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Rice husk biochar was added to polylactic acid (PLA) to create a biocomposite filament suitable for the extrusion-
based 3D printing process of fused deposition modelling (FDM). Taguchi L;¢ was used for experiment design, and
the significance of process parameters was determined using variance analysis (ANOVA). For a 0.3-mm layer
thickness, the addition of 5 wt.% biochar resulted in ultimate tensile strength and a modulus of elasticity of 36
MPa and 1103 MPa, respectively. The addition of biochar had a negative influence on flexural strength. The
maximum flexural modulus was obtained with 3 % biochar, 100 % infill density, and 0.1 mm layer thickness.
Particularly, 1 % biochar resulted in a considerable increase in impact strength, while a subsequent rise in
biochar resulted in a decrease, probably due to the agglomeration effect. For 3D printed neat PLA, the average
tensile strength, tensile modulus, flexural strength, flexural modulus, and impact strength observed were 19 MPa,
550 MPa, 54 MPa, 1981 MPa, and 25 KJ/mz, respectively. Additionally, considering the output of each test, a
multicriteria decision-making model, namely, TOPSIS, has been utilized for ranking the mechanical performance.
In order to optimise the mechanical properties of three-dimensional printed objects, the study suggests a layer

thickness of 0.2 mm, an infill density of 100 %, and raster angle of 0° as the FDM process parameters.

1. Introduction

Additive manufacturing, commonly referred to as 3D printing, has
gained widespread popularity due to its ability to create complex ge-
ometries and customized products with ease and speed [1]. Among
various 3D printing processes, Fused Deposition Modelling (FDM) is an
extensively used and economical method for producing 3D parts. In
FDM, molten polymer is extruded through a nozzle, which solidifies on
cooling to form a 3D object, layer by layer. The technique offers sig-
nificant design flexibility, low lead time, and cost-effective production.
FDM printing technology predominantly employs thermoplastic poly-
mers like Acrylonitrile Butadiene Styrene (ABS), Polylactic acid (PLA),
Nylon, Polyethylene terephthalate glycol (PETG), and Thermoplastic
Polyurethanes (TPU). These materials have been used in several appli-
cations, ranging from automotive to medical [2]. The selection of
polymer material depends on the specific requirements of the printed
part, such as strength, stiffness, and durability. However, the mechanical
performance of the 3D printed items is often not satisfactory, limiting
the application of 3D printing in high-performance engineering
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applications.

The physical and mechanical characteristics of 3D printed items
depend largely on the filament material and process parameters like
raster angle, layer thickness, nozzle temperature, bed temperature, infill
density, and infill pattern. Rodriguez-Panes et al. [3] analysed the
impact of build orientation, infill density and height of layer on me-
chanical behaviour in PLA and ABS. The results of the investigation
demonstrated that PLA had a greater influence on the variations in
process parameters compared to ABS. The investigation by Chokshi et al.
[4] revealed that the choice of infill density and pattern affects the
strength of specimens produced by FDM significantly. Infill density and
thickness of the layer have a notable impact on the ability of the printed
samples to withstand bending forces; the flexural strength (112 MPa)
increased five times at optimised FDM process parameters. Mensah et al.
[5] found that at higher infill density, 3D-printed PLA had better tensile
and ductile properties and enhanced fire properties.

To overcome the limitations of polymer materials, researchers have
explored the use of fibre reinforcement to enhance the mechanical
properties of FDM printed parts. Both synthetic and natural fibres have
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Table 1
Physical and mechanical properties of PLA materials as provided by the supplier.
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Matrix Melt flow index (g/10 min) Density (g/cc) Tensile modulus (MPa) Tensile strength (MPa) Elongation at yield (%)
PLA: 3D850 7-9 1.24 2315 50 3.31
been investigated as potential reinforcements. The utilization of High
Strength High Temperature (HSHT) fibreglass as reinforcement in the ;‘able'z for fil " .
3D printing process resulted in a 56 % increase in impact strength xtrusion process temperature for flament manufacturing.
compared to conventional FDM materials. However, it was observed Barrel zone  Feed Compression Mixing Die Screw
that there is a limit to the amount of HSHT fibreglass that can be added, zone[ zone [C] zone ['C]  zone speed
L . . °C] [°C] [RPM]
which is 59 % by volume, before reaching an extent where further in-
crements actually reduce the impact strength [6]. Synthetic fibres are PLA 195 195 220 210 30
. . PLA + 180 185 195 195 20
derived from non-renewable resources and have a considerable biochar
ecological footprint. Alternative reinforcement options, such as natural 4 PEG
fibres or bio-based materials, which offer comparable strength charac- Cooling Normal temperature of water

teristics while being more environmentally friendly, are being explored.
Natural fibres have attracted attention due to their low cost, renewable
nature, and sustainability. Natural fibres like hemp [7], jute [8], and flax
[9] have been used as reinforcement in FDM printed parts, with varying
degrees of success. The use of agricultural residues as fillers in PLA
(Polylactic Acid) has shown a significant improvement in the
thermo-mechanical properties of the resulting composite after 3D
printing [10].

Another promising additive to FDM printing is biochar, a carbon-rich
product derived from the pyrolysis of organic waste. Biochar is a
renewable material with a multitude of positive environmental impacts
as well as possessing unique inherent properties [11]. The use of biochar
in polymer composites has been identified as a possible technique to
enhance sustainability [12-14]. This is supported by a study conducted
by Kane and Ryan, indicating a substantial increase in the rate of
degradation of PLA with biochar in composting environments as
compared to neat PLA samples [15]. To enhance the thermal and me-
chanical characteristics of polymer composites, biochar is being used as
a reinforcement material. In the study by Huang et al., it was demon-
strated that the incorporation of grapevine biochar in PLA led to sig-
nificant improvements in the tensile and impact strengths of the
composite, with increases of 41.4 % and 32.1 %, respectively, compared
to pristine PLA [16]. Tensile modulus was improved after the addition of
5 % biochar by weight to the hemp/PLA composite [17]. When 40 %
biochar was added to rHDPE (recycled high-density polyethylene),
tensile strength, stiffness, and flexural storage modulus improved
significantly but the composite became too brittle [18]. Pudetko et al.
discovered enhancements in the thermo-mechanical properties of com-
posites when sewage sludge-derived biochar was incorporated into PLA
(polylactic acid) [19]. At 25 % loading by weight, the addition of
carbon-rich biochar (CRB) produced from agricultural by-products
increased the tensile modulus by 21 % and the impact strength by 76
% for the CRB/PLA composite [20]. Zhang et al. [21] observed that at a
high content, i.e., 70 wt.% of biochar derived from poplar wood in the
high-density polyethylene, the stress concentration was very high,
resulting in a 50 % decrease in flexural strength. This study suggests the
characteristics of biochar/polymer composites are largely influenced by
the amount of filler used.

Research has shown that biochar-reinforced polymer composites
exhibit improved mechanical performance. However, only a few studies
have investigated the use of biochar in FDM printed parts. One potential
application is the use of biochar as a filler in PLA-based composites for
FDM printing. The resulting biocomposite could potentially offer
improved mechanical performance, reduced environmental impact, and
enhanced sustainability. George et al. added coconut shell biochar in
powdered form to PLA/polybutylene adipate-co-terephthalate (PBAT)
composite, and then this mixer was extruded to form a filament through
FDM [22]. When 0.75 wt.% high-quality biochar was added as a filler to
polypropylene, the ultimate tensile strength and Young’s modulus of
3D-printed biocomposite improved by 46 % and 34 %, respectively [23].

In the study by Idrees et al. [24], there was a 32 % increase in strength
(tensile) with 0.5 % biochar and a 60 % improvement in modulus
(tensile) with 5 % biochar in PET (polyethylene terephthalate).

In the current investigation, the effect of incorporating biochar into
PLA and the influence of selected process parameters of FDM 3D printing
on the mechanical properties of the resulting biocomposites were
studied. Biochar was added in various proportions to PLA, and the
batches were extruded into FDM filaments of a diameter of 1.75 mm. On
the basis of the Taguchi L;¢ experimental design, test specimens were 3D
printed. Different mechanical tests were performed as per the standards,
and the results were analysed accordingly.

2. Materials and methods
2.1. Materials

Biochar (BC), produced from pyrolysis of rice husk at 600 °C, was
provided by Universal Bio-Con Pvt. Ltd., Pune. NaturTech India Ltd.,
Chennai, provided the Polylactic Acid (PLA): 3D850 granules. Table 1
lists the physical and mechanical parameters of the PLA obtained. To
improve the flexibility and printability of the resulting filament, glycol
was used as a plasticizer. Polyethylene glycol (PEG) was purchased by
Shiv Shakti Trading Corporation, Vadodara.

2.2. Production of biocomposite filament for FDM

The filament manufacturing process consisted of preparing four
batches. In the first batch, PLA granules were mixed with 2 % glycol
using a batch mixer. In the second batch, PLA granules were blended
with 1 % biochar and 2 % glycol. The third and fourth batches involved
mixing PLA granules with 3 % and 5 % biochar, respectively, along with
2 % glycol. Each batch was carefully mixed in the batch mixer to achieve
a uniform composition. Once the batches were prepared, they were
transferred to a single-screw extruder. Table 2 shows the temperature set
at different zones. The extruder was set to appropriate parameters,
including temperature at 170 °C to 210 °C according to zone in the
barrel, screw speed at 20-30 rpm, and die pressure at 2500-3000 PSI,
for processing of BC/PLA composite filament. The batches were then
heated, melted, and thoroughly mixed within the extruder barrel. The
molten PLA composites were extruded through a die, which shaped
them into continuous filaments of 1.75 mm diameter. Fig. 1 represents a
schematic illustration of the manufacturing Biochar/PLA composite
filament for FDM process.

2.3. Process parameters of FDM

According to the literature [1,3,4,9,25], the process parameters
utilised in the Fused Deposition Modelling (FDM) technique have a
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Fig. 1. Illustration of manufacturing Biochar/PLA composite filament for FDM process.

Table 3

3D printing parameters set to constant.
Process parameter of FDM Settings
Bed temperature 50 °C
Extruder temperature 210 °C
Build orientation Flat
Printing speed 60 mm/s
Nozzle diameter 0.4 mm

Table 4
Chosen process parameters and corresponding levels in the experimental design.

Parameters Level Level 2 Level 3 Level
1 4

% Weight of biochar in the composite 0 1 3 5

(%WBC)

Layer thickness (LT) (mm) 0.1 0.2 0.3 0.4

Raster angle (RA) (°) 0 30 45 90

Infill density (ID) (%) 40 60 80 100

Pattern Cubic Triangle  Octate Line

significant impact on the mechanical properties of 3D printed products.
While some aspects, such as printing speed, may have little effect on
mechanical quantities [26], others can be critical. As a result, the aim of
this research is to look particularly at the effect of four critical process
characteristics, namely the printing pattern, layer thickness, raster
angle, and infill density, while leaving the remaining process parameters
at their normal settings.

Table 3 lists some of the non-observed constant process parameters.

By focusing on these selected parameters, the study aims to gain a
deeper understanding of their individual effects on the mechanical
properties of 3D printed items. The printing pattern refers to the specific
path followed by the extrusion nozzle during printing, which can impact
factors such as strength and surface finish. Layer thickness determines
the thickness of each printed layer and can affect the resolution and
strength of the final object. The raster angle, which refers to the orien-
tation of the infill pattern, can influence mechanical properties like
tensile strength and stiffness. Lastly, infill density, which represents the
amount of material filling the internal structure of the object, can
significantly impact its strength and weight.

The study intends to provide significant insights into optimising the
FDM process to accomplish enhanced mechanical characteristics in 3D
printed products by systematically varying and analysing selected pro-
cess parameters.

2.4. Design of experiments
Table 4 represents the five parameters under investigation and the

four levels of variation. The Taguchi design is employed to achieve
reliable and robust results, reduce experimentation time, and cost, and

Table 5

Taguchi L16 orthogonal array of design of experiment.
Experiment % weight of Layer Raster Infill Pattern
run biochar thickness angle density
1 0 0.1 0 0.4 Cubic
2 0 0.2 30 0.6 Triangle
3 0 0.3 45 0.8 Octate
4 0 0.4 90 1 Line
5 1 0.1 30 0.8 Line
6 1 0.2 0 1 Octate
7 1 0.3 90 0.4 Triangle
8 1 0.4 45 0.6 Cubic
9 3 0.1 45 1 Triangle
10 3 0.2 90 0.8 Cubic
11 3 0.3 0 0.6 Line
12 3 0.4 30 0.4 Octate
13 5 0.1 90 0.6 Octate
14 5 0.2 45 0.4 Line
15 5 0.3 30 1 Cubic
16 5 0.4 0 0.8 Triangle

gain valuable insights into the factors that have the most significant
impact on the response variable. L16 Taguchi orthogonal array was used
in this study to examine the effect of selected factors and levels using the
software Minitab for statistical analysis. Biochar/PLA composite sam-
ples were printed in the configurations shown in Table 5.

2.5. Manufacturing and testing of bio-composite specimen

Ultimaker Cura Software was used for generating G-code for expor-
ted CAD models for 3D printing. An FDM-based 3D printer (Smart Maker
Dual Z200 by Rio 3D Printers) was used for manufacturing the biochar/
PLA composite specimens. The parameters mentioned in Table 3 were
set, and as per Table 5, the remaining variables were changed for
different runs of the experiments.

Tensile testing was conducted as per the ASTM D638 standards to
evaluate the strength and modulus of the FDM printed specimens. To
ensure the accuracy and repeatability of the findings, the experiment
was carried out three times independently. The specimens of size 165
mm (length), 19 mm (grip section width), 13 mm (gauge section width),
and 3.2 mm (thickness) were tightly clamped at a 115 mm distance. On a
universal testing machine (Make: Kalpak Instruments and Controls,
Pune, India) with a 10 kN load cell capacity, a uniform tensile load was
applied with a crosshead speed of 2 mm/min until failure. The data of
load vs. displacement was recorded, and accordingly, the tensile
strength and tensile modulus were evaluated.

A three-point bending setup was used to perform the flexural test,
following ASTM D790 standards. As per ASTM requirements, rectan-
gular specimens of size 127 mm x 12.7 mm x 3.2 mm with a span-to-
depth ratio of 16:1 were used. During the bending test, the crosshead
speed was 1.3 mm/min with 10 kN load cell capacity. The flexural
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Fig. 2. 3D printed biochar/PLA composite specimens for tensile, flexural, and
impact test.

Table 6
Mechanical properties observed for the 16 experiment runs.

Experiment UTS TM (MPa) FS FM (MPa) 1S (KJ/

run (MPa) (MPa) m?)

1 13+ 23 417 + 06 29 + 3.5 1083 + 21 +1.8
321

2 23 +£0.7 566 + 48 53+0.9 2086 + 25+ 0.4
932

3 32+1.9 899 + 41 66 + 2.6 2632 + 25+0.3
430

4 06 + 2.3 318 £ 12 68 +£1.7 2123 £ 28 + 3.6
396

5 23 +1.3 792 + 29 52+0.9 1901 + 38+0.5
176

6 34+ 0.6 968 + 43 60 + 2.0 2380 + 32+08
493

7 20+ 1.4 596 + 16 46 +£ 2.1 2392 + 21 +1.8
307

8 27 £1.7 750 + 09 46 +1.9 2418 + 23 +3.7
357

9 29 +1.2 1004 + 57 + 0.6 2884 + 32+0.8

21 290

10 30+ 26 920 + 10 60 £ 2.1 2350 £ 25+ 0.2
595

11 31 +3.3 953 + 53 45 + 3.1 2511 + 23 +£3.7
552

12 27 £ 0.4 802 + 21 52+1.1 1742 + 23 +3.7
303

13 16 £1.1 582 + 37 36 +3.8 2279 + 15+ 3.6
735

14 15+ 0.5 548 + 04 34+ 4.4 1621 + 11 + 3.4
255

15 36 +1.7 1103 + 64 +4.8 2452 £+ 18 +4.7

36 888

16 23+0.7 826 + 23 40 + 2.9 1801 + 19 + 6.3

132

modulus and flexural strength were evaluated based on the recorded
data of load vs. displacement and equations given in the ASTM standard.

The Izod impact testing machine (International Equipment, Mumbai)
was utilised for impact testing in accordance with ASTM D256 stan-
dards. The strip shape specimens of dimensions 64 mm (length) x 13
mm (width) x 3.2 mm (thickness) were used for impact testing. Using a
motorized notch cutter, a v notch is formed along the width to reduce it
to 10.16 mm and 45° angles. The energy absorbed during the fracture of
the 3D printed specimen was recorded, and then the impact strength for
biochar/PLA composite was evaluated. Fig. 2 shows 3D-printed test
specimens for tensile, flexural, and impact testing made by biochar/PLA
composite.
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3. Results and discussion
3.1. Mechanical properties

Three specimens are printed using an FDM printer and tested for
every experimental run. Table 6 shows the mean of each specimen as a
representative result for ultimate tensile strength (UTS), tensile modulus
(TM), flexural strength (FS), flexural modulus (FM), and impact strength
19).

3.1.1. Effect of process parameters on tensile properties

Maximum tensile strength (36 MPa) and modulus (1103 MPa) are
found at 100 % infill density, 0.3-layer thickness, a 30° raster angle, and
a cubic pattern for PLA composite with 5 % biochar (see Table 6). The
main effect plots were constructed to analyse the effects of process pa-
rameters on tensile strength and tensile modulus to acquire a better
understanding of their influence (see Fig. 3). The stress-strain behaviour
of 16 FDM-printed test specimens under tensile loading is shown in
Fig. 4.

Based on the analysis of variance, all five process parameters were
found to have a substantial impact on the tensile strength of the 3D-
printed items. The main effect plot further revealed the optimized pro-
cess parameters for maximizing the tensile strength and tensile modulus.
These optimized parameters include an 80 % infill density, a 0.3-layer
thickness, a 30° raster angle, and utilizing the Octate pattern for PLA
composite with 3 % biochar. A higher infill density results in a denser
internal structure, resulting in more material contributing to load
transfer during tensile testing. This increases the overall strength of the
printed object. Thicker layers tend to provide better interlayer adhesion,
enhancing the integrity and strength of the printed item [25]. In the case
of tensile modulus, analysis of variance indicated that all the process
parameters were significant, but biochar composition was found to be
dominant with a 39 % contribution. Within the PLA matrix, the biochar
particles might create a network-like structure [27]. This network im-
proves particle-to-particle load transfer, resulting in more efficient stress
distribution and load-bearing capability. As a result, the composite
material has increased stiffness and tensile modulus. An increase in
biochar resulting in an increase in tensile modulus has been observed in
various studies [28-31]

3.1.2. Effect of process parameters on flexural properties

A maximum flexural strength of 68 MPa was found for pure PLA, and
a maximum flexural modulus of 2884 MPa was obtained for 3 % biochar
composition (refer to Table 6). According to the Mean Effect Plot (MEP),
the optimum parameters for maximizing flexural strength and flexural
modulus were determined. It was found that a layer thickness of 0.3 mm,
a biochar content of 3 %, and a 100 % infill density were the key pa-
rameters to achieve the highest values for flexural properties (see Fig. 5).
Fig. 6 shows the load-displacement behaviour of 16 FDM-printed spec-
imens under flexural testing.

Additionally, the Analysis of Variance (ANOVA) revealed insights
into the significance of various process parameters. The effect of the
infill pattern was found to be insignificant, suggesting that different
patterns did not significantly influence the flexural strength and flexural
modulus. Akhil et al. also discovered that in bending tests, all of the infill
patterns under investigation exhibit similar relationships for flexural
stress and strain [32]. On the other hand, the infill density was identified
as the most significant parameter, contributing approximately 52 % to
the variation in flexural strength and 44 % to the variation in flexural
modulus. Infill acts as a connector linking the top ceiling and floor
layers, providing support. As infill density lowers, the reinforcement’s
ability to bear the load reduces, which results in lower flexural prop-
erties [33].

3.1.3. Effect of process parameters on impact properties
The impact strength of the 3D printed composite reached its
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Fig. 3. Main effects plot for (a) tensile strength and (b) tensile modulus.
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Fig. 4. Stress-Strain behaviour of 16 FDM-printed biocomposite experiments.

maximum value of 38 KJ/m? when using a 1 % biochar composition
with an 80 % infill density, as indicated in Table 6. The MEP for the
Signal-to-Noise (SN) ratio of impact strength, shown in Fig. 7, provides
further insights. The analysis of variance (ANOVA) revealed that layer
thickness, raster angle, and infill pattern had an insignificant effect on
impact strength, while the composition emerged as the most dominant
process parameter, contributing 62 % towards the observed variations.

The results as per Table 5 show an increase of 52 % in impact
strength of 3D printed composites with 1 % biochar content compared to
pure PLA. The reason for this was the increase in interfacial bonding of
biochar with PLA matrix [34]. It has been observed that there was a
decrease in impact strength with an increase in the biochar content. This
is due to an increase in the voids between the biochar filler and PLA
matrix, which diminishes the composites’ ability to absorb energy. This
was also reported by Shahar et al. [35].

Composition Layer Thickness Raster Angle Infill Density Pattern
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3.2. Multi-criteria decision analysis using TOPSIS

The most popular option among multicriteria decision-making
models and multiple attribute models for the most desirable option
has been TOPSIS. Using TOPSIS, it is possible to choose the ideal set of
parameters. This is determined by the selection criteria, which include
impact strength, flexural strength, flexural modulus, and tensile
strength. 16 tests with various parameter levels are obtained by the
Taguchi experimental design. These experiments are ranked using
TOPSIS based on the results of each test’s performance output. It re-
quires some steps to be followed as below:

Step 1 — Create the decision matrix

Cl Cz ...... C3

120

100 1

----- Experiment 1
—— Experiment 2
—— Experiment 3
—— Experiment 4
—— Experiment 5
—— Experiment 6
—— Experiment 7
-=-- Experiment 8
——- Experiment 9
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Fig. 6. Load-displacement behaviour of 16 flexural test experiments.
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Fig. 5. Main effects plot for (a) flexural strength and b) flexural modulus.
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Fig. 8. SEM Morphology of tensile fractured specimen of experiment run number (a) 6, (b) 9, (¢) 3 and (d) 10.

Step 6: Determine the relative closeness to the ideal solution and
ranking of experiments.

d-
Yl B
YT FExd

The decision matrix, normalization matrix, weight-normalized ma-
trix, relative closeness value, and ranking are shown in Table 6. It is
observed that experiment no. 6 is ranked 1 as per the TOPSIS. The 1 wt.
% biochar with 100 % infill and 0° raster angles are the best process
parameters for 3D printing of the biochar PLA composite. The second
ranked experiment is 9, which has 3 wt.% biochar with 100 % infill and
45° raster angles. The third ranked experiment is 3, which has 0 wt.%
biochar with 80 % infill and 45° raster angles. From the first 3 ranks, it
can be concluded that 1 and 3 wt.% of biochar in PLA is suitable for
obtaining optimized properties, whereas the experiments having 5 wt.%
are not ranked in the top (Table 7).

3.3. Morphology of tensile fractured specimen

As per TOPSIS multi-criterion decision-making, the top four experi-
ment runs are experiments no. 6, 9, 3, and 10. Fig. 8 depicts the fractured
cross-sectional surface morphology of tensile specimens from these four
tests at a resolution of 500 pm. The surface morphology of the printed
specimens, as visible in Fig. 8, offers clear visual confirmation of the
selected process parameters detailed in Table 5, such as the raster angle
and layer thickness. Fig. 8(a) shows that each layer of a 3D-printed
object is precisely aligned and does not show any signs of distortion
like swelling, warping, or separation. The influence of these factors is
evident in the outcomes, with Experiment 6 achieving the highest tensile
strength (TS) at 34 MPa. Experiment 9, on the other hand, yielded a
maximum tensile modulus (TM) of 1004 MPa. This high value of TM is

(d)

likely attributed to the combination of a minimal layer thickness of 0.1
mm and a higher weight percentage of biochar (3 %) used in this
experiment. The use of 100 % infill density can be attributed to the
increased TS and TM reported in Experiments 6 and 9, compared to
Experiments 3 and 10. Experiments with an infill density of 80 %, on the
other hand, exhibited a visible gap between layers, as indicated by the
yellow triangles in Fig. 8(c) and (d). This difference led to a reduction in
both TS and TM for the biochar/PLA composite.

4. Conclusion

The successful extrusion of 3D printing filament made from rice husk
biochar/PLA biocomposite has been achieved, making it suitable for
fused deposition modelling (FDM) applications. The addition of biochar
resulted in an increase in tensile strength, tensile modulus, and flexural
modulus of 89 %, 100 %, and 45 %, respectively, compared to 3D-
printed PLA. This indicates that the 3D-printed biochar/PLA bio-
composite can be well-suited for applications requiring increased stiff-
ness. Furthermore, the impact strength of the biocomposite showed a
substantial increase of ~52 % compared to neat PLA at 1 wt.% loading of
biochar. The analysis of variance (ANOVA) revealed that the % weight
of biochar in the composite had a significant effect on both tensile and
impact properties. It was found that, up to a point, the addition of bio-
char resulted in improved tensile and impact performance. Additionally,
infill density had a substantial influence on the flexural properties of the
3D-printed biocomposites. The effect of the infill pattern was found to be
insignificant on the mechanical properties of the biocomposites. The
mechanical performance was ranked according to the outcome of each
test by the multicriteria decision-making model TOPSIS, and experiment
number 6 was given rank one. Finally, including biochar in FDM printed
parts has the potential to provide significant benefits in terms of me-
chanical performance and sustainability. Further research is required to
optimize the printing parameters and biochar content to attain the
desirable characteristics. The development of biochar reinforced FDM
printed parts may offer new avenues for environmentally friendly and
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high-performance engineering uses.
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