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Abstract

This study demonstrates a cost-effective portable fabrication system for 3D printing complex structures from polydimethyl-
siloxane (PDMS). Material development and characterisation allowed for the design and production of a 3D printer that is
capable of fabricating PDMS structures using a photo-initiator and a LED curing process. A 3D model of a participant’s ear
was captured using a handheld scanner. These data were used to directly 3D print an ear. Micro-extrusion direct deposition
of PDMS at room temperature is demonstrated via a custom designed 3D printer, with in situ UV cross-linking to facilitate
curing of the PDMS during the 3D printing process. This 3D printer has great potential to be used as a fast and facile fab-
rication approach to create facial and other prosthesis. Future developments will also focus on other application areas such
as microfluidics, flexible electronics, and other biomedical applications.
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1 Introduction

Microtia—anotia is a congenital birth deformity where the
external ear (pinna) framework is either underdeveloped or
completely absent [1, 2], which affects approximately one
in every 5,000 births worldwide [3, 4]. Treatment of this is
largely classified into surgical reconstruction and external
prostheses. For the majority of cases, the typical treatment
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is prosthetic reconstruction—with the aim of restoring the
aesthetic shape of the natural ear [5]. This approach offers
a less invasive, and often more aesthetical and symmetrical
alternative to reconstructive surgery [6]. Prosthetic rehabili-
tation is especially viable for regions and individuals without
access to reconstructive surgical facilities and/or for those
unable to undergo surgical intervention [7].

The art of making cranio-facial prostheses is known as
anaplastology. Historically, a number of materials have been
used for this purpose [8, 9], for example porcelain, poly-
ethylene, wax, rubber, and papier-maché [9-12]. A break-
through material came in the form of modern silicones,
with enhanced simulation of skin characteristics in terms
of their flexibility, pigmentation, ability to be cast at room
temperature, hardness, and tensile strength [13, 14]. Fabrica-
tion of prosthetics continues to be dominated by operator-
dependent casting methods [15]. There are good reasons for
this approach, as the prosthesis must adhere to the nuances
and complexities of the user and often goes through refine-
ments, requiring a considerable labour investment of up to
14 hours for an ear prosthesis [7, 13, 16]. To address this, the
past decade has gradually seen an increase in the adoption of
Computer-Aided Design/Manufacturing (CAD/CAM) tech-
nologies for prosthesis development as recently reviewed by
Mussi et al. [17] and Manero et al. [18]. Notwithstanding
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the impact of such tools, the majority of reviewed studies
involved the printing of moulds for prosthetic fabrication
[19], with relatively little or no attention given to printing
of silicones in this area.

Eggbeer et al. categorized additive fabrication of silicone
structures into two approaches, i.e. direct and indirect [20],
with the majority of studies in other domains focusing on the
indirect approach which involves printing moulds followed
by conventional casting [21-25]. The majority of prosthe-
sis production also follows the indirect mould-cast method
[17]. One reason for this is due to the inherent challenges
faced when using highly viscous, non-Newtonian materials
such as different silicone types (e.g. UV or thermal cross-
linkable) [26], which have an impact over many additive
manufacturing techniques, e.g. the maximum viscosities
found for SLA were in the range of 300-5,000 mPa.s [27]
and 10-100 mPa.s for drop-on-demand inkjet printing [28,
29]. However, extrusion-based dispensing has been reported
to successfully dispense materials with viscosities ranging
from 30 — 6 x 107 mPa.s [28, 30]. Recently, Ross et al. [31]
reviewed the use of 3D printing approaches for aesthetic
reconstruction of microtia, discussing studies involving
direct printing of materials. Mohammed et al. [32] inves-
tigated the use of commercially available equipment (Con-
nex 3 500) and their proprietary material, Tango Plus (not
silicone), to produce a 3D printed ear from CT scans. The
company Picsima proposed a system capable of printing sili-
cone; however, this required a complexity of printing within
a bath composed of a silicon oil in addition to a cross-linker,
with Cartesian controlled extrusion of a catalyst and a post-
cleaning process (picsima.com). Based on this account and
others reviewed by Ross et al. [31], there does not appear
to be a reported study in the literature involving direct free
standing 3D printing of silicone ear shapes using micro-
extrusion technique. The closest study using PDMS and
micro-extrusions for printing ears was by Mannoor et al.
[33], but for tissue engineering purposes not prosthesis.

An important step prior to the use of 3D printing of pros-
thesis is capturing the data needed to create the required
customised structure. Reviews of 3D scanning technology
in this area show that they are mostly based on sophisti-
cated instrumentation available in centralised facilities [34],
e.g. via CT or MRI as discussed previously [32]. Access
to this equipment, along with highly trained personnel and
processing softwares, is prohibitively expensive. More
recently, hand held scanners have emerged offering a solu-
tion in terms of portability and lower cost compared to MRI
or CT approaches. These are lower in price ($25k-$100k),
portable and offer an alternative solution to 3D imaging in
comparison with MRI or CT technologies that are unlikely
to be available in underdeveloped regions.

While there have been reports of using conventional 3D
printers for facial prosthesis, such as nasal [35], a focus on
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colour production [36], or printing in other materials such
as wax [37], the use of this technology primarily focuses
on the cast and moulding approach [38—41]. Based on the
above accounts, there has been no reported study proposing
an approach capable of 3D printing free standing silicone-
based complex structures, namely an ear shape, via micro-
extrusion in a portable and cost-effective manner. In other
words, one effectively priced for widespread deployments,
for less than $1,000 USD component cost. Although there
are some reports on the development of custom made and
low cost additive manufacturing (AM) equipment for other
AM technologies [42—47] that can make use of emerging
novel materials [48], this study demonstrates, for the first
time, an approach capable of scanning an individual’s ear
using a handheld scanner, mirroring it in virtual space, and
reproducing its symmetrical counterpart in PDMS using a
low-cost, ad hoc 3D printer to suit the high viscosity of the
material. Development and characterisation of the PDMS
material used is presented, which informs the design of the
ad hoc 3D printer. Scanning of a participant’s ear, processing
of the model, and production via the printer is proposed. All
of which will be explored using freely available or open-
source softwares to enhance the cost-effectiveness of the
proposed solution.

2 Experimental
2.1 System design

Other studies [31, 49] have proposed a high-level frame-
work for the production of organs/prosthesis from 3D scan-
ning to 3D printing. An adapted version of this is shown in
Fig. 1, which demonstrates the model adopted in this study.
A patient’s left ear is scanned by an EinScan Pro 2X Plus
portable Scanner where it develops a 3D model via progres-
sive 2D depth data streams and produces a 3D representation
of the craniofacial area of the participant. Data processing
allows for extraction of the ear data, which is virtually mir-
rored to produce a symmetric model of the patient’s right
ear. The 3D model is sliced into 2D layers (a symmetry in
the scanning process) and sent to the developed 3D printer
for realisation of a symmetrical right ear prosthetic for the
patient.

2.2 Materials & characterisation

2.2.1 Material preparation

To prepare the printing ink, the base material (prepolymer)
and catalyst (Silopren UV LSR 2030, Momentive) were

added into a container in a 100:2 ratio (based on the mate-
rial datasheet) followed by the addition of the silicone-based
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Fig. 1 Framework adopted in
this study to 3D print a right

ear shape from scanning of a
patient’s left ear
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thixotropic agent (TA) (sil-thix silicone thickener - Barnes)
at two different concentrations (0.05 and 0.1 wt.%). The
combination was mixed through a planetary centrifugal
mixer (THINKY Mixer ARE-310) until a uniform mixture
was formed. The samples were labelled as PDMS-0, PDMS-
0.05, and PDMS-0.1, according to the weight percentage of
the agent (e.g. PDMS-0.1 contains 0.1 wt% TA). Material
preparation and 3D printing were performed in a tempera-
ture and humidity controlled laboratory set to 22 °C and
59%, respectively, using a Liebert PEX Precision Air Con-
ditioning system - VERTIV.

2.2.2 Rheology & cross-linking kinetics

Rheological properties were measured using an AR-G2
rheometer (TA Instruments). Viscosity measurements were
carried out using a cone plate (20 mm diameter and 2° cone
angle) geometry. Photorheological characterization was per-
formed at a frequency of 1 Hz and 1% strain, both in the
linear viscoelastic range, using a 20 mm parallel plate geom-
etry. UV irradiation was applied using an optics attachment
and an OmniCure® S1000 as the light source.

2.3 3D printer development

Figure 2 presents the design of the printer using 3D CAD
software (FreeCAD, 1.8.4). Four (4) linear modules (Robot-
Digg, SHF1-Z) were sourced and arranged to allow for the
3D translational movements—denoted as standard as X, Y
and Z (1 & 2). The Z-axis was designed in a gantry style
with two linear stages (as shown in the figure) in order to
support the weight of the Y-axis and an additional load of
the strong extrusion mechanism. The X-Axis is detailed to
show the linear movement of all four axes, i.e. via a lead
screw (2 mm pitch), coupler, two guide rails, carriage and
a stepper motor (NEMA 17, 1.33 A, 0.9°/step, RobotDigg
42HM60-1684). The print base was attached to the x-axis
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carriage, which accommodated a petri dish and was adjust-
able via three (3) levelling screw-spring combinations to
ensure that the print base was in line with the 3D movements
of the axes.

The PDMS extrusion mechanism consisted of a hardened
steel frame with movement via a MGN12 linear rail (Robot-
Digg 200_WL_89), which was driven by a high torque motor
(Nema 17,2.5 A, 1.8°/step, RobotDigg 42HS48-2504). This
was designed to achieve extrusion of the PDMS after mate-
rial characterisation took place. Additional components were
designed and attached to the extrusion mechanism to accom-
modate a standard 10 ml syringe equipped with a conical
tip (SmoothFlow, Nordson). Three emitter modules were
located 120° apart at the base of the extrusion mechanism
to ensure irradiation of the extruded PDMS in-line and from
multiple surrounding angles during printing. Each emitter
module consisted of a high power 365 nm LED module
(LedEngin Inc, LZ4-44UV00-0000) attached to a 12.2 K/'W
heat sink (Aavid Thermalloy, 6238PB-MTY5) to dissipate the
heat generated by the LED.

Considering the geometric complexity of target prints, i.e.
ears, it was necessary to implement a support material extru-
sion system to enable features such as overhangs (amongst
others) necessary for ear-shaped printed features. The support
material extrusion mechanism was designed to accommodate
a compatible material (Nordson, 7016093) dispensed from a
3 mm syringe and capable of non-adherence to the PDMS in
addition for it to be washed away post print. A geared step-up
motor (Fixer3D) was sourced that allows for a linear move-
ment of the carriage resulting in controlled extrusion of the
syringe. This took place via holding the syringe bung in the
carriage and the flange by the frame. A length of 3 mm tubing
was affixed from the syringe outlet to a nozzle mounted at the
same height as the PDMS tip, but offset in the -Y direction
by 50 mm.

The dynamics of the system was controlled via a logic
control board (Arduino Mega 2560) flashed with open
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Fig.2 CAD drawings of the 3D
Printer design and assembly.
(1) Petri dish. (2) Dish holder—
upper. (3) Dish holder—base.
(4) Spring. (5) Axis motor.

(6) Coupler. (7) Guide rail.

(8) Carriage. (9) Lead screw.
(10) Print base mount. (11)

MS retention screw. (12) Dish
holder retention screw. (13)
Extrusion motor. (14) Carriage.
(15) Extrusion mechanism
mount. (16) Extrusion lead
screw. (17) Syringe and emitter
mount. (18) UV light emitter
module. (19) Conical syringe
tip. (20) Syringe barrel. (21)
Syringe plunger. (22) Plunger
flange retainer. (23) Support
extruder frame. (24) Carriage
guiding rails. (25) Syringe. (26)
Carriage. (27) Step up geared
motor

Support Extruder

source firmware (Marlin 1.1) and connected to an outbreak
board (Ultimaker, 1.5.7) designed with peripherals for 3D
printers. Control of each axis motor (XYZ and the extruder)
was achieved via stepper motor drivers (RobotDigg,
TMC2100) with micro-stepping enabled (n = 16). Power
to each LED was via three high current DC-DC step down
regulators (Duinotech, XC-4514) and a single I/O on the
microcontroller. The base firmware was altered to accom-
modate the correct board, steps/mm ratio (discussed next)
and customised M codes (machine [customised] action codes
within the G-Code framework) to control the LEDs. The 3D
CAD model was sliced using third party software (Slic3r),
which resulted in G-Code based on the print settings, see
Table 1. Open source software (MatterControl 1.7.5) was
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used to control the print operation by sending the resulting
G/M-Codes to the printer over a USB connection.
Considering that a 2 mm pitch lead screw was used and
connected to a 0.9°/step stepper motor, the movement reso-
lution is calculated by Eq. 1. With microstepping enabled
(n = 16), it can be shown that a Step/mm ratio of 3,200
(200Steps x 16) will allow the firmware to accurately con-
trol the axes movements. In order to verify this, a calibra-
tion routine took place whereby the axes were set to move a
desired/theoretical distance and then measured using digital
vernier calipers. This approach was adopted for two ranges,
i.e. 0-100 mm and 0-10 mm. However, it was not possible
to use the calipers to measure below this range. For this,
an interferometer (Panasonic, HG-C1050-P) was employed
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Table 1 Printing parameters

Parameter Value Unit
Print Speed (XYZ movement) 5 mm.s~!
Syringe Size 10 cc
XYZ Motor Driver Control 600 mV
Microstep Resolution 16 steps
Layer Height 0.6 mm
Extrusion Feed Rate 40 uL.s7!
Retraction Distance 4 mm
Retraction Speed 3 mm.s~!
Layer to LED Distance 50 mm
LED Irradiance 25 W.cm™?
Tip diameter/Layer Height 580 um
Room Temperature 22 °C

by affixing it onto the axis and using infrared reflectance to
ascertain the resolution on the micron range from 0 to 1 mm
and 0 to 100 um.

1 revolution =360° = 2 mm
360°/0.9° = 400 steps/rev ()
1step = 5 um

2.4 3D object capturing & data processing

Scanning was conducted using EinScan Pro 2X plus scanner
(Shining 3D, Hangzhou, China) at a resolution of 0.3 mm.
The scanned model was processed using EXScan Pro 3.3.0.3
software (Shining 3D, Hang-zhou, China) by removing irrel-
evant scanned models. The post-processed model was then
exported to a .stl file. Meshmixer and Meshlab were used to
further refine the model by filling small holes and optimizing
the topology of the model.

2.5 Material characterisation

Developing an ink with suitable rheological properties
is essential for 3D printing complex structures. The elas-
ticity and viscosity of the ink should be high enough to
form a structure without requiring a high extrusion force.
A PDMS prepolymer has a low elasticity before cross-
linking, meaning that it can barely retain its shape, which
results in structural collapse during the printing process.
The viscosity, elasticity, and consequently the printabil-
ity, of the prepolymer can be improved through incorpo-
rating a small amount of a thixotropic polymer without
damaging the inherent properties of PDMS. The viscosity
of the inks (with 0, 0.05 and 0.1 wt.% TA) and their vari-
ation vs time was evaluated (Fig. 3a). The ink’s viscosity
could be tailored by varying the TA concentration. The

viscosity of the blank PDMS (0 wt.% TA) was around 490
Pa.s, which increased to ~860 and 1,200 Pa.s by the addi-
tion of 0.05 and 0.1 wt.% TA, respectively. There is not
any significant variation in viscosity of the samples at a
constant shear rate, indicating that the inks do not cross-
link after the addition of the cross-linker and before UV
exposure, which is favourable when printing UV-cross-
linkable inks.

A printing ink is constantly under a shear force during
extrusion printing, which can change its rheological prop-
erties temporarily or permanently. Investigating the rheo-
logical behaviour of the ink under shear is of importance
in order to predict its behaviour during the printing. The
viscosity of inks vs shear rate is demonstrated in Fig. 3b.
All samples showed a shear thinning behaviour by increas-
ing the shear rate, which is characteristic of non-Newto-
nian fluids. Ink samples containing TA exhibited a more
prominent shear thinning behaviour starting at low shear
rates. Shear thinning behaviour is essential for inks used
in 3D printing as it ensures uniform ink extrusion and high
print fidelity [50]. These results indicate that the viscosity
can be modified by incorporating a small amount of TA to
improve the printability of the ink. Furthermore, the TA
could help the polymer chains to slide against each other
more easily, so the ink could be extruded more uniformly.
Based on our observations and material characterisation,
the reliability of this result was supported during the print-
ing optimisation phase. We found that inks containing TA
can be extruded more easily and more uniformly. This
observation is confirmed by the rheology results, as the ink
samples containing TA exhibited a more prominent shear
thinning behaviour starting at low shear rates, indicating
uniform ink extrusion and high print fidelity, see Fig. 3b.

The cross-linking behaviour of the inks with differ-
ent TA concentrations is demonstrated in Fig. 3c. In a
PDMS ink with no TA content (PDMS-0), the magnitude
of G” (loss modulus) is higher than G’ (storage modu-
lus), indicating the liquid-like behaviour of the ink before
cross-linking. Switching on the UV irradiation initiated
the cross-linking followed by G’ surpassing G” after
approximately 2 minutes. The modulus curves gradually
levelled off over time due to the formation of the cross-
linked structure.

The addition of TA significantly improved the elastic
behaviour of the ink, as evident by G’ values higher than
G” before UV exposure. Similar to the blank PDMS, the
cross-linking was initiated in the PDMS inks contain-
ing TA shortly after UV exposure. The cross-linking rate
and ultimate G’ values in modified inks (PDMS-0.05 and
PDMS-0.1) are comparable to blank PDMS, indicating that
the addition of TA up to 0.1 wt.% has no significant effect
on the cross-linking behaviour and ultimate elastic modu-
lus of the sample (Fig. 3c). Based on the rheology and 3D
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Fig.3 Viscosity of PDMS inks vs (a) time and (b) shear rate. (¢) Cross-linking kinetics of the PDMS inks with UV exposure beginning at 120 s.

G’ and G” are represented with solid and dash-dot lines, respectively

printing optimisation results, PDMS-0.05 was found to be
an appropriate formulation to 3D print complex structures
with our 3D printer.

2.6 3D printing system

Figure 4 presents the realised developed printer as described
previously via the design in Sect. 2.3 and presented in Fig. 2.
Closer views of the printer components are also provided in
addition to printing of the first layers of an ear taking place.
Additionally, enlarged views are provided in the Supple-
mentary Information. A tapered printing tip (SmoothFlow
tapered tip, Nordson) was chosen to better suit extrusion
of a viscous material over traditional tips available. Within
this tip range, smaller diameters successfully extruded the
material; however, due to the material’s viscosity the motor
driver began to overheat making it difficult to sustain for
prolonged periods, e.g. for printing an ear shape. A 580 um
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diameter tip was chosen for this reason. Surrounding the tip
were three LED modules, as shown in the figure. This was
to ensure that photo-cross-linking took place by surrounding
the target area at multiple points as the material can trail at
many angles, relative to the tip, during printing.

Figure 5(a—c) presents the calibration of the X, Y and Z in
the 10 mm and 100 mm range. It can be seen that good linear
fits result when comparing the desired (software) distance to
the measured distance travelled of each axis. This demon-
strates the reproducibility of the axes and their capability to
print down to the 1 mm resolution range. However, in order
to examine this more closely the movement was measured
using an interferometer as described previously. Figure 5(d, e)
demonstrates the resolution of the axes at the micron resolu-
tion. While theoretically the resolution is 312.5 nm (or 5 nm
without microstepping), the interferometer was not sensitive
enough to measure in that range. This is evident in Fig. Se
with the instrument rounding the distance to the nearest 10
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Fig.4 Captured and labelled
images of the developed printer:
while printing an ear, the photo-
initiation system and the extrud-
ers. (1) Z-Axis. (2) Y-Axis. (3)
Support extruder. (4) Support
material in tubing. (5) X-Axis.
(6) Print support base. (7)
Irradiation system. (8) PDMS
extruder. (9) Support extruder
motor. (10) Frame. (11) Car-
riage. (12) Support material
syringe. (13) PDMS syringe.
(14) Tip. (15) Levelling screw.
(16) Dish support. (17) Petri
dish. (18) Printing ear layers.
(19) LEDs. (20) UV LED heat
sink. (21) Extrusion motor. (22)
Coupler. (23) Carriage. (24)
Mounting brackets. (25) Syringe
barrel. (26) Syringe plunger.
(27) Bung holder/guide

Assembled Printer Support Extruder

Irradiation System PDMS Extruder
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Fig.5 (a—c) Calibration of the X, Y and Z axes from 0-10 mm and
0-100 mm (inset) using a 3,200 Steps/mm ratio. (d—e) Calibra-
tion of a single axis using an interferometer at different Steps/mm
ratios to examine the resolution. Black squares represent the aver-

um increment. Regardless, this shows that the measured reso-
lution was sufficient for the purposes of printing ear shapes.

2.7 3D printing an ear shape

MatterControl software was used to adjust the printing
parameters and subsequently slice the captured ear STL file.
Given the curvatures and overhangs of the ear model, sup-
port material (Vaseline, Petroleum Jelly) was used to further
ensure the structural integrity of the printed part (Fig. 6).
Also, the three UV LEDs equipped on the printer were con-
tinuously exposing the part to radiation throughout the entire
printing process. After the printing was done, the part was
further exposed to UV radiation for an extra 5 min to ensure
sufficient cross-linking of the top layers. This was followed
by removing the support material and cleaning the part with
soap and water to wash the excess Vaseline.

To evaluate the print accuracy, different areas of the 3D
printed ear were observed under a microscope and compared

@ Springer

Theoretical Distance (um)

age of successive measurements (n = 3), error bars are the standard
deviation (difficult to see due to the high reproducibility of the data).
Red lines represent good linear fits: R?> > 0.99, n = 11 for ‘a—d’ and
R?2=0.973,n=11 for ‘¢

with the STL file (Fig. 6). This was achieved through the
microscope’s software tool set that allowed for measure-
ment of the total dimension, line spacing, strut size and
layer height. The printed ear part had comparable dimen-
sions (33.6mm X 28.9mm X 63.4mm) to that of the ear STL
model (34.9mm X 29.9mm X 61.6mm). This small deviation
from the original dimensions could be attributed to the infill
density of the printed ears. Changing of the infill density is
associated with reducing the line spacing, this in turn will
lead to further diffusion of neighbouring layers which can
affect geometric fidelity and spatial resolution. Microscopy
images of the printed ear further revealed the layer height
of these structures (0.58 + 0.1 mm) as compared to the set
printing value in the software (0.5 mm). This could be a
result of multiple factors such as layer diffusion, die swell-
ing of the PDMS upon extrusion, and nozzle movement
speed during printing. The 3D printing procedure was opti-
mised to minimise the defects and die swelling; however,
some degrees of die swelling (i.e. an increase in diameter
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68 mm

Fig.6 Depicting sliced STL model of the ear (top row), and the corresponding 3D printed ear (bottom row)

of the extruded struts due to elasticity of the material) are
inevitable during the printing. Microscopy images of the
printed ear further revealed the layer height of these struc-
tures (0.58 + 0.1 mm) as compared to the set printing value
in the software (0.5 mm). This could be a result of multiple
factors such as layer diffusion, die swelling of the PDMS
upon extrusion, and nozzle movement speed during print-
ing. Overall, the printed ear showed close resemblance to the
STL model, and the overhanging areas and curvatures were
successfully fulfilled by the printer. This was due to the ears
being printed using the optimised printing condition, which
were inspected under microscope for defects. No observable
structural defects were noticed.

The mechanical recoverability of the 3D printed ear was
examined by subjecting it to 100 cycles of a cyclic compression
test with up to 70% strain. A large hysteresis loop and decline
of the stress value are undesirable as it indicates deformation
of a sample [51]. The 3D printed ear showed a small hysteresis
loop and stress decline over the 100 loading-unloading cycles
when compressed up to 70% strain, see Fig. 7a. The shape and
volume of the 3D printed ear remained almost the same after
100 cycles of compression with no apparent variation compared
to the original sample (Fig. 7b). These results indicate that the
3D printed ear can endure a large force with minimal deforma-
tion and no fracture.

To further investigate the mechanical properties of the
printed structures, a standard dog-bone shape was 3D printed
using the PDMS in order to measure its tensile strength and

strain at break. Dog-bone shape samples were also prepared
through mould casting for comparison (Fig. 7c). 3D printed
and mould-casted samples exhibited similar stress/strain
curves, tensile strength and strain at break values, implying
that the mechanical properties of the 3D printed structure is
comparable to the mould-casted sample with no structural
defects introduced by 3D printing (Fig. 7d).

2.8 Further discussions

One of the primary advantages of the developed solution is
its portability and cost effectiveness. The developed printer
is very compact and capable of being transported to a num-
ber of locations including within clinical environments
and/or developing regions. This has the capacity to impact
regions without access to centralised healthcare facilities to
develop patient-specific prosthesis. The cost effectiveness of
this printer is relatively high, and as a mobile platform it can
immediately impact developing regions, allowing for mobile
clinics to access this cheaply and quickly. A breakdown of
costs is shown in Table 2, with a low total cost of ca. $625.

There are a number of other opportunities to examine.
Considering that medical grade silicones are available for
printing, other supracutaneous craniofacial prosthesis/struc-
tures that currently require ad hoc manufacturing are tar-
geted for investigation, e.g. nose [52, 53]. Moreover, flexible
subdermal structures required as a result of physical trauma
or congenital disfigurement will be considered. In order for
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Fig.7 (a) Cyclic compres- a
sion test of 100 cycles up to
70% strain of the printed ear.
(b) Captured images of the
printed ears before (left) and
after (right) cyclical compres-
sion tests. (¢) Printed (left)

and moulded (right) dog bone
shapes. (d) Tensile tests of the
dog bone structures. Scale bars
represent 1 cm
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a prosthesis to successfully alleviate the emotional suffering
of patients, it must be realistic in appearance [54]. On that
basis, another avenue for progression will be in the auto-
matic colouring of the silicone during printing [36]. Printing
in the natural pigmentation colour of a patient’s skin is an
important feature to possess for future consideration.
Facial prostheses are required to possess good mechani-
cal properties and high durability as they are under tension
by the users during the daily cares. Therefore, investigat-
ing the mechanical properties of the fabricated prostheses
is of great importance. Compression of the 3D printed ear
in cycles can mimic the tensions applied to the ear by the
users in real life condition. In this work, we subjected the

Table 2 Breakdown of component costs for the developed fabrication
system

Component Cost (US$)
Axes & Motors x4 89

Logic Board & Drivers 125.57
Extrusion Rail 60

3D Printed Components 120

LEDs x3 157.7
Heatsink 5.97
Regulators x3 18.73

Lab Consumables 50

Total 626.97

@ Springer
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3D printed ear to 100 cycles of a cyclic compression test
with up to 70% strain. The ear showed a very negligible
deformation after 100 cycles of compression, indicating that
the 3D printed ear has a very low defect and a very high
durability. The result implies that our system is suitable for
fabricating facial prosthesis. To the best of our knowledge,
it is the first time that such an experiment is performed on
a prosthetic ear. Other mechanical properties tests such as
impact and indentation tests can provide more information
in this regard. Having appropriate viscosity and elasticity
is a necessity for a printing ink to ensure fabricating high-
resolution structures. Materials with low viscosity cannot
hold their shape after printing, while high viscous materi-
als are hard to extrude. We demonstrated that the viscosity,
elasticity, and shear thinning behaviour of the ink can be tai-
lored through utilising a small amount of a silicone thickener
to make the ink more suitable for printing high-resolution
structures. Further optimisation of the rheological properties
of the ink should lead to higher fidelity printing.

3 Conclusions

We developed a user-friendly, portable and low-cost 3D
printing system (~$625 USD, component cost) for direct
3D printing of a mirrored ear shape fabricated in silicone.
By using a handheld scanner and open source software
combined, we could 3D print silicone-based ear shapes
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in different sizes with good resolution. Although this sys-
tem aims to restore the aesthetic shape of the natural ear
for 3D printing facial prosthetics, it offers high potential
to 3D print many other types of bodily shapes through
minor hardware modifications. This technology holds the
potential for patients to be provided with an appropriate
prosthesis in a single clinical visit within a few hours—a
considerable reduction from a prosthetist’s labour invest-
ment of ca. 14 hours (impacting costs) for an ear prosthe-
sis. The viscosity of the PDMS could be tailored through
adding a slight amount of a thixotropic agent to improve
the printing fidelity without altering the inherent proper-
ties of the polymer. This means that the other external
(or indeed internal) features can be fabricated in a similar
fashion, e.g. nose, in addition to matching the ink’s colour
with the patient’s skin tone.
In summary, the findings of this work are:

e Silicone: Formation and characterisation of a PDMS-
based silicone-based ink for additive manufacturing
purposes.

e 3D Printer: Design and Development of a low-cost cus-
tomised 3D Printer capable of printing silicone struc-
tures in a layer-by-layer fashion.

e Printing Method: Creation of a silicone printing method
whereby a layer is first deposited and photo-initiated
while printing.

e Prosthetic potential: We applied this technique to produce
an anatomically accurate mirror image ear model from a
scan of a participant’s opposing ear in a timely manner.

e Print Characterisation: We performed characterisation
of the printed silicone ear, which showed considerable
robustness making it ideal as a wearable prosthetic for use.
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