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ARTICLE INFO ABSTRACT

This study assesses the feasibility of printing implantable devices using 3D printing Fused deposition modeling
(FDM) technology. The influence of the deposition temperature, the deposition rate and the layer thickness on
the printing process and the physical properties of the devices were evaluated. The filaments were composed of
neat poly(lactic acid) (PLA) and blends of different plasticizers (polyethylene glycol 400 (PEG 400), triacetine
(TA), acetyltriethyl citrate (ATEC) and triethyl citrate (TEC)) at 10% (w/w). The assessment of thermo-
mechanical characteristics and morphology of both filaments and devices (cylinders and dog bones) were per-
formed. The influence of each parameter was evaluated using a design of experiment (DoE) and the significance
of the results was discussed. A large amount of data about the evaluation of FDM process parameters are already
available in the literature. However, specific insights needed to be increased into the impact of the use of PLA
and plasticized PLA raw material on the feasibility of printing devices in three dimensions. To conclude, the
ductility was improved with a high layer thickness, low temperature and using ATEC. Whereas, adhesion was
promoted with an increase in temperature, a lower layer thickness and adding TA.
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1. Introduction temperature (Alhnan et al., 2016; Bhushan and Caspers, 2017).

Moreover, although FDM is a fairly well-known 3DP technique, it is

Fused deposition modeling (FDM) is a type of additive manu-
facturing technology that allows the production of three-dimensional
(3D) devices from a computer-aided design (CAD) file (Carneiro et al.,
2015; Jin et al., 2015). FDM is an user-friendly, adaptable, low-cost
technique to quickly print prototypes with complex geometry (Kantaros
and Karalekas, 2013; Panda et al., 2017). However, the FDM technique
is characterized by some limitations due to its use of high temperatures.
These temperatures may lead to potential thermal degradation,
shrinkage issues, low surface quality and poor resolution. Such issues
drastically limit the number of thermoplastic polymers that can be used,
as well as the mixture of these with plasticizers when a decrease in their
glass transition temperature (Tg) is needed to reduce the printing

still a complex process to understand and control. This complexity is
due to the relatively high number of parameters that may be modulated
as well as their interdependence on the physicochemical properties of
the final printed device. As these parameters are set during the design
step (pre-processing) and remain constant throughout the printing
process, it is still difficult to determine the appropriate parameters to
obtain the desired rendering (Mohamed et al., 2016). Several studies
have focussed on the optimization of the FDM process parameters, in-
cluding mechanical properties and the anisotropic behaviour of ther-
moplastic materials during their extrusion through the nozzle (Afrose
et al., 2016; Costa et al., 2017; Tymrak et al., 2014). Indeed, previous
works have demonstrated that tensile parameters such as build
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orientation, extrusion temperature, air gap, raster width and layer
thickness may be considered as the critical parameters that need to be
understood and controlled. This is because they may affect the tensile
strength, the resolution and the build time of the printed object (Chacén
et al., 2017; Mohamed et al., 2016; Pfeifer et al., 2016).

It has also been shown that the layer thickness is a parameter
playing a crucial role in a product’s morphology. Indeed, Jin and co-
workers investigated the surface profile of printed devices and con-
cluded that a desired side surface quality can be achieved by modifying
the raster angle and the layer thickness (Jin et al., 2015). Furthermore,
the mechanical properties of printed devices are highlighted in the
literature as depending on the layer thickness but with controversial
analysis (Chacon et al., 2017). Indeed, Tymrak et al. evaluated the in-
fluence of layer thickness (0.2-0.4 mm) on both tensile strength and
elastic modulus with printed dog-bone devices. The group concluded
that a higher tensile strength was reached with a lower layer thickness
(Tymrak et al., 2014). In addition, Chacon et al. investigated the in-
fluence of layer thickness in the three possible printing orientations
(flat, on-edge and upright). The authors stated that the tensile strength
in the upright direction was higher when the layer thickness was in-
creased. However, in the flat and on-edge orientations, the layer
thickness had almost no influence (Chacén et al., 2017).

The deposition temperature has influenced the adhesion between
two successive layers and the bond quality. Distortions and defects may
appear due to the rapid cooling of the matter. During deposition, the
temperature of the bottom layer increases to above the T, of the ther-
moplastic polymer, with a fast decrease in the temperature following
the displacement of the print head (Christiyan et al., 2016; Turner et al.,
2014).

Currently, the most commonly used thermoplastic polymers in FDM
are acrylonitrile butadiene styrene (ABS), poly(lactic acid) (PLA),
polyvinyl alcohol (PVA), poly (e-caprolactone) (PCL) and ethylene vinyl
acetate (EVA) (Goyanes et al., 2015; Torres et al., 2016). Furthermore,
the printability and the quality of the printed devices depend on the
thermal properties and the melt flow behaviour of the polymer (Wang
et al., 2018). PLA is characterized by a high stiffness and brittleness
(Sodergard and Stolt, 2002). Therefore, improvement of the thermo-
mechanical and flow properties of the PLA by adding plasticizers is
widespread (Kamaly et al., 2016; Patil et al., 2015; Xiao et al., 2012).

The aim of the present study was to assess the feasibility of printing
devices by FDM technology. However, in contrast to the existing lit-
erature about in this research area, it was decided to systematically
explore the effect of various parameters using a single thermoplastic
polymer (PLA) combined with different commonly used plasticizers
(e.g. TA, ATEC, TEC, PEG 400) at the same percentage (10% (w/w)).
Two models of devices were experimented, the cylinders and the dog
bones. A completed DoE was set to explore as far as possible the in-
fluence of the various parameters on the physical properties of the
devices. This optimization and characterization study has been per-
formed on placebo devices, with the perspectives of including different
active drugs in a close future.

2. Materials and methods
2.1. Materials

Ingeo Biopolymer 2003D PLA in pellets (96% L-lactide; p = 1.24 g/
em®; MFI = 6 g/10 min (210 °G/2.16 kg), supplied by NatureWorks LLC
(Minnetonka, USA), was used as a model thermoplastic polymer. PEG
400 purchased from Merck® Millipore (Massachusetts, USA), TEC pur-
chased from Alfa Aesar (Lancashire, UK), ATEC purchased from Sigma-
Aldrich (Missouri, USA) and TA purchased from Sigma-Aldrich
(Missouri, US) were used as plasticizers. Dichloromethane was supplied
by VWR (Pennsylvania, USA).
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Table 1
Extrusion temperature (Tyyg) and screw speeds of each blend (n = 3).

Samples Tume (CC) Screw speeds (rpm)
Pure PLA 180 20
PLA - 10% (w/w) PEG 400 135 30
PLA - 10% (w/w) TEC 148 37
PLA - 10% (w/w) ATEC 137 22
PLA - 10% (w/w) TA 142 30

2.2. Methods

2.2.1. Plasticized polymer blend

The commercial PLA pellets were dried overnight in a vented oven
at 60°C. In a flask, 30g of PLA was placed with 300 mL of di-
chloromethane solution containing plasticizers until complete dissolu-
tion (adapted from (Baiardo et al., 2003) solvent casting method).
Plasticizers were fixed at 10% (w/w) in the mixture materials. Polymer-
plasticizer blends were placed under a ventilated hood before being
dried for three days in an ventilated oven at 60 °C. Then, the mixtures
were roughly cut and ground in nitrogen to obtain rough pellets
(3-5mm) which could be easily introduced into the extruder.

2.2.2. Preparation of filaments by hot melt extrusion

Plasticized polymer filaments were prepared using a single screw
extruder (SSE) (Noztek Touch, Noztek, Shoreham-by-Sea, UK)
(¢ = 1.60 mm). For each extrusion, 15-20 g of blend was fed into the
extruder. The extrusion was performed at a specified extrusion tem-
perature and the speed of the screw was adapted for each blend
(Table 1). After production, the diameter of the filament was checked
every 5cm in length using an electronic measuring calliper. Portions
that did not have a diameter in the acceptable range of
1.75 = 0.05mm were discarded. This was because the 3D printer was
designed to process filaments with a diameter of 1.75mm and only a
small deviation of 0.05 mm could be tolerated without causing any is-
sues. The filaments were stored in a vacuum desiccator prior to use.

2.2.3. Device geometry

123D Design® (Autodesk®, California, USA) was used as the CAD
program to design two models of devices, cylinders and dog bones, and
to export them as .stl files. The specimen geometry followed the spe-
cifications outlined in ASTM D638-14 for type IV tensile specimens
(Cantrell et al. 2011; ASTM D638, 2014; Kotlinski 2014). The cylind-
rical devices were designed with a diameter of 4 mm and a height of
40 mm. The dog-bone devices were characterized by an overall length
of 115 mm, an overall width of 19 mm and a thickness of 4 mm (Fig. 1).
All the printed devices were produced using a raft of 4.0 mm (raft
margin) to stabilize the structure during the printing process. The raft of
each structure was built using the minimal print rate of 1 mm/s avail-
able in the printer parameters, without a fan and with a minimum layer
duration set at 15s.

2.2.4. Experimental design

FDM was performed by a MakerBot® Replicator 2 equipped with a
0.4 mm nozzle (MakerBot® Industries, New-York, USA). To investigate
the mechanical properties (e.g. tensile strength, Young’s modulus,
elongation at break) of the printed dog bones and the weighing of the
cylindrical devices, an experimental design was performed. Cylinders
were characterized in terms of weight (Research RC 210P MC1 0.01 mg
analytical balance; Sartorius, Goéttingen, Germany; n = 3). The dog-
bone devices were printed in an upright orientation to evaluate the
adhesion between the layers, and followed the flat direction to evaluate
the effect of the plasticizers on the mechanical properties. The design
provided a fact-based approach, highlighting the printer performances,
the relationship between variables and the influences of variables on a
selected response. For these reasons, it was decided to perform first a
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Dog bone
Upright orientation

Dog bone
flat orientation
Fig. 1. Build orientations and shapes of the selected devices: a. cylinder

4mmx40mm (diameter, height), b. dog bones 115mmx19 mmx4 mm
(overall length, overall width and thickness).

Table 2

Factors and levels applied in the experimental design.
Factors Levels
Deposition temperature (°C) 155, 173, 190
Layer thickness (mm) 0.1, 0.2, 0.3
Deposition rate (mm/s) 1, 88, 175

Plasticizers ATEC, PEG 400, TEC, TA

screening design to evaluate the principal effects of parameters before
optimisation. The design was created using the JMP statistical software
(SAS Institute Inc., North Carolina, USA). The factors and levels con-
sidered by the design for the 3D printing process are shown in Table 2:
(1) the deposition temperature of the printing process were within the
range 155 °C to 190 °C; (2) the deposition rate of the melt polymer on
the build platform; (3) the layer thickness of the strand during the
printing process, to evaluate its influence on the layer adherence and on
the device morphology; (4) the influence of the plasticizer on the
thermomechanical properties of the polymer and during the printing
process. The impact of the evaluated factors was analysed using the
least square regression method.

2.2.5. Differential scanning calorimetry

DSC analyses were performed on a heat-flux type DSC Q2000 (TA
instruments, Delaware, USA) equipped with a cooling system. Nitrogen
gas was used as purge gas (flow rate = 50 mL/min) and data were
collected with TA Instruments Universal Analysis 2000® software.
Samples of 5-10 mg were introduced into TA aluminium pans and
sealed with a lid (Tzero) made of the same material to evaluate the
thermal properties (e.g. the glass transition temperature (Tg), de-
termined at the midpoint of the transitions; the cold crystallization
temperature (T,.); and the melting temperature (T,,), determined as the
midpoint temperature of the endotherms) of the filaments. The re-
ference specimen consisted of an empty sealed pan. During the first
cycle, the oven was heated from —20 °C to 200 °C at 10 °C/min. During
the second cycle, the samples were cooled to —20 °C before being he-
ated again to 200 °C at 10 °C/min. Ty, T, and T, were captured during
the second heating cycle. The degree of crystallinity (x.) was calculated
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using the following equation (Eq. (1)):

:AHm—AHcXm0

X 0
©aHg )
where AH,, is the melting enthalpy, AH, is the enthalpy of cold crys-
tallization achieved during the first heating cycle and AH% is the
melting enthalpy of PLA 100% crystalline (93 J/g) (Farah et al., 2016).
All the results were calculated using PLA quantity after substraction of

the 10% (w/w) of plasticizer.

2.2.6. Thermogravimetric analysis (TGA)

The measurements were performed on a Q500 TGA (TA
Instruments, Delaware, USA), equipped with a balance with a sensi-
tivity of 0.1 pg. Nitrogen gas was used as purge gas (flow rate = 60 mL/
min.). Samples of 5-8 mg were loaded into platinum pans to evaluate
residual solvents (loss in mass) and to assess the thermal stability of
both plasticizers and polymers. The climatic chamber was heated at
10°C/min from 30°C to 600 °C. Data collection and analysis were
performed using TA Instruments® Universal Analysis 2000 software.

2.2.7. Mechanical properties

The tensile testing was determined using a Lloyd LR 10 K (Ametek
Inc, Pennsylvania, USA) with a load capacity of 10 kN. The 3D printed
dog-bone specimens used for tensile tests were in accordance with the
ASTM D638 (type IV). The reported values were the average of at least
3 measurements. The testing speed was set at 10 mm/min. Young’s
modulus, elongation at break (EB%) and tensile strength were obtained
using NEXYGEN™ software (Ametek Inc, Pennsylvania, USA).

2.2.8. Morphological analysis

The surface of the printed cylinder devices was visualized by
scanning electron microscopy (SEM) using a JSM-600 scanning electron
microscope (Jeol, Tokyo, Japan). They were fixed onto a carbon tape
and coated with gold using a Balzers SCD 030 (Balzers Union Ltd.,
Liechtenstein).

2.2.9. Melt flow index

A Davenport MFI-10 (Ametek, Pennsylvania, USA) melt flow in-
dexer was used to evaluate the flowability of the melt. Material was cut
into small pieces of around 5 mm before analysis. The ASTM standard
test D1238 was used at 190 °C and a 2.16 kg load (ASTM D1238, 2013).
MFI analyses were performed to evaluate the plasticizer effect on the
PLA Ingeo 2003D viscosity and to correlate the amount of matter ex-
truded during the printing process. The evaluation of the MFI was
performed using two other temperatures following the DoE (173 and
155 °C) with a standard weight of a 2.16 kg load.

3. Results and discussion
3.1. Formula and characteristics of the filament

The neat thermoplastic polymer PLA Ingeo 2003D was blended with
the four previously-mentioned different plasticizers using a solvent
evaporation method to obtain a homogeneous mixture before the ex-
trusion process. The ratio of plasticizer (10% (w/w)) was considered
miscible with the PLA after evaporation according to the miscibility
study of Baiardo et al. (Baiardo et al., 2003). The researchers discussed
about the miscibility of monomeric and polymeric plasticizers into the
PLA. These plasticizer compounds were chosen because of their wide-
spread use as plasticizers with PLA (Patil et al., 2015; Xiao et al., 2012).
The addition of plasticizer is essential to soften the polymer, decrease
its brittleness and enhance the processability of the polymer at rela-
tively low process temperatures (Arrieta et al., 2014). Furthermore, the
aim of this study was to transfer the knowledge acquired to the phar-
maceutical formulation and thus to be able to reach the lowest
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temperatures by adding plasticizers. TGA analysis was performed on
the filaments to evaluate the residual amount of dichloromethane after
extrusion. After three days in a ventilated oven at 60 °C, no loss of
weight was observed above the boiling temperature of the solvent
(~40°C) (data not shown), which meant that it was completely re-
moved. The complete elimination of the solvent inside the filament was
shown to be essential as it was previously demonstrated that residual
solvent may have a plasticizing effect (Verreck, 2012). To properly
interpret the data from the DoE and the influence of the plasticizers on
the printing process, it had to be certain that no interference would be
generated by the presence of residual solvent. The plasticizer ratio was
selected after experimental testing of different percentages (10, 20 and
30% (w/w)). With percentages higher than 10% (w/w), the diameter of
the extruded filament was not in the printability range of
1.75 = 0.05mm. This result was probably due to the inherent limita-
tion of the single-screw extruder. Interestingly, it was observed that the
diameter of the filament was greatly influenced by the speed of the
screw. Indeed, there were swelling issues, which is also called the
“Barus effect”, when the screw speed increased. This phenomenon has
been described in the literature and can be explained by the viscoelastic
properties of polymer. When polymer goes through the die at a rela-
tively high velocity, its macromolecules relax. This leads to an increase
in the filament diameter upon leaving the die (Jani and Patel, 2015).
When a higher ratio than 10% (w/w) of plasticizer was used, the
cooling step became more important due to the decrease of viscosity of
the extruded filament. With 10% (w/w) of plasticizer, the aforemen-
tioned limitation of the filament diameter was achieved by adapting the
SSE temperature and screw speed (Table 3). After the extrusion process,
the filament was manually enrolled with a cylindric container. The
cylindric container was put in an oven at 60 °C for 5 min to guarantee a
constant enrol state to facilitate the storage of the filaments.

As expected, the Tyyg of the pure PLA was reduced from 180 °C to
135, 148, 137 and 142 °C after blending with PEG 400, TEC, ATEC and
TA, respectively (Table 3). The lowest Tyyg values of 135 and 137 °C
were obtained with PEG 400 and ATEC, respectively. Previous work
explained that the role of plasticizers is to increase the free volume and
minimize the chain interactions in the polymer structure (Maiza et al.,
2015). Interestingly, the PEG 400 and ATEC were the highest M,
compounds added to the PLA in this study. However, at 148 °C the
decrease in the Tyye was lower with TEC compared to other blends.
This was despite the polar interaction between the ester groups of
polymer and citrate compounds, which ensures a good solubility of the
blend (Maiza et al., 2015).

The thermal properties of the extruded filaments were investigated
by DSC (Fig. 2). The thermograms showed endothermic transition (Ty),
an exothermic peak related to the cold crystallization (T.) and a en-
dothermic peak (T,) of the material. The extruded pure PLA was
characterized by a T, at 53°C, a T, at 110°C and a Ty, at 146 °C. As
expected, the T, of the blends shifted to lower temperatures due to the
addition of the plasticizers (Table 3). The highest decrease in T value
was obtained with the addition of PEG 400 as it was lowered from 53 °C
to 34 °C. Furthermore, the addition of plasticizer in the thermoplastic
polymer induced higher chain mobility and so a faster crystallization
rate during the second heating cycle (Fig. 2) (Martin and Avérous,
2001).
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However, the DSC cooling cycles showed no crystallization peak.
The pure PLA and the blends are not able to crystallize at a cooling rate
of 10 °C/min (Greco et al., 2018). The degree of crystallinity (),) may
be influenced by the thermomechanical properties of the PLA (Table 3).
As observed, the crystallinity of the PLA (3%) increased when PEG 400
and TEC were added (5%). Chain mobility was promoted with the
presence of plasticizer and explained this observation (Wang et al.,
2014). Interestingly, a lower crystallinity was observed with the addi-
tion of ATEC and TA as plasticizers (2%).

In addition, the melting peak of both neat and plasticized PLA was
not defined as a single peak but as a double peak. The literature reports
that these melting peaks correspond to the crystalline structure (a- and
o’-forms) of the PLA and the original crystalline structure re-
crystallization respectively by lamellar rearrangement (Fehri et al.,
2016; Li et al., 2018).

The DSC thermograms showed an influence from the plasticizer on
the T; and the Tymg of the blend (Table 3). However, the variation in
Tume was influenced by the plasticizer and was not only dependent on
the decrease in T,. The Tyvg was higher with the neat PLA and when
the PLA was plasticized with TEC. These results were related to the
higher viscosity of the matter in both situations.

TGA were performed on both neat and plasticized PLA filaments
(Fig. 3). Indeed, the thermal stability of PLA after the addition of
plasticizers could be modified due to the higher mobility of the polymer
chains. It was observed that the mass of the sample started to decrease
at lower temperatures when plasticizers were added compared to neat
PLA. The weight loss curve derivatives (DTG) were analysed to assess
the thermal stability of the filaments at the selected range of printing
temperatures (155-190 °C). The DTG curves of both pure and plasti-
cized PLA showed that degradation appeared above 200 °C (Fig. 3).
However, the filament made of PLA and PEG 400 blend was less subject
to degradation than those made of other plasticizers. The shift is more
obvious if small molecules are added into the polymer matrix, due to
their thermal stability. Furthermore, the thermal stability with the PEG
400 was higher than that from the use of the three other plasticizers
(ATEC, TA, TEC). According to Li and co-workers, the shift was due to
the degradation of the plasticizer when the initial temperature of de-
gradation of the plasticizers was reached, and promoted the degrada-
tion of PLA (Li et al., 2018).

3.2. MFI analysis of the filaments

As recommended by Fuenmayor and co-workers, MFI analysis was
performed to evaluate the ability of the matter to flow through the
printer nozzle at the three selected temperatures: 155, 173 and 190 °C
(Fuenmayor et al., 2018). The lowest temperature corresponds to that
at which the devices can be printed at a minimum printing temperature
adapted to all blends. The highest temperature corresponds to the
temperature at which the devices can be printed just before the de-
gradation of the filament begins, using TGA data. The MFI of the fila-
ments were evaluated according to the ASTM D1238 norms. At 210 °C,
the MFI provided by the manufacturer was 6 g/10 min. At 190 °C, the
MEFI of the pure PLA was found to be 7.29 g/10 min. At 173 °C, the MFI
of raw PLA decreased even more to 3.67 g/10 min (Fig. 4). At 155°C,
PLA flowed at only 1.99g/10min. As shown, it was clearly

Table 3
Extrusion temperature (Tywe) and screw speed (rpm), Tg, Te, AH,, Ty, AH. and (,) for neat and plasticized PLA samples.
Samples Tume (°C) Screw speeds (rpm) Ty (CC) T. (°C) AH(J/gpLA) Tm(°C) AH,(J/gprA) () (%)
Pure PLA 180 20 53 110 25 150 28 3
PLA - 10% (w/w) ATEC 137 22 42 102 28 148 30 2
PLA - 10% (w/w) PEG 400 135 30 34 97 27 148 32 5
PLA - 10% (w/w) TA 142 30 40 99 27 147 29 2
PLA - 10% (w/w) TEC 148 37 40 98 25 147 30 5
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Fig. 2. Comparison of DSC thermograms of the neat PLA (@) and plasticized PLA with ATEC (@), TA (O), TEC (W) and PEG 400 (*) captured during the second

heating cycle.

demonstrated that the flowability of this thermoplastic polymer was
reduced when the temperature was decreased.

Indeed, the addition of 10% (w/w) of plasticizer made it possible to
obtain a flow of PLA at the three temperatures tested. Regardless of the
temperature, the MFI were enhanced in comparison to that of pure PLA.
However, the nature of the plasticizers influenced the flowing beha-
viour of the polymer (Fig. 4). Indeed, it was clearly demonstrated that
the addition of PEG 400 increased the MFI to a greater extent than the
values observed with the other plasticizers, regardless of the evaluated
temperature (Fig. 4).

Recently, Wang and co-workers screened different commercial PLA
and concluded that a MFI value of 10 g/10 min was necessary to obtain
3D devices with an acceptable quality between 190 and 220 °C (Wang
et al., 2018). Furthermore, they highlighted that during the polymer
melt deposition, the importance of the plasticizer and the crystallinity

need to be considered together, in addition to that of the MFI value
(Wang et al., 2018). During this work, several values were lower than
the expected 10 g/10 min. Interestingly, the addition of 10% (w/w) of
plasticizer was slightly appreciable. The PLA MFI values at 155 °C in-
creased from 1.99 g/10 min to 4.02, 3.66 and 3.12 g/10 min with ATEC,
TA and TEC respectively. In contrast, a higher MFI value (25.02 g/
10 min) was observed with PEG 400. Despite the difficulty in obtaining
a structure without defects, the aim of the study was to achieve the
results with a wide range of parameters. Furthermore, the wide range of
parameters included the worst-case temperature of 155 °C.

3.3. Manufacture of the devices by FDM

The selected model of thermoplastic polymer was printed at 230 °C
using the manufacturer’s specifications (Torres et al., 2016). With a
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Fig. 3. Comparison of the TGA (above) and DTG (below) thermograms of the neat PLA (@) and plasticized PLA with ATEC (B, TA (O), TEC () and PEG 400 (*).
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view to developing further 3DP devices containing pharmaceutical
active compounds, the addition of plasticizer makes it possible to de-
crease the printing temperature. To overcome the degradation which
could take place during the printing session, the influence of several
plasticizers on it were evaluated. Information concerning printing
protocols for using plasticized material is lacking and could be inter-
esting in the pharmaceutical field. In this case, the most rational ap-
proach to obtaining information about the process was to perform a
DoE. The printing parameters and the plasticizer influence could easily
be screened to identify a printing protocol that allows the production of
adequate 3DP devices.

The experimental design was established with four parameters, in
line with their available ranges and values. Each parameter was set with
a minimal and a maximal value as well as an arithmetic mean thereof.
The selected DoE was established to obtain information and understand
the printability of the matter using a wide range of parameters
(Table 4).

The estimation of the lower temperature was evaluated using an
empirical method. The plasticized PLA filaments were tested at several
loading temperatures. Furthermore, adhesion onto the platform was
necessary to print devices. At the adhesion temperature, the loading of
the filament could be performed without obstruction: the plasticized
thermoplastic polymer flowed properly through the nozzle of the
printer and adhered to the build platform, regardless of the plasticizer
used. However, to enhance the adhesion of the devices onto the plat-
form during the printing process, blue tape was systematically used
(Skowyra et al., 2015). The maximal temperature was set at 190 °C to
prevent the degradation of the filaments, in accordance with DTG data
(Fig. 3).

Both the deposition rate (1-175mm/s) and the layer thickness
(0.1-0.3mm) were fixed in accordance with the manufacturer’s re-
quirements. The infill of the devices was set at 100% to evaluate the

Table 4
Experimental design used to produce the devices.
Experiments # Deposition Layer Deposition Plasticizers
temperatures thicknesses rates (mm/s)  (10% (w/w))
(9] (mm)
1 190 0.1 175 Triacetin
2 173 0.2 88 ATEC
3 155 0.3 1 Triacetin
4 155 0.1 175 TEC
5 190 0.1 1 ATEC
6 190 0.1 1 Triacetin
7 155 0.3 175 ATEC
8 155 0.1 1 PEG 400
9 190 0.3 175 PEG 400
10 173 0.2 88 TEC
11 190 0.3 1 TEC
12 173 0.2 88 PEG 400

|II|I||IH|IIII|HII LT IIII|IIII|I
10 20 30

1% 2 3 4T ERER7&880 123456

J
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Fig. 5. Shrinkage of the cylinder device printed in the upright orientation and
in the flat orientation (mm).

potential maximum response during the test.

During the first part of the investigation, the upright orientation was
used for cylinder devices due to the high degree of shrinkage in the flat
orientation (Fig. 5).

The printing process was performed using a raft (small horizontal
lattice of melt filament laid down between the build platform and de-
vice) to increase the adhesion of the first layer onto the build platform
and to improve the stability of the devices during the whole process.
The raft played a key role in printing the cylinder devices and the dog
bones in the upright orientation. Indeed, due to the small area of con-
tact between their bases (12.56 mm?) and the build platform, both
devices pitched during the printing until they were completely peeled
off by the repeated back-and-forth movement of the print head. As
previously described by Carneiro and co-workers, the nozzle of the 3D
printer was manually adjusted at 0.36 mm to the platform and so ex-
panded the extrusion width to enhance the overlapping of the layers of
the raft (Carneiro et al., 2015). Such manual adjustment of the nozzle
did not interact with the printability of the devices as the build platform
moved down by increments to provide the right preselected layer
height.
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Fig. 6. SEM micrographs of the surface of cylindrical devices with: a. sample 8 (155 °C, 0.1 mm, 1 mm/s), b. sample 2 (173 °C, 0.2 mm, 88 mm/s), c. sample 7
(155°C, 0.3 mm, 175 mm/s), d. sample 3 (155 °C, 0.3 mm, 1 mm/s), e. sample 9 (190 °C, 0.3 mm, 175 mm/s), f. sample (190 °C, 0.3 mm, 1 mm/s) at 30x magni-

fication.

3.4. Morphological analysis of the printed cylinder devices

SEM analysis was performed on the samples to get more insight into
the morphology of the external surfaces of the printed devices (Fig. 6b).
The layer height modulation at three different levels (0.1, 0.2, 0.3 mm)
could have an influence on the surface of the devices. Fig. 6 shows the
comparison of the external surface SEM micrograph of samples 2, 3, 7,
8, 9 and 11, obtained following the different layer heights. As hy-
pothesized, the increase in the height had a positive influence on the
resolution of the devices. At 0.1 mm (Fig. 6a), the matter was highly
embedded, most probably because the build platform went down
slowly, and the printer nozzle had an extended contact area during the
process. The improvement of the morphology was due to the increase in
the thickness to reach values of 0.2 and 0.3 mm. Interestingly, the ex-
ternal surface of sample 7 (Fig. 6¢), which was printed at a temperature
of 155 °C and at 175 mm/s, is faithful to the design, while the MFI of the
initial filament (PLA_ATEC10% (w/w)) was only 3.42g/10 min. A
better resolution may be important in the future when developing
pharmaceutical dosage forms to promote a high surface area and avoid
the solid-state surface obtained with 0.1 mm of layer height.

3.5. Design of experiment

The experimental design was performed to investigate the print-
ability of the matter following a set of four parameters. To our
knowledge, these parameters included four different plasticizers that
have not already been investigated for 3DP. To visualize the effect of
each parameter and the associated response, a prediction profiler was
used (Fig. 7). The prediction profiler provided an overview of the re-
sponses before the discussion below, based on each effect. Furthermore,
the profile can be employed to estimate the response of each experi-
mental parameter.

3.6. The effect of the FDM process parameters on the weight of the cylinder
devices

It has been demonstrated that the deposition temperature, the layer
thickness and the plasticizers had a significant impact on the variability
of the mass of the devices after printing (p < 0.05) (Fig. 7). This result
may be correlated with the flow of the matter through the nozzle. The

weight of the cylindrical devices increased when the deposition tem-
perature was raised.

When the temperature rose, the flow through the nozzle increased,
which was confirmed by the MFI values (Fig. 4). Higher temperatures
(173 and 190 °C) led to avoidance of nozzle clogging and improved the
regularity of the polymer rods on the platform. In contrast, an increase
in the layer thickness showed a negative influence on the weight at
values higher than 0.1 mm. Chacon and co-workers explained that
when the layer thickness increased, a lower number of layers was
needed to achieve the final structure (Chacén et al., 2017). Therefore,
the printed devices with higher thicknesses needed less material and so
were characterized by a lower weight. This observation could be at-
tractive to adapt the loading percentage of an active molecule to a 3DP
drug delivery system. The influence of the addition of plasticizers on
the weight was unexpected. Indeed, although the addition of PEG 400
to the PLA increased its MFI, it seemed that the flow of the mass was
lower during the printing with this plasticizer.

3.7. The effect of the FDM parameters on the mechanical properties of the
dog-bone devices

As recommended by Abdelwahab and co-workers, mechanical
testing was performed on both neat and plasticized PLA dog-bone de-
vices (Abdelwahab et al., 2012). The brittleness behaviour of the PLA is
widely known and enhancement of the mechanical properties of the
material was required. The ductility of the 3DP devices was improved
by the addition of plasticizers (Arrieta et al., 2014; Farah et al., 2016;
Jin et al., 2017; Sodergard and Stolt, 2002). It was previously demon-
strated that PLA is characterized by a high Young’s modulus and tensile
strength (Baiardo et al., 2003). It was expected that the addition of
plasticizers could decrease both Young’s modulus and tensile strength
values, with an increase in the elongation at break values of PLA. The
devices were printed following the upright and the flat orientations.
The flat orientation was used as typical shape to investigate the me-
chanical properties of the material. The adhesion between the layers
was investigated on devices that were printed in the upright orienta-
tion. Furthermore, the experiments showed that the flat orientation
resulted in difficulties such as shrinkage and defects in obtaining cy-
lindrical devices. Hence, the main approach to produce devices was to
print in the upright orientation. The evaluation of the anisotropy of the
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mechanical response of the 3DP devices could improve the ability to
print devices in the upright orientation and promote a similar structure
to that initially designed. Chacon and co-workers showed that the
tensile strength of a printed device could be modulated by varying only
the orientation of the printing. Indeed, it was demonstrated that the
tensile testing was performed parallel to the layer deposition in the case
of upright samples. This observation was contrary to the one demon-
strated to the flat-oriented devices. Moreover, these results were in
accordance to the literature (Chacén et al., 2017).

The tensile test was performed to evaluate the Young’s modulus, the
elongation at break and the tensile strength of the dog-bone devices.

The deposition temperature significantly modified the Young’s
modulus (p = 0.004) with the flat oriented dog bones. It was observed
that an increase in the deposition temperature led to higher Young’s
modulus values (Fig. 8a). Indeed, considering the temperature range

from 155 °C to 190 °C, the Young’s modulus was able to increase from 1
556.6 = 557.8 MPa to 2 786.4 = 147.7 MPa for experiments 6 and 7,
respectively (Table 4). For the upright orientation, the responses were
significant for the elongation at break (p = 0.007) and for the tensile
strength (p = 0.004) (Fig. 8a and b). The higher temperature tended to
promote an increase in both mechanical properties. Indeed, the elon-
gation at the break maximum value of 2.6 * 0.4% was observed
during experiment 1 (Table 4). The tensile strength increased from
6.8 = 2.2MPa to 28.2 + 1.1 MPa in the range of temperatures
155-190 °C. Torres et al. stated that when the temperature was in-
creased, the molten state of the PLA led to a better adhesion to the
previous layer (Torres et al., 2016). The tensile strength of the upright-
printed pure PLA following the manufacturer requirements at 230 °C,
90 mm/s was 19.9 + 0.5MPa and 47.5 = 2.4MPa, with a layer
thickness of 0.1 and 0.3 mm respectively. These values highlighted that
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the decrease in temperature succeeded in producing 3DP devices, re-
gardless of the thickness of the layers.

The layer thickness significantly affected both Young’s modulus
(p = 0.01) and tensile strength (p = 0.002) in the flat orientation as
well as both elongation at break (p = 0.04) and tensile strength
(p = 0.01) following the upright orientation (Fig. 9). Regardless of the
printing orientation, an increase in the layer thickness led to lower
mechanical properties. Indeed, all the mechanical properties tended to
decrease when the layer thickness increased from 0.1 to 0.3 mm. The
decrease in the Young’s modulus values when the layer thickness in-
creased led to a decrease in the stiffness of the device (Fig. 9a). Indeed,
the stiffness of the matter was evaluated following the Young’s modulus
values (Chacon et al., 2017). The decrease in both Young’s modulus and
tensile strength led to a lower stiffness of the material. Tymrak and co-
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workers highlighted a similar trend in their work on PLA. Indeed, a
higher tensile strength was reached by lowering the layer thickness
(Tymrak et al., 2014). When the devices were printed in the upright
orientation, the tendency was similar to that previously mentioned. A
higher layer thickness tended to promote lower mechanical properties
(Fig. 9¢ and d). Interestingly, Chacon and co-workers found that the
upright strength increased with a higher layer thickness. Moreover, in
the flat orientation, the decrease in the layer thickness increased the
strength but with only a slight effect (Chacon et al., 2017). This result
was different from that obtained during our experiments. In Chacén
et al.’s study, the effects of layer thickness, build orientation and feed
rate on PLA printed devices were evaluated for the PLA mechanical
properties. In the case of the present study, the deposition temperature
was modulated and plasticizers were added. However, the design of
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experiment was performed to evaluate the main effect of the selected
FDM parameters.

The deposition rate was the printing parameter with the least in-
fluence on the mechanical properties (Fig. 7). Indeed, the only sig-
nificant response was a slight decrease in the Young’s modulus
(p = 0,04) when the devices were printed in the flat orientation. Con-
sequently, it may be interesting to evaluate the interaction between the
deposition temperature and the deposition rate as this could explain the
previous statement. A lower deposition temperature (155 °C) associated
with a higher deposition rate (175 mm/s) can lead to more porous
structures due to a lack of the intra-layer adhesion during the process
(Christiyan et al., 2016).

The influence of the plasticizer on the mechanical properties was
also investigated on dog bones. The significance of the results was
different according to the orientation of the printing. The model re-
sponses were significant only when both Young’s modulus and tensile
strength values were lower than the two significant model responses.
ATEC was shown to be the most significant influencing plasticizers on a
decrease in both Young’s modulus and tensile strength (p < 0.0001)
(Fig. 7). The addition of ATEC in PLA led to a sharp decrease in its
stiffness and increased its ductility. In contrast, the addition of TEC and
TA to the polymer matrix increased both Young’s modulus and tensile
strength in the flat orientation. PEG 400 had no significant effect on the
Young’s modulus and had a slight effect on the tensile strength, in the
same orientation. When the dog bones were printed in upright or-
ientation, the nature of the plasticizers had a lower influence on the
mechanical properties. The only significant response was obtained for
the elongation at break. Moreover, the TA was the only plasticizer that
had a significant effect on the elongation at break. An increase in the
elongation at break was observed when TA was added.

4. Conclusion

This study showed that the addition of ATEC seems to reduce the
PLA stiffness and the addition of TA promotes a better adhesion be-
tween layers. Furthermore, the stiffness of the material can also be
modulated by the choice of parameters and the printing orientation.
Indeed, the ductility was improved by a higher layer thickness, while a
lower deposition temperature led to a less stiff material and conse-
quently to a harmless implant for the patient. The adhesion between
layers was promoted by a decrease in layer thickness and an increase in
the deposition temperature. No significant effect on the deposition rate
was observed with the selected DoE. The interrelationship between
parameters needs to be investigated to improve knowledge about the
mechanical properties of the plasticized PLA and the influence of the
printing parameters.

In addition, it could be interesting to understand how the matter
reacts during and after the FDM process to perform flexural testing. The
orientation had a key role on the mechanical results, but the selected
raster angle should be evaluated due to its ability to increase the load-
bearing behaviour of the fibres deposited by the printhead.
Furthermore, the addition of an active molecule into the polymer ma-
trix will modify the structure as well as the thermomechanical prop-
erties.
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