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Abstract: We present an advanced, low-cost 3D printing system capable of fabricating intricate
silicone structures using commercially available off-the-shelf materials. Our system used a custom-
designed, motorised syringe pump with a driving lead screw and excellent control of material
extrusion to accommodate the high viscosity of silicone printing ink, which is composed of poly-
dimethylsiloxane (PDMS), diluent, and a photo-initiator (LAP). We modified an open-source desktop
3D printer to mount the syringe pump and programmed it to deposit controlled intricate patterns in
a layer-by-layer fashion. To ensure the structural integrity of the printed objects, we introduced an
intra-layer curing approach that fused the deposited layers using a custom-built UV curing system.
Our experiments demonstrated the successful fabrication of silicone structures at different infill
percentages, with excellent resolution and mechanical properties. Our low-cost solution (costing less
than USD 1000 and requiring no specialised facilities or equipment) shows great promise for practical
applications in areas such as micro-fluidics, prosthesis, and biomedical engineering based on our
initial findings of 300 pm width channels (with excellent scope for smaller channels where desirable)
and tunable structural properties. Our work represents a significant advance in low-cost desktop 3D
printing capabilities, and we anticipate that it could have a broad impact on the field by providing
these capabilities to scholars without the means to purchase expensive fabrication systems.
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1. Introduction

The revolutionary technology of additive manufacturing, also known as 3D printing,
has emerged as a disruptive force with far-reaching implications [1-4]. Its profound impact
has been observed in various fields, such as tissue engineering [5,6], micro-fluidics [7,8],
fashion and textiles [9,10], and even patent law [11], to name a few. The unparalleled
ability of this technique to rapidly fabricate highly customised and intricate parts without
the need for costly and specialised facilities operated by skilled personnel distinguishes
it from conventional manufacturing methods. Crucial to this capability is the material’s
compatibility with the available 3D printing technologies, or alternatively, the adaptation
of the fabrication process to suit the material [12].

PDMS, a silicone-based organic polymer, has attracted considerable interest in the
realm of 3D printing. With its advantageous properties including biocompatibility, opti-
cal transparency, thermal stability, non-toxicity, non-flammability, and cost-effectiveness,
PDMS is widely used in various industries such as electronics, textiles, household cookware,
dentistry, and medicine [13-16]. Despite its broad range of applications, traditional manu-
facturing techniques for silicone-based parts such as injection moulding are prohibitively
expensive due to the high cost of producing moulds, which hinders the production of
prototypes, bio-models, and small batches of complex geometries. This limitation under-
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scores the importance of 3D printing technology in the fabrication of complex, customised
parts [17,18].

PDMS (silicone) structures have traditionally been manufactured using moulding.
However, recent advances in additive manufacturing technologies have spurred interest
in exploring the advantages of direct printing over traditional moulding techniques. The
benefits of direct printing have been demonstrated in various studies across different do-
mains [19-21]. For instance, Fuenmayor et al. [22] compared fused filament fabrication
(FFF) to direct compression (DC) and injection moulding (IM) for the production of oral
tablets, highlighting the potential of FFF for efficient and personalised tablet manufacturing.
Yirmibesoglu et al. [23] showcased the capabilities of direct 3D printing for soft elastomer
robots, demonstrating that 3D printed robots could match or exceed the performance of
their moulded counterparts while offering enhanced reliability and robustness. Addition-
ally, Riedle et al. [24] compared moulding techniques and direct 3D printing for silicone
models of anatomical soft tissue structures, emphasising the suitability of 3D printing for
complex designs. These studies collectively underscore the advantages of direct printing,
including precision, adaptability, and the ability to produce intricate structures that may be
challenging or impossible with traditional moulding methods.

Duoss et al. [25] were the first to report on the direct 3D printing of silicone using
micro-extrusion, employing a 610 um diameter nozzle and a high-end linear stage sys-
tem (Aerotech) with thermal curing and pneumatic pressure. Kolesky et al. [26] used
a multi-ink approach featuring PDMS micro-extrusion and a high-precision stage (ABG
10000, Aerotech) for vascular tissue constructs. Coulter et al. [27] employed spraying and
extrusion-based direct ink writing techniques to print a silicone-based heart valve. Other
studies have explored applications in drug delivery [28], sensing [29,30], actuators [31], soft
robotics [23], electronics [32], foams [33], cell adhesion [34], and other areas. However, these
studies were limited by the use of high-end industrial-grade equipment and specialised
facilities, hindering their wider applicability, as noted by He et al. [35]. This has limited
the ability of those without access to such facilities to explore novel ideas and approaches
and therefore progress the field [36]. To address this, it is necessary to overcome the chal-
lenges associated with translating these capabilities into cost-effective systems. This has
been successfully achieved before with open-source approaches and FDM thermoplastic
printers [37].

In the past, thermoplastic FDM 3D printers [38] were very expensive, costing over
USD 10,000 [1,39,40]. However, due to open-source designs and mass production, the cost
dropped significantly to around USD 500 by 2016 [37]. As interest in 3D printing expanded,
there was a corresponding demand for additional materials. Typically, this was left to
industrial entities, but there are a few exceptions where low-cost 3D printers were proposed
for metals [41,42], ceramics [43], and bio-related materials [44—46].

Although PDMS printing using high-end technology has been studied previously, little
attention has been given to the challenges of printing this material at a low cost and without
specialised facilities. One exception is an approach proposed by Calcagnile et al. [47], which
involved developing Na-CMC/PDMS composite filaments that could be printed using a
conventional FDM thermoplastic printer. This method offers scope for the low-cost direct
printing of PDMS gels to form structures.

The objective of this investigation was to develop a 3D printer that is both affordable
(costing less than USD 1000) and capable of producing 3D structures via a proposed micro-
extrusion and intra-layer photo-cross-linking technique. To optimise the PDMS material
for micro-extrusion, its viscosity was adjusted through dilution, and the structural integrity
was ensured through a photo-initiator. These data were then used to inform the printer
design and fabrication of 3D PDMS structures. The printed structures, produced using
open-source components at room temperature and at a low cost, were examined via optical
microscopy to explore various infill densities.
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2. Experiments
2.1. Materials

The preparation of PDMS for material extrusion printing in this study involved
several steps. First, UV-curable liquid silicone rubbers (LSRs) (SiloprenTM UV LSR 2030,
Momentive) were mixed with a catalyst in a 100:2 ratio (base:catalyst = 100:2). Next, a
silicon-based diluent (Silicone diluent, Barnes, Australia) was added to the mixture at
a concentration of 10%. The three components were then processed using a planetary
centrifugal mixer (THINKY Mixer ARE-310) for 1 h at 2000 rpm to ensure homogeneity.

To examine the effect of cross-linking on the material, a UV LED (365 nm, LedEngin
Inc, LZ1-10UV00-0000) was positioned beneath the quartz base of a rheometer (Anton Paar
MCR 301, Physica), allowing for irradiation during analysis. After 1 min to establish a
baseline, the UV system was powered on to investigate changes with constant irradiance.
Figure 1 illustrates the measurements over time, showing an increasing trend in the storage
modulus and characterised by an excellent fit to the Gompertz model (R? = 0.999). This
informed our decision to use an irradiance time of 3 min, i.e., after initial polymerisation
(to support successive print layers) and before full polymerisation (preventing layers from
adhering completely). As subsequent layers were irradiated, the transparency of the
material allowed for further polymerisation in the previous layer, supporting additional
weight imposed by subsequent layers.

350,000 4
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—— Fitted Model: R2=0.999

300,000 A

250,000 -

UV ON

200,000 A

150,000 A

Storage Modulus (Pa)

100,000 -

50,000 -
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Time (min)
Figure 1. Cross-linking kinetics of the PDMS material to investigate the effect of polymerisation.

Black squares represent the measurements using a rheometer, the red line is a fitted model, and the
dashed blue line marks when the UV irradiance began (1 min).

2.2. Fabrication System Design
2.2.1. 3D Printer Design

The design of the printer, generated using open-source 3D CAD software (FreeCAD,
1.8.4), is shown in Figure 2. The 3D Cartesian movement was achieved through the
foundation of an open-source 3D printer (ME2, Me3D Pty Ltd., North Wollongong, NSW,
Australia), with modifications made to remove the heated extrusion system and enhance
the z-axis [44,46]. The print base was developed with a holder specifically designed to fit
a standard petri dish, serving as a clean print base solution. The support was attached
to the mount using three retention screws with intermediary springs for print levelling
adjustments. The e-axis facilitated the PDMS extrusion mechanism, driven by a high-torque
output and holding-current stepper motor (Nema 17, 2.5 A, 1.8° /Step, RobotDigg 42HS48-
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Print Base

2504). To support this, a strong frame (RobotDigg 100-WL-81) featuring a hardened-steel
MGNI12 linear rail was selected. These components were integrated with 3D printed
adjustments (produced using a uPrint Plus, Dimension, Stratasys) to create a robust syringe
pump capable of accommodating 10 mL disposable syringes. The curing of the material
was achieved through a high-power LED module (365 nm, LedEngin Inc., San Jose, CA,
USA, LZ1-10UV00-0000), which required a heat sink (Aavid Thermalloy, 6238PB-MT5) to
address the driver’s temperature increase during operation. The module was mounted on
a 3D printed arm at a specific height, providing the same irradiance intensity as that of the
characterisation instrumentation (which is discussed later).

1) @

Assembled Printer Extruder Y-Axis Printing Position Curing System

Figure 2. CAD design of the PDMS 3D printer. (1) Petri dish, (2) upper dish support, (3) lower dish
support, (4) base mount, (5) y-axis mounting screws, (6) retention screws, (7) extrusion motor, (8) lead
screw, (9) carriage, (10) plunger flange retainer, (11) syringe, (12) syringe mount adapter, (13) extruder
base, (14) linear guide, (15) curing arm, (16) heat sink, (17) LED module.

2.2.2. Control System

Figure 3 depicts the crucial elements responsible for controlling the dynamics of the
fabrication system. The central board, an Ultimaker 1.5.7, provided connections to all
peripherals. The x-, y-, and z-axis motors, as shown in Figure 2, were powered by high-
performing stepper motor drivers (Pololu, A4988) to enable movement and a holding
current. The extrusion system’s stepper motor, which required a higher current, was
powered by a separate stepper motor (RobotDigg, TMC2100), with micro-stepping (n = 16)
enabled for all motor drivers. A high-current DC-DC step-down regulator (Duinotech,
XC-4514) regulated the power to the curing system, which was controlled via a standard
input-output (IO) pin from the central board through a pull-up resistor arrangement. This
supplied 0.7 A to the LED, resulting in a radiant flux of 1200 mW. The irradiance was
measured to be 25 mW.cm 2 at a distance of 5 cm from the sample using a light metre
(Lumen Dynamics Omnicure LM2011/LS100 LED Light Meter System).

The central control system was constructed using an Arduino Mega 2560 micro-
controller, which governed the connected peripherals as per its programmed instructions.
To interface with the central board, the micro-controller was flashed with open-source
firmware (Marlin 1.1) and configured according to the manufacturer’s standard axis steps-
per-mm settings. Subsequently, custom M-codes were developed to enable the power
control of the LED, and the open-source software MatterControl 1.7.5 was installed on
a Windows-based PC to facilitate printer control via a USB. Communication between
the application and firmware on the logic control board was established through the
transmission of a standard G-code. Extruder calibration was performed post-installation,
as discussed later.
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Figure 3. Diagram showing the electrical interconnections between the major elements of the fabrica-
tion system. Yellow box: microcontroller and placement. Orange box: motor drivers and placement.
Red and black lines: power. Multicolour (orange, green blue, red): motor connectors.

2.3. PDMS Structures
2.3.1. Preparation/Setup

Before commencing printing, it was essential to ensure the optimal conditions were
met to achieve successful prints. Firstly, the print bed was levelled using the levelling screws
as depicted in Figure 2. Next, a standard grid pattern was set up using the printing control
software to explore various infill volumes, with four in total in steps of 25%. A grid size
of 20 x 20 mm was selected to ensure compatibility with the characterisation instrument
utilised for compression tests of the printed structures, which will be discussed below.
Once the printing parameters were established, an open-source third-party application
(Slic3r) was employed to convert the 3D virtual grid into G-code. A post-processing script
was applied to the G-code to enable switching from extrusion to photo-initiation at the
conclusion of each deposited layer. This helped to partially cure the top layer to support
subsequent layers while simultaneously curing the preceding layers. During printing, the
3D printing software handled the timing and communication of the G-code to the printer.
It should be noted that the structures were printed in an environmentally controlled room
at a temperature of 20 °C.

2.3.2. Printing Process

After loading the prepared material into a 10 mL syringe, the printer initiated the
extrusion of a skirt, which involved extruding a single line 20 mm away from the main
structure to ensure the proper priming of the material. Subsequently, the printer executed
the repeated cycle of events illustrated in the flow diagram in Figure 4 and based on the
following processes until N layers were produced, with the printing parameters listed in
Table 1 (please note that, in a similar manner to that stated by Gharaie et al. [48], these
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parameters were determined empirically, i.e., by maximising the motorised force output
and analysing the extruded quality, in addition to the infill percentage (discussed later)):

*  Print one layer using a rectilinear pattern [49];

*  Stop XYZ movement and retract the extruder to stop the material extrusion;
e Increase Z so that the tip is above the height of the petri dish;

*  Move the print base (via the y-axis) to beneath the LED for curing;

* Lower Z so that the distance between the layer and the LED is 5 cm;

*  Turn on the LED and irradiate the layer (3 min);

e Turn off the LED and increase Z;

*  Move the print base (via the y-axis) back to the printing position;

*  Move Z to the next layer height.

Figure 4. Flow diagram in the form of a closed-loop system outlining the major stages required to
manufacture a PDMS structure. This is controlled via a loop counter variable ‘i" to print N layers.
Italicised variables outside blocks indicate the control system processed sequentially.
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Table 1. PDMS structure fabrication parameters.

Parameter Value Unit
Print speed (XYZ movement) 5 mm.s ™!
Syringe size 10 cc
XYZ motor driver control 600 mV
Micro-step resolution 16 Steps
Layer height 0.6 mm
Extrusion feed rate 40 pL.s™1
Retraction distance 4 mm
Retraction speed 3 mm.s~!
Layer to LED distance 50 mm
LED irradiance 25 W.cm 2
Tip diameter/layer height 580 pm
Room temperature 20 °C

3. Results and Discussion
3.1. Extrusion System and Calibration

Early in the project, attempts were made to utilise a pneumatic regulator (IEI Iwashita,
AD 3000C), along with a pressurised air supply and a well-established 3D printer (KIMM
SPS1000 Bioplotter). However, this approach encountered challenges as the silicone mate-
rial did not extrude consistently, and adjusting the pressure resulted in either no material
flow or excessive extrusion. This difficulty was attributed to factors such as the non-
Newtonian nature of the material, coupled with the syringe tip diameter. The need for
fine control over the extrusion process prompted the exploration of alternative solutions.
Consequently, a motorised extruder, specifically a syringe pump, was developed. The
superior extrusion control offered by this system is evident in Figure 5 (bottom right),
showing consistent flow. This shift in approach marked a crucial step in achieving the
precision required for our project goals.

Extrusion Photo-initiation

)

s
-

I

15

—

13

Extrusion Mechanism

Assembled Printer

Figure 5. Captured and labelled photos of the assembled printer. (1) x-axis, (2) z-axis, (3) y-axis,
(4) print base support, (5) extruder, (6) syringe loaded with PDMS polymer ink, (7) scaffold being
printed, (8) syringe tip, (9) LED support arm, (10) irradiated structure, (11) heat sink, (12) mo-
tor, (13) strong frame, (14) adapter, (15) container, (16) syringe tip, (17) PDMS material in syringe,
(18) carriage, (19) lead screw, (20) coupler.



Technologies 2023, 11, 179

8 of 17

In Figure 6, we present the outcomes of our calibration procedure for the extrusion
mechanism, which entailed employing a robust syringe pump. Our analysis using a steps-
per-mm ratio (Steps.mm ') of 1000 (estimated observation) led to a slope (m) of 1.62, as
determined via linear regression. Inverting this slope and multiplying it by 1000 yielded a
mathematically corrected slope of 1.0, which was corroborated by our second calibration

and the resulting linear regression model. This was evident from the regression analysis
-1

(red line) applied to the second calibration, where a ratio of 617.29 Steps.mm
reflects the movement of the syringe.

accurately

16 -
B 1,000 Steps/mm

14 4 —— Linear Fit (1,000 Steps/mm); R2=0.999
® 617 Steps/mm
—— Linear Fit (617 Steps/mm); R2=1.0

= =
o N
L L

Measured Distance (mm)
(o]

0 2 4 6 8 10
Software Distance (mm)

Figure 6. Calibration of the extrusion mechanism. The blue squares represent the first calibration
using a ratio of 1000, with the blue line as its linear regression model (R? = 0.999, n = 11, m = 1.62).
The red circles represent the second calibration using a ratio of 617.29, with the red line as its
linear regression model (R = 0.999, n = 11, m = 1.0). Data points represent the average across
3 measurements. Error bars represent the standard deviation.

To clarify the calibration process, we extended the syringe pump carriage by 1000 steps,
a rough estimation for 1 mm. Subsequently, we conducted a calibration for a programmed
11 cm distance. The linear regression yielded a slope of 1.62. Using this value, we adjusted
the steps-per-mm ratio to 617. After a second calibration, this yielded a slope of 1, demon-
strating that the programmed /software distance was precisely aligned with the measured
distance. This ensured accurate material extrusion distances, resulting in desirable volumes
and speeds for essential control. Based on the syringe’s geometry, we calculated a linear
resolution of 1.62 uL.Step !, corresponding to 0.32nL.Step 1.

3.2. Developed Printer

In Figure 5, we present our custom fabrication system, which was detailed in Section 2.2.1
and was based on the design shown in Figure 2 along with the major components for de-
veloping the printer in Table 2. We provide detailed views of both the extrusion and
photo-initiation stages during the fabrication of a structure for the sake of clarity. Addi-
tionally, we showcase the extrusion mechanism, which featured a steady stream of 10 wt.%
PDMS material being extruded and collected in a container. Using this setup, we examined
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various tip sizes to achieve a constant flow of PDMS with 10 wt.% diluent. Our inves-
tigations revealed that SmoothFlow tapered tips from Nordson outperformed standard
tips for the extrusion of this material, which was most likely due to their conical shape.
Furthermore, we examined tip diameters ranging from 0.2 to 1.60 mm. While the 200 pm
tip successfully extruded the material for a short period, it resulted in the overheating of
the motor driver. For safety purposes, we selected the 580 um tip to achieve a constant flow
rate throughout the printing process. Active and passive heat dissipation techniques such
as peltiers, fans, and /or larger heatsinks could be employed to dissipate the heat generated
by the extrusion process if a smaller nozzle is required. Using this tip size, we incrementally
increased the applied feed rate to overcome frictional forces and obtain a constant flow,
which we then recorded and input into the control software to ensure successful prints.

Table 2. List of components for developing the printer in this study. Numbers for the customised
parts refer to the labelled elements in Figure 2. The component fields for the custom parts are named
according to their filename.

ID Component Supplier Number/Identifier
1 Printer frame ME 3D ME2
2 Extruder motor RobotDigg 42HS48-2504
3 Extruder frame RobotDigg 100-WL-81
4 Curing LED Mouser (AU) LZ1-10UV00-0000
5 Curing heat sink Mouser (AU) 6238PB-MT5
6 DC-DC regulator Jaycar XC4514
7 SyringeBungHolder.step Customised 10
8 CarriageMount.step Customised 12
9 MountingBracket.step Customised 13 (mnt)
10 LEDArm.step Customised 15

3.3. Fabricated Structures

In Section 2.3.1, we established a grid size design for four infill densities in increments
of 25%. However, during software creation, it was discovered that these targets were not
evenly spaced to ensure a fully closed grid, and a 75% infill left the final part incomplete,
resulting in an asymmetrical structure. Therefore, the nearest infills were selected, namely
20%, 50%, 70%, and 100%. The PDMS structures fabricated using the developed 3D printer
are presented in Figure 7. Printing with a 100% infill resulted in the material and tip
having overlapping successive paths, dragging the previously deposited material, and
was therefore omitted. The 70% infill produced a sound structure while avoiding the
issues associated with the 100% infill. Similarly, the 50% infill produced a good structure
while using less material. However, the 20% infill resulted in a lack of structure due to
slumps encountered between the grid lines of the previous layer, which would require
a recalibration of the printer parameters. As a result, only two layers were achievable,
making it difficult for the printed layers to adhere to previous layers. This was consistent
with Muthusamy et al.’s [50] suggestion of an infill density greater than 30% to avoid
deflection issues. The challenges encountered with 20% and 100% infills suggested an
achievable working range when considering the infill parameter.
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Top Views:
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2 10

Magnified:

0.25 1 (mm)
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Angle Views:

Infill Density: 20% 50% 70%
Figure 7. Images of the 3D structures fabricated with 20, 50, and 70% infill.

3.4. Structural Analysis

Modifying the mechanical properties of 3D printed constructs through adjustments to
the infill setting is a promising approach for developing tailored materials with properties
optimised for specific applications. To this end, we investigated the mechanical properties
of 3D printed scaffolds with 50% and 70% infills through cyclic compression tests. As
shown in Figure 8, both samples exhibited minimal force softening and hysteresis after
100 cycles of compression, indicating a high level of elastic recovery under high-pressure
conditions. Notably, the scaffold with the higher print volume (70%) demonstrated greater
strength and stiffness, requiring around 230 N of force to compress it by 30%, compared to
140 N for the 50% infill sample. These results highlight the ability of 3D printing to modify
the mechanical properties of printed structures to meet specific application requirements.
This represents a significant advantage over conventional manufacturing methods.

Figure 8 also presents optical microscopy images of the two printed structures captured
using a Lecia M205A microscope, with a scale bar provided for dimensional reference
(1 mm). With the 50% infill, a noticeable deflection was observable due to the thicker
overlaying fibres when overlapping the support structures from the previous layer and
thinner fibres between underlying fibres. This deflection effect was also observed in the
20% infill, but not as prominently. While this outcome was expected due to the nature of
the material at the deposition stage, it is essential to note for this particular setup. On the
other hand, the 70% infill appeared to produce more uniform fibres, which was likely due
to the increased underlying support. This support seemed to have an added effect on the
thickness of the fibres. By utilising Image], we measured a fibre thickness of 1.36 mm and
0.985 mm for the 70% and 50% infill, respectively. Both infill densities showed a visible
gradient in fibre thickness from the centre to the outside. This gradient may have been
due to the expansion of the material as it exited the nozzle and then cured. The ability to
engineer the space between the fibres is intriguing—a 340 pm distance existed between
the fibres for the 70% infill. Besides the flexibility demonstrated by the compression tests,
this implies a strong potential for wearable micro-fluidic applications. Furthermore, the
material is intrinsically robust for chemical sensing and/or tissue engineering applications.
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Figure 8. (Left) Mechanical testing of printed structures with 50% and 70% infill after cyclic com-
pression test (x100). (Right) Microscope images of the printed structures with 70% (top) and 50%
(bottom) infill density.

3.5. Comparative Platforms

When considering the capabilities of 3D printers, researchers often encounter chal-
lenges aligning specific requirements with commercially available solutions. Many com-
mercial printers may not readily fulfil the unique needs of researchers, and those that
do often come with prohibitive costs. Our printer was designed as a versatile system for
exploring new materials, exemplified by the extreme viscosity of silicone. While low-cost
commercial printers like those from phrozen3d.com offer the ability to print silicone struc-
tures, it is crucial to note the distinction in additive manufacturing (AM) techniques. Our
study falls under the fused filament fabrication (FFF) category, as opposed to the vat poly-
merisation used by phrozen3d.com. Numerous studies, such as that of Muenks et al. [51],
have compared these approaches, highlighting FFF’s advantages, including its material
variety, cost-effectiveness, ease of use, large build volume, minimal waste, versatile support
structures, faster print speeds, accessibility, and safety. Furthermore, our curing approach
employed a high-power LED with a wavelength of 365 nm, providing effective cross-
linking, while the LCDs used in commercial printers often emit visible light in the range of
405 nm, lacking the required UV range. Additionally, our open-source approach allowed
for extensive control and flexibility, a feature not always well documented in commercial
alternatives.

Referring back to the Introduction section, there has been recent activity in the develop-
ment of additive manufacturing systems to address the challenge of printing silicone-based
materials. We aimed to contribute to this area and provide an overview of other studies
and how our system reflects and compliments this growing area of research.

A recent study by Gharaie et al. [48] presented an innovative approach to direct ink
writing (DIW) for fabricating highly stretchable structures using a two-part silicone resin.
The cost-effective extrusion system and the use of a static mixer for even resin mixing
in low-flow regimes are commendable features. While this work explored the direct 3D
printing of silicone resin, our focus on UV-curable silicone rubber sets our study apart.
Our system addresses the challenges posed by high-viscosity silicone printing ink and the
extrusion force thereof, emphasising controlled extrusion by means of a custom-designed
motorised syringe pump and fully open-source hardware/software. Comparatively, the
components of our printing system cost USD 1000, while those of Gharaie’s system cost
twice this amount at USD 2000.
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The study by Zolfagharian [52] introduced an excellent and novel 4D printing tech-
nique for a silicon-based soft parallel robot, showcasing the customisation of actuator
designs based on certain requirements. The work successfully combined 3D printing with
multi-physics analysis, allowing for the creation of a light three-degrees-of-freedom soft
parallel manipulator. Our work differed from this study in terms of the materials used,
printing methodology, and intended application scope. While the above authors focused
on silicon-based soft actuators for a parallel robot, our study delved into the intricacies of
UV-curable silicone rubber, incorporating intra-layer cross-linking for enhanced material
properties. Moreover, our application extended beyond robotics to encompass biomedical
engineering, micro-fluidics, and soft robotics.

While the field of 3D printing has witnessed significant advancements, it is imperative
to discern the nuances and unique contributions within specific applications. Notably,
recent works by Mohammadi [53] and Zolfagharian [54,55] have delved into the realm of
4D printing, introducing time-dependent reconfigurations in response to external stimuli.
While these studies showcased the potential of 4D printing in diverse applications, they
primarily focused on the tactile interaction, therapeutic soft modules, and optimisation
of soft robotic grippers. In contrast, the current work addressed the specific challenges
associated with the fabrication of intricate silicone structures, offering a novel low-cost
printer tailored for UV-curable silicone rubber. The emphasis here was on precision and
control in the deposition of silicone materials, extending the applicability beyond tactile
interactions to the creation of complex, functional structures. This distinction underscores
the diverse landscapes within 3D and 4D printing technologies and positions our work
within the domain of silicone-based fabrication for advanced applications such as micro-
fluidics.

Building upon these strengths, our work introduces novel contributions to the field.
The custom-designed motorised syringe pump provides precise control over material
extrusion, addressing the challenges posed by high-viscosity UV-curable silicone rub-
ber. The intra-layer cross-linking approach adds a layer of sophistication to the printing
process, contributing to the development of a versatile 3D printer suitable for a broader
range of UV-curable materials. These distinctions underscore the unique features and
potential applications of our work in various industries. Furthermore, we offer the ability
to realise a working printing platform at a low cost and provide this ability to schol-
ars/industry members who may be unable to procure expensive systems for exploring
their ideas/applications.

3.6. Applicable Areas and Future Directions

The extensive use of PDMS in micro-fluidic systems motivates the investigation of
the extrusion-based 3D printing of PDMS micro-fluidics. Au et al. [56] reviewed the
field of 3D printed micro-fluidic devices and identified that the manufacturing method
(soft lithography) for PDMS-based micro-fluidic models is manually intensive, rendering
commercialisation difficult. Thus, they called for 3D printing to meet the demands of
the commercial sector. The approach proposed in this study enables the economically
efficient 3D printing of free-standing structures and/or micro-channels without the need
for expensive instrumentation or post-processing.

Moreover, with a printer XY accuracy of 8 X 8 um, the approach enables the production
of micro-channels for micro-fluidic applications. In this work, the channel dimensions were
approximately 300 pm for the 70% infill, which is comparable to the SLA-3D printed micro-
channels 350 pm in width reported by Rogers et al. [57] and FFF-3D printed PLA micro-
fluidic devices with 400 pm channels reported by Romanov et al. [50]. Lower micro-channel
cross-section areas can be achieved by characterising material expansion, increasing heat
dissipation on the extrusion motor driver (for a smaller diameter tip), and/or printing with
a greater infill density and different extruded filament arrangements. For instance, Wu et al.
used a negative-space printing technique to produce micro-channels with 90-190 um widths
using a 400 um nozzle [58], indicating the potential to print PDMS micro-channels with a
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high resolution using similar filament arrangement configurations. Alternatively, a higher
resolution of micro-channels with 10-100 pm widths could be achieved by utilising smaller
print nozzles (100 or 200 um).

The printer’s ability to directly print closed micro-channels and cavities was not
explored in this study. However, based on the microscopic images presented in Figure 8,
we believe this is feasible. Our observations indicated that approximately 70% infill,
due to the strong overlay and small channel size, provided excellent support for the
structures. We plan to expand our work in this direction by exploring approaches similar
to Wu's [58] FCC/BCC approach to form closed micro-channels and cavities in future
investigations. On this note and in terms of the print surface, the precise surface roughness
was not quantified, and we acknowledge the importance of this parameter in various
applications. However, based on the visual appearance of the structures presented in
Figures 7 and 8, we anticipate that the surface roughness achieved with our extrusion-based
method would be sufficient for plasma bonding. Plasma bonding is a crucial technique in
micro-fluidics and lab-on-a-chip devices, enhancing their biocompatibility and stability.
The presence of micro-channels and intricate structures demands a careful consideration of
bonding methods to ensure leak-proof and reliable devices. We recognise the significance
of assessing the surface characteristics more quantitatively and plan to incorporate detailed
surface roughness measurements in future investigations. Additionally, investigating the
feasibility of plasma bonding will be an integral aspect of our ongoing work, with the
ultimate goal of producing robust and biocompatible micro-fluidic devices for a range of
applications.

In direct comparison to DLP printing, which is known for its low surface roughness
and high transparency, our extrusion-based approach presents a unique set of challenges
and advantages. While DLP printing offers certain advantages, such as the surface fin-
ish, our intra-layer approach focuses on achieving optical transparency and low surface
roughness to facilitate the polymerisation of successive layers. The microscope images
in Figure 8 visually demonstrate the successful adherence between layers, although the
precise quantification of absorbance awaits further investigation, contingent upon the
intricacies of the print geometry. Additionally, factors like extrusion and print speeds
influence material deposition, impacting light attenuation and scattering. A comparative
study between DLP and extrusion-based methods, considering various parameters, would
indeed contribute valuable insights to guide the community in choosing the most suitable
approach for their specific applications. Overall, a comprehensive optical analysis is on
our agenda, particularly as we envision the application of this setup for the design of
problem-driven sensing technology [59] in optical bio/chemical detection systems during
our next stage of development [60,61]. More specifically, given the optical transparency
and the potential to form micro-fluidic structures, we aim to utilise computer vision [62-64]
and/or advancements in LED photometry [65] to develop ultra-low-cost detectors, which
have been validated for a number of water targets, such as turbidity [66], pH [67], and
nitrite [68].

Additionally, the 3D printing of PDMS structures has been utilised in many biological
research areas, including tissue engineering, cell culture, and diagnostics. For instance,
Janko et al. reported a hybrid 3D printed compartmentalised PDMS-based micro-fluidic
platform for the long-term differentiation and maintenance of human stem-cell-derived
neurons and astrocytes [69]. The approach demonstrated in this study could provide
researchers with more opportunities to explore the possibilities of 3D printed PDMS
devices, particularly when modifying PDMS using 2D materials (such as graphene) and/or
nano-particles.

On the note of bioprinting [70], we consider that our 3D printing platform has the
scope to print other materials such as UV-curable hydrogels like GelMa. As the precision in
terms of XYZ positioning and motor control has been demonstrated, the key consideration
when evaluating other materials is their viscosity and photo-initiator mechanism. Studies
that have explored the bioprinting of GelMa have reported viscosities in the range of 1 to
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10 Pa-s [71] or lower, e.g., 0.2 Pa-s [72] or 0.25 Pa-s [73]. Our characterisation of our material
found that the viscosity of the PDMS with 10 wt.% diluent was around 500 Pa-s, which
yielded a reasonable indicator that the extruder could accommodate the extrusion of GelMa.
To complement this, if the adopted photo-initiator requires an alternative wavelength, our
setup is modular in nature and will require little effort to employ another LEDs or LED
modules considering that our DC-DC regulator is adjustable. Finally, one may wish to
perform material characterisation to better inform the intra-layer irradiance time and
intensity, as these can differ from material to material.

4. Conclusions

The research presented here represents a significant advancement in the realm of
low-cost desktop-based additive manufacturing, specifically in the design of a 3D printer
capable of producing desired silicone/PDMS structures. The proposed system developed
herein introduced an intra-layer cross-linking approach for achieving silicone-based ma-
terial layer fusion. The PDMS viscosity was finely controlled through extensive material
development, enabling the printing of 3D structures (20 x 20 mm) via micro-extrusion.
The thorough characterisation of the material’s properties included the compression effects
and cross-linking kinetics, resulting in a comprehensive understanding of its properties.
This knowledge was applied to construct a cost-effective 3D printer, developed at a re-
markably low cost of USD 942, which successfully demonstrated the ability to fabricate 3D
printed structures at viscosities as high as 5 x 10°> mPa.s and at room temperature. A novel
intra-layer irradiation approach was developed using a single UV LED and controlled
timing during printing, allowing the precise control of the material’s photo-cross-linking
process. This demonstrated the ability to finely tune the degree of photo-initiation during
printing. As such, this study represents a pioneering effort in the exploration of developing
a low-cost (less than USD 1000) 3D printer for the characterisation and fabrication of free-
standing PDMS 3D structures utilising direct micro-extrusion, intra-layer photo-initiation,
and open-source resources—all of which are available for scholars to adopt without the
need for purchasing expensive instrumentation. The implications of these findings are
far-reaching, with potential applications in various industries, including biomedical engi-
neering, micro-fluidics, and soft robotics.
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The following abbreviations are used in this manuscript:

PDMS  Polydimethylsiloxane
FDM Fused deposition modelling

FFF Fused filament fabrication
Dp Direct printing
M Injection moulding

LSR Liquid silicone rubber
CAD Computer-aided design
uv Ultraviolet

LED Light-emitting diode
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