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Melt Electrowriting of Poly(dioxanone) Filament Using a

Multi-Axis Robot

Simon Luposchainsky, Sven Jérissen, Andreas Niichter,* and Paul D. Dalton*

Excessive thermal degradation is one limitation of scaffold production by melt
electrowriting (MEW). This is particularly pertinent when using higher melting
point polymers with faster degradation profiles in vivo for tissue engineering
applications. This is addressed here by switching from a pneumatic to a
filament-based feeding system and demonstrating the processing of a medical
polymer, poly(dioxanone) (PDO). Additionally, by replacing the established
cartesian printer configuration with a six-axis robotic arm, arbitrary nonplanar
surfaces can be used as a fiber collector, as shown here by using a spherical
collector. The combination of these techniques allows MEW to be used more
broadly in tissue engineering where currently established medical polymers
are incompatible with the process, or the geometric shapes of scaffold are to
be expanded. It demonstrates the required technology to produce nonplanar
scaffolds of PDO in a dome shape with dimensions for a biodegradable

corneal implant.

1. Introduction

One challenge in tissue engineering and regenerative medicine
(TERM) is the creation of scaffolds that mimic the properties of
the tissue they are intended to replace.[?] Scaffolds provide mul-
tiple functions; they must promote cell growth and attachment,
allow nutrient perfusion, and have sufficient initial mechani-
cal strength. The scaffold should also slowly disappear from the
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tissue at the appropriate rate while be-
ing replaced with neo-tissue.’] It is for
this reason that hydrolytically-degradable
polyesters are an attractive class of clini-
cal biomaterials. Polyesters with a history
of clinical use include poly(e-caprolactone)
(PCL), poly(glycolide), poly(lactide), and
poly(dioxanone) (PDO);!*! they all have dif-
ferent hydrolytic degradation rates based on
their chemistries.’] PDO, for example, is
a 6-month biodegradable polymer that is
used as a suture in the clinic.[*%]

In Additive Manufacturing (AM), parts
and features are created by fusing mate-
rial only where required to achieve the
desired geometry of the object that is
to be produced.”] There are many differ-
ent AM technologies developed for TERM
scaffolds!®! including those with increas-
ing resolutions and complexity.'®!!l For
additively manufactured TERM scaffolds, melt extrusion of ther-
moplastic polyesters is particularly attractive,!'?] and is processed
from pellet or filament form without the use of additives or fillers
to enhance processability.['*] As exemplified by additively manu-
factured PCL scaffolds for non-load-bearing bones,['*] melt pro-
cessing is a successful path to the clinic.

Electrohydrodynamic (EHD) processing of polymer melts nav-
igates both the regulatory and material constraints required for
clinical translation while producing smaller feature sizes.'?] Ex-
amples of EHD processing include melt electrospinning (MES)
and melt electrowriting (MEW), which produce fibers down to
270 or 350 nm, respectively.'>!®) To achieve these sub-micron di-
ameters for MES/MEW, however, a reduction in the mass flow
rate is required that results in extended heating times. PCL is a
standout polyester in that it thermally degrades almost negligibly
when kept just above its melting temperature of 60 °C.[17]

Therefore, PCL has become the gold standard polymer used
for MEW, during its initial development. The majority of MEW
scaffolds are also made on flat collectors. A mandrel collector is
used for MEW tubes, while several reported placing an object
(i-e., a dome, ramp) onto an X-Y collector.['#19] Achieving a higher
degree of freedom through a multi-axis robot is necessary, how-
ever, to accurately direct-write onto a steeply curved surface using
MEW.['8] Electrical fields will affect the deposition of fibers and in
this study, a multi-axis robot was used to maintain this constant
electric field onto a dome collector. This allows the deposition of
fibers while maintaining perpendicularity of the printhead to the
collector surface at a set distance.

PCL has a long hydrolytic degradation of 2-3 years.[32% Such
periods are sometimes not desired in TERM, and more readily
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Figure 1. A) Closeup of the MEW print head in position, with the collector, collector mount, and cable all visible. B) Cross-section view of the center
plane of the robot and MEW head with filament path and feed system and hot end consisting of heat break, aluminum block, and nozzle all shown. A
30 mm spherical collector is shown for scale. C) Schematic view of a sample toolpath as generated by Python script.

degradable materials are used.[?"??] This, in turn often results in
faster thermal degradation, which poses a challenge for MEW,
due to the low flow rates required and the common “syringe
reservoir” approach for the melt. Therefore, a filament-based ap-
proach with reduced heating time is developed and shown here.
We demonstrate proof in principle MEW processing of PDO fil-
ament, and mount this on a multi-axis robot to direct write upon
a sphere.

2. Experimental Section

2.1. Materials

Medical grade Dioxaprene 100 M 1.75 mm filament (Lot #48 678;
Poly-Med Inc., United States) was gratefully received as a gift and
used as received with properties shown in Table S1 (Supporting
Information). To convert the measured PDO mass into volume, a
density of 1.318 g cm > was used. It is also highly recommended
to use filament as soon as acquired, as noticeable handling dif-
ferences are observable after a year of room temperature storage
(Figure S1, Supporting Information).

2.2. MEW Robot Printer and Process Parameters

The MEW robot printer was mounted onto a B6090L optical
breadboard (Thorlabs GmbH, Germany). An aluminum frame
holding acrylic sheets with a frontal side-opening door was de-
signed for a controlled and reduced dust environment, safety, and
protection. The enclosure covers the majority of the base plate
area of the machine, leaving gaps to feed through cables. Figure
1A shows the completed setup while all described components
are shown in Figure S2 (Supporting Information).

A collector distance of 4 mm was selected and maintained
throughout. The filaments were cut into short segments of
~350 mm length to fit into the head-mounted Teflon magazine
for all experiments. All experiments were performed at 20-45%
relative humidity and at an ambient temperature of 18-21°C. Fur-
ther information regarding the robot MEW printer is provided in
the Supporting Information.
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2.3. MEW Print Head Design

The MEW print head was based on the E3D Hemera 1.75 (E3D-
Online Ltd.), which comes as a complete set of parts and con-
nection cables to assemble a working print head. It is also
modular, and all sensors and hot end components can be ex-
changed/replaced. The filament was fed through the MEW head
nozzle at defined speeds to heat it to a molten, printable state. Ad-
vancing the filament toward the nozzle typically involves pushing
it through a narrow channel by a toothed pulley that is driven by
a stepper motor through a set of gears. The nozzle and heater are
near this feeding mechanism to minimize filament buckling and
breakage.

Heating is achieved at a “hot zone” within the nozzle metal
block that was thermally isolated from the feeding mechanism
and electrically heated. At 400 g, the MEW head weighs less than
the 500 g payload limit of the Meca500 robot arm. The print head
uses a gear reduction of 3.32:1 and has a minimized distance be-
tween the feeding gears and the hot zone. The hot end design
with an aluminum heater block, brass nozzle, and 30 W heat-
ing cartridge is a de facto standard for most open-source desktop
Fused Deposition Modeling (FDM) 3D printers.

During assembly, a copper ground wire was connected to the
heater block with a set screw that also held the heater cartridge in
position to provide a safe path for electrical discharge in case of
arcing. The heat break that connects the heater block to the mo-
tor body was coated with boron nitride paste (Slice Engineering,
United States) prior to installation for a sharper thermal transi-
tion from filament to melt.

The print head was mounted to the Meca500 with a 3D printed
base plate that has multiple functions. It connects the print head
to the robot tool flange plate at a defined position while being
as lightweight and stiff as possible, and it electrically isolates
the robot from the print head. The 0.4 mm print nozzle orifice
or tool center point (TCP) is thus fixed 30 mm away from and
40 mm offset below the robot flange. A schematic cross-section
of the mounted print head setup can be seen in Figure 1B. A
350 mm segment of 4 mm outer and 2 mm inner diameter
Teflon tubing was connected to the input coupling of the print
head, sealed on the other end with a screw, and connected to
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the base plate, forming a sealed arc that serves as a reservoir of
filament for printing without air exposure.

2.4. Print Head Control Hardware and Setup

To control the print head stepper motor and temperature, a Duet
2 Ethernet (Duet3D limited, United Kingdom) was used. It of-
fers connectivity for up to five stepper motors, three heaters and
temperature sensors, cooling fans and further expandability. It
was powered with an RSP-320-24 24 V switching power supply
(MEAN WELL Enterprises Co. Ltd., Taiwan).

2.5. Collector Configuration

The high voltage was applied to the spherical collector and
generated with an LNC-10000-2-neg power supply (Heinzinger
electronic GmbH, Germany). The collector area consists of a
MB1015S/M breadboard (Thorlabs GmbH, Germany) that is
mounted on a custom 30 mm thick Delrin base plate for electrical
isolation. To position the collector freely in the robot workspace,
optical posts (UPH100/M and TR100/M, Thorlabs GmbH, Ger-
many) were used, providing a magnetic connection to the bread-
board that prevents damaging any components in case of a colli-
sion.

All scaffolds shown were produced with a 15 mm diameter
spherical collector and a programmed toolpath perpendicular to
the collector surface. To better analyze print quality, a removable
collector consisting of a 15 mm diameter ball bearing fixed to an
aluminum stub with conducting carbon cement (Agar Scientific,
United Kingdom) that slots into the M4 thread of the optical post
was used and can be seen in place after a print in Figure 1A.

After a purge of the filament prior to the start of printing at
each flow rate, scaffolds were produced every 20 min for a to-
tal experiment duration approximately of 160 min to investigate
thermal degradation of the polymer. This was performed for the
extrusion speeds F60, F90, and F120, which correspond to volu-
metric flow rates of 21.6, 32.5, and 43.3 uL h~!, respectively, and
it was foundedthat 32.5 uL h! proved to be the most stable and
thus suitable for the given robot toolpath and speeds.

2.6. Camera and Monitoring

For print monitoring and calibrating the collector position, a
Raspberry Pi 4B was set up with a Raspberry HQ camera sen-
sor and 16 mm Telephoto lens (Raspberry Pi Foundation, United
Kingdom). Images and videos recorded the molten material exit-
ing the nozzle and were used to observe jet formation. The Rasp-
berry Pi was powered with a USB power supply and connected to
the controlling computer via ethernet connection.

2.7. Software

Fusion 360 CAD/CAM software package (Autodesk Inc, United
States) was used to design enclosures and adapters. The 3D
model was later partially exported as an STL file to allow for accu-
rate simulation of the Robot in the RoboDK suite. The 3D model
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was also used to generate toolpaths for preliminary testing of jet
formation during printing with its multi-axis CAM functionality.

RoboDK (RoboDK Inc., Canada) version 5.1.1.19121 was cho-
sen for offline robot programming and to directly control and
program the robot. It offers a modular, Python-based design and
provides a post-processor specific for the Meca500, allowing the
robot to be controlled from a PC via its application programming
interface. RoboDK was used to position the robot, calibrate the
collector position, and plan and simulate toolpaths for the print-
ing of scaffolds. Video S1 (Supporting Information) shows a sim-
ulated sample toolpath and printer operating simultaneously.

A 3D model of the relevant components was imported and
used to help visualize potential problems or out-of-reach posi-
tions for the simulation and program generation process. This
application does not need the rotational symmetry of the print
head nozzle and it was decided to not consider the rotational po-
sition of the TCP along the filament axis of the tool head for plan-
ning the robot paths used for printing. Singularities are where
joints in the arm need to be repositioned to continue toolpath
motion and are shown in Video S2 (Supporting Information). As
discussed later, these deleteriously affect constant tool head ve-

locity.

2.8. Printing Toolpath

Python programming was used to generate the G-code input re-
quired to generate the robot toolpath. The program generates a
point cloud of successive coordinates with normal vectors that
represent the positions of the TCP the robot must follow to gen-
erate a scaffold. The geometry formed by the point cloud is that
of a ring of circles approximately normal to the center of the col-
lector sphere and connected by a larger circle as can be seen in
a schematic view in Figure 1C. The points were generated in G-
code readable form and based on five input values: Sphere radius,
print distance, the lower bound of the toolpath with respect to
the center of the sphere, the radius of circles generated, and the
number of circles generated. The Python script is made available
in the Supporting Information.

The overlapping circular toolpath (Figure 1C) used in this ap-
proach results in multiple fiber junctions to ensure scaffold sta-
bility as well as an accumulation of material around the rim to re-
inforce suture anchoring. The circle-based path also allows direct
visual monitoring of printing performance, particularly whether
the desired constant translation speed is maintained.

2.9. Measurement Equipment

Sample imaging and fiber count were visualized with a Zeiss
discovery V20 Stereomicroscope (Carl Zeiss AG, Germany). The
morphological analysis of select samples was performed using
scanning electron microscopy (SEM). Samples were transferred
as produced and attached to the collector into a Leica EM ACE600
sputter coater (Leica Camera AG, Germany) and coated with
3.5 nm Platinum for sufficient electron dispersion. Imaging was
then performed with a crossbeam 340 SEM with a Zeiss Gemini
e-Beam column (Carl Zeiss AG, Germany). The samples were
weighed on an XPE26 DeltaRange scale (Mettler, Toledo, USA).
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Figure 2. A) PDO jet creation and MEW. The time between left and center image is 15 s, right image shows the print head in motion displaying the jetting
behavior of the polymer with deposition in nonlinear pattern due to insufficient print head speed. B) Fiber diameters for scaffolds printed at flows 32.5
and 43.3 uL h™" show a decreasing fiber diameter over time, with an expected plateauing of fiber diameter once a steady state of melt degradation over
time is reached. Marked time points denote start times of individual scaffold printing. C) Fiber-fiber junction with visible fusion after 2 h of continuous
extrusion at 32.5 uL h~'. D) Wider view of scaffold produced at 32.5 uL h~" after 2 h of printing.

The thermal properties of the filament were observed using a
DSC 204 F1 Phoenix (Netzsch-Geritebau GmbH, Germany).
Samples with a mass of ~5 mg were placed in an aluminum cru-
cible with a pierced lid and heated to 200 °C at 10 K min~! and
held at 200 °C for 10 min before cooling to —50 °C at a rate of
10 °C min~! for three heating and two cooling cycles (Figure S3,
Supporting Information). DSC outcomes are listed in Table S2
(Supporting Information) and are in line with previous DSC re-
search on PDO.[#*]

3. Results and Discussion

The 4 mm collector distance used in this study is similar to dis-
tances used in other MEW configurations!'’] and offered an ac-
ceptable tolerance zone at the chosen high voltage to prevent arc-
ing for the chosen calibration procedure of print head and col-
lector. Similarly, we could readily observe the Taylor cone and jet
formation, as well as remove the samples off the collector. Video
S3 (Supporting Information) shows a close up of the jet initiation
and fiber deposition. Figure S1 (Supporting Information) shows
how PDO filament that is stored longer was brittle and “waxy”
compared to fresh filament that was ductile. This change in me-
chanical properties correlates with observed changes in the DSC,
where the size of the crystallization peak after storage is reduced.
The baseline spectrum acquired here is in line with those previ-
ously reported for PDO.[?3]
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3.1. Printing Outcomes

The first generation of a MEW jet for PDO was successfully
achieved at a set temperature of 120 °C. However, to consistently
extrude a homogenous melt, the print temperature for scaffold
production was set at 135 °C. As can be seen in Figure 2A, the
starting material droplet is quickly solidified and the jet only an-
chors onto the collector after movement.

3.2. Achieving the Critical Translation Speed

Using this compiled code with the described setup for MEW
printing of PDO, scaffolds could be produced successfully using
flow rates from 32.5 to 54.1 uL h='. However, two key observa-
tions were made at this stage:

First, the robot’s speed along the toolpath is unfortunately
not as constant as desired, particularly at the lower and upper
bounds of the circles where the nozzle has to be reoriented to
move from one small circle to the next while still aiming at
the collector. This has the desirable effect of depositing more
material at the border of the produced constructs for enhanced
mechanical strength, but greatly impacts the jet deposition and
stability for the same reason, as the speed and thus forces the
jet experiences are not constant for the duration of scaffold
production. For this reason, the robot speed of 600 mm min~!
was selected previously, as it was found to strike a suitable
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Table 1. Comparison of calculated and measured weight of produced scaf-
folds at programmed volumetric flow rates.

Programmed flow rate [uL /h™1] Expected mass [mg] Measured mass [mg]

32.5 3.57
433 4.76

3.77+0.23
5.00 +0.26

balance with the chosen MEW parameters that could maintain a
jet well at the tested flow rates in most cases.

Second, the MEW jet speed and deposited scaffold morphology
varied greatly depending on the breaks between experiments and
the varying age of the melt. One example can be seen in Figure 2,
where a scaffold printed at a flow rate of 32.5 uL h™! is shown
through SEM imaging to observe fiber morphology.

With a different robotic setup or target geometry that allows
for printing at higher speeds, straight fibers should be attainable
as the limiting parameter is the maximum constant robot speed
along a spherical toolpath in this study.

3.3. Thermal Degradation of the Polymer

The scaffold mass for each flow rate is presented in Table 1. MEW
processing at 21.6 uL h~! was unstable and poor outcome prints
are shown in Figure S4 (Supporting Information). For flow rates
0f32.5 uLh, all scaffolds could be printed successfully, and only

www.mame-journal.de

the scaffold at 40 min displayed minor instabilities that could be
observed during the printing process. For 43.3 uL h~! of flow, all
scaffolds could be printed successfully, with instabilities occur-
ring for scaffolds at 40 and 100 min. The measured fiber diame-
ters can be seen in Figure 2B, with establishment of a steady state
diameter after over an hour of printing.

At these flow rates, the melt within the print head is re-
placed by freshly melted filament in its entirety after ~67 min for
32.5 uLh! and 50 min for 43.3 pL h~!. This is in agreement with
the measured fiber diameter change over time, as it remains rel-
atively constant once a steady state of degradation in the advanc-
ing melt is reached. Given a 5 min print time for all scaffolds,
we calculate the expected mass of the produced scaffolds as pre-
viously described, the results of that are summarized in Table 1.
The calculated mass is in good agreement with the experimen-
tally derived values.

Ordered fiber stacking could be observed to varying degrees,
with lower degradation times and higher flow rates (43.3 uL h™1)
producing more ordered scaffolds (Figure S5, Supporting Infor-
mation). Since the higher flow rate leads to higher fiber diameters
and a lower degradation implies a higher melt viscosity, this is in
agreement with established MEW principles,’?*! as such condi-
tions lower the CTS of the process and allow the robot to deposit
more stacked fibers at the speeds it is programmed to run.

All produced scaffolds had an outer diameter of 10 mm and an
inner diameter of 3.5 mm, a height of 2 mm, and an outer rim
height of 0.5-0.8 mm due to the overlapping of the printed fibers

Va

A,
/A //////

iy
f I

"
2

I

Figure 3. Overview of scaffolds after an equilibrium of degradation and extrusion is reached at a flow rate of 32.5 uL h™'. A) print in progress, B) the
programmed path resulting in the morphology shown below. C) Front, back, and side of scaffold view at the macro scale. Scaffold outer diameter 10 mm

for all images.
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at the top and bottom rim of the scaffold. Each scaffold had a print
time of 5 min with a pause between each print spaced 15 min
apart. With increasing degradation times, the lowered viscosity
caused thinner fibers and faster jets, resulting in less controllable
fiber deposition. While it was not possible to continuously print
above CTS with the given collector geometry and toolpath, the
deposition of fibers was localized and still created the intended
scaffold geometries. The outer rim of scaffolds caused significant
material accumulation and stiffness of these sections, which was
also observed to a lesser extent for the center ring. These charac-
teristics are beneficial for the envisioned use case, as it provides
a high surface area of thinner fibers for cells and matrix attach-
ment in the area of the scaffold, while providing high strength
for structural integrity and suture attachment at the outer rim.

The most promising scaffolds are shown in Figure 3, where
a steady manufacturing state produced up to 10 consistent scaf-
folds per hour with a flow rate of 32.5 uL h~!. Future perspectives
include studies on the mechanical properties, cell interactions,
and further processing steps required for a functional prosthesis
before scale-up of scaffold production has to be considered. A col-
lector sphere diameter of 15 mm was selected to create scaffolds
with curvature similar to the rabbit’s eye, a common pre-clinical
model for the artificial cornea.[?’]

4. Conclusion

This study provides insight into several previously unexplored as-
pects of MEW. These include the processing of PDO, the use of
a filament feeding system, and the use of a multi-axis robot for
producing dome structures. Due to the printer configuration and
joint movement associated with the use of a multi-axis robot and
the limitations imposed through resulting singularities, all the
prints were performed below the CTS. Further improvements to
this proof-of-principle study should improve the deposition accu-
racy and diameter control of the PDO fiber. The influence of in-
process thermal degradation on the mechanical and degradation
characteristics of scaffolds can also be systematically investigated
with this filament-based approach. The ability to process both fil-
ament and PDO expands the types of biomedical devices that can
be made using MEW.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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