content in composite filaments
generally leads to a decrease in elongation at break
due to poor interfacial bonding between the fibre
and matrix [36], [37], [38]. This incompatibility is
especially common when untreated natural fibres
are blended with hydrophobic polymers like PLA,
resulting in reduced mechanical performance due to
fibre pull-out and interfacial failure [36], [37].

Main Effects Plot for SN ratios
Data Means

Coir Fibres Melt Temperature Extrusion Speed

Mean of SN ratios
-
-

Signal-to-noise: Larger is better

Figure 7 Main plot graphs for elongatfion at break of the
extruded filaments

Similarly, the highest S/N ratio is observed from
filaments extruded at 170°C and with extrusion speed
of 650 mm/min. This temperature likely facilitated
sufficient chain mobility and interlayer diffusion,
which are critical for ductile behavior during tensile
deformation [39], [40]. In glassy polymers like PLA,
tensile stress lowers potential energy barriers,
enhancing molecular mobility and narrowing
reloxation fime distributions—ultimately improving
local homogeneity and cohesive strength [41]. In
addition, diffusion mechanisms such as chain
hopping enable polymer chains to disengage and
redistribute across interfacial boundaries, further
promoting interlayer bonding [42]. These mechanisms
contribute to improved resistance to fracture by
enhancing structural continuity between extruded
layers. At lower temperatures, limited polymer flow
may result in weak layer adhesion and elevated
internal stresses, thereby restricting elongation [43].
Conversely, excessive temperatures can trigger
thermal degradation and reduce molecular weight,
compromising the material's ability to undergo
plastic deformation [35]. In terms of extrusion speed,
higher speeds can lead fo smoother filament
surfaces and reduce cooling-induced irregularities,
thereby minimizing early crack initiation sites and
supporting better ductile performance [44].
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3.3 Multi-response Optimisation using GRA

S/N ratio for multi-response optimisation  was
obtained after calculating the GRG (Table 3). The
effect of each parameter on tensile properties can
be seen through the main plot graph (Figure 8) to
determine the optimal parameters.

Table 3 S/N ratfio for multi-response optimisation using GRG

No GRG S/N Ratio
1 0.54 -5.39
2 0.64 -3.86
3 0.58 -4.76
4 0.34 -9.33
5 1.00 0.00
6 0.44 -7.23
7 0.45 -7.00
8 0.37 -8.59
9 0.36 -8.82

The main effect graph shown in Figure 8 shows
that the optimal parameters used are coir fibres 0
wt.%, melt temperature 170°C, and exfrusion speed
650 mm/min. Increasing the coir fibre content causes
a decrease in the tensile properties of the filament. It
can be observed that increasing the content of coir
fibres reduces the tensile properties of the filament,
primarily due to fibre agglomeration and uneven
distribution of fibre, which cause localised stress
concenfrations and premature failure. Several studies
have shown that untreated natural fibres like coir
tend to form clusters within polymer matrices and
suffer from poor interfacial bonding with PLA due to
surface incompatibility [36], [37].

The melt temperature presents an optimal value
at  170°C, declining at higher and lower
temperatures. At temperatures above 170°C, rPLA
becomes too fluid, hindering the uniform extrusion of
coir fibres and potentially causing blockages in the
extrusion process. At a lower temperature of 160°C,
rPLA mixed with coir fibres tends to harden more
rapidly within the extrusion machine. This premature
hardening can create difficulties during the extrusion
process, as the increased viscosity at this lower
temperature makes it harder for the filament to flow
smoothly through the exiruder. This observation is
supported by Abeykoon et al. [34], [35], who
demonstrated  that  both  underheating and
overheating in polymer extrusion compromise fibre
distribution and melt homogeneity.

On the other hand, the exfrusion speed
parameter shows an increase in tensile properties at
the highest speed. At lower speeds, the filament
tends to develop a wavy surface which can
negatively affect its mechanical strength and
uniformity. Adjusting the extrusion rate has been
shown to significantly affect surface quality. Wang et
al. [45] demonstrated that correcting the extrusion
flow rate can reduce surface defects and improve
wall thickness accuracy in thin-walled models.
Additionally, in high-speed exfrusion scenarios,

surface finish may deteriorate due to heat buildup
and flow instability; however, optimized material
formulations or confrolled speed adjustments can
mitigate these effects [46]. While some studies
suggest speed may have a limited impact within
certain ranges [47]., ensuring consistent flow and
cooling conditions remains key tfo achieving
smoother  filament  surfaces and  improved
mechanical performance.

Main Effects Plot for SN ratios
Data Means

Coir Fibre Melt Temperature Extrusion Speed

Mean of SN ratios
&

o 1 3 180 170 180 200 475 650
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Figure 8 Main plot graphs for multi-responses optimization of
the extruded filaments

Figure 9 presents two 3D printed specimens: one
fabricated from commercial PLA and the other from
rPLA composite. A noficeable difference between
the two is that the rPLA specimen has a rougher and
more uneven surface compared to the smooth and
uniform surface of the commercial PLA specimen.
The variance in surface quality can be aftributed to
several factors associated with the materials used
and the extrusion process. Firstly, rPLA often contains
impurities due to the recycling process, which can
affect the consistency of its melting and exfrusion
properties and lead to a rougher surface finish. In
contrast, commercial PLA is manufactured with
precise control over its properties to ensure it melts
and extrudes smoothly, thus resulted in a finer surface
finish.

Figure 9 ASTM D438 Type IV commercial PLA (leff) and rPLA
specimens (right)
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The parameter combination of 0 wi% coir fiber, 170°C
melt tfemperature, and 650 mm/min extrusion speed
(coded as 0-170-650) was identified as the optimal
setting based on the highest Grey Relational Grade
(GRG) from the mulli-response optimization. This
setting was selected for the confirmation experiment
and used as the basis for comparison with
commercial PLA in order to evaluate the mechanical
performance of optimized recycled PLA filaments
under standardized testing. Tensile testing was
carried out with the ASTM Dé38 type IV standard
design. The tensile test data in Table 4 show that both
the ultimate tensile strength and elongation at break
of the commercial white PLA specimen have higher
values than the rPLA specimen. To ensure a fair
comparison, the commercial PLA specimens were
printed using the same printing parameters as the
opfimized rPLA filament under the 0-170-650
condition.

The tensile testing conducted in accordance with
ASTM D638 Type IV standard reveals differences in
the mechanical properties of commercial white PLA
and rPLA specimens, as detailed in Table 4.

Table 4 Specimens’ UTS and Elongation at breaks
compared to prediction

Commercial rPLA
Type PLA (0-170-
650)
Ultimate Tensile 1
Strength (MPa) 38.28 18.08
2 38.04 16.63
3 41.41 16.34
Means 39.24 17.02
Predicted UTS 23.56 18.76
Elongation at Break (%) 1 3.37 1.09
2 2.58 0.93
3 2.06 1.25
Means 2.67 1.09
Predicted Elongation 2.57 0.72

The results show that commercial PLA specimens
consistently exhibit superior performance in both UTS
and elongation at break compared to rPLA
specimens. UTS of commercial PLA filaments is
averaged at 39.24 MPaq, significantly exceeding the
predicted UTS of 23.56 MPa. On the other hand,
extruded rPLA specimens demonstrate UTS value at
17.02 average, closely aligning with the predicted
value of 18.76 MPa. Commercial PLA shows
elongation at break with a mean value of 2.67%,
which is closely accurate with the prediction at
2.57%. However, rPLA specimens exhibit much lower
elongation rates with an average of 1.09%. Despite
being lower, these figures slightly exceed the
predicted elongation of 0.72%. It is worth noting that
although the optimal parameter combination (0 wt%
coir fibre, 170°C melt temperature, 650 mm/min
extrusion speed) matches the settings used in Run 5
of the Taguchi L9 orthogonal array, a direct

comparison between these ftwo results is not
appropriate. This is because the DOE experiments
were conducted on extruded filament samples,
whereas the confirmation test involved 3D printed
ASTM Dé38 Type IV specimens. Differences in
geometry, layer deposition, and stress distribution
during printing affect the mechanical performance,
making the results inherently different. However, the
consistency in identifying the same parameter
combination as opfimal in both experimental stages
emphasizes the reliability of the optimization

Specimens’ morphology can be seen in Figure 10.
As noted in Section 3.2, ImageJ analysis of cross-
sectional micrographs revealed that extruded
filament specimens exhibited an average porosity of
28.2%, significantly higher than the 5.2% measured in
commercial PLA specimens. The elevated porosity in
the rPLA specimens can be attributed to several
factors. First, the recycling process involves repeated
thermal exposure, which promotes chain scission and
reduces melt viscosity, increasing the likelihood of
void formation. Second, residual moisture—even
after drying—may lead to hydrolytic degradation
and vapor formation during extrusion. Third, the
incorporation of untreated coir fibres can further
increase porosity due to poor dispersion and weak
interfacial adhesion, which prevent the polymer
matrix from fully encapsulating the fibres and
infroduce internal voids.

Figure 10 Fracture Cross-section of Commercial Filament
Specimen (left) and Extruded Filament (right)
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This higher porosity in the rPLA specimens contributes
directly to their decreased tensile properties when
compared to the commercial flaments. The reduced
material density from higher porosity leads to poor
compaction and less adhesive interactions between
filament layers, which compromises the structural
integrity and mechanical strength of the rPLA. This is
consistent with findings from Klosterman et al. [48],
who reported that higher porosity leads to easier
horizontal propagation of cracks between layers,
reducing strength and increasing the likelihood of
failure. The observed fracture surfaces corroborate
these findings: the commercial filament fractures
were cleaner and smoother, indicative of a more
brittle fracture that typically occurs in denser, less
porous materials. Conversely, the rPLA specimens
displayed rougher fracture surfaces, aligning with
findings from [49], which noted similar characteristics
comparing virgin PLA to rPLA. The rPLA fractures were
more ductile with litftle plastic deformation,
suggesting that the material absorbed more energy
before fracturing, a typical characteristic of materials
with higher porosity and rougher texture.

Overall, the inferior performance of rPLA
compared to commercial virgin PLA in terms of
strength and elasticity can be attributed to the
degradation of polymer chains during the recycling
process, which results in shorter chains and less
uniform material properties. Thermal degradation
typically results in a decrease in molecular weight,
which is closely associated with a decline in
mechanical properties such as tensile strength and
impact resistance [50], [51], [52]. Additionally,
impurities and variability in the recycling process can
further compromise these properties. While rPLA offers
a sustainable alternative by utilizihng recycled
materials, its application in high-strength or high-
flexibility scenarios is compromised.

4.0 CONCLUSION

In this study, rPLA, derived from 3D printing waste, has
been reprocessed to create FDM filament. The study
assessed the effects of incorporating coir fibers as a
reinforcing material and varying extrusion process
parameters (melting femperature and exfrusion
speed) on the Ultimate Tensile Strength (UTS) and
elongation at break. The experimental results were
stafistically analyzed using the S/N ratio and Grey
Relational Analysis methods. The results show that the
optimal combination for tensile properties includes
0% coir fibers, a melt temperature of 170°C, and an
exfrusion speed of 650 mm/min. The UTS and
elongation at break of rPLA were found at lower
values compared to commercial PLA filaments. This
underscores the need for further refinement in
processing techniques and possibly material
formulations to enhance the properties of recycled
filaments. Future research should focus on optimizing
the recycling processes and exploring additives or

modifiers that could reinforce the mechanical
properfies of rPLA without compromising its
recyclability and environmental benefits.
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