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Abstract: Fused filament fabrication (FFF) is a widely used additive manufacturing process that can
produce parts from thermoplastics. Its ease of operation and wide variety of materials make it a
popular choice for manufacturing. To leverage such benefits, the commonly used thermoplastics
(e.g., PLA and ABS) are impregnated with nanoparticles, short or continuous fibers, and other addi-
tives. The addition of graphene nanoplatelets to PLA makes for a high-quality filament possessing
enhanced mechanical, electrical, and thermal properties. Even with the advancement in materials, the
optimisation of the process parameter remains the most complex aspect for FFF. Therefore, this study
investigates the influence of two under-researched and overlooked processing parameters (material
extrusion rates and line widths) on commercially available graphene-enhanced PLA (GPLA). Nine
different material extrusion rates (70% to 150%) and five different line widths (0.2 mm to 1 mm) were
used to manufacture GPLA specimens using a low-cost, desktop-based 3D printer, as per British
and international standards. The study analyses the influence of these two processing parameters
on mass, dimensional accuracy, surface texture, and mechanical properties of GPLA specimens. A
non-destructive test has also been conducted and correlated with three-point flexural test to establish
its applicability in evaluating flexural properties of GPLA. The results how that small line widths
provide more accuracy with longer print times whereas large line widths offer more strength with
shorter printing times. Increase in material extrusion rates adversely affect the surface finish and
hardness but positively influence the flexural strength of GPLA specimens. The study shows that
the manipulation of material extrusion rates and line widths can help designers in understanding
the limitations of the default printing settings (100% material extrusion rate and 0.4 mm line width)
on most desktop 3D printers and identifying the optimal combination to achieve desired properties
using the FFF process.

Keywords: fused filament fabrication; PLA; graphene-enhanced PLA; strain measurement; surface
roughness; flexural testing; line width; material extrusion rate

1. Introduction

One of the most popular AM methods, based on the principle of material extrusion,
is called fused filament fabrication (FFF), or fused deposition modelling (FDM). This
process makes use of thermoplastics to manufacture products by depositing melted material
layer-by-layer [1–6]. The systems working on the principle of FFF/FDM are termed
as 3D printers [7,8]. The FFF process has several notable advantages such as ease of
operation, wide variety of materials, and cost-effectiveness [9–12]. PLA, ABS, and ASA are
examples of commonly used thermoplastics for FFF and they have been widely researched
over the years [13–18] for the optimization of their processing parameters to achieve
properties. For example, Aslani et al. [19] investigated the effects of extraction temperature
and wall thickness on the dimensional accuracy and surface roughness of FFF-printed
PLA parts. Using the Taguchi approach and Grey relational analysis, they showed that
high extraction temperature and median wall thickness values optimize both dimensional
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accuracy and surface roughness for PLA. Similarly, Vanaei et al. [20] analysed the influence
of extrusion temperature, print-bed temperature, printing speed, and layer height on PLA
by means of physicochemical and mechanical characterizations. They also undertook
in-situ measurement of temperature profile during deposition and found that the influence
of increasing the extruder temperature is more significant in comparison with other process
parameters. For ABS, Nuñez et al. [21] investigated the dimensional accuracy, flatness, and
surface texture of FFF-printed ABS parts. They found that the layer thickness and infill
density influence the surface finish and dimensional accuracy of the parts. The results
showed that low layer thicknesses and high infill densities were favorable for better surface
finish. However, improved dimensional accuracy was a result of high layer thicknesses
and infill densities. Dawoud et al. [22] studied the effects of raster angle and gap on the
mechanical properties of ABS parts. They concluded that a raster angle layup of −45◦/+45◦

offer maximum tensile and impact strength, whereas highest flexural strength was recorded
for a 0/90◦ scaffolding system. As far as ASA is concerned, Kumar et al. [23] analysed the
influence of infill percentage and build direction on tensile strength and flexural strength
of ASA parts. The results showed that the tensile strength of ASA parts made by FDM is
higher compared to injection molded parts in literature. However, lower flexural strength
was observed upon comparison as well. Martínez et al. [24] investigated the effects of
layer thickness and printing temperatures on the mechanical and tribological response
of ASA parts. They found that ASA parts with higher layer thickness resulted in lower
resistance to tribological wear effects (in terms of friction coefficient and wear rate), but
also exhibited lower tensile strength. They achieved a reduction in the coefficient of friction
near to 65% in the average value through the variation of the layer thickness of the ASA
parts. It is, therefore, evident that optimisation of process parameters is critical in achieving
the desired results in FFF-printed parts.

In addition to optimisation of process parameters, efforts are continuously being
made to improve the properties of the commonly used thermoplastics (e.g., PLA, ABS, and
ASA) through the incorporation of particles, fibers, or nanomaterial reinforcements [25–27].
Graphene nano-platelets (GNP) have also become exceedingly popular due to their ex-
cellent properties especially incorporated with PLA for 3D printing [28]. Such a filament
provides improved operating temperature performance, high rigidity, good impact strength,
and excellent interlayer adhesion for smooth printing. Rigorous research is being under-
taken to leverage such properties of graphene enhanced PLA (GPLA) material for FFF.
Caminero et al. [29] studied the effects of GNP reinforcement and showed that the incorpo-
ration of such platelets helps in enhancing the mechanical properties, dimensional accuracy,
and surface texture of PLA parts. El Magri et al. [30] analysed the combined effect of process
parameters, loading amplitude, and frequency on fatigue behavior of GPLA parts. Their
experimental results showed that the fatigue lifetime depends on the process parameters
as well as the loading amplitude and frequency. García et al. [31] evaluated the geometric
properties of dimensional accuracy, flatness error, surface texture, and surface roughness
for PLA as well as GPLA as a function of build orientation, layer thickness, and feed rate.
They showed that the properties were not significantly affected by the chosen printing
parameters for both materials. On the other hand, Butt et al. [32] analysed the impact of
extrusion temperatures and material extrusion rates on PLA and GPLA. They showed that
GPLA is more adversely affected due to changes in these printing parameters and how
they can be leveraged to achieve desired results in products. Cicero et al. [33] investigated
the effects of three different raster orientations (0/90, 30/−60, and 45/−45) on tensile and
fracture specimens of PLA and GPLA. They observed that the addition of GNPs resulted in
significant improvement of tensile and fracture properties for specimens printed at 30/−60
and 45/−45. However, they did not observe this phenomenon in raster orientation of
0/90. Camargo et al. [34] also analysed the impact of infill and layer thickness on GPLA
parts for their tensile strength, flexural strength, and impact energy. They concluded that
tensile strength and flexural strength, increased as the infill increased, while impact energy
decreased as infill increased.
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As discussed, optimisation of process parameters is key in achieving desired results
in FFF-printed parts. However, users can still manufacture prototypes using the default
settings of different slicer software packages. Even though these settings will produce a
product, it might not be the most optimal product due to a lack of optimisation. There
are many different processing parameters that are often modified by users. However, one
often overlooked parameter is the material extrusion rate or extrusion multiplier (expressed
in percentage). It specifies the rate at which the printer will extrude the material out
from the nozzle in unit time [32]. A flow rate of 100% is typically used to avoid issues of
under-extrusion (gaps/voids between layers) and over-extrusion (accumulation of extra
material). These common issues can lead to defective products with poor properties.
Therefore, research studies have focused on identifying under/over extruded parts, but
limited literature is available in this context. Tanikella et al. [35] developed a two-step
screening process to detect under-extruded parts to avoid quality issues with desktop 3D
printers. Jin et al. [36] developed a real-time monitoring and autonomous correction system
capable of automatically changing the printing parameters upon detecting under- or over-
extrusion images. On the other hand, Forman et al. [37] purposefully used under-extrusion
to print thin and flexible textiles called DefeXtiles using a common 3D printer for different
applications such as fashion design prototyping, interactive objects, aesthetic patterning,
and single-print actuators. These examples show the significance of material extrusion rate
and how it can be manipulated to achieve desired results.

Considering the presented literature, it is clear that FFF requires optimization of its
process parameters. Therefore, this study aims to investigate the influence of two under-
researched and overlooked parameters, i.e., material extrusion rate and line width for
FFF-printed GPLA. These are commonly set by default on 3D printing software packages
as 100% and equal to the diameter of the extrusion nozzle, respectively. This work can help
understand their cumulative effect on GPLA parts to achieve desired results. The next sec-
tion (Section 2) details the materials and methods used in this study. An extensive analysis
is presented in Section 3 discussing the influence of these two processing parameters on
GPLA parts. Finally, material quality characterisation and conclusions of this work are
outlined in Sections 4 and 5, respectively.

2. Methodology
2.1. Materials and 3D Printing

HDPlas® PLA-GNP-A filament from 3D Haydale Ltd., (Loughborough, UK) was used
to manufacture specimens to analyze the effects of nine different material extrusion rates (or
flow rates expressed as percentages) and five different line widths. The reason for choosing
such a range of these processing parameters is to ensure that their cumulative effect can
be analysed for the composite GPLA material. Specimens under 100% material extrusion
rate are considered as under-extruded and over this value are considered as over-extruded,
leading to differences in the properties of printed parts [32]. An interval of 10% was used
to study the effect of material extrusion rate as it increased from under to over-extruded
specimens. For line widths, nozzle diameter is usually the reference and dictates how small
or large line width can be printed. Based on the 0.4 mm diameter nozzle, the minimum
value that the printer can print with appropriate pressure inside the nozzle is 0.2 mm,
whereas the maximum can be 1 mm and these are the values chosen for the analysis. It is
to be noted that these are two under-researched and overlooked processing parameters for
the FFF process and this study will help understand their cumulative effect on FFF-printed
GPLA parts. The GPLA used in this work comprise HDPlas® functionalized graphene
nanoplatelets of a planar size between 0.3–5 µm, that helps to improve dispersion and
bonding within the PLA polymer [38]. Anet® ET4 Pro desktop 3D printer was used to
manufacture 80 mm × 25 mm × 3 mm (L × W × H) rectangular specimens as per BS EN
ISO 178: 2019 [39]. Ultimaker Cura 4.11.0 [40] was used to generate G-code files based
on the different combinations of the two processing parameters as shown in Table 1. The
settings for material extrusion rate and line width were modified with the Cura software
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to generate the required files for 3D printing. The printed GPLA specimens are shown in
Figure 1. Five specimens for each combination of the processing parameters were evaluated
while all other parameters were kept constant (shown in Table 2). The reason for keeping
all the other parameters constant is to ensure that they do not affect the results of the study
that is focused on analysing the influence of material extrusion rates and line widths.
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Figure 1. Printed GPLA specimens.

Table 1. Combination of processing parameters (E = material extrusion rate; W = line width).

# Parameters Mass (g) Print Time (min) # Parameters Mass (g) Print Time (min)

S1 70E, 0.2W 7 111 S24 110E, 0.8W 11 32

S2 70E, 0.4W 7 57 S25 110E, 1W 11 26

S3 70E, 0.6W 7 38 S26 120E, 0.2W 12 111

S4 70E, 0.8W 7 32 S27 120E, 0.4W 12 57

S5 70E, 1W 7 26 S28 120E, 0.6W 12 38

S6 80E, 0.2W 8 111 S29 120E, 0.8W 12 32

S7 80E, 0.4W 8 57 S30 120E, 1W 12 26

S8 80E, 0.6W 8 38 S31 130E, 0.2W 13 111

S9 80E, 0.8W 8 32 S32 130E, 0.4W 13 57

S10 80E, 1W 8 26 S33 130E, 0.6W 13 38

S11 90E, 0.2W 9 111 S34 130E, 0.8W 13 32

S12 90E, 0.4W 9 57 S35 130E, 1W 13 26

S13 90E, 0.6W 9 38 S36 140E, 0.2W 14 111

S14 90E, 0.8W 9 32 S37 140E, 0.4W 14 57

S15 90E, 1W 9 26 S38 140E, 0.6W 14 38

S16 100E, 0.2W 10 111 S39 140E, 0.8W 14 32

S17 100E, 0.4W 10 57 S40 140E, 1W 14 26
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Table 1. Cont.

# Parameters Mass (g) Print Time (min) # Parameters Mass (g) Print Time (min)

S18 100E, 0.6W 10 38 S41 150E, 0.2W 15 111

S19 100E, 0.8W 10 32 S42 150E, 0.4W 15 57

S20 100E, 1W 10 26 S43 150E, 0.6W 15 38

S21 110E, 0.2W 11 111 S44 150E, 0.8W 15 32

S22 110E, 0.4W 11 57 S45 150E, 1W 15 26

S23 110E, 0.6W 11 38

Table 2. Processing parameters for GPLA [32].

# Parameters Description

1 Infill density (%) 100

2 Infill pattern Lines

3 Layer height (mm) 0.2

4 Nozzle size (mm) 0.4

5 Material extrusion rate (%) 70, 80, 90, 100, 110, 120, 130, 140, and 150

6 Line widht (mm) 0.2, 0.4, 0.6, 0.8, and 1

7 Extrusion temperature (◦C) 180, 190, 200, and 210

8 Print bed temperature (◦C) 60

9 Deposition speed (mm/s) 50

10 Fan speed (%) 100

2.2. Measurements and Experimental Testing

Since increasing the material extrusion rate adds more material, mass measurement
was needed and CBK 8H weighing scale (Adam Equipment, Milton Keynes, UK) with a
resolution of 0.1 g was used for this purpose. Similarly, to ascertain the cumulative effect
of material extrusion rate and line widths, the dimensions of the rectangular specimens
were measured using a digital Vernier caliper. Surface texture analysis was undertaken
using Surftest SJ-210 (Mitutoyo, Andover, UK) contact-type surface profilometer [41]. Ra
(average surface roughness) and Rq (root mean square) were quantitatively measured at
micro-meter level from the specimens. The traverse direction was diagonal to the building
direction at an angle of 45◦, as per ISO 21920-2:2021 [42]. Three measurements were taken
on each specimen with a measuring speed of 0.5 mm/s. After surface analysis, strain was
measured upon the application of a static load where two metallic strain gauges were
bonded to both sides of a specimen in a half bridge configuration because it instils more
sensitivity by measuring both tensile (positive) and compressive strain (negative). BF350-3
AA type metal foil resistance strain gauges were used with a resistance of 350 ± 0.1 ohms,
sensitivity factor of 2.0–2.20, and precision level of 0.02 [43]. They were bonded on the
surfaces of the rectangular specimens with cyanoacrylate adhesive [44]. A static load of
1000 g (1 kg) was applied to the specimen, as shown in Figure 2, and the resistance values
from the strain gauges were recorded using a HBM Data Acquisition System QuantumX
MX 1615B system running Catman DAQ software with a half bridge configuration. After
strain measurements, the rectangular specimens were subjected to indentation hardness as
per BS EN ISO 868:2003 [45] using a Shore D durometer. The indentation was measured
on five different points along the length to obtain an average hardness value for all the
specimens. The hardness test was followed by three-point flexural testing on a TIRAtest
2810 Universal Testing Machine with a speed of 2 mm/min as per BS EN ISO 178:2019 [39].
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The diameter of the former and supports was 10 mm, and the specimens were placed in
such a way to ensure a support span length of 60 mm for the test.
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3. Results and Discussions
3.1. Measurement of Mass

Both material extrusion rate and line widths can result in an increased mass for a
specific specimen. On the other hand, they can help in getting the parts printed faster. In
any case, it is imperative to ascertain the cumulative effect of these two parameters on
the GPLA specimens. Therefore, the rectangular specimens were placed atop the CBK 8H
weighing scale and their results were compared to estimations provided by Ultimaker Cura
software estimations (Table 1). It is to be noted that slicing software packages automatically
set the material extrusion rate to 100%. However, calibration is needed to ensure that the
3D printer is extruding the appropriate amount of material for the part. The primary reason
for modifying this parameter is to avoid over- or under-extrusion [35,36]. Most materials
can be extruded at a flow rate between 90% and 110% [32]. In this work, the specimens
printed at 70%, 80%, and 90% material extrusion rates can be considered as under-extruded
(gaps/voids between layers) whereas specimens printed above 100% can be considered
as over-extruded (accumulation of extra material). On the other hand, the line width is
also selected as equal to the nozzle diameter (0.4 mm for Anet® ET4 Pro 3D printer). The
normal range is between 100% and 120% of the nozzle diameter. Small extrusion widths
can provide more accuracy with longer print times whereas large extrusion widths offer
more stability with shorter printing times. This work is aimed at analysing the influence of
material extrusion rates and line widths to ensure that that the optimal combination can be
identified for different applications.

To analyse the results, the percentage differences of the GPLA specimens are calculated
by subtracting the measured value from the expected value (Table 1), dividing by the
expected value and multiplying by 100 to get the percentage. For example, mass of 6.76 g
was measured for 70% material extrusion rate and 0.2 mm line width and the expected value
is 7 g (Table 1). This results in ((6.76–7)/7) × 100 = −3.43%. All the percentage differences
have been calculated using this relation. For the measurement of mass, the percentage
differences are shown in Figure 3. It is clear that as the extrusion flow rate increased from
under-extruded to over-extruded specimens, the mass decreased as indicated by a larger
negative percentage difference. This can be attributed to the fact that with the increased
extrusion rate, excess material gets swept away and accumulate on the edges as the nozzle
make a pass over the printed surface and break away in beads/pieces with every pass
of the nozzle as the part is completed. The same as can be observed with increase in line
width. A higher line width provides mass value closer to the estimated value as opposed
to a lower value except for 100% material extrusion rate where the negative percentage
difference increased with increase in line width. It is evident that GPLA is unable to provide
the same mass values as estimated; therefore, adjustments should be made to account for
the discrepancies as per the results obtained for mass measurements.

3.2. Dimensional Analysis

The FFF is a popular option for manufacturing but is often criticised for producing di-
mensional inaccuracies due to its layer-by-layer deposition of the printed material [29,46,47].
This is problematic if the part being printed is to be fitted within an assembly or to be used
for a specified application where dimensional accuracy is required. Considering the two
parameters being modified here add excess material, it is important to know the extent of
dimensional inaccuracy produced by them. The dimensions of the GPLA specimens were
measured using a digital Vernier caliper and their deviations were recorded as shown in
Figure 4.
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It is evident from Figure 4a that all the specimens showed positive percentage differ-
ences (<1.33%) meaning that they exceeded the length values of the CAD file, but not to a
significant extent. Furthermore, the under-extruded specimens showed better dimensional
accuracy as less material is deposited whereas all the over-extruded specimens showed
higher positive percentage differences. At larger line widths, better accuracy along the
X-axis was observed for under-extruded specimens. However, the deviation became larger
with increase in line width for all other specimens. Along the Y-axis (Figure 4b), the same
pattern was observed as with the X-axis. The under-extruded specimens showed better
dimensional accuracy compared to over-extruded ones as more material was deposited
at higher extrusion rates. However, better accuracy was observed at lower line widths
along the Y-axis due to excess material being moved to the sides with each pass of the
nozzle at larger line widths combined with high extrusion rates. The differences along
the Y-axis are still not significant (<6%). Figure 4c shows the deviations along the Z-axis
and makes it clear why the mass values were higher as the differences are a little over 60%
for the highest extrusion rate. Under-extruded specimens (70% and 80%) showed lower
thickness values, but 90% extrusion rate showed the optimal values at all line widths. The
most consistent values along the Z-axis were observed at 100% extrusion rate at all line
widths. As the extrusion rate and line widths increased, the thickness also increased for all
the over-extruded specimens with the smallest line width offering the optimal results. This
dimensional analysis on GPLA specimens as a result of material extrusion rates and line
widths show that they are significantly affected along the Z-axis due to material accumula-
tion and comparatively less adversely affected along the remaining two axes. These results
also align well with the mass measurements discussed in Section 3.1.
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3.3. Surface Roughness Analysis

The layer-be-layer nature of the FFF process result in clear lines that can be felt or
clearly seen with the naked eye. Without optimisation of processing parameters, this could
become a serious issue when a good surface finish is required. Parts made by FFF suffer
greatly from this problem [12,32,47–50] and with the material extrusion rate as well as
line width, more material is being added, leading to gaps (under-extrusion) or material
accumulation (over-extrusion) during the printing process. To assess the surface roughness
of the GPLA specimens, Surftest SJ-210 contact-type surface profilometer was used and
all the specimens were measured with the traverse direction being diagonally across the
building direction at an angle of 45◦. It is to be noted that over-extruded specimens
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exhibit poor surface finish due to material accumulation and hence have resulted in their
peak/valley measurements exceeding the 360 µm range of the profilometer. Therefore,
the specimens shown in this section only range from 70% to 120%. The average surface
roughness (Ra) values measured along the length of the rectangular specimens are shown
in Figure 5. It can be seen that the surface roughness increased with increase in extrusion
rates as more material get deposited. It started lower for under-extruded specimens and
then increased gradually for over-extruded specimens [32]. The surface roughness was also
affected by increase in line widths as all the under-extruded specimens exhibited higher
values with larger line widths. This is because at larger line widths, more material covers
the surface and can create excessive overlap leading to higher values of peaks/valleys
during measurements. As the extrusion rate increased, smaller line widths resulted in
higher roughness values due to difficulties in generating a uniform filament flow and
showed better results at 0.6 mm and 0.8 mm line widths (for 100% and 110% extrusion
rates). At 120% extrusion rate, a pattern similar to other over-extruded specimens was
observed but with the exception that the highest surface roughness value was observed
at the largest line width. The lowest overall surface roughens values were observed for
extrusion rates of 80% and 90% for all line widths, indicating that better surface finish can
be achieved by extruding at lower extrusion rates [32].
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3.4. Strain Measurement

Strain measurement is being used in this study as a non-destructive test (NDT). Two
350-ohm strain gauges were bonded to all the rectangular specimens to measure strain
upon the application of a static load of 1000 g (1 kg) at room temperature. The specimens
were placed on two rollers of 10 mm diameter, and the strain values were recorded using
the HBM QuantumX MX 1615B system. The upper strain gauge recorded the compressive
strain whereas the lower gauge measured the tensile strain as the load is being applied in
the middle of the specimen where the gauges were bonded [44]. The results of the static
loading are shown in Figure 6. It is evident that the strain values decreased with the increase
in both extrusion rates and line widths, indicating that at higher rates and larger line widths
the specimens deflected less due to the presence of more material and thicker layers. The
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lowest strain values were observed for the highest extrusion rate of 150% for all line widths
whereas the highest values were seen at the lowest extrusion rate of 70%. This is a useful
non-destructive test that can help in evaluating the properties of a material. It is to be
noted that several factors could affect the strain measurements. They include the size and
placement of the strain gauges as well as ambient noise and temperature. the conditions
were kept consistent in this case and the application of load, albeit static, is similar to how
a three-point flexural test is conducted. Therefore, this non-destructive test can form the
basis for evaluating the flexural properties of the GPLA specimens (Section 3.6).
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3.5. Hardness Testing

Hardness is the resistance to permanent deformation exhibited by a material because of
penetration by another harder material. This resistance is higher if the atoms at the surface
are tightly packed with each other resulting in higher hardness values [9]. Indentation
hardness testing leaves behind marks or imprints on the tested parts. The results from
hardness testing are shown in Figure 7. It is evident that the hardness values reduced
with the increase in extrusion rates. This is because the excess material accumulated on
the surface of the specimens left behind higher peaks and lower valleys with minimal
support underneath to resist deformation due to indentation. It can also be seen that the
hardness values are the lowest at smaller and larger line widths. The issue with smaller
line width is that it is difficult to generate a uniform filament flow as the filament lines
trickle unevenly onto the printing plate and can melt in the process. Larger line width
can offer a more spread-out layer that is unable to provide substantial resistance to the
indentation. The line widths of 0.4 mm, 0.6 mm, and 0.8 mm showed the highest values for
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all the different extrusion rates. The highest hardness numbers were obtained at extrusion
rate of 90% whereas the lowest were obtained at 150%. These results indicate that high
hardness numbers can be achieved through under-extrusion and at line widths larger than
the nozzle diameter.
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3.6. Three-Point Flexural Testing

Increasing the extrusion rate and line width results in faster prints. However, printing
time is often a non-factor to achieve desired properties in parts. A three-point flexural test
measures the force required to bend a beam under three-point loading conditions. It is
used to determine the flex or bending properties of a material and for selection of parts
that will support loads without flexing [9,22,51]. The results from the three-point flexural
testing are shown in Figure 8. It can be seen that as the extrusion rate increased, the load
required to fracture the specimens also increased due to the presence of excess material as
discussed in Sections 3.1 and 3.2. This increased in fracture load values is because higher
extrusion rates and larger line widths require the pressure inside the nozzle to be higher as
well to squeeze the material out of the nozzle and this additional pressure does not only
squeeze the material to the sides but also presses the individual layers together more, thus,
improving the bonding between the layers. Similar to hardness testing, the smallest and
the largest line widths do not always provide the highest load values, but the in-between
line widths show better results in terms of exhibiting higher fracture loads.

To assess the applicability of the strain measurements (Section 3.4) and their correlation
with the flexural testing, a compound graph is shown in Figure 9. It can be seen that there
is an exceptionally good correlation between the strain values and the average flexural
strength of all the combinations. This could be attributed to the fact that the setup for
strain measurements is quite similar to the three-point flexural testing as a load, albeit
static, is being applied in the middle of the rectangular specimens. It is also evident that
the influence of the two processing parameters, i.e., extrusion rate and line width has been
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well-captured. The strain values show a clear dip upon an increase in flexural strength as
specimens exhibiting higher resistance to bending show lower strain values.
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4. Material Quality Characterization

The focus of his work is to analyse the influence of material extrusion rates and line
widths on GPLA to provide an in-depth understanding of the trade-offs that can be made
while manufacturing parts using the FFF process specifically in terms of dimensional accu-
racy, surface texture, hardness, and flexural strength. These are common issues associated
with FFF-printed parts [11–27,32,34,46–51]. It has been established through the results in
this work that small line widths provide more accuracy with longer print times whereas
large line widths offer more stability with shorter printing times. Modifying the process-
ing parameters of material extrusion rate and line widths can help in achieving desired
properties in FFF-printed thermoplastic products. Therefore, it is imperative to understand
their effect and avoid using the default values set by slicing software packages (i.e., 100%
material extrusion rate and 0.4 mm line width).

It has been observed that surface roughness increases with increasing extrusion rates,
which is an issue. On the other hand, the hardness and average flexural strength values
also increase with higher extrusion rate and larger line widths. This demonstrates a direct
correlation of these parameters to the mechanical properties of the manufactured parts
and require optimisation of these parameters. Therefore, to understand the cumulative
influence of material extrusion rates and line widths on FFF-printed GPLA specimens,
surface plots for surface roughness, hardness, and flexural strength are shown in Figure 10.
While all surface plots show a consistent gradient as the line width and material extrusion
rate is increased for the specimens (upward for the flexural strength, downward for the
hardness, and a monkey saddle shape for the surface roughness), there are some noteworthy
extremums giving more insight into their correlation. For example, the global minimum
surface roughness is observed at 70% material extrusion rate and 0.2 mm line width (approx.
8.2 µm). However, there is local minimum of 10.7 µm at 110% material extrusion rate and
0.4 mm line width. This local minimum for surface roughness correspond to the local
maximum for both flexural strength and hardness. This is due to the fact that as the
extrusion rate increase, more material is added to the specimen, resulting in poor surface
finish (high surface roughness values). On the other hand, the excess material add to
the flexural strength and hardness of the specimen (to a certain level) as more material
can resist the flexural load and indentation. This is a useful consideration and should be
kept in mind while manipulating the material extrusion rates and line widths for desired
results. This is also the reason that the surface roughness analysis was only done up to
120% material extrusion rate as afterwards, the surface roughness values go out of range
for the Surftest SJ-210 profilometer. It should also be noted that the local extremums for all
three parameters are observed between 110 and 120% material extrusion rates and at line
widths of 0.4 mm and 0.6 mm.

If the focus is on achieving the optimal surface finish, then the extrusion rates and line
widths can be adjusted as per the results presented in this work for GPLA. However, when
the objective is to combine various attributes together, then the combinations of different
extrusion rates and line widths become important to ensure that the optimal combination
can be identified for the application. Consider a scenario with specific requirements of
surface finish, hardness, and flexural strength, then the first thing would be to know
these values for the different combinations of extrusion rates and line widths. These
combinations are already shown in Table 1. The next step would be to plot these three
attributes against each other with the different specimens to visualise their distribution [32]
as shown in Figure 11. In this context, consider that a product made of GPLA is needed
with a maximum surface roughness of 14 µm, hardness of over 65 HD, and flexural strength
of more than 200 MPa. Considering that GPLA specimens over 120% extrusion rate were
out of range for surface roughness measurements (meaning they had an extremely poor
surface finish), only the first 30 specimens (up to 120% material extrusion rate) are plotted
in Figure 10. It can be seen that only two combinations fulfil the three defined attributes
of surface roughness, hardness, and flexural strength, i.e., S18 and S23. Their description
is provided in Table 3. All the requirements are fulfilled by these specimens, and they
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show the significance of using different extrusion rates and line widths. In both cases, the
line width is more than the conventional 0.4 mm and represents that larger line widths
can also prove to be useful based on product requirements. In this case, either of these
specimens can be manufactured as their properties are very similar. However, S23 should
be preferred as it shows slightly better characteristics with comparatively lower surface
roughness and higher flexural strength. This is an important aspect of the analysis that
helps in quantifying the results and enabling the user in understanding the limitations
of the default slicer software settings as well as identifying the impact of manipulating
different processing parameters to achieve optimal results for different applications.
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Table 3. Description of optimal combinations (E = material extrusion rate; and W = line width).

# Parameters Print Time
(min)

Surface
Roughness (µm)

Hardness
(HD)

Flexural
Strength (MPa)

S18 100E, 0.6W 38 13.1 65.83 204.67

S23 110E, 0.6W 38 11.51 65.33 218.67

5. Conclusions

Material extrusion rate and line width are two under-researched and overlooked
parameters in FFF and are automatically set by slicing software packages to 100% and equal
to the extrusion nozzle diameter, respectively. However, their modification can help in
achieving better results in terms of dimensional accuracy, surface texture, and mechanical
properties. This study has presented an extensive analysis on the influence of nine different
material extrusion rates (70% to 150%) and five different line widths (0.2 mm to 1 mm)
on FFF-printed GPLA parts. The results show that manipulation of these two processing
parameters is critical to identify the optimal combination and achieve desired results.

In terms of mass, increase in material extrusion rates and line widths resulted in mass
reduction due to excess material getting swept away and accumulating on the edges as the
nozzle make a pass over the printed surface and breaking away in beads/pieces with every
pass of the nozzle as the part is completed. The dimensions were not significantly affected
along the X and Y axes. However, increase in material extrusion rates and line widths led
to significant increase in thickness (along the Z-axis) of the GPLA specimens. The lowest
surface roughness was obtained for under-extruded specimens at 80% and 90%. As the
extrusion rate increased, smaller line widths resulted in higher roughness values due to
their inability to deposit material uniformly. These results indicate that better surface finish
can be achieved by extruding at lower extrusion rates.
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Strain measurements were recorded as a non-destructive test using two 350-ohm
strain gauges on each specimen. Strain values decreased with the increase in both extrusion
rates and line widths, indicating that at higher rates and larger line widths, the specimens
deflected less due to the presence of excess material and thicker layers. Indentation hard-
ness testing showed that the hardness values reduced with the increase in extrusion rates.
Furthermore, the highest values for all the different extrusion rates were observed at line
widths of 0.4 mm, 0.6 mm, and 0.8 mm. Three-point flexural testing showed that the flexural
strength gradually increased with increase in material extrusion rates due to thicker speci-
mens requiring more force to fracture. Like hardness testing, the highest flexural strength
was observed line widths of 0.4 mm, 0.6 mm, and 0.8 mm. Moreover, a good correlation
between the strain values and the average flexural strength was observed due to the setup
of the non-destructive test being similar to the three-point flexural testing, indicating the
effectiveness of the NDT in evaluating the flexural properties of GPLA specimens.

The results presented in this work can be extremely beneficial to manufacturers as
they investigate two under-researched and overlooked processing parameter (i.e., material
extrusion rate and line width) in FFF. They can help identify the limitations of the default
settings and can support in achieving desired results in parts made by FFF. It has been
demonstrated that increasing the material extrusion rate and line width can add more ma-
terial and save time in addition to significantly affecting the dimensional accuracy, surface
texture, and mechanical properties of GPLA specimens. Designers and manufacturers can
use these results and modify the processing parameters to produce better products in a
timely manner using FFF. For future work, more processing parameters can be incorporated
to investigate their cumulative effect on the properties of composite FFF filaments using
complex geometries in varied sizes.
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