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Abstract: Three-dimensional (3D) printing is a simple and versatile process for producing parts of
complex geometries. Although the process possesses several manufacturing advantages, such as rapid
prototyping, customization, and complexity, the optimization of the 3D printing procedure remains
a challenge. Here we explore the influences of various processing conditions on the mechanical
properties of melt extrusion- and solution extrusion-printed polylactide (PLA) products by adopting
a robust experimental design model. In addition to the commercially available melt extrusion 3D
printer, a novel solution-type 3D printer has been exploited especially for this study, which consists of
a solution-type plunger-actuated feeding system, stepper motors and motion components, a power
supply unit, a print bed, a user interface, and connectivity. The effects of various parameters were
investigated by adopting a robust experimental design. We compared the parts printed using the melt
extrusion and solution extrusion methods and found that, in the melt extrusion printing, the print
speed and fill density were the principal parameters affecting product quality, while in the solution
extrusion printing, oven temperature, fill density, and PLA/dichloromethane (DCM) ratio were the
key parameters. By scanning electron microscopy, we found that the melt extrusion-printed parts
exhibit a strip-like microstructure and the solution extrusion-printed parts show a fused surface
morphology. Due to the addition of solvent, the solution-printed PLA material show a different
thermal profile in the differential scanning calorimeter analysis, which in turn affects the mechanical
behaviour of printed parts.

Keywords: 3D printing; melt vs. solution extrusion; processing parameter; polylactide; process
optimization

1. Introduction

Three-dimensional (3D) printing, also named additive manufacturing [1,2], is a simple and
versatile process, with materials being added together to produce parts of complex geometries.
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The advantages of 3D printing, including manufacturing options, rapid prototyping, customisation,
and complexity making it one of the most promising technologies. Through creating layers, 3D printing
opens a whole new way in which products are created, and it offers many advantages compared
to the usual traditional manufacturing methods. The most widely used 3D printing process is the
fused-deposition modelling (FDM) procedure [3], which extrudes hot polymer melt of thermoplastics
from a large coil and deposits the materials on the growing work. The printing head shifts in two
horizontal directions to form one layer at a time. Then, the head migrates vertically in small sequential
steps to create a new layer. A microprocessor controls the speed of the extruder head to constitute
a three-dimensional product.

Despite its popularity, one major limitation that confounds the overall success of melt-extruded
FDM is the restricted selection of commercially-available polymeric filaments for printing, mostly
acrylonitrile butadiene styrene (ABS) and polylactide (PLA). If other materials are needed, including
polyethylene, poly(ethylene terephthalateco-1,4-cylclohexylenedimethylene terephthalate), polyamide,
thermoplastic elastomers etc., they must be made into filament by thermal extrusion before being
printed by FDM [4]. However, this not only increases the overall cost, but may also pose some
limitations, especially when the printed device is used for drug delivery applications [5,6]. Mixing the
input polymeric materials with drugs at elevated temperatures during filament preparation or a 3D
printing process can inactivate and/or degrade the drugs [7].

To overcome this limitation, we developed a novel solution extrusion-type 3D printer in our lab,
which utilises the layer-by-layer method to deposit materials to create desired structures. A solution
that dissolves the polymeric materials for printing is extruded out from a syringe by an actuator driven
by a step motor. The printing head is migrated under computer control to obtain the desired geometry.
Once the solvent evaporates, the liquid form material ejected from the syringe solidifies and deposits
itself in successive layers within the 3D printing volume.

Many published studies addressing 3D printing have examined the influence of processing
variables on 3D printing of polymeric parts [8–11]. However, all of these focus on the conventional
FDM process. The work on investigating the effect of processing conditions on solution extrusion 3D
printing is limited.

In this study, a comparative study of the influence of processing parameters on the solution
extrusion 3D-printed and commercial melt extrusion FDM printed parts was completed. Polylactide
(PLA) was selected for all of the experiments. Among various biodegradable polymers, PLA is
one of the most widely explored polymeric materials for medical applications. PLAs belong to
the category of hydrolytically biodegradable materials and have been authorised by the Food and
Drug Administration (FDA) for clinical uses. The polymers range from amorphous glassy polymer
to semi-crystalline and highly crystalline polymer with a glass transition of 60–65 ◦C and melting
points of 173–178 ◦C [12]. The material has also been widely used for medical implants owing to its
well-documented biocompatibility and good mechanical property [13].

Empirical research, based on a fractional orthogonal array design [14,15], was conducted to
investigate the effect of different processing factors on the mechanical property of solution and melt
extrusion 3D-printed parts. This allows one to examine a chosen subset of consolidations of diverse
factors at multiple levels, but with fewer numbers of test trials for process optimisation. After printing,
the mechanical property of printed PLA parts was measured by a tensile tester, while their morphology
was characterized by a projecting microscope and a scanning electron microscope (SEM). Also,
a differential scanning calorimeter (DSC) was employed to examine the thermal characteristics of PLAs
printed by solution and melt 3D printings.
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2. Materials and Methods

2.1. Materials

PLA filaments (Prolink Microsystems Corp., Taipei, Taiwan) that possess a diameter of 3.0 mm
were adopted for the FDM melt extrusion printing. On the other hand, for comparison, the filaments
were cut into pellets of approximately 0.5 mm in size. Predetermined weights of PLA pellets were
mixed with dichloromethane (DCM, Sigma-Aldrich, St. Louis, MO, USA) with different weight/volume
ratios by a magnetic stirrer for 2 h at ambient temperature (25 ◦C). The solutions were then used for
the solution extrusion 3D printing.

2.2. Experimental Setup

The solution extrusion printing was conducted on a novel, lab-exploited, solution-type 3D
printer. As shown in Figure 1, the printer was a modified version of commercially available FDM
printer (UMaker, Hertz Information, Taipei, Taiwan). By keeping the main structure intact and
only installing a new solution-type plunger-actuated feeding system, stepper motors and motion
components (Figure 2), a solution extrusion 3D printer was thus available for part printing (Figure 3).
A free and open-source Cura interface (Ultimaker B.V., Geldermalsen, The Netherlands) was adopted
to control the entire printing process (Figure 4). Before printing, a predetermined weight of PLA
was first dissolved in DCM. The solution was then loaded into the solution-type feeder (a syringe)
equipped with a plastic nozzle (needle) with an inner diameter of 0.18 mm for printing. During printing,
the feeder was actuated by a computer-controlled servo motor and extruded the PLA solution onto the
print bed. After the evaporation of DCM, a PLA bead of around 0.2 mm in diameter was deposited
onto the printer bed surface layer-by-layer. Meanwhile, the setup utilised for the melt extrusion 3D
printing was a commercially-available FDM printer (CR8, Taipei, Taiwan) that has a printing resolution
of 200 µm.
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Figure 4. The Cura interface used to control the printing process.

Both the melt extrusion and solution extrusion printers were placed in an oven equipped with
a forced-air circulation that has a temperature control accuracy of ±0.2 ◦C. Following the ASTM
D638 standard, a dumbbell-shaped geometry was selected for the parts. Figure 5 shows the layout
and dimensions of the part. A solid modelling computer-aided design (CAD) computer program
(Solidworks, Waltham, MA, USA) that runs primarily on Microsoft Windows was adopted to generate
the code that was needed for the microcontroller to controls the movement of print heads.
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Figure 5. Layout and dimension of the dumbbell part.

To evaluate the effect of residual solvent on printed products, a few test trials were first completed
to print samples of square geometry (20 mm × 20 mm) (Figure 6), and the weights of printed parts
were estimated after being put in a ventilation chamber at ambient temperature for different times.
The measured weights (weight reduction percentages) at days 0, 1, 2, 3, 4, 5, 6, and 7 post printing
were measured to be 0.264 g (17.58%), 0.218 g (18.18%), 0.216 g (18.56%), 0.212 g (19.69%), 0.212 g
(19.69%), 0.212 g (19.69%), 0.212 g (19.69%), and 0.212 g (19.69%), respectively. The weight reductions
were mainly attributable to the evaporation of residual solvents in the parts. Furthermore, the weight
reduction and part shrinkage levelled off after 3 days and the final dimension of printed part shrank by
approximately 10%.
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Figure 6. Photos of square-shaped parts right after printing (left), and 7 days post printing (right).

All printed dumbbell-shaped parts were first placed in the ventilation chamber for 7 days so as to
minimize influence of the solvents. The mechanical properties of 3D-printed parts were then assessed
by a Lloyd tensiometer (AMETEK, Berwyn, PA, USA) equipped with a 2500 N load cell. The pulling
rate of the clamps was set at a rate of 50 mm/min. Measurements were taken five times for each part.

2.3. Empirical Factors and Orthogonal Design

Five processing variables were chosen for analysis, including print orientation, fill density, oven
temperature, nozzle temperature, and print speed. Before setting the values, a few test trials were first
completed to identify the range of processing parameters that can successfully print the parts. For melt
extrusion 3D printing, the print orientation was then set at either 0◦ or 45◦ (as shown in Figure 7).
The fill density was 40%, 50%, or 60%. The oven temperature was maintained at 25 ◦C, 30 ◦C, or 40 ◦C,
while the nozzle temperature was set at 210 ◦C, 220 ◦C, or 230 ◦C. The print speed (moving speed of
the nozzle) was 50, 55, or 60 mm/s.
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For solution extrusion 3D printing, five parameters were selected for analysis, including print
speed, fill density, PLA/DCM ratio, oven temperature, and print orientation. The print speed (moving
speed of the nozzle) was 30, 35, or 40 mm/s. The fill density was 45%, 65%, or 75% (as shown in
Figure 8). The PLA/DCM ratio (w/v) was set to be 5 g/5.5 mL, 5 g/5.8 mL, or 5 g/5.2 mL. The oven
temperature (air temperature of the oven) was kept at 25 ◦C, 20 ◦C, or 22 ◦C. The print orientation
selected was either 0◦ or 45◦. Tables 1 and 2 list the adopted factors and factor levels for the melt and
solution printing experiments, respectively.
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Table 1. Parameters used for melt-extruded 3D printing.

Factor A: Print
Orientation

B: Fill
Density (%)

C: Oven
Temperature (◦C)

D: Nozzle
Temperature (◦C)

E: Print Speed
(mm/s)

Level 1 0◦ 40 25 210 50
Level 2 45◦ 50 30 220 55
Level 3 60 35 230 60

Table 2. Parameters used for solution extruded 3D printing.

Factor A: Print Speed
(mm/s)

B: Fill
Density (%)

C: PLA/DCM *
(gram/mL)

D: Oven
Temperature (◦C)

E: Print
Orientation

Level 1 30 45 5/5.5 25 0◦

Level 2 35 65 5/5.8 20 45◦

Level 3 40 75 5/5.2 22

* PLA: polylactide; DCM: dichloromethane.

A Taguchi L18 orthogonal array design [14] (Tables 3 and 4, respectively, for melt extrusion
FDM and solution extrusion printings) was adopted for analysis. The array provides the method
of completing the minimised number of experimental runs while providing the full data of all the
parameters affecting the performance [15]. To optimise the printed products’ mechanical properties,
the optimised processing condition can be obtained by combining all the processing conditions that
possess the highest tensile strengths.



Appl. Sci. 2020, 10, 509 8 of 16

Table 3. L18 array used for melt extrusion printing.

Run A B C D E Tensile Strength (MPa) S/N (dB)

1 1 1 1 1 1 25.8912 17.2067
2 1 1 2 2 2 25.8956 12.4604
3 1 1 3 3 3 25.7648 15.4102
4 1 2 1 1 2 17.6311 17.2866
5 1 2 2 2 3 21.7794 15.1252
6 1 2 3 3 1 27.2075 27.8752
7 1 3 1 2 1 29.2373 24.1081
8 1 3 2 3 2 28.2660 22.0089
9 1 3 3 1 3 26.2236 21.5623

10 2 1 1 3 3 38.5899 20.9683
11 2 1 2 1 1 39.3467 15.2586
12 2 1 3 2 2 36.5488 15.7932
13 2 2 1 2 3 34.8563 28.0316
14 2 2 2 3 1 35.9217 20.0155
15 2 2 3 1 2 38.6325 22.8987
16 2 3 1 3 2 31.7675 26.0880
17 2 3 2 1 3 33.4164 21.5181
18 2 3 3 2 1 37.2535 31.3118

Table 4. L18 array used for solution extrusion printing.

Run A B C D E Tensile Strength (MPa) S/N (dB)

1 1 1 1 1 1 2.05535 4.40889
2 1 2 2 2 1 6.23888 15.88327
3 1 3 3 3 1 6.73575 16.1665
4 2 1 2 3 1 8.94463 19.01
5 2 2 3 1 1 7.13605 16.93238
6 2 3 1 2 1 5.7358 15.02893
7 3 1 3 2 1 4.81983 13.47489
8 3 2 1 3 1 8.0427 18.10108
9 3 3 2 1 1 6.74428 16.50814

10 1 1 1 1 2 1.60975 3.35802
11 1 2 2 2 2 7.51928 17.4975
12 1 3 3 3 2 9.0553 19.08548
13 2 1 2 3 2 5.32435 14.48105
14 2 2 3 1 2 3.18123 9.64352
15 2 3 1 2 2 9.12595 19.16463
16 3 1 3 2 2 2.79238 8.48284
17 3 2 1 3 2 5.2392 14.35377
18 3 3 2 1 2 9.5555 19.58572

2.4. Characterization of Printed Parts

The morphology of the parts was examined using a profile projector (APEX-2010, Taipei, Taiwan)
and a field emission scanning electron microscope (FESEM; JEOL Model JSM-7500F, Tokyo, Japan).

A TA Instruments model DSC25 differential scanning calorimeter was also utilised to assess
the thermal properties of the PLA filaments, the melt extrusion printed PLA, and the solution
extrusion-printed PLA parts. The scan temperature is from 30 to 250 ◦C, while the heating rate of the
specimen was 10 ◦C/min.
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3. Results

The experiments were completed on a commercially-available melt extrusion 3D printer and
a lab-developed solution extrusion printer. Figure 9 displays the typical tensile curves of both solution-
and melt-printed parts. Table 3 lists the tensile properties of FDM-printed parts, while Table 4 shows the
properties of solution-printed parts. Clearly, FDM-printed parts exhibited greater mechanical strengths
than solution-printed parts. The properties obtained from each test trial were then assessed statistically.
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3.1. Optimizing the Processing Conditions

In the Taguchi method, it is desirable to minimize the variability in the product’s performance in
response to noise factors (uncontrollable factors) while maximizing the variability in response to signal
factors (control factors). The signal/noise (S/N) ratio is the quantity denoting statistically how the
response changes with respect to the target performance (property) under diverse noise conditions [14].
A higher value of the S/N ratio determines the control variable settings that diminish the influences
of the noise variables. Maximising the S/N ratio leads to minimised properties that are sensitive to
noise. Since maximisation of tensile strength is the object of this work, the expression depicting the
greater-the-better feature was employed for the analysis:

S
N

= −10 log10[(
1
n
)

n∑
i=1

(
1
y2

i

)] (1)

where yi is the measured tensile strength for each test part, and n represents the number of specimens
for each test trial. The factor levels with the largest S/N ratios will minimise the noises sensitivity and
lead to the optimised levels.

The variation of part strength due to various factors was assessed following the Taguchi
technique [15]. The S/N ratios for the melt extrusion FDM printed PLA parts were calculated.
Figure 10A shows the results. Based on Figure 10A, the optimised factor levels that lead to parts with
the highest tensile strengths were estimated to be A2/B3/C1/D3/E3. These optimal factor levels represent
a 0◦ print orientation, a fill density of 60%, an oven temperature of 25 ◦C, a nozzle temperature of
230 ◦C, and a print speed of 60 mm/s.

Calculated S/N ratios for the solution extrusion 3D-printed PLA parts are displayed in Figure 10B.
Based on the figure, the optimised factor levels that result in the maximum part strengths were estimated
to be A2/B2/C2/D3/E1. These optimal factor levels indicate a print speed of 35 mm/s, a fill density of
65%, a PLA/DCM ratio of 5 g/5.8 mL, an oven temperature of 22 ◦C, and a 45◦ print orientation.
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3.2. Confirmation Experiments

As the optimal combination of factor levels for the melt extrusion printed parts was not included
in the array in Table 3, another path was adopted to appraise the response of the part strengths to the
optimal factor levels. Presuming no interplay among the selected factors, the predicted S/N ratio for
the optimal levels, ηA2/B3/C1/D3/E3, is

ηA2/B3/C1/D3/E3 = ηm + (ηA2 − ηm) + (ηB3 − ηm) + (ηC1 − ηm) + (ηD3 − ηm) + (ηE3 − ηm)

= ηA2 + ηB3 + ηC1 + ηD3 + ηE3 − 4ηm
(2)

where ηm is the mean S/N ratio for the empirical test trials in Table 3, and ηFN is the S/N ratio for factor
F and level N. Based on the equation, the appraised S/N ratio of melt extrusion 3D-printed parts for
the optimal levels, A2/B3/C1/D3/E3, was 37.19 dB. This estimated value was surely higher than those
attained in the 18 test trials in Table 3.

A confirmation test was conducted in accordance with the optimised factor levels. The optimal
levels for solution extrusion printed parts is A2/B3/C1/D3/E3. The part strength thus acquired was
40.49 MPa. In addition, the S/N ratio for this confirmation test was 35.8 dB. Although this value is lower
than the predicted value of 37.19 dB, it is higher than those achieved by other processing conditions in
the 18 experimental tests in Table 3. Therefore, by adopting the optimized factor levels, the tensile
strengths of FDM extrusion printed parts were adequately maximised.

Meanwhile, the appraised S/N ratio of solution extrusion printed parts for the optimised levels,
A2/B2/C3/D3/E1, was 22.36 dB. This predicted value was certainly higher than those achieved in the
18 test trials in Table 4. A verification test was also completed based on the optimised factor levels.
The optimised levels for solution extrusion printed parts are A2/B2/C3/D3/E1. The part strength thus
acquired was 9.94 MPa. Additionally, the S/N ratio for this confirmation experiment was 19.90 dB.
Although this value is lower than the appraised value of 22.36 dB, it is higher than those achieved
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by other sets of processing conditions in Table 4. The experimental results testify again that we can
adequately maximise the strengths of solution extrusion-printed parts using the optimal levels.

3.3. Importance of Processing Parameters

The S/N ratio is an important measure of robustness used to determine control variables that
decrease variability in a manufacturing process by reducing the influences of uncontrollable (or noise)
variables [14,15]. The importance of each processing parameter on the product quality can, therefore,
be decided by the alteration of S/N. In line with the data presented in Figure 10A, the significance
ranking of each parameter for the strength of FDM printed parts was fill density (∆S/N = 8.91 dB),
print speed (∆S/N = 5.94 dB), oven temperature (∆S/N = 5.72 dB), print orientation (∆S/N = 3.98 dB),
and nozzle temperature (∆S/N = 3.44 dB). For the parameters chosen in this analysis, fill density,
print speed, and oven temperature were identified as the most important factors affecting the tensile
properties of FDM printed parts.

Based on Figure 10B, the importance of each parameter for the tensile strength of solution
extrusion-printed parts was, from high to low, oven temperature (∆S/N = 5.13 dB), fill density
(∆S/N = 4.86 dB), PLA/DCM ratio (∆S/N = 3.95 dB), print speed (∆S/N = 2.98 dB), and print
orientation (∆S/N = 1.10 dB). For the variables chosen in this analysis, oven temperature, fill density,
and PLA/DCM ratio were identified as the most important parameters affecting the strength of solution
extrusion-printed parts.

3.4. Characterization of Melt- and Solution-Printed Parts

Figure 11 displays the gross appearance of the fracture parts. While the melt extrusion FDM
printed parts show sharp fracture interfaces, solution printed parts exhibited more ductile interfaces at
the fractures.
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Figure 12A,B show the SEM images of one single extruded strip by FDM printing, and Figure 12C,D
display images of a solution-extruded strip. While the melt-extruded strip shows a smooth surface,
the solution-extruded strip exhibits a rough surface morphology. Tiny pores could be observed on the
surface of the solution-extruded strip, which might result from the evaporation of solvent. Meanwhile,
Figure 13A,B show the layer surfaces of melt and solution-printed parts, respectively. While the
melt-printed surface displays a bundle of aligned strips, the solution-printed part exhibits a fused
surface with some incompletely healed tiny pores.
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Figure 13. Surface images of (A) melt extrusion, (B) solution extrusion printed parts under SEM.

Figure 14 reveals the DSC curves of the as-purchased PLA filaments, the melt extrusion FDM
printed PLA, and the solution extrusion printed PLA. The melt printed PLA exhibited similar
thermal properties as the as-purchased PLA filaments, namely a glass transition temperature at 66
◦C, a crystallisation exotherm at near 100 ◦C, and a melt temperature at about 165 ◦C. However,
due to the addition of solvent, the solution printed PLA demonstrated no obvious glass transition
temperature [16]. The melting point dropped from 165 ◦C to 157 ◦C. Furthermore, the crystallisation
peak at 100 ◦C was not observed on the DSC curve.
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4. Discussion

The mechanical properties of the final product define its quality and determine its success or
failure in a given application. Solution-printed parts exhibited lower strength than melt-printed parts.
This might also be because, with the presence of DCM, PLA materials develop the least crystallinity
during the printing process. Printed parts thus exhibited lower mechanical strengths. Meanwhile,
the solution-printed parts also possessed incompletely fused tiny pores and cracks, which might lead
to stress concentrations at these sites. Printed parts’ strength decreased accordingly.

4.1. Melt Extrusion-Printed Products

The experimental data in Figure 10A (factor level B3) showed that the PLA parts printed with the
highest fill density exhibit the greatest tensile strengths. The fill density defines the amount of plastic
used on the inside of the print. A higher fill density indicates that there is more plastic on the inside of
the print, thus leading to a stronger object.

The experimental data in Figure 10A (factor level E3) suggests that one can obtain 3D-printed
PLAs of the greatest strength by utilizing the highest print speed. To gain mechanical strengths,
the molecular chain entanglement among various strips is important. During the printing process,
the polymeric melt begins to cool as soon as it is extruded from the nozzle. Increasing the print speed
keeps the polymeric strips hot for a longer time. It is easier for a molecular chain to entangle at the
interfaces at a higher temperature and gain in strength. Thus, the printed parts expressed higher
mechanical strengths.

The empirical data in Figure 10A suggest that one should use the lowest oven temperature (25 ◦C,
factor level C1) to print parts of the greatest mechanical strengths. Keeping the oven temperature
at a lower level provides a fast cooling environment for potential material quenching. Printed parts
might thus exhibit higher tensile properties.

The experimental data suggested the adoption of the highest nozzle temperature to print parts
with the greatest mechanical strengths (factor level B3 in Figure 10A). A higher nozzle temperature
keeps the materials hot for a longer time. It is easier for the material strips to merge during the printing
process. The printed parts thus exhibited greater strength. Finally, again, due to the irregular fractures
(Figure 11A), the effect of print orientation on melt extrusion-printed parts is thus calculated to be
relatively insignificant.
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4.2. Solution Extrusion-Printed Parts

The experimental results in Figure 10B (factor level D3) show that we should adopt an oven
temperature of 22 ◦C to print parts of the greatest mechanical strength. This is due to the fact that to
produce parts of greater strength, it is necessary to enhance chain entanglements [17] at the interfaces
of various extruded strips. During solution printing, evaporation of solvents and chain diffusion of
polymers take place during the solidification process of polymeric materials, and chain entanglement
is liable for the final mechanical properties of printed parts [18]. The previous study reported that for
solution processing of polymeric materials, the best polymeric solution is a semi-dilute, moderately
entangled regime, which takes place at Ce (critical entanglement concentration) [19]. This stage is the
crossover point from the semi-dilute un-entangled regime to the semi-dilute moderately entangled
regime. Within this range, enhanced entanglement at the strip interfaces can be expected. When
the oven temperature is too high (high than 22 ◦C), the solvent can evaporate too fast, and there
is insufficient time for the polymeric solution to undergo molecular entanglement at the interface.
The tensile strengths of printed parts thus decreased. On the other hand, if the oven temperature is
too low, it would take longer for the solvent to be evaporated. The excessive solvent might diffuse
and dissolve the surrounding strips (as shown in Figure 13B) and diminish the molecular chain
entanglement. Printed part strengths decreased accordingly.

The data in Figure 10B suggest the optimal fill density to be 65% (factor level B2). The fill density
defines the number of polymeric materials used in printing a part. A higher fill density indicates that
there is more plastic on the inside of the print, leading to a stronger object. Nevertheless, as the fill
density is too high, due to the excessive solvent, it might take longer to solidify the semi-dilute materials.
The unevaporated solvent might diffuse and penetrate into the surrounding strips, and reduce the
molecular chain entanglement and the relevant part strengths.

Adopting the highest concentration of DCM (i.e., PLA/DCM = 5/5.8, factor level C2 in Figure 10B)
increased the mechanical strength of the solution-printed parts. Increasing the solvent keeps the
polymer in the semi-dilute state for a longer time. It is then easier for the polymeric strips to heal at the
interfaces. Printed PLA parts thus exhibited higher strength.

The empirical data suggested that a print speed of 35 mm/s (factor level A2 in Figure 10B) should
be used to print parts with the highest strengths. As soon as the solution is extruded out of the nozzle,
the solvent begins to evaporate. If the print speed is too high, the solvent evaporates too fast, and there
is less time for the polymeric solution to undergo molecular entanglement at the interface. By contrast,
if the print speed is too low, it would take a longer time for the solvent to evaporate. The excessive
solvent might diffuse and diminish the molecular chain entanglement. The strength of the printed
parts is thus decreased. Finally, the 45◦ orientation printed parts exhibited higher strength than the 0◦

printed parts. Due to the irregular fracture characteristic at the ductile interfaces (Figure 11B), the effect
of print orientation on the solution extrusion-printed parts is relatively limited.

This study has satisfactorily utilized the Taguchi technique to maximize the mechanical properties
of both solutions and melt extrusion 3D-printed products. The same method can also be adapted
to optimize the other properties of printed parts or the printing of other materials. This proves the
eventuality of the empirical design in 3D printing products of different applications.

Finally, PLA is a biodegradable, biocompatible, non-toxic and eco-friendly polymer that can be
used for many applications, where the tensile strength may not be the only important property of the
3D-printed material (surface morphology, etc. can be important as well). The use of DCM significantly
reduced the mechanical strength of PLA materials. Other solvents should also be investigated for their
feasibility in solution extrusion printing. Additionally, PLA is currently employed in various medical
applications including medical implants, tissue engineering, orthopaedic devices, and drug-delivery
systems. Printing PLA parts mixed with drugs and/or biomolecules using solution extrusion 3D
printing offers the advantage of avoiding the high temperatures associated with FDM printing and
minimizing the possibility of deactivating drugs/biomolecules. This would provide a great alternative
for the fabrication of drug-loaded products.
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5. Conclusions

Here we report the findings of a comparative study of the effects of different processing parameters
on the solution and melt 3D printing of PLA parts. The following conclusions can be reached based on
the experimental results:

First, our empirical design based on the Taguchi method was successful in maximizing the
mechanical strengths of 3D-printed parts by optimizing the processing parameters, although the
interplay among the selected parameters was beyond the scope of this work.

Second, the solution extrusion-printed parts exhibited less strength than the melt extrusion-printed
parts. This might be because, with the presence of DCM, PLA materials develop the least crystallinity
during the printing process. Printed parts thus exhibited a much lower mechanical strength.

Third, for the parameters chosen in this analysis, fill density, print speed, and oven temperature
were identified as the most important factors affecting the tensile properties of melt extrusion 3D-printed
parts. On the other hand, oven temperature, fill density, and PLA/DCM ratio were found to be the
most important parameters influencing the strength of solution extrusion-printed parts.
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