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Abstract

Miniaturisation of common 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 for a wide range of applications. These
goals present a unique challenge that originally spurred the creation of the
multidisciplinary field of microfluidics in the 1980s. In the same time-frame 3D
printing has progressed from its inception by Charles Hull in 1983 and developed into
a common industry technique used at the design and prototyping stage of product
development. 3D printing is now also used in custom end-user products in automotive,
aerospace, and biomedical industries. Despite this, achieving internal features and

voids at the micro-scale via 3D printing remains a major challenge.

In this thesis, Mask Projection micro-Stereolithography (MPuSL) was used as a
fabrication method for the production of microscale internal voids and features toward
achieving an ultra-rapid prototyping method for microfluidic applications. MPuSL is
an ideal replication method for microfluidic applications as the working material is a
liquid photo-polymer resin and thus can be removed from internal structures with
relative ease. In addition, unlike classical multi-step fabrication methods that are prone
to delamination, MPuSL enables the production of micro-scale capillaries capable of

withstanding higher pressures in a single step.

MPuSL build quality, channel reproducibility, channel size and channel shape were
examined, and process limitations were characterised. The so-called ‘overcuring’ of
the liquid polymer resin presents the main obstacle in the creation of microscale
channels and features using this technique and hence was a primary focus of this thesis.
Material characterisation techniques used to determine the nature of the photopolymer
materials were applied and a mathematical model was developed and applied to
predict areas where overcuring is likely to occur. This model forms the basis of the
novel design algorithm developed in this thesis to mitigate for the overcuring effect.
Finally, the new algorithm was applied to the production of internal features. The
resulting increased control over microchannel dimensions and improvement in

repeatability of the technique was quantified.






Chapter 1

Introduction

1.1  Overview

Microfluidics plays an important role in an ever-expanding 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 the introduction of soft lithography in
the early 90’s. This is especially true in academia, where soft lithography via moulding
in polydimethylsiloxane (PDMS) has become the de-facto microfluidic prototyping
method. However, the multi-step nature of this method is problematic in many
applications where fast concept-to-chip prototyping intervals are required for efficient
experimental throughput and optimization. Additive manufacturing (AM) also known

as three-dimensional (3D) printing offers a solution to this problem.

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 methods. Firstly, the resolution of
current 3D printing techniques is generally limited to the macroscopic regime, with a
few notable exceptions, with typical best commercial accuracies providing layer
thickness capabilities of ~16 um at high cost, as is the case for Stratasys’ PolyJet (PJ)
and 3D Systems’ MultiJet Modelling (MJM) 3D printing methods. Although these
devices can deposit very thin layer thickness, lateral accuracies are typically less with
best achievable wall thicknesses for example being 600 um for state of the art
ultraviolet (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. Support material presents an obstacle in the case of microfluidic channel
fabrication; post-fabrication the support material bound into micro-scale channels

during the build cannot be fully extricated.



Of the currently available AM techniques, stereolithography (SL), also sometimes
referred to as micro-stereolithography (uSL) offers the most promise for the creation
of polymeric microfluidic channels®. This technique is a layer-on-layer process where
photocurable resins are used to build up strong covalently bound components in a
single step enabling automated production of complex 3D shapes at low to medium

volume throughputs’.
uSL is well suited to microfluidic chip fabrication for a number of reasons:

— The working photopolymer material is liquid and is thus easily removed from
internal structures.

— There is no need for support structures for micro-scale internal features.

— Equipment is cost effective, and small-sized offering an exceptionally high
resolution-to-cost ratio*®.

— Fabrication speeds offer low to medium throughputs enabling prototyping of
components at faster speeds when compared with traditional fabrication
methods’?.

— Feature size limits range from as low as 10 um to ~75 mm in the same build,
ideal for microfluidic applications where connections from macro- to micro-
scale are needed.

— A wide range of photopolymer materials are available with a variety of
material characteristics including biocompatibility, high strength, rubber-like
materials, temperature resistance, chemical resistance, and optical

transparency.

Despite these strengths, fabrication of microfluidic channels <500 um in diameter is
challenging due to inadequate control of the photopolymer cure depth in the z-
direction, resulting in the so-called ‘overcuring effect’. Penetration of the curing light
through the enclosing channel layers often causes the resin inside the internal channel
void to cure in place blocking the channel and resulting in poor z-resolution*8°,
Current research in this area aims to address these limitations via improvements in SL
hardware!®!!, and by doping the photopolymer material with a chemical light

absorber!?14,

In this thesis, a third approach is 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 the direct production

of internal microfluidic channels via the MPuSL 3D printing method.
The main objectives of this thesis include:

— To investigate MPuSL for fabrication of internal microfluidic channels in a
bulk substrate material in a single step.

— To develop a rapid prototyping technique for common laboratory-based
microfluidic geometries.

— To address the limitations in the direct production of internal microfluidic

channels via the MPuSL 3D printing method.

1.2.1 Thesis outline

The structure of this PhD thesis comprises seven chapters in total beginning with an
initial investigation into the use of the MPuSL technique for fabrication of internal
microfluidic channels in a single step and culminating in a new design algorithm that
facilitates high resolution production of internal channels via this technique. The

contents of each chapter are highlighted below.

Chapter 1 — 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 2 — 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 3 — The MPuSL 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 devices. Limitations of
resolution in the z-direction due to overcuring are overcome by orienting the device in

the vertical direction on the build plane.

Chapter 4 — In this chapter the MPuSL technique is applied to the fabrication of
microfluidic channels. Dimensional accuracy and limitations of the technique in
creating microfluidic channels are characterised. The suitability of the technique

toward fabrication of end-use microfluidic devices is assessed.



Chapter 5 — A novel design algorithm is developed to mitigate for the effects of
overcuring in the MPuSL technique. Characteristics and limitations of the new

algorithm are assessed.

Chapter 6 — The new design algorithm developed in Chapter 5 is applied in the design
of microfluidic channels to mitigate for the overcuring effect in MPuSL. Microfluidic
channels are designed, and the algorithm is applied to generate mitigated microfluidic
models. Mitigated and unmitigated models are compared, and results are presented
and discussed. Repeatability of the new technique in creating internal voids shows a

marked improvement on previous methods.

Chapter 7 — This chapter offers a summary of the thesis highlighting important

findings and concludes by providing direction for future research.



Chapter 2

Literature review

2.1  Microfluidics

Microfluidics is defined as the study of flows that are simple or complex, mono- or
multiphasic, circulating in artificial microsystems®®. As a discipline, it falls under the
broader heading of MEMS (micro electro-mechanical 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 for the computer industry, however the field
took a leap forward in the 90°s with the advent of inkjet printing which spurred further
research and innovation in microfluidics. Since then microfluidic systems have
become widespread, evolving from single-function devices to complex multiple-
function analytical systems also known as micro-total analysis systems (uTAS)®, and
encompassing an ever expanding range of disciplines from biological and chemical
sciences, to physical sciences and engineering. Beginning with applications including
electrophoretic separation systems!’~1°, micro pumps, micro mixers 2°, and centrifugal
separation systems 2122, the field has spread to biological applications in clinical and
forensic analysis®, proteomics and metabolomics!®, immunoassays?, cell analysis®®,
point-of-care (POC) diagnostics'®, drug discovery?®, genetic analysis?®, and organs-

on-chip?™,

Operating at the micro scale offers huge advantages to scientists and medical
professionals including the capability of:

— streamlining complex assay protocols

— providing investigators with accurate manipulation of the cell
microenvironment

— reducing the sample and reagent volume, maximising the information obtained
from samples and particularly from precious 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 had been 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 micrometers®®,
however for most practical applications including microfluidics, MEMS devices exist
outside of this size range extending from the submicrometric scale to larger than 300
micrometres. The main goal of MEMS lies not in the creation of new sensing methods
but in the integration of many elements onto a single chip including detection,
information analysis, and signal processing, although novel sensing methods and
platforms are often a welcome by-product. In addition, the micro-fabrication methods
adapted from the semiconductor industry can easily be reproduced by the millions and
at low cost, a critical aspect to the success of many devices. One such early industrial
success of MEMS technology was an integrated accelerometer for detection and
deployment of airbags in automobiles®®.

MEMS took another leap forward in the 1990s with the invention of inkjet printer
heads, thus spurring the creation of the field of microfluidics in the process. It was in
1990 that Manz et al.3 published the seminal paper on miniaturised total chemical
analysis systems, thus creating the field of uTAS. The uTAS acronym is also
commonly associated with the expansion of the term ‘micro-total analysis systems’
with both terms being used interchangeably. Figure 2.1 outlines the concept of uTAS

as proposed by Manz et al.3L,
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Figure 2.1. Schematic diagram of the concept of an ideal sensor, a ‘total chemical analysis
system’ (TAS) and a ‘miniaturised total chemical analysis system’ (u-TAS) adapted from the
1990 publication by Manz et al 3L,

The concept proposed by Manz was one of a miniaturised total chemical analysis
system for automating common time- and labour-intensive laboratory techniques, such
as chromatography, by integrating sample pretreatment, mixing, separation, detection,
and calibration in a single modular platform. The proposed devices would 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 reduction in microchannel size
leading to faster separations, shorter transport times and a reduction in consumption
of the carrier, reagent or mobile phase. It is important to note that the enhancement of
analytical performance, rather than miniaturisation, is often cited as the main goal of
uTAS3L As a result, most pTAS devices could be thought of as chip-in-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, a range of microfluidic systems were fabricated



including electrophoretic separation systems, electro-osmotic pumping systems,
micro-mixers, DNA amplifiers, cytometers, and chemical microreactors®®. These
microfluidic devices enabled researchers to act at the micrometre scale where
previously they were only able to observe. Thus, microfluidics is an enabling
technology in many fields and can be accredited with many discoveries on the

molecular scale.

It is only since the late 1990s that the terms “Microfluidics” and “Lab-on-a-chip”
(LoaC) began to replace the term uTAS. “Microfluidics” became a general term to
describe the manipulation of all fluids at the micro-scale while the term “Lab-on-a-
chip” represented the concept of a miniaturised portable analytical device that
performs all sample handling, chemical functions, and detection in a monolithic
sample-to-answer device. Figure 2.2 describes the relationship between the different

terminologies.

Microfluidics

MTAS/
Lab-on-a-Chip

Figure 2.2. A Venn diagram showing the relationship between the different micro-scale 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

concrete applications. Common commercial applications of microfluidics include:
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inkjet printing heads, glucometers for measuring concentration of glucose in the blood,
pregnancy tests, DNA sequencing using high throughput droplet microfluidics, and
capillary electrophoresis — mass spectrometry (CE-MS). Despite this, microfluidic
device development is mainly limited to well-equipped industrial laboratories due to

the prohibitive cost of microfluidic fabrication techniques.

2.2 Traditional microfluidic materials and fabrication methods

2.2.1 Materials

The first microfluidic devices were fabricated in silicon and glass using techniques
adopted from the semiconductor industry, namely photolithography and etching.
These techniques are complex and time consuming, consisting of a multi-step process
and requiring clean room facilities and highly trained staff. As a result, soft-
lithography in PDMS and laminate object manufacturing using thermoplastics are
more popular in modern labs®? enabling 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
of a wide range of new polymer materials and processing methods. These ‘soft’
technologies are attractive as they enable rapid prototyping. Compared with silicon,
polymers can be optically transparent allowing integrated on-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 to the scalability of polymer processing techniques such as injection

moulding.

PDMS remains the most common polymeric substrate for microfluidic devices since
the advent of soft lithography in the late 90°s334, In comparison to silicon and glass
materials, PDMS is relatively cheap, permeable to gases (which is important for cell
culture applications®), biocompatible, and enables fast prototyping of new designs.
Thermopolymers such as polymethylmethacrylate (PMMA), polyethylene
terephthalate (PET), polycarbonate (PC) are commonly used to create microfluidic
devices via Xurography®, laminate object manufacturing (LOM)3"% injection
moulding®®, precision micromachining®, or a combination of these techniques. These

thermopolymer materials are popular due to their low cost, availability and high
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optical transparency. A range of newly developed cyclo olefin polymers (COP) and
co-polymers (COC) have gained traction amongst the microfluidic community due to
their high chemical resistance to a variety of organic solvents, high optical
transparency, biocompatibility, and low water absorption®'42, 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 properties, stability at high temperatures, and ability to fabricate using

common AM methods**4,

Recently, paper-based microfluidic analytical devices (WPAD) have emerged as a low-
cost alternative for point-of-care diagnostics in resource constrained settings*, The
emergence of this low-cost alternative represents a change in the field from complex
fabrication techniques toward simple cost-effective methods with shorter lead times.

2.2.2 Fabrication methods

Traditional microfluidic fabrication methods in silicon and glass consist of
micropatterning of the substrate 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 include photolithography?°,
etching®>?, soft lithography333453%  hot embossing®°, injection moulding®®®?,

precision micromachining*, and laser ablation®23,

2.2.2.1 Replication methods

Photolithography, the enabling technology of microfabrication, is characterised by the
patterning of a liquid photopolymer material (the photoresist) with light. This is
achieved by projecting light through a high-resolution photomask printed on
transparent glass or polymer material onto a thin film of photoresist that has been spin-
coated on a silicon or glass substrate. The photoresist forms a strong chemically
resistant, protective layer masking the material during the etching step. SU-8, a high-
sensitivity, high-contrast, epoxy-based negative tone photoresist is commonly used for
microfluidic device fabrication, offering good mechanical, chemical, and thermal
material properties as well as biocompatibility and transparency to visible light above
360 nm®>%64-%6_Common etching techniques include wet and dry etching, and reactive

ion etching (RIE)®*%2, Deep reactive ion etching (DRIE)® is used to form deep
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channels with high aspect ratio compared to RIE. Low throughput, high running costs,
the need for skilled operators, and the requirement for cleanroom facilities are
significant drawbacks of the photolithography technique, limiting the
manufacturability of the resulting microfluidic devices®.

Soft lithography?3, based on the principle of photolithography, was the first technique
to allow fabrication of microfluidic structures in an elastomeric material (PDMS) in
less than 24 hours. First a photolithography mask with the channel design is printed
on a transparency by a high-resolution printer. A positive relief photoresist is spun and
exposed to light through the transparency. After development of the photoresist,
PDMS is cast against the resulting pattern to form the microfluidic channels. Finally,
the PDMS surface is oxidised in an oxygen plasma and brought into contact with a flat
surface sealing irreversibly with PDMS, glass, silicon, silicon dioxide, or oxidised
polystyrene34. The soft lithography fabrication process is shown in Figure 2.3. This
method has since been used to fabricate multilayer microfluidic devices with three-

dimensional channel networks®8:6°,
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Figure 2.3. Fabrication of microfluidic channels in PDMS via soft lithography as reported by
Duffy et al 3. The soft lithography technique represents the first step toward rapid prototyping

of microfluidic devices.

Hot embossing is a popular technique for microfluidic device fabrication due to the
ability to form high-resolution structures in thermopolymer substrates®®%67.70-72
Despite the initial high cost of equipment, hot embossing offers fast fabrication times
and lends itself to scale up for high volume applications. As a first step, the
thermopolymer substrate is heated to a temperature above its glass transition
temperature (Tg) (see Table 2.1). The molten thermopolymer is then pressed against
the master replica under vacuum and allowed to cool to a temperature just below Tg,
after which demoulding is performed. Production of nano-scale features in

thermopolymer materials for applications in nano-fluidics has also been reported®”*°.
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Table 2.1. Tg for common thermopolymers used in microfluidic device fabrication.

Amorphous Polymer Tg (°C)
Polylactic acid (PLA)" 59
Poly(ethylene terephthalate) (PET)" 72
Poly(vinyl alcohol) (PVA)™ 80
Poly(vinyl chloride) (PVC)"™ 83
Polystyrene (PS)" 100
ZEONOR® Cyclo-olefin polymer (COP)™*  100-102
Polymethyl methacrylate (PMMA)" 105
Polycarbonate (PC)"3 108 - 187
Polytetrafluoroethylene/Teflon (PTFE)" 119
ZEONEX® Cyclo-olefin polymer (COP)™ 123 - 156
Polyether ether ketone (PEEK)" 146

Injection moulding has the capability to produce high quality microfluidic devices
with optical grade surfaces and the ability to scaleup to high volume
manufacturing®®®l. However, use of injection moulding in microfluidic device
development is limited mainly to industry and microfluidic service bureaus due to the
high initial cost of tooling which is a barrier to entry for most microfluidic labs’®. The
process begins with pellets 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 pressure. The temperature required at this point in
the process depends on the type of polymer used and can range from ~ 200°C (for
PMMA and PS) to ~ 280°C (for PC) and up to ~ 350°C (for PEEK) at the higher end”’.
The mould cavity contains the master structure, usually machined in a metal or
ceramic heat-resistant material. To fabricate high-resolution microscopic features, it
IS necessary to heat the mould cavity close to the melting point of the polymer material
to promote polymer flow into small structures on the surface of the mould. This type
of injection moulding process is called Variotherm, and results in longer cycle times
than standard macroscopic cold-cavity moulding due to the addition of extra heating
and cooling cycles. Typical microinjection moulding production times are between 1-

3 min per cycle”.
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The dimensional accuracy of this technique is a significant advantage enabling
integration of high tolerance robust microfluidic interconnects for high pressure
applications. This was demonstrated by Mair et al.** who achieved operational
pressures up to 15.6 MPa. In addition, the ability to scale up to high volumes makes
injection moulding an ideal candidate for manufacture of medium- to high-volume,
disposable microfluidic cartridges®®®. Figure 2.4 shows an injected moulded
disposable smart LoaC developed by Ahn et al.?L. Injection moulding is an ideal
candidate for disposable point-of-care microfluidic applications due to the ability to

fabricate devices at high volume throughput and at low cost.

Microfluidic
multiplexer

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

diagnostics and point-of-care testing®:.

2.2.2.2 Chip bonding

Bonding of substrate layers to enclose channels still remains one of the most critical
and inconsistent steps in microfluidic chip fabrication. The two main techniques
currently used to encapsulate open microfluidic channels include solvent-assisted and

thermal-fusion bonding.

Solvent vapour bonding is a technique used to bond polymers while simultaneously
reducing surface roughness as a side effect*°. This technique has been used extensively
in the literature to bond substrates including PMMA and COP/COC*4L7879  The

procedure involves exposing the substrate to an appropriate solvent vapour
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(chloroform for PMMA, cyclohexane for COC)*. Figure 2.5 presents scanning
electron microscope (SEM) images of PMMA (Figure 2.5 (A)) and COC (Figure 2.5
(C)) microchannels before and after solvent exposure to chloroform (Figure 2.5 (B))

and cyclohexane (Figure 2.5 (D)) respectively.
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Figure 2.5. SEM images of a microchannel demonstrating the smoothing effect of exposure
to a solvent vapour; (A) PMMA post-milling; (B) PMMA after 4 min chloroform solvent
vapour and 30 min 60°C heat cycle; (C) COC post-milling (D) COC after 4 min cyclohexane
solvent vapour and 30 min 60°C heat cycle*.

Mair et al.”® developed a solvent vapour bonding method at room temperature capable
of producing high quality bonds, enabling chips resistant to pressures 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 such as PMMA,
polyethylene (PE), and polypropylene (PP).

Thermal fusion is one of the most 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 temperature of the substrate to or above Tg of

the material while applying pressure to bond the substrate surfaces together. As the
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plastic chip is heated close to or slightly above Tg, the entire substrate becomes soft
and very sensitive to small heterogeneities in load distribution during the bonding
process, this requirement is difficult to achieve as the chip, bonding jig, and plates of
the bonding press must all be precisely parallel across the length of the chip’®. Precise
control of all bonding parameters is essential in order to minimise deformation of the

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

2.2.2.3 Direct fabrication methods

Direct structuring of polymer substrates is made possible by a range of
micromachining techniques including micromilling”®®°, xurography¢4!, laser

ablation®! and micro-Stereolithography.

Micromilling is a material removal technique that enables fast prototyping of
microfluidic devices by milling the substrate surface using a precision cutting tool.
Cutting tools are available in a wide variety of sizes allowing both macro- and micro-
scale features to be 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 resolution®.

Xurography®® is a low-cost 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 bonding®?. Positive and negative
structures can be fabricated using this method in polymer films ranging from 25 - 1000
um thick®®. Using this method, 3-D layered channels for microfluidic devices can be
produced (Figure 2.6). This technique has been successfully employed with a range of
materials including pressure sensitive adhesive (PSA)®# PMMA®, pPC8 PET®
COP* and PVC?® for fabrication of microfluidic platforms with minimum channel
width as low as ~ 78 um®. In addition, this technique has the potential for large scale

production via roll-to-roll lamination processes®’.
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Figure 2.6. Microfluidic chip fabrication via xurography®*.

Ultra-fast pico- and femto-second lasers have been applied to write microfluidic
channels and optical waveguides directly in ceramic and polymeric materials for a
range of biological and chemical applications®-°! with advances in this area outlined
in a number of reviews®?%, To achieve smooth-walled channels necessary for
microfluidic applications using this subtractive method, the material is first laser-
processed to form the microchannels and then subjected to thermal treatments and
chemical wet etching; hydrofluoric acid or piranha solution can be used for this
purpose®>%, An example of the subtractive multi-step direct write procedure is shown

in Figure 2.7.
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Figure 2.7. Direct-write fabrication of 3D microstructures inside photosensitive glass via
femtosecond laser ablation, adapted from %. (A) Femtosecond laser direct writing; (B) heat
treatment, 505°C 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 single step®28l, The process involves 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 subtractive-type procedure.
Although this process is repeatable, the shape of the internal channel produced is

difficult to control®?.

Internal channels can also be built using a method known as laser drilling that involves
moving the laser focal point 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 sample®2. 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 “Femtoprint” offers an all-in-one solution for 3D printing glass
microdevices comprised of a femtosecond laser head and integrated optics, with sub-
micron resolution®. This system has been used to combine several applications
including optofluidics, optomechanics, marking, and photonics. Although the
technique can produce 3D microstructures and channels with aspect ratios comparable
to DRIE in glass and other materials, the production of internal microchannels remains
a challenge and a channel sealing step is usually employed. Fabrication of integrated
optical components (including waveguides, microlenses, and nanogratings) in-situ is

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

Additive manufacturing (AM), commonly known as 3D printing, has brought about a
sea-change in modern manufacturing, enabling the creation of components with
complex 3D geometries. The design freedom offered by these new technologies has
already revolutionised industries such as biomedical®®%®, aerospace®’, and
automotive®, enabling more efficient designs with a higher strength to weight ratio
than previously possible. In 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 Modelling (FDM®),
is the method which brought 3D printing to the consumer market and, as a result, has
become the most popular 3D printing method in the last decade. It is based on the
extrusion of melted bulk material through a heated nozzle*® (Figure 2.8). As with other
3D printing technologies, each 2D layer is traced out with subsequent layers being
added to build up the required 3D design. Common materials used in the FFF process
include acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), and nylon. FFF
printers can write in multiple thermopolymer materials without the need to change
filament by employing multiple extrusion nozzles. Due to the nature of the printing
process, the resolution achievable is limited by the xy-plotter (two stepper motors),
the z-stepper motor, the thickness of the filament, and the extrusion nozzle diameter.
FFF printers are widely available from market leaders such as RepRap, Ultimaker,
MakerBot, 3D Systems and Stratasys, but can also be purchased from small companies

or made in-house at low cost.
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Figure 2.8. The fused filament fabrication (FFF) 3D printing process®.

Although capable of printing cavernous structures within the bulk polymer a major
challenge lies in producing fluidically sealed channels and 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 significant advantage of FFF over other
3D printing processes is the ability to produce fluidic channels and other enclosed
structures without leaving support material or uncured liquid resin behind. Another
advantage in using FFF is material selection; with a wide range of thermoplastic
polymers (COC, ABS, PP) available for use in the thermal extrusion process.

2.3.1.1 Microfluidic applications

Fabrication of internal microchannel networks via FFF is challenging as resolution is
largely confined to the millimetre scale, limiting channel size and cross-sectional
geometries. In addition, the channel enclosing step is extremely difficult without the
use of support structures to support the overhanging channel ceiling. This often results

in poorly sealed channel structures which are prone to leakage.

Despite these weaknesses a number of researchers have created milli-fluidic devices
using this method. The Cronin Group at the University of Glasgow report on the use
of FDM as a method to produce 3D printed millifluidic and microfluidic devices and
reaction-ware for chemical and biological applications'®-1%. Morgan et al.1% printed
fluidically sealed semi-transparent microfluidic devices using an off-the-shelf FFF 3D

printer with commercially available materials. Devices fabricated using this method
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were used for the encapsulation of dental pulp stem cells in alginate droplets. In order
to demonstrate the efficacy of FFF in producing microchannels Gaal et al.*%’
successfully employed the technique in the fabrication of a microfluidic device with

an integrated electronic tongue sensor.

A microfluidic chip integrating ports for a three-electrode system was produced in
PLA via FFF, and used for specific electrochemical detection of influenza virus,
Influenza hemagglutinin labelled with CdS quantum dots was first isolated within the
reaction chamber by glycan-modified paramagnetic beads via hemagglutinin-glycan
interaction. Electrochemical quantification of cadmium(Il) 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 valves in centrifugal
microfluidic discs!®. 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 milling and soft lithography) in view of their application
in the development of biochemical assays®. Although channels produced in ABS
possessed ridged or ‘‘scalloped’” patterns, structures containing predictably-operable
valves were obtained. Valve structures comprising channels with widths of 254 and

508 pum, and heights between 254 and 1016 um were successfully fabricated.

The first commercial FFF 3D printer designed specifically for the fabrication of
microfluidic devices has been developed by Dolomite microfluidics. The Fluidic
Factory™ printer offers a resolution of 320 um (x and y) and 125 um (z) with a 400
pum or 200 pm nozzle diameter. This translates to a minimum channel cross-section of
around 200 x 320 um. The ability to print fluidically sealed channels in biocompatible
COC is amajor step forward for the FFF process however higher resolution is required
to compete in the field of microfluidics. Other laser-based optical lithographic printing
methods including two-photon-polymerisation (TPP), Stereolithography (SL), Ink-
jetting of photopolymers (using MJM or MJP) and Selective Laser Sintering (SLS)
fare better at the micro-scale.

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 of parts 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 or gel-like

support structure and instantly curing under UV light (Figure 2.9).

Jetting Head

X-Axis __

Build Material
Support Material

Build Tray
Z-Axis

Figure 2.9. The PolyJet 3D printing technique (Stratasys Objet), adapted from 2.

The support structure is deposited in areas that contain hollow sections or 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 a high-pressure
water jet (in the case of the gel-like material), or by sonication in a solution of sodium
hydroxide. Internal microfluidic geometries become difficult or impossible to clear as
the sodium hydroxide solution often does not fully penetrate the complex network. In
difficult cases high pressure hot water and solvents may be used, however this is a
highly involved and time consuming process*'®. Resolution of the MJP process
depends on the DPI, or dots-per-inch, of the printhead. Modern printers like the Objet
Connex™ or the 3D systems Projet™ 3500 can achieve a layer resolution of 16 pum

with a DPI of 600-750 in the horizontal plane.

24



2.3.2.1 Microfluidic applications

Integration of commercially available PC membrane inserts into a reusable
microfluidic chip containing eight parallel channels has been demonstrated (Figure
2.10), The chip, also integrated with standard threaded connectors, was
manufactured with a 3D printer by inkjet deposition of a biocompatible photocurable
resin within approximately four hours. This chip 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 with this platform via exposure of
bovine pulmonary artery endothelial cells to a detergent (saponin) which was pumped

into the channels inducing cell death.

Figure 2.10. Microfluidic chip integrating membrane inserts*.

Inkjet-based 3D printing technology has also been used for the fabrication of
transparent microfluidic devices integrating interchangeable electrodes of different
materials (glassy carbon, platinum, gold, and silver) and sizes (from 250 um to 2 mm
diameter) for electrochemical detection'!2. The resulting two-electrode microfluidic
cells presented a straight channel and threaded receiving ports for integration of the
electrodes as well as the standard connectors to the syringe pump (see Figure 2.11).
The removable working and pseudo-reference 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 time the electrodes
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 detection.

A " Threaded inlet
e

Threaded electrode port
B

Figure 2.11. Microfluidic chip for electrochemical detection: A-B) schematic of the chip
showing threaded ports; C) picture showing alignment of both working and pseudo-reference

electrodes within the channel; D) picture showing the chip connected to the syringe pump*2,

Fee et al.'® produced both packed and monolithic separation columns using a
photopolymer ink jetting process despite difficulties associated with support material
removal using this technique. Support material was removed using a vigorous and
highly involved technique cycling between warm water (70°C) and 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 technologies are defined by the use of working material in powder
form. Polymer, metal, and ceramic materials can be produced in powder form and
subsequently processed using a variety of techniques including selective laser
sintering (SLS), selective laser melting (SLM), and binder ink-jetting.
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SLS and SLM processes produce parts by selective sintering/melting of the working
powder material. The process 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 metals. A schematic of
the SLM process is shown in Figure 2.12. After production of a single layer via raster
scanning of the laser beam over the surface of the material, the material tray moves
down vertically, and a roller is used to replenish the powder material; this process is
repeated until a 3D structure is complete. The SLS process is functionally similar to
SLM, however the difference lies in the treatment of the working material. In SLS the
material is processed at temperatures below the melting point forming a solid via
molecular fusion 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.
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Figure 2.12. Schematic of the SLM process®®,

Inhomogeneity of the 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 plane!'4. In 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 binder ink-jetting 3D printing technique enables production of parts in a variety
of materials including polymeric and ceramic materials. The binder jetting technology
involves the deposition of a binder material, or glue, at defined locations to the
working material which is in powder form®. When the first layer is complete, a fresh
layer of powder material is spread over the build area adhering to the previously

deposited binder material. This process is repeated until a 3D part is complete.

2.3.3.1 Microfluidic applications

Metal AM techniques, such as SLM, have been used to fabricate fluidic filters
demonstrating the ability to fabricate complex open pore structures'®®. The ability to
fabricate these pores together with an integrated support and fixture in a single step
could reduce total fabrication time, particularly for bespoke 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 across the filter and a

corresponding reduction in the pumping energy required*>6,

Capel et al.**” 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 the flow channels the unmelted powder material

proved difficult to remove.

2.3.4 Vat photopolymerisation (VP)

Photopolymerisation processes make use of liquid, radiation-curable photopolymer
materials, also called resins, as their primary materials'®. Most photopolymers 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 when Japanese researcher Dr. Hideo Kodama used UV
light to cure photosensitive polymers in a layer-by-layer manner. However, the term
Stereolithography didn’t appear until the 1980s when Charles Hull discovered that

solid polymer patterns could be produced by exposing them to a scanning laser®®.
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Three-dimensional parts could be fabricated in this manner by curing the polymer in
a sequential layer-by-layer fashion. Shortly after, the company ‘3D Systems’ was
founded by Hull and his SL technology was pitched to the product development

industry as a “rapid prototyping” solution.

Since then, the photopolymerisation concept has evolved and is now applied as a rapid
prototyping technique in many different configurations that can be classified under the
term ‘vat photopolymerisation’ (VP). In terms of microfluidic device prototyping, VP
methods present an inherent advantage over other lithographic methods (i.e.
photolithography and soft lithography) in that no alignment or bonding is necessary to
produce 3D structures. These methods have only recently (c. 2010) been applied to
the rapid production of milli- and micro-scale channels but already show promise in

significantly reducing the development times of new microfluidic assays® 9120,

Of the currently available VP techniques, mask projection micro-stereolithography
(MPuSL) is among the most popular with microfluidic researchers offering the ability
to fabricate complex microfluidic architectures at faster throughput than other VP
methods. Major 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 now possible to purchase a desktop MPuSL prototyping machine for
less than $2,000. As a result, these techniques have become increasingly popular for
microfluidic device prototyping offering faster concept-to-design throughput than any
other technique available!®?%122, Consequently, this technique is given special

consideration in the current work.

2.3.4.1 VP configurations

There are three main VP system configurations as shown in Figure 2.13. These
include; (1) the vector scanning, or point-wise, SL method developed by Hull (Figure
2.13 (A)); (2) the mask projection, or layer-wise, approach common in modern desktop
machines (Figure 2.13 (B)); and (3) the two-photon high resolution approach that is
predominantly used in research (Figure 2.13 (C)).
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Figure 2.13. Schematic outline of the three main approaches to vat photopolymerisation,
adapted from!8, (A) The laser vector scanning (free surface) method developed by Hull*°,
(B) the mask projection (constrained surface) method common in modern desktop 3D printers

and (C) the two-photon approach.

Additionally, these VP configurations can be categorised as either ‘free surface’, or
‘constrained surface’ depending on the location of the optics unit in relation 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 vat as in Figure
2.13 (A). In comparison, Figure 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 two-photon polymerisation (TPP) configuration in Figure 2.13
(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 use a single scanning laser and different photoinitiator
chemistries, but these configurations are also unconstrained. Of these configurations,
the bottom-up constrained surface configuration is more efficient as the part height is

not restricted by the size of the vat, there is less resin waste, and the layer thickness
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can be more readily controlled by the z-stage positioning as opposed to controlling the

laser depth of focus?.

MPuSL, sometimes referred to as digital light processing (DLP), is a VP technique
based on the bottom up configuration (Figure 2.13 (B)) employing a UV-LED light
source instead of laser optics, and a digital micromirror device (DMD) as a dynamic

mask. The operation of a DMD is outlined in Figure 2.14.
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Figure 2.14. Representation of a digital micromirror device (DMD) as used in many modern
desktop mask-projection stereolithography systems®. The 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 pixels, the light is either deflected to a light
dump or through the projection optics and onto the substrate surface.

DMDs, commonly used in audio-visual projection optics, process light using
thousands of individually-addressable micromirrors. These individual micromirrors
are so small that an image resolution of 7.6 pm or less is feasible!?3. When in the “on”
state, these micromirrors reflect the incoming light from the light source through the
projection optics and into the resin bath; in the “off” state the light is reflected to a
light dump. This serves to effectively mask the incoming light in a programmable

pattern; thus these systems are commonly referred to as dynamic mask projection
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systems®. Compared to traditional laser-based raster scanning VP methods, MPuSL
enables curing of an entire layer in a single step, offering faster throughput for device
fabrication with build speeds up to 30 mm/hr in the Z direction. Many raster scanning
VP methods offer similar build speeds for low-volume builds, although high-volume
builds are comparatively slower. Unlike raster scanning VP methods, MPuSL build

speed is independent of part cross-section in the x-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 require replenishment of the resin material usually by means of a wiper or
slider mechanism, whereas in the two-photon approach the part is fabricated below
the resin surface, making recoating unnecessary. In the case of the constrained surface
methods the resin replenishment 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 the constrained

surface configuration.

Tumbleston et al.’** have developed a continuous VP method based on the MPuSL
technique that does not require recoating or unsticking 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/hr. This new configuration can be categorised as
a constrained surface method employing an oxygen-permeable membrane to inhibit
polymerisation and creating a “dead zone” at the interface between the projection
window and the polymerising part (Figure 2.15). This variation is named “Continuous
Liquid Interface Production” (CLIP).
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Figure 2.15. 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
oxygen-permeable 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 (100 um, 25 um, and 1 pum).

TPP is based on the polymerisation of a photocurable resin via two-photon absorption
upon illumination with a femtosecond pulsed near-infrared laser'?*. Compared to other
VP methods, the TPP process is not hindered by the diffraction limit of the light source
leading to much better structural resolution!®. Thus, resolution in the order of 100 nm
is feasible for TPP instruments (e.g. Nanoscribe GmbH systems). Build speed and part
size are the limiting factors with this technique, with milli-scale parts typically taking
hours to build. It is for this reason that TPP is mainly used to produce micro- and nano-
scale actuators'?*, mixers?®, filters'?’, valves?” and other single-function elements?*

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

MPuSL, has gained popularity among a number of microfluidics research groups
offering a fresh alternative to 2D lamination and mask-based etching processes’™
9121122128129 Ay et al.” were the 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 user-friendly design and fabrication workflow as being key benefits of the
MPuSL process, giving scientists direct access to scalable rapid prototyping facilities.

Shallan et al.® showed that it was possible to produce a 40 mm x 25 mm x 17 mm
micromixer chip (including connectors) in less than an hour using a rather cheap
MPuSL 3D printer (approx. $2,300) and incurring a material expenditure of only $2
(Figure 2.16).

3
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mixing
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Figure 2.16. Optically transparent microfluidic mixer chip integrating 10-32 threads®.
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They found the process capable of producing micro scale features and voids and
characterised the system limitations (Figure 2.17). Gradient generators, droplet
extractors and isotachophoresis chips were also successfully generated with the same
3D printer confirming the feasibility of this approach for cost-effective, rapid
prototyping of microfluidic devices, which could open the door to many future low-
cost analytical applications. However, they cite overcuring or the so-called ‘back-side

effect’ as being one of the main limitations of the MPuSL process.

Fabrication of optically transparent microfluidic devices using SL was achieved by
Takenaga et al.™*°. These optically transparent chips were successfully employed in
imaging Chinese hamster ovary (CHO) cells previously seeded within 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 phase-contrast modes. The capability of SL for
direct integration of standard connectors to the macro-world within the final device

was also demonstrated (e.g. female Luer connectors’ and 10-32 threads®).

Figure 2.17. Characterisation of the MiiCraft DLP 3D printer by Shallan et al.8. The 3D printer
is capable of producing repeatable external features of 200 pwm, internal microfluidic channels

below 250 pm are difficult to produce due to overcuring of the polymer resin.

Design and fabrication of porous media in a single step using MPuSL was recently
achieved by a Su et al.*3L, Su, using the same MPuSL printer used by Shallan et al .8,

produced a pre-concentrator for the selective extraction of trace metal ions in salt water
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samples. The MPuSL 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 methods are largely concerned with fabrication of parts with
external features and thus were not built to produce internal voids and 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 channels. Some of the methods investigated include
FFF, i3DP, and VP methods.

FFF has been used to create leak-tight fluidic channels for a number of applications,
however resolution of the technique is limited by the extrusion nozzle size (~200 pum).
i13DP 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 complex mesh networks!'®, powder bed technologies
such as SLS, SLM and binder deposition methods share a similar problem in the
removal of unmelted material from channel networks. As a result, production of

microfluidic channels is largely limited to the substrate surface®®?,

Of all the current AM techniques, MPuSL is uniquely suited to the production of
microfluidic channels in a single step for several reasons. 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 micro-scale internal
features. Third, the equipment is cost effective offering a high resolution-to-cost
ratiol®. Finally, feature size limits range from as low as 10 um to ~75 mm in the same
build, ideal for microfluidic applications where connections from macro- to micro-

scale are needed.
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2.4 Photopolymerisation process modelling

As the uptake in AM processes grows across the industry, there is a greater need for
predictive modelling to characterise limitations and advantages of each technique.
Modelling of AM processes has recently gathered speed as these techniques are
applied to critical applications in biomedical, aerospace, and automotive sectors.
Advances in the computational power of modern personal computers and wider access
to cloud computing resources has brought the ability to model and simulate to the
consumer. In this section, the photopolymerisation process is discussed in relation to

process modelling.

2.4.1 Photopolymer materials

First developed in the 1960’s, photopolymer materials are now widely used across
industry for applications in coating and printing, dentistry, audiology, and the
fabrication of microelectronic devices using photolithography*:8.

Photopolymer materials react to radiation in a broad number of spectral categories
including gamma rays, X-rays, electron beams, UV, and visible light, however UV
and electron beam are most commonly used. Recent developments in UV-LED
technology have led to an increase in availability of UV SL systems. It is now possible
to purchase a desktop MPpSL 3D printer for less than $2,000! with both UV (385 nm)
and visible (405 nm) options.

Polymers can be categorised into linear, branched, and cross-linked structures, as
shown in Figure 2.18. Thermoplastic polymers exhibit a linear or branched molecular
structure and can be repeatedly melted and re-solidified. These polymer materials are
processed using thermoplastic extrusion or embossing methods including injection

moulding, FFF, and hot embossing, or by melting in a defined pattern as in SLS.
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Figure 2.18. Polymer types; (A) linear, (B) branched, and (C) cross-linked, adapted from?8,

On the other hand, VP photopolymers are cross-linked and, as a result, do not melt. In

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

Photopolymer materials are comprised of three main components; monomers and
oligomers, the photoinitiator, and additives. Monomers and oligomers act as the main
component in the mixture and 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 nm)*3. Functional additives 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 mechanical properties of the final part. The main

functions of each component are outlined in Table 2.2.
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Table 2.2. Composition of photopolymer resins, adapted from**2,

Component

Role

Monomers and

Oligomers

Photoinitiator

Additives

The main components, carbon chains that will bond
together to make a solid part. Final material properties
depend mainly on these components.

Molecules that react when exposed to UV light
producing radicals and initiating the polymerisation
reaction.

Visual and functional supplements, including

pigments, dyes, absorbers, and reactive diluents.

The liquid photopolymer material, also called photopolymer resin, is a plastic

composed of carbon chains of length ranging from one carbon molecule to a few

thousand carbons, it is comprised of all the elements of the final plastic material. When

the resin is exposed to radiation at the appropriate wavelength, the photoinitiator reacts

producing radicals and initiating polymerisation causing the shorter carbon chains to

join covalently; forming longer chains and creating a stiffer material. As

polymerisation progresses the chains elongate and cross-link and the resin solidifies;

the entire process occurs in a matter of milliseconds. Figure 2.19 outlines the main

steps in photopolymerisation comprising radical formation, radical propagation, and

radical termination.

Radical formation

Photoinitiator

o

L

Oligomers

Radical propagation Radical termination

e] o

K% gﬁs %JJ%

Figure 2.19. Free-radical photopolymerisation, adapted from**,
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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 semi-reacted “green state” with
polymerizable groups on the surface. This is necessary for success of the layer-on-
layer process as it provides sites for polymerisation and enables covalent bonding with

subsequent layers (see Figure 2.20).

27
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@ Polymerised material
C— Semi-reacted green state
$38333%% Polymerisation reaction between layers

Figure 2.20. The semi-reacted green state of the layer interface enables layers to covalently

bond together, adapted from'*. Image shows build direction (z), and layer number (n).

This produces an isotropic part with little difference in the number of chemical bonds
between lateral and vertical directions, resulting in mechanically sound, fluidically

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

2.4.2 Photopolymer curing Kinetics

Photopolymer curing kinetics are governed by the Beer-Lambert law!3* which states
that the absorbance of a material sample is directly proportional to its thickness and
the concentration of the attenuating species in it. Absorbance and consequent
attenuation of the incident light by the photopolymer material is essential for free
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radical polymerisation. In modelling this effect, the first parameter of interest in this
model is irradiance, I, which is the radiant power of the light source per unit area in
W.cm™. Taking I, to be the irradiance at the interface between the polymer and the
light source, the irradiance at any depth z > I(z) is related to the irradiance at the
surface by the Beer-Lambert law where the characteristic penetration depth, D,,, is the
depth of penetration of the light source into a resin until a reduction in irradiance of
1/e is reached (this is a key resin characteristic with units of um). The general form

of the irradiance equation is given by equation (2.1)
1(z) = I,e™%/Pp (2.1)

The total energy received at depth z, £ (z) (J/mm?), for an exposure time, t (s), is given

by
E(z) = tlye %/P» (2.2)

Where tl, is the energy received at the surface, tl, = E,,,,. Equation (2.2) can be re-

written as
E(z) = Emaxe_Z/Dp (2.3)

Taking the natural logarithm of both sides and rearranging we get the equation for cure
depth

Emax) (2.4)

z= Dpln(E(Z)

If we define E, as the critical exposure (i.e. the exposure at which resin solidification

starts to occur) equation (2.4) yields the working curve equation®**

(2.5)

Emax
Ca=Dyin (-5

Cc

where C, is the resin cure depth and the parameters D,, and E, are photopolymer

material characteristics.

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

exposing the photopolymer material at a known exposure energy (md/cm?) and
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measuring the resulting polymer film thickness (um). By fitting the resulting curve to
equation (2.5) the photopolymer material characteristics, C,; and E., can be calculated.

An example photopolymer working curve is shown in Figure 2.21.

Cure Depth vs. Exposure
25 . .

20
15t

10} O

Cure Depth (mils)

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

Figure 2.21. Photopolymer resin working curve of cure depth vs. exposure energy. Image from
Gibson et al. '8,
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2.4.3 Overcure

The main challenge in printing microfluidic channels via VP methods is accurate
control of cure depth in the z-direction. This has previously been dubbed the “back
side effect” by Breadmore et al.>**® as it occurs on the back side of the enclosing layer
being formed. Overcuring of the resin material limits print resolution and represents
the main obstruction to microfluidic channel formation. Figure 2.22 demonstrates the

mechanism of overcuring in channels and overhangs oriented horizontally.
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Figure 2.22. Layer-by-layer fabrication process for a microchannel oriented vertically and
horizontally on the MPUSL build platform, adapted from?*2. The resulting microfluidic channel
height is considerably smaller than the input channel height for the channel oriented
horizontally on the build platform due to overcuring of the resin material inside the channel.

Overcure does not occur in the channel oriented vertically.

Three approaches have been taken in the literature to address this problem. The first
approach involves control of cure depth by doping the photopolymer resin with a light
absorbing dye!?13123.136 sing this approach, Zissi et al.**® succeeded in reducing the
polymerisation depth through the addition of a highly absorbing unreactive chemical,
reducing polymerisation thickness by 8 to 10 times. Choi et al.** 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 achieved a cure depth of ~30 um compared to ~200
um without the use of a light absorber. Figure 2.23 shows a micro-fan fabricated using

an acrylate-based resin with (B) and without (A) the light absorbing additive.

WO21 Sam 15.0kv xBO 500

Figure 2.23. SEM images of micro-fans fabricated via MPuSL in an acrylate-based
photopolymer material; (A) 0.0 and (B) 0.05 % ("/«) Tinuvin 327%, The effect of poor depth
resolution in the z-plane can be seen in (A). This is overcome by doping the photopolymer
resin with Tinuvin 327 in (B).

The level of overcuring for the resin material is evident in Figure 2.23 (A) causing the
underside of the fan blades to adhere to the plinth. The effect is less pronounced in the
doped photopolymer material in Figure 2.23 (B).

This approach was also applied by Gong et al.*>!?* who investigated light absorbers
toward the production of a high-resolution resin for microfluidic applications. They
investigate the minimum size of a microchannel produced via the MPuSL method for
eight resin formulations*2. They found the minimum channel height to be ~3.5 —5.5h,,
where h, is the characteristic penetration depth of the resin (also known as D,, see
equation (2.5)). They also describe the construction of a custom MPuSL 3D printer
for the fabrication of microfluidic channels!?. The new 3D printer and custom resin
formulation was used to produce microfluidic channels with cross-section of 18 x 20
um, made possible using a high resolution DLP light engine and a 385 nm UV LED
light source. Compared to the 405 nm light source previously used, the 385 nm light
source enables matching of the LED wavelength with a greater range of light
absorbers. This improvement in equipment represents the second approach to solving
the problem of overcuring.
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The third approach, called the “Compensation Zone” approach was developed by
Limaye and Rosen'®"13 to predict and mitigate for print-through errors caused by
overcuring. Using this approach, the MPuSL process is modelled and problem areas
where overcuring is present are identified. A defined volume of material (the
compensation zone) is then subtracted from underneath the Computer Aided Design
(CAD) model to compensate for the predicted increase in dimension that would occur
due to overcure. This model could, in theory, eliminate print-through errors
completely, resulting in part geometries that closely correspond to the input model
geometry. However, this approach only applies to print through errors 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 been around since the 1980s. However, despite significant
scientific advances, most microfluidic devices continue to be chip-in-a-lab rather than
Lab-on-a-Chip, while the point-of-care diagnostic market remains just out of reach.
One area that has held up research and development of such devices is the high-cost
and complexity associated with the fabrication techniques which is a barrier to entry
to the field for many research laboratories who do not have access to clean room

facilities or expensive precision fabrication equipment.

Additive manufacturing techniques can provide a solution in this respect, offering the
capability to fabricate custom fluidic devices at a fraction of the cost, time, and
complexity of traditional techniques. However, AM fabrication methods have, to date,
not been widely utilised within the 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 materials. The expiration of key
patents in recent years has brought many AM technologies to the consumer market,
making them more affordable and encouraging competition between the newly formed
companies supplying into this area. The rapid increase in the capabilities and
availability of these AM technologies, at much reduced cost, has opened the door to
the exploration of AM as an alternative to more conventional 2D microfabrication

methods typically employed in the fabrication of microfluidic platforms. However,
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most AM techniques are limited to creating millimetre scale exterior features: the

creation of internal features and voids has proven difficult.

MPuSL stands out in this respect, with the capability of producing internal features
and voids from a liquid photopolymer resin that can be removed after production. It is
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 producing micrometre scale internal channels within bulk
biocompatible and transparent materials for a cost as low as $2 per chip’, confirming
the feasibility of this approach for rapid prototyping of cost-effective microfluidic
devices in a single-step. Despite these advantages, MPuSL is still mainly limited to
the millifluidic regime, with advances in photonic hardware and polymer technology

slowly pushing the resolution limits to the micro-scale!?12

Continuous improvements in resolution are expected, even improving on the
resolution of currently available TPP devices. However, it is clear that further research
is needed in two main areas: removal of support material from complex internal
geometries and solving the problem of overcure which represents a significant

obstacle in the pursuit of high resolution 3D printed microfluidic channels.
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Chapter 3
3D printed microfluidic chip for biological sample

pre-treatment

Probe-functionalised lon Exchange Membranes (IEMs) are a novel sensing method
for the detection of nucleic acids in sample mixtures®®. These label-free high-
sensitivity biosensors are promising for on-site diagnostics due to their miniature form
factor and potential for automation. However, one of the challenges in the
development of an on-site diagnostic platform is the miniaturisation of lab-based cell
lysis and pre-treatment protocols for efficient extraction of nucleic acids from the
lysed solution prior to sensing. In addition, development of new microfluidic
technology is time consuming and highly involved, requiring access to clean room
facilities and expensive materials. In this chapter a novel pre-treatment protocol for
cell-lysis, volume reduction and buffer exchange in a microfluidic form factor is
designed and tested using a new cost-effective microfluidic rapid prototyping
technique. A 3D printed microfluidic Solid Phase Extraction (SPE) column was
developed and used to capture negatively charged RNA molecules through a
chaotropic binding mechanism. The column was fabricated with integrated luer-lock
fittings for connection to pumping and sensing peripherals in a single step using a UV
curable photopolymer. SiO; particles were then packed against the integrated packing
weir and the device was sealed using a standard luer-lock fitting and flushed with
RNase Zap and RNase-free 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 conductivity of the eluted sample while retaining the
nucleic acids on the column. Finally, RNA molecules were eluted using deionized (DI)
water and volume fractions were analysed using quantitative reverse-transcription
polymerase chain reaction (QRT-PCR) and compared with commercially available

RNA purification methods.

This chapter demonstrates the strengths of using the MPuSL 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 sample pre-treatment due to the
binding affinity and specificity of nucleic acid molecules to the stationary phase. Many
commercial spin-column based pretreatment solutions 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, washing, and elution
facilitated by a silica gel stationary phase to which the nucleic acids bind under
chaotropic buffer conditions (Figure 3.1).

Sio,

Figure 3.1. The chaotropic binding process. Negatively charged nucleic acid molecules bind

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

This mechanism lends itself to microfluidic chip-based nucleic acid purification with
applications in portable, field-based molecular diagnostics and prognostics when
coupled with an oligo-probe 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 acid diagnostic device. However, a number of
obstacles exist including integration of the solid phase, and removal of the lysis buffer
while retaining nucleic acids on the stationary phase. Previously, Breadmore et al.14°
integrated a silica stationary phase into a microfluidic channel for purification of DNA.
This was achieved by packing silica beads against a temporary silica sol-gel frit
integrated in the channel. Another fabrication method is reported by Cady et al.'*.
They fabricated a meander-shaped microfluidic channel with integrated silica-coated
pillars for SPE using a photolithography etching process. Zhang et al.'*? developed a
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disposable cartridge incorporating an etched microfluidic pre-treatment chip with
silica coated microchannel. This system was used in line with RT-PCR for dengue
viral nucleic acid extraction and detection. In a similar study, a dual-domain SPE chip
was developed by Reedy et al.1*3, They fabricated a microfluidic chip with silica and
chitosan stationary phases in series for concentration of nucleic acid samples for
down-stream applications. This dual domain approach uses the chaotrope-driven
binding of the silica stationary phase together with an ion-exchange chitosan phase to
remove PCR inhibitors such as guanidine and isopropanol from the lysing and silica
extraction steps. The device can be coupled directly to a PCR thermal cycler for

downstream amplification and detection.

An electrochemical detection method employing probe functionalised IEMs
developed by the Chang group®*®'** at Notre Dame promises rapid, label- and
amplification- free detection of nucleic acids for portable diagnostics. Unlike
conventional electrochemical DNA sensors'®® these ion selective membrane
biosensors enable both pre-concentration and detection of negatively charged nucleic
acid molecules on the same platform. This is an advantage over other electrode-based
sensors that require a separate flow focusing technigue to concentrate the analyte
within the sensor recognition layer. However, pre-concentration time is strongly
influenced by the conductivity of the buffer solution, with higher buffer conductivity
leading to increased pre-concentration times. Efficiency of the detection system can
be improved dramatically by purification of the biological sample solution prior to the

pre-concentration step.
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3.2 Materials and Methods

3.2.1 Protocol design

The pre-treatment protocol was based on the commercially available RNeasy Kit from
Qiagen. This kit uses a miniature spin column with a silica plug for chaotrope-driven
nucleic acid binding and consists of load, wash, and elution steps facilitated by
centrifugal pumping. Figure 3.2 (A) shows the Qiagen RNA purification process. The
process was adapted in this case to use a positive pressure syringe pumping system
thus facilitating automation and improving portability for on-site applications. The
modified assay is shown in Figure 3.2 (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 RNA purification procedure and B) the modified RNA
purification assay used in this study. Samples can be used for sensing and amplification

downstream applications.

3.2.2 Chip design

Each component was designed using SolidWorks 2015 (Dassault Systems, Waltham,
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 vertical-direction.
These limitations have previously been dubbed the “back-side effect”® and occur due
to overcuring of the resin material inside microfluidic channels. These limitations have
been overcome in this case by orienting the packing weir to benefit from reduced

levels of overcuring in the horizontal direction as shown in Figure 3.3.
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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 horizontal (x-y) plane. (A) CAD rendering of the SPE chip
with integrated weir and (B) and microscope image of the chip cross-section taken using a
Keyence VHX-2000 digital microscope. The integrated packing weir has a total diameter of
136 pum.

3.2.3 Fabrication of the 3D printed pre-treatment device

The SPE pre-treatment device was made using a DLP 3D printer (Asiga Pico Plus 27
- Asiga, Anaheim Hills, CA, USA). The printer has a resolution of 27 pm in the X-Y
plane and an adjustable Z resolution which can be tuned to a step height of 10 um. All
pre-treatment devices used in this study were produced at a Z step resolution of 50 pum
as this permitted adequate resolution at faster fabrication throughput. All parts were
built using a clear methacrylate-based photopolymer resin 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 composition of the
resin material is proprietary; however the material safety data sheet'*® reports that it is
a mixture of acrylic/methacrylic resins with auxilliary materials. Material properties

of the polymer resin are outlined in Table 3.1.
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Table 3.1. Material properties of Freeprint® mould material®4.

Property Test method Freeprint® mould

Colour Standard light box Transparent
colourless

Viscosity CP; gap 0.052 mm, cone 35 622 mPas

mm/1°; 23°C, shear rate 80 s

Initial hardness Zwick H04.3150 74 Shore D

(without post curing)

Final hardness Zwick H04.3150 79 Shore D

Flexural strength Accord. ToDINEN ISO 178 75 MPa

Flexural modulus Accord. To DIN EN ISO 178  1900-2100 MPa

The column was fabricated in a single step with integrated luer-lock fitting for
connection to pumping and sensing peripherals. After fabrication, the part was
removed from the 3D printer, submerged in a bath of Ethanol and sonicated for 20-30
minutes (Branson 5510 40 kHz sonicator). After sonication, the columns were
removed and attached to a syringe using the integrated luer-lock fittings and flushed
repeatedly with Ethanol and DI water until cleared. Finally, the columns were dried
using compressed air and post-cured in a UV oven for 10 minutes. After fabrication,
the column was filled with high purity grade SiO2 particles (60 A pore size, 40-63 pm
particle size - Sigma Aldrich) using a small metal tool to pack against the packing weir
and sealed using a standard luer-lock fitting. Figure 3.4 shows the fully packed SPE

column with integrated luer-lock connection.
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Figure 3.4. Solid phase extraction column with integrated luer-lock fitting packed with SiO;
particles.

After fabrication, the SPE column was wet-packed and treated using 500 pl of RNase
Zap (Sigma Aldrich) to remove RNase enzymes followed by 1 ml diethyl-
pyrocarbonate (DEPC) treated water at a flow rate of 20-30 pl/min. During this step,

the column and setup were monitored for leaks.

3.2.4 Sample preparation

All reagents were purchased from Sigma Aldrich unless otherwise indicated. Three
cell types were used in this study; E. coli, Brucella neotomae, and Dengue viral cells
(DENV). First, the cell samples were lysed using TRIzol® RNA isolation reagent
(ThermoFisher Scientific) and the aqueous phase was extracted using a standard
phenol-chloroform 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 comparison of the two lysis methods is shown
in Figure 3.5.
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Figure 3.5. Procedure for cell lysis and aqueous phase extraction. Standard procedure (A) and
modified procedure for field-based applications (B).

The modified lysis assay was developed for use in resource-poor locations 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 and quantitatively
using gel electrophoresis and NanoDrop 2000c spectrophotometer (Thermo Scientific)
respectively. The new method resulted in a reduction in RNA vyield of 50-70% for the
hard-to-lyse bacterial cells (E. coli and Brucella neotomae), but only 3% for dengue
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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 phase 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 particles. Finally, nucleic
acids were eluted using DEPC-treated water. The experimental workflow is outlined

in Figure 3.6.

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

Figure 3.6. Solid phase extraction protocol.

Eluent fractions were taken throughout the procedure for further analysis and
characterisation using a combination of methods including conductivity (B-173
conductivity meter, Horiba), UV-Vis (Nanodrop 2000c), gel electrophoresis, and
gRT-PCR (g225, Kubo Technology). Conductivity of the eluted sample buffer is a key
parameter in the assay design as it has a direct impact on pre-concentration time and
thus overall assay time. A target of 2 mS/cm yields a preconcentration time of less
than five minutes with pre-concentration time rising 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 including IPA and

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
Figure 3.7. Gel electrophoresis was performed in 1% agarose gel with MOPS buffer
run at 120 V for 50 minutes.

Figure 3.7. Initial verification of the pre-treatment protocol using a packed silica column and
lysed E. coli cells. Lanes (L-R) include: (1) ribo ruler 6000-200bp; (2) aqueous phase loading
buffer eluent; (3) first 40 ul DEPC water buffer elution; (4) second 40 ul DEPC water buffer
elution; and (5) third 80 ul DEPC water buffer elution.

Initial verification of the pre-treatment procedure was performed using the standard
lysing protocol to obtain the aqueous phase followed by sample loading and three-part
elution in DEPC-treated 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 presence of bridging
counter-ions and no bands are visible in the corresponding gel (lane 2, Figure 3.7).
Following three-part elution in DEPC-treated water, the bridging counter-ions

dissolve and the nucleic acid molecules become dislodged from the silica substrate, as
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demonstrated by clear bands in the gel (lanes 3-5, Figure 3.7). In fact, most of the
nucleic acid molecules elute in the first 40 pl of DEPC elution buffer as indicated by
sharper bands in lane 3. This is confirmed using qRT-PCR (q225, Kubo Technology)
as demonstrated in Figure 3.8 with wash step included.
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] % of total RNA

O Concentration 15

B
o
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[~}
o
RNA concentration (ng/ul)

Percentage of total RNA (%)

Load Wash Eluate 1 Eluate 2

Pretreatment step

Figure 3.8. Elution profile as a percentage of total RNA measured, with corresponding RNA
sample concentration (ng/pl). The bulk of the 16S and 5S RNA strands elute in the first 100
pl aliguot of elution buffer (eluate 1). The RNA (Brucella neotomae) elution profile was
quantified using qRT-PCR to determine concentration of 16S and 5S RNA amplicons.

The elution profile obtained is typical of SPE elution profiles reported previously by
Cady et al.}*! using silica as the stationary phase where bulk RNA elution occurs in
the first 50 pl to 100 pl elution buffer. Addition of an intermediate wash buffer has
minimal effect on the elution profile 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 conductivity was studied by varying two parameters; buffer
composition and buffer volume. Eluent conductivity was measured throughout the
pre-treatment process using the three wash buffers. Results are presented in Figure
3.9.
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Figure 3.9. Eluent conductivity before, during, and after the wash step using two different
wash buffers: 2-Propanol; and 70%Ethanol+TE. DEPC-treated H,O was used as a control,
simulating a scenario in which no wash buffer is used. Sample conductivity was reduced

below 2 mS/cm after only 100 pl 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 step. Buffer alcohol
content was also investigated by varying the volume of ethanol from 30-100% (*/v) in
TE buffer solution, the ideal ethanol content was found at 70% (V/v). Using 70% (¥/v)
ethanol in TE wash buffer, sample conductivity was reduced below the target
conductivity of 2 mS/cm in just 100 pl. 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 pre-concentration time. In contrast, 100% IPA
wash buffer and the DEPC-treated water control sample were less efficient, only
achieving the target conductivity after 250 pl and 300 pl respectively. Furthermore, as
water acts as an eluting agent, most of the nucleic acids are eluted in the first 100 ul

to 150 ul before reaching the desired buffer conductivity.

The impact of wash buffer volume on RNA retention was examined using gel

electrophoresis. E. coli cells were lysed and pre-treated on the SPE column using two
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different volumes of IPA wash buffer, 250 ul (Figure 3.10, lanes 3-6) and 500 pl
(Figure 3.10, lanes 7-9).

:3

250 pl 500 pl

Figure 3.10. Wash buffer volume optimisation using two different volumes of IPA wash
solution. Lanes (L-R): (1) Ribo ruler 6000-200bp; (2) control sample; sample 1 (lanes 3-6):
(3) aqueous phase loading buffer eluent; (4) 250 ul wash buffer eluent; (5) elution 1; (6)
elution 2; sample 2 (lanes 7-9): (7) agueous phase loading buffer eluent; (8) 500 ul 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 remnants elute during the wash steps as indicated by a difference in the bottom
bands (Figure 3.10, dotted lines) with the bottom band effectively washed through in
the second sample (lane 9). The persistence of the longer RNA strands can be

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

Column capacity with 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 saturation. Table 3.2 outlines the

column and stationary phase parameters that were fixed throughout testing.

Table 3.2. Solid phase extraction column and stationary phase parameters.

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 demonstrate the nucleic acid binding capacity of the column, RNA loss was

measured as a percentage of the total RNA in the solution at three cell concentrations;

results are shown in Figure 3.11.
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Figure 3.11. Graph of percentage RNA washed through during the column loading stage
versus total Brucella neotomae cells loaded. A higher percentage of RNA is lost for larger cell

numbers due to column saturation.
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The graph demonstrates a stationary phase RNA saturation point for cell culture
volumes above 102 cells/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 by using a porous monolithic

material.

3.4 Conclusions

A novel approach to stationary phase integration using a 3D printed column-weir was
developed and tested for pretreatment of nucleic acid samples from a variety of cell
types including E. coli, Brucella neotomae, and Dengue virus. Key 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 direction. In addition, a new protocol was developed enabling field-based
pre-treatment 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 conductivity of 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 on-site diagnostics where common laboratory

equipment is not available.
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Chapter 4
Microfluidic chip fabrication via Mask Projection

micro-Stereolithography: An evaluation

4.1 Introduction

Mask Projection micro-Stereolithography (MPuSL) is a rapid prototyping technique
capable of producing solid parts with micron-scale resolution from a vat of
photocurable liquid polymer resin. Although the physical mechanism remains the
same, the process differs from traditional laser-galvanometer based stereolithography
in its use of a UV projector which cures each layer instantaneously. In this chapter,
MPuSL is investigated as a new, cost-effective, fabrication technique for the
production of milli- and micro-fluidic channels in the bulk polymer substrate in a
single step. This rapid prototyping technique is uniquely suited to the production of
internal channels due to the nature of the liquid polymer resin, which can be washed
away after processing, and its ability to produce small overhanging structures without
the need for support material. This is extremely beneficial when applied to the
fabrication of microfluidic channels, enabling the production of completely
encapsulated channels in a single step without the need to bond a secondary substrate,
thus reducing the risk of delamination at high pressures. Despite these advantages,
fabrication of milli- and micro-fluidic channels remains a challenge due to the resin
overcuring effect; this effect is characterised with respect to channel build orientation.
Overcuring has a greater effect on channels oriented horizontally with respect to the
build platform due to the “back-side effect” which occurs when the photopolymer
material inside the channel is exposed to UV light during fabrication of the channel

enclosing layers.

Integration of threaded high-pressure fluidic fittings during the build process was also
achieved and burst pressure was measured. Pressures up to 100 bar were observed
before failure of the fitting through two observable modes, ferrule slip and thread
leakage. Plasma treatment of the cured polymer material demonstrated the ability to

tune the polymer surface charge for microfluidic applications.
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4.2 Materials and methods

4.2.1 Chip design and fabrication

Three microfluidic chip design parameters (Table 4.1) were chosen including channel
diameter/width, channel shape, and build orientation, to assess the effect of overcure
on microchannel fabrication. The design parameters used in this study were based on
the MPuSL 3D printing technique and a number of studies evaluating similar

techniques for the production of microfluidic channels’8102:117.147,

Table 4.1. Experimental design space.

Parameter Levels N

Shape Square 2
Circle

Dimension (um) | 500 3
750
1000

Build orientation | A(°,0°,0°) 6
B(0°,0°,90°)
C(90°,0°,0°)
D(90°,0°,90°)
E(0°,90°,0%)
F(0°,90°,90°)

Repetitions 1,2,3 3
Total 108

A set of experiments were designed around these parameters and four chip designs
were created using SolidWorks™ 2013 3D modelling software, an example of the chip
design is shown in Figure 4.1. Each chip was designed with three channels of the same

shape and size spaced evenly apart to test channel repeatability.

Euler’s angles were used to analyse the relationship between channel build orientation
and overcure. Each part was built in six orientations (Figure 4.2) and the corresponding
channel dimensions were measured using a VHX-2000 Digital Microscope (Keyence,

Osaka, Japan) at the channel entrance.
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Figure 4.1: Microfluidic chip design for characterisation of MiiCraft HR 3D printer.

A MiiCraft DLP 3D printer (Young Optics, Taiwan) was used to fabricate microfluidic
devices in MiiCraft Cream acrylic polymer material at a slice thickness of 25 um.
Characterisation of the MiiCraft DLP printer was performed previously by Shallan et
al.® (Figure 2.17). They report on the fabrication of square fluidic channels with a
minimum width and height of 250 pum. In this study, it was found that long channels
(>15 mm) with dimensions below 500 pum became blocked with resin material and
could not be cleared, therefore only channel dimensions of 750 and 1000 pum are

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 acrylate-based
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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Figure 4.2: Six orientations (A-F) based on Euler’s angles. Building in six orientations enabled characterisation of the internal fluidic channels and print
resolution along each plane in X, Y and Z. Orientations A-D contain channels oriented horizontally (parallel to the build platform) while orientations E and F
contain channels built vertically (normal to the build platform).



4.2.2 3D printed microfluidic fittings

Female 10-32 Upchurch microfluidic fittings were designed using SolidWorks™ 2013
3D modelling software, a 3D CAD rendering is presented in Figure 4.3.

Figure 4.3. CAD model of microfluidic chip with female threaded 10-32 ferrule fittings for
burst pressure testing. One end of the chip was blocked using a blank 10-32 fitting during

testing.

Before testing, the microfluidic channel was primed with de-ionised water and one
end was blocked using a blank Upchurch 10-32 PEEK fitting (Sigma Aldrich, Ireland).
The inlet was connected to a HPLC pump (Smartline 100, Knauer GmbH, Germany)
using a 10-32 Upchurch ferrule fitting and 1/16” O.D. PEEK tubing (Sigma Aldrich).

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

4.3.1 Dimensional analysis

Fabrication of square and circular channels <750 pum in diameter and side length
respectively proved extremely difficult due to channel blockage during printing and
removal of the viscous semi-cured gel-like polymer after printing. As a result, only

750 um and 1000 um channels are presented in the following section.

One-way analysis of variance (ANOVA) was carried out to investigate the
significance of build orientation on channel output dimension. The Bonferroni post-
test was performed to analyse dimensional variance between the build orientations and
the Dunnett post-test was performed to analyse variance between the build orientation
and the input channel dimension. Using the Bonferroni post-test analysis, orientations
A and B were found to be significantly different from all other 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 of mean values measured
(0.0001 « p < 0.095) and between the mean values and the input value (0.0001 «
p < 0.095).

Of the six build orientations analysed, orientations E and F are the only channel
measurements to show correlation with the input values for all shapes and input
dimensions. This can be seen in Figure 4.4, with mean values for orientations E and F
falling closest to the input value. In addition, there is no statistical difference between
orientations E and F and the input channel dimensions, according to the Dunnett post-
test. This can be seen in the optical microscope images in Figure 4.5, and in Appendix
A

Horizontal channels are prone to blockage as the UV curing light penetrates through
the cured layers into the microfluidic channels while the enclosing (bottom) layers are
being built. This concept is illustrated in Figure 2.22, showing the pronounced effect
of overcuring on channels oriented horizontally. This has previously been dubbed the
“back-side effect”®® and results in increased surface roughness on unsupported
channels and overhangs due to the uneven intensity profile of each pixel and the
inhomogeneity of the base resin. The back-side effect does not occur in vertical
orientations E and F as channels are fully supported and there are no overhanging
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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 pixels'?,
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Figure 4.4: Mean height (diameter) of circular and square channels at each orientation A-F.
Vertical channel orientations E and F consistently show close correlation with the input
dimension. All dimensions were measured at the channel outlet. Error bars show 80%

confidence interval (CI) (n = 3).
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Figure 4.5. Circular and square cross-section microfluidic channels printed via MPuSL. Input
channel dimension for circular and square channels was 750 pm diameter and side length
respectively. Horizontal orientations A-D are poorly defined showing in a higher variance in
channel dimension with most prints resulting in blocked channels. Vertical orientations E and
F are well defined showing less variation in channel dimension and greater agreement with

the input channel dimensions.
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4.3.2 Characterisation of the overcuring effect

The effect of the number of enclosing layers on the level of overcuring was studied
for two sets of microfluidic channels fabricated at slice thickness levels of 25 pm and
75 um respectively. Square channels (600 x 600 wm) with enclosing layers 1 < 4 <
10 were fabricated using a DLP 3D printer (Pico +27, Asiga, CA, USA) using
Freeprint mould material (DETAX GmbH, Germany). Level of overcuring was
calculated as the difference between the input channel height and the resulting 3D
printed channel height; results are shown in Figure 4.6.
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Figure 4.6. Increasing the number of enclosing layers results in a greater degree of overcuring.
(A) Raw images of 3D printed microchannels with enclosing layers 1 < A < 10. (B) Level of
overcuring (um) as a function of the number of enclosing layers (A) for 25 um and 75 um slice
thicknesses with layer exposure times of 0.9 s and 1.4 s respectively. Error bars are standard
deviation (N = 3).
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As expected, an increase in the number of channel enclosing layers results in an
increase in the level of overcuring for both 25 um and 75 um slice thicknesses.
However, the degree of overcuring is also strongly influenced by the slice layer
thickness; decreasing as slice thickness is increased from 25 pm to 75 pum.

Overcuring occurs due to excess exposure to the UV curing light during the MPuSL
process and occurs to a greater extent in transparent resin materials that contain fewer
light-blocking dyes or pigments. Improvements in polymer science allowing increased
accuracy in control of cure depth may be able to mitigate for this. Gong et al.!? studied
the effect of resin material absorbance on the formation of microfluidic channels and
voids using the MPuSL technique and were able to define the minimum flow channel
height as ~3.5-5.5 ha (where ha is the characteristic optical penetration depth of the
resin) and minimum channel width as four pixels in the build plane. Reduction of resin
cure depth can be achieved using a combination of UV filters oxybenzone (commonly
found in sunscreen) and TiO2 as demonstrated by Mott et al.*8, however mechanical
properties of the resulting polymer material were poor. Reduction of overcuring can
be achieved using these strategies but requires an in-depth knowledge of the physical

characteristics of the polymer resin.

4.3.3 Burst pressure test

3D printing offers many advantages over conventional microfluidic 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 difficult, is extremely beneficial and opens up 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 publishing on the topics of “modular microfluidics” and “chip-to-world

interfaces”14%-1%,

The most common threaded connections are Upchurch 6-32 and 10-32 fittings (IDEX
Health & Science) and are used to interface with PEEK tubing using a ferrule that
locks tight around the tubing when screwed in place. Figure 4.7 (inset) shows a 6-32
PEEK Upchurch fitting secured in place in a 3D printed block. Burst pressure testing
was performed on a similar 10-32 Upchurch fitting with results displayed in Figure
4.7.
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Figure 4.7: Failure modes for Upchurch 10-32 threaded microfluidic fittings. (A) Fast failure
of the microfluidic fitting at ~120 bar due to ferrule slip after 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) An example of a 3D printed Upchurch 6-32 fitting.

Two failure modes were observed during testing including ferrule 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 may be obtained by altering the ferrule angle. Thread leakage was only observed
after repeated insertions of the fitting (n > 3) due to wear of the 3D printed thread.
Maximum pressure obtained over the course of the experiment was 120 bar (12 MPa)
for a single use fitting. Repeated testing resulted in failure of 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 applications. Figure 4.8 shows the contact angle (CA) of the cured acrylic
photopolymer resin (PlasClear, Asiga, CA, USA) before 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

Figure 4.8. Contact angle (CA) of 3D printed PlasClear material. (A) Before plasma treatment,
CA =77¢°; (B) After O, plasma treatment for 5 minutes, CA = 18°.

After treatment for five minutes the substrate surface energy increases with CA
changing from 77° to 18°. This increased wettability is advantageous, supporting
electroosmotic pumping and facilitating priming of microfluidic channels when filling
with liquids with high surface energies (particularly aqueous solutions) which is often
difficult®*. Depending on the polarity of the analyte, channel hydrophobicity can be
tuned to prevent adsorption of chemical components to the channel walls which can

reduce band broadening in chromatographic applications®®.
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4.4 Conclusions

3D printing has recently gained popularity among researchers in the field of
microfluidics. Stereolithographic fabrication methods have gained traction due to their
ability to produce internal features at smaller scales than other AM methods and
without the need for support structures. Here, a variation on stereolithography, MPuSL
was investigated as a method to produce microfluidic channels and features. Results
presented show that feature size depends on several key parameters including material,
channel orientation, layer height, channel shape, and curing time. Circular channels
below 750 pum were fabricated repeatably in heterogeneous polymer material
demonstrating the ability of the process to produce internal voids without support
material. Penetration depth of the resin material was found to be a key parameter

influencing the resolution, minimum void size, and the level of overcuring present.

High pressure threaded microfluidic fittings were designed and printed using the
MPuSL process in a single step. Female threaded holes exhibited two failure modes
under high pressure flow; ferrule slip and thread leakage. Maximum backpressure
reached before failure was 12 MPa; this may be improved upon by increasing ferrule
angle to provide a tighter interface between the fitting and tubing.

Finally, plasma treatment of the acrylic photopolymer 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 algorithm for mitigation of the
overcuring effect in Mask Projection micro-

Stereolithography

5.1 Introduction

A significant obstacle in fabrication of internal voids via MPuSL is the effect of
overcuring. This results in poor resolution and blockage of microfluidic channels
during fabrication limiting the minimum size of a microfluidic channel (see Figure
2.22, Figure 4.5 and Figure 4.6).

One way to avoid this phenomenon is to increase the absorbance 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 depth h,. This approach was
taken by Gong et al.*2 who succeeded in creating a high-resolution photopolymer resin
enabling the production of smaller channels. They developed a model, based on the
exposure threshold model for the MPuSL process using the model as a basis for the
optimum absorption characteristics of the photopolymer resin material. Exploring the
effect of material characteristics: resin characteristic penetration depth (h,), and
critical time (T,) on the level of overcure, they also demonstrate the effect of 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 levels of overcure: while an increase in
the number of enclosing layers showed a positive relationship with the level of
overcure. Results show that the typical minimum microchannel height depends largely
on the resin parameter h,, with minimum achievable height for a given photopolymer
resin in the range ~3.5—5.5 h,. In a separate study, Choi et al.'3 use the same approach
to increase the resolution of a photopolymer material using the light absorber Tinuvin
327. The light absorber was found to reduce the characteristic penetration depth

providing increased control over the cure depth when printing and providing higher
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depth resolution (see Figure 2.23). However, a side effect of doping the photopolymer
resin is the need for increased layer exposure time leading to a reduction in print speed

of the MPuSL process.

Building on their previous research, Gong et al.1? further demonstrate the ability to
fabricate high resolution microfluidic channels using custom-built high-resolution
MPUSL hardware. By matching the 3D printer light source spectrum to the absorption
spectrum of their bespoke photopolymer resin they achieved higher depth-resolution
than was previously possible. This enabled the production of microfluidic channels
with 18 x 20 um cross-section using the MPUSL technique. This printer-resin
combination demonstrates a combined approach to solving the problem of overcuring.
These are the two most common approaches taken in the improvement of MPuSL
resolution; i.e. (1) altering the base resin material characteristics, and (2) improving
the MPUSL printing technique.

A third approach was taken by Limaye and Rosen**":*3 who developed a mathematical
model to predict and avoid the so-called print-through error that results in the vertical
dimension of an MPSL build when multiple layers are stacked, they called their
method the “Compensation Zone Approach”. Using this approach, the MPuSL process
is modelled and problem areas where overcuring is present are identified. Like Gong
et al.'2'2 they use the exposure threshold model in their calculations. A defined
volume of material (the compensation zone) is then subtracted from underneath the
CAD model to compensate for the predicted increase in dimension that would occur
due to overcure. This model could, in theory, eliminate print-through errors
completely, resulting in part geometries that closely correspond to the input model
geometry. However, this approach only applies to print through errors 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 approach discussed in this chapter is similar although compensation is performed
throughout the entire part, not just simply at the final layer. In addition, this new
approach is suitable for both internal and external features, where previously only

external feature dimension was considered.
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5.2 Theory

In this section, a simple model for the optical dose delivered to a photopolymer resin
during the exposure of a single layer is introduced. Characteristic material parameters,
concepts and mathematical notation are presented. The mathematical model presented
here is expanded further when scaling the model up to two and three dimensions in
section 5.3.3. For further detail on the derivation of this model refer to books by
Jacobs®®*%>7 and Gibson et al.}*® and papers by Gong et al.!>123 Choi et al.’3, Limaye

et al.’¥, Zissi et al.**® and Vitale and Cabral®®.
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 the part being cured are stationary

o > w N

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

The MPSL process can be modelled using the absorption coefficient o (um™) of the
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 Beer-Lambert law*>” which states that the absorbance of a
material sample is directly proportional to its thickness and the concentration of the
attenuating species in it. This concept is demonstrated in Figure 5.1.

-~

Depth (2)

Light intensity (I) Iy

\

ﬂ

Light source (UV-LED)

Figure 5.1. Illustration of Beer’s law as applied in the process model with definition of the

characteristic penetration depth h.. Adapted from Gong et al.*2.

This model operates in the half-space z > 0, I > 0 where light is incident from the
direction of z < 0 and propagates in the +z direction. The first concept of interest in
this model is irradiance (1) which is the radiant power of the light source per unit area
in W.cm. In the case of the Asiga 3D printer the radiant power is distributed evenly
over the area exposed to the UV-LED by the DMD. The optical irradiance at the
interface between the build tray and the resin at z = 0, is I,. This incident light, I, is
attenuated by the liquid photopolymer, with absorption coefficient a (cm™), as it
passes through the material.
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The irradiance at any point in the resin depth z > I(z) is related to the irradiance at
the surface by the Beer-Lambert law where the characteristic penetration depth is
defined as h, = 1/a:

1(2) = Iye~% = [,e~%/ha (5.1)

This equation serves to highlight the meaning of the characteristic penetration depth,
h,. By setting z = h, it is understood that the irradiance at a depth of h, is roughly
37 % (e~! = 0.36788) of the irradiance at the surface. Thus, h, is the resin depth at
which the irradiance has been attenuated such that it is 37 % of the irradiance at the
surface. In addition, since the Beer-Lambert Law holds, h, is a material property of

the resin and can be measured.

The corresponding dose, D(z, t), in units of J.cm™ for an exposure time of ¢ is
D(z,t) = tI(z) = tlye %/Ma (5.2)

From this equation the critical dose, D, is defined as the dose at which polymerisation
occurs and has proceeded to the ‘gel point’ threshold of the photopolymer material as
shown in Figure 5.2 where ‘X’ represents the threshold. It is at this point that the

polymer can be considered solid or nearly solid.

Liquid

Gel point

Polymerisation ratio

Y

0 D.

Exposure energy (J/cm?)

Figure 5.2. Gel point of a photopolymer. ‘X’ represents the threshold ratio at which the

polymer can be considered solid. Adapted from Zissi et al.1%®,
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The value of D, 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 z = z, is given by
T. = D./I, (5.3)

Using this definition and solving equation (5.2) the polymerisation depth z,, can be
expressed as

t 5.4
Zp = hyln (Fi) 4

or, in unitless parameters, { = z/h, and T = t /T,
{p =In1, (5.5)

From this equation, it is understood that when 7, = 1, z, = {;, = 0, regardless of h,,.
Thus, when the exposure time reaches the critical point T, the resin at z = 0 receives
just enough dose to reach the gel point and become solidified, whereas the resin above

this point at z > 0 remains liquid. Hence, when 7,, > 1, the resin at z = 0 receives a
dose that is ,, times larger than the critical dose, T, (as t, = 7,T,). For example, if
T, = 5then {, =In5 = 1.6 such that z, = 1.6h, and at z = 0 the resin receives five

times the critical dose.

From equation (5.2) and (5.3) the normalised dose, Q(z, t), can be expressed as

B D(z,t) ot a/h (5.6)
Q(z,t) = D, Tce
or in unitless form
Q1) =17¢ (5.7)

Similarly, when Q = 1, the resin receives enough dose to be solidified and when ¢ =
0 the normalised dose is equal to 7. These relationships are plotted in Figure 5.3, The
variation of polymerisation depth, z,, with normalised layer exposure time 7, is
plotted in Figure 5.3 (A). This graph is similar to the concept of the resin working

curve presented in section 2.4.2.
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Figure 5.3. (A) Polymerisation depth, z,, as a function of the normalised layer exposure time
7p, equation (5.4) for different levels of resin characteristic penetration depth, h.. (B)

Normalised dose, Q, as a function of depth, z, for different values of h, and the normalised

exposure time, 7.1

Figure 5.3 (B) shows the normalised dose Q as a function of depth, z for different
values of h, and 7. The polymerisation point where Q = 1 is shown here by the dotted
line. It is noted that smaller values of h, require longer exposure times, and as a result
the inhomogeneity of the layer increases. Conversely, larger h, values require shorter
exposure times and as a result the material beyond the polymerisation depth receives
a larger dose than for smaller values of h,. This is the fundamental trade-off in

minimising microfluidic channel height in a 3D printed microfluidic device.
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Table 5.1. Resin curing model parameters.

Parameter Symbol  Unit(s)

Absorption coefficient a pm*

Characteristic resin penetration depth hq pum

Curing time t S
Depth z pum
Polymerisation depth Zy, pum
Polymerisation time at depth z, ty S
Optical irradiance I W.cm?
Optical irradiance at the interface I, W.cm™
Dose D J.cm™?
Critical dose D, Jcm?
Critical time T, S

Table 5.2. Resin curing model unitless parameters.

Parameter Symbol Equation
Normalised depth ¢ z/h,
Normalised polymerisation depth {p Zp/hg
Normalised time T t/T,
Normalised polymerisation time Tp ty/Te
Normalised dose Q D/D,
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5.3.1 Internal void formation — Theory

A schematic of the layer-by-layer fabrication of a simple square microfluidic channel
Is presented in Figure 5.4. The Asiga Pico+27 uses the inverted mask projection SL
configuration with projection optics located beneath the transparent build tray, thus
the part is built upside-down on the build platform. When the flow channel is formed
in Figure 5.4 (C) the flow channel region is masked, leaving the resin in that region in
the unpolymerized liquid state. This resin becomes trapped inside the part when the
enclosing layers Figure 5.4 (D) are polymerised. Some of the irradiance used to
polymerise the enclosing layers (layers 5 and 6) bleeds into 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/surpasses the polymerisation
threshold; thus, causing solidification and blockage of the channel. To mitigate for
this, the flow channel z-dimension must be made taller so that the final channel size
corresponds to the desired input. This is a key constraint that is critical to the design

algorithm presented in section 5.3.4.

In the following section a mathematical model, previously developed by Gong et al.*?
for total optical dose in a multi-layered part, is described in detail. This model is the
basis for the 2D and 3D models developed in section 5.3.4.
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Figure 5.4. Fabrication of a part with an embedded channel via MPuSL. (A) UV light is projected through the build tray during the first step causing solidification
of layer 1, this process is repeated for layer 2 in (B). The fabrication of layers 3 and 5 is not shown in the graphic. During fabrication of layer 4 in (C) the UV
light is masked by the DMD at the location of the embedded channel. (D) Shows the 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 multi-layered part

In the design space of the model z = 0 at the interface of the part being printed and
the build platform (Figure 5.4) and the layer thickness is defined by z; (Az). The layer
number is given by n, wheren € [0, N — 1], and N is the total number of layers in the
final part. Thus, the optical irradiance received at depth z during the exposure of layer
n is given by

1,(2) = I,e~ [+ Dzi=z]/ha
" 0 (5.8)

where the numerator in the exponential term is the position of the top of the n" layer,
(n + 1)z;, minus the depth z at which we wish to calculate the irradiance. The optical
dose D, (z,t), for a layer exposure time t; and the corresponding normalised dose are

given by the equations
Dn(Z, tl) = tlln(Z) = tlloe_[(n+1)zl_z]/ha (59)

t
Q,(z,t) = T_le—[(n+1)zz—z]/ha = 7o~ [+ D-2/216 (5.10)

Cc

where the layer thickness is normalised by dividing the layer thickness z; by the resin
characteristic penetration depth h, (i.e. {; = z;/h,). Normalising the depth z by the
layer thickness z; gives a new unitless parameter y = z/z;. Thus, the normalised dose

can be rewritten as
Qn(’y‘ Tl) — Tle_[(n‘l'l)_)/]{l (511)

where the current depth z must be less than or equal to the top of the current layer,
(n + 1)z; (any value of z greater than the top of the current build layer hasn’t been

fabricated yet). This is defined by the following condition

n+1)—y=>0 (5.12)

>y<n+1

therefore
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7,8 [+ D-vIG ify<n+1 (5.13)

2,7, ={
n(r,70) 0, otherwise

in other words, the dose received during the exposure of layer n only influences layer

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

The normalised dose for a layer n at the back (y = n) and front (y = n + 1) is given

by equations (5.14) and (5.15) respectively.
Qpack = 1,675 (5.14)
-eront =70 = Qbackeh (5.15)

The main condition for the success of a 3D print is that the dose (Q) received by the
layer exceeds the polymerisation threshold of the resin at the back of the layer enabling
the layer to adhere to the previous layer. This requirement can be stated in terms of
the normalised dose, Qp4cx = 1. The minimum dose required for layer adhesion is
given by equation (5.16) and the corresponding minimum dose at the front of the layer
is given by equation (5.17) below.

Qpack =1 (5.16)
Qfront = et (5.17)

Finally, if we assume exposure is additive for each layer (assumption 1), then the total

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

N-1 (5.18)
0T = ) 0u(rm)
n=0

where Q,, is given by equation (5.6).
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Table 5.3. Multi-layered part - experimental parameters.

Parameter Symbol  Unit(s)
Build layer thickness Z; um
Layer number n -

Optical irradiance received at depth  I,(z) W.cm?
z during exposure of layer n

Optical dose received at depth z D, J.cm?
during exposure of layer n

Total number of layers N -

Layer exposure time t S

Table 5.4. Multilayered part - unitless parameters.

Parameter Symbol Equation
Normalised layer thickness ¢ z;/h,
Normalised dose received at depth Q, D, /D,
z during exposure of layer n

Normalised depth y z/z,
Normalised layer exposure time T t;/T.

To demonstrate the nature of equation (5.18), consider the graph of the normalised
dose plotted as a function of depth in Figure 5.5. The graph shows the typical
polymerisation dose received for a solid block of material consisting of five layers,
with layer thickness z; = 10 um. Parameters are set for the ideal case where the dose
received at the back of the layer is just enough for complete polymerisation, such that
Qpack = 1.0. The normalised layer thickness ¢; is set at 0.69 to yield a normalised

layer exposure time t; of 2.0.
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Figure 5.5. Normalised dose (Q) plotted as a function of depth (z) for a solid polymer block
of material consisting of five layers. Individual layer doses for layers 1-5 are 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 of 10 um represent the interface

between consecutive layers. Q = 1.0 is represented by a horizontal red line.

The total energy dose received by the initial photopolymer layer depends on the total
number of layers in the part. In fact, because exposure is additive (assumption 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 be seen in Figure
5.5 where the total dose received by layer 1 is noticeably larger than the dose received
by layer 5. For example, the 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 front of layer 5 is 1.0 and 2.0 respectively. This variation in
polymerisation dose between the front and back of each layer likely results in a build-
up of internal stresses throughout the 3D printed part due to differences in material

phase between partly- and fully-polymerised regions®2.
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5.3.3 Modelling of an embedded channel

In Figure 5.5 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 void is present
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 layer n such that

{0, if n is in a flow channel
6, =

1, otherwise (5.19)

The new equation for total normalised dose with an internal void is given by equation
(5.20)

N-1
0, = ) 8,0, (5.20)
n=0

To illustrate the effect of adding an internal void into the build consider Figure 5.6
which shows a graph of the total normalised dose () plotted against depth (z) for a
15-layer part with an internal void inserted in layers 6 — 8. The variation of the binary

parameter &,, with layer is shown in green.

&, can be considered the ideal polymerisation dose where §,, = 1 represents material
that has received just enough dose to initiate polymerisation and §,, = 0 represents
material that has received no dose. However, this is not an ideal scenario and the
polymer trapped inside layers 6 — 8 receives some curing dose during the formation of
the enclosing layers 9 — 15. This is enough to partially block the channel such that the
input channel dimension differs significantly from the output channel dimension, in
this case by 10 um (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 polymerisation (Q =
1.0).
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Figure 5.6. Normalised dose (Q) plotted as a function of depth (z) for a part with an embedded
channel with layer thickness zy = 10 um, and total number of layers N = 15. Total
polymerisation dose received by the part throughout the build is shown as a solid black line.
Vertical grid lines spaced at intervals of 10 um represent the interface between consecutive
layers. Minimum dose to reach the polymerisation threshold, Q = 1.0, is represented by a

horizontal red line. The variation of the parameter o, is represented in green text.

5.3.4 3D model

Equation (5.20) can be expanded to two and three dimensions by evaluating at each x
and y coordinate in the design space. In the case of the MPuSL technique, the x and y
coordinates correspond to DMD pixels in the build plane. Thus equation (5.20) is
evaluated at each x and y pixel coordinate throughout the entire z depth of the part
from the first layer (n = 0) to the final layer (n = N — 1). Values are stored in a 3D
array representing the total build extents. A 2D cross-section of the 3D normalised
dose array for a simulated 3D printed part with an embedded channel is shown in

Figure 5.7.
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Figure 5.7. A 2D cross section of the normalised dose (©) matrix for a simulated part with an
embedded channel with 1D intensity outset. Slice thickness zj = 10 um, and total number of

layers N = 15. The embedded channel is located at layers 6, 7 and 8.

The simulated 3D array of Q values can be simplified by defining a set polymerisation
threshold; defined by Q > 1 in the current work. From this condition, it is possible to
divide the 3D dose array into solidified and unsolidified parts represented by binary
ones and zeros. This concept is illustrated in Figure 5.8 (B) which shows the simulated
result from Figure 5.7 represented in binary format. The difference between the
designed input array (Figure 5.8 (A)) and the simulated result (Figure 5.8 (B)) is

calculated using a Boolean XOR operation.
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Figure 5.8. Binary array representation of the (A) the designed input, (B) the simulated result,
and (C) the difference between (A) and (B) calculated using a Boolean XOR operation. The

black arrow shows the build direction.

5.4  Predictive design algorithm

Using the designed input channel dimension as the end condition, an iterative design
algorithm is developed based on the mathematical 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 height. An iterative approach is then
taken to converge toward a solution for input channel height that will result in the
desired output with the overcuring effect taken into consideration. Implementation of
the predictive design algorithm is realised using LabVIEW™ 2016 64-bit (National
Instruments, TX, USA).

5.4.1 CAD design and slicing

A 3D model of the embedded channel is designed using SolidWorks™ 2016 (Dassault
Systemes SolidWorks Corp., MA, USA) and output as a STL file. This model is then
imported into Composer software (Asiga, CA, USA) for orientation on the build
platform and slicing based on the slice thickness settings of the Asiga 3D printer (10
— 150 pum). After the model has been processed and sent to the 3D printer the individual
slice files can be downloaded from the 3D printer web interface as a “.zip” folder
containing a stack of binary (black and white) image files in Portable Network

Graphics (PNG) format. An example of a binary slice file is shown in Figure 5.9.
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Figure 5.9. Example of a binary slice file downloaded from the Asiga 3D printer web interface.

Slice files are sent in sequence to the DMD projector which masks or reflects the UV curing

light based on the binary image pattern.

5.4.2 Generation of § array

The PNG image stack downloaded from the Asiga printer web interface is then
converted into a binary 3D voxel array with x and y array dimensions corresponding
to the number of pixels in each PNG slice image (1280 x 800 pixels respectively).
The Z array dimension varies based on the slice thickness and overall size of the
designed part. This 3D voxel array becomes the initial set of values for the parameter
& in equation (5.20) such that individual values of & can be queried using the array

index (i.e. 6 , 3 returns the 6 value at the point x = 1, y = 2, z = 3 in the array).

Due to the large size of the voxel array it is necessary to split the array into subsections
containing regions of interest (ROI) to reduce simulation time. ROIls are extracted

from the array before execution of the code.

5.4.3 Implementation of the predictive design algorithm

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

solution 6;4.,; is defined based on the input voxel array, 6;,,.

98



Bidear = Oin (5-21)

Equation (5.20) is calculated for each x and y voxel in the array summing the dose
received over the entire z-direction during the fabrication of each layer fromn = 0 to
N — 1. This results in a 3D voxel array of single-precision floating point numeric
values for (, the normalised dose. This array, Qg;,,, represents the simulated dose
received by each voxel during the build. A polymerisation threshold is applied to the
simulated dose array based on the assumption that values of Q;,,, > 1.0 represent a
fully polymerised material, and values of Qg;,,, < 1.0 represent unpolymerized liquid

resin (assumption 3).

A 3D Boolean array, 6,.q;, IS generated from this threshold, with values of 1

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

0. - {O, unsolidified (5.22)
real ™ |1, solidified

This simulated voxel array (the numerical solution) becomes the basis for calculation
of the modified input voxel array 6,,,4. First, the difference between the numerical

solution and the ideal solution is calculated.

¢ = Orear — Bideal (5-23)

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

¢. Note that the subtraction function is set to ‘saturate’ resulting in the following three

scenarios;
a 1-1=0
by 1-0=1
) 0—1=0

(@) and (b) are the standard mathematical protocol, however (c) represents the case of
saturation which is essential to convergence of the model. Figure 5.10 shows a 2D
cross sectional image in the x/z plane of the three arrays for the two cases.
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Figure 5.10. A 2D cross section (in the x/z plane) of three voxel arrays Oreal, Gigeat, and ¢

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

To converge on a solution where the simulated output 6,..,; is close to the ideal input,
the input channel must be made larger in the z-direction. The increase in channel size
in the z-direction is a function of the material characteristics h,, and T, and the
number of enclosing layers A. To widen the input channel the difference array, ¢, is
shifted by one pixel in the z-direction to yield ¢, and then subtracted from the input

array, 0;4.4:, to calculate the new modified input voxel array 6,,04-

Omod = Bidear — P! (5-24)

Subtraction of these two Boolean arrays is performed using the saturation mode

mentioned previously.

New values for Qg;,,, and 6,..,; are calculated based on 6,,,,4 using equation (5.20)
and the process is repeated. In the current work, an end condition for the algorithm
was chosen based on an upper iteration limit i,,,,,. Table 5.5 shows a summary of the
terms used in the algorithm. A schematic of the predictive algorithm is shown in Figure
5.11.
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Table 5.5. Design algorithm inputs.

Parameter Symbol  Unit(s)
Input voxel array Oin -
Modified voxel array Omod -
Simulated normalised dose array Qsim -
Ideal solution Oideal -
Numerical solution Orear -
Difference between ideal and numerical solutions ¢ -
Shifted difference array ol -
Pixel depth Dy um
Pixel width Dy um
Layer thickness Z um
Layer exposure time t S
Polymerisation threshold Q -
Maximum number of iterations Imax -
Voxel z-shift Zshift -
Relative error limit Ereir %
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5.5 Results and Discussion

Validation of the current model was carried out using a model of a circular
microfluidic channel 540 um diameter with three levels of enclosing layers A =
50,25 and 10 and at a slice thickness z; = 25 um. The number of enclosing layers,
A, is measured from the bottom of the microfluidic channel to the bottom of the part;
for a circular channel, a second parameter, A., is defined as the distance from the
middle of the microfluidic channel to the bottom of the part. This concept is outlined

in Figure 5.12 showing paired values for both A and A..

Build platform
o0 Z

))\\=10
‘ A=25 =21

Figure 5.12. The model parameters A and Ac, number of enclosing layers. A is measured from

the bottom of the channel, while A¢ is measured from the middle of the channel.

Model inputs h, and T, were chosen based on a photopolymer material, Formlabs
Clear, with values of 246.274 um and 0.9482 s respectively. Further information on

determination of photopolymer material properties is given in section 6.2.4.

The evolution of the binary arrays 6,04, Grear» ¢, and ¢, in the application of the
design algorithm toward the production of the circular microfluidic channel is shown
in Figure 5.13, Figure 5.14, and Figure 5.15 for A =50,25,and 10 layers
respectively. It should be noted that i,,,, Was setto N = 50 iterations for each model,
however only iterations up until convergence of the model are displayed. For iterations
n > 25,22 and 14 respectively the model has fully converged (¢ = 0) and there is

no change in any of the output arrays.
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Figure 5.13. Evolution of the binary arrays omod, freal, ¢, and ¢, in the application of the design algorithm toward the production of a circular microfluidic

channel with number of enclosing layers 1 = 50.
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Figure 5.14. Evolution of the binary arrays omod, freal, ¢, and ¢, in the application of the design algorithm toward the production of a circular microfluidic

channel with number of enclosing layers A = 25.
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Figure 5.15. Evolution of the binary arrays dmod, frear, ¢, and ¢, in the application of the design
algorithm toward the production of a circular microfluidic channel with number of enclosing

layers 2 = 10.

Convergence of the theoretical model depends on the interrelationship between the
material characteristics and experimental parameters. For successful mitigation of the
overcuring effect using the current model, the total thickness of the enclosing layers
(Az;) above the void must be greater than the polymerisation thickness for a single

layer,
Az = z, (5.25)

where z; is the layer slice thickness, and z, is the resulting thickness of the

p
polymerised layer given by equation (5.4) for layer exposure time, t;, and material
characteristics h, and T,. This is one of the main findings of this study as it suggests
that channels smaller than the current limit of ~3.5-5.5h, imposed by Gong et al.*? 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 above 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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large h, it becomes increasingly difficult to mitigate for overcuring when dealing with
a small number of enclosing layers. However, by increasing the number of enclosing
layers mitigation can be achieved even for low resolution resins with large h,. This
can be seen when comparing Figure 5.13 for a channel with 50 enclosing layers (1 =

50) with Figure 5.15 for a channel with 10 enclosing layers (1 = 10).

In the case of A = 50, the final simulated result (6,.,; at n = 25) is a very close
approximation to the ideal solution (8;4.4;) With circular channel walls at the top and
bottom of the channel. On the other hand, in the case of 2 = 10, the final simulated
result (6,.,; at n = 14) shows the bottom channel wall (the side closest to the light

source) as completely flat.

Figure 5.16 shows a graph of total difference (in voxels) between the ideal solution
(0;4eq:) and the real solution (8,.4;) calculated using the XOR Boolean operator. This
clearly illustrates that a higher number of enclosing layers results in greater control
over output channel resolution with the final difference in voxel count between the
ideal and real solutions approaching zero as A increases. The final minimum voxel

error for the three cases presented is shown in Table 5.6.
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Figure 5.16. Convergence of the design model to an optimum solution. The graph shows the
total difference in voxels between the ideal solution (Gigear) and the simulated result (Grear) for
the circular microfluidic channels presented in Figure 5.13, Figure 5.14 and Figure 5.15. The
total difference between the ideal and real arrays converges for the three cases of A =
10, 25 and 50 layers.

Table 5.6. Percentage relative error (Er) for the three cases presented in Figure 5.15, Figure

5.14, and Figure 5.13 for channels with enclosing layers A = 10, 25, and 50 respectively.

A | A, | lterationsto convergence (mn =N —1) | E ., (%)
10 | 61 14 14.66
25 | 36 22 7.47
50 | 21 25 0.94

As expected, relative error, E,.;, and number of enclosing layers (1 and A.) are
inversely related. It is also worth noting that the number of iterations to convergence,
n, is strongly dependant on the number of enclosing layers, with larger numbers of

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

The MPuSL 3D printing method is one of the best suited 3D printing methods for the
production of microfluidic channels. However, the production of high resolution
internal voids represents a major challenge due to the overcuring effect. Two main
approaches to tackling the problem of SL overcure are presented in the literature.
These include: altering base resin material characteristics to reduce cure depth by
doping with a light absorber!?; and improving MPuSL depth resolution via

improvements in equipment!Z,

A third approach has previously been investigated by Limaye and Rosen*3"% toward
improving resolution of the MPuSL technique by introducing a “compensation zone”
that is computed via modelling and then subtracted from the CAD model prior to
fabrication to compensate for the so called print-through errors. This model could, in
theory, eliminate external print-through errors completely, resulting in part geometries
that closely correspond to the input model geometry. However, this model only applies

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

In this chapter, a new design algorithm was developed for mitigation of the overcuring
effect toward the production of high resolution microfluidic channels. This new
algorithm is based on the threshold model for resin curing which is evaluated at each
node in a 3D voxel array. Modification of the initial voxel array is then performed
using an iterative design-and-test approach to reduce or eliminate overcure and

improve geometric resolution throughout the part.

Convergence of the model depends on the number of enclosing layers (1) above the
void being greater than the polymerisation depth (z,) for the given layer
polymerisation time. Whereas 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
resolution, through the application of the new algorithm an increase in the number of
enclosing layers leads to increased control over dimensional accuracy. Finally, the
new model suggests that it is possible to produce internal channels smaller than the

limit imposed by the photopolymer material characteristics h, and T.
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Chapter 6

Model verification

6.1 Introduction

In this chapter, the design algorithm developed in Chapter 5 is experimentally
evaluated using a 3D printer based on the MPuSL VP technique (Pico +27, Asiga,
CA, USA) using three commercially available photopolymer materials. Photopolymer
material characteristics including resin characteristic penetration depth (h,) and
critical time (T,) are evaluated for the three materials using the windowpane test.

These characteristic material parameters form the basis of the predictive design model.

CAD software was used to design microfluidic channels with square and circular
geometries at three settings for layer slice thickness (z;). In addition, the number of
enclosing layers (4) used to encapsulate the microfluidic channels was varied between
10, 25, and 50 layers for both geometries. The 3D channel designs were oriented on
the printer build platform using Asiga Composer printer software and sliced according
to layer thickness (z;). The resulting binary PNG image stacks were converted to 3D
voxel arrays and input to the iterative design algorithm. Maximum number of
iterations (i,,q,) for the design model was set based on results from initial channel
simulations. Modified and unmodified voxel models were then sliced and fabricated
at the corresponding settings and the resulting channel heights and shapes were

compared.

Results demonstrate the capability of the new design algorithm to mitigate for the
overcuring effect, providing increased channel resolution and repeatability of the
technique. In addition, the minimum achievable resolution is no longer limited by the
resin material characteristic penetration depth h,. The current model sets a new
minimum limit tied to the number of enclosing layers (1), with an increase in the
number of enclosing layers resulting in greater control over the final channel shape.
This is a vast improvement on the previous technique whereby an increase in A resulted

in poor quality blocked channels.

113



6.2 Materials and methods

6.2.1 3D printer

A DLP 3D printer (Pico+27, Asiga, CA, USA) based on the MPuSL VP technique
was used to fabricate microfluidic devices with defined channel height and shape. The
Asiga Pico+27 operates at a wavelength of 405 nm and has a reported resolution of 27
um in the build plane in x and y directions and a variable vertical z-resolution of 10 —
150 um. X-Y resolution is based on the size of a single micromirror in the DMD
micromirror array thus representing the base width and depth of a single voxel, with
the variable slice thickness in the z-direction representing the voxel height. The DMD
is a Texas Instruments DLP 4500 module (Austin, TX, USA), with a 912 x 1140
micromirror array arranged in a diamond pixel orientation®?. In order to ensure
alignment with DMD pixels, all test parts are rotated 45° on the build plane as shown

in Figure 6.1.

Build platform

Figure 6.1. The orientation of the Asiga Pico+27 DMD pixels with respect to the X axis,
adapted from Gong et al.*2.

DMD pixel alignment was experimentally verified by curing single (1 x 1 mm?)
layers of photopolymer material at angles (0 - 90°) on to a glass slide and imaging
using a VHX 2000 (Keyence, Osaka, Japan) and a Contour GT white light

interferometer (Bruker, MA, USA), results are shown in Figure 6.2.
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Figure 6.2. 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 a single layer of 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 45° w.r.t the bottom edge of the part. In image (D) the edges
of the material are oriented at 45° w.r.t the X and Y axes. Image (A) was taken using a Brucker
Contour GT white light interferometer while images (B-D) were taken using a Keyence VHX
2000 digital microscope.
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6.2.2 Materials

PlasClear (Asiga, Anaheim Hills, CA, USA), Formlabs Clear resin (Formlabs Inc.,
Somerville, MA, USA), and Freeprint Mould Clear 405 nm (DETAX GmbH,
Germany) photopolymer resins were used for microchannel production via the
MPuSL technique. PlasClear v 2.0, is an inexpensive photopolymer resin produced by
Asiga for their range of MPuSL 3D printers. Similarly, Formlabs Clear is a low
viscosity inexpensive 3D printing resin produced by Formlabs for their range of SL
3D printers. Such low viscosity SL resins are compatible with the MPuSL technique
which requires a lower viscosity working material to aid in resin replenishment during
the build process. Freeprint mould clear is a high-end, biocompatible (class lla)
photopolymer resin used for audiology and dental applications including ear moulds
and dental surgical guides. It has the lowest viscosity of the three resins at 622 cP
(mPa.s). Resin viscosities for common commercially available photopolymer resins

are shown in Table 6.1 below.

Table 6.1. Common photopolymer resin viscosities, adapted from ref.?>® and Appendix B.

Resin Viscosity (cP) at 20°C
Spot GP 63
MadeSolid Firecast 65
Makerjuice G+ 79
25-75 Ex010-TPGDA 81
PR48 IC 165
Makerjuice SF 206
DWS DC500 275
Full Spectrum Laser Iron oxide — low viscosity 276
PR48 286
Form Castable 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** 800-900
Asiga Pink 1082
Asiga PlasClear 1262
Full Spectrum Laser Blue Red oxide 1573

*viscosity for Freeprint Mould was measured at 23°C
**viscosity for FormLabs Clear was measured at 25°C*%°
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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 (1% “/v) was found to give
optimum peak resolution for the current setup. Liquid resin was decanted into 1.5 ml
10 mm path length UV cuvettes (Brandtech Scientific Inc., Essex, UK) and resin
absorbance measurements were made using a Biochrom Libra S22 UV-Vis
spectrometer (Biochrom Ltd., Cambridge, UK). No photopolymerisation of the resin
material was observed before or after measurement. The Asiga 3D printer UV LED
spectrum was measured using an Ocean Optics Maya spectrometer with fibre optic
connection (Ocean Optics, FL, USA). Equation (6.1) was applied to give the
normalised source spectrum with respect to light

I

Normalised source spectrum = logy (1—>
0

(6.1)

where [ is the source LED intensity and I, is the ambient light intensity measured

while the LED is powered off. Results are shown in Figure 6.3.
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Figure 6.3. Resin optical absorbance for three resins, Formlabs Clear (FL), Asiga PlasClear
v2 (PC), and DETAX Freeprint Mould (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 UV-LED has a Full Width Half Maximum (FWHM) of 68 nm and a peak
value of 422 nm. This overlaps the absorption spectrum of the photoinitiator at the tail
end of the resin spectra as outlined in the graph, which is the basic requirement for

photopolymerisation.

6.2.4 Measurement of experimental constants

Polymerisation thickness as a function of optical dose was measured using the setup
in Figure 6.4, which consists of a custom quartz slide holder through which UV light
from the 3D printer optics was projected. The Asiga Pico +27 was temporarily
modified to accommodate the experiment; the build platform and resin tray were
removed and the slider was disabled. A layer of resin ~1mm thick was applied to the
glass slide and exposed to a series of rectangular patterns with different exposure times
ranging from 0.7 to 20 seconds. After exposure, the slide was rinsed in IPA to remove

unpolymerised resin and the thickness of the polymerised regions was measured using
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a Brucker Contour GT white light interferometer (Brucker, Massachusetts, USA).

Results are shown in Figure 6.5, and Figure 6.6.

Projected image Photopolymer

Glass slide Slide holder

Figure 6.4. Generation of the photopolymer working curve using the Asiga Pico +27 3D
printer. The slide holder holds the quartz slide in place while UV light is projected into the
resin volume for a defined exposure time setting. Exposure time is increased after each

experiment to produce a set of polymer membranes with increasing thickness.

Figure 6.5 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 membrane region using the ‘multiple region’
option in the Brucker Vision 64 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 shown in Figure 6.6.
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Figure 6.5. Measurement of photopolymer material constants h, and T, using the windowpane method. Liquid photopolymer was exposed to squares of UV
light (1 mm x 1 mm) for increasing curing time periods. This image shows exposure times from 0.2 to 2.4 s for Formlabs Clear photopolymer resin. Membrane

thickness was averaged over the entire membrane area using the ‘multiple region’ measurement option in the Brucker Vision 64 software to choose the ROI.






Figure 6.6 shows the working curve results for Formlabs Clear resin. As expected, an
increase in exposure time leads to a corresponding increase in membrane thickness
such that a logarithmic relationship is observed as shown on the semi-log plot of
exposure time versus cure depth. The material constants h, and T, were determined
via a least squares linear curve fit of equation (6.2) to the curve of the natural logarithm
of the cure depth versus exposure time for the 405 nm UV-LED source at a constant
intensity of 25 mW/cm?. The characteristic penetration depth, h,, is the slope of the
fitted line whereas resin critical time, T,, is the line’s intercept with the x-axis as

outlined in Figure 6.6.

tp (6.2)
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Figure 6.6. Working curve of cure depth vs. exposure time for Formlabs Clear photopolymer
resin and Asiga 405 nm 25 mW/cm? UV-LED. Resin parameters h, and T. were calculated
using a linear curve fit of equation (6.2) to the data. Error bars are standard deviation of

membrane thickness over the entire ROI.
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Figure 6.7 shows a semilog plot of the combined working curves of the three materials
studied showing the relationship between slope and x-intercept. Corresponding resin
material characteristics h, and T, outlined in Table 6.2. Individual working curves for
each resin with a linear curve fit of equation (6.2) can be seen in Figure 6.8, Figure
6.9 and Figure 6.10.
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Figure 6.7. Exposure time working curve (cure depth vs exposure time) for three

photopolymer materials; Formlabs Clear, Asiga PlasClear v2, and DETAX Freeprint Mould.

Table 6.2. Experimental constants h, and T, calculated from resin working curves.

Photopolymer resin Penetration depth, ha | Critial time, Tc (S)
(pm)

DETAX Freeprint Mould | 222.6225 0.80138

Formlabs Clear 246.27422 0.9482

Asiga PlasClear v2 338.36426 2.33124
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Figure 6.8. Exposure time working curve for DETAX Freeprint Mould, plotted with a least
squares linear curve fit to equation (6.2).
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Figure 6.9. Exposure time working curve for Asiga PlasClear v2, plotted with a least squares

linear curve fit to equation (6.2).
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Figure 6.10. Exposure time working curve for Formlabs Clear, plotted with a least squares

linear curve fit to equation (6.2).

6.2.5 Experimental validation of exposure times

To calculate optimum exposure time for each material and layer thickness the
exposure time was initially set such that the normalised dose at the back of the layer
Qpack = 1 (equation (5.16)). This is the dose at which the polymerisation threshold
has just been reached. From this relationship, the layer exposure time t; can be
calculated by rearranging equation (5.14) to give equation (6.3) for minimum layer

exposure time.
t, = T,e?/ha (6.3)

Layer exposure time t; was then increased by 0.1s until the exposure time setting
resulted in a successful print. This procedure was repeated for all three materials.
Exposure settings for all three materials and corresponding layer thicknesses are

outlined in Table 6.3.
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Table 6.3. Experimental parameters; layer thickness (z)), normalised layer thickness ({), and
exposure time (t;) for three photopolymer materials: DETAX Freeprint mould (DX), Formlabs
Clear (FL), and PlasClear v2.0 (PC).

DX FL PC
z(gm)| 10 25 50 | 10 25 50 | 10 25 50
¢ 004 011 022 | 004 01 02| 003 007 015
t; (s) 11 12 13 | 11 12 13| 27 29 31

6.2.6 Experimental design

Experiments were designed to assess the capability of the predictive design model to
mitigate for the level of overcuring and improve resolution and repeatability of the
MPuSL technique. To this effect, microfluidic channels were designed in two shapes
and with a varying number of enclosing layers (4 = 10, 25, 50), and slice thickness
settings (z; = 10, 25, 50). Three commercially available photopolymer materials with
different material characteristics (h, and T.) were chosen. The input channel
dimension for both square and circular channels was kept constant. Unmodified and
modified CAD models were both printed in the same build to alleviate differences
between photopolymer material batches and all designs were replicated three times to

gauge repeatability. The experimental design space is shown in Table 6.4.

Table 6.4. Experimental design space

Parameter Levels Unit(s) | N
Channel shape Square, Circle - 2
Enclosing layers (1) 10, 25, 50 - 3
Slice thickness (z;) 10, 25, 50 pum 3
Material DX, FL, PC - 3
Channel dimension 540 um 1
Model Unmodified, Modified - 2
Repetitions 1,2,3 - 3
Total | 324
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6.2.7 CAD models

Three CAD designs were developed to test the mathematical model based on the
experimental design outlined in Table 6.4. Individual models were designed to
correspond to the 3D printer slice thickness values z; = 10, 25 and 50 um respectively.
In each design, the total thickness of the enclosing layers above the channel varies

based on the input slice thickness as shown in Table 6.5.

Table 6.5. Total thickness of the enclosing layers (z; x 1) (um) above the microfluidic channels.

) Total thickness of enclosing layers (num)
Layer thickness (z;, pm)
A=10 A=25 A=50
10 100 250 500
25 250 625 1250
50 500 1250 2500

A 3D isometric view of the CAD designs is shown in Figure 6.11. All models were
designed using SolidWorks 2016 CAD software (Dassault Systemes SolidWorks
Corp., MA, USA).
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Figure 6.11. Isometric view of the CAD designs used for validation of the predictive model.

Each model corresponds to a slice thickness value, z; = 10, 25, and 50 um respectively.

Models contain both square and circular channels at three depths within the part
corresponding to three levels of enclosing layers (1 = 10, 25, and 50 layers). The
CAD model design characteristics are outlined in detail in Figure 6.12. In addition,
each channel is replicated (n=3) within the part to ensure repeatability of results.
Replicates were designed to be printed in a single run to minimise time-based curing

variability between polymer batches.
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Figure 6.12. Front elevation view of the CAD designs used for validation of the predictive model. Experimental design parameters are coloured, number of
enclosing layers (A) in red, and layer thickness (z)) in green. The number of enclosing layers (1) is counted from the top of the channel for both square and

circular channels as outlined by the magnified sections of the image.






After design, the CAD models were exported in the ‘stereolithography’ (STL) file
format and imported to Asiga Composer software (Asiga, Anaheim Hills, CA, USA)
for placement on the build platform. Models were sliced at three slice thickness
intervals (z;) of 10, 25 and 50 um respectively corresponding to the experimental
design parameters in Table 6.4. Exposure time (t;) for the three materials was set
based on the results from section 6.2.5 (see Table 6.3). Raw and modified models were
placed in the same build to minimise time-based curing variability between polymer

batches as shown in Figure 6.13.

The Asiga 3D printer DMD optical engine is oriented in a diamond pixel orientation
as previously reported by Gong et al.*2 and verified in section 6.2.1. Thus, all parts are

oriented at 45° on the build platform with respect to the x-axis as shown in Figure
6.13.

Figure 6.13. Image from Asiga Composer software showing the orientation of the CAD
models on the build platform. Models are oriented at 45° w.r.t the x-axis to align with the 3D
printer DMD pixel orientation.

6.2.8 Predictive model

After slicing, the sliced image stacks were downloaded from the Asiga printer web
interface and converted into 3D voxel arrays using a custom script developed for this
purpose using LabVIEW™ 2016 software (National Instruments, TX, USA). The 3D
voxel arrays were then run through the bespoke algorithm developed for this study and
reported in Chapter 5 to predict and mitigate for the effects of overcuring. When
complete, the modified voxel array was re-sliced and converted back into a binary
PNG image stack for upload to the 3D printer.
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Maximum number of iterations (i,,,,) for the design model was set based on the

number of enclosing layers (1), such that:
imax < A (6.4)

Values for i,,,, corresponding to each material and model are shown in Table 6.6.

Table 6.6. Maximum iterations (imax < A) for each microfluidic channel model categorised by
material: DETAX Freeprint mould (DX), Formlabs Clear (FL), and PlasClear (PC).

Slice thickness (z;) | Enclosing layers (4) Maximum iterations (i,,qx)

DX FL PC

10 8 8 8

10 25 23 23 14
50 a4 a4 47

10 8 8 9

25 25 17 17 21
50 22 22 34

10 6 6 9

>0 25 8 8 15
50 8 8 16

6.2.9 Printing and part development

Prior to 3D printing, the build platform and slider mechanism were calibrated, and the
polymer materials were remixed and subsequently degassed under vacuum for ~30-45
minutes. Immediately after fabrication, unsolidified photopolymer resin was flushed
from the 3D printed flow channels. Briefly, the part is removed from the build
platform, rinsed with IPA, and sonicated in a bath of IPA for ~5 minutes (Branson
3510 sonicator, Branson Ultrasonics, CT, USA). The part is then removed, and the
micro-canals are aspirated using a vacuum aspirator (Bel-Art™ SP Scienceware, NJ,
USA). It is important to thoroughly aspirate the photopolymer residue from the micro-
channels as polymerisation may continue after fabrication from exposure to ambient
UV-light.
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6.3 Results and discussion

6.3.1 Modified versus unmodified builds

An overview of the results comparing modified and unmodified channels is shown in
Figure 6.14, Figure 6.15, and Figure 6.16 for three materials, DETAX Freeprint
mould, Formlabs Clear, and Asiga PlasClear v2.0, respectively. Additional results are

shown in Appendix C.

Fabrication of microchannels via the standard method is extremely ineffective often
resulting in blocked channels, as evidenced by the results for the unmodified model
‘A’ in Figure 6.14, Figure 6.15, and Figure 6.16 below. In fact, using the standard
method yields fully formed channels in less than 7% of the cases studied. In
comparison, upon application of the new design algorithm for mitigation of the
overcuring effect, most of the microchannels are unblocked and fully formed resulting
In a success rate of 98%.

U g o

wivie ®

Figure 6.14. Comparison of the unmodified (A) and modified (B) parts produced via the
MPuSL technique using DETAX Freeprint Mould photopolymer resin for three paired layer
thickness (zi) and layer exposure time (t;) settings.
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2, =50;t = 1.3

Figure 6.15. Comparison of the unmodified (A) and modified (B) parts produced via the
MPuSL technique using Formlabs Clear photopolymer resin for three paired layer thickness

(z)) and layer exposure time () settings.

Z = 50; t| = 3.1

Figure 6.16. Comparison of the unmodified (A) and modified (B) parts produced via the
MPuSL technique using Asiga PlasClear v2.0 photopolymer resin for three paired layer
thickness (zi) and layer exposure time (t;) settings.
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6.3.2 Channel height prediction

Predicted channel height from the final output of the numerical model is compared to
the experimentally derived values for square and circular models for the three
materials in Figure 6.17 to Figure 6.22 inclusive. As expected, there is a large variation
in channel height throughout the results for both predicted and measured values due
to variation in the experimental parameters A, and z;. For square channels, the
difference between the predicted channel height and the experimental value was found
to be an average of 204 um with a 95% CI of +28 um. For circular channels, the
difference between the predicted channel height and the experimental values was
found to be 124 um with a 95% CI of +26 um, with both the measured channel height
and the predicted channel height varying based on the number of enclosing layers,
slice thickness, and material characteristics. These differences represent a deviation of
38+ 5% and 23 + 5% from the input value of 540 pum for square and circular
channels respectively. This is to be expected as the prediction error of the exposure

threshold model currently used in industry is up to 50962,

In all results, the numerical model overpredicts the level of overcuring and thus
overcompensates, producing channels that are larger than the desired input dimension.
However, despite these inaccuracies, the numerical model results follow the trend of
the data closely. To illustrate this, the predicted channel heights from the numerical
model are shifted by the average difference, 204 um and 124 pm, for square and

circular channels in Figure 6.23 and Figure 6.24 respectively.

Variation in the level of overcure between the predicted and the measured result is
likely due to limitations imposed on the model by the initial assumptions made in
Chapter 5.

Model assumptions include:

Exposure is additive for each layer
Interference between DMD pixels is negligible
Threshold model of resin cure is valid

The resin molecules underneath the part being cured are stationary

o B~ w0 D

The cleaning process can completely remove the surrounding uncured resin
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To account for this variation between predicted and measured results in the current
model, the threshold value for polymerisation (normalised dose, Q = 1.0) used in

simulation can be tuned to provide more accurate simulation results.
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Figure 6.17. Variation of channel height (um) with number of enclosing layers (1) and slice
thickness (zi)) (um) for circular channels fabricated using DETAX Freeprint Mould Clear

photopolymer material. The numerical model follows the trend of the experimental data
closely. Error bars represent a 95% CI.

141






250.0

300.0
1000]
: 350.0
900 Experiment
400.0
800‘ .
450.0
Q 100 500.0
-
3 60 550.0
o ]
— 500 600.0
o}
G 40 650.0
-~
% 400 700.0
7
o0 750.0

—
L=}
=)

e,
g
n)

Figure 6.18. Variation of channel height (um) with number of enclosing layers (1) and slice
thickness (z)) (um) for square channels fabricated using DETAX Freeprint Mould Clear

photopolymer material. The numerical model follows the trend of the experimental data
closely. Error bars represent a 95% CI.
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Figure 6.19. Variation of channel height (um) with number of enclosing layers (1) and slice
thickness (zi) (um) for circular channels fabricated using Formlabs Clear photopolymer

material. The numerical model follows the trend of the experimental data closely. Error bars
represent a 95% CI.
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Figure 6.20. Variation of channel height (um) with number of enclosing layers (1) and slice

thickness (z;) (um) for square channels fabricated using Formlabs Clear photopolymer

material. The numerical model follows the trend of the experimental data closely. Error bars
represent a 95% CI.

147






p SHR— 100.0

. 165.0
1000
| 230.0
0 Experiment
2950
: 360.0
: 425.0
g
% 600 -
% 500 =
| V 620.0
| :
; e
SRy -
-3/ — 4.5 750.0

<&

Figure 6.21. Variation of channel height (um) with number of enclosing layers (1) and slice
thickness (z;) (um) for circular channels fabricated using Asiga PlasClear v2 photopolymer

material. The numerical model follows the trend of the experimental data closely. Error bars
represent a 95% CI.
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Figure 6.22. Variation of channel height (um) with number of enclosing layers (1) and slice
thickness (z)) (um) for square channels fabricated using Asiga PlasClear v2 photopolymer

material. The numerical model follows the trend of the experimental data closely. Error bars
represent a 95% CI.
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Figure 6.23. Validation of the numerical model for square channels, showing modelled and
experimental channel heights (y) versus experiment (x). The results from the numerical model
are shifted by the average difference (204 um) to demonstrate agreement with the general
trend of the experimental data. X-axis labels are in the format (Material):(Slice thickness

(z1)):(Number of enclosing layers (4)). Error bars represent a 95% CI.
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Figure 6.24. Validation of the numerical model for circular channels, showing modelled and
experimental channel heights (y) versus experiment (x). The results from the numerical model
are shifted by the average difference (124 pum) to demonstrate agreement with the general
trend of the experimental data. X-axis labels are in the format (Material):(Slice thickness

(z1)):(Number of enclosing layers (4)). Error bars represent a 95% CI.
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6.4 Conclusions

A new design algorithm, discussed in Chapter 5, for mitigating the overcuring effect
in MPuSL was experimentally validated using three photopolymer materials. Using
the model developed in this work, it is possible to alter the 3D voxel array to mitigate
for the effects of overcuring inherent in SL 3D printing processes. This presents a new
approach to solving this problem while building on previous research which focused

mainly on improvements in 3D printer hardware!®* and resin chemistry?13,

Microfluidic models were designed using standard CAD software and the design
algorithm was applied to the resulting 3D voxel arrays to mitigate for the effects of
overcure. Comparison of the raw input designs and the mitigated designs shows the
strength in this approach in improving the success rate of the MPuSL fabrication
technique for microfluidic channel formation. Results show an improvement in the

success rate from 7% to 98% using the new method.

Overcompensation of the new design model resulted in channel heights larger than the
input dimension of 38 + 5% and 23 + 5% for square and circular channel dimensions
respectively. Despite this, the predicted channel height closely follows the trend of the
measured results suggesting that the threshold value for polymerisation (Q = 1.0)

used in simulation should be increased to provide more accurate simulation results.

Although previous results reported in the literature? suggest that the minimum
channel height for a particular resin is ~3.5 — 5.5h,, it has been shown here that
smaller channel heights can be achieved by mitigating for the effects of overcuring in
the design before fabrication. In the current work, this resolution limit has been
reduced to ~1.3 — 2.9h,. However, minimum resolution is no longer limited by the
resin material characteristic penetration depth h,. The current model sets a new
minimum limit tied to the number of enclosing layers (1), with an increase in the

number of enclosing layers resulting in greater control over the final channel shape.

This new approach enables fabrication of microfluidic channels in a wider range of
materials, removing the need for bespoke high-resolution doped materials for internal
void fabrication thus enabling faster build times and allowing the designer to use

cheaper alternative materials.
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Chapter 7

Conclusions

7.1 Conclusions

Microfluidic device fabrication has, since the early 90’s, remained largely unchanged.
Conventional fabrication techniques are time-and-labour intensive, and often require
access to clean-room facilities. Furthermore, these techniques are difficult to automate
and are predominantly restricted to planar fabrication, limiting designs to two
dimensions. In view of these limitations, 3D printing has attracted attention as an

alternative fabrication technique providing automated, assembly-free 3D fabrication.

3D printing minimises the barriers to manufacturing, enabling engineers and scientists
to create custom microfluidic devices for a wide range of applications at a fraction of
the cost. Despite this, fabrication of microfluidic channels via 3D printing is
challenging for many reasons including: support material removal, print resolution,
chemical compatibility of materials, and high cost of equipment. Of the currently
available 3D printing techniques, MPuSL is uniquely positioned to address these
problems, however, it is not without its own limitations. Addressing these limitations

forms the basis for the current research.
The objectives of this research included:

— To investigate MPuSL for fabrication of internal microfluidic channels in a
bulk substrate material in a single step.

— To develop a rapid prototyping technique for common laboratory-based
microfluidic applications.

— To address the limitations in the direct production of internal microfluidic
channels via the MPuSL 3D printing method.

The following represent the main conclusions from the current work:
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— The MPuSL technique is capable of producing microfluidic channels in a bulk
material substrate in a single step and without the need for support structures.
In addition, integration of high pressure threaded microfluidic fittings was
demonstrated with a maximum achievable backpressure of 12 MPa. The main
limitation of the technique, namely overcure, was identified and characterised.
This results in poor resolution in the z-direction and causes blockage of
microfluidic channels oriented horizontally with respect to the build platform.

— Integration of a laboratory-based SPE technique on to a 3D printed
microfluidic chip with integrated weir and luer-lock fittings was demonstrated.

— A new approach to addressing the problem of overcure in MPuSL was
developed. This approach is based on a new iterative design algorithm for
prediction and mitigation of the overcuring effect for both internal and external
features toward the production of high resolution internal microfluidic
channels.

— Convergence of the new design model is based on the number of enclosing
layers above the void being greater than the polymerisation depth for the given
layer polymerisation time. Using the new model, it was shown that an increase
in the number of enclosing layers above the channel results in a corresponding
increase in resolution. This is a significant improvement on the technique
where previously an increase in the number of enclosing layers resulted in
channel blockage and poorer resolution.

— The new design algorithm was experimentally validated for microfluidic
channel production in three materials demonstrating an improvement in
reproducibility of microfluidic channels and improvements in resolution over
previous work in the literature. A new minimum channel height based on the
resin characteristic penetration depth and number of enclosing layers can now
be achieved.

— Limitations imposed by overcuring of the resin material can be overcome
through the application of the new design algorithm removing the need for
bespoke high-resolution doped materials for internal void fabrication enabling
faster build times and allowing the designer the freedom to use cheaper

alternative materials.
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7.2 Suggested future work

The following is recommended for further study:

— Application of the new technique to the fabrication of new microfluidic
devices to characterise speed and cost compared with other AM and traditional
fabrication techniques.

— Development of the current design algorithm to improve memory management
to increase speed and enable analysis of larger microfluidic networks.

— Expansion of the current MPuSL simulation model to include additional terms
for mass and heat transfer'®?, and to account for the effects of the

polychromatic light source!?,

Finally, the new design algorithm developed in the current work creates further
possibilities toward the fabrication of high resolution microfluidic devices when
combined with other approaches in the literature (i.e. increasing resin optical
absorption'?*3 and improvements in 3D printer hardware!®412%) suggesting that a
new minimum microchannel height resolution is achievable. Further research is
needed to fully characterise minimum channel height using this multifaceted

approach.
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Appendix A Supplementary figures for Chapter 4
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Figure A.1. Microfluidic channels printed in horizontal orientations A-D. Measured values are
significantly different from the input dimension according to the Dunnett post-test.






Vertical orientations E & F
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Figure A.2. Microfluidic channels printed in vertical orientations E and F. The Dunnett post-
test shows that the measured values for orientations E and F are the only channel

measurements to show correlation with the input values for all shapes and input dimensions
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Freeprint Mould/Shell Material Properties

Product: Freeprint® mould / shell

Date: 06.10.2015

Freeprint ® mould / shell is a light-curing resin, (meth)acrylate based, for
the generative production of all types of hard otoplastics, for systems
with LED 405 nm.

Property Test method Freeprint® mould / shell

In transparent colourless, rose, red

Colour Standard Light Box and blue; opaque beige and black

CP: gap 0,052 mm,
Viscosity cone 35 mm/ 1°; 23°C, 622 mPas
shear rate 80 1/s

Initial hardness

without post Zwick H04.3150 74 Shore D
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 1900-2100 MPa

Tests are carried out at 23 °C / 73 °F room temperature (Otoflash 171, 2 times with

2000 flashes, nitrogen). All given data describe the typical properties/values.

The properties depend on the building parameters, the cleaning, drying and post

curing process.



Formlabs Clear FLGPCLO03 Material Properties:s

METRIC’ IMPERIAL' METHOD
Green? Postcured? Green? Postcured?

Tensile Properties

Ultimate Tensile Strength 38 MPa 65MPa 5510 psi 9380 psi ASTM D 638-10

Young's Modulus 1.6 GPa 2.8 GPa 234 ksi 402 ksi ASTM D 638-10

Elongation at Failure 12% 6.2% 12% 6.2% ASTM D 638-10
Flexural Properties

Flexural Modulus 1.25 GPa 2.2 GPa 181 ksi 320 ksi ASTM C 790-10
Impact Properties

Notched [ZOD 16 J/m 25 J/m 0.3 ft-Ibffin 0.46 ft-Ibffin ASTM D 256-10
Temperature Properties

Heat deflection temp. @ 264 psi 427°C 584 °C 108.9 °F 1371°F ASTM D 648-07

Heat deflection temp. @ 66 psi 497 °C 731°C 1215 °F 163.6 °F ASTM D 648-07

NOTES:

'Material properties can vary with partigeometry, print orientation, print settings and temperature.

“Data was obtained from green parts, printed using Form 2, 100 pm, Clear settings, without additional treatments.

 Data was obtained from parts printed using Form 2, 100 pm, Clear settings and post-cured with 1.25 mW/cm? of 405 nm
LED light at 60 °C for 60 minutes.

Percent weight gain over 24 hours for a printed and post-cured 1x 1x 1cm cube immersed
in respective solvent:

Mechanical Properties 24 HR WEIGHT GAIN (%)
Acetic Acid, 5 % <1
Acetone sample cracked
Isopropyl Alcohol <1
Bleach, ™5 % NaQClI <1
Butyl Acetate <1
Diesel <1
Diethyl glycol monomethyl ether 17
Hydrolic Oil <1
Skydrol 5 1
Hydrogen Peroxide (3 %) <1
Isooctane <1
Mineral Qil, light <1
Mineral Qil, heavy <1
Salt Water (3.5 % NaCl) <1
Sodium hydroxide (0.025 %, pH=10) | <1
Water <1
Xylene <1
Strong Acid (HCI Conc) distorted




Value Unit Method
Specific Gravity 1.09 —112 glem?
Boiling Point >100 “C
Flash Point >100 “C
Ignition Temperature no data
Lower Explosion Limit no data
Upper Explosion Limit no data
Viscosity 850 — 900 cps @ 25°C (77 °F)

Vapour Pressure: Not established

Solubility in Water: Only very slightly soluble
Solubility in Organic Solvents: Soluble in organic solvents

Volatile Characteristics: Negligible

Electrostatic Discharge: Safe

Electric Conductivity: Dielectric
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Figure C.1. Raw (unmodified) and mitigated (modified) microfluidic channel models printed
in DETAX Freeprint mould photopolymer resin with slice thickness and exposure time

settings z; = 10 um, and t; = 1.1 s respectively.
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Figure C.2. Raw (unmodified) and mitigated (modified) microfluidic channel models printed
in DETAX Freeprint mould photopolymer resin with slice thickness and exposure time

settings z; = 25 um, and t; = 1.2 s respectively.
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Figure C.3. Raw (unmodified) and mitigated (modified) microfluidic channel models printed
in DETAX Freeprint mould photopolymer resin with slice thickness and exposure time

settings z; = 50 um, and t; = 1.3 s respectively.
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Material = Formlabs Clear
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Figure C.4. Raw (unmodified) and mitigated (modified) microfluidic channel models printed

in Formlabs Clear photopolymer resin with slice thickness and exposure time settings z; = 10

um, and t; = 1.1 s respectively.
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Figure C.5. Raw (unmodified) and mitigated (modified) microfluidic channel models printed

in Formlabs Clear photopolymer resin with slice thickness and exposure time settings z; = 25

pum, and t; = 1.2 s respectively.
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Figure C.6. Raw (unmodified) and mitigated (modified) microfluidic channel models printed

in Formlabs Clear photopolymer resin with slice thickness and exposure time settings z; = 50

um, and t; = 1.3 s respectively.
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Figure C.7. Raw (unmodified) and mitigated (modified) microfluidic channel models printed

in Asiga PlasClear v2.0 photopolymer resin with slice thickness and exposure time settings

z; = 10 um, and t; = 2.7 s respectively.
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Figure C.8. Raw (unmodified) and mitigated (modified) microfluidic channel models printed

in Asiga PlasClear v2.0 photopolymer resin with slice thickness and exposure time settings

z; = 25 um, and t; = 2.9 s respectively.
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Figure C.9. Raw (unmodified) and mitigated (modified) microfluidic channel models printed
in Asiga PlasClear v2.0 photopolymer resin with slice thickness and exposure time settings

z; = 50 um, and t; = 3.1 s respectively.
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