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ABSTRACT

Solvent-cast printing is a highly versatile microfabrication technique that can be used
to construct various geometries such as filaments, towers, scaffolds and freeform
circular spirals by the robotic deposition of a polymer solution ink onto a moving
stage. In this work, we have performed a comprehensive characterization of the
solvent-cast printing process using polylactide (PLA) solutions by analyzing the flow
behavior of the solutions, the solvent evaporation kinetics and the effect of
process-related parameters on the crystallization of the extruded filaments. Rotational
rheometry at low to moderate shear rates showed a nearly Newtonian behavior of the
PLA solutions, while capillary flow analysis based on process-related data indicated
shear-thinning at high shear rates. Solvent vaporization tests suggested that the
internal diffusion of the solvent through the filaments controlled the solvent removal
of the extrudates. Different kinds of three-dimensional (3D) structures including a
layer-by-layer tower, 9-layer scaffold and freeform spiral were fabricated, and a
processing map was given to show the proper ranges of process-related parameters
(i.e., polymer content, applied pressure, nozzle diameter and robot velocity) for the
different geometries. The results of differential scanning calorimetry revealed that
slow solvent evaporation could increase the ability of PLA to complete its
crystallization process during the filament drying stage. The method developed here
offers a new perspective for manufacturing complex structures from polymer
solutions and provide guidelines to optimize the various parameters for 3D geometry

fabrication.



Introduction

There is a growing interest towards the fabrication of three-dimensional (3D) micro
or nanoscale devices made from thermoset!, or thermoplastic polymers2, hydrogels3-4,
or polyelectrolytess, which may find potential applications in complex microfluidic
networks®7, tissue engineering scaffolds®-, and self-supporting sensors!'%-!l. Several
strategies have been employed to precisely assemble 3D structures, including
photolithographic!?, colloidal-epitaxy!? and direct-write techniques!415. Among these,
the direct-write assembly is one of the most promising approaches because it offers
flexibility in material selection, low cost, and ability to construct complex 3D
structures!6. Direct-write assembly is a 3D printing technique, which employs a
computer-controlled translational stage that moves a pattern-generating device in
order to achieve, layer by layer, the desired 3D microstructure!”. Different materials
such as organic fugitive’> 15 1820 or colloidal inks?!-23, concentrated
polyelectrolytes?423, UV curable thermosets!: 10 and bioinks (e.g. hydrogels with
suspended cells)?¢-28 | have been employed in this technique to fabricate various micro
structures for specific applications.

Polylactide (PLA) is one of the most popular bio-based thermoplastic materials
because it is widely available commercially, biodegradable, biocompatible and has a
relative high-strength, high-modulus and good processability?*-3!. A few techniques
using PLA to fabricate microscale 3D geometries have been developed and described
in the literature. For example, a fused deposition modeling (FDM) method can create

PLA solid objects with ~250 pm resolution due to the material rigidity increase after
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the temperature-triggered phase transition from molten to solid state32. However this
method exhibits limited precision of the printed features, and the high viscosity and/or
thermal degradation at high temperature of thermoplastic melts may restrict this
approach. In addition, two other methods including surface tension driven
direct-write33 and soft lithographic approaches3* were reported to fabricate 3D PLA
scaffolds for tissue engmeering. However, these techniques were unable to build
complex or freeform 3D structures.

We recently reported the solvent-cast direct-write printing of 3D geometries in a
freeform fashion using concentrated PLA solution inks?® as illustrated in Figure 1.
Specifically, the inks are formulated by dissolving PLA i a solvent with low boiling
point. The resulting solutions are extruded through micronozzles upon the application
of an appropriate pressure. They rapidly undergo fluid-like to solid-like transition
post-extrusion due to fast solvent evaporation, which allows maintaining their
filamentary shape and buildup of complex structures. Mechanical and electrical
properties under functional testing of some of the constructs fabricated are reported in

reference 35.
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Figure 1. Schematic of the solvent-cast printing process and the main process

parameters.

In this paper, we present a comprehensive study of the properties of PLA solution
inks for the solvent-cast printing method. The information gathered here aims at
elucidating the phase behavior and rheological properties of the inks during the
solvent-cast printing process, and can be used as a guide for the fabrication of
different 2D and 3D geometries. The process-related viscosity of PLA solutions is
investigated by capillary flow analysis. The solvent evaporation kinetics are
characterized by monitoring the weight reduction of short extruded filaments over
time. In addition, a map of processing parameters ranges for different microstructure
fabrication is proposed. Fially, the crystallization properties of the extrudates are

examined using a differential scanning calorimetry (DSC).

Experimental Section

Polymer Solution Preparation

A semi-crystalline polylactide (PLA, grade 4032D, Nature works LLC) with a
stereoisomer composition of 1.2-1.6% D-isomer lactide, was used in this study.
Various amount of neat PLA (20, 25 and 30 wt% solutions) were dissolved in the
solvent dichloromethane (DCM, Sigma-Aldrich). After 24 h, the solutions were
ultrasonicated (ultrasonic cleaner 8891, Cole-Parmer) at 42 kHz for 1 h. Then the
polymer solutions were stored in sealed bottles until processing.

3D Printing



The solvent-cast printing was performed using a moving stage along the x-axis and
a robot head (1&J2200-4, 1&J Fisnar) moving in the y-z plane that were
computer-controlled with commercial software (JR Pomts for Dispensing, Janome
Sewing Machine). The PLA solution was poured in a syringe (3cc barrel, EFD) fixed
on the robot and deposited through a micronozzle onto a glass substrate at room
temperature. The pressure applied on the polymer solution (0 to 4.2 MPa) was
controlled by an air-powered dispensing system (HP-7X, EFD). This experimental
set-up was also used in the capillary flow analysis, the solvent evaporation tests and

the fabrication of the different geometries.

Rheological Characterization

The process related viscosities of polymer solutions with various PLA contents (20,
25, 30 wt%) were evaluated from constant-pressure capillary flow analysis as
described in?’. The different PLA solutions were extruded through a single size
micronozzle (inner diameter D = 200 pum, capillary length L = 12.24 mm) and the 25
wt% PLA solution was also extruded through two other nozzles (D = 100 and 330 pm,
L =12.76 and 12.24 mm). The high-capacity pressure dispenser was set between 0.18
and 4.0 MPa to obtain the desired flow rate, depending on the PLA content and nozzle
diameter. After reaching the extrusion steady state, the ink was deposited onto a
substrate for 120 s under various applied pressures at a robot velocity 0.5 mm s,
After drying in an oven (G05053-10, Cole-Parmer) at 50°C for 12 h, the extruded
fibers were then weighed with a high precision balance (GH-202, A&D Engineering)

to determine the mass flow rates, which were converted to volumetric flow rates using
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the respective fluid densities. Capillary data reported in this work include the
Rabmowitch-Mooney correction for non-Newtonian fluids.

The steady-state shear viscosity of the polymer solutions was also characterized at
room temperature using a rotational rheometer (MCR-502, Anton Paar) with a
pressure flow cell (CC25 concentric cylinder geometry) to prevent solvent
evaporation. The shear rate ramp started from 0.1 s! and increased until flow
instabilities were observed at ~ 100 s-!, where the viscosity dramatically decreased.
Each polymer solution was tested under ambient pressure and three different applied

cell pressures (1.0, 2.0 and 4.0 MPa).

Solvent Evaporation Rate Characterization

The solvent evaporation behavior of the polymer inks was evaluated by directly
depositing a 5 mm-long filament on a glass substrate resting on a high-precision
balance (GH-202, A&D Engineering). Three polymer solutions (PLA contents of 20,
25 and 30 wt%) were deposited on the substrates for 5 s through a micronozzle (D =
510 pm), under an applied pressure of 420 kPa. The 20 wt% PLA solution was also
deposited using two other nozzles (D = 200 and 330 pum). The sample weight was
recorded for 6 h. Following this recording period, the sample was completely dried in
an oven (G05053-10, Cole-Parmer) at 50°C for 12 h and weighed again. The mass of
the dried PLA was then used to calculate the real-time solvent percentage in the

extruded filament.

Microstructure Fabrication



2D and 3D microstructures were fabricated using the solvent-cast printing
technique. A nine-layer scaffold was fabricated with the 25 wt% PLA solution using a
100 um inner diameter nozzle under an applied pressure of 1.4 MPa and 1.0 mm s!
robot velocity. Square and circular towers were built with the 30 wt% PLA solution
using a nozzle with a 200 um mner diameter under an applied pressure of 1.05 MPa
and 0.5 mm s’! robot velocity. A 3D circular spiral was fabricated from the 30 wt%
PLA solution using a micronozzle with a 100 um inner diameter under an applied
pressure of 1.75 MPa and 0.1 mm s-! robot velocity. The designed pitch of the circular

spiral and the radis of the coil were 0.5 mm.

Morphological Characterization

The morphology of the various microstructures was observed on a JEOL JSM-840
Scanning Electron Microscope (SEM). Samples were sputtered with gold for 15 s

prior to the imaging.

Thermal Analysis

Critical transition temperatures and extent of crystallization of the printed PLA
filaments were determined using differential scanning calorimetry (DSC Q1000, TA
Instruments) in a nitrogen atmosphere. Ten samples were prepared by depositing PLA
filaments using different process parameters. Details of the various experiments are
providled i Table 1 where, for example, the nomenclature of
20%/200pum/1.05MPa/0.5mms! represents a filament specimen fabricated using the

20 wt% PLA solution, 200 pm mner diameter nozzle, 1.05 MPa applied pressure and



0.5 mm s! robot velocity. After drying the printed filaments in an oven at 50°C for 12
h, the samples were cut and placed in sealed aluminum pans. For each sample, the
heat flow measurements were performed during a heating from 30 to 210°C at a
heating rate of 10°C min’'. The glass transition temperature (7,), cold crystallization
temperature (7,.), melting temperature (7,,), and degree of crystallinity (y.) were

determined from the measured thermograms.

Table 1. DSC results of solvent-cast PLA filament crystallization

AH,, AH,. AHg, g Xc
Sample nomenclature *

Jgh Jgh Jgh (%0)
20%/200um/1.05MPa/0.5mms-! 36.8 16.3 0.73 21.1
25%/200um/0.56MPa/0.5mms-! 323 23.8 0.90 8.1
25%/200um/1.05MPa/0.5mms-! 35.1 15.9 0.59 19.9
25%/200um/1.05MPa/0.2mms-! 32.1 4.9 0.00 29.0
25%/200um/1.05MPa/1.0mms! 34.9 24.8 0.72 10.1
25%/200um/1.05MPa/2.0mms! 29.2 21.5 0.83 7.3
25%/200um/2.84MPa/0.5mms! 34.0 2.7 0.00 33.4
25%/100um/1.05MPa/0.5mms! 31.0 18.9 1.29 11.5
25%/330um/1.05MPa/0.5mms-! 353 2.0 0.00 35.5
30%/200pum/1.05MPa/0.5mms-! 353 17.0 0.71 18.8

* nomenclature: PLA content/nozzle diameter/applied pressure/robot velocity
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Results and Discussion

Rheological Properties

This printing process involves the flow of a polymer solution inside a nozzle, hence
rheological properties of the solution inks are critical. The solution must exhibit a
moderate viscosity, so it can flow easily through the fine nozzle and result in a stable
filament. Since polymer solutions exhibit high viscosity, a shear-shinning behavior of
the extruded material is favorable. The flow behavior of various PLA solutions under
two different operating conditions (i.e., nozzle diameter and applied pressure) was
examined using capillary flow analysis from the process related raw data, as
explained below. Figure 2 shows the volumetric flow rate converted from mass flow
rate with respect to the applied pressure. For all PLA solutions investigated, the flow
rate increased with the applied pressure, as expected. Under the same pressure, the
flow rate decreased as the PLA content increased (Figure 2a) and as the nozzle

diameter decreased (Figure 2b).
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Figure 2. Raw data of the capillary flow experiments: volumetric flow rate as a
function of the applied pressure for (a) three PLA solutions (20, 25 and 30 wt%)
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deposited using a 200 um nozzle, and (b) a 25 wt% PLA solution deposited using

three different nozzle diameters (100, 200 and 330 um).

Because the ratio of micronozzle length (L) to diameter (D) is larger than 50, the end
effects in the capillary flow analysis was neglected?’. It is also assumed that the
pressure has negligible effect on the viscosity. The process-related wall shear stress

T,y 1s calculated from the following equation:

T, =AP-R/2L (1)

where AP is the applied pressure during the process, and R is the nozzle inner radius.
The wall shear rate y,, is determined from the volumetric flow rate Q, by first

calculating the Newtonian shear rate yyeyp::

Y Newt = 4Q/nR3 (2)

and correcting for non-Newtonian effects using

Yw = Vnewt B+ 1) /4n (3)

where the bracketed term is the Rabinowitch-Mooney correction. The parameter # is

defined by

n =dlog(t,,)/d log(¥y) (4)

which can be determined from the slope of the log-log plot of t,, versus ¥ yewt
Therefore with Equation ( 3) that represents the process-related shear rate, the

apparent viscosity of the polymer solution canbe determined from:

Napp = Tw/Vw (5)
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The solid symbols in Figure 3 represent the apparent process viscosity as a function
of the process-related shear rate y,, for three different solutions (i.e., 20, 25 and 30
wt% PLA content), calculated from the capillary flow data obtained using a nozzle
diameter of 200 um. The three PLA solutions exhibited a shear-thinning behavior
over the investigated shear rates. The lower shear rate limit was attributed to the
balance precision used to determine the mass flow rate. This lower limit decreased as
the PLA content increased. In addition, the results of apparent viscosity as a function
of the process-related shear rate for the 25 wt% PLA solution for two other nozzle
diameters (i.e., 100 and 330 um) (not shown here) indicated no specific dependence
of the apparent viscosity on nozzle size, hence no obvious wall effects.

The open symbols in Figure 3 show the viscosities of the three PLA solutions (i.e.,
20,25 and 30 wt%) as functions of shear rate, measured in rotational rheometry under
ambient pressure and steady simple shear. The three PLA solutions exhibited a
Newtonian behavior over the range of low to moderate shear rates (—~ 2 - 80 s)
allowable during the rotational rheometry tests. The upper limitation of achievable
high shear rate was due to flow instabilities of the polymer solutions, where the
viscosities sharply decreased. The upper limit of shear rate increased slightly as the
PLA content decreased from 30 wt% to 20 wt% because the latter is less elastic. In
addition, the flow behavior of the three PLA solutions under different applied
pressures (1.0, 2.0 and 4.0 MPa) was nearly the same (not shown here), which
demonstrated that the pressure range used in the fabricating process had negligible

effect on the ink’s viscosity. The rotational rheometry and process-related data agree
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reasonably well, showing a bimodal behavior from a nearly Newtonian regime
followed by a significant power-law drop. The rheological measurements also
revealed that the viscosity of PLA solutions was greatly affected by PLA content.
Under the same shear rate, the viscosity of the 30 wt% PLA solution was almost one

order of magnitude superior to that of the 20 wt% PLA solution.
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Figure 3. Viscosity as a function of shear rate for three PLA solutions. (open
symbols: data obtained using a concentric cylinder flow geometry in steady simple
shear, solid symbols: data obtained by extrusion of the PLA solutions with a 200 um
nozzle i capillary flow analysis, dash lines: fits of Carreau-Yasuda model with

parameters of the fit given in Table 2).

The dash lines in Figure 3 represent the fits of the Carreau-Yasuda model, which is

quite flexible in fitting the non-Newtonian behavior of 7n(y) over a wide range of

shear rate, and is expressed as follows

T — [1 4 [yy|4] -/ (6)
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where 71, is the zero-shear-rate viscosity, 7 is the infinite-shear-rate viscosity, ¢,
is a critical time constant, (n-1) is the power law exponent, and a is a dimensionless
parameter that describes the width of the transition between the zero-shear-rate and
power-law regions. For polymer solutions, 7, = 0. The fitting parameters of
Equation (6) for the curves superimposed on the experimental data of Figure 3 are
given in Table 2. The relatively good fit of the Carreau-Yasuda model confirms that
the calculation of the viscosity from the process-related data gives quite reasonable
values. The n, values increase with PLA content, as expected, and the transition
from Newtonian to power-law regime is shifted to lower shear rates. The
shear-thinning character also increases with PLA concentration (lower n). The
parameters listed in Table 2 may be useful for further modeling purposes of the
printing process.

Table 2. Parameter values of the Carreau-Yasuda model fit for the PLA solutions

(data from Figure 3).

Mo 3 a n Adj. R?
PLA content (wt%)
(Pa = s) (s) - - -
20 11.5 0.014 1.00 0.71 0.95
25 43.6 0.028 3.15 0.62 0.98
30 118 0.047 3.36 0.59 0.98
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Figure 4. Average extrusion velocity as a function of applied pressure for (a) different
PLA solutions (20, 25 and 30 wt%) deposited using a 200 um nozzle, and (b) a 25
wt% PLA solution deposited using three different nozzle diameters (100, 200 and 330

um) (data from Figure 2).

Figure 4 presents the calculated average material extrusion velocity as a function of
the applied pressure for the same PLA contents extruded from a nozzle diameter of
200 pum (Figure 4a), and for the 25 wt% PLA solution extruded from different nozzle
diameters (100, 200 and 330 um) (Figure 4b). The velocity data were calculated from
the raw volumetric flow rate data (Figure 2) divided by the nozzle cross-sectional
area. These plots are important to set the fabrication parameters for successful 3D
printing, by adjusting the pressure of the dispenser system with the corresponding
robot velocity for various inks and nozzle sizes. The polymer solutions exhibited
different flow behaviors where higher PLA contents led to higher viscosities and
hence lower average velocities (Figure 4a). Moreover, larger nozzle diameters caused
higher average velocities for the same PLA solution (Figure 4b). At the same

pressure, the average extrusion velocity from the 330 pm nozzle was approximately
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ten times that of the 100 um nozzle. In addition, the extrapolation of the velocity
curves toward low pressures shows a minimum pressure required for flow, as
observed during the printing process. This minimum pressure may have similarity
with the concept of yield stress, though this is not expected from a polymer solution

and is most likely inherent to the process itself.

Solvent Evaporation Rate

After the filament extrusion from the micronozzle, the solvent evaporation plays a
crucial role in the phase change from solution to solid to guarantee geometric
retention. There are three mechanisms of solvent removal from the extruded filament:
1) flash vaporization, 2) diffusion within the filament, and 3) convective transfer from
the filament surface to the surrounding air3®-38, Flash vaporization takes place near the
nozzle tip due to a high pressure drop after the filament extrusion. Next, the solvent
molecules must diffuse through the filament (internal diffusion) in order to evaporate
at the air/filament interface (external convection). In this work, the solvent
evaporation behavior was ivestigated by monitoring the weight reduction of
deposited filaments as a function of time using a high-precision balance. Figure 5a
shows the evolution with time of the normalized solvent content (divided by the
solvent content at the measurement starting point) for short filaments (length of ~ 5
mm) deposited using three different PLA solutions (20, 25 and 30 wt%) through a 510
um inner diameter nozzle. Since there were initial fluctuations of the balance readings
during the first 10 s, the mechanism of flash vaporization was not adequately captured

during the experiments and is not reported. For the filaments extruded using different

17



PLA solutions, the plots of normalized solvent content versus time had no distinct
difference (Figure 5a). In other words, the mitial solvent contents had no obvious
effects on the solvent internal diffusion, which was also shown by N. Koji¢ et al?.
However, when raw evaporation data is examined® (i.e., not normalized), the most
concentrated PLA solution is the one that solidifies the fastest. Figure 5b displays the
normalized evaporation data for filaments extruded using the 20 wt% PLA solution
through different nozzle diameters (200, 330 and 510 um). The solvent evaporation
rate significantly increased as the filament diameter decreased, because the solvent
internal diffusion was greatly accelerated by shortening the diffusion distance. From
the results of Figure 5, it seems that the internal diffusion of the solvent through the
filament is the governing process for the solvent removal of the extrudates. In other

words, the smaller the extruded filament is, the faster does its rigidity increase.
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Figure 5. Normalized solvent content as a function of time for (a) three 5 mm long
PLA filaments deposited using a 510 pm nozzle under 0.42 MPa applied pressure and
1 mm s! robot velocity, and (b) 20 wt% PLA solution deposited using three different

nozzles under 0.42 MPa applied pressure and 1 mm s'! robot velocity for 5 s.
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Microstructure Fabrication

The four main printing parameters in this work are PLA content, applied pressure,
nozzle diameter, and robot velocity, which greatly affect the diameter of the extruded
filament and the solvent evaporation rate (corresponding to filament rigidity increase).
The fastest solvent evaporation could be achieved by either increasing the PLA
content’ or the robot velocity, or by either decreasing the applied pressure or the
nozzle diameter. The applied pressure and robot velocity can be appropriately set
from 0 to 4.2 MPa, and from 0.1 to 500 mm s respectively, guided by the rheological
data shown in Figure 4 and trial error. Three PLA solutions (PLA content of 20, 25
and 30 wt%) and six nozzles (D = 100, 150, 200, 250, 330 and 510 pm) were used in
this process mapping. The successful fabrication of different geometries (e.g., 1D
filament, 2D network, 3D layer-by-layer and freeform structure) required different
solidification speeds, hence different solvent evaporation rates, formulations and
operating conditions. Figure 6 shows a processing map with approximate ranges of
PLA content and nozzle diameter for the fabrication of different geometries. Zone I in
Figure 6 indicates that a 1D filament could be easily fabricated using a wide range of
parameters values. As part of Zone I, Zone II reveals that the fabrication of a 2D
network or a 3D layer-by-layer structure needed faster solvent evaporation rate, which
meant a narrower range of parameter values. Moreover, to fabricate 3D freeform
structures, the solvent must evaporate much faster so that the geometry exhibits
enough rigidity to support itself right after extrusion. Therefore, Zone III indicates

that successful 3D freeform fabrication could only be achieved using much smaller
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nozzles and the more viscous PLA solutions. In addition, Zone IV displays that it was
difficult to fabricate continuous and smooth filament using larger nozzle diameters.
Finally, Zone V indicates that PLA was insoluble in DCM at high content (> 32%),

and Zone VI shows that more dilute PLA solutions could be used in solvent-cast

printing.
N N NN
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Figure 6. Solvent-cast printing processing map showing the parameter ranges for
different microstructures fabrication. I. zone for 1D filament, II. zone for 2D filament
array or 3D layer-by-layer structure, III. zone for 3D freeform geometry, IV. zone
where filaments break, V. zone where PLA is not dissolvable, VI. zone where PLA
solutions are too dilute for the process. The letters a-f represent the fabrication

parameters of different geometries shown in Figure 7.
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(d)

Figure 7. Morphology of various printed microstructures. (a) Representative SEM
image of the PLA filament circular cross section. (b) Representative SEM image of
the filament smooth surface. (c¢) Inclined top view SEM image of PLA 9-layer
scaffold. (d) SEM image of a PLA circular tower. (¢) SEM image of a PLA square

tower. (f) Inclined top view SEM image of a PLA circular spiral.

Various geometries with different dimensions were printed using the right
conditions indicated in Figure 6. Figure 7a shows SEM images of a typical filament
circular cross-section with a diameter of ~ 100 pm, which was fabricated with the
20 wt% PLA solution using a 100 pm inner diameter nozzle, under an applied
pressure of 0.4 MPa and 1.0 mm s-! robot velocity. Figure 7b displays a close-up view
of the relatively smooth surface of the PLA filament. Figure 7c reveals a scaffold

consisting of nine 2D filament layers, which was fabricated with the 25 wt% PLA
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solution using a 100 um inner diameter nozzle, under an applied pressure of 1.4 MPa
and 1.0 mm s-!' robot velocity. The scaffold was almost identical to its programmed
deposition paths because the printing layer was always supported by the underlying
layer. Figure 7d,e show 3D circular and square towers, which were built with the 25
wt% PLA solution using a nozzle with a 100 um inner diameter, under an applied
pressure of 1.05 MPa and 0.2 mm s! robot velocity. The circular tower had 1.0 mm
diameter and 1.5 mm height, while the square tower had 1.0 mm side length and 1.5
mm height. Finally, Figure 7f presents a 3D freeform helical microstructure, which
was fabricated with the 30 wt% PLA solution using a micronozzle with a 100 pm
inner diameter, under an applied pressure of 1.75 MPa and 0.1 mm s! robot velocity.
The pitch of the circular spiral was 0.5 mm and the radius of the coil was 0.5 mm.
Consequently, the solvent-cast printing method was demonstrated to be a flexible
micromanufacturing process to fabricate unique structures, giving that the process and
material parameters are correctly selected. These more complex structures are

generally difficult to produce by conventional single-stage processing methods.
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Figure 8. DSC thermogram of PLA filaments obtained at a heating rate of 10°C min’!
for different printing parameters: (a) PLA content, (b) applied pressure, (¢) nozzle

diameter, and (d) robot velocity.

Thermal and Crystallization Analysis

The thermal, mechanical and barrier properties of PLA are dependent on its
crystalline structure and content, which are largely determined by the processing
parameters*>-4l, DSC experiments were carried out to investigate the crystallization
behavior of PLA filaments fabricated under various operating conditions within the

range shown in Figure 6 for successful printing. Figure 8 shows the effects of the four
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main process parameters (i.e., PLA content, applied pressure, nozzle diameter and
robot velocity) on the heat flow recorded during a temperature sweep on different
PLA filaments. All heat flow curves show peaks representing the glass transition (7),
cold crystallization (7..) and melting (7,) temperatures at approximately 65°C, 100°C
and 166°C, respectively. Since the T, and 7, of PLA are strongly dependent on both
the molecular weight and the optical purity (i.e., fraction of the L-isomer lactide) of
the polymer, the four process parameters had no significant effects on 7, and T,
within the range investigated. In addition, for the curves exhibiting cold
crystallization at 100°C, a small exothermic peak (denoted as Ty,) prior to the melting
peak was observed at 153°C, which is generally attributed to a transformation of the
crystalline phase from the disordered o’ structure to the ordered o structure*® 42. For
PLA content between 20 and 30 wt%, the thermograms obtained show similar trends
(Figure 8a). Increasing the applied pressure from 0.56 to 2.84 MPa, the peak of cold
crystallization decreased to nearly disappearing (Figure 8b). Similar evolution of cold
crystallization was observed when the nozzle diameter changed from 100 to 330 um,
or the robot velocity decreased from 2.0 to 0.2 mm s! (Figure 8c,d). This might be
due to the fact that larger applied pressure, thicker nozzle or smaller robot velocity
lead to thicker filaments, which could result in lower solvent evaporation rate (Figure
5b) and consequently more time for polymer chains to rearrange i crystalline
domains.

Table 1 shows the crystallization data of PLA filaments calculated from the DSC

results. The melting enthalpy of the total crystalline phase (AH,,) corresponds to the
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sum of the melting enthalpies of the original crystalline phase (AH,) and the
crystallized phase during the DSC test, including cold crystallization (AH..) and
a'-to-o. phase transition ( AHg,_,)***. Crystallinity of the original PLA filament
(xc), therefore, was estimated using the following equation:

AHy~AHee— AHy
Xe = AHY,

X 100 (6)
where AHY, (93.6 ] g!) is the enthalpy of fusion of 100% crystalline PLA%4-45, Figure
9 shows the comparison of the crystallinity of the PLA filaments manufactured under
different conditions. For the filaments made from various PLA contents but using the
same processing conditions, the values of crystallinity were nearly the same (Figure
9a), which agrees with the results of the normalized solvent evaporation rates shown
in Figure 5a. This may be attributed to the fact that similar solvent evaporation time
results in equivalent crystallinity evolution for the different PLA solutions. In
addition, as seen in Figure 9(b-d), the crystallinity was significantly enhanced by
increasing the applied pressure and nozzle diameter, or decreasing the robot velocity.
These results are in agreement with the variation of the cold crystallization peak
shown in Figure 8. The higher crystallinity the original filament had, the smaller cold
crystallization peak in the thermogram was. Therefore, wise choice of operating
conditions and ink formulation may determine the ability of PLA to complete the
crystallization process during the printing stage. Furthermore, the properties of PLA
structures such as heat resistance, tensile strength and barrier that benefit from high

crystallization may be tuned according to the application requirements.
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Figure 9. Effects of different printing parameters: (a) PLA content in solution, (b)
applied pressure, (c) nozzle diameter, (d) robot velocity on the crystallinity of PLA

filaments. The data and process parameters are list in Table 1.

Conclusions

In this work, the process of solvent-cast 3D printing of PLA solutions was
thoroughly investigated. Parameters such as ink rheological properties, solidification
kinetics, operating conditions, and crystallinity of microstructures were examined.
The PLA solutions behaved as shear-shinning fluids inside the nozzle and the process

apparent viscosity was greatly dependent on the polymer content. Faster solvent
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evaporation could be achieved by decreasing the diameter of extrudates, which could
be realized by increasing the robot velocity, or decreasing the applied pressure and
nozzle diameter. However, higher crystallization of the extruded geometries could
benefit from the slower solvent evaporation. As the fabrication complexity of micro
geometries evolves from 1D filament, 2D fiber array to 3D scaffold and freeform
spiral, the rigidity of the filament needs to increase faster as well. Thus the processing
map for the most complex geometry gets narrower. The results presented in this work
provide a useful insight on the whole process of solvent-cast printing, and offer a
general guidelne for microstructures fabrication. Furthermore, this novel
microfabrication approach that uses PLA solutions can be readily extended to other
thermoplastic polymers and nanocomposites and enables a broad array of applications
including tissue engineering scaffolds (e.g., biocompatible and biodegradable 3D
cylindrical meshes for stents), stimuli-responsive materials (e.g., freestanding strain

sensors) and microelectronic devices (e.g., micro Ka band helical antenna).
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