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ITPOAOTOX

Eyd, o I'oPardg lakmPog, emPePfardve 611 M epyacio mov mapovcidletal o€ avtn )
SwoTpipn eivar dikn pov. Ot TANPOoPopieg TOL TPOEPYKOVTOL OO AAAEG TNYEG CMUELDVOVTOL
LLE TTOPOTTOLTT.

H mapovoa datpipr mpaypatomombnke 6to mAaicto tov Metantuytakov [poypdupatog
ot Buotatpikn Mnyaviky, vo v enifieyn tov Ap Eppovovid Ztpatdkn. Avtin
SwTpifr] amoterel mPoOidV TPOCHOTIKNG epyAciag Kol Ogv TEPLEYEL TimoTa TOL Vo ivat
OTOTEAEC L EPYOTTING TPITOV TPOGMITOV.

EYXAPIETIEX

Apycd, Bo nBela va exppdom Tic gvyapiotieg pov otov Ap HAia Kovpovio mov
pe Bondnce and v TpOTN GTIYUN ovtov Tov Metamtuylokov [poypdupatog. Emmiéov,
gipon e&opeticd evyvopmv otov Ap. Epavouni Ztpotdkn, o onoiog micteye oe gpéva omd
TNV TPOTN oTLyUn. Metd 10 TEAOC TV PACIKOV GTOVd®V, YV, LEAOG TNG EPELVNTIKNG TOV
opnadag v éva xpovo £mg 0Tov £ytva deKTOS 6T0 TP®TO Pov Metamtuyiaxd [Ipdypappa
oto [avemomo loavviveov. Etiong, 0a 10eda va guyoapiotiom v Ap Mapia Kiteopd,
LE TNV 0oTtoia iy TNV EVKOIPIN VO GUVEPYACT®, 060 NTav puéhog tng BIOG3D. H Ap Mapia
Kutoapd, pe pondnoe va dievphve Tig yvdoEeLg Lov 6Tov Topéa g Mnyovikng lotomv kot
g MiKpopevoToviKiG HEGA OO TG TOAAEG eMOTNUOVIKES ouinthoels poc. Emmiéov, Ba
NOela va eKPPACH TIC EIMKPLVEIS EVYOPIOTIEG OV GE OAOVE TOLS GUVAOEAPOVG OV GTN
BIOG3D yw v vrootpiEn kol TV KATtavonot Tovg Katd T Stipkewd ovThig g
OTOLTNTIKNG TEPLOSOV.

Téhog, Ba NOeXa VO, EVYOPIGTAC® TNV OKOYEVELR OV TTOL oTdOnKe dimha pov,
ompi&e to Ovelpd pov kot Hov £3moe TN dOVOUN VO KUVIYNo® TO TAB0g oL Yo TV
EMOTNUN.
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IIEPITPA®'H

H tpéyovca petamtuyoxn owatpPn pe titho « Tpdrdotatn ekTOT®ON TOAVUEPIKDOV
LIKPOPEVGTOVIKMY GUGKELVMVY» TPALYLOTOTOONKE Y10 TOVG GKOTOVG TOV SIEMIGTILOVIKOD
petantuyloakol tpoypdppatoc Blotatpikig Mryavikng, mov dtopyavmbnke and 1o
[Moavemomuo Kpnng, to [olvteyveio Kprjng kot to 1dpvpa Teyvoroyiag kot 'Epgvvag
(Hpdaxielo, Kpntn)

210 TAIG10 TNG TAPOVGOS EPYOCIOG, GYESAGTNKOY KOl KOTACKEVAGTIKOY OLOLPOPETIKES
HKPOPEVOTOVIKEG GLOKEVEC pe TN uébodo g ITpocbetikne Kataokevng (3D Printing).
[To ouykekpipéva, n texvikn Tov Pwtonolvuepiopov Prtivng ypnoiporomdnke yio v
KOTOOKELT TOV MKPOPEVGTOVIK®OV GLoKEL®V. EmumAéov, oyedidotnie kot
KOTOOKELAGTNKE W10, EE0TOMKEVUEVT] OVTALD, VITOSOYNG TPLOV GLPLYY®V, Y10 TNV
a&loAdYNoN TNE POTIC TV VYPDV GTO ECMOTEPIKAOV TOV UKPOKAVOAM®Y. Ot
LIKPOPEVCTOVIKEG SLUTAEELS IOV GYEOAGTNKAY Kol EKTUTdON KAV pe Tnv péBodo tov 3D
printing, ETKEVIPMOVOVTOL 6T SLPOCIKT TOPAYDYH GTAYOVISI®V, YVOOTMV OG 6TOYOVidlo
Janus kot ot S1ad0y KN Tapaymyn oTaYoVISI®mV YPTCILOTOIDVTOG [0, OLTAY|
SloTavp®ON oY UOTOG-T.

O oKomdg avThG TG EpYaciog elvat vo onpovpynOet pio amAn Ko kaTovont pon
EPYOOLDV TOV OTOLTOVVTOL Y10, TOV GYEOIGLO KOl TNV KOTOGKELT] LIKPOPEVGTOVIKMDV
dota&ewv o unAod KOGTOVG Y10 TOAVEC PLOTATPIKES EPAPULOYES YPNOULOTOIDOVTOC TNV
uébodo tov 3D printing kot pia avthio VTOSOYNG TPIOY GLPIYYOV, KOUTACKEVUGUEVT] UE
eEapmuato Tov Ppickovial og £vay TPOGITO TPIGIACTOTO EKTUTMTY.

ABSTRACT

The current master’s Dissertation, entitled “3D printing of polymeric microfluidics
devices” was conducted for the purposes of the interdisciplinary master programme of
Biomedical Engineering, organized by the University of Crete, the Technical University of
Crete and the Foundation for Research and Technology Hellas.

Here, in this study, different microfluidics devices have been designed and tested exploiting
additive manufacturing (AM) technology. More specifically, Vat Photopolymerization
(VPP) technique was used for the fabrication of the microfluidics devices. Furthermore, a
custom-made triple syringe pump was designed and fabricated in order to assess the fluid
flow inside the microchannels. The produced microfluidic device is focused on biphasic
droplet generation, known as Janus droplets and on consecutive droplet generation utilizing
a Double T- junction.

The purpose of this work is to establish a workflow and investigate the feasibility of low
cost, 3D printing microfluidic devices for biomedical applications using a custom-made
triple syringe pump, made with components found in an affordable 3D printer.
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Figure 2 (Right) Chuck Hull with a 3D replica miniature of himself and (Left)
Chuck Hull with the first commercial SLA 3D printer, SLA-1, made from 3D
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Figure 3 MakerBot founders (left to right) Adam Mayer, Zach Smith and Bre Pettis
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Figure 4 (I) A graphical representation of the 3 most used VPP 3D printing
technologies (a). SLA (b). DLP and (c). LCD 3D VPP resin 3D printer [8] (II) a
photograph from the LCD screen of the Phrozen Sonic Mighty 4K, in which the
printing areas are transparent while the blocked areas are masked with black pixels

(Source: WWW.Phrozen3d.Com ). ..ot 4
Figure 5 Direct Vs Bowden extruder. http://www.spiderbot.eu/direct-drive-
bowden-remote-motor-the-differences/21ang=en ...........cccccvvviinnencnecceee 5
Figure 6 FFF main components. Printer: Creality Ender 3..........ccccoooviiiiiiiiiins 6

Figure 7 TPO and BAPO molecules. Free radicals production when incident light
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Figure 8 Fluid flow between two parallel infinite plates. (Left) The blue gradient
represents the velocity increase from left to right, while (Right) the red gradient
indicates the pressure drop form a higher-pressure point P; to a lower pressure point
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Figure 9 A 3D-printed Y-shaped mixing device. Images of (A) a 3D-printed ABS
fitting, (B) side view of the device, (C and D) bottom views of the device (C) before
and (D) after mixing 5 mM iron (II) chloride and 5 mM potassium ferricyanide
solutions to form citrate-PBNPs, and (E) top view of citrate-PBNP-filled device [16].
................................................................................................................................ 16

Figure 10 FFF 3D printed microfluidic device with flow focusing junctions. [17].16

Figure 11 Comparison of the printing using 4 loops (a, b), and with 2 loops (c, d)
in fabrication. a) and c) are schematic showing the movement path of printing nozzle,
b) and d) are microscopic images of microchip filled with dyes showing the channel
dimension difference, the scale bar is 500 M [17]. ..ccooviiiiiininiieneeeeeeees 16

Figure 12 (a) Top view of the fully assembled triple syringe pump and microfluidic
device (50 cent coin for size reference). (b) 1. Ender 3 power supply, 2. Ender 3 LCD
screen with knob controller, 3. Creality motherboard, 4. Z-axis stepper motor, 5. Z-
axis lead screw, 6.3D printed push block, 7. 5ml syringes (x3 items), 8. Micro SD
card extension cable (optional) and 9. microfluidic device. ..........cccccoeevirviennne 21
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Figure 24 (A) Operational set up of DIY syringe pump and microfluidic device. (B)
A portable, digital and low-cost microscope (ANDOWL XQ-XW01, China) was
utilized to assess the fluid flow during operation ...........cccocvevevvieevie v, 36

Figure 25 Fluid flow assessment of Janus droplet generator. Droplets are spherical
with distinct immiscible compartments. (A) Laminar co-flow of coloured fluids
before exiting from the orifice. (B) Big Janus particle formed at flow rate of 1ml/min
(C) Smaller Janus particles at SMI/MIN.........ccccooveieiiiiiei e 36

Figure 26 Fluid flow assessment of Double T- Junction droplet generator. Droplets
are either squeezed and elongated or spherical. (A) Consecutive droplet formation
(B) Squeezed and elongated droplets formed at flow rate of 1ml/min. Due to the
small droplet compartment and the high concentration of droplets number, droplet
merging is possible (C) Droplets are formed when higher flow rate is applied,
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Figure 27 (Up) Photorealistic views of the syringe pump set up (down) Exploded
view of the syringe pump. Parts with detailed description in Table 8.................... 43

Figure 28 Chitubox Slicer software interface. (A) First layer of the microfluidic
device which is placed parallel to the build plate platform of the 3D printer. With
green colour, the software in this stage, denotes the unmasked pixels of the LCD
from which the light and solidifies the photosensitive resin. (B) Microchannels’ first
layer. With blue colour are denoted the masked layers form which no light
PENEITALES. ...ttt 46

Figure 29 (C) The first layer of the microchannels’ sealing cup. (D) Preview of the
final microfluidic device after 3D printing ProCess. ........ccceovevrirerenenenereeeenes 47

Figure 30 When the STL file is loaded and placed properly onto the surface of the
built plate. The printings settings have to be set (E) Resin Tab: In this tab, all the
necessary information regarding the 3D printer are automatically updated after
choosing the right machine from the first right icon (inside the right circle). If a 3D
printer is not part of this data base or it is a custom-made LCD/DLP machine, then
it can be manually created it by pressing the pencil symbol (inside the black circle).
(F) After chosen the correct 3D printer, it is necessary to select correct resin. The
icon inside the red circle allows the access in some predefined commercially
available resins. If a resin is not part of this data base or it is a custom-made resin,
then it can be manually created it by pressing the pencil symbol (inside the black
o1 o] 1) RSP TOSURTPSRSPN 48

Figure 31 (G) Print Tab: Here, the printing settings are selected based on the
machine, resin and the STL file which is going to be printed (Detail explanation of
each parameter, in the Table 8.2). (H) Advanced Tab: This tab is intended to offer a
more advance options for the light source manipulation. More details about the above
Tabs in https://manual.chitubox.com/en-US/docs/chitubox-basic/latest/setting-
UP/CONFigUIe-Print-ParametersS ........cooviie et 49

Figure 32 The final Chitubox window in which is displayed a brief information
about the name of the 3D printer and the resin used, the estimated resin volume
required for the printing job, the total weight of the final part, a total price estimation
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based on the resin volume required and the time needed to finish the printing process.
Also, in the bottom side six of the most important printing parameters are depicted
as reminders of the selected process parameters. The black and white representation
of the microfluidic device denotes the current layer. With black are all the masked
pixels from which no light is passing through, while with white are every unmasked
pixel on the LCD screen from which the UV light, from the paraled setup, penetrates
and solidifies the pPhOLOSENSITIVE TESIN. ........uiiiiriieieeee e 50
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INTRODUCTION

1.1 3D PRINTING

3DP is an additive manufacturing process in which the final functional product is fabricated
in a layer-by-layer manner. In 1974, in a regular column in the journal New Scientist [1],
Dr. David E. H. Jones, using his pen name Daedalus, which was the fictional inventor of
DREADCO Company, was the first who introduced the concept of the 3DP. Due to his
scientific and academic background he pointed out that many liquid monomers can be
solidified under UV or visible light exposure. Using his imaginary character, Daedalus, he
mused a new method for plastic fabrication process, using a laser beam and a set of many
mirrors. Six years later, in 1981, after the Dr. David E. H. Jones published his imaginary
concept of a new plastic fabrication process, Dr. Hideo Kodama from Nagoya Municipal
Industrial Research Institute, published his work in which an automatic method for
fabricating a three-dimensional plastic model with photo-hardening polymer, was created
[2]. It was the first time a CAD “moved” from a 2D display to a man’s hand (Figure 1).

Figure 1 Chemist Dr. David E. H. Jones, the “prophet” of the 3D printing. Photograph: Conor Lawless.

In 1984, Chuck Hull (Figure 2), the co-founder, executive vice president and chief
technology officer of 3D Systems, managed to patent his invention of SLA process using
UV lasers to solidify in a layer-by-layer manner, photopolymer solutions. He defined his
patent as a “system for generating three-dimensional objects by creating a cross-sectional
pattern of the object to be formed on a selected surface” [3].



Figure 2 (Right) Chuck Hull with a 3D replica miniature of himself and (Left) Chuck Hull with the first
commercial SLA 3D printer, SLA-1, made from 3D Systems.

He is also responsible for the STL file format, which was created by 3DSystems,
and it is a standard file format in all CAD and CAM software. In 1986, the first commercial
VPP 3D printer released with the name SLA-1 [4]. The first FDM 3D printer (Fig. 4), was
introduced in 1988 by S. Scott Crump and his wife, Lisa and commercialized by his
company Stratasys. The story of their invention is quite unusual because it is not scientific
or technological oriented. Scott and Lisa wanted to make a frog toy for their daughter, they
used a glue gun loaded with silicon and a candle wax. The toy was created by hand
mimicking the stereolithography process by depositing hot silicon layer-by-layer. Few
years later he automated the process and patented it under the name of “Fused Deposition
Modeling” [5]. The FDM patent expired in 2009 [6]. In 1995, the first SLM 3D printer was
fabricated at the Fraunhofer Institute ILT in Aachen, Germany. During the SLM printing,
a metallic powder, melts, and fuses on the interaction with a power-density laser. Using the
layer-by-layer process, complex metallic geometries are possible to be fabricated that could
not be made otherwise [7]. At the dawn of 2000s, 3DP changed dramatically. In 2004 a
mechanical engineering lecturer Adrian Bower, started the RepRap project. This was an
open-source project in which everyone could download the software, gather the parts, and
build the first home-made FFF printer out of inexpensive thermoplastic filaments. The first
RepRap printers weren’t so reliable, but as the years go by and the 3D printing gained more
and more enthusiasts, printers based on RepRap project, are coming out wonderful. In
20009, the first low-budget commercial 3D printer, based on the RepRap project, was sold
to the public the “Makerbot” (Figure 3) [5].



Additive manufacturing, starting in the 1980s, has expanded rapidly. Different
materials, a variety of 3D printing techniques and the “open source” culture, led the field
to evolve in many directions. Three basic 3D printing techniques dominate the global
market: VPP, FFF and Powder-Bed Methods such as SLM, SLS, DMLS, EBM and many
more. Despite the different techniques, the invariable factor, is the computer control of the
process. Thus, 3D printing is considered part of robotics. Here, for the purpose of this study,
of 3DP uFDs, only VPP and FFF 3DP processes will be discussed.

Figure 3 MakerBot founders (left to right) Adam Mayer, Zach Smith and Bre Pettis with the final MakerBot
Cupcake prototypes.

1.1.1 STEREOLITHOGRAPHY APPARATUS (VPP)

As mentioned above, VPP was first introduced by Chuck Hull and his company, 3D
Systems, in 1986. It was the first commercialized additive manufacturing technigue. And
it is still one of the most common layer-by-layer 3D printing methods. VPP as a more
general term includes SLA, LCD and DLP 3DP systems (Figure 4 (l). In, this study, a
LCD 3D printer is employed. During the printing process with a LCD machine, an UV
LED array lights up and emits radiation towards the bottom of a transparent tank (resin
vat). The light emitted from the LED array is guided through a Fresnel Lense which
enhance the printing resolution while also improves the efficiency of the light source. A
detachable build plate platform can move alongside the z-axis (up and down) and slightly
touches the bottom of the transparent tank. When the build platform is few pm above the
transparent vat (from 10 to 300 um), the LCD screen is activated and generates a 2D image
of each layer obtained from the slicing software. The pixels corresponding to the solid areas
of the object’s cross section, are transparent or semi-transparent (unmasked or partially
masked), allowing all or part of the UV light to pass through, towards the total or partial
photopolymerization of the photosensitive resin. The amount of the UV light passes
through the LCD screen, allows the printing of smoother curved edges (In most of the resin
slicer software, this is called as Anti-aliasing). The empty areas of the object’s cross section



are blocked (black, masked pixels) prohibiting the UV light penetration towards the resin
vat. (Figure 4 (I1)) The photopolymerization/solidification of each cross section occurs in
the interface between the transparent vat and the build platform. Then, the elevated
platform moves slightly upwards and another layer of photocured resin is added to the
previous one. The whole process continues through the end and the designed 3D model is
finally appeared strongly attached on the surface of the build platform [8]. Using any VPP
machine, supporting structures are required to overcome the gravitational forces acting on
the printed model. While VPP technique can produce objects with extreme details, with
resolution often smaller than 100um, it also requires extensive post processing. Once the
model is completed, an organic solvent such as isopropyl alcohol is used to remove any
excess, non-photopolymerized resin material from the surface of the 3D printed object.
Then, photocuring process is taking place and the remaining resin solidifies. The 3D printed
component becomes mechanically and chemically stable. Supports are then removed
manually and the remaining support marks are cleaned. Several advantages and
disadvantages of the VPP process are depicted in the table below (Table 1) [9].

coEmeEERenen  LEOs

Figure 4 (1) A graphical representation of the 3 most used VPP 3D printing technologies (a). SLA (b).
DLP and (c). LCD 3D VPP resin 3D printer [8] (I1) a photograph from the LCD screen of the Phrozen

Sonic Mighty 4K, in which the printing areas are transparent while the blocked areas are masked with

black pixels (Source: www.phrozen3d.com ).


http://www.phrozen3d.com/

Table 1 Advantages and Disadvantages of VPP 3D printing

ala Advantages Disadvantages
1 | Operates unattended Post curing
2 | Wide range of build volumes | Post processing
3 | Printing Accuracy Weaker than the injection molding parts
4 | High quality surface finish Degrade in sunlight
5 | Alot of available materials Difficult to use multiple materials in a single
print
6 | Printing multiple parts Resin and Solvent toxic wastes
simultaneously
7 | Ease to operate Final parts are sensitive to long UV exposure
time
8 | Usually no calibration is Expensive Equipment
required

1.1.2 FUSED FILAMENT FABRICATION (FFF)

Unlike VPP 3DP, which photocures light sensitive resins, FFF process uses
thermoplastic filaments which are extruded from a heated nozzle and placed on a build
platform layer by layer. A FFF 3D printer is mainly consisted of a filament extrusion system
(also known as extruder). There are two popular types of extruders, Bowden, and Direct
Drive (Figure 5). Bowden extruder is placed on the printer’s frame. It is connected with the
hot end through a long (polytetrafluoroethylene) PTFE Bowden tube. Unlike a Bowden
extruder, a Direct extruder is mounted directly on to the hot end and the filament travels a
small distance from the extruder to the nozzle.

Motor ’ Motor ‘

.‘. ‘.
|
Direct Drive Bowden

Figure 5 Direct Vs Bowden extruder. http://www.spiderbot.eu/direct-drive-bowden-remote-motor-the-
differences/?lang=en


http://www.spiderbot.eu/direct-drive-bowden-remote-motor-the-differences/?lang=en
http://www.spiderbot.eu/direct-drive-bowden-remote-motor-the-differences/?lang=en

The hot end and the printing head is the most complex part. It deals with the melting
and extruding the thermoplastic filament. For the hot end design, a standard knowledge of
the thermal properties and the glass transition temperature of the material is required. The
filament exits through a metallic nozzle and is placed upon the build platform. Nozzles
from different materials and with variety of diameters, lengths and shapes exist. The build
platform is the surface on which the 3D model is printed, can be heated or not to sustain
the printing process. Several advantages and disadvantages of the FFF process are depicted
in the table below (Table 2) [9]

Table 2 Advantages and Disadvantages of FFF 3D printing

ala Advantages Disadvantages
1 | Inexpensive equipment Weak layer Adhesion
2 | Most widespread AM Inefficient for mass production
technology
3 | Ideal for prototyping Longer printing time
4 | No complex mechanisms Rough surface finish
5 | Compact design Particles emission during printing
6 | Materials variation Machine calibration is needed (bed and
extruder)
7 | Reusable filaments Warping
8 | Usually no extensive post Nozzle clogging
process is required

EXTRUDER

FRAME — COOLING FAN

NOZZLE

i POWER
PRINTER BED ~— SUPPLY

DISPLAY
SCREEN

Figure 6 FFF main components. Printer: Creality Ender 3



1.2 MATERIALS

There is a variety of materials used in AM technology covering filaments, resins,
powders, clay, cements, hydrogels and even food. However, this study focuses on the
materials utilized in VPP and FFF 3DP technology.

1.2.1 The chemistry of VPP materials.

The idea behind the VPP process is to use monomers and/or oligomers in a liquid state
which can be photopolymerized upon exposure to a certain wavelength and form a
thermoset material. For the photopolymerization process to occur, photoinitiator molecules
are required to absorb the photons energy and generate free active radicals or cations
towards the polymeric chain growth. The conventional materials used in VPP dictate a non
“living” polymerization mechanism, meaning that the polymerization is terminated when
light exposure is off [10]. In VPP process, the light source employed to provide the
necessary photon energy to the photoinitiators can be LEDs, Lasers, xenon lamps even
mercury arc lamps. The wavelength of these light sources is within 190nm to 1000nm.
Since the majority of the commercially available VPP 3D printing systems operate using a
405nm light source, only the photoinitiators sensitive to the near UV and visible
wavelengths will be analysed. The most used photoinitiators in the SLA and DLP market
are: TPO (2,4,6-trimethylbenzoyldiphenylphosphine oxide) and phenylbis(2,4,6-
trimethylbenzoyl) phosphine oxide (BAPO or Omnicure 819, also known as Irgacure 819)
(Figure 7) [11]
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The photopolymerization process in VPP resins can be divided into three stages:
initiation, propagation, and termination (Fig. 1.8). Exposure to UV light excites the
photoinitiator molecules during the initiation stage. This produces highly reactive free
radicals, which can initiate the polymerization reaction by attacking the double bonds in
the monomer molecules. The polymerization reaction enters the propagation stage once it
has begun. In this stage, the reactive free radicals produced during the initiation stage
continue to attack double bonds in monomer molecules, resulting in the formation of
polymer chains. Finally, the polymerization reaction reaches the termination stage, where
it slows and eventually stops. As more monomer molecules are consumed in the formation
of polymer chains, the number of free radicals available to initiate new polymerization
reactions decreases. The VPP resin hardens into a solid object as the polymer chains
continue to grow and crosslink with one another. The final object's properties will be
determined by several factors, including the resin composition, the intensity and duration
of the UV light exposure, and the printing parameters used. Monomers and oligomers play
acritical role in the process of SLA 3D printing as they are the building blocks that combine
to form the final polymerized structure of the 3D printed object. Monomers are small,
reactive molecules that can combine with each other to form long chains called polymers
while oligomers are larger molecules that have already started to form polymer chains but
are not yet fully polymerized [12]. In SLA 3D printing resins, the monomers and oligomers
are combined with photoinitiators to create a liquid that hardens when exposed to UV light.
The specific combination of monomers and oligomers used in the resin will affect the
properties of the final 3D printed object, including its strength, flexibility, and resistance
to environmental factors. Some of the most used monomers in commercially available SLA
3D printing resins include, Styrene, Methyl methacrylate (MMA) and Acrylate. Styrene, is
a highly reactive monomer that can form polymers with a high degree of cross-linking,
making it well-suited for creating rigid and durable 3D printed objects. MMA-based resins
can produce objects with good mechanical properties, including strength and toughness
(such as Formlabs Clear Resin v4, FCRv4)1 while Acrylate-based monomers are known
for their excellent UV resistance, making them a good choice for 3D printed objects that
will be exposed to sunlight. Two of the most used oligomers in SLA 3D printing resins are
i) the Epoxy acrylates which are highly cross-linked oligomers, leading to 3D printed
objects that are highly resistant to chemical and environmental factors and ii) the
Polyurethane acrylates that are highly flexible, making them well-suited for creating 3D
printed objects that require a degree of elasticity (such as Crystal Clear Resin,
PrimaCreator, CCPC)2.

Uhttps:/ /formlabs-media.formlabs.com/datasheets/Safety_Data_Sheet EN-EU_-_Clear.pdf
2 https:/ /cdn.shopify.com/s/files/1/2424 /8853 /files/Material_safety_data_sheet RESIN-EN-
2022.pdf?v=1668689721


https://formlabs-media.formlabs.com/datasheets/Safety_Data_Sheet_EN-EU_-_Clear.pdf
https://cdn.shopify.com/s/files/1/2424/8853/files/Material_safety_data_sheet_RESIN-EN-2022.pdf?v=1668689721
https://cdn.shopify.com/s/files/1/2424/8853/files/Material_safety_data_sheet_RESIN-EN-2022.pdf?v=1668689721

1.2.2 The chemistry of FFF materials.

While the VPP method utilizes photocurable resins (thermoset materials), FFF uses
thermoplastic materials. Thermoplastic materials possess the unique property of being able
to soften and flow when heated to their melting point, and then solidify again when cooled.
This process of melting and solidification is fully reversible, meaning that thermoplastics
can be heated and cooled multiple times without undergoing any significant chemical
changes. These properties make thermoplastics highly versatile and suitable for a wide
range of manufacturing processes, including injection moulding and FFF [13]. Specifically,
the ability to melt and flow under heat enables thermoplastics to extrude from the heated
nozzle of the 3D printer and solidify upon cooling under the air flow from the fan which is
located next to the nozzle. Some of the most common commercially available thermoplastic
materials for FFF are Acrylonitrile Butadiene Styrene (ABS), polylactic acid (PLA) and
Polycarbonate (PC) as they are depicted in Table 3. Composite thermoplastics are also
available, expanding the capabilities of 3DP in industry.

Table 3 List of the most common commercially available FFF materials®

Printing
Material Name Source Advantages | Disadvantages | Temperature
Range
- . rone to warp,
Acrylonitrile Good impact P o du\éve P
ABS butadiene Petroleum resistance, P 210-250
unpleasant
styrene toughness,
gases
Polylactic Biodegradable, mef::r:ical
PLA y . Plant starch | does not warp, 190-230
Acid Inexpensive rough texture,
P brittle
Strong and High print
. flexible, good temperature,
PC Polycarbonate | Bisphenol X . g peratu 260-310
optical absorb
properties moisture

1.3 MICROFLUIDIC DEVICES (pFD)

The fluid inside a microfluidic channel can be considered continuum with a known
density at any point. This assumption is an effective tool to explain and mathematically
describe several of transport phenomena without deep knowledge of their internal
molecular structure. Transport phenomena (momentum transfer, energy transfer and mass
transfer) play an essential role in the microfluidics field governing the design and the
behaviour of the microfluidic device. In microfluidics, several thermodynamic (like

3 Dey, A., Roan Eagle, I. N, & Yodo, N. (2021). A Review on Filament Materials for Fused Filament
Fabrication. Journal of Manufacturing and Materials Processing, 5(3), 69. https://doi.org/10.3390/jmmp5030069


https://doi.org/10.3390/jmmp5030069

pressure, density, and temperature) and mechanical (like viscosity, shear stress and surface
tension) fluid properties need to be considered in order to design and fabricate a well-

functioning device.

Furthermore, dimensionless numbers (Table 4) [14] are of great

importance in microfluidics. They can simplify complex fluids problems and they can
compare the importance of forces, energies and time scales that take place.

Table 4 List of relevant dimensionless numbers in microfluidics [14]

Dimensio | Equation Description | Symbols Characteristics | Applicability
nless
Number
Reynolds Ratio of p: fluid density | Determines flow | Flow of fluids
Number R — pUL inertial to U: characteristic | regime (laminar in
(Re) ¢ U viscous velocity or turbulent) microchannels
forces L: characteristic
length
scale
p: dynamic
viscosity
Peclet P = UL Ratio of U: characteristic | Determines Transport and
Number ¢ D advectionto | velocity importance of mixing of
(Pe) diffusion L: characteristic | advection vs. molecules in
timescales length scale diffusion microfluidic
D: diffusion systems
coefficient
Schmidt S, = » Ratio of w: dynamic Describes mass Mass transport
Number pD momentum viscosity transfer of a in microfluidic
(Sc) diffusivity to | p: fluid density | scalar quantity in | devices
mass D: diffusion a fluid
diffusivity coefficient
Weber Ratio of p: fluid density | Determines Droplet and
Number pU?L inertial to U: characteristic | breakup of bubble
(We) e= 4 surface velocity droplets or formation in
tension forces | L: characteristic | bubbles microfluidics
length
scale
o: surface
tension
Capillary Ratio of w: dynamic Describes Paper
Number C = uu viscous to viscosity deformation and | microfluidics,
(Ca) 0 surface U: characteristic | breakup of Droplet, and
tension forces | velocity droplets or bubble
o: surface bubbles formation in
tension microfluidics
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Navier-Stokes Equation

The fluid flow inside a microfluidic channel can be described using the Navier-
Stokes equation (N-S) eq. (1.1):

ou ]

p |5 + V| = —VP + v + fore (1.1)

where p is the fluid’s density, u is the velocity field, P is the pressure, p, is the dynamic

viscosity of the fluid and E is the external forces acting on the fluid flow. The N-S eq.
is a second-order nonlinear Partial Differential Equation (PDE) and there is no analytical
solution. However, assumptions required to transform the complex N-S eg. into a simpler
form to obtain an analytical solution. The complexity of the equation comes from the puVu
term that makes the N-S eq. nonlinear. However, computational Fluid Dynamics (CFD)
methods can be utilized to solve numerically the N-S eq.

Microfluidics Resistance

When a fluid flows inside a microfluidic channel it experiences resistance to its
flow due to the channel’s characteristics. This happens due to the dominant viscous effects
compared to inertia. In analogy to electrical circuits (Table 4), the pressure, P, can be
considered to be the potential, AV. The flow rate, Q, could be related to the electric current,
I while the flow resistance, R, can be considered to be the electrical resistance.

Table 5 Comparison between Microfluidics and Electrical Circuits

Microfluidics Units Electricity Units
Pressure Pa Potential V
Flow Rate m3/s Electric Current A
Resistance Pa-sm™ Resistance Q

Microfluidics Assumptions

In microfluidics, the fluid flow velocities are often much smaller than the velocity
at which sound (or pressure) waves propagate in fluids, under this assumption the fluid can
be treated as incompressible. The incompressibility of the fluid flow does not imply that
the fluid itself is incompressible. In an incompressible flow, the density of the fluid remains
constant within a parcel of a fluid when it moves with the fluid flow velocity. This means
that the density does not change in space and time. Eq. (1.2) represents the Continuity
Equation in fluid dynamics. Furthermore, for Newtonian and incompressible fluids,

unidirectional flow and steady state phenomena are often dominant and the Q due to

gravity can be neglected since pg < fyressure + foiscous -

dp -
Pl Vou=0. (1.2)
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The time derivative is related to the loss of mass in the system while the divergence
describes the difference between the inlet and the outlet of the fluid flow. For an

incompressible fluid, the Z—’: term can be neglected, and the Continuity Equation can be
written as:

Vi=0, (1.3)

that means that the velocity field divergence is zero at any point. When the fluid flow is
considered to be steady state (time independent) the velocity gradient becomes zero,

ou

= 1.4

=0 (1.4)
and the Eq. (1.5) can be simplified as:

VP = uv?u. (1.5)

The above Eq. (1.8) is also known as the Stokes Equation and can be used instead of N-S
eq. when the aforementioned assumptions met.

Fluid Flows

As mentioned above, the N-S eq. is the governing equation for the fluid flow.
However, no analytical solutions exist since the nonlinearity of the PDE. Although, using
specific assumptions, useful fluid flow cases can be described. Pressure Driven Flow (PDF)
(Fig 1.3) is the most used case in microfluidic devices and the one we are going to use in
the 3D printed microfluidic devices.

Pressure Driven Flow

In the Pressure Driven Flow, the fluid flows inside the microfluidic channel due to
the pressure drop (pressure difference) between the inlet and the outlet. This case of fluid
flow is known as Poiseuille Flow (or Hagen — Poiseuille flow) (Figure 8). Applying
specific Boundary Conditions (B.C) in the pressure driven flow, an analytical solution can
be found.

Figure 8 Fluid flow between two parallel infinite plates. (Left) The blue gradient represents the velocity
increase from left to right, while (Right) the red gradient indicates the pressure drop form a higher-pressure
point Pz to a lower pressure point P,
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The velocity, close to the microfluidics’ walls can be considered to be 0. This B.C
is known as no-slip condition, whereﬁ(y = ig) = 0. Furthermore, assuming that the

flow is Steady-State, % = 0, incompressible, Vu = 0, unidirectional, fully Developed, and

axisymmetric, the N-S eq. (1.1) can be solved, and the velocity distribution profile can be
described as:

0 =—VP + uV?u,

(1.6)
vpP
Vi = —,
L 1.7
2 2 2
P
0“u  0°u 6u=6 (1.8)

+-—=+ ,
0x?  0y?  0z? uox
2
Since the problem is 2D and there is no z-direction, then the term 2712‘ can be neglected.
Also, since in the x-direction the velocity remains constant, then eq. (1.8) yields:
0%u 0P

i 1.9
377~ 0%’ (1.9)

eg. (1.9) dictates that the velocity depends only on y, but the pressure is only depended on
X. That means that the Pressure derivative is constant and can be written as:

oP AP (1.10)
ax  ul’ '
If we apply the eq. (1.10) into the eq. (1.9), then.
02 AP
cr__Z (L12)
dy? uL
Solving the above second order PDE one can find that:
apP
u(y) = —my +cy+c,. (1.12)

In order to solve the above equation, we have to recall the B.C of the problem. The
velocity close on the walls is zero, thus u (i g) = 0 and two equations are formed.

AP [h\? h
__AP(h h 113
0 2,uL(2> tazta, (L.13)
0=—2 h)z i (L.14)
~Tou\"2) Tz '

13



By adding these two equations, the c; is:

_AP ., 1.15
C2_8IJ,L " ( " )

Plugging the eq. (1.15) into eq. (1.13), the c1 is

Thus the eq. (1.12) becomes:

o) - ap_, 4P, 117
wr==ou? Teat (1.17)

And the velocity profile can be described by:

AP [/h\?
u(y) = 2uL (§> —3’2]- (1.18)

Eqg. (1.18) shows that the velocity distribution inside a microfluidic channel, has a
parabolic profile. The velocity reaches its maximum value at the centre of the channel
when y = 0. Then from the eq. (1.18), the maximum velocity is:

Umax(Y) = ZATPL (g )2 : (1.19)

The mean velocity (z(y)) of the fluid due to the axisymmetric nature of the problem, can
be found as:

The fluid enters the channel with an initial velocity ;. This velocity is equal to the mean
velocity in a fully developed flow, thus u; = . So, the velocity at the exit point is two
times the initial fluid velocity, eq. (1.21)

Uoue = 2Up - (1.21)
The volume flow rate can be found as:
Q=uA, (1.22)

where, A, is the microchannel’s cross-section. From the above, the pressure drop yields:

128ulL
p_128uQ

— (1.23)
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STATE OF THE ART

Microfluidics has revolutionized the field of fluid manipulation and analysis,
enabling precise control over small volumes of fluids. Traditional fabrication techniques
for microfluidic devices, such as lithography, have limitations in terms of cost, time, and
design flexibility. However, the emergence of 3D printing has opened new avenues for
rapid prototyping and customization of microfluidic devices.

Among the different processes available, FFF technique is a simple, inexpensive,
and more accessible to most laboratories. Thermally extruded polypropylene (PP) has been
demonstrated by researchers to be capable of producing tiny reaction ware for organic,
inorganic, or materials synthesis, with cheap material cost and rapid construction [15].
Another study revealed the use of a desktop FFF printer to create a Y-shaped mixing
microfluidic chip, allowing the synthesis of Prussian blue nanoparticles (PB). A poly
(ethylene terephthalate) (PET) filament was used to make the channels transparent, and the
device included a PB-modified electrode for H202 sensing (Figure 9) [16]. Similarly,
utilizing FFF, a basic microfluidic device using translucent PLA was constructed, allowing
conventional liquid pumping through threaded ports (Figure 10) [17]. This device was
used to make monodisperse microspheres for encapsulating stem cells in alginate droplets.
Furthermore, researchers have investigated the use of multiple orientations to control
fluidic behaviour on a millimetre scale, in addition to transparency, which is critical for
many biological applications. They have used surface roughness, which is commonly seen
as a restriction of FFF, to increase fluid mixing (Figure 11) [18]. Human umbilical vein
endothelial cells (HUVECSs) and precision cut liver slices (PCLSs) were exposed to 12 FFF
3D printing materials to test their compatibility. Despite of its wide use in different medical
studies [19], only polyvinyl alcohol (PVA) was found to have considerable cytotoxicity.
Possible due to its high solubility in the aqueous medium. While other polymers such as
PLA, ABS, and PET had no negative impact on cell survival [20]. A FFF 3D printed
microfluidic device exploited capillary forces, was fabricated, and used to create a
programmable microfluidic device for co-culture of macrophages and osteoblasts [21].

Although FFF is a cost-effective method of producing microfluidic devices, it may
not be appropriate for some biological applications that require small inner fluidic channels,
smooth surfaces, and great transparency for to promote real time observations. To
circumvent these restrictions, various 3D printing technologies like VPP have been
explored [22]. Modular and reconfigurable components with micrometre-sized channels
have been designed to emulate electrical circuit architecture, providing diverse microfluidic
operations such as adjustable mixing and droplet formation [23]. Utilizing commercially
accessible 3D printers, transparent monolithic microfluidic devices with better minimal
cross-sectional areas have also been created [24]. Researchers have created custom VPP
resins towards the improvement of printing resolution. Poly (ethylene glycol) diacrylate
(PEG-DA) and PDMS-methacrylate macromers, for example, allow for the printing of
highly transparent and elastomeric microfluidics [25,26]. VPP is limited to printing a single
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material limiting geometric and end-use complexity. However, a recent study a brand-new
method of 3D printing that uses upconversion photoluminescence to enable multi-material
stereolithography. This method allows for the creation of complex 3D structures with
multiple materials using a single immersion process. The authors also highlighted the
potential applications of this technology in fields such as microfluidics, optics, and
biomedicine [27].

--

Figure 9 A 3D-printed Y-shaped mixing device. Images of (A) a 3D-printed ABS fitting, (B) side view of
the device, (C and D) bottom views of the device (C) before and (D) after mixing 5 mM iron (I1) chloride and
5 mM potassium ferricyanide solutions to form citrate-PBNPs, and (E) top view of citrate-PBNP-filled device

[16].

Figure 10 FFF 3D printed microfluidic device with flow focusing junctions. [17].

' e ~ad I - nJ '
Figure 11 Comparison of the printing using 4 loops (a, b), and with 2 loops (c, d) in fabrication. a) and c) are
schematic showing the movement path of printing nozzle, b) and d) are microscopic images of microchip filled with
dyes showing the channel dimension difference, the scale bar is 500 um [17].
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Biocompatibility of 3D-printed microfluidics:

Compared to conventional microfabrication methods, 3DPuFD for cell biology studies
offers reduced costs and increased accessibility without compromising chip complexity.
Therefore, a critical factor is to minimize potential material-induced toxicity when directly
printed devices are used for cell culture. It's important to note that the biocompatibility of
the device largely depends on the materials used, such as resin and photoinitiators
employed in SLA-based 3D printing. Piironen et al. conducted a comprehensive
examination of the biocompatibility of four commercially available stereolithography
materials from Formlabs [28]. They found that even ISO-certified materials exhibited
certain chronic cytotoxicity, particularly impeding the proliferation of 3T3 cells. However,
autoclaving the device ensured cell proliferation, suggesting that autoclaving is a critical
post-treatment step for supporting long-term cell growth. Similarly, Egger et al.
demonstrated that various commercial materials used in SLA printing could induce long-
term cytotoxicity over a span of four days [29]. Gelatine methacryloyl (GelMA), a photo-
crosslinkable hydrogel containing cells, has also been patterned and evaluated within a
3DPuFD to mimic a 3D biological environment [30]. The results showed acceptable cell
viability and proliferation over 5-7 days of dynamic incubation within the 3DP resin-based
device. To mitigate potential side effects on cell immobilization, PDMS and PS were used
to coat 3D-printed microchannels [31]. Other resin-based materials with biocompatibility
have been employed for fabricating microfluidics for cell culture. For example, Tuan et al.
demonstrated a 3DPuFD for studying osteoarthritis by recreating the “chondral” and
"osseous” microenvironment. Non-cytotoxic Eshell 300 resin was used with SLA to
fabricate the 3D bioreactor structures, allowing distinct chondral and osseous zones within
the same chamber by controlling media exposure [32]. The same materials were also used
for co-culturing mesenchymal stem cells and endothelial cells [33].

3D printed microfluidics for Lab-on-a-chip applications:

In the field of microfluidics, the integration of active components like valves and
pumps with real-time control and automation is crucial for advancements in cell biology
and molecule measurements [34, 35]. However, large-scale integration in microfluidics
increases the complexity and consequently the fabrication costs. Soft lithography-based
techniques have been traditionally used for fabricating active elements such as valves, but
they are expensive due to labour-intensive processes involving moulding, aligning,
bonding, and assembling different layers. 3D-printed systems offer a solution to these
challenges by minimizing labour processing and eliminating human errors during
prototyping. For example, Woolley, Nordin, and colleagues created a microfluidic device
with pneumatic valves using 3D printing, utilizing a 50 pum membrane layer. They
characterized the device, achieved a 10% volume downscale ratio, and developed
integrated micro gasket sets. The 3D-printed pneumatic valves were further reduced in size,
with membrane diameters as small as 300 pm to 46 pm and functional squeeze valves as
small as 15 mm x 15 mm [36-40]. These advancements in 3D printing have made the size
and density of integration in microfluidic devices comparable to traditional multi-layer soft
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lithography-based methods. Integrated microfluidic cell culture allows for long-term
monitoring under controlled microenvironments. For instance, Folch and colleagues
utilizing SLA, managed to incorporate diaphragm valves, peristaltic pumps, and on-chip
cell-culture chambers [41]. The pneumatically activatable valve they developed consisted
of a 100 um thick membrane with a diameter of 10 mm, which could be separately
controlled by pressurization. They successfully controlled the stimulation of live CHOeK1
cells for analysing calcium ion transportation within the cell using a printed chip with a
four-valve switch. Wu and colleagues, have introduced manually actuated components
tailored for 3D-printed chips, including torque-actuated pumps and valves [42]. A recent
development by McAlpine and his team introduced a 3D printing methodology for
fabricating self-supporting microfluidic structures using viscoelastic inks [43]. By carefully
designing the filament stacking orientations and utilizing acetoxy silicone as the printing
ink, they successfully printed various functional microfluidic devices, including mixers,
salinity sensors with herringbone ridges, and sensing electrodes. They even demonstrated
an integrated microfluidic valve system on a spherical surface, enabling the realization of
microfluidic hybrid sensor chips and the direct 3D printing of physiological and wearable
sensors on human skin.

3D printed microfluidics for Organ-on-a-chip applications:

The incorporation of three-dimensionality provided by 3D printing has facilitated the
recapitulation of organ models, which involve complex geometries and specific
microenvironments that enhance cell proliferation and differentiation. The precise
recreation of in vitro models using 3D-printed microfluidics has been employed to study
organ and organoid development, including aspects like correct morphology, cell-cell/cell-
extracellular matrix interactions, and specific gradients, within organ-on-a-chip
applications. Organ-on-a-chip technology utilizes our understanding of human organ
anatomy to engineer living constructs in vitro, where cells and their microenvironment are
precisely arranged to mimic specific aspects of human organs in vivo. A microfluidic
blood-brain barrier (BBB) model that mimics in vivo functions, developed by Shuler and
colleagues, enabling in vitro drug permeability studies under perfusion [44]. The model
involved co-cultivating brain microvascular endothelial cells (BMECs) derived from
induced human pluripotent stem cells (hPSCs) with rat astrocytes on a 3D-printed
microfluidic device, where all three layers of the device were fabricated using
stereolithography with clear resin (Fig. 9a). This configuration allowed integrated
electrodes on the device to measure trans-endothelial electrical resistance (TEER) as an
evaluation of BBB barrier tightness. To mimic the neuron networks, Lind et al. employed
a hybrid additive fabrication approach combining conventional soft lithography and PDMS
extrusion printing. This approach allowed the creation of neighbouring compartments with
arbitrarily complex designs, eliminating the need for manual post-processing steps like
cutting, punching, and bonding that may introduce unwanted artifacts [45]. The authors
demonstrated that these compartmentalized devices were suitable for long-term studies of
stem cell-derived neurons and astrocytes, with communication channels facilitating neurite
entry (Fig. 9b). In another study, Cho et al. developed a bioprinting-based method for one-
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step generation of heterotypic cell-laden gels deposited in a printed polycaprolactone
(PCL) microfluidic channel [46]. Human hepatocellular carcinoma (HepG2) cells and
HUVECs were printed within collagen type 1 and gelatine hydrogels, respectively, in the
channel. Continuous medium flow was perfused throughout the printed device to simulate
a liver-on-a-chip system. Co-culturing liver and endothelial cells in the channel enhanced
metabolic activity and increased albumin and urea production. Alternatively, Jin et al.
developed a novel preset cartridge for heterogeneous 3D bioprinting, enabling the
emulation of the structure of the human hepatic lobule [47]. Browne et al. developed an
indirect 3DP micro/millifluidic bioreactor for long-term maintenance of retinal organoids
(RtOgs) [48]. Using SLA, they created a fast PDMS casting mould with integrated high
structures, allowing for long-term pumping-based organoid differentiation. This
micro/millifluidic system eliminated the need for macro-scale culture and manual labour,
enhancing consistency of nutrition supply and fluid stability without subjecting the
organoids to high shear stress. Additionally, the system's compatibility with multiphoton
imaging and fluorescence microscopy facilitated observation and analysis. The
vascularization of pluripotent stem cell (PSC)-derived organoids is crucial for their
development, as adequate blood supply is essential for proper organogenesis. 3DPuFD
have emerged as a critical enabling technology for organoid vascularization due to their
easy fabrication and flexible configuration [49]. Ranga et al. devised a method to generate
neurovascular organoids from human pluripotent stem cell lineages [50]. Through in vitro
vascular and neural differentiation from pluripotent stem cells, they established a 3DP chip
with a central organoid chamber and a flanking channel containing differentiated
endothelial cells and pericytes. This configuration facilitated on-chip angiogenic sprouting
toward the cerebral organoid, resulting in significant differences in protein expression
patterns compared to non-vascularized brain organoids. Lee et al. developed a 3DP micro
physiological analysis system for investigating immune-driven brain aging effects using
human brain organoids [51]. This system allowed for studying organoid-monocyte
interactions with advantages such as online perfusion, blood vessel mimicking, culture
standardization, and compatibility with standard liquid manipulation. Using an SLA
printer, they fabricated a hollow meshed tubular scaffold and two medium reservoirs within
the system. By analysing the interaction between aged monocytes and brain organoids, they
revealed specific proinflammatory cytokine secretion pathways, suggesting the
contribution of aged peripheral immune cells to brain degeneration.
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RESEARCH METHODOLOGY

The major goal of this study, is to develop an efficient workflow and investigate the
viability of using 3D printing techniques to fabricate microfluidic devices, assisting the
laboratories towards custom made microfluidics fabrication for potential use in the field of
biomedical research. The use of microfluidic devices in biomedical research has attracted
substantial attention because to its potential to revolutionize numerous analytical and
diagnostic procedures. In this work, we will investigate and evaluate AM technology for
the design and production of microfluidic devices. A custom-made triple syringe pump was
designed and constructed, to enable accurate and regulated fluid flow within the
microchannels. A cost-effective, entry-level 3D printer, Creality Ender 3, was used to
collect all the important components for the syringe pump, including an LCD screen,
motherboard, power supply, and stepper motor, demonstrating a novel and cost-effective
technique. The microfluidic devices were designed and then 3DP using a commercial LCD
3D printer (Phrozen 4K) and a Prima Creator Crystal Clear resin. A detailed printability
study was performed utilizing an open-source software tool (UVTools) specializing in
determining optimal process parameters for open resin 3D printers to guarantee successful
3D printing of microfluidic devices.

3.1 CUSTOM-MADE SYRINGE PUMP FOR
FLUID FLOW SUPPLY

Syringe pumps are widely used in various fields, including physics, flow
chemistry, microfluidics, biology, and microscopy. However, their high cost and limited
automation capabilities have led to a shift towards Do-it-Yourself (D1Y) approaches. Many
DIY pumps have been published, using stepper motors and leadscrews to translate
rotational motion to linear motion. DIY open-source syringe pumps have found numerous
applications including bioprinting. The idea and implementation of converting the Ender 3
into syringe pumps, was first introduced by Baas, S., & Saggiomo, V. [52]. Based on their
work, in this study, a triple syringe pump was designed and constructed (Figure 3.1.a). One
of the main advantages of this approach is the avoidance of complex Arduino or Raspberry
Pi electronics and coding since the current syringe pump can be controlled directly from
the LCD screen or by a simple g-code.
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In this study, a Creality 42-34, z-axis stepper motor was used. The current motor has a step
angle of 1.8 degrees, meaning that 200 steps are required per revolution. Also, the Ender
3, has the capability of 1/16 micro-stepping pre-installed. This feature offers the
opportunity for smaller steps and more precise movement. Upon activation, the stepper
motor rotates and transfers its rotation to the connected lead screw (Figure 12.(b) parts 4
and 5). Onto the lead screw, a 3D printed push block is mounted which pushes the syringes
with the same speed and pressure maintaining the same flow rate in all three syringes
(Figure 12.(b) part 6 and 7).

Figure 12 (a) Top view of the fully assembled triple syringe pump and microfluidic device (50 cent coin for
size reference). (b) 1. Ender 3 power supply, 2. Ender 3 LCD screen with knob controller, 3. Creality
motherboard, 4. Z-axis stepper motor, 5. Z-axis lead screw, 6.3D printed push block, 7. 5ml syringes (x3
items), 8. Micro SD card extension cable (optional) and 9. microfluidic device.

To translate the rotational movement of the stepper motor into a linear movement,
it is essential to calculate how many steps are required to move the push block 1mm
forward. For this, one needs to know lead screw pitch, which is defined as the distance
between two consecutive picks. In case of an Ender 3, the z axis integrates a triangular
M5x0.8 leadscrew, meaning that the diameter is 5mm while the pitch is 0.8mm. Thus, the
push block moves 1mm forward when it completes 4000 steps (eq. 3.1).
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360
i i ——ac5 * 16 steps
Steps _ steps per revolution * microstep _18 p — 4000 (3.1)

mm lead screw pitch 0.8 mm

Since the use of a syringe pump is to dispense liquids in a controllable manner, it
is essential the eq. (3.1) to be converted from steps/mm into steps/mL. Knowing the total
syringe volume (V), the piston’s inner diameter (d) and the inner syringe length, the total
linear distance that the push block needs to travel for 1ml to be dispensed from the syringe,
can be calculated as follows. 1ml equals 1cm?, dividing this by the piston’s area (cm?), we
can calculate the linear syringe travel. Since the steps/mm was found to be 4000, the
steps/mL can be found when dividing the linear syringe travel with the 4000. The syringes
used in this study had 5 ml volume and inner diameter of 12.3mm giving 33663 steps/ml.
To move the syringe pump in a controllable and user-friendly manner, a simple g-code file
needs to be created. Here is the code for dispensing 1ml under a constant fluid flow of
Iml/min:

M92 Z33663; setting up the proper steps/ml for a 5ml syringe

M302 SO; Initiate process bypassing temperature check

M211 SO ;Disable endstop switch

G91; Relative position

G1 Z1 F1; Dispense 1ml of liquid under constant flow rate of Iml/min

The M92 command at the start of the g-code set the proper steps required for
moving the push block 1 mm. The M302 SO enables the motors movement without
checking for the temperature hot end. M211 SO disables the endstop switches as none of
them are used. G91 denotes the relative position of the push block while the G1 Z1 F1
command, moves the push block 1mm forward at a flow rate of 1ml/min.

The above g-code can be either saved and executed from a microSD card or by
connecting the syringe pump with a computer/laptop running ProntFace which is a free,
open-source software for 3D printers and CNC control. Bill of Materials and detailed view
of the syringe pump in the APPENDIX section 8.1.

3.2 MATERIALS AND PRINTABILITY
ASSESMENT

The current section focuses on the assessment of materials printability and the
optimization of the 3D printing process for fabricating microfluidic devices. Specifically,
photosensitive Crystal-Clear resin is employed due to its excellent optical transparency and
compatibility with microfluidic applications. The VPP 3D printer, Phrozen Sonic 4k, is
utilized for its high-resolution capabilities and suitability for fabricating intricate 3D
structures with a variety of photosensitive resins at 405nm. To determine the optimum
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printing process parameters, UVtools, an open-source software, is employed. UVtools
offers advanced process optimization functions, enabling the identification of the most
suitable printing settings for each resin and specific purpose.

The primary objective of this study is to produce microfluidic devices with
exceptional fidelity to CAD models, ensuring precise replication of complex microfluidic
features. By optimizing the printing process parameters using UVtools, we aim to achieve
high-resolution printing, smooth surfaces, and reliable repeatability. The successful
implementation of this approach has the potential to democratize the fabrication of
microfluidics, enabling researchers to efficiently fabricate functional microfluidic devices
for diverse applications ranging from biological analysis to point-of-care diagnostics.

Photosensitive Resin Material

Primacreator value Uv/DLP Crystal Clear resin was used towards the fabrication
of 3DPUFD with high transparency, low shrinkage after post treatment and no yellowing
after Uv curing. It is optimized to absorb Uv/vis between 395 to 405nm within 4 to 8
seconds per layer. Table 5 shows the indicative chemical composition of the photosensitive
resin used, Information availability (Prima Creator)

Table 6 Crystal Clear Resin indicative composition

Name of substance Identifier Wt%
Esterification products of acrylic | CAS No  84170-74-1 25-<50
acid with reaction products of

2,2-dimethylpropane-1,3-diol
and methyloxirane

4,4'-Isopropylidenediphenol, oli- | CAS No 55818-57-0 25 -<50

gomeric reaction products with

1-chloro-2,3-epoxypropane, es-
ters with acrylic acid
(5-ethyl-1,3-dioxan-5-yl)methyl | CASNo 66492-51-1 10-<25

acrylate
Ethyl phenyl(2,4,6-trimethylben- | CAS No  84434-11-7 5-<10
zoyl)phosphinate
Titanium dioxide CAS No  13463-67-7 <2
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VPP 3D Printer

In this work, a Phrozen Sonic 4k resin LCD 3D printer (Figure 13), was utilized
for its high-resolution capabilities and suitability for fabricating intricate 3D structures with
a variety of photosensitive resins at 405nm. The Phrozen Sonic 4K 3D printer is a 3D
printer that is designed for high-resolution and precision printing. It uses an LCD-based
masking approach to solidify liquid resin layer by layer, yielding to detailed 3D objects.
The Phrozen Sonic 4K has 35 micrometer XY resolution, enabling for the fabrication of
delicate features with high precision. It has a monochrome 4K LCD screen with a 6.1-inch
dimension and a resolution of 3840 x 2160 pixels. The printer’s light source is a high-
performance paraled array 3.0 that emits at 405nm. Its Z-axis offers a layer resolution from
10-300 um enabling the production of extremely smooth detailed prints. Both Z and XY
resolution is resin-dependent and printability assessment is required.

46cm

Figure 13 (Left) The exterior design of Phrozen Sonic 4K (Right) The interior of the 3D printer when
1. Is the build plate platform, 2. Lead screw, 3. Resin vat, 4. LCD touch screen, 5. USB stick.

24



Washing and Light Curing Station

Apart from the photosensitive resin and the 3D printer that are required to produce
the 3DPuFD, post process equipment is needed to achieve optimal surface quality,
mechanical stability, and dimensional accuracy. Once the printing process has been
completed, the printed objects are detached from the surface of the metallic build plate
platform and rinsed with IPA. The excess uncured resin is removed, eliminating the
residual stickiness, and enhancing the overall surface cleanliness of the 3D printed object.
After cleaning with IPA, the 3D printed object undergoes further light exposure inside a
Uv/vis chamber utilizing a light source with the same or even better characteristics from
the first one ensuring complete cross-linking of the resin residue. The addition uv/vis
exposure facilitates the conversion of any remaining uncured resin into a fully cured state,
resulting in improved strength, stability, and chemical resistance of the device. However,
the time required for a 3D printed object to be further cured is resin-dependent and could
have either a positive or negative effect on the final properties. Thus, proper post-cured
experimentation is needed. A comprehensive post treatment guide is usually available from
the resin manufacturer. Although deviations from the nominal suggestions are quite often.
Slight modifications of the washing and light curing protocols are required to properly post
treat the 3DPuFD. Firstly, the 3DPuFD are rinsed into IPA under continuous magnetic or
manual stirring for 5 minutes. Using a syringe filled with IPA and the proper tubing
connection, the excess resin trapped inside the microfluidics channels, is forced to be
removed preventing unwanted light curing and channels clogging. These steps could be
repeated as many times as is necessary. Compressed air can further assist in unclogging the
microfluidic channels. Post curing in uv/vis chamber can further enhance the quality of the
final part, however, it can compromise the transparency of the final 3DPuFD, thus post
curing can be avoided if the device is properly washed out and no excess resin is evident.
In this study, a magnetic stirrer, a Wanhao Boxman UV Curing Chamber, a syringe, and
IPA were used to post process the 3DPuFD as described above.

Printability Assessment

To find the optimal printing settings for the Crystal-Clear resin, the open-source
software UVtools from Tiago Conceic¢do* was employed. The main advantage of UVtools
is that offers the assessment of different printing process parameters simultaneously. It
exports test coupons with different exposure times for bottom (initial) layers and normal
(intermediate and last) layers. Each test coupon is denoted by 3 numbers in the left and
right bottom corner, layer height, bottom layer and normal layer exposure time (Figure 14).
Furthermore, each test coupon appears in its surface the same features (Figure 15):

An array of positive and negative pillars (pins and holes): The purpose of the pillars
validation is to have an equal number of pillars on both the negative and positive sides.
However, in most cases, this balance is not attained, and the smallest positive pillar will

4 https://github.com/sn4k3/UVtools
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not print due to its thin wall. Therefore, it is recommended to validate this test last.
Overexposure may allow the smallest pillar to be printed, but it does not necessarily mean
that the corresponding timing should be chosen. This test also provides information about
the minimal area that the printer can successfully print under those specific conditions. (A
similar situation can occur with zebra bars.)

Zebra bars: During the assessment of zebra bars, underexposure is indicated when
numerous lines are absent, the lines are reduced or deformed, and there is notable gap
between them or between the bars and the frame. Furthermore, underexposure could be
implied if the number of positive bars is less than the number of negative bars. On the
other hand, overexposure is indicated if the lines have extended and overlap with adjoining
bars and when the number of positive bars exceeds the number of negative bars.

Text: Underexposure is indicated if the text is incomplete, lacking components, or
seems excessively thin. Overexposure is indicated if the writing is bold and thick, with
certain sections seeming merged or creating a white blob.

Bullseye: Underexposure is denoted when features show a noticeable shrinkage,
damage, or absence, resulting in increased spacing between concentric circles. On the
contrary, overexposure causes the features to appear bold and thick with some elements
being merged together or forming a white blob.

Counter Triangles: Underexposure is evident when the tips of the four triangles are
far away from each other while overexposure can be observed when the tips are connected
forming a white blob.
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Figure 14 Printability test coupons generated via UVtools. Within the yellow boxes the different normal time exposure to properly investigate the
optimum light exposure time. The first number denotes the layer hight while the second one indicates the light exposure time for the first layers.
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Black areas are masked and no Uv light penetrates while white areas denote the unmasked
pixels allowing for the UV to pass towards the photosensitive resin. This extremely useful
feature is currently excluded from all the available VPP slicers. Equipped with a variety of
3D printing calibrations assessments, focused on VPP 3D printing, the printability
assessment of a new resin can be lowered down to a few hours rather than days of testing
each parameter at once.

#e1 ¥£Z1 1AD00WHd

Figure 15 UVtools printability test coupon 1. Positive and negative pillars 2. Zebra bars 3. Text 4. Bullseye 5.
Counter Triangles. The information within the yellow box is unique for each test.
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RESEARCH FINDINGS/RESULTS

4.1 PRINTING PROCESS OPTIMIZATION

As it was mentioned before, UVtools was employed for printing process
optimization towards the fabrication of microfluidic devices. The proper light exposure
time for the Crystal-Clear Resin was found after four iterations (Table 7). The tested
coupons printed in Phrozen Sonic 4K, parallel to the built platform and then washed with
IPA for 5 minutes, left from completely drying and then post cured for another 5 minutes
inside the Wanhao Boxman UV Curing Chamber.

Table 7 Uv/vis exposure time assessment for the normal layers. Color gradient coding
denotes the outcomes from the different exposure times used. Red under exposure and
green the optimum time exposure window.

ala Layer Height Bottom Bottom layer Normal
(um) exposure (S) number Exposure (s)
1 20t03.2
2 3.0to4.4
3 50 50 8 40t05.0
4 44105.0

Figure 4.1 shows the results of the time exposure optimization of the normal layers.
Each test was conducted with 50um layer height, 8 bottom layers and 50s bottom layers
exposure. By increasing the light exposure of the bottom layers, the adhesion of the printed
test coupons increases while overexposure occurs. This leads to a thicker base with a strong
grip to the built plate platform. Here, to evaluate the exposure time of the normal layers, a
bottom layer exposure of 50s ensures the successful printing of the base with the perfect
possible adhesion without dramatically overexposure the resin. The optimization of the
bottom exposure is known as the elephant foot assessment. Four different normal exposure
time frames were used to proper investigate the printability of the Crystal-Clear resin with
a constant time step of 0.2s. Initially, a time range of normal layer exposure between 2.0 to
3.2 seconds was used and 7 different 3D printed test coupons produced with unique results
(Figure 16.a and b). The first experiment yielded to underexposed samples with either
insufficient resin solidification or even damaged surfaces. During the second experiment 8
3D printed coupons were produced within a time range between 3.0 and 4.4s (Figure 16.c
and d). Here, time exposures of 4.2 and 4.4 presented improved printing results and a new
test within the range of 4.0 to 5.0 was initiated (Figure 16.e and f). More sufficient printing
results started to appear between 4.6 and 4.8 seconds while 5.0s produces the best printed
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4.1 | PRINTING PROCESS OPTIMIZATION

features. Repeating the printing process one more time within the time range of 4.4 and 5.0
seconds, the optimum exposure time lies between 4.8 and 5.0 seconds. Thus, 4.9 seconds
was chosen. To eliminate the elephant foot effect, a bottom exposure time to 30 seconds
was found to be ideal. Using a Leica S9D stereoscope®, detailed visual inspection of the
most promising 3D printed outcomes was performed (Figure 17). Although the majority
of the surface features have been printed, in 4.4s exposure time, some of the zebra bars
appear to be absent, damaged and deformed. The bullseye shape are poorly formed and
large gaps appear between the arcs while the counter triangles are partially connected. No
text was printed. Under exposure for 4.6s, all the surface features are well printed with
minor artifacts mainly in the zebra bars and in the arcs of the bullseye. Triangles start to
separate from each other and resemblance the nominal structure. Text was sufficiently
printed, and it is readable. Increasing even more the exposure time, the results obtained
with 4.8s are even better than the previous ones. Zebra bars are well printed sharing tinny
connections. Counter Triangle presents a larger and more defined gap. Text presents
improved quality. 5.0 s exposure presents the best overall quality. However, in order to
prevent internal clogging while printing microfluidics, the exposure time was set slightly
below the optimum exposure time, thus 4.9s was chosen.

Object configuration

Base height: 100 | A~ |mm Featuresheight: | 100 | A [~ |mm Features margin: | 200 | A [~ [mm
Staircase: 2 A~ |mm Unitof measure: | Milimeters v
{8 Pin (positive) / holes (negative):

Shape: Circle

Diometers: | 0.035,005,01050607,0809,01516 |
8 Zebrabars: px
Barspacing: | 150 | ~ |~ |mm Bartength: [ 400 | A |~ |mm  Verticalspitter: [0 | A |~
Fencethox (10 [ A |px Feceotset [4 [ AV

Thicknesses: 02,03,04,3 oo
8 Text:

Font HersheyDuplex Textecale: [ 100 [ A~ ]x  Testtickness: 2 N

Text PrimaCCV1 1234 g

@ suliseye:

Configuration: | 1.3:0.25, 3:0.5, 5.8:0.75, 9.5:1 mm

o

Fence thick 10 AV Fence offset: | 0 A~ pc @ nvert quadrants
8 Counter triangles:

Tip Offset: 3 A~ |pe [[] Fence the triangles

Figure 16 Time exposure investigation towards the optimum normal layer printing result. (a and b) show extreme
underexposure while (c and d) presents sufficient outcomes. (e and f) present promising printing results with (g and h)
indicates right exposure time between 4.8 and 5.0 seconds. Thus 4.9 was chosen. (i and j) show the object configuration from
the interface from the UVtools software.

5 Located in BIOG3D premises.
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5mm

Figure 17 Detailed view of the printability assessment test coupons utilizing normal layer exposure times from 4.4 to 5.0 seconds
with a constant step of 0.2s.

4.2 MICROFLUIDICS FABRICATION

Once the optimized 3D printing parameters have been investigated and established,
the next step is to proceed with the fabrication of the microfluidic device. To further
validate the printing parameters for microchannels fabrication, a square block with four
open channels 0.5 mm depth and with different widths, was designed and 3D printed. The
3D printing process parameters were obtained from the UVtools and used in Chitubox.
Chitubox, is a free slicing software for open-LCD/DLP 3D printers. In the APPENDIX
section 7.2, more detailed information about the Chitubox settings is provided. The square
block printed parallel to the build platform. Table 8 shows the nominal value and the
measured value of the width of the four open channels. Figure 4.3 shows a top view of the
microchannels under the Leica S9D stereoscope. The measured distances present no
significant deviations from the nominal values proofing the reliability of the manufacturing
process (Figure 18.F)

Table 8 Comparison between nominal and experimental values of channel widths
for 3D printing process parameters validation.

Channels Nominal Width (mm) Printed Width (mm)
1 0.05 0.053
2 0.1 0.134
3 0.5 0.5
4 2 1.985
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Figure 18 (A-D) 3D printed open microfluidic channels towards the validation of the optimized 3D printing process parameters. (E) Channel cross

section of 500um depth. Scalebars have 500um length. (F) Comparative graph showing that the measured values are in a great agreement with the
nominal dimensions

In the framework of this study, a microfluidic device with two droplet generators was
designed and 3D printed. Droplet microfluidics is a technique for manipulating discrete
fluid volumes with immiscible phases [53]. It has been used in multiple biomedical
applications including but not limited to single-cell analysis, drug synthesis, drug delivery,
protein analysis, DNA and genomics [53-55]. Such devices offer the capability of
producing size-controlled particles which can be used as drug delivery systems [56].
Droplet microfluidics are commonly used to produce micro-carriers combining different
pharmaceutical compounds with controllable release [57]. Janus droplets are droplets
consisting of two distinct regions with different chemical or physical properties [58]. Their
name is derived from the Roman God Janus. According to Roman mythology, Janus,
among others, he was the God of beginnings, transitions, time, duality, and endings. Thus,
he had two faces looking in opposite ways, one towards the past and one towards the future
[59]. Microfluidics Janus droplets generators are devices that exploit the laminar co-flow
of two fluids that are forced to exit from an orifice, without previously being mixed,
meeting a continuum phase of immiscible solvents [60]. Such droplets can be used for drug
synthesis while encapsulating two different reagents in the two separated regions within a
single droplet (Figure 19) [61]. Considering the importance of such devices, in this study,
a Janus droplet and a Double T- Junction microfluidic generators were designed in a single
microfluidic device as a demonstrator (Figure 20).
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Figure 19 (a) Janus particles under optical microscope and (b) SEM image of the Janus particles showing the two distinct compartments containing
two different active pharmaceutical ingredients [61].

Figure 20 A photorealistic representation of the microfluidic device which includes two droplet generators. (I) The first droplet generator has been
designed to produce Janus droplets. At a junction, two parallel streams co-emulsify into a continuous phase while retaining two discrete domains.
(1) Double T- Junction droplet generator.

Both droplet generators are designed with the intention to be used in drug synthesis
and analysis. However, the analysis of the generated droplets is not part of this study. The
current microfluidics consist of three inlets, one outlet, a droplet formation region and a
droplet compartment for droplet collection and analysis (possible by employing spectral
assessment). The Janus droplet generator (Figure 20 (1)) form biphasic droplets in laminar
flow regime. Two miscible streams are guided towards the orifice in parallel flows inside
the microchannel and emulsified into droplets at the orifice when they meet a third
continuous media which induces a drag force on the co-flow stream. Although vigorous
rotational flows can be generated as a result of external shear forces during the formation
of droplets at the orifice, the device's centerline symmetry produces a rotational flow
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confined within its own hemispherical domain to produce twin circulatory flows with
negligible convective mixing. Hence, the produced Janus droplets preserve their
compartmentalization as they flow within a symmetric microfluidic channel. Tortuous
channels or non-uniform density among the droplets can induce the internal mixing [62].
The second droplet generator is a Double T- Junction microfluidic system in which
consecutive droplets, from one aqueous solution at the time, are formed.

To maximize the high throughput of the droplet formation, larger channels can be used
allowing more and larger droplets to pass through. However, by increasing the channel
width and depth, the dispersion and stability of the droplets are compromised [63]. The
microfluidic devices designed in this study, have 1mm width and 0.5mm depth (Figure

22).
%)
5 ) 0
=44 ' Orifice Droplet Compartment
- = | |
> I —
i O n] == N RN T ’/... ) ® 9 k—xflfxl-%’ |
2 Vs ) 4 — S— n"ee®e (T \_/3)
ETR NS // Co-flow region Region of Janus droplets formation
=g = Laminar flow
(90
L i 0
_“, I Q —p Orifice Droplet Compartment
4 \ y / 777777777777777777777777777 < l [ \®
() ‘o o g
g Q/ e ©%e% % N3
\' ';

N /
o 'Q w—y Region consecutive droplets formation Blue dyed water NE——
T - Continuous media

Red dyed water m—

Figure 21 Schematic representation of the fluid flow inside the microfluidic devices. A continuous media (olive oil) food coloured
water (blue and red) were used to validate the fluid flow of each droplet (I) Janus droplet generator and (11) Double T- Junction droplet
generator. The triple syringe pump provides a constant fluid flow, denoted with Q.
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Figure 22 (A) Technical/Engineering drawing of a microfluidic device with two droplet generators and their dimensions. Channels are 1mm thick
and 0.5mm deep. Droplet compartments are 3mm thick and 14mm long. (B) 3D printed microfluidic device with the two droplet generators
successfully formed. (C and D) Validation of the microfluidics dimensions under the Leica S9D stereoscope. (1) Janus droplet generator and (I1)
Double T- Junction droplet generator.

The microfluidic device was designed utilizing CAD software, exported into STL file
and imported into the Chitubox slicer for gcode generation. The printing process
parameters are based on the optimized settings found above. Detailed explanation
regarding the process parameters in Chitubox can be found in APPENDIX section 8.2. The
microfluidic device was printed with the flat, bottom face in contact with the build plate of
the Phrozen Sonic 4K. After printing, the device was removed from the build plate and
immersed in IPA bath for 5 minutes under constant stirring. Using a syringe filled with IPA
the microchannels were flashed to clean the trapped resin. When cleaning finished, the
microfluidic device underwent post cure for 5 minutes for further solidification towards a
more mechanical and chemical stable result. Using the Crystal-Clear Resin from
Primacreator, the final device presents adequate transparency and thus no need for surface
post treatment required. However, if the surface transparency is insufficient, post process
using consecutive sanding from 100 to 2000 grit can be employed with as many iterations
as needed. After that, spraying with clear acryl can further enhance the transparency of the
final device with inlets and outlets sealed.
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4.3 FLUID FLOW ASSESSMENT

To validate the fluid flow inside droplet generators, the DIY syringe pump was
connected with the microfluidic device using 3D printed tube connectors 3x2.85 mm
(Figure 23) and silicon tubes of 3mm inner and 4mm outer diameter. Two syringes filled
with dyed water (red and blue) and one filed with olive oil, were inserted into their
respective housings (syringes with coloured water placed in the Side Rod Stops while the
oil syringe was inserted into the Mid Lead Screw Housing- parts in Table 8, APPENDIX)
(Figure 24). Since water and oil have opposite polarities, they offer a simple and reliable
way to assess the performance of the device. By flashing the G-Code (Section 3.1), 1ml of
the three fluids are introduced with the same flow rate into the microfluidic device.

M92 Z33663; setting up the proper steps/ml for a 5ml syringe.

M302 SO; Initiate process bypassing temperature check

M211 SO

G91; Relative position

G1 Z1 F1; Dispense 1ml of liquid under constant flow rate of 1ml/min.

Upon activation, no leakages, back flows, vortices, or air bubbles were observed,
ensuring that the tubing connections were perfectly sealed and the design of the droplet
generator ideal. Figure 25 presents the result of the fluid flow assessment towards the
formation of Janus droplets. As it was described above, the two-colored water fluids co-
flow without mixing since they flow at the same flow rate. After exiting for the orifice, the
aqueous, polar phase meets the non-polar phase of the oil and Janus droplets are formed.
As it is observed from the results, different Janus droplet sizes are formed when the flow
rate changes. At 5ml/min flow rate, small Janus bi-phasic droplets are formed while at
1ml/min the produced Janus particles are bigger (Figure 25 b and c¢). The same applies to
the Double T-Junction when large, elongated droplets are formed in low flow rates Iml/min
while 5ml/min produces smaller more spherical droplets. At low flow rates, droplet
merging is possible due to the increased number of droplets within the droplet compartment
(Figure 26).

(€

Figure 23 (A) Photorealistic representation of the inlet/outlet connector (B) Technical/Engineering drawing of the
microfluidic connector (C) Tubing assembly
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Figure 24 (A) Operational set up of DIY syringe pump and microfluidic device. (B) A portable, digital and low-cost microscope
(ANDOWL XQ-XW01, China) was utilized to assess the fluid flow during operation

2 — : : e, ‘ " b5l b
Figure 25 Fluid flow assessment of Janus droplet generator. Droplets are spherical with distinct immiscible compartments. (A) Laminar co-

flow of coloured fluids before exiting from the orifice. (B) Big Janus particle formed at flow rate of 1ml/min (C) Smaller Janus particles at
5ml/min

Figure 26 Fluid flow assessment of Double T- Junction droplet generator. Droplets are either squeezed and elongated or spherical. (A)
Consecutive droplet formation (B) Squeezed and elongated droplets formed at flow rate of 1ml/min. Due to the small droplet compartment
and the high concentration of droplets number, droplet merging is possible (C) Droplets are formed when higher flow rate is applied, 5ml/min.
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DISCUSSION AND ANALYSIS

The current master's thesis titled "3D printing of polymeric microfluidics devices"
investigates the design and assessment of microfluidics devices utilizing the Vat
Photopolymerization (VPP) technique. More specifically LCD technique. The study was
conducted as part of the interdisciplinary master's program of Biomedical Engineering,
organized by the University of Crete, the Technical University of Crete, and the Foundation
for Research and Technology Hellas.

VPP provides the ability to fabricate, layer-by-layer, complex microfluidic devices
with great accuracy without the need of a clean room equipment. By utilizing VPP, this
study aims to provide a comprehensive workflow towards the design and production of 3D
printing microfluidic devices for biomedical applications. To evaluate the fluid flow within
the microfluidic devices, a custom-made (DIY) triple syringe pump was designed and
fabricated. The pump was created using components readily available in an affordable 3D
printer (Creality Ender 3), ensuring a cost-effective approach to the experimental setup.

The main focus of this study was placed on biphasic droplet generation, known as
Janus droplets, and consecutive droplet generation. By successfully fabricating
microfluidic devices using VPP, this study demonstrates the feasibility for cost-effective
manufacturing of intricate microfluidic devices. By employing VPP and a custom-made
triple syringe pump, we successfully showcase the precise fluid flow control within the
microchannels, enabling the generation of controllable droplet morphologies. The findings
of this research, offer a simple and effective approach to democratize the microfluidic
fabrication. The developed workflow provides a foundation for further exploration and
optimization of 3D printing techniques in microfluidic device fabrication within any
research lab. One of the benefits of 3D printing microfluidics is the ability to rapidly
prototype and iterate designs. This allows for rapid changes and upgrades to device
geometries and capabilities, allowing for the development of bespoke solutions for specific
biomedical applications. While the focus of this research was on biphasic droplet creation
and successive droplet generation, the principles and techniques developed can be applied
to various microfluidic applications such as cell manipulation, drug delivery systems, and
lab-on-a-chip devices. The ability to use 3D printing to create low-cost, custom-designed
microfluidic devices has enormous potential for enhancing biomedical engineering
research and applications.
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CONCLUSION AND RECOMMENDATION

Conclusions:

This master dissertation focused on the 3D printing of polymeric microfluidic devices
towards potential biomedical applications. The study successfully demonstrated the
feasibility of utilizing VPP, for fabricating microfluidic devices. The custom-made triple
syringe pump developed using components found in an affordable 3D printer (Creality
Ender 3), for precise fluid flow control within the microchannels. The research findings
highlight the advantages of 3D printing in microfluidics, including rapid prototyping,
customization, and cost-effectiveness. The proposed workflow for 3D printing microfluidic
devices, depicts the possibilities for developing tailored solutions in the field of biomedical
engineering. The ability to create low-cost, custom-designed microfluidic devices within
hours, holds immense potential for various applications, such as cell manipulation, drug
delivery systems, and lab-on-a-chip devices.

Recommendations:

Based on the results and limitations of this study, several recommendations can be made
for additional research and development. Optimization of the custom-made triple syringe
pump: Further optimization and calibration of the pump design are recommended to
improve flow control accuracy, reliability, and versatility. This could involve exploring
alternative pump designs or incorporating advanced flow control mechanisms. Exploration
of alternative 3D printing technologies and materials: While VPP offers high-resolution
printing capabilities, investigating other 3D printing technologies, such as Two-photon
polymerization (2PP), Femtosecond Laser Ablation, Projection micro Stereolithography
could provide access to a wider range of materials and properties. Integration of functional
components: Functional components within 3D printed microfluidic devices, such as
sensors, electrodes, or membranes could be incorporated enhancing the capabilities of the
devices. Hence, enabling more complex and integrated functionalities, opening up
possibilities for advanced biosensing, cell analysis, and drug delivery applications. This
approach makes the microfluidic device more complex and thus a hybrid manufacturing
approach is needed. Validation and characterization of 3D printed microfluidic devices:
Surface characterization using scanning electron microscopy (SEM), atomic force
microscopy (AFM) and contact angle assessment, would be adequate techniques to validate
and optimize the 3DP microchannels’ surface properties. Also, evaluating factors such as
fluid flow dynamics utilizing sensors and/or computational fluid dynamics (CFD)
simulation as well as droplet generation control with a highspeed camera for particle image
velocimetry, would conclude the validation assessment of the produced devices.
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7.1 | SYRINGE Puwmp

7 APPENDIX

7.1 SYRINGE PUMP

Figure 27 (Up) Photorealistic views of the syringe pump set up (down) Exploded view of the
syringe pump. Parts with detailed description in Table 8

43



Table 9 Syringe Pump Bill of Materials

ITEM
NO.

ITEM THUMBNAIL

PART NUMBER

QTY

STEPPER MOTOR MOUNT PLATE

STEPPER MOTOR

LINEAR RAIL SHAFT GUIDE
SUPPORT

PRECISION SHAFT - DBMM X
L300MM

LINEAR BALL BEARING - 8MM
DIAMETER - LM8UU

SHAFT COUPLER CLAMPING 5MM
TO 5MM

TRIANGULAR M5X0.8 LEADSCREW

NUT FOR LEAD SCREW

PUSH BLOCK (3D PRINTED)
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10 . ’ COVER FOR LINEAR RAIL SHAFT
" GUIDE SUPPORT (3D PRINTED)
11 C MID LEAD SCREW HOUSING FOR
) 5ML SYRINGE (3D PRINTED)
12 o SIDE ROD STOPS FOR 5ML
f SYRINGE HOUSING (3D PRINTED)
13 \ V-2020 ALLUMINUM PROFILE 72MM
14 \ V-2020 ALLUMINUM PROFILE
’ 95.81MM
15 \ V-2020 ALLUMINUM PROFILE 260
: MM
16 \ V-2020 ALLUMINUM PROFILE 300MM
17 TEE NUT 5MM
18 ‘ LCD
19 :s' 5ML SYRINGE
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7 | APPENDIX

7.2 CHITUBOX SOFTWARE

Figure 28 Chitubox Slicer software interface. (A) First layer of the microfluidic device which is placed parallel to the build
plate platform of the 3D printer. With green colour, the software in this stage, denotes the unmasked pixels of the LCD from
which the light and solidifies the photosensitive resin. (B) Microchannels’ first layer. With blue colour are denoted the
masked layers form which no light penetrates.
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7.2 | CHITUBOX SOFTWARE

Figure 29 (C) The first layer of the microchannels’ sealing cup. (D) Preview of the final microfluidic device after 3D
printing process.
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@ ] Prima Creator Crystal Clear_S0um v|BlLllTW O
Default m Resin Print Gcode Advanced
Phrozen Sonic 4K
Name: Phrozen Sonic 4K Machine Type: Phrozen Sonic 4K
Resolution: X:| 380 $f px Mirror: | LCD_mirror ¥
Y 2160 é px
Lock Ratio: [ ]
Size: X:| 138400 4 mm
Y 75600 = mm
Z 200000 5 mm

Build Area Offset: | |

) ] Prima Creator Crystal Clear_SOum v @ @ & o : V@
Default Machine “ Print Geode Advanced
Phrozen Sonic 4K

Resin Type: normal
Resin Density: | 1100 : g/ml
Resin Cost: | 33000 4| (€ v |/ kg V|

Figure 30 When the STL file is loaded and placed properly onto the surface of the built plate. The printings settings have to be
set (E) Resin Tab: In this tab, all the necessary information regarding the 3D printer are automatically updated after choosing the
right machine from the first right icon (inside the right circle). If a 3D printer is not part of this data base or it is a custom-made
LCD/DLP machine, then it can be manually created it by pressing the pencil symbol (inside the black circle). (F) After chosen the
correct 3D printer, it is necessary to select correct resin. The icon inside the red circle allows the access in some predefined
commercially available resins. If a resin is not part of this data base or it is a custom-made resin, then it can be manually created it
by pressing the pencil symbol (inside the black circle).
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7.2 | CHITUBOX SOFTWARE

Settings X
& 1 | Prima Creator Crystal Clear_50um v | B & 0T O O OB

Default Machine Resin “ Geode Advanced

Layer Height: | 0050 mm  Bottom Lift Distance: | 5.000 | + |’ 0.000 mm
Bottom Layer Count: 4 Lifting Distance: | 5.000 | + | 0.000 mm
Exposure Time: 4.900 s Bottom Retract Distance: | 5.000 | + | 0.000 mm
Bottom Exposure Time: 30.000 H Retract Distance: | 5.000 | + [ 0.000 mm
Transition Layer Count: 0 Bottom Lift Speed: | 50.000 | & | 0.000 mm/min
Transition Type: "Linear ¥ | Lifting Speed: [ so000 | & [ 0000 | mm/min

Settings X
® [ ‘ana Creator Crystal Clear_S0um IBlIlLIWISIXIA!|G

Default Machine Resin Print Gecode
Phrozen Sonic 4K

Bottom Light PWM: 128 ¢\ / ¥ | Tolerance Compensation(Beta): O
Light PWM: 255 3|/ v | Bottom Tolerance Compensation: [ |
Anti-aliasing: (w) Print Time Compensation: O
Anti-aliasing Level: (2 v |
Grey Level \ 0o v \
Image Blur: (@]
Image Blur Pixel: \ 27v ]

Figure 31 (G) Print Tab: Here, the printing settings are selected based on the machine, resin and the STL file which is going to
be printed (Detail explanation of each parameter, in the Table 8.2). (H) Advanced Tab: This tab is intended to offer a more
advance options for the light source manipulation. More details about the above Tabs in https://manual.chitubox.com/en-
US/docs/chitubox-basic/latest/setting-up/configure-print-parameters
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7 | APPENDIX

Network Sendng

Save

Figure 32 The final Chitubox window in which is displayed a brief information about the name of the 3D printer and the
resin used, the estimated resin volume required for the printing job, the total weight of the final part, a total price estimation
based on the resin volume required and the time needed to finish the printing process. Also, in the bottom side six of the most
important printing parameters are depicted as reminders of the selected process parameters. The black and white
representation of the microfluidic device denotes the current layer. With black are all the masked pixels from which no light
is passing through, while with white are every unmasked pixel on the LCD screen from which the UV light, from the paraled
setup, penetrates and solidifies the photosensitive resin.
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Table 10 Detailed explanation of Chitubox printing process parameters (source:
https://manual.chitubox.com/en-US/docs/chitubox-basic/latest/setting-
up/configure-print-parameters#21-resting-time )

PARAMETER

EXPLANATION

Layer Height

Thickness of each layer printed

Bottom Layer Count

The start printing layers. When the
number of bottom layers is n, the
exposure time of the first n layers is the
exposure time of the bottom layers

Exposure Time

Exposure time of normal print layers

Bottom Exposure Time

Set the exposure time of the bottom
layers. Increasing the exposure time of
the bottom layers is helpful to increase the
bond strength between the printing model
and the printing platform

Transition Layer Count

The number of transition layers between
the print bottom layers and the normal
print layers. When printing in transition
layers, the exposure time will decrease
with the increase of printing layers

Transition Type

Set the transition type of the exposure
time when transiting from the bottom
layers to the normal layers

Waiting Mode During Printing

Resting time

e Rest Time Before Lift: A time
interval between light-off and the
build plate starts to lift.

e Rest Time After Lift: A time
interval between the build plate
has lifted to the Lifting
Distance and starts to retract.

e Rest Time After Retract: A time
interval between the build plete
has retracted to the lowest point
and light-on.
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Light off delay
Light-off delay is the total time of build
plate lifts up, wait, and retract.

e Light-off Delay: Light-off delay for
normal layers, True machine light-
off time = maximum (total time of
Z-axis up and down movement,
configured light-off delay)

e Bottom Light-off Delay: Light-off
delay for bottom layers, True
machine light-off time = maximum
(total time of Z-axis up and down
movement, configured light-off
delay)

Bottom Lift Distance

In the bottom layers printing process, the
distance of the printing platform moves
away from the printing surface each time

Lifting Distance

In the normal layers printing process, the
distance of the printing platform moves
away from the printing surface each time

Bottom Retract Distance

In the bottom layers printing process, the
distance of retract, leave it alone unless
you have sufficient reason

Retract Distance

In the normal layers printing process, the
distance of retract, leave it alone unless
you have sufficient reason

Bottom Lift Speed

In the bottom layers printing process, the
speed of the printing platform moves
away from the printing surface each time

Lifting Speed

In the normal layers printing process, the
speed of the printing platform moves
away from the printing surface each time

Bottom Retract Speed

In the bottom layers printing process, the
speed of the printing platform moves to
the printing surface each time

Retract Speed

In the normal layers printing process, the
speed of the printing platform moves to
the printing surface each time
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