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Abstract

Miniaturisation ofcommon laboratory techniques has gathered significant interest in
the last few decades with both academic and industrial researchers seeking to reduce
waste, sample volume, and limits of detection fanide range of applications. These
goals presenta ungue challenge that originally spurred the creation of the
multidisciplinary field of microfluidics in the 1980s. In the same timaene 3D

printing has progressed from its inception by Charles Hull in 1983 and developed into
a common industry technique dsat the design and prototyping stage of product
development. 3D printing is now also used in customuessdt products in automotive,
aerospace, and biomedical industries. Despite #ulievinginternal features and

voids at the micrecalevia 3D printhg remains a major challenge.

In this thesis, Mask Projectioniono-Stereolithogrp hy ( MP s $ided asw a
fabrication method for the production of microscale internal voids and features toward
achievingan ultrar api d prototyping method for micr
an ideal replication method for microfluidic applicatiosstlae working material is a

liquid photepolymer resin and thus can be removed from internal structuiths

relative easdn addition, unlike classical mulsitep fabrication methods that are prone

to delaminati on, MPe SL eaaladapillares capalde op r o d u

withstanding higher pressures in a single step.

MPeSL build quality, channel reproduci bi
examinedand process limitations were characterised. ThRe sol | ed &6éover cur
the liquid poymer resin presents the main obstacle in the creation of microscale
channels and features using this teghe and henosas gorimaryfocus of thighesis

Material characterisation techniquesad to determine the nature of the photopolymer
materialswere appliedand a mathematical model wadsveloped and applieth

predict areas where overcuring is likely to occthis model forms the basis of the

novel design algorithm developed in this thesisrtitigate for the overcuring effect.

Finally, the new algrithm was applied to the production of internal featuiidse

resulting increased control over microchannel dimensions and improvement in

repeatability of the techniqueas quantified






Chapter 1

Introduction

1.1 Overview

Microfluidics plays an important role in anenexpanding number of industries and
disciplines including, but not limited to, synthetic and analytical chemistry,
biochemistry, and biology. Despite this, design and fabrication of such microfluidic
systems has remained largely unchanged since théuction of soft lithographin

the early 906s. This is especially true
in polydimethylsiloxane (PDMS) has become thefat#o microfluidic prototyping
method However, the mulistep nature of this method @oblematic in many
applications where fast conceptchip prototyping intervals are required for efficient
experimental throughput and optimizatidwdditive manufacturing (AMalso known

as threedimensional (3D) printingffers a solution to this prdbm.

AM is changing the field of microfluidics, requiring less equipment, labour, and
processing time than conventional methods. However, there are still several problems
that need to be addressed with current 3D printing metlkardtly, the resolution @
current3D printing techniques generallylimited to the macroscopic regimeith a

few notable exceptionsyith typical best commercial accuracies providingyda
thickness capabilities of ~36n at high cost, as e case foStratasy8PolyJet (P)

and 3D Systen@sMultiJet Modelling (MJM) 3D printing methodsAlthough these
devices can deposit very thin layer thickness, lateral accuracies are typically less with
best achievable wall thicknesses for example being 600 um for statee @irith
ultravioet (UV) 3D printing equipment.Secondly, 3D printing methods are
predominantly concerned with creating external features; thus, it becomes difficult to
produce fluidically sealed internal channels and voids necessary for microfluidic
devices.Suypport mateial presents an obstacle in the case ofraofilgidic channel
fabrication; mstfabricationthe support material bound into miesoale channels

duringthebuild cannot be fully extricated



Of the currentlyavailable AM techniquesstereolithography (SL)also sometimes
referred to as mickstereolithographyeSL) offers the most promise for the creation

of polymericmicrofluidic channel This technique is a lay@n-layer process where
photocurable resins are wls& build up strong covalently bound components in a
single stepenabling automated production of complex 3D shapes at low to medium

volume throughpufs
eSL is well suited to microfluidic chip fabrication for a number of reasons:

% Theworking photopolymer materiaé liquid and isthuseasily removed from
internal structures.

% There is no need for support structures for mgwaleinternalfeatures.

% Equipment is cost effectiveand smaltsized offering an exceptionally high
resolutionto-cost ratid-.

% Fabrication speeds offer low to medium throughputs enabling prototyping of
components at fastespeedswhen compared withtraditional fabrication
methods$®.

% Feature size limits range from as low assi®to ~75 mm in the same build,
ideal for microfluidic applications where connections from matwamicro
scale are needed.

Y% A wide range of photopolymer materials are available with a variety of
material characteristics including biocompatibilibyggh stength, rubbetike
materials, temperature resistance, chemicaksistace, and optical

transparency

Despite these strengths, fabrication of microfluidic channels €&0th diameteiis
challengingdue to inadequate control of the photopolymer cure daptthe z-
direction resultinginthese al | ed 6 o v ePRenetration ofghe eufinf liglatt 6
through the enclosing channel layers often causes the resin inside the internal channel
void to cure in place blocking the chanraeld resulting in pooe-resolutiort8°.

Current researcim this areaims toaddress these limitations via improvements in SL
hardwaré®!!, and by doping the photopolymer material with a chemical light
absorbel® 14,

In this thesis a third approachs taken to solve the problem of overcuring. This

approach is based on a novel design algorithm developed in the current work.



1.2 Objectives

The main objective of this work is to address the limitations in thetdweduction

of internal microfluidic channels via the MBL 3D printing method.
Themainobjectives of this thesis include:

% To investigate MPSL for fabrication ofinternal microfluidic channels in a
bulk substrate material in a single step.

% To develop arapid prototyping technique for common laboratbased
microfluidic geometries

% To adress the limitations in the direct production of internal microfluidic
channels via th MPeSL 3D printing method.

1.2.1 Thesis outline

The structure of this PhD thesis conggs seven chapters in tobeginningwith an

initial investigation into the use of the MBL technique for fabrication of internal
microfluidic channels in a single step and culminating in a new design algorithm that
facilitates high resolution productioof internal channels via this techniquEhe

contents of each chapter are highlighted below.

Chapter 1i The aim of this chapter is to provide an overview of the project and to

introduce the reader to the main objectives of the thesis.

Chapter 21 This chapter reviews the necessary background theory and reveals
previous work carried out in the field, highlighting the current shortcomings and need

for further study.

Chapter 3i The MRESL 3D printing technique is used for fabrication of a new solid
phase extraction pretreatment device for nucleic acid purification demonstrating the
ability of this technique for rapid prototyping of microfluidic dewdckimitations of
resolution in the-direction due to overcuring are overcome by orienting the device in

the vertical direction on the build plane.

Chapter 41 In this chapter the MESL technique is applied to the fabrication of
microfluidic channels. Dimensional accuracy and limitationghaf technique in
creating microfluidic channels are characterised. The suitability of the technique

toward fabrication of endse microfluidic devices is assessed.



Chapter 51 A novel design algorithm is developed to mitigate for the effects of
overcuringin the MRSL technique. Characteristics and limitations of the new

algorithm are assessed.

Chapter 6/ The newdesign algorithm developed irh&@pter 5 is applied in the design
of microfluidic channels to mitigate for the overcuring effect ind@B. Microfluidic
channels arelesignedand the algorithm is applied to generate mitigated microfluidic
models. Mitigated and unmitigated models eoenparedand results are presented
and discussed. Repeatability of the new technique in creating internalshonsa

markedimprovement on previous methods.

Chapter 77 This chapter fiers a summary of ththesishighlighting important
findings and concludes by providigrection for fuureresearch.



Chapter 2

Literature eview

2.1 Microfluidics

Microfluidics is defined as the study @ws that are simple or complex, menar
multiphasic, circulating in artificial microsystefisAs adiscipline, it falls under the

broader heading of MEMS (micelectromechanical systems), a term coined in the

1980s as the advent of new fabrication technologies brought about a size reduction in
many mechanical and electronic systems. Historically microfluidic systems were only
used in the processing of silicon chips foe computer industry, however the field
took a |l eap forward in the 9006s with the
research and innovation in microfluidics. Since then microfluidic systems have
become widespread, evolving from sinfiimction devices to complex multiple

function analytical systems also knownasmicrot al anal ysi#andsyst en
encompassing an ever exuling range of disciplines from biological and chemical
sciencesto physical sciences and engineering. Beginning with applications including
electrophoretic separation systéf's, micro pumps, micro mixer8, and centrifugal
separation systent$??2 the field has spread to biological applications in clinical and
forensic analysfS, proteomics and metabolomi&simmunoassay$, cell analysi&,
point-of-care (POC) diagnostits drug discoveryy, genetic analysf§, and organs

on-chip?”0,

Operating at the roro scale offers huge advantages to scientists and medical
professionalsncluding the capability of:

% streantining complex assay protocols

Y% providing investigators with accurate manipulation dhe cell
microenvironment

Y% reducing the sample and reagent vadumaximising the information obained
from samples and particularly froprecious samples

% reducing costs.



2.1.1 A brief history of microfluidics

The development of microfluidic systems began with the creation of the field of
MEMS in the 1980s. This in turn hdzken spurred on by the development of silicon
processing techniques in the microelectronics industry. MEMS are defined as
electromechanical systems whose total size varies between 1 and 300 mictémeters
howeverfor most practical applicationscluding microfluidics, MEMS devices exist
outside of this size range extending from shbmicrometricscaleto larger than 300
micrometresThemain goal of MEMSiesnot in the cration of new sensing methods
but in the integration of many elements onto a single chip including detection,
information analysis, and signal processindthaugh novel sensing methods and
platforms are often a welcome-pyoduct.In addition, the micrdabrication methods
adapted from the semiconductor industapeasilybereproduced by the millions and

at low cost a critical aspect to the success of many devioes such early industrial
success oMEMS technology wasan integrated accelerometer foetection and

deployment of airbags in automobites

MEMS took another leap forward in the 1990s with theeimtion of inkjet printer

heads, thus spurring the creation & fleld of microfluidics in the process. It was in

1990 that Manzt al! published the seminal paper on miniaturisethltchemical

analysis systems, thus creating the fieldediAS. The eTAS acronym is also

commonly associated with -ttdhteale xpraalsy 0ins ody gt
with both terms being used interchangeablgure2.1 outlines the conceptaf T A S

as proposed by Maret al3.
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Figure2.1. Schematic diagram dahe concept ofin ideal sensor, d@otal chemical aalysis
s y s t(TAB)&@nd aiminiaturisedtotal chemicalanalysis systed(e-TAS) adaptedrom the
1990 publication byManzet al3.

The concept proposed by Manz was one@hiniaturisedtotal chemicalanalysis
systenfor automating common timand labowintensive laboratory techniques, such

as chromatography, by integrating sample pretreatment, mixing, separation, detection
and calibration in a single modular platforfthe proposed devicesowld be miniature

and monolithic, with networks of interconnected microchannels integrated into the
planar substrate surfaces replacing the tubing and fittings needed in conventional
systems. In addition, the theoretical performance of chromatographic and
electrophoretic separation systems increases with a reductimiciachannelsize
leading to faster separations, shorter transport times and a reduction in consumption
of the carrier, reagent or mobile phalsés important to note thahe enhancementfo
analytical performance, rather than miniaturisatiomfien cited as the main goal of

e TAS3 As a result, mostTAS devices ould be thought of as chijn-a-lab systems,

often being connected to large peripheral pumping and detection apparatus.

It was only after 1990 that miniaturisation of laboratory techniques began to gather

speed. In the ensuing decade rangeof microfluidic systems were fabricated



including electrophoretic separation systenaéectreosmotic pumping systems,
micro-mixers, DNA amplifiers, cytometers, and chemical microreatioighese
microfluidic devicesenabled researchers #&ct at the micrometre scale where
previously they were only able tobserve Thus, microfluidics is an enabling
technology in many fields and can be accredited with many discovanmiese

molecular scale.

It is only since the late 19980 t hat t he ter ms forvacchri @fol ui di cs
(LoaC) began to replacthe termeTAS. i Mi cr o f | amed genesabterin  C

describe the manipulation of all fluids at the misgalewh i | e t heonrd&er m fALab
c h i rppoeserdd the concept of a miniaturised portatdmalytical device that

performs all sample handling, chemical funo8 and detection in amonolithic

sampleto-answer devicekigure2.2 describeghe relationship betweethe different

terminologies.

Microfluidics

MTAS/
Lab-on-a-Chip

Figure2.2. A Venn diagram showing the relatiship between the different miesgale device

categories.

2.1.2 Applications of microfluidic devices

Today the field of microfluidics has matured with less time being spent on
development of microfluidic devices and more time spent on the investigation of

conaete applicabns. Common commercial applications of microfluidics include:

10



inkjet printing heads, glucometers for measuring concentration of glucose in the blood,
pregnancy tests, DNA sequencing using high throughput droplet microfluidics, and
capillary electrophoresisi mass spectromst (CE-MS). Despite this, microfluidic
device development is mainly limited to welljuipped industrial laboratories due to

the prohibitive cost of microfluidic fabrication techniques.

2.2 Traditional microfluidic materialandfabricationmethods

2.2.1 Materials

The first microfluidic devices were fabricated in silicon and glass using techniques
adopted from the semiconductor industry, namelytgitbography and etching
These techniques are complex and time consuming, con$angultistep process

and requiring clean room facilities and highly trained staf. a result, soft
lithography in PDMS andaminate object manufacturing usitigermoplastics are
more popular in modern lalfsenabling prototyping of microfluidic devices in a
shorter time period. In fact, use of polymeric materials for the fabrication of
microfluidic devices has grown exponentially in the last decade due to the availability
o f a wide range of new pol ymer materi al
technologies are attractive as they enable rapid prototyping. Compared with silicon,
polymerscan beoptically transparent allowing integrated-chip flow visualisation

and optical detection on the microfluidic platform. Furthermore, transfer of the initial
idea from prototype to market is facilitated using polymeric materials in the initial
design due tahe scalability of polymer processing techniques such as injection

moulding.

PDMS remains the most common polymeric substrate for microfluidic devices since
the advent of soft 3intcomparisoa fo kiliconiand glash e | a
materials, PDMS is relatively cheap, permeable to gases (which is important for cell
culture application), biocompatible, and enablessfgrototyping of newdesigns.
Thermopolymers such as olgmethylmethacrylate (PMMA) polyethylene
terephthalate (PETpolycarbonate (PC) are commonly used to create microfluidic
devices via Xurography® laminate objectmanufacturing (LOMJY"3 injection

moulding®, precision micromachinirt§ or a combination of these techniquébese

thermopolymer materials are popular due to their low cost, availability and high

11



optical transparency. fange of newly developed cyctiefin polymers (COP) and
co-polymers (COC) have gained ttann amongt the microfluidic community due to

their high chemical resistance to a variety of organic solvents, high optical
transparency, biocompatibility, and low water absorgtith Although not widely

used for microfluidic device fabrication, thermoset photopolymer materials have
recently gained prevalence due to their high chemical resistance, wide range of
mechanical propertiestability at high temeraturesand ability to fabricate using
commonAM method&344

Recently, papebased microfluidic analytical devicesHAD) have emerged as ano
cost alternative for poirf-care diagnostics iresourceconstrainedettingé® 48, The
emergence of this lowost alternativeepresents a change in the field from complex
fabrication techniques towdusimple coseffective methods with shorter lead times.

2.2.2 Fabrication methods

Traditional microfluidic fabrication methods in silicon and glass consist
micropatterning of the sutrvate material to form the microchannel structure, followed
by a bonding step to create a fluidically sealed device. Micropatterning techniques
most commonly employed in the field of microfluidics inclysieotolithograph$?,
etching®®?, soft lithography>3*53%* hot embossimj >, injection mouldin§>®%

precision micromachinirf§, and laser ablati¢?®3

2.2.2.1Replication methods

Photolithographythe enabling technology of microfabrication, is characterised by the
patterning of a liquid photopolymer materi@ghe photoresistwith light. This is
achieved by projecting light through a higsolution photomask printed on
trans@rent glass or polymer material onto a thin film of photoresist that has been spin
coated on a silicon or glass substratbe photoresistorms a strong chemically
resstant, protective layer masking thetersal during the etching stefU-8, ahigh-
sensitivity,high-contrastepoxybasecegative tone photoresistcommonlyused for
microfluidic device fabrication, offeringgood mechanical, chemical, and thermal
materal properties as well as biocompatibility and transparency to visible light above
360 nnt®®4%_ Common etching techniques include wet and dry etching, antiveeac

ion etching (RIEY'®2 Deep reactive ion etching (DRIE is used to form deep

12



channels with high aspect ratio compared to Rt&v throughput, high running costs,
the need for sKiéd operators, and the requirement for cleanroom facilities are
significant drawbacks of the photolithography technigudimiting the
manufacturability of the resulting microfluidic deviées

Soft lithography?, based on the principle of photolithograptwas the first technique

to allow fabricationof microfluidic structures in aelastomeric materigPDMS) in

less than 24 hours. Firatphotolithography mask with the channel design is printed
on a transparency by a higlésolution printer. A positive relief photoresist is spun and
exposed to light through the transparency. After development of tb®rphist,
PDMS is cast against the resulting pattern to form the microfluidic channels. Finally
thePDMS surface is oxidised in an oxygen plasma and brought into contact with a flat
surface sealing irreversibly with PDMS, glass, silicon, silicon dioxmlepxidised
polystyrené*. The soft lithographyabricationprocess is shown iRigure 2.3. This
method has since been used to fabricate multilayer microfluidic devices with three

dimensionathannel networlé§6°
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Figure2.3. Fabrication of microfluidic channels in PDMS via soft lithograpeyeported by
Duffy et al*4 The soft lithography technique represshe first step toward rapid prototyping

of microfluidic devices.

Hot embossing is a popular technique for microfluidic device fabrication due to the
ability to form highresolution structures in thermopolymer substP&tee’ 7072,
Despite the initial high cost of equipment, hot embossing offers fast fabrication times
and lends itself to scale up for high volume applicatiods a first step the
therm@olymer substrate is heated to a temperature above its glass transition
temperatureTg) (seeTable 2.1). The molten thermopolymer is then pressedrega

the master replicainder vacuum and allowed to cool to a temperature just BEjpw
after which demoulding is performed. Production of nacale features in

thermopolymer materials for appdittons in nandluidics has alsdeen reported>®
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Table 2.1. Tgfor common thermopolymers used in microfluidic device fabrication.

Amorphous Polymer Tg (°C)
Polylactic acid (PLA}® 59
Poly(ethylene terephthalate) (PEY) 72
Poly(vinyl alcohol) (PVAJ3 80
Poly(vinyl chloride) (PVCY 83
Polystyrene (PS 100
ZEONOR® Cycloolefin polymer (COPY 100-102
Polymethyl methacrylate (PMMAJ 105
Polycarbonate (P 108- 187
Polytetrafluoroethylene/Teflon (PTFE) 119
ZEONEX® Cycloolefin polymer (COPP  123- 156
Polyether ether ketone (PEEK) 146

Injection moulding has the capability to produce high quality microfluidic devices
with optical grade surfacesand the ability to scalg to high volume
manufacturin®®X However use of injection mouldi in microfluidic device
development is limited mainly to industry and noituidic service bureaudue to the

high initial cost of tooling which is a barrier to entry for most microfluidic 1&3&he
process begins withefiets of the raw thermopolymer material which are fed into the
injection chamber via a heated screw mechanism. The polymer melt is then injected
into the mould cavity under high pressuféie temperature required at this point in
the process depends orettype of polymer used and can range from ~°€0@dor
PMMA and PS) to ~ 28T (for PC)andup to ~ 350C (for PEEK) at the higher efd

The mould cavity contains thmaster structure, usually machined in a metal or
ceramic heatesistant materiallo fabricate higkresolution microscopic features, it

IS necessary to heat the mould cavity close to the melting point of the polymer material
to promote polymer flow into sall structureson the surface of the mould. This type

of injection moulding process is called Variotherm, and results in longer cycle times
than standard macroscopic calavity moulding due to the addition of extra heating
and cooling cycles. Typical miginjection mouldingoroduction timesre between-1

3 min per cyclé'.
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The dimensional accuracy of this technique is a significant advantage enabling
integration of hightolerancerobust microfluidic interconnects for high pressure
applications This was demonstrated by Magt al*?> who achieved operational
pressures up to 15.6 MPia addition, the ability to scale up to high volunmeakes
injection moulding an ideal candidate for manufacturenetlium to high-volume,
disposable microfluidic cartridg®® Figure 2.4 shows an injected moulded
disposable smartoaC developed by Ahret al®l. Injection moulding is an ideal
candidate for disposable poiot-care microfluidic applications due to the alyilio

fabricate devices at high volume throughput and at low cost.

Microfluidic
multiplexer

Figure 2.4. An injection moulded, disposableoaC device for applications in clinical

diagnostics and poirof-care testing/.

2.2.2.2Chip bonding

Bonding of substrate layers to encla$@annels still remainsne ofthe most critical
and inconsistent stepn microfluidic chip fabrication.The two main techniques
currently used to encapsulate open microfluidic channels include salssisted and

thermalfusion bonding.

Solventvapourbonding is a technique used to bond polymers while simultaneously
reducing surface roughness as a side éffefthis techniga has been used extensively
in the literatureto bond substrates including PMMA a@DPLOC?417879 The

procedure involves exposing the substrate to an apptepmolvent vapour
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(chloroform for PMMA, cyclohexane for COf) Figure 2.5 presentsscanning
electon microscope (SEM) imagef PMMA (Figure2.5 (A)) and COC Figure2.5
(C)) microchanned before and aftesolventexposurgo chloroform Eigure2.5 (B))

and cyclohexand~gure2.5 (D)) respectively.

—

\ v o
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Figure2.5. SEM images of a microchannel demonstrating the smoothing effect of exposure
to a solvent vapour; (A) PMMA postilling; (B) PMMA after 4 minchloroform solvent
vapour and 30 min 8C heat cycle; (C) COC paestilling (D) COC after 4 min cyclohexane
solvent vapour and 30 min 8D heat cyclé.

Mair et al’® developed a solvent vapour bonding method at room temperature capable
of producing high quality bondsnabling chips resistant togssures as high as 34.6
MPa. Although demonstrated only on COC chips, the technique is generic and can

easily be applied to the bonding of chips made of other plastics sueMIE#\,
polyethylene (PE), and polypropyle(feP).

Thermal fusion is one of theast popular bonding techniques for sealing the channels
of plastic microfluidic chips due to ease of implementation and reduced risk of

delamination. It involves increasing the temperatuith® substrate to or aboVg of

the material while applying presre to bond the substrate surfaces together. As the
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plastic chip is heated close to or slightly abd¢g the entire substrate becomes soft
and very sensitive to small heterogeneities in load distribution during the bonding
process, this requirement idfaiult to achieve as the chip, bonding jig, and plates of
the bonding press must all be precisely parallel across the length of tifeRrépise
control of all bonding arameters is essential in order to minimise deformation of the

microfeatures, especially for low aspect ratio channels and thin substrates.

2.2.2.3Direct fabricationmethods

Direct structuring of polymer substrateds made possible by a range of
micromachining tehniques including micromilling®, xurography®4. laser

ablatior¥! and micreStereolithography.

Micromilling is a material removatechnique thatenables fast prototyping of
microfluidic devices by milling the substrate surfameng a precision cutting tool.
Cutting tools are available in a wide variety of sizes allowing both maamicre

scale features tbe cut in a single device. This technique is also used for fabrication
of replication masters in soft lithography, hot embossing, and injection moulding

providing faster fabrication than lithography and etching but at lower reséfution

Xurography® is a lowcost technique adopted from the graphic design sector used to
rapid prototype microfluidic channels in thin polymer or paper substrates that are then
thermally laminated or sealed via adhesive or solvent boffdigsitive and negative
structures can be fabricated using this method in polfitmes ranging from 25 1000

e m t3h Wsindthis method,-® layered channels fanicrofluidic devices can be
producedFigure2.6). This technique has been successfully employed with a range of
materials includingpressure sensitive adhesive (P8A} PMMA®, PC¢ PET,

COP*" and PVC? for fabrication of microfluidic platformsvith minimum channel
width as low as ~ 7@mq®. In addition, his technique has the potential for large scale
production via rokto-roll lamination processg’.
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Figure2.6. Microfluidic chip fabrication viacurography.

Ultra-fast pice and femtesecond lasers have been applied to writerafiuidic
channels and opticalaveguides directly in ceramic and polymeric enetls for a
range of biological and chemical applicati&hd with advances in this area outlined

in a number ofreviews?% To achieve smoottvalled channels necessary for
microfluidic applications using this subtractive method, the material is first-laser
processed to form the microchrals and then subjected to thermal treatments and
chemical wet etching; hydrofluoric acid or piranha solution can be used for this
purpos&?®3 An example of the subtractive ntiutep direct write procedure is shown

in Figure2.7.
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Figure 2.7. Direct-write fabrication of 3D microstructures inside photosensitive glass via
femtosecond laser ablation, adzghtfrom®, (A) Femtosecond laser direct writing; (B) heat
treatment, 508 1hr- 605°C 1hr; (C) ultrasonic etching in 10% hydrofluoric acid solution.

Low-cost nanosecond lasers have also been used to fabricate microfluidic channels in
bulk material in a singl steff*8% The process imlves focusing an Nd:YAG laser
beneath the surface and machining channels inside the bulk material using a
galvanometer scanning across the horizontal plane in a subtrqtesg@rocedure.
Although this process is repeatalbilee shape of the internal civeel produced is
difficult to controf?.

Internal channels can also be built using a method kreviaser drilling that involves
moving the laser focal pat into the sample material; this yields a uniform circular
channel cross section but channel lengths are limited by how far the laser can penetrate
into the sampRé. Furthermore, the laser drilling process is limited to production of
straight channels in a single orientation and is thus incapable of producing complex

internal structures.

A European project -inbresdutop fori 30ptinding gldss er s
microdevices comprised of a femtosecond laser hadthtegrated opticsyith sub

micron resolutioff. This system has been used to combine several applications
including optofluidics, optomechanics, marking, and photonics. Although the
techniquecan produc&D microstructures and channels with aspect ratios comparable
to DRIE in glass and other materials, fm®@duction of internal microchannels remains

a challenge and a channel sealing step is usually employed. Fabrication of integrated
optical components (including waveguides, microlenses, and nanogratisifs) is

one of the greatest advantages of thgtey.
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2.3 3D printed microfluidic devices

Additive manufacturing (AM), commonly known as 3D printing, has brought about a
seachange in modern manufacturing, enabling the creation of components with
complex 3D geometries. The design freedom offered by thegeewhnologies has
already revolutionised industries such asbiomedical®>® aerospacé, and
automotivé®, enabling more efficient designs with a higher strength to weight ratio
than previously possibleln this section current 3D printing technologies are
discussed with an emphasis on the production of microfluidic channels in polymeric

materials.

2.3.1 Fused Filament Fabrication (FFF)

Fused Filament Fabrication (FFF), also termed Fused Deposition ModEIWE),

is the method which brought 3D printing to the consumarketand, as a result, has
become the most popular 3D printing method in the last detiaidebased on the
extrusion of melted bulk material through a heated n&%#feyure2.8). As with other

3D printing technologies, each 2D layer is traced out with subsequent layers being
added to build up the required 8@sign.Common materials used in the Fpfocess
include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and nyleR. F
printers can write imultiple thermopolymer materialsithout the needo chang
filament byemployingmultiple extrusio nozzles. Due to the nature of the printing
process, the resolution achievable is limited by th@lejter (two stepper motors),

the zstepper motor, the thickness of the filament, amdetkirusion nozzle diameter.

FFF printers are widely available fromarket leadersuch as RepRap, Ultaker,
MakerBot, 3D Systems and Stratasys, but can also be purchased from small companies

or made irhouse at low cost.
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Figure2.8. The fused filament fabrication (FFBID printing proces&

Although capable of printing garnousstructures within the bulk polymer a major
challenge lies in producing fluidically sealed chanra#ld producing channels with
complex cross sections. FFF 3D printers in general do not give sufficient resolution or
surface roughness to produce microfluidic channels, the size of the extrusion nozzle
being the main limiting factor. However, one signifitadvantage of FFF over other

3D printing processes is the ability to produce fluidic channels and etivérsed
structures without leaving support material or uncured liquid resin behind. Another
advantage in using FFF is material selectiaith a widerange of thermoplastic
polymers (COC, ABSPP) availablefor use in the thermal extrusion process

2.3.1.1Microfluidic applications

Fabrication of internal microchannel networks via FFF is challenging as resolution is
largely confined to the millimetre scale, ltmg channel size and croessctional
geometriesin addition, the channel enclosing step is extremely difficult without the
use of suppomstructures to support the overhanging channel ceiling. This often results

in poorly sealed channel structures whéch prone to leakage.

Despite these weaknesses a humber of researchers have creatitdidiliievices
using this method. The Croninr@p at the University of Glasgow report on the use
of FDM as a method to produce 3D printed millifluidic and micidiludevices and
reactionware for chemical and biological applicatié1fsi®®. Morganet al° printed
fluidically sealed sermiransparent narofluidic devices using an ethe-shelf FFF 3D

printer with commercially available materials. Devices fabricaté&ugusis method
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were used for the encapsulation of dental pulp stem cells in alginate drivptetier
to demonstrate the efficacy of FFF in producing microchannels Gaal &t al.
successfullyemployed the technique in the fabrication of a microfluidic device with

an integrated electronic tongue sensor.

A microfluidic chip integrating ports for a thredectrode system was produced

PLA via FFF, and used for specific electrochemidatectionof influenza virus®
Influenza hemagglutinin labelled with CdS quantum dots was first isolated within the
reaction chamber by glycanodified paramagnetic bds via hemagglutinkglycan
interaction. Electrochemical quantification of cadmium(ll) ions by differential pulse

voltammetry was then carried out to determine the presence of the virus.

FFF has also been investigated for fabrication of capillary valvesemtrifugal
microfluidic disc$®. Results showed that 3D printing can be considered a viable
alternative to other fabrication techniques typically employed for the fabrication of
microfluidic discs (e.g. CNC nlihg and soft lithography) in view of their application

in the deviopment of biochemical ass&ysAlthough channels produced in ABS
possessed ridged or O6d6éscall opeddpdablpatt er
valves were obtained. Valve structures comprising channels with widths of 254 and
508 em, and heights betcsflyfatfitakéd. and 1016

The first commercial FFRBD printer designed specifically fahe fabrication of

microfluidic devices has been developed by Dolomite microfluididee Fluidic
FactoryE printer of fyxandy) aamd sHAithadod n( o f
em or 200 em nozzle di amet er cros3séciiorof t r ans |
around 200 x 320 em. The ability to print
COC is a major step forward for the FFF process however higher resolugquired

to compete in the field of microfluidics. Other lagersed optical lithographic printing

methods including twghotonpolymerisation (TPP), Stereolithography (SL), 4nk

jetting of photoplymers (using MJM or MJP) and SelectivaserSintering (SLS)

fare better at the micrscale.

2.3.2 Ink-jet 3D printing (i3DP)

Ink-jetting of photopolymers using techniques such as PolyJet 3D printing (Stratasys)
or Multi-jet printing (MJP, 3D Systems) is a popular commercial technique that

enables rapid production oégs in a wide range of materials and in multiple colours.
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The technique involves jetting droplets of UV curable resin and a wax dikgel

support structure and instantly curing under UV lighg(re2.9).

Jetting Head

X-Axis __

Build Material
Support Material

Build Tray
Z-Axis

Figure2.9. The PolyJet 3D printing technique (Stratasys Objetapted from.

The supporstructure is deposited in areas that contain holeetionsor overhangs

and does not crosslink with the main polymer material. Support material is removed
after printing by heating (in the case of the wax material), by using aphégisure

water jet (inthe case of the gdéike material), or by sonication in a solution of sodium
hydroxide.Internal mcrofluidic geometriebecomadlifficult or impossibldo clear as

the sodium hydroxide solutiasftendoes nofully penetrate the complex netwotk.
difficult cases high pressure hot water and solvents may be used, however this is a
highly involved and time consuming procESsResolution of the MJP process
depends o the DPI, or dotgperinch, of the printhead. Modern printers like the Objet
ConnexE or the 3D systems Proj efttb 500
with a DPI of 600750 in the horizontal plane.
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2.3.2.1Microfluidic applications

Integration of commercially available®C membrane inserts into a reusable
microfluidic chip containing eight parallel channélas beerdenonstrated Figure
2.10"L The chip, also integrated with standard threaded connectors, was
manufactured with a 3D printer by inkjet deposition of a biocompatible photdeura
resin within approximately fouhours. This hip was successfully employed in
studying the transport of drugs (levofloxacin and linezolid) across a polycarbonate
membrane in view of its future applications in pharmacokinetic profiling of cultured
cells. Cell viability studies were also performed wiitis platform via exposure of
bovine pulmonary artery endothelial cells to a detergent (saponin) which was pumped

into the channels inducing cell death.

Figure2.10. Microfluidic chip integrating membraneserts*’,

Inkjet-based 3D printing technology has also been used for the fabrication of
transparent microfluidic devices integrating interchangeable electrodes of different
materials (glassy carbon, platinuguald, and silver) and sizes (from 2%0n to 2 mm
diameter)for electrochemical detectidlf. The resulting tweelectrode microfluidic

cells presented a straight channel and threaded receiving ports for integration of the
electrodes as well as the standard connectors to the syringe punfjig(se.11).

The removable working and pseudiierence electrodes were prepared by insertion
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into PEEK fitting nuts in a serial configuration. This approach prevented the need for
careful alignment of the electrodes with the microchannel each timdettieodes

were interchanged. These microfluidic devices were successfully employed in the
detection of dopamine (neurotransmitter) and nitric oxide, as well as the collection of
adenosine triphosphate (ATP) released from red blood cells flowing through the
channels while simultaneously measuring oxygen concentration (release stimulus).
For collection of ATP, polyester membrane inserts were fitted into a couple of well

ports integrated in the device. Collected ATP was then analysed by

chemiluminescence detem.

A " Threaded inlet
e

Threaded electrode port
B

Figure 2.11. Microfluidic chip for electrochemical detection:-B) schematic of the chip
showing threaded port€) picture showing alignment of both working and psergference

electrodes within t& channelD) picture showing the chip connected to the syringe ptimp

Fee et al!'® produced both packed and monolithic separation columns using a
photopolymer ink jetting proceskespite difficulties associated with supporaterial
removal using this technique. Support material was removed using a vigorous and
highly involved technique cycling between warm watef (AGand 100% cyclohexane
washes for up to three hours. The highly structured porosities showed good agreement

with theoretical calculations for packed and monolithic structures.

2.3.3 Powder bed technologies

Powder bed AM technologieme defined by the use of working materrapowder
form. Polymer, metaland ceramic materials can be gwoed in powder form and
subgquently praessedusing a variety of techniques includingelective laser
sintering (SLS)selective laser melting (SLM), and binder Hjeiting.
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SLS and SLM processes produce parts by selective sinftagitong of the working
powder materialThe proces employed depends on the working material with SLS
being used on a variety of materials including polymers, metals, metal alloys, and
ceramics; SLM on the other hand can only be used to process rAetaleematic of

the SLM process is shown fgure2.12. After production of a single layer via raster
scanning of the laser beam over the surface of the materiahategialtray moves
downvertically, and a roller is used to replenish the powder material; this process is
repeateduntil a 3D structure is complete. The SLS process is functionally similar to
SLM, however the difference lies in the treatment of the working matarigLS the
material is processed at temperatures below the melting point forming a solid via
molecularfusion and resulting in a porous granular material. On the other hand, the
SLM process fully melts the material forming a melt pool where the material can

consolidate before hardening, resulting in a homogeneous final material.

Laser %
Mirror scanner X\

XY deflection <>

Roller / scraper ﬁ

f-0 lens

Protective
atmosphere

X
Feed container —/
Base plate

Build cylinder
Overflow container

Figure2.12. Schematic of the SLM procéss

Inhomogeneity oftie final part due to variation in the laser scan path is an issue with
the SLS technique. Mechanical properties of the produced part have been shown to
vary based on part orientation on the build ptéhén addition, the powder working
material cannot be removed from complex internal structures. As a result, production

of microfluidic channels is limited to the surface of the material substrate.
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The bnderink-jetting 3D printing technique enablesoduction of parts in a variety

of materials including polymarand ceramic materials. The binder jetting technology
involves the depsition of a binder material, or glue, at defined locations to the
working material which is in powder fofmWhen the first layer is complete, a fresh
layer d powder material is spread over the build area adhering to the previously

deposited binder material. This process is repeated untilgaBbs complete.

2.3.3.1Microfluidic applications

Metal AM techniques, such &SLM, have been used to fabricatieidic filters
demonstrating the ability to fabricate comptepen pore structur€s. The ability to
fabricate thesegrestogetherwith an integratedsupportand fixture in a single step
could reduce total fabrication time, particularly faspoke applications. In addition,
capabilities of AM methods in producing lattice networks with multiple variations in
a single part can lead to a reduction in pressure drop atmnes§ilter and a

correspondingeduction in the pumping energy requited©

Capelet alll” showed the capability of SLM to produce a simple reactor design in
Titanium (RD7) incorporating 3 mm diameter flow channels and a reactor tube length
of 300 mm. Despite the large size of theaflchannels the unmelted powder material

proved difficult to remove.

2.3.4 Vat photgolymerisationVP)

Photopolymerisation processes make use of liquid, radiaticable photopolymer
materials, also called resins, as their primary matéffalgost photopolyners react

to radiation mainly in the ultraviolet (UV) domain, however many operate at the
interface and into the visible domain. Irradiation of the liquid photopolymer working
material triggers a chemical reaction causing the material to polymerise. This
solidification reaction is termed photopolymerisation, and is a complex chemical

reaction involving many reactive chemical participants.

The photopolymerisation reaction is the basis for Stereolithography (SL) which first
appeared in the early 1970s whepdnese researcher Dr. Hideo Kodama w$éd

light to cure photosensitive polymers in a lapgrlayer manner. However, the term
Stereolithography didnot appear until t he

solid polymer patterns could be produced bpasing them to a scanning laSér
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Threedimensional parts could be fabricated in this manner by curing the polymer in
a sequemal layerby-layer fashionShor tly after, ydthemsdo mpan
founded by Hull and his SL technology was pitched to the product development
i ndustry as a fArapid prototypingo sol uti

Since then, the photopolymerisation concept has evolved anwiapplied as a rapid
prototyping technique in many different configurations that can be classified under the
tebmévat phot opol ynteems of miarofluidicrdévice prko@typinyP
methods present an inherent advantage over other lithographthods (i.e.
photolithography and soft lithography) in that no alignment or bonding iSs&geto
produce 3D structure3.hese methods have only recenity 2010)been applied to

the rapid production of milliand micrescale channels but already shpromise in
significantly reducing the development times of new microfluidic a8say8

Of the currently available VP techniguesask projection micratereolithography
(MPeSL) is among the most popular with microfluidic researchers offering the ability

to fabricate corplex microfluidic architectures at faster throughput than other VP
methodsMajor advances in LED technology and expiration of key industry patents

in recent years has led to a cost reduction and wider adoption of this technique across
industry. It is nowpossible to purchase a desktop &8 prototyping machine for

less than $2,060As a result, these techniques have become increasingly popular for
microfluidic device prototyping offering faster conceptdesign throughput than any

other technique availabt&'?>'22 Consequently, this technique is given special

consideration in the current work.

2.3.4.1VP configurations

There are three main VP system configurations as showkigure 2.13. These
include; () the vector scanning, or poimtise, SL method developed by H(figure
2.13(A)); (2) the mask projection, or layaiise, approach common in modern desktop
machinegFigure2.13 (B)); and (3) the twegphaon high resolution approach that is
predominantly used in resear@fgure2.13 (C)).
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Build platform T Build platform

Vat

Vat

Figure 2.13. Schematic outline of the three main approaches to vat photopolymerisation,
adaped front'® (A) The laser vector scanning (free surface) method developed by°Hull
(B) the mask projection (constrained sud) method common in modern desktop 3D printers

and (C) the twephoton approach.

Additionall vy, these VP configurations <can
6constrai ned gsonthd lacatiendof tioeeoptiesnt dnhirelation to the

resin vat and build platform. In the free surface configuration, the optics are scanned
or projected from above the resin bath on to the surface of the resin to create a single
layer, after which the build platform is lowered into the photopolymer vatFigume

2.13 (A). In comparisonFigure 2.13 (B) can be classed as a constrained surface
method as polymerisation is constrained between the vat window and the build
platform or part. The twghotonpolymeisation (TPP)configuration inFigure2.13

(C) can also be thought of as a free surface method where polymerisation is
unconstrained and occurs at the intersection of two scanning laser beams. Other two
photon configurations usa single scanning laser and different photoinitiator
chemistries, but these configwions are also unconstrain€f. these configurations,

the bottomup constrained surface configuratisrmore efficientas the part height is

not restricted by the sizd the vat, there is less resin waste, and the layer thickness
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can be more readily controlled by thetage positioning as opposed to controlling the

laser depth of focds

MPeSL, sometimes referred to as digital light processing (DiPg, VP technique
based orthe bottom up configuratiofFigure2.13 (B)) employing a UVLED light
source instead of laser optics, and a digital micromirror device (DMD) as a dynamic

mask.The operation of a DMD is outlined Figure2.14.

(filtered) light

collimation optics

to light dump
bright pixel

dark pixel

projection
optics
projection plane/

substrate

Figure2.14. Representation of a digital micromirror device (DMD) as used in many modern
desktop maslorojection stereolithography systéirishe incoming light source is filtered and
collimated before being reflected (or masked) in a pattern by the DMD. Depending on the
reflect/mask (on/off) state of the individual DMD pixelse light is either defleet] to a light

dump or through the projection optics and onto the substrate surface.

DMDs, commonly used in audiisual projection optics, process lightsing

thousands ofndividually-addressable micromirror§hese individual micromirrors

are so smalltat an image resolution of 7uén or less is feasibl> When i n t he @
state, these micromirrors reflect the incoming light frive light source through the
projection optics and into the resin bat
light dump. This serves to effectively mask the incoming light in a programmable

pattern; thus these systems are commonly referred tlyremic mask projection
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system& Compared to traditional lasbased raster scannitP methods MPsSL
enables curing of an entire layer in a single stéfering faster thoughput for device
fabricationwith build speedsip to30 mm/hrin the Z directionMany raster scanning
VP methodsoffer similar build speeds for lowolume builds, although higiolume
builds are comparatively slowddnlike raster scanng VP methods MPgSL build

speed is independent of part crgsstion in the-y plane.

Another distinction that can be made between VP methods is the need to replenish the
resin material between consecutive layers. Both vector scan and mask projection
approaches requireplenishment of the resin material usually by means of a wiper or
slider mechanism, whereas in the tplwotan approach the part is fabricated below

the resin surface, making recoating unnecessary. In the case of the constrained surface
methods the resin p&enishment mechanism also serves as a method to mechanically
unstick the polymerised material from the underside of the build tray. This need for an
additional recoating and/or unsticking step is a significant drawback of teaioed

surface configurtzon.

Tumblestoret all®*havedeveloped a continuous VP methoalsed on the M#SL

techniquethat does not require recoating or ticlsng of the resin material between

layers and is thus orders of magnitude faster than similar mask projection methods

offering build speeds up to 500 mm/fihis new configuration can be categorised as

a constrained surface method employing an oxyggemeable membrane to inhibit

pol ymerisation and creating a fAidead zoneo a
window and the polymerising pafigure2.15.Thi s vari ati on i s named |

Liquid Interface Productiono (CLI P).
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Figure2.15. The CLIP vat photopolymerisation method enabling continuous fabrication of
3D objects. (A) Schematic of the CLIP printer, the part can be built continuously due to the
oxygenpermeable window(B) a gyroid (left) and an argyle (right) build at speeds of 500
mm/hour, and (C) ramp test patterns built at the same speed but with different model slicing
thicknesses (100m, 25em, and lem).

TPP is based on the polymerisation of a photocurable resin Wahaton absorption
upon illumination with a femtosecond pulsed riedirared lase®. Compared to other

VP methods, the TPP process is not hindered by the diffraction limit of the light source
leading to much better structural resolutfdnThus, resolution in the order of 100 nm

is feasible for TPP instruments (e.g. Nanoscribe GmbH systBuoik).speed and part

size are the miting factors with this technique, with millicale parts typically taking
hours to build. It is for this reason that TPP is mainly used to produce mnmane

scale actuatoté’, mixers?, filters'?’, valves?’ and othesinglefunctionelement&*

inside larger scale microfluidic channels built using other techniques.
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2.3.4.2Microfluidic applications

MPeSL, has gained popularity among a number of microfluidics research groups
offering a fresh alternative to 2D lamination and mbaked etching procesdes
9121122128129 A et al/ werethe first to conduct a comprehensive review of the SL
process for producing internal micro cavities and channels for applications in
microfluidics. They cite the ability to produce 3D internal cavities and structures, low
cost, and usefriendly design ad fabrication workflow as being key benefits of the

MPeSL process, giving scientists direct access to scalable rapid prototypingefacili

Shallanet al® showed that it was possible to produce a 40 mm x 25 mm x 17 mm
micromixer chip (including connemts) in less than an hour using a rather cheap

MPeSL 3D printer (approx. $2,300) and incurring a material expenditure of only $2
(Figure2.16).

3
xw

p 1\

Before
mixing

After
mixing

Figure2.16. Optically transparent microfluidic mixer chip intedgnat 10-32 thread$
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They found the process capable of producing micro scale features and voids and
characterised the system limitationSigure 2.17). Gradient generators, droplet
extractors and isotachophoresis chips were ssoessfully generated with the same

3D printer confirming the feasibility of this approach for eeBective, rapid
prototyping of microfluidic devices, which could open the door to many future low

cost analytical applicationslowever, theycite overcuing orthesec a |l | e @ide6 b a ¢ k

effectd as being one oeBLptobess. main | i mitat]

Fabrication of optically transpant microfluidic devices using SL was achieved by
Takenagaet al'®C. These optically transparent chips werecsssfully employed in
imaging Chinese hamster ovary (CHO) cells previously sded@thin the
microchannels. Albeit a certain degree of autofluorescence was exhibited by the
biocompatible resin employed in the chip fabrication, discrete cells were clearly
observed under fluorescence as well as phast&rast modes. The capabilitySi for

direct integration of standard connectors to the maadd within the final device

was also demonstrated (e.g. female Luer connéaiaods1632 thready.

Figure2.17. Characterisation of the MiiCraft DLP 3D printer by Sha#aal®. The 3D printer
is capable of producing repeatabketter nal f eatures of 200 em, in

bel ow 250 em are difficult to produce due to

Design and fabrication of porousedia in a single step using EIEL was recently
achieved by a Sat al’*. Su, using the same MBL printer used bghalan et al®,

produced a preoncentrator for the selective extraction of trace metal ions in salt water
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samples. The MESL method allowed them to fabricate a porous cubic array in a

single step with pore sizes of ~50 um.

2.3.5 Summary

Current 3D printing methodare largely concered with fabrication of parts with
external features and thus were not built to produce internas \aoid features such

as microfluidic channels. Despite this, interest from within the microfluidic
community has spurred an uptake in common 3D printing methods toward the creation
of internal voids and microfluidic channe®ome of the methods investigdtinclude

FFF, i3DP, and VP methods.

FFF has been used to create taght fluidic channeldor a number of applications,
however resolution of the technique is limited by the extrusion nozzle sizeg®H00
iI3DP has the capability to produce microfluidic channels at higher resolution, however
the technique is expensive and removal of the support material from complex internal

microfluidic channels is extremely difficult

Despite the ability to produce mplex mesh network®, powder bed technologies
such as SLS, SLM and binder deposition methsltle a similar problem in the
removal of unmelted material from channel networks. As a result, production of

microfluidic channels is lgely limited to the substrate surfate

Of all the current AM techniquesMPeSL is uniquelysuited to the produan of
microfluidic channels in a single stémr severalreasons. First, the working material

is liquid which can easily be removed from internal channel structures. Second, there
is no need for the use of support structures when fabricating -sgate iternal
features. Third, the equipment is cost effective offering a high resoliationst
ratio*8. Finally, feature size limits range from as low ag f®to ~75 mm in the same
build, ideal for microfluidic applications where connections from matyanicro

scale are needed.
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2.4 Photopolymerisation process modelling

As the uptake iIlAM processes grows acra$e industry, there is a greater need for
predidive modelling to characterise limitationsdaadvantages of each technique.
Modelling of AM processes ha®cently gathered speeds thesetechniques are
applied tocritical applications inbiomedical, aerospace, amditomotivesectors
Advances in the aoputational power of modern personal computers andrnaimess

to cloud computing resources has brought the ability to model and simulate to the
consumerln this section, the photopolymerisation process is discussed in relation to

process modelling.

2.4.1 Phobpolymer materials

First developed in the 196006s, photopoly
industry for applications in coating and printing, dentistry, audiology, and the
fabrication of microelectronic devices using photolithograghy

Photopoymer materials react to radiation in a broad number of spectral categories
including gamma rays, -Xays, electron beams, UV, and visible light, however UV
and electron beam are most commonly used. Recent developments-liEJV
technology have led to an @ase in availability of UV SL systems. It is now possible

to purchase a desktdpPs SL 3D printer for less than $2,00@ith both UV (385 nm)

and visible (405 nm) options.

Polymers can be categorised into linear, branched, and-lotked structures, as
shown inFigure2.18. Thermoplastic polymers exhibit a linear easched molecular
structure and can be repeatedly melted arsblidified. These polymer materials are
processed using thermoplastic extrusion or embossing methddsling injection

moulding, FFE-and hot embossing, or by melting in a defined patteinm 8kS.
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Figure2.18. Polymer types; (A) linear, (B) branched, and (C) ctd®d, adapted frofe.

On the other hand, VP photopolymers are ctioé®d and, as a result, do not melt. In

addition, thes photopolymer materials exhibit much less creep and stress relaxation.

Phdopolymer materials are comprised thfee main components; monomers and
oligomers, the photoinitiator, and additives. Monomers and oligomers act as the main
component in the mixterand are responsible for the mechanical properties of the
solidified part. The photoinitiator is the basis for the polymerisation reaction initiating
crosslinking upon exposure to light at a specific wavelength (usually 325, 355, 365,
385, or 405 nmiy. Functionaladditives including reactive diluents, light absorbers,
and pigments play an important part during the VP build process tuning the
photopolymer resin viscosity and light absorption to increase build resolution. Other
additives enhance the visual or meclahiproperties of the final parthe main

functions of each component are outlined able2.2.
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Table2.2. Composition of photopolymer resins, adapted ffdm

Component Role
Monomers and The main components, carbon chains that will b
Oligomers together to make a solid part. Final material prope!

depend mainly on these components.
Photoinitiator Molecules that react when exposed to UV i
producdng radicals and initiating the polymerisatit
reaction.
Additives Visual and functional supplements, includi

pigments, dyes, absorbers, and reactive diluents.

The liquid photopolymer material, also called photopolymer resin, is a plastic
composed ofarbon chains of length ranging from one carbon molecule to a few
thousand carbons, it is comprised of all the elements of the final plastic météreal.

the resin is exposed to radiation at the appropriate wavelength, the photoinitiator reacts
producingradicals and initiating polymerisation causing the shorter carbon chains to
join covalently; forming longer chainsand creating a stiffer material As
polymerisation progresses the chains elongate and-lonesand the resin solidifies;

the entire procesoccurs in a matter of millisecondsgure 2.19 outlines the main

steps in photopolymerisation comprising radical formation, radical propagation, and

radical termination.

Radical formation Radical propagation Radical termination
Photoinitiator f i
o
@ ] (o)

.3 R% g%u %w%

Figure2.19. Freeradical pnotopolymerisationadapted fronit3,
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Formulation of custom resin mixtures is straightforward and, as a result, many
photopolymer blends exist. Variations consist of different backbones and side groups

with a wide range of optical, mechanical, and thermal properties.

In the VP 3D printing process, the polymerisation reaction is not fully driven to

completion and individual layers are kept in a ser@act ed fgitheen stat e
polymerizable groups on the surfadéis is necessary for success of the layer

layer process as it provides sites for polymerisation and enables covalent bonding with

subsequent layefseeFigure2.20).

27

23832383382323%8358833828338338233

2 283383383232283258283582332282332333

@ Polymerised material
C— Semi-reacted green state
$38333%% Polymerisation reaction between layers

Figure2.20. The semreacted green state of the layer interface enables layers to covalently

bond together, adapted fréth Image shows build directiom)( and layer numbeny.

This producesan isotropic part with little difference the number of chemical bonds
between lateral and vertical directipmssulting in mechanically sound, fluidically

sealed, and optically clear parts with less risk of delamination.

2.4.2 Photopolymer curing kinetics

Photopolymer curing kinetics are governedthy BeerLambert law* which states

that the absorbance of a material sample isctliy proportional to its thickness and
the concentration of the attenuating species inAlisorbance and consequent
attenuation of the incident light by the photopolymer material is essential for free
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radical polymerisation. In modelling this effetie first parameter of integ in this
model is irradiance@which is the radiant power of the light source per unit area in
W.cni2. Taking ‘Oto be the irradiance at the interface between the polymer and the
light source the irradiance at any depth "Oa is related to the irradiance at the
surface by the Bedrambert law where the characteristic penetration dé&pths the

depth of penetration of the light source into a resin until a reduction in irradiance of
pXQis reached (this is a gesin characteristic with units em). The general form

of the irradiance equation is given by equa(i@1i)
oy o | (2.2)

The total energy receivetidepthz, O & (J/mn¥), for an exposure tim@,(s), is given

by
oa o1Q! (2.2)

WheredOis the energy received at the surfa® ‘O . Equation(2.2) can be re

written as
o4 O QF (2.3)

Taking the natural logarithm of both side®d rearranging we get tequation for cure
depth

) (2.4)

If we defineO as the critical exposure (i.e. the exposure at which resin solidification

starts to occQrequation(2.4) yields the working curve equatibti

. .0
§ 0Ol 1T— (29)

where ¢ is theresin cure depth and the parametérsand’O are photopolymer

material characteristics.

A working curve for any photopolymer/light source combination can be generated by

exposing the photopolymer material atknown exposure energynj/an?) and
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measuring the resulting polymer film thicknesmj. By fitting the resulting curve to
equation(2.5) the photopolymer material characteristizsandO, can be calculated.

An exanple photopolymer working curve is shownkigure2.21.

Cure Depth vs. Exposure
25 . .

20
15t

10} O

Cure Depth (mils)

—1 0 1 1
10° 10! 10? 10°
Exposure (mJ/cm?)

Figure2.21. Photopolymer resin working curve of cure depth vs. exposure energy. Image from
Gibsonet alt8,
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2.4.3 Overcure

The main challenge in printing microfluidic channels via VP meshis accurate

control of cure depth in thedirection.Thi s has previously been
side eff ectaeaial®asiBccarsah thelask side of the enclosing layer

being formedOvercuring of the resin material limits print resolution and represents

the man obstruction to microfluidic channel formatidfigure2.22 denonstrates the

mechanism of overcuring channels and overhangs oriented horizontally.

Vertical Horizontal

X

X

Y‘—? y(—?

Build platform z z
<«——— Solidified polymer

I I <—— Polymer resin

trrt ottt trittrtttt

x

Trapped resin —@_
3 pp \f" I
] T

Overcure

<— Build tray

N O O O OO o O

4 I I |'_‘::] Resulting channel height
| . .

7
E Input channel height
L O O O

UV light

Figure 2.22. Layer-by-layer fabrication process for a microchannel oriented vertically and
horizontally on the MRSL build platform adapted froit. The resulting microfluidic channel
height is considerably smaller than the input channel height for the channel oriented
horizontdly on the build platform dugo overcuring of the resin material inside the channel.

Overcue does not occur in the channel oriented vertically.

Threeapproaches have been taken in the literature to address this problem. The first
approach involves controf cure depth by doping the photopolymer resin with a light
absorbing dy& 13123136 Jsing this approach, Zisst al1*® succeeded in reducing the
polymerisation depth tbugh the addition od highly absorbing unreactive chemical,
reducing polymerisation thickness by 8 to 10 times. @hail® employed Tinuvin

327 as a light absorber in four concentrations to control cure depth of an acrylate
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based photopolymer resin. They ackeig\a cure depth of ~3n compared to ~200
em without the use of a light absorbEigure2.23 shows a micrdan fabricated using

an acrylatebased resin wit(B) and without(A) the light absorbing additive.

Figure 2.23. SEM images of micréans fabricated via ME&SL in an acrylatebased
photopolymer materia(A) 0.0 and(B) 0.05 % (/) Tinuvin 3273 The effect of poor depth
resolution in thez-plane can be seen in (A). This is overeohy doping the photopolymer
resin with Tinuvin 327 in (B).

The level of overcuring for the resin material is eviderigure2.23 (A) causing the
underside of the fan blades to adhere to the plinth. The effect is less prahwutinee
doped photopolymer material kigure2.23 (B).

This approach waalsoapplied by Gonget al*??2who investigated light absorbers
toward the poduction of ahigh-resolutionresinfor microfluidic applicationsThey
investigate the minimum size of a microchannel produced via teSMkhethod for
eight resin formulatiort$. They found the minimum channel height to be $3%5Q,
whereQ is the characteristic penetration depth of the réaso known a$ , see
equation(2.5)). Theyalsodescribe the construction of a custom&\®R 3D printer
for the fabrication of microfluidic channéfs. The new 3D printer and custom resin
formulation was used to produce microfluidic channels with esestion ofl8 20
em, made possible usinghégh resolution DLP light engine and a 385 nm UV LED
light source. Compared to the 405 nm light source previously, tis2@85 nm light
source enables matching of the LED wavelength withreatgr range of light
absorbersThis improvement in equipmergpresents the second approach to solving
the problem of overcuring.
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The thirdappio a ¢ h , called toaeediCampeoaahi was Zde

Limaye and Roset?"'%8to predict and mitigate for pristhrough errors caused by
overcuring Using this approactthe MRESL process is modelled and problem areas
where overcuring is present are identified. A defined volume of material (the
compensation zone) is then subtracted from underneatbaimputer Aided Design
(CAD) model to compensate for the predicted increasiénmension that would occur

due to overcure.This model could, in theory, eliminate prihrough errors
completely, resulting in part geometries that closely correspond to the input model
geometry. However, this approach only applieprint through erras on the exterior

of the designed part. As of yet, no effort has been made to mitigate for the overcuring

effect in internal voids such as microfluidic channels.

2.5 Summary

Microfluidics as a field has beamoundsince the 1980$lowever, @spitesignificant
scientific advances, most microfluidic devices continue to beiokgglab rather than
Lab-on-a-Chip, while the poinbf-care diagnostic market remaijust out of reach.

One area that has held up research and development of such devicdsghk-tost
andcomplexity associated with the fabrication techniques which is a barrier to entry
to the field for manyresearch laboratoriesho do not have access to clean room

facilities or expensive precision fabrication equipment.

Additive manufacturing technigs can provide a solution in this respect, offering the
capability to fabricate custom fluidic devices a fraction of the costtime, and
complexityof traditional techniques. HowevexM fabrication methods hayt® date
notbeen widely utilised withihe field of microfluidics. This can be attributed to the
poor resolution of cheap equipment, the prohibitively high cost of high resolution
equipment, and the lack of availability of suitable materigle expiration of key
patents in recent years hasight manyAM technologies to the consumer market,
making them more affordable aadcouragingompetition between the newly formed
companies supplying into this area. The rapid increase in the capabilities and
availability of theséAM technologies, at nmaln reduced cost, has ogelthe door to

the exploration ofAM as an alternative to more conventional 2D microfabrication

methods typically employed in the fabrication of microfluigiatforms.However,
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most AM techniques are limited to creating millimes@ale exterior features: the

creation of internal features and voids has proven difficult.

MPeSL stands out in this respect, with the capability of producing internal features
and voids from a liquid photopolymer resin that can be removed after produtitson

for this reason that this technique is most promising as a new prototyping technique
for microfluidic chips.Recent studies have shown that 3D printing methods can
effectively be used for producingiicrometrescale internal channels within bulk
biocompatible and transparent materials for a cost as low as $2 pgracinifirming

the feasibility of this approach for rapid prototyping of eeféctive microfuidic
devicesin a singlestep.Despite these advantages, &8 is still mainly limited to

the millifluidic regime, with advances in photonic hardware and polymer technology
slowly pushing the resolution limits to the miescalé?!%3

Continuous improvements in resolution are expected, ewgroving on the
resolution ofcurrently available TPP devices. However, it is clear that further research
is needed in two main areas: removal of suppatenml from complexnternal
geometries andolving the problem of overcure which represents a significant

obstacle in the pursuit of higlesolution3D printedmicrofluidic channels
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Chapter 3
3D printed microfluidic chip for biological sample

pre-treatment

Prabe-functionalised lon Exchange Membranes (IEMs) are a novel sensing method
for the detection of nucleic acids in sample mixtti®sThese labefree high
sensitivity biosensors are promising forgite diagnostics due to their miniature form
factor and potential for automation. However, one of timallenges in the
development of an esite diagnostic platform is the miniaturisation of-ladsed cell

lysis and prereatment protocols for efficient extraction of nucleic acids from the
lysed solution prior to sensing. In addition, development of newrafhiidic
technology istime consuming and highly involvedequiringaccess to clean room
facilities and expensive materials. In this chapter a novetrpement protocol for
cell-lysis, volume reduction and buffer exchange in a microfluidic form faisto
designed and tested using a new -&fctive microfluidic rapid prototyping
technique. A 3D printed microfluidic Solid Phase Extraction (SPE) column was
developed and used toapture negatively charged RNA molecules through a
chaotropic binding me@mism. The column was fabricated with integrated-laek
fittings for connection to pumping and sensing peripherals in a single step using a UV
curable photopolymer. Siarticles were then packed against the integrated packing
weir and the device wasaled using a standard ldeck fitting and flushed with
RNase Zap and RNageee water to remove RNase enzymes. The SPE column was
subsequently loaded with the lysed cell solution and the column was washed using a
buffer optimised to reduce the conduivof the eluted sample while retaining the
nucleic acids on the column. Finally, RNA molecules were eluted dsiogized DI)

water and volume fractions were analysed using quantitative retvanseription
polymerase chain reaction (QFPICR) and comgred with commercially available

RNA purification methods.

Thischaptedemonstrates the strengths of usirggMPe SL 3D printing technique for
microfluidic assay design, development, and rapid prototyping.
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3.1 Introduction

Silica-based SPE is a popular method in biological sampléreatment due to the
binding affinity and specificity of nucleic acid molecules to ttagisnary phase. Many
commercial spircolumn based pretreatment sobms exploit this (e.g. Qiagen
RNeasy), offering a wide range of DNA and RNA pretreatment kits. The extraction
protocol consists of five main steps including; lysis, binding, washingehnibn
facilitated by a silica gel stationary phase to which the nucleic acids under
chaotropic buffer conditiong={gure3.1).

Sio,

Figure3.1. The chaotropic binding processedatively charged nucleic acid molecules bind

to the negatively charged silica in the presence of positive ions (chaotropic salts).

This mechanism lends itself to microfluidic ckhpsed nucleic acid purification with
applications in portable, fieldasedmolecular diagnostics and prognostics when
coupled with an oliggrobe based detection system. Development of a solid phase
extraction protocol that is not reliant on laboratory equipment would be a considerable
step toward a truly portable nucleic acigagtostic device. However, a humber of
obstacles exist including integration of the solid phase, and removal of the lysis buffer
while retaining nucleic acids on the stationary phase. Previously, Breagtrai!é°
integrated a silica stationary phase into a microfluidic channel for purification of DNA.
This was achieved by packing silica beads against a temporary silige| Soit
integrated in the channel. Another fafation method is reported by Cady all*.

They fabrcated a meandeshaped microfluidic channel with integrated sHozated
pillars for SPE using a photolithography etching process. Zbtiat}*2 developed a
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disposable cartridge incorporating an etched micdiftupretreatment chip with

silica coated microchannel. This system was used in line witlP®@R for dengue

viral nucleic acid extraction and detection. In a similar study, adakin SPE chip

was developed by Reeday all*®. They fabricated a microfluidic chip with silica and
chitosan stationary phases in series for concentration of nucleic acid samples for
downstream applications. This dual domain apeto uses the chaotrepeven
binding of the silica stationary phase together with areixchange chitosan phase to
remove PCR inhibitors such as guanidine and isopropanol from the lysing and silica
extraction steps. The device can be coupled directly RCR thermal cycler for

downstream amplification and detection.

An electrochemical detection method employing probe functionalised IEMs
developed by the Chang grddp'** at Notre Dame promises rapid, labaind
amplification free detectionof nucleic acids for portable diagnostics. Unlike
conventional electrochemical DNA sens@tsthese ion selective membrane
biosensorgnable both preoncentration and detection aégatively charged nucleic
acid molecules on the same platform. This is an advantage over other elbesede
sensors that require a separate flow focusing technique to concentrate the analyte
within the sensor recognition layer. However, -pomcentratia time is strongly
influenced by the conductivity of the buffer solution, with higher buffer conductivity
leading to increased pe®ncentration times. Efficiency of the detection system can
be improved dramatically by purification of the biological sanspl@tion prior to the

pre-concentration step.
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3.2 Materials and Methods

3.2.1 Protocol design

The pretreatment protocol was based on the commercially available RNeasy Kit from
Qiagen. This kit uses a miniature spin column with a silica plug for chaediroyen
nucleic acid binding and consists of load, wash, and elution steps facilitated by
centrifugal pumpingFigure3.2 (A) shows the Qiagen RNA purification proceshe
process was adapted in this case to use a positive pressuge pumping system

thus facilitating automation and improving portability for-gite applications. The
modified assay is shown Figure3.2 (B).

A: Qiagen kit X3

| Lyse | — Load | — Spin |+ Wash/Bind || Elute |- Spin || Analyse

B: Modified Assay

| Lyse H Load |+ Wash/Bind | Elute H Analyse

Pumping

Figure 3.2. A) Qiagen RNeasy kit RA purification procedure and Bhe modified RNA
purification assay used in this study. Samples can be used for sensing and amplification

downstream applications.

3.2.2 Chip design

Each corponent was designed using Solidiks 2015 (Dassault SystenWaltham,

MA) and sliced into individual layers using Asiga Composer 3D printer software

(Asiga, Anaheim Hills, CA USA). There are some key limitations to the fabrication

method based on resolution of the 3D printing hardware in the vedtreation.

Theselimitat ns have previousl-gi dbe farddideeubduée d t he T#ib
to overcuring of the resin materiakide microfluidic channels. These limitatidmesve

been overcome in this case by orienting the packing weir to benefit from reduced

levels of oveturing in the horizontal directicss shown irFigure3.3.
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Figure 3.3. The SPE packing weir was oriented to benefit from higher resolution of the
MPUSL printing process in the haodntal &-y) plane. (A) CADrenderingof the SPE chip
with integrated weir and (Band microscope image of the chip crgsstion taken using a
Keyence VHX2000digital microscopeThe integrated packing weir has a total diameter of
136 um.

3.2.3 Fabrication othe 3D printed préreatment device

The SPE prareatment device was made using a DLP 3D printer (Asiga Pico Plus 27
- Asiga,Anaheim Hills, CA USA). The printer has a resolution of 2 in the XY

plane and an adjustable Z resolution which can be tnadtep height of 10m. All
pretreatment devices used in this study were produced at a Z step resolutiomof 50
as this permitted adequate resolution at faster fabrication throughput. All parts were
built using a cleamethacrylatebasedphotopolymeresin commonly used to produce
ear moulds (Freeprint mould Detax GmbH & Co., Ettlingen, Germany). The
photopolymer cures at a wavelength of 405 nm which is compatible with the Asiga
LED light source and is biocompatible when fully cured. The exact csitqoof the

resin material is proprietary; however the material safety data'regorts that it is

a mixture of acrylic/methacrylic resins twiauxilliary materials. Material properties

of the polymer resin are outlined Trable3.1.
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Table3.1. Material properties of Freeprint® mould matefial

Property Test method Freeprint® mould

Colour Standard light box Transparent
colourless

Viscosity CP; gap 0.052 mm, cone {622 mPas

mm/1°; 23°C, shear rate 8¢ s

Initial hardness Zwick H04.3150 74 Shore D

(without post curing)

Final hardness Zwick H04.3150 79 Shore D

Flexural strength Accord. To DIN EN ISO 178 75 MPa
Flexural modulus Accord. To DIN EN ISO 178 19062100 MPa

The column was fabricateoh a single stepwith integrated luelock fitting for
connection topumping and sensing periphexalAfter fabrication, the part was
removed from the 3D printer, submerged in a bath of Ethanol and sonicatee3f@r 20
minutes (Branson 5510 40 kHz sonicator). After sonication, the columns were
removed and attached to a syringe using the integratedblclefittings and flushed
repeatedly with Ethanol and DI water until cleared. Finally, the columns were dried
using compressed air and pasired in a UV oven for 10 minutes. After fabrication,
the column was filled with high purity grade Si@articles (607 pore size, 4B3pum
particle size Sigma Aldrich) using a small metal tool to pack against the packing weir
and sealed using a standard Hesk fitting. Figure 3.4 shows the fully packed SPE

column with integrated ludock connection.
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Packing weir

Figure3.4. Solid phase extraction column with integrated doek fitting packed with Si@
particles

After fabrication, the SPE column was watcked and treated using 5000f RNase
Zap (Sgma Aldrich) to remove RNase enzymes followed by 1 ml diethyl
pyrocarbonate (DEPC) treated water at a flow rate eB@g@l/min. During this step,

the column and setup were monitored for leaks.

3.2.4 Sample preparation

All reagents were purchased from Sigmar#dd unless otherwise indicated. Three

cell types were used in this studgy; coli, Brucella reotomagand Dengue viral cells
(DENV). First, the cell samples were lysed using TRIzol® RNA isolation reagent
(ThermoFisher Scientific) and the aqueous phase exttacted using a standard
phenotchloroform extraction procedure. An alternative cell lysis protocol adapted for
low-resource settings was developed and compared with the standard lysis method for
the three cell types used in this study. A comparisaheofwo lysis methods is shown

in Figure3.5.
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Shake to mix Shake to mix
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\/
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y Y
Decant Decant
(pipette) (pipette)

Figure3.5. Procedure for cell lysis and aqueous phase extraction. Standard proggaure (
modified procedure for fieltbased apjptations B).

The modified lysis assay was developed for use in resqaaelocations with no
access to standard laboratory equipment (e.g. centrifuge, oven). RNA vyield for this
new assay was compared to the standard method both qualitatively andatjuelytit
using gel electrophoresis and NanoDrop 2000c spectrophotometer (Thermo Scientific)
respectively. The new method resulted in a reduction in RNA yield-GDS0 for the
hardto-lyse bacterial cellsH. coliandBrucella neotomae but only 3% for degue
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viral samples. This can be attributed to the viral capsid which is easier to lyse and does
not require such rigorous lysing conditions. This new protocol can be readily

miniaturised for field based viral diagnostic or prognostic applications.

3.2.5 Solid phae extraction

After cell lysis, the aqueous phase was loaded on to the SPE column. An intermediate
wash step was then used to selectively remove excess aqueous phase solution (salts)
from the column leaving nucleic acids bound to the silica particlesllysinacleic

acids were eluted using DER(@ated water. The experimental workflow is outlined

in Figure3.6.

Load |—| Wash |—| Elution |—| Analysis

Figure3.6. Solid phase extraction protocol.

Eluent fractions were k&n throughout the procedure for further analysis and
characterisation using a combination of methods including conductivity788
conductivity meter, Horiba), UWis (Nanodrop 2000c), gel electrophoresis, and
gRT-PCR (g225, Kubo Technology). Conductivitiithe eluted sample buffer is a key
parameter in the assay design as it has a direct impact-@omrentration time and

thus overall assay time. A target of 2 mS/cm yields a preconcentration time of less
than five minutes with preoncentration time sing exponentially at higher buffer
conductivities due to a higher concentration of ions in the solution which need to be
depleted®. Two wash buffer elements were tested in this study includ#Agand

ethanol with respect to conductivity of the elution buffer.
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3.3 Results and discussion

Initial gel electrophoresis results using the 3D printed SPE column are presented in
Figure3.7. Gel electrophoresiwas performed in 1% agarose gel with MOPS buffer

run at 120 V for 50 minutes.

Figure3.7. Initial verification of the prdreatment protocol using a packed silica column and
lysedE. colicells. Lanes (kR) include: (1) ribo ruler 606200bp; (2) aqueous phase loading
buffer eluent; (3) first 4Qul DEPC water buffer elution; (4) send 40ul DEPC water buffer
elution; and (5) third 8@ DEPC water buffer elution.

Initial verification of the prareatment procedure was performed using the standard
lysing protocol to obtain the aqueous phase followed by sample loading anddhree
elution in DEPCGtreated water. This initial gel demonstrates the capability of the silica
stationary phase for capture and release of nucleic acids. During the loading step,
nucleic acids bind chaotropically to the silica particles due to the preseroegiridp
counterions and no bands are visible in the corresponding gel (laRhg@e 3.7).
Following threepart elution in DEP@reated waterthe bridging counteions

dissolve and the nucleic acid molecules become dislodgettfre silica substrate, as
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demonstrated by clear bands in the gel (lan&sKgure 3.7). In fact, most of the
nucleic acid molecules elute in the first dloof DEPC elution buffer as indicated by
sharper bands in lane 3. Tiesconfirmed using gR'PCR (q225, Kubo Technology)

as demonstrated Figure3.8 with wash step included.

100 | - 30
425
80 -
420
60 |-

] % of total RNA

O Concentration 15

B
o

10

[~}
o
RNA concentration (ng/ul)

Percentage of total RNA (%)

Load Wash Eluate 1 Eluate 2

Pretreatment step

Figure3.8. Elution profile as a percentage of total RNA measured, withesponding RNA
sample concentration (ngdj. Thebulk of the 16S and 5S RNA strands elute in the first 100
pl aliquot of elution buffer (eluate 1Yhe RNA (Brucella neotomaeelution profile was
quantified using gRIPCRto determine concentration of 168d 5S RNA amplicons.

The elution profile obtained is typical of SPE elution profiles reported previously by
Cadyet al*! using silica as the stationary phase where bulk RNA elution occurs in
the first 50ul to 100l elution buffer. Addition of an intermediate wash buffer has
minimal effect on the elutioprofile with some minimal RNA loss during the wash
step. The wash buffer plays an important role in RNA binding and in reducing the
conductivity of the eluent. Here, the effect of the wash buffer composition on nucleic
acid retention and eluent conductywwas studied by varying two parameters; buffer
composition and buffer volume. Eluent conductivity was measured throughout the
pretreatment process using the three wash buffers. Results are presehrigpaten

3.9.
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Figure 3.9. Eluent conductivity before, during, and after the wash step using two different
wash buffers: 2Propanol; and 70%Ethanol+TBEPCtreated HO was used as a control,
simulating a scenario in which no washffeu is used. Sample conductivity was reduced

below 2 mS/cm after only 104l wash using 70%Ethanol+TE.

Of the buffers used, ethanol was found to be more efficient in reducing eluent
conductivity while minimising nucleic acid loss during the wash steffeBalcohol
content was also investigated by varying the volume of ethanol freb@@% (/\) in

TE buffer solution, the ideal ethanol content was found at 70%Jsing 70% \/v)
ethanol in TE wash buffer, sample conductivity was reduced below tget tar
conductivity of 2 mS/cm in just 1Qd. This target conductivity corresponds to a-pre
concentration time of five minutes with an increase in conductivity above this level
yielding an exponential increase in frencentration time. In contrast, 100% IPA
wash buffer and the DEPReated water control sample were less efficient, only
achieving the target conductivity after 250and 30Qul respectively. Furthermore, as
water acts as an eluting agent, most of the nucleic acids are eluted in the firkt 100 p

to 150 ul before reaching the desired buffer conductivity.

The impact of wash buffer volume on RNA retention was examined using gel
electrophoresi<. colicells were lysed and piteeated on the SPE column using two
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different volumes of IPA wash buffeR50 ul (Figure 3.10, lanes 36) and 500ul
(Figure3.10, lanes 79).

3y

Figure 3.10. Wash buffer volume optimisation using two different volumes of IPAhwva
solution. Lanes (1R): (1) Ribo ruler 600200bp; (2) control sample; sample 1 (lane®):3
(3) aqueous phase loading buffer eluent; (4) gbWash buffer eluent; (5) elution 1; (6)
elution 2; sample 2 (lanes9): (7) aqueous phase loading buffer alié8) 500ul wash buffer

eluent; (9) elution 1. All samples are E. coli RNA.

Results demonstrate that longer 16S and 5S RNA molecules stay bound to the column
throughout the wash process for both volumes while smaller RNA fragments and lysis
buffer remnats elute during the wash steps as indicated by a difference in the bottom
bands Figure3.10, dotted lines) with the bottom band effectively washed through in
the second sample (lane 9). The persistence of the longer RNA stamdse

attributed to the enhanced binding potential when using the alcohol wash.

Column capacityvith column length, particle size, and packing density impacting the

total nucleic acid retention. Column design parameters were fixed throughout testing
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while cell number was varied to determine column saturafiable 3.2 outlines the

column and stationary phase parametieas were fixed throughout testing.

Table3.2. Solid phase extréion columnand stationary phag@arameters.

Parameter Value Unit(s)
Column diameter 2 mm
Column length 30 mm
Weir diameter 150 pm
Particle diameter 40-63  pm
Pore size 60 A

Total weight of silica 43 mg
Packing flow rate 20-30 pl/min

To demonstratehe nucleic acid binding capacity of the column, RNA loss was

measured as a percentage of the total RNA in the solution at three cell corames)trati

results are shown iRigure3.11.
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Figure 3.11. Graph of percentage RNA washed through during the column loading stage
versus totaBrucella neotomaeells loaded. A higher percentage of RNA is lost for larger cell

numbers due to column saturation.
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The graph demonstrates a stationamage RNA saturation point for cell culture
volumes above Fcells/ml. Larger sample volumes necessitate a SPE column with
greater surface area for RNA attachment. This can be achieved by increasing the
column volume or improving the packing density byngsa porous monolithic

material.

3.4 Conclusions

A novel approach to stationary phase integration using a 3D printed calemwas
developed and tested for pretreatment of nucleic acid samples from a variety of cell
types includinge. coli, Brucella neotomaeand Dengue virusKey limitations of the

3D printing method, namely resolution in the vertical direction, have been overcome
by orienting the main weir feature to benefit from the higher resolution in the
horizontal directionln addition, a new prototavas developed enabling fielthsed
pretreatment and detection of nucleic acids for disease diagnosis. Results show
efficient purification of nucleic acid molecules from the lysed cell solution. Effect of
wash buffer volume and composition on condugfivf the purified sample buffer

was examined and optimised based on the requirements of the electrochemical IEM
detection method. Integration of pretreatment and sensing elements together in a
closed system is necessary for-te diagnostics where commdaboratory

equipment is not available.
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Chapter 4
Microfluidic chip fabricationvia Mask Projection

micro-StereolithographyAn evaluation

4.1 Introduction

Mask Projection mickst er eol i t hography (MPgSL) i s a
capable of producingsolid pars with micronscale resolutionfrom a vat of
photocurable liquid polymer resiilthough the physical mechanism remains the

same, the process differs from traditional lag&ivanometebased stereolithography

in its use of a UV projector which cures edakher instantaneouslyn this chapter

MP ¢ Si& investigated as aew, costeffective, fabrication techniquéor the
production ofmilli- and micrefluidic channelsin the bulk polymersubstratein a

single stepThis rapid prototyping technique imiquely suited to the production of

internd channels due to theature ofthe liquid polymer resinwhich can be washed

away after processingnd itsability to produce small overhanging structures without

the need for support materialhis is extremely beneficial wheapplied to the
fabrication of microfluidic channels, enabling the production of completely
encapsulated channels in a single step without thet toe®ond a secondary substrate,

thus reducing the risk of delamination at high pressibespite thesadvantages
fabrication ofmilli- and micrefluidic channels remains a challenge doehe resin
overcuring effect;tis effect is characterised with respect to channel build orientation
Overcuring has a greater effect on chanoelksnted horizontally with respect to the

build plattomdue t o -shdefibAtkct o which occurs
material inside the channel is exposed to UV light during fabrication of the channel

enclosing layers.

Integration of threaded higpressure fluidic fittings during the build process was al
achieved andburstpressure was easuredPressures up to 100 bar were observed
before failure of the fitting through two observable modesiufe slip and thread
leakage Plasma treatment of the cured polymer material demonstrated the ability to

tunethe polymer surface charge for microfluidic applications.
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4.2 Materials and methods

4.2.1 Chipdesign andabrication

Three microfluidic chip design parametefalfle4.1) were chosen including channel
diameter/width, channel shape, andidharientation to assess the effect of overcure
on microchannel fabricatioifhe design parameters usedhis study were based on
the MP ¢ S3D printing technique and a number atudies evaluating similar

techniques for the production of microfluidicasinel$102.117.147

Table4.1. Experimental design space

Parameter Levels N

Shape Square 2
Circle

Dimension gim) | 500 3
750
1000

Build orientation | A ce,0°,00) 6
Boe,0°,90)
Cloo,0°,0%)
Doo,0°,90)
E(o°,900,0°)
Fos,90°,90°)

Repetitions 1,2,3 3
Total 108

A set of experiments @redesigned around these parameters and dbip cesigns
were created using SolidWr k s E 3[2nfodeBing software, an example of the chip
design is shown iRkigure4.1. Each chip was designed with three channels of the same

shape and size spaced evenly apart to teshehagpeatability.

A

Eul er6s angl es wrelatienshipbaeivkbechaonel duildokrientatien t h e
and overcureEach part was built in six orientatiosdure4.2) and the corresponding
channel dimensions were measuredgis VHX-2000 Digital Microscope (Keyence,

Osaka, Japan) at the channel entrance.
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Figure4.1: Microfluidic chip design for characterisation of MiiCraft HR 3D printer

A MiiCraft DLP 3D printer (Young Optis, Taiwan) was used to fadate microfluidic

devices inMiiCraft Creamacrylic polymer materiaht a slice thickness of 2&m.
Characterisation of the MiiCraft DLP printer was performed previously by Shetllan

al® (Figure 2.17). They report on the fabrication of square fluidic channels with a

mi ni mum wi dth and hsudygthvas foorfd that g cllamels | n t
(>15 mm) with di mensions below 500 em be
could not be cleared, theeet e only channel di mearsi ons

analysed in the results presented

Analysis and characterisation of the overcuring effect was carried out using a similar
DLP 3D printer (Pico+27, Asiga, Anaheim Hills, CA, USA) using an acrybaised
polymer material (Freeprint mould clear, DETAX GmbH, Germany). This printer was
also used to fabricate microfluidic channels with integrated fittings for burst pressure

testing using the same material.
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Figure4.2: Six orientations (AF) based on Eul erds angl es. Bui | di n gintdrnalfluglic chanwels arg printat i ons
resolution alongeach plane iX, Y and Z. Orentations AD contain channels orientémbrizontally(paralkl to the build platformyvhile orientations E and F
contain channels built verticalijpormal to the build platform)



4.2.2 3D printed microfluidic fittings

Female 1682 Upchurch microfluidic fiings were designed using SolidW k s E 20 1 3
3D modelling softwarga 3D CAD rendering is presentedrigure4.3.

Figure4.3. CAD model of microfluidic chip with female threaded-3P ferrule fittings for
burst pressure testing. One end of thgakas blocked using a blank-8@ fitting during

testing.

Before testing, the microfluidic channel was primed withiadesed water and one
end was blocked using a blank UpchurciBRPPEEK fitting (Sigma Aldrich, Ireland)
The inlet was connected to a HRlpump (Smartline 100, Knauer GmbH, Germany)
usingal®B 2 Upchurch ferrule fitting and 1/160 O.

3D printed fittings were tested at a flow rate of 1 ml/min.
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4.3 Resultsand discussion

4.3.1 Dimensional analysis

Fabrication of squarand circular channels <75m in diameter and side length
respectively proved extremely difficult due to channel blockage during printing and
removal of the viscous seraured gellike polymer after printing. As a result, only

750em and 100@m channelsr@ presented in the following section.

Oneway analysis of variance (ANOVA) was carried out to investigate the
significance of build orientation on channel output dimensidre Bonferroni post
test wagperformed to analyssimensionalariance b&veen théuild orientations and
the Dunnett postest was performed to analyse variance between the build orientation
and the input channel dimensidssing the Bonferroni pogest analysis, orientations
A and B were found to be significantly different from ater orientations, including
each other for width and height measurements. The Dunnett test shows that the
measured values are significantly different to the input value. For all sets of values,
there exists a significant difference between the sets oh mehies measured

Tt m Lpn 18T w wndbetween the mean values and the input vahae 1T TiLp
n Tm8twu

Of the six build orientationsanalysed orientations E and F are the only channel
measurements to show correlation with the input values for all shapes and input
dimensiors. This can be seen kigure4.4, with mean values for orientations E and F
falling closest to the input valul addition, there is no statistical difference between
orientations E and F and the input channel dimensions, aegdadthe Dunnett post

test. This can be seen in the optical microscope imadagure4.5, and in Appendix

A

Horizontal channels are prone to blockage as the UV curing light penetrates through
the cured layers into the microftlic channels while the enclosing (bottom) layers are
being built. This concept is illustrated kigure2.22, showing the pronounced effect

of overcuring on channels oriented horizontally. This has previously been dubbed the
filcles i d e Géfafderesultéin increased surface roughsseon unsupported
channels and overhangs due to the uneven intensity profile of each pixel and the
inhomogeneity of the base resin. The bae effect does not occur in vertical
orientations E and F as channels are fully supported and there are nangierha
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features. Overcuring is visible around the edges of the channels but to a lesser extent.

This can be attributed to constructive interference between individual DMD'8ixels
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Figure4.4: Mean height (diameter) of circular and square channels at each orientdion A
Vertical channel orientations E and F consistently show closelation with the input
dimension. All dimensions were measured at the channel outlet. Errorsh@ans80%

confidence intervalCl) (¢  0).
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— Vertical

Figure4.5. Circular and square cresgction microfluidic chanels printed via MESL. Input
channel dimensioifor circular and square channels was B0 diameter and side length
respectively Horizontal orientations A are poorly defined showing enhigher variance in
channel dimensiowith most prints resulting blocked channels. &ftical orientations E and
F are well definedshowing lessvariation in channel dimension agdeater agreement with

theinput channel dimensions.
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4.3.2 Characterisation of the overcuring effect

The dfect of the number of enclosing layermn the level of overcuring was studied
for two sets of microfluidic channels fabricated at slice thickness levelsofr@imd
75em respectively. Square channgs1f 1@ 11 gm) with enclosing layerp

p mwere fabricated using a DLP 3D printer (Pico +27, Asiga, CA, U8gihg
Freeprint mould material (DETAX GmbH, Germanyevel of overcuring was
calculated as the differea between the input channel heiginid the redting 3D

printed channel height; results are showRigure4.6.
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Figure4.6. Increasing the number of enclosing layers resuliggireater degree of overcuring.
(A) Raw images 08D printed microchannglvith enclosing layerp 1 p 1(B) Level of
overcuring ¢m) as a function of the number of enclosing layey$dr 25em and 7% m slice
thicknesses with layer exposure times of 0.9 s and 1.4 s respediinelybars are standard

deviation 0 o©.
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As expected, an increase tine number of channel enclosing layers results in an
increase in the level of overcuring for both &, and 75em slice thicknesses.
However, the degree of overcuring is also strongly influenced by the slice layer
thickness; decreasing as slice thicknesagreased from 2&6m to 75em.

Overcuring occurs due to excess exposure to
process and occurs to a greater extent in transparent resin materials that contain fewer
light-blocking dyes or pigments. Improvements in pady science allowing increased

accuracy in control of cure depth may be able to mitigatthfarGonget all? studied

the effect of resin material absorbance onftimmation of microfluidic channels and

voids using the MPegSL technique and were abl
height as ~3.5.5 h (where R is the characteristic optical penetration depth of the

resin and minimum channel width as fquixels n the build plane. Reduction of resin

cure depth can be achieved using a combination of UV filters oxybenzone (commonly

found in sunscreen) and Ti@s demonstrated by Mait all*8, however mechanical

properties of the resuttg polymer material were po. Reduction of overcuringan

be achieved using these strategies but requires-@epith knowledge of the physical

characteristics of the polymer resin.

4.3.3 Burstpressureest

3D printing offers many advantages over conventiomatrofluidic fabrication

methods; one of the main advantages is the ability to fabricate standard microfluidic

fittings in place on chip without the need for additional bonding. The ability to 3D

print threaded fittings, while difficultsiextremely bené&fial and opeaup a range of

modular applications by enabling interconnectivity between chips and to peripherals.

The benefits of this modularity have been cited widely in the literature, with many
researchers publ i shing oinditchsed0 t@menmiidcfisc hoifp fi mo

i nt erf®ceso

The most common threaded connections are UpchuBéhathd 1632 fittings (IDEX
Health & Science) and are used to interface with PEEK tubing using a ferrule that
locks tight around the tubing when screwed in pl&egure4.7 (inset) shows a-82

PEEK Upchurch fitting secured in place in a 3D printed block. Burst pressure testing
was performed on a similar B2 Upchurch fitting with resultdisplayed inFigure

4.7.
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Figure4.7: Failure modes for Upchurch 432 threaded microfluidic fittings. (A) Fast failure

of the microfluidic fitting at ~120 bar due to ferrule slifpea the initial test. (B) Fast failure

at ~100 bar during the second trial. (C) Failure due to thread leakage at ~100 bar after repeated

usage. (D) Arexampleof a 3D printed Upchurch-82 fitting.

Two failure modes were observed during testing includereule slip and thread

leakage. Ferrule slip is a fast failure mode caused by insufficient holding pressure at

the interface between the ferrule and the PEEK tubing. Increased resistance to ferrule

slip maybe obtainedy altering the ferrule angl@hreal leakage was only observed

after repeted insertions of the fitting (r 3) due to wear of the 3D printed thread.

Maximum pressure obtained over ttwurse of the experiment was 120 bar (12 MPa)

for a single usétting. Repeated testing resulted in fadwf the threaded connections
at ~100 bar.
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4.3.4 Plasma treatment

The ability to modify the substrate material surface energy is often beneficial for
microfluidic applicationsFigure4.8 shows the contact angle (CA) of the cuaed/lic
photopolymerresin(PlasClear, Asiga, CA, USAefore and after treatment in oxygen

plasma.

Angle = 76.63 degrees
Angle Left = 76.87 degrees
Angle Right = 76.39 degrees
Base Width = 3.7206mm

JAngle = 18.17 degrees
lAngle Left = 18.65 degrees
lAngle Right = 17.69 degrees
Base Width = 6.5813mm

Figure4.8. Contact angle (CA) of 3D printed PlasClear material. (A) Before plasma treatment,
CA =77°; (B) Aiter O, plasma treatment for 5 minutes, CA = 18°.

After treatment for fiveminutes the substrate surface energy increasts @A
changing from 77° to 18°This increased wettability is advantageous, supporting
electroosmotic pumping and facilitating primgiof microfluidic channels when filling
with liquids with high surface energies (particularly aqueous solutions) which is often
difficult®*. Depending on the polarity of the analythannel hydrophobicitgan be
tunedto prevent adsorption of chemicamponents to the channel walikich can

reduce band broadening in chromatographic applicafions
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4.4 Conclusios

3D printing has recently gained popularity among researchers in the field of
microfluidics.Stereolithographitabrication methodssavegained traction due to their
ability to produce internal features at smaller scales than other AM medimolds
without the need for support structurdgre,a variation on stereolithography,P € S L
was investigateds a methodo producemicrofluidic channels and features. Results
presented show that feature size dependewerakey parameters including material,
channel orientation, layer height, channel shape, and curing time. Circutaretha
below 750 em were fabricated peatablyin heterogeneous poner material
demonstrating the ability of the procassproduceinternal voids without support
material. Penetration depth of the resin matemas found to be a key maneter

influencingthe resolution, minimum void size, anti¢ level of overcuring present.

High pressure threaded microfluidic fittings weresigaed and printed using the
MP & $tocesdn a single stepFemale threaded holes exhibited two failure modes
under high pressuriow; ferrule slip and thread leakage. Maximum backpnessu
reached before failure was 12 MPa; this rhaymproved upon by increasing ferrule
angle to provide a tightenterface between the fitting amabing.

Finally, plasma treatment of the acrylic gbhpolymer demonstrates the ability to
modify surface charge and increase wettability of the material supporting
electroosmotic pumping and facilitating priming of microfluidic channels when filling
with liquids with high surface energies.
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Chapter 5
A new design algrithm for mitigation of the
overcuring effect in Mask Projection micro

Stereolithography

5.1 Introduction

A significant obstacle in fabrication of internal voids via &8 is the effect of
overcuring. This results in poor resolution and blockage of micrafliedannels
during fabrication limiting the minimum size of a microfluidic chan(eseFigure
2.22, Figure4.5 andFigure4.6).

One way to avoid this phenomenon is to increaseabsorbance of the resin material

to impede penetration of the curing light through the polymer material. This results in
a reduction in the material characteristic penetration d€pthirhis approacitwas
takenby Gonget al*?who succeeded in creating a higisolutionphotgolymer resin
enabling theproduction of smaller channels. Thdgveloped a model, based on the
exposure threshold model for the MFL process using the el as a basifor the
optimumabsorptiorcharacteristics of thehotopolymer resin materidtxploring the

effect of material characteristicsesin characteristic penetration dept , and
critical time (Y) on the level of overcurehey alsodemonstrate the effecf build
parameters including layer slice thickness and number of channel enclosing layers.
Slice thickness shows an inverse relationship with the level of overcure, with smaller
slice thickness levels corresponding to greater $evkbvercure: while an increase in

the number of enclosing layers showed a positive relationship with the level of
overcureResults show that the typical minimum microchannel halghends largely

on the resin paramet®, with minimum achievable height for a given photopolymer
resinin the range ~3.65.5'Q. In a separate stugghoiet al*®use the same approach

to increase the resolution of a photopolymer material using the light absorber Tinuvin
327. The light absody was found to reduce the characteristic penetration depth

providing increased control over the cure depth wbrémting andproviding higher
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depth resolutioifseeFigure2.23). However, aside effect of doping the photopolymer
resinis the need for increased layer exposure time leading to a reduction in print speed
of the MRESL process.

Building on their previous researdBpnget all?® further demonstrate the ability to
fabricate high resolution microidic channels using custehuilt high-resolution
MPuUSL hardwareBy matching the 3D printer light sourspectrunto the absorption
spectrum of their bespoke photopolymer resin theyieved higher depttesolution
than was previously possible. This eleabthe production omicrofluidic channels
with 18 20 um crosssectionusing the MRSL technique.This printerresin
combination demonstrates a combined approach to sohagdblemof overcuring
These are the twmost commorapproaches taken in thmprovement of MESL
resolution;i.e. (1) alteringthe base resin material characteristics, &)dimproving
the MRUSL printing technique.

A third approach was taken himaye and Rosénd’**whodeveloped a mathematical
model to predict and avoid the-salled printthrough error that results in the vertical
dimension of an MPSIbuild when multiple layers are stacked, they called their
met hod t he A CAmp e o sirg ihie appradachnttee MBL process

is modelled and problem areas where overcuring is present are idehike&ong

et al’?>!?3 they use the exposure threshold model in their calculatidngefined
volume of material (the compensation zone) is then subtracted from underneath the
CAD model to compensate for the predicted iaseein dimension that would occur
due to overcure. This model could, in theory, eliminate fhrdgugh errors
completely, resulting in part geometries that closely correspond to the input model
geometry. However, this approach only applies to print thr@sgprs on the exterior

of the designed part. As of yet, no effort has been made to mitigate for the overcuring

effect in internal voids such as microfluidic channels.

The approachkliscussedhn this chapters similar although compensation is performed
throughout the entire part, not just simply at the final layeraddition, his new
approach is suitable for both intelremd external features, where previously only

external feature dimension was considered.
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5.2 Theory

In this section, a simple model foretloptical dose delivered to a photopolymer resin
during the exposure of a single layer is introduced. Characteristic material parameters,
concepts and mathematical notation are presentedmathematical model presented
here is expanded further when seglithe model up to twona three dimensions in
section5.3.3 For further detail on the derivation of this model refer to books by
Jacob$41%" and Gibsoret all'®and paperby Gonget al'?23 Choiet al®3, Limaye

et all®’, Zissiet all*®and Vitale and Cabraf.

Model assumptions:

Exposure is additive for each layer

Interference between DMD pixels is negligible

Threshold model of resin cure is valid

The resin molecules underneath pagt being cured are stationary

ok~ 0N PF

The cleaning process can completely remove the surrounding uncured resin
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5.3 Mathematical model

The MPSL process can be model | eJlofthesi ng t he
photopolymerisable resin to predict how deep the incident curing light will travel into

the resin and thus predict the thickness of the final cured layer. The basis for the
mathematical model is the Beeambert law®’ which states that the absorbance of a

material sample is directly proportional to its thickness and the concentrétioa o

attenuating species in it. This concept is demonstratEgjure5.1.

-~

Depth (2)

Light intensity (I) Iy

\

ﬂ

Light source (UV-LED)

Figure5.1. Il lustration of Beerds | aw as applied i

charactestic penetration depth.. Adapted from Gongt al*2

This model operates in the halbaced 1, "O Tt where light is incident from the
direction of@ T and propagates in thed direction.The first concept of interest in
this model is irradiancd)(which is the radiant power of the light source per unit area
in W.cni2. In the case of the Asiga 3D printer the radiant power is distributed evenly
over the area exposed to the U¥ZD by the DMD. The optical irradiance at the
interface between the buitchy and the resin @ 1, is"Q This incident light;Q, is
attenuated by the liquid photopolymer, with absorption coeffigieien?), asit

passes through the material.
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The irradiance at any point in the resin depth "Oa is related to the irradiance at
the sirface by the Beekambert law where the characteristic penetration depth is

defined asQ  pj| :
"Q:} ..(xz ..m J (51)

This equation serves to highlight the meanihthe characteristic penetration depth,
"Q. By settingd "Q it is understood that the irradiance at a depti®ois roughly

37 % Q @ ¢ X Woflthe irradiance at the surface. Thigk,is the resin depth at
which the irradiance hasbn attenuated such that it is 37 % of the irradiance at the
surface. In addition, since the Bdeambert Law holdsQ is a material property of

the resin and can be measured.

The corresponding dose, 4hd , in units of J.cn? for an exposure timef 0 is
oo o6® JOQ ! (5.2)

From this equation the critical do%®,, is defined as the dosé which polymerisation
occurs and has proceededd t h e 06 g eold of phe photdpdlymer imaterial s
shown inFigure52wher e 6X6 represents the thresh

polymer can be considered solid or nearly solid.

Liquid

Gel point

Polymerisation ratio

Y

0 D.

Exposure energy (J/cm?)

Figure5.2. Gel point of a photopolymed. X 6 r e pr e s e mdtisat whitkethet hr e s ho | «

polymer can be considered solkHapted from Zissét al®®,
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The value ofO is a material property of the photopolymer resin and is specific to the
interaction between the photopolymer resin and the curing source spectrum. The

critical dose at a distance @ is given by
Y OO0 (5.3)

Using this definition and solving equati@¢s.2) the polymerisation depth can be

expressed as

. .0
& Qi IW (5.9)
or, in unitless parameters, ¢ Q andt g ",
- 1t (5.5)
From this equation, it is understood that whien p,& — T regardless o).

Thus, wherthe exposure time reaches the critical poifihe resin aft  Ttreceives

just enough dose to reach the gel point and become solidified, whereas the resin above
this point att  Ttremains liquidHence, whert p, the resin afi  Ttreceives a

dose that ist times larger than the critical dos®,(as6 T "Y). For example, if

t  uvthen— 1 b p#suchthatr p&Q and aitx Trthe resin receives five

times the critical dose.

From equatior{5.2) and(5.3) the normalised dose) ¢hd , can be expressed as

. O oo 0 . (5.6)
1 4 _! J
m Qho o) "YQ
or in unitlesform
muy, TQ (5.7)

Similarly, whenmm p, the resin receives enough dose to be solidified and when
mtthe normalised dose is equalftd’hese relationships are plottedrigure5.3'2 The
variation of polymerisation deptly , with normalised layer exposure tinfe is
plotted inFigure5.3 (A). This graph is similar to the concept of the resin working

curve presented isection2.4.2
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Figure5.3. (A) Polymerisation deptlg, as a function of the normalised layer exposure time
(J, equation (5.4) for different levels of resin characteristic penetration depth,(B)
Normalised dosem), as a function of deptht/ for different values oh, and the normalised

exposure timet.2

Figure 5.3 (B) shows thenormalised dos@) as a function of depthy for different
values ofQ andt. The poymerisation point wherg) p is shown here by the dotted
line. It is noted that smaller values'@f require longer exposure times, and as a result
the inhomogeneity of the layer increagéenversely, largef) values require shorter
exposure timeand as a result the material beyond the polymerisation depth receives
a larger dose than for smaller values™@f This is the fundamental traadéf in

minimising microfluidic channel height in a 3D printed microfluidic device
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Table5.1. Resin curing model parameters.

Parameter Symbol Unit(s)
Absorption coefficient | em?
Characteristic resin penetration def "Q em
Curing time 0 S
Depth a em
Polymerisation depth a em
Polymerisation tire at depthi 0 s
Optical irradiance ‘0 W.cm?
Optical irradiance at the interface O W.cn?
Dose 0 J.cm?
Critical dose 0 J.cm?
Critical time Y S
Table5.2. Resin curing moel unitless parameters
Parameter Symbol Equation
Normalised depth - Qg Q
Normalised polymerisation depth  — ajQ
Normalised time T a’y
Normalised polymerisation time T 0j"Y
Normalised dose m g0
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5.3.1 Internal void formationi Theory

A schematic of the laydry-layer fabrication of a simple square microfluidic channel

is presented ifrigure5.4. The Asiga Pico+27 uses the inverted mask projection SL
configuration wih projection optics located beneath thensparent buildray, thus

the part $ built upsidedownon the build platformWhen the flow channel is formed

in Figure5.4 (C) the flow channel region is masked, leaving the resihanregion in

the unpolymerized liquid stat&his resin becomes trapped inside the part when the
enclosing layes Figure 5.4 (D) are polymerised.Some of the irradiance used to
polymerise the enclosing layers (layers 5 and 6@dsento the flow channel as the
enclosing layer does not absorb all the incident light. This continues as each
subsequent layer is exposed and causes the polymerisation of the resin inside the flow
channel if the sum of the received doses reaches/suspéssepolymerisation
threshold; thus, causing solidification and blockage of the channel. To mitigate for
this, the flow channel-dimension must be made taller so that the final channel size
corresponds to the desired input. This is a key constrainistiatical to the design

algorithm presented in sectién3.4

In the following section a mathematical model, previously developed by Gaitf
for total optical dose in a mullayered part, is described in detail.iFimodel is the
basis for the 2D and 3D models developed in se&igit
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Polymer resin Solidified polymer _

z uild platform v 2 + z
1 : Build platf % ‘ Zgi TA
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UV light ;
Build tray
D
Trapped resin
. R . |
s T A S Y N IS Resulting channel height
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Figureb.4. Fabrication of a part with an embedded channel via®P(A) UV light is projected thragh the build trayuring the first stepausing solidification

of layer 1, this process is repeated for layer 2 in B fabrication of layer3 and 5is not shown in the graphic. During fabrication of layer 4 in (C) the UV
light is masked by the DMDtahe location of the embedded channel. (D) Shtive fabrication of layer 6. The resulting channel height is smaller than the
designed input channel height due to overcuring.



5.3.2 Total optical dose for a ufti-layered part

In the design space ttiemodeld 1 at the interface of the part being pedtand
the build platform Figure5.4) and he layer thickness is defined by(Yd). The layer
number is given by, wheret ¥ 1) p , and0 is the total number of layers ine
final part. Thus the optical irradiance receiveddaspthd during the exposure of layer

¢ is given by
(5.8)

where thenumerator in thexponentl term is the position of the top of the layer,
€ p &, minus the depthat which we wish to calculate the irradian€ke optical
doseO afp , for a layer exposure time and the corresponding normalised dose are

given bythe equations
O g 004 010Q J (5.9)

0 . .
m @ <0 iotQ j (510

where the layer thickness is normalised by dividing the layer thicknegsthe resin
characteristic penetration dept (i.e.— & Q). Normalising the dptha by the
layer thicknes$t gives a new unitless parameter ¢ a. Thus, the normalised dose

can be rewritten as
m i tQ (5.11)

where the cuent depthd must be less than or equal to the top of the current layer,
€ pa(anyvalueofigr eat er than the top of the curre

fabricated yet). This is defined by the following condition

E p I m (5.12)

therefore
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- 1’0 h E&E ¢ p (5.13
m | OEAOXEOA

in other words, theabe received during the exposure of layenly influences layer

¢ and the previous layers built before it, but not the subsequent layers.

The normalised dose for a layent the backf ¢ and frontf & p isgiven

by equationg5.14) and(5.15) respectively.
m TQ (5.149)
m T m Q (5.15

The main condition for the success of a 3D print is that the dgseeceived by the
layerexceedshe polymerisation threshold of the resin at the back of the ¢anadaling

the layer to adhere to the previous layéris requirement can beased in terms of
the normalised dosax) p. The minimum dose required for layer adhesion is
given by equatiol5.16) and the corresponding minimum dose at the front of the layer

is given by equatio(b.17) below.
m p (5.16)
m Q (5.17)

Finally, if we assumexposure is additive for each lay@ssumption 1), #n the total

dose over the entire 3D printed part is given by the sum of the individual layer doses

(5.19)

wheren) is given by equatio(b.6).

91



Table5.3. Multi-layeredpart- experimental parameters.

Parameter Symbol Unit(s)
Build layer thickness a em
Layernumber 3 -

Optical irradiance received at dep O & W.cm?
& during exposurefdayer &

Optical dose received at depth (0] J.cm?
during exposure of layer

Total number of layers 0 -

Layer exposure time o S

Table5.4. Multilayered part unitlessparameters.

Parameter Symbol Equation
Normalised layer thickness - ajQ
Normalised dose received at def m 0j0o

a during exposure of layer
Normalised depth r a a

Normalisedayerexposure time T 0j"Y

To demonstrate the nature of equat{éri8), consider the graph of the normalised
dose plotted as a function of depth Figure 5.5. The graph shows the typical
polymerisation dose ceived for a solid block of material consisting of five layers,
with layer thicknesg p 111 . Parameters are set for the ideal case where the dose
received at the back of the layer is just endiegltomplete polymerisation, such that

m p8t The normalised layer thicknessis set at 0.69 to yield a normalised

layer exposure tim& of 2.0.
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Figure5.5. Normalised dosén) plotted as a function of depth) for a solid polymer bldc

of material consisting of five layerindividual layer doses for layersSlare shown by the
dotted lines. Total polymerisation dose received by the part throughout the build is shown as
a solid black line. Vertical grid lines spaced at intervals otOrepresent the interface

between consecutive layerg. p8tis represented by a horizontal red line.

The total energy doseceivedby theinitial photopolymeidayerdepends on the total
number of layers in the part. In fact, because exposure is ad@disisemption 1), the
total energy dose received by the initial photopolymer layer will be a summation of
the energy doses used to fabricate the subsequent layers. This can beFsgpae in

5.5 wherethe total dose received by laykis noticeably larger timathe dose received

by layer 5. For exampleh¢ total normalised dose at the back of layer 1 is 1.9, whereas
the total dose received at the front of layer 1 is 3.9. In comparison, the total dose
received at the back and frorftlayer 5 is 1.0 and 2.0 respectiveRhis variation in
polymerisation dosbetween the front and back of each layer likely results in a-build
up of internal stressdblroughout the 3D printed part due to differences in material
phase between partlgndfully -polymerised regiors.
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5.3.3 Modelling of an embedded channel

In Figure5.5 we considered the case of a completely solid part in which every layer
receives an exposure. Let us now consider the case where an internal ves&ig p

in the 3D printed part. In such a situation, the layer is not exposed at that point in the
build. To model this, a new parameter, is introduced for each layarsuch that

nrj E&E BRALI '@EATTAI (5.19)
ph I OEAOxEOA '

The new equation for total normalised dose with an inteimidlis given by equation
(5.20

~

m{[ ht 1 m (5.20)

To illustrate the effect of adding an internal void into the build constdgprre 5.6
which shows a graph of the total normalised dogep{otted against depttz)(for a
15layer part with an internal void inserted in layeiis& The variation of the binary

parameter with layer is shown in green.

1 can be cosidered the ideal polymerisation dose where p represents material

that has received just enough dose to initiate polymerisation andrm represents
material that has received no dose. However, this is not an ideal scenario and the
polymer trajped inside layers 68 receives some curing dose during the formation of
the enclosing layersi915. This is enough to partially block the channel such that the
input channel dimension differs significantly from the output channel dimension, in
this caseby 10em (33%) or one whole layer. In fact, the dose received by layers 6
and 7 is a significant fraction of the dose required for complete polymerisagion

P8I .
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Figure5.6. Normalised dosenf) plotted as a foction of depthd) for a part with an embedded
channel with layer thicknesg = 1 0, amdnotal number of layer8 p v Total
polymerisation dose received by the part throughout the build is shown as a solid black line.
Vertical grid lines spaced attarvals of 10em represent the interface between consecutive
layers.Minimum dose to reach the polymerisation threshold, p8t, is represented by a

horizontal red line. The variation of the paramétgs represented in green text.

5.3.4 3D model

Equation(5.20) can be expanded two and three dimensions by evaluating at each
andy coordinatein the design space. In the case of theBIPtechniquethex andy
coordinates correspond to DMD pixels in the build plane. Thus equdidd) is
evaluated at eackandy pixel coordinate throughout the entzelepth of the part
from the first layer¢ 1 to the finallayere 0 p . Values are stored in a 3D
array representing the total build exteAs2D crosssection ofthe 3D normalised
dose array foa simulated 3D printed part with an embedadtannel is shown in

Figure5.7.
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Figureb5.7. A 2D cross section of the normalised dagerfiatrix for a simulated part with an
embedded channalith 1D intensity outsetSlice thicknesg p 111 , and total number of

layersO  p vThe embedded channel is locastthyers 6, 7 and 8.

The simulated 3D array ofjvaluescan be simplified by defing a set polymerisation
threshold; defined by  p in the current work. From this condition, it is possible to
divide the 3D dose array into solidified and unsolidified peepsesented by binary
ones and zeros. This concept is illustrateéigure5.8 (B) which shows the simulated
result from Figure 5.7 represented in binary formathe difference between the
designed input arraffFigure 5.8 (A)) and the simulated resulFigure 5.8 (B)) is

calculated using a Boolean XOR operation.
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Figureb.8. Binary array representation of the (A) the designed input, (B) the simulated result,
and (C) the difference bgeen (A) and (B) calculated using a Boolean XOR operaliba.

black arrow shows the build direction.

5.4 Predictive desigmalgorithm

Using the designed input channel dimension as the end condition, an iterative design
algorithm is developed based on the mathtical model in the previous section.
Equation(5.20) forms the basis of the predictive model which is evaluated at each step

in the algorithm to predict the output channel heidirt iterativeapproach is then

taken to convergé&oward a solution for input channel height that will result in the

desired output with thevercuring effectaken intoconsiderationimplementation of

the predictive desigm | gor i t hm i s real i se-it(Natonahg Lab
Instruments, TX, USA)

5.4.1 CAD design and slicing

A 3D model of the embeddethannel is designed using Solidw k s E 2016 ( Das
Sysemes SolidWrks Corp., MA, USA) and output asSTL file. This model is then

imported into Composer software (Asiga, CA, USA) for orientation han duild

platform and slicindpased on the slice thickness settings of the Asiga 3D printer (10

i 150em). After the model has been processed and sent to the 3D printer the individual
slice files can be downl oaded ifpoom alhdeer:
containing a stack obinary (black and white)mage files in Portable Network

Graphics (PNG) formaAn example of a binary slice file is shownRigure5.9.
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Figure5.9. Example of a binarslice file downloaded from th&siga 3D printer web interface.
Slice files are sent in sequence to the DMD projector which masks or réfledtd/ curing

light based on the binary image pattern.

5.4.2 Generation df array

The PNG image stack downloaded from the Asiga printer web interface is then
converted into a binary 3Roxel arraywith x andy array dimensions corresponding

to the number of pixels in each PNG slice imat280 800 pixels respectively).
The Z array dimension varies based on the slice thickness and overall size of the
designed parfThis 3D voxel array becomes the initial set of values for the parameter
1 in equation(5.20) such that individual values f can be queed using the array

index (i.e] {p returns thg value at the poinb p,® ¢,a ainthe array).

Due to he large size of the voxel arriys necessary to split the array into subsections
containing regions of interest (ROI) to reduce simaoiatime. ROIs are extracted

from the array before execution of the code.

5.4.3 Implementation of th@redictive desigmlgorithm

The design algorithm is implemented using an iterative approach. First, the ideal

solution— is defined based on theputvoxel array]
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— (5.21)

Equation(5.20) is calculated for eack andy voxel in the array summing the dose
received over the entiedirecion duringthe fabrication of each layer froen T1to

0 p. This results in 8D voxel array of singleprecisionfloating point numeric
values form, the normalised dos&his array,ny , represents the simulated dose
received by each voxel duringet build. A polymerisation threshold is applied to the
simulated dose array based on the assumption that valugs of p8trepresent a
fully polymerised material, and valuesmof p8trepresent unpolymerizedajuid

resin (assumption 3).

A 3D Boolean array— , is generated from this threshold, with values of 1

representing fully solid material and values of zero representing unsolidified material.

m Ol O 1 EAEAEAA (5.22)
ph Ol 1 EAEEEAA

This simulated voxel arraghe numerical solutiorpecomes the basis for calculation
of the modifiedinput voxel arrayj . First, the difference between themerical

solutionand the ideal solution alculated.
%o — —_ (5.23

Subtraction of the two numeric Boolean arrays (0, 1) results in the 3D difference array,

% Note that the subt r acuttingmmthe followingthieeo n i s
scenarios;

ajp p T

byp m p

C)m p T

(a) and (b) are the standard mathematical protocol, however (c) represents the case of
saturation which is essential to convergence of the méagire5.10 showsa 2D
cross sectional image in tlxé planeof the three arrays for the two cases.
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Legend [1 ]
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Figure 5.10. A 2D cross section (in the’z plane) of three voxel array®ea, digea, and %o

illustrating the case of arithmesaturation which is essential to convergence of the 3D model.

To converge on a solution where the simulated ouput is close to the ideal input
the input channel must be made larger inzk@ection. The increase in channel size
in the z-direction is a function of the material characteristQs and”Y, and the
number of enclosing layers To widen the input channel the difference arfayis
shifted by one pixel in the-direction to yield%e, and then subtracted from thmgput

array,— , to calculate the new modified input voxel afray .
1 — %e (5.24)

Subtraction of these two Boolean arrays efgrmed using the saturah mode

mentioned previously.

New values form  and—  are calculated based bn  using equatior{5.20)
andthe process is repeated. In the current work, an end condition f@adgbathm
was choselasedn an upper iteration limi€ . Table5.5 showsa summary of the
terms used in the algorithrA.schematic of thpredictivealgorithm is shown ifrigure
511
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Table5.5. Designalgorithm inputs.

Parameter Symbol Unit(s)
Inputvoxel array 1 -
Modified voxel array 1 -
Simulated normalised dose array m -
Ideal solution — -

Numericalsolution — -
Difference between ideal amdimericalsolutions %0 -
Shifted difference array %0 -
Pixel depth
Pixel width

em
em
Layer thickness em

Layer exposure time

n
n
o}
0
Polymerisation threshold m -
Maximum number of iterans Q
Voxel z-shift W
O

Relative errotimit %
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5.5 Results and Discusm

Validation of the current model was carried out using a model of a circular
microfluidic channelv T i diameterwith three levels of enclosing layers

v fr AT @ rmand at a slice thicknegs ¢ (1 . The number of enclosing layers,

_, is measted from the bottom of the microfluidic channel to the bottom of the part;
for a circular channel, a second parameter,is defined as the distance from the
middle of the microfluidic channel to the bottom of the part. This concept is outlined

in Figure5.12 showing paired values for bothand_ .

Build platform
900
Ac 1 ))\\=120
A A=25 =2l
‘ A=36
A=50
A=61

Figure5.12. The model parametersanda., number of enclosing layers.is measured from

the bottom of the channel, Wha: is measured from the middle of the channel.

Model inputs’Q and™Y were chosen based on a photopolymer material, Formlabs
Clear, with values of 246.27m and 0.9482 s respectively. Further information on

determination of photopolymer maitarproperties is given in secti@?2.4

The evolution of the binary arrays ,— , % and%e in the application of the
design algathm toward the production of thercular microfluidic channek stown

in Figure 5.13, Figure 5.14, and Figure 5.15 for _ v f bA 1T @ mlayers
respectivelylt should be noted th&® was sett@ v Titerations for each model,
howeve only iterations up until convergence of the model are displayed. For iterations
¢ ¢ b AT @#trespectivelythe model has fully convergetd 1) and there is

no change in any of the output arrays.
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Figure5.13. Evolution of the binary array8ns dreal, %9 and%e in the application of the design algorithm toward the production of a circular microfluidic

channelwith number of enclosing layers v 1
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Figure5.14. Evolution of the binary array8noa dreal, %9 and%e in the application of the design algorithm toward the production of a circular microfluidic

channel with number of enclosing layers ¢ v






z = 25 um

t=12s
Bigeal . A =10
h, = 246 pm
T.=0.9482s
n 10 11 12 13 14

Srmoc ...............
by = T TeTcoo99%9000°%

- I 7
- O ] 1 e A

Figure5.15. Evolution of the binary array$oq dea, %9 and%e in the application of the design
algorithm toward the production of a circular microfluidic channel with number of enclosing

layers_ p

Convergence of the theoretical modielpends on the interrelationship between the
material characteristics and experimental parameters. For successful mitigation of the
overcuring effect using the current modélke total thickness of the enclosing layers
_a above the void must be aater than the polymerisation thickness for a single

layer,
B Qe (5.25

where a is the layer slice thickness, ard is the resulting thickness of the
polymerised layer given by aqtion (5.4) for layer exposure timd), and material
characteristic¥) and”Y. This is one of the main findings of this study as it suggests
that channels smaller than the current limit of -85Q imposed ly Gonget all? are

possible using this new technique.

Another important characteristic of the model is the effect of the number of enclosing
layers on the ability to finely tune the channel shape. This means that a larger number
of enclosing layers alve the channel results in finer control over the resulting channel

shape, as resin absorption increases exponentially with thickness. For materials with
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largeQ it becomes increasingly difficult to mitigate for overcuring when dealing with
a small nmber of enclosing layers. However, by increasing the number of enclosing
layers mitigation can be achieved even for low resolution resins with argehis

can be seen when comparifigure5.13 for a channel with 50 encloxy layers (

v Jtwith Figureb.15for a channel with 10 enclosing layers ( p it

In the case of v Trthe final simulated result{ at&¢ ¢ 0 is a very close
approximation to the ideal solutior{ ) with circular channel walls at the top and
bottom of the channel. On the other hand, in the case op tithe final simulated
result — ate& p I shows the bottom channel wall (the side closest to the light

source) as completely flat.

Figure5.16 shows a graph of total difference (in voxels) between the ideal solution
(— ) and the real solution{ ) calculated using the XOR Boolean operator. This
clearly illustrates that a higher number of enclgdewyers results in greater control
over output channel resolutiamth the final difference in voxel count between the
ideal and real solutions approaching zerq ascreases. The final minimum voxel

error for the three cas presented is shownTiable5.6.
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Figure5.16. Convergence of the design model to an optimum solution. The graph shows the

total difference in voxels betwedhe ideal solutiorfdgea) andthe simulated sult (Chea)) for

the circular microfluidic channels presentedrigure5.13, Figure5.14 andFigure5.15. The

total difference bveen the ideal and real arrays converges for the three cases of

p T AT Amayers.

Table5.6. Percentage relative errdg.4) for the three cases presentedrigure5.15, Figure

5.14, andFigure5.13 for channels with enclosing layers p 1t bA T A mespectively.

f | fu | lterations to convergence= > @0)
10 | 61 14 14.66
25 | 36 22 7.47
50 | 21 25 0.94

As expected, relative erro)

, and number of enclosing layers &nd_ ) are

inversely related. It is also worth noting that the number of iterations to convergence,

¢, is strongly dependamn the number of enclosing layers, with larger numbers of

enclosing layers resulting in longer time to convergence but with lower final error.

111



5.6 Conclusios

The MRESL 3D printing method is one of the best suited 3D printing methods for the
production of nicrofluidic channels. Howeverhé production ofhigh resolution
internal voids represents a major challedge to the overcuring effect. Two main
approaches to tackling the problem of SL overcure are presented in the literature.
These includealtering tase resin material characteristics to reduce cure depth by
doping with a light absorb&'3 and improving MRESL depth resolution via

improvemaents in equipments,

A third approach has previously been investigated by Limaye and RoS€&toward
improving resolution ofthe MBSL t echni que by i ntroduci
that is computed via modelling and then subtracted fileenCAD model prior to
fabricationto compensate for the so called ptimtough errorsThis model could, in
theory, eliminatexternal pririthroudh errors completely, resulting in part geometries
that closely correspond to thgput model geometry. However, this model only applies

to external features and does not take into account the fabrication of internal voids.

In this chaptera new design atgithmwas developetbr mitigation of the overcuring
effect toward the production of high resolution microfluidic chann€hlss new
algorithm is based on the threshold model for resin curing which is evaluated at each
node in a 3D voxel array. Modificath of the initial voxel array ishen performed

using an iterative desigandtest approach to reduce efiminate overcure and
improve geometric resolution throughout the part.

Convergence of the model depends on the number of enclosing layeitso{ethe

void being greater than the polymerisation depéh) (for the dven layer
polymerisation timeéWhereas previously an increase in the number of enclosing layers
above a channel lead to an increase in the level of overcuring and a reduction in
resoltion, through the application of the new algorithm an increase in the number of
enclosing layers leads to increased control over dimensional acckiaally, the

new model suggests that it is possible to produce internal channels smaller than the

limit imposed by the photopolymer material characteridlcand™Y.
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Chapter 6

Model verification

6.1 Introduction

In this chapter,the design algorithm developed @hapter 5is experimentally
evaluatedusing a 3D printer based on tMPuSL VP technique (Pico +27, Asiga,
CA, USA) using thee commercially\ailable photopolymer materiaBhotopolymer
material characteristics including resin characteristic penetration dé&pihagd
critical time (Y) are evaluated for the three materials using the windowpane test.

These charactestic materal parameters form the basigioé predictive design model.

CAD software was used tdesign nicrofluidic channelswith square and circular
geometries at three settings fayer slice thickness¢( . In addition, the number of
enclosing lgers () used to encapsatie the microfluidic channels waaried between

10, 25, andb0 layers for both geometrieBhe 3D channel designs were oriented on
the printer build platform using Asiga Composer printer software and slazatding

to layer thckness ¢ ). The resulting binary PNG image stacks were converted to 3D
voxel arrays and input to the iterative design algoritiiaximum number of
iterations (Q ) for the design modekas setbasedon results from initial channel
simulations Modified and unmodified voxel models were then sliced and fabricated
at the corresponding settings and the resulting channghteeand shapewere

compared.

Results demonstrate the capability of the new design algorithm to mitigate for the
overcuring effect providing ncreased channel resolution arepeatability of the
technique. In additiorthe minimum achievable resolution is no longer limited by the
resin material characteristic penetration defih The current model sets a new
minimum limit tied to the number of enclosing layers,(with an increase in the
number of enclosing layers resulting in greater adrdver the final channel shape.
This is a vast improvement on the previteshniqgiewhereby an increase irresulted

in poor qualityblocked channels.
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6.2 Materials and methods

6.2.1 3D printer

A DLP 3D printer(Pico+27, Asiga, CA, USAbased on the MBSL VP technique

was used to fabricate microfluidic devices witfided channel height antiape. The

Asiga Pico+27 operates at a wavelength of 405 nm and has a reported resolution of 27
em in the build plaein x andy directionsand a variable verticatresolution of 1Q

150 em. X-Y resolution is based on the size of a single micromirrohéxDMD
micromirror arraythusrepresenting the base whdand depth of a single voxetith

the variable slice thickness in th@irection representing the voxel heigiihe DMD

is a Texas Instruments DLP 4500 module (Austin, TX, USA), with@¢ pp 1 T
micromirror array arranged in a diamond pixel orientdfioln order to ensure
alignment with DMD pixels, all test parts are rotatefl d the build plane as shown

in Figure6.1.

Build platform

Figure6.1. The orientation of the Asiga Pico+27 DMD pixels with respect to the X axis,
adapted from Gongt al2

DMD pixel alignment was experimentally verified by curing single ( pi 1 )
layers of photopolymer material at angles- @0°) on to a glass slidand imaging
using a VHX 2000 (Keyence, Osaka, Japan) and a Contour GT white light

interferometer (Bruker, MA, USA), results are showirigure6.2.
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Figure6.2. Characterisation of DMD pixel angle on the Asiga Pico+27 3D printer. Image (A)

is a 3D profile of the part used for angle characterisation, (B) shows a 2D microscope image
of the same part with angles superimposed. Image (C) shows alayeglef material (1 x 1

mm) with edges aligned with X and Y axes of the build platform, lines of DMD pixels are
clearly visible and are oriented at°4&.r.t the bottom edge of the part. In image (D) the edges

of the material are oriented at°48.r.t the X and Y axes. Image (A) weaken using a Brucker
Contour GT white light interferometer while imagesBwere taken using a Keyence VHX

2000 digital microscope.
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6.2.2 Materials

PlasClear (Asiga, Anaheim Hills, CA, USA), Formlabs Clear réSormlabs Inc.,
Somerville, MA, USA), and Freeprint Mould Clear 405 nm (DETAX GmbH,
Germany) photopolymer resins were used for microchannel production via the
MPeSL technique. PlasClear v 2.0, is an inexpensive photopolymer resin produced by
Asiga for their range of MESL 3D printers. Similarly, Formlabs Clear is a low
viscosity inexpensive 3D printing resin produced by Formlabshiir range of SL

3D printers.Such low viscosity SL resins are compatible with thee8P technique
which requires a lower viscosity working material to aid in resin replenishoneng

the build process. Freeprint mould clear is a +egh, biocompatible (class lla)
photopolymer resimised for audiology and dental applications including ear moulds
and dental surgical guidel.has the lowest viscosity of the three resins at 622 cP
(mPa.3. Resin viscosities for common commercially available photopolymer resins

are shown inmable6.1 below.

Table6.1. Common photopolymer resin viscosities, adapted frortftahdAppendix B

Resin Viscosity (cP)at 20°C
Spot GP 63
MadeSolid Firecast 65
Makerjuice G+ 79
2575 Ex010TPGDA 81
PR48 IC 165
Makerjuice SF 206
DWS DC500 275
Full Spectrum Laser Iron oxidelow viscosity 276
PR48 286
Form Castald 335
MadeSolid Black 336
MadeSolid Vortex 361
DWS DC550 378
DETAX Freeprint Mould * 622
Full Spectrum Laser Blue Casting 658
Full Spectrum Laser Casting Red 690
Form Black 876
FormLabs Clear** 800900
Asiga Pink 1082
Asiga PlasClear 1262
Full Spectrum Laser Blue Red oxide 1573

*viscosity for Freeprint Mould was measured at@3
**viscosity for FormLabs Clear was measured aiC5°
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6.2.3 Resin optical absorbance

Before characterisation, the photopolymer resin was mixed into a solution of IPA in
ratios from 1:2 to 1:10000. A ratio of 1:100 resin to IPA (49 was found to give
optimum peak resolution for the current setujguid resinwas decanted intd.5 ml

10 mm path length UV cuvette8randtech Scientific Inc., Essex, Ykand resin
absorbance measurements were made using a Biochrom Libra S22isUV
spectrometer (Biochrom Ltd., Cambridge, UKp photopolymerisation of the resin
material was observed before or after measurenidrg. Asiga 3D printer UV LED
spectrumwas measuredising an Ocean Optics Maya spectrometih fibre optic
connection(Ocean Optics, FL, USA)Equation (6.1) was applied to give the
normalised source spectrum with respect to light

T UV ©
.1 O AIOE 0O AAOG)CDl(;6 (6.1)
whereGs the source LED intensity ari@ is the ambient light intensitgneasured

while the LED ispoweredoff. Results are shown figure6.3.

117



T
415

1%FL

1%PC
1%DX %
----UVLED =
410 8
Q.
GJ m
&) Q
c S
£ ;
8 —4 0.5 8
< k%)
©
=
- @)
-------- 400 <£

0.0 £ |
1 | I 1 1 | 1 | I
200 300 400 500 600 700

Wavelength (nm)

Figure6.3. Resin optical absorbance for three resins, Formlabs Clear (FL), Asiga PlasClear
v2 (PC), and DETAX Freeprint Madi (DX) with an overlay of the Asiga 3D printer UV LED
spectrum.Peak ranges for monomers and reactive diluents, and photoinitiator (PI) resin

components are outlined in the graph.

The Asiga UVLED has a-ull Width Half Maximum FWHM) of 68 nm and a peak
value of 422 nm. This overlaps the absorpspectrum of th@hotoinitiator at the tail
end of the resin spectes outlined in the graph, whids the basic requirement for

photopolymerisation.

6.2.4 Measurement of experimental constants

Polymerisation thicknesas a function of optical dose wageasuredisingthe setup

in Figure6.4, which consists of a custom quartz slide holder through which UV light
from the 3D printer optics waprojected.The Asiga Pico+27 wastemporarily
modified to accommodate thexperiment; the build platform and resin tray were
removed and the slider was disabled. A layer of resin ~1mm thiclapgied to the

glass slide and exposed to a series of rectangular patterns with different exposure times
ranging fom 0.7 to 20 seconds. After exposure, the slidsrinsed in IPAto remove

unpolymerigd resin and the thickness of the polymerised regiassneasured using
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a Brucker Contour GT white light interferometer (Brucker, Massachusetts, USA).

Results are showin Figure6.5, andFigure6.6.

Projected image Photopolymer

Glass slide Slide holder

Figure 6.4. Generation of the photopolymer working cunysing the Asiga Pice-27 3D
printer. The slide holdeholds thequartz slide in place whilgV light is projected into the
resin volumefor a defined exposure time settingxposure time is increased after each

experiment tgoroduce a set of polymer membranes with increasing thickness

Figure6.5 shows a 3D height profile of a glass slide with 1x1 mm polymer membranes

with each membrane corresponding to a specific exposure time. Membrane
thicknesses were averaged over each memb
option in the Brucker Visior64 software to calculate error bars and results were

plotted to obtain a working curve for each resin material. The working curve for

Formlabs Clear resin is shownkigure6.6.
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Figure6.5. Measurement of photopolymer material constantnd T, using the windowpane method. Liquid photopolymer was exposed to squares of UV
light (1 mm x 1 mm) for increasing curing time periods. Thisgenahows exposure times from @2 .4 s fa Formlabs Clear photopolymer resMiembrane

thickness was averaged over the entire membrane ar e aoftwadaorhpose theeROG mul t i p























































































































































































