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Abstract

Intracytoplasmic Sperm Injection (ICSI) is an Assisted Reproductive Technology (ART) where
a singular sperm is injected directly into an egg for fertilisation to assist couples experience
trouble conceiving. Sperm selection is a necessary procedure prior to ICSI for the choosing
of the cell to be injected into the egg. In this technique, an embryologist manually selects
a sperm based on observation, leading to inconsistencies in the operation between
clinicians due to varying experience levels. Therefore, there is a need to assist and
automate this procedure to deliver consistent sperm selection prior to injection for more
consistent success rates. Microfluidics is a promising technique for the manipulation of cells
and other objects of sizes ranging between one to several hundreds of micrometers. This
thesis focuses on the develop of a novel microfluidic technique for automated capture,
isolation and retrieval of single objects/cells from a larger population with application to
ICSI. Initially, a novel manufacturing technigue was developed utilising an ablation method
with a red femtosecond laser to develop rapid prototypes for the device structure which
had replication of 300 um channels and 200 um gates gate sizes were 40 um smaller
compared to the original design. Next, a simulation model with particle tracing was
developed to determine the key requirements of a countercurrent design in order to
facilitate successful capture and release of objects. From this, fundamental pressure
requirements were determined to achieve the device function where the pressure
difference across the gate dictates flow direction. Geometric restrictions were also
determined based on proximity to inlets and outlets where 300 um from the fluid inlets is
required for successful object capture/release. Finally, a theoretical model was developed
utilising electrical circuit analogies for fluids to give an analytical solution to the fluid flow
in the device as well as to determine controller pressure requirements and the errors
determined based on experimental validation. The proposed technique offers a novel
method for isolation of objects/cells from a larger population, with the key function of

being able to deliver any captured objects/cells individually.
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Figure 5.12: Development of a typical laminar flow progression at Py, con¢ = 262.6 mbar in
gate 2. (a) shows the flow beginning to form. (b) shows the flow developing into a typical
laminar flow profile. (c) shows the laminar profile extending further from the inlet. (d)
shows the laminar flow being completely developed and the streamline being completely
1AV = 97
Figure 5.13: Filling of the third gate with the bulk flow moving into the third gate channel
(a) Shear flow developing again with the bulk flow at Py, o, = 268 mbar (b) Further
development of the shear flow at Py, .,= 268.3 mbar (c) Complete filling of the third
channel at Py cone = 268.4 MbBar......ccoiiiiiiiiii 98
Figure 5.14: Filling of the third gate with the control flow moving into the third gate
channel with Py, o, = 270 mbar. (a) Shear flow developing again with the bulk flow at

P cont =252 mbar. (b) Complete filling of the third channel with P .4, = 252.3 mbar. (c)
Complete filling of the second channel at P o, = 258.4 mbar. (d) Complete filling of the

first channel at P copne = 261.6 Mbar......ooiiiiiiiiiiiii 99
Figure 5.15: Comparison of the theoretically calculated Pj, cont/P cont for the critical flow
rates to the determined experimental values for the flow rate at each gate................... 100

Figure 6.1: Schematic setup for the evaluation of cell deformation and damage within the
gates of the microfluidic device. 6.1(a) shows the general geometric considerations
required to evaluate the cell damage. 6.1(b) shows positions of the edge contact points of
the Cellu 105

8|Page


file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351746
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351746
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351746
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351746
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351746
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351747
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351747
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351747
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351747
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351748
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351748
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351748
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351748
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351748
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351749
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351749
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351750
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351750
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351750
file:///D:/Arran's%20work/Thesis%20Chapters/FullThesis-25042023-UPDATED.docx%23_Toc133351750

Acknowledgement

| would like to express my thanks to my supervisor, Dr. Mozafar Saadat, for his continued

support throughout the entirety of my Ph.D study. His advice and recommendations have

been invaluable in completion of this research.

| would like to thank my family for their unrelenting love and support throughout this

long journey, without them | may have given up long ago.

9|Page



List of Abbreviations

ICSI — Intracytoplasmic Sperm injection
IVF —In Vitro Fertilisation

PDMS - Polydimethylsiloxane

PMMA - Polymethyl Methacrylate

ART — Assisted Reproductive Technology
DNA - Deoxyribonucleic Acid

CASA — Computer Aided Sperm Analysis
DFI — DNA Fragmentation Index

HDS — High DNA Stainability

VAP — Average Path Velocity

VSL — Straight Line Velocity

VCL — Curvilinear Velocity

LIN — Linearity

ALH — Amplitude of Lateral Head Displacement

WOB — Wobble
LED — Light-Emitting Diode

CMOS — Complementary Metal-Oxide-Semiconductor

SLC — Single-Layer Colloidal Centrifugation

SU — Swim-Up Method

SLA — Low Force Stereolithography
UV - Ultra-Violet

RMS — Root Mean Square

WHO — World Health Organisation

10

10|Page



List of Symbols

Re — Reynold’s Number

p - Fluid Density

u — Average Fluid Velocity
d — Characteristic Diameter
K - Dynamic Viscosity

p — Pressure

u — Velocity Vector

7. — Unit Normal Vector

un — Normal Velocity

U, — Tangential Velocity Vector

F - Fluid Drag Force

a - Sphere Radius

Pg — Bulk Pressure

P. — Controller Pressure

Q - Flow Rate

R - Hydraulic Resistance

L — Channel Length

R — Channel Radius

w — Channel Width

h — Channel Height

Qp — Inlet Bulk Flow Rate

Q¢ —Inlet Control Flow Rate

Qn — Flow Rate at Junction n

Rn— Channel Resistance in Channel n
Pn — Pressure Difference at Each Node
Pb,cont — Bulk Flow Controller Pressure
P¢,cont — Control Flow Controller Pressure

Qn,crit— Critical Gate Flow Rate

11

11|Page



Chapter 1

1. Introduction

1.1 Background

Infertility is defined as the inability of a couple to conceive after one year of regular
unprotected intercourse [1]. Male infertility is the sole contributor to infertility issues for
about 20% of cases and is a contributing factor for 30-50% of other infertility cases [2].
Globally, this means that around 24 million men have some level of male infertility [3], or
approximately 7.5% of couples worldwide struggling to conceive is due to male infertility
issues. From these men, 70% exhibit untreatable infertility conditions: oligozoospermia,
defined as having fewer than 15 million sperm per millilitre of semen (low sperm count);
asthenozoospermia, defined as sperm having less than 40% motility or less than 32%
progressive motility (low motile sperm); teratozoospermia, defined as having sperm with
less than 15% normal morphology (poor morphology sperm); or normospermia with
functional defects, defined as normally analysed sperm with underlying issues (such as zona

pellucida binding defects or high levels of reactive oxygen species) [4, 5].

ICSI (Intracytoplasmic Sperm Injection) was first introduced in 1992 as an Assisted
Reproductive Technology (ART) to help alleviate the impacts of male infertility [6]. The
process involves manually selecting a sperm by an embryologist, immobilising it and then
injecting it directly into an oocyte using an injection micropipette. An image of sperm

aspiration into the micropipette [7] is shown in Figure 1.1 below.
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Injection

Singl
eSS Pipette

Oocyte

Figure 1.1: A diagrammatic representation of a spermatozoon being injected
into an oocyte during a typical ICSI procedure [7].

Sperm selection is a key process prior to ICSI where an embryologist identifies a suitable
sperm to be used and manually aspirates it into a micropipette. The selection procedure is
based on the parameters laid out by the World Health Organistion (WHO), according to
which the sperm should have category ‘A‘ progressive motility (fast progressively motile,
with forward velocity over 25 um/s) and normal velocity [8-10]. If category ‘A’ sperm are
not available, the embryologist will move down the categories for sperm selection from
slow progressively motile with forward velocity under 25 um/s, non-progressively motile
and finally immotile, corresponding respectively grades ‘B’, ‘C’ and ‘D’. Morphology is
examined for specific abnormalities in the head, tail and neckpiece such as irregular shapes,

asymmetry, multiple heads/tails or any combinations of these defects.

This means that during the current manual selection procedure, the selection of the
appropriate sperm is left to the subjective view of the embryologst. This leads to lower
chances of a successful ICSI procedure with 1,600 couples having 1 or more ICSI cycles

without any success in the years 2017-18 [11]. Further reflecting these inconsistencies,
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there are also widely reported different success rates for an already relatively low chance

of successful pregnancy of around 40% [12-16].

There are other clinical factors that impact the fertilisation rate of OCSI, such as both
patients’ age, testicular histology, embryo quality and number of embryos all can affect the
outcome [17, 18]. Even though these clinical factors have consistent impacts on the success
rates, the main reason for inconsistencies during the ICSI operation remains due to human
involvement during the procedure. For this reason, microfluidics has been identified as a
potential research breakthrough for the assistance of sperm selection prior to ICSI,
particularly due to high DNA damage to cells during the current initial centrifugation step
for sperm sorting [19]. Applying microfluidic techniques to ICSI presents a significant
engineering challenge, particularly concerning manufacturing devices capable of handling
100s to 1s of microns in dimensions and isolating an individual sperm from a population
automatically through fluid control and geometric design. Particularly relevant to the
procedure is the retrieval of one single sperm that can be presented for ICSI, which is a
technology that has yet to be developed. There is also motivation to develop a fully
mechanical system to prevent unknown interactions affecting the sperm prior to injection,
as well as utilising an active flow system to assist sperms during ICS| as generally, the sperm
sample is weaker than normal sperms. Due to the laminar flow in microfluidic systems,
these operations can be performed automatically and consistently since there is very little

flow variation between operations as an almost robotic sorting method [20].

The procedure of sorting, isolation and release of individual sperms utilising microfluidics
refers to taking a sperm population at the inlet, isolating individual sperms from the
population, and releasing them individually to the embryologist, ready for injection. An
active microfluidic device can improve selection speed, improve the consistency of the
operation performed by the operator, mitigate sperm damage during the procedure, as
well as reduce complexity of training required to perform the operation saving costs. These
benefits offer significant opportunities for improvements of the present ICSI process to

offer better success rates of ART.

Many current microfluidic sorting methods only offer a passive sorting method, where
sperms are sorted as a result of their own motility [21, 22]. It is hypothesised that an active

flow sorting device is a strong candidate for improving current technologies due to faster

l4|Page



Chapter 1

sorting, sorting of the entire sperm sample, and assistance for weaker sperms to overcome

present challenges in ICSI.

The main aim of the present research thesis is developing a novel microfluidic technique to
be utilised with a fully automated microinjection system, to enhance current drawbacks in
manual and microfluidic sperm selection process within ICSI, and ultimately to help

embryologists eliminate variability during the sperm selection procedure [23].

1.2 Motivation

The conventional sperm selection method is not efficient since it involves a human
operator selecting a sperm based on their own best judgement and using a joystick for
motion control, and microscope for monitoring during the procedure. There are several
reasons to advance this procedure by automating the selection process, particularly with
the use of microfluidics. Firstly, there will be a variation between embryologists based on
their experience for sperm selection due to all selection being based on manual
observation. The consequence of this is a non-standardised selection procedure which is
rather left to best judgement and inevitable human error. This creates situations where a
selected sperm chosen may not be the most appropriate for the ICSI procedure from an
entire population. As a result, couples may experience a higher failure rate of ARTs leading

to increased costs to both the consumers and clinicians for repeated procedures.

Microfluidics is an emerging technology in clinics for sperm selection but has so far been
relying on passive sorting techniques. This means that the current technologies can only
offer an enhanced motility-based-sorting population of sperm to the embryologist, and the
selection and isolation must still be performed manually as an additional procedure.
Moreover, the sorting procedure is relatively slow and can only take a smaller segment of
the entire sperm sample to be sorted. Therefore, utilising active flow in the microfluidic
system provides great advantages by speeding up the process significantly and assisting
lower motility sperm populations that may not be viable for these techniques, as reportedly
1 million progressively motile sperm per millilitre are required [24]. The expertise can also
be further improved by developing a technology specifically for ICSI which has the ability

toisolate and present an individual sperm to the embryologist for the rest of the procedure.
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Microfluidics is characterised by micron-sized length scales for channel geometry with fluid
reagant flow rates moving in the magnitude of ul/minute. This characteristic means that
low reagant volume is required for each procedure, therefore saving costs on consumables.
More importantly, this means that a laminar flow condition is maintained throughout the
device, which has the property of consistent, and repeatable flow conditions due to there
being zero turbulence through the device with proper design and limited inertial fluid
effects at lower flow rates. Therefore, microfluidics can offer repeatable fluid control for
the manipulation of cells and other micron-sized objects that, when applied to ICSI, can

deliver a replicable, reliable, and consistent operation between each procedure.

Clearly then, devices developed for microfluidics provides a useful method of manipulating
micron-sized objects. This fact motivates the present study to recognise and evaluate the
potential of the application of active-flow microfluidics for automated sperm selection,
isolation, and retrieval within ICSI. This thesis further sets out to fulfil the requirement of
developing a suitable microfluidic technique for isolation of individual objects from a larger

population through active-fluid control.

1.3 Research aim, objectives and methodology

The aim of the present research project is the development of a novel microfluidic
automated technique for micro-scale objects/cells to isolate and retrieve individual

objects/cells from a larger population, with further application to ICSI.
The objectives of this thesis are as follow:

» To develop microfluidic manufacturing techniques capable of developing 3D
channel geometries. The technique should be made for rapid prototyping to allow
for consistent design iterations as it is a new technology. The technique is aimed to
have a balance of minimum feature size and to enhance manufacturing speed for
quick but accurate manufacture of microfluidic devices with small critical gate

dimensions.

» To develop simulation analysis of the microfluidic design in order to determine key
parameters in the microfluidic device. The simulation should be validated by

demonstrating the capture/release mechanism of the new microfluidic technique.
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The simulation is expected to be able to be applicable for continuous redesign and

development of the device.

» To determine the control mechanism and parameters for fluid control to effectively
execute the microfluidic technique. The parameters should be defined based on
controllable inputs with a pressure-driven flow. The fluid control should
demonstrate control over each individual channel required for object/cell isolation

and retrieval.

In this research, a novel microfluidic technique was developed for automation of individual
object selection and release, with potential further application to ICSI. To achieve this,
manufacturing methods were first explored for rapid prototyping of microfluidic test
structures to be utilised for analysing the device operation. An overview of the device

design is illustrated in Figure 1.2 below.

I Media Reservoir H Pressure Control

h 4

Bulk Flow Inlet —b. F1 Control Flow Outlet ‘

Gate 1

o

Gate 2

e

Gate 3

—Ni Computer

Bulk Flow Outlet —b. k{ Control Flow Inlet

Figure 1.2: Schematic overview of the design for the microfluidic technique.

Figure 1.2 then highlights the general working principles of the microfluidic technique. Two
inlets are set up countercurrent to each other, with two other inlets sending any liquid to
waste. Gates are placed between each of the channels comprising a geometric restriction
to prevent any objects larger than the restriction passing through. The number of gates is
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abritrary as long as they can fit between the inlets but 3 is shown for simplicty in the figure.
The left channel is denoted as the ‘bulk flow channel’ which is where any active
objects/cells move through and the right channel is referred to as the ‘control flow channel’
whose only purpose is for fluid control. Pressure driven flow was chosen as this fluid control
mechanism because it allows for greater flow stability which is advantageous when

considering the precise pressures required due to the sizes of the devices.

1.4 Thesis Structure

This thesis is divided into 6 chapters, and its overall structure is outlined.

Chapter 2 details a literature review of currently published research. This provides a

comprehensive background for the research demonstrated in each of the chapters.

Chapter 3 proposes two methods of rapid prototyping for microfluidic devices for proof-of-
concept testing. In this study, a novel femtosecond laser technique was developed for the
ablation of steel moulds, along with the analysis of the applications of low force

stereolithography 3D printing to this specific device design.

Chapter 4 offers a simulation analysis of the microfluidic technique to determine the
operating principles to achieve target object capture and isolation. The simulation is first
tested with a simple 3-gate design, then updated to determine operating principles and
limitations of adding in more gates, as well as the positional requirements to achieve full
flow control. The simulation demonstrates further the link between the counter flows, and
the effects the magnitude has on the operation of the device to successfully execute the
technique and is ultimately validated experimentally. This chapter then demonstrates the

main working principles of the device when considering the manipulation of objects.

Chapter 5 establishes the fluid control operational parameters of the microfluidic
technique within the device. In this chapter, a theoretical analysis is developed to
determine flow rate directions and magnitudes depending on the pressures supplied by
the controller. Velocimetric techniques are used to determine parameters relating to the
device, and the theoretical description is validated through experimental analysis of fluid
flow. Full control over the flow rates within the device is demonstrated and used to validate

the effectiveness of the theoretical model.
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Finally, Chapter 6 concludes the thesis by providing a detailed account and analysis of
Chapters 3, 4 and 5 and correlations between them. This concluding chapter also suggests
future research avenues towards the development of microfluidic devices in the field of

object/cell sorting and its applications.
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2. Literature Review

2.1 Introduction

The current sperm selection process is performed manually by an embryologist with any
selection criteria determined by their own subjective experience. This operation is
performed utilising a microinjection needle, where a sperm is selected, immobilised and
then aspirated into the needle ready for injection. Due to the subjective nature of sperm
selection, there are many chances for inconsistencies between clinics, embryologists and
even through inevitable human error. As such, there is a need to standardise this procedure
and assist the embryologist in developing a consistent sperm selection technique prior to
ICSI. The following section is divided into 4 main areas which hold relevance over practical

considerations when developing microfluidic devices.

2.2 Microfluidic Device Manufacture

This review of the existing manufacturing literature is largely based on the assessment
developed in [25]. Manufacturing of microfluidic devices dates to the invention of
photolithography soft lithography techniques in 1998. Photolithography allows for
patterning of features with a high resolution (1 um resolution under standard conditions).
However, this technique requires a clean room for mould development, high skilled
training, and handling of hazardous substances. Elastomeric stamps or moulds are used
within soft lithography for manufacturing of microfluidic features onto a substrate [26].
This method allows for higher resolution feature replication but requires an initial
manufacturing step of utilising photolithography or micromachining to make the
elastomeric stamps to be used during the manufacturing process. Generally, the
elastomeric stamps are made from  polydimethylsiloxane  (PDMS) or

polymethylmethacrylate (PMMA).

PDMS in particular has gained significant interest in the scientific field, not only for
exploration of manufacturing methods via soft lithography, but also as the main material
to be used in microfluidic devices containing all the channel structures. PDMS has many
desirable properties for use in microfluidics such as inertness, biocompatibility (non-
toxicity), porous to allow oxygen to diffuse through for live cells, optical transparency (at
230-700 nm), flexibility, and stability at a wide range of temperatures [27—29]. The material
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is relatively cheap, and there are several manufacturing methods that can be utilised for
rapid prototyping with PDMS as all that is required is a mould where the PDMS is poured,
and the structure replicated from the mould. This makes it very suitable for disposable,
single-use, low-cost devices to be developed for microfluidic research. There are potential
disadvantages, however, particularly for biomedical applications such as liquid evaporation
in the channel creating bubble propagation, which can then lead to cell death, or the PDMS
could absorb hydrophobic compounds. These problems could nevertheless be mitigated by
utilising surface coatings such as parylene for absorption, prevention, or environmental

controls [30].

A low cost, easily performed and well-established technique for microfluidic device
manufacture is replica moulding, which requires almost no specialist equipment [31-33].
The process involves mixing unpolymerized PDMS and a curing agent, pouring it over a
mould and then either thermally curing the mixture in an oven or letting it cure at room
temperature over a longer period. The PDMS can then be peeled from the mould after
revealing the microfluidic geometry assuming the mould is a positive print of the
microfluidic device. Clean room facilities are not required, and the equipment utilised is
only a temperature-controlled oven, and potentially a desiccator/vacuum chamber for
removal of air bubbles prior to curing. The mould used for microfluidic device fabrication
is typically made from Su-8 or PDMS, which is in turn produced using conventional

photolithographic techniques.

There has additionally been progress made in recent years in the development of metallic
moulds for replica moulding techniques. This is the case not only because of their capacity
to withstand high temperatures during curing with low thermal expansion, which in turn is
due to their small thermal coefficients of expansion, but also because they can be re-used
many times [34]. Peeling of PDMS has also been performed on these devices without the
need for surface coatings, which can be a problem with other manufacturing methods [35-

37]

Additionally, using lasers as an ablation method of the metallic moulds is a current area of
research to develop the positive mould. Laser ablation is a non-contact process and can
achieve high resolution geometries, limited by the beam spot diameter of the laser optics

system. Presently, three main types of lasers are in use: continuous wave, pulsed
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(nanosecond) or ultra-fast pulsed (femtosecond) [38]. Optimisation of laser optical
parameters has been widely researched, and has an application to manufacture good
quality channels with dimensions close to the intended design [39, 40]. The lower pulse
duration of the ultra-fast methods gives the best quality of mould manufacturing where
material is removed through the sublimination process instead of melting and vaporisation

[41].

A comparison of current microfluidic manufacturing techniques [25, 42—-54] is shown in

Table 2.1:
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Table 2.1: A brief overview of current microfluidic manufacturing techniques [18, 34-46].

Microfabrication

Min.

Technology Geometry Choice Feature Size Max. Height | Time/Speed Cost Commercial Availability
. Most common mould
Expensive due to manufacturin
Wet Etch 2D only. 3um 500 um 1-3 um/min clean-room . . g
- technique with high
facilities
throughput.
All geometry More expensive
Dry Etch including 3D 100 nm 10 pm 100 pm/min than wet etch due | Widely used but nt?t as
(some to plasma often as wet etching.
undercutting) generation.
. All geometry .
Deep Rea.ctlve lon including 3D (no | 40-100 nm 500 um 3.2 um/min Very.e.xp.)enswfe due Not often used.
Etching to initial capital.
under cuts)
1-500 Most expensive Ideal for low volume
E-beam Lithography 2D only 1-100 nm 5um am/min due to capital and | applications only due to
operating costs. no mask requirement.
Relatively cheap
due t t Not widel dduet
Powder Blasting 2D only <50 um >1 mm 1 mm/min u.e. ono O. widely %Jse ueto
requiring clean being a serial process.
room.
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. Not widely used due to
All geometry Expensive due to beine a serial brocess
Micromachining including 3D (no 0.1-25 pm 40 pm 6mm/min control and tooling agnd speci:Iist
undercuts) prices. equipment needed.
Very expensive due | Not used often due to
X-ray Lithography . to initial capital specialist
2D - d-1 2 . . s
(LIGA) only 0.1-3 um 0 mm 0.24 pm/min and operating equipment/facilities
costs. being required.
\ h duet
All zeometr Varies as |§3’ i;igzrcauia? Technology is currently
Wax 3D Printing . g . Y 75 um 50 um function of p being developed to be
including 3D . and operating .
channel size. used in wider research.
costs.
Expensive initial
All ceometr capital costs but Suitable for 3D
Laser Ablation of Steel incIU(g:Iing 3D (\:10 1 um 1mm 1 mm/min cheaper operating prototyping but not.
Mould costs due to no commercially due to it
undercuts) . .
clean-room being a serial process.
facilities required
Suitable for 3D
Low Force All geometr Several Relatively cheap comr::;tr(;t:lp\l/?agk’)ilit
Stereolithography 3D . g . y 50 um - 1-3 cm/hour initial capital and . . .y
Printing including 3D millimetres requires higher capital

operating costs.

investment in number
of printers.
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In addition to Table 2.1, optimisations of these techniques have been further researched,
such as micro milled channels with gas blowing assisted PDMS coating which allows for 3D
planar surfaces to be manufactured, and then optimised by coating the surface with PDMS.
However, this has only been researched for 100-800 um feature sizes [55]. Full 3D
manufacturing techniques have likewise been explored, such as the development of 3D
micromixers or other 3D microstructures by femtosecond laser direct writing which are
suspended inside fused glass silica. Nevertheless, this technique does not seem to be very
suitable for mould manufacture, but can generate a prototype for long-term usage [56—
59]. Laser ablation of moulds has also been previously discussed by Isiksacan et al.;
however, manufacturing a 3D planar surface would require several steps as the ablation is

a through-cut of sacrificial PDMS and acetate [60].

Table 2.2 below highlights the specific niches that each of the manufacturing methods
fulfil:
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Table 2.2: A comparative summary of each of the manufacturing methods highlighted in Table 2.1.

Microfabrication Geometry Min. Max. Time/ Capital Operational | Commercial
Technology Choice Feature Size | Height Speed Costs Costs Availability
Wet Etch - - - -- + - + 4+ +
Dry Etch ++ -- - + -- + 4
++
Deep Reactive lon Etching + ++ - -- -- -- S
E-beam Lithography - +++ --- --- .- .- -
Powder Blasting - -- ++ ++ ++ ++ -
+/-
Micromachining + (Depending -- - ++ --
on tooling)
X-ray Lithography (LIGA) - + + --- S --
Wax 3D Printing ++ -- -- +++ +++ -
Laser Ablation of Steel N N o o .\
Mould
Low Force
Stereolithography 3D ++ -- +++ + ++ +++ +
Printing
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Table 2.2 highlights that the most ideal rapid prototyping methods should be laser ablation
for those researchers with access to laser facilities as an alternative to outsourcing their
manufacturing processes; however, this method is not suitable for commercial
manufacturing due to the reasons mentioned in Table 2.1. Low force stereolithography 3D
printing is a good choice for prototyping moulds at a larger scale due to the relatively high
minimum feature size for proof-of-concept testing in research, especially at the design
stage due to the fairly quick speed and low capital costs of obtaining the equipment for
use. Both techniques are particularly suitable for biomedical applications where the chip is
required to be disposed of between each experiment or test. Each method allows for a
mould to be formed, so multiple chips can easily be developed by replica moulding with

PDMS as prototype testing for developing microfluidic research designs.

Finally, micromachining can be considered as a useful manufacturing technique since it is
a method that works well with devices that are required not to be made from PDMS due
to the previously highlighted absorption and hydrophobicity issues [60] as this method can
be used with other plastics such as PMMA.

2.3 Sperm Sorting/Devices

There have equally been many recent advances in the field of sperm sorting utilising
microfluidic devices. One of those first developments is one that utilises parallel laminar
flow lines along with a passive pump to sort motile from immotile sperms. Due to the flow
lines being laminar, only cells with their own movement can move between the lines and
out of the original path to where they can be collected and examined. This has the added
benefit of removing any debris or unwanted cells from a sample inserted at the inlet so

that the final sample is almost completely pure as shown in figure 2.1.

Dead
Sperm/Debris in Sperm/Debris Out
—————— e I —

Flow Barrier
L)
//' Live Sperm Out

Figure 2.1: Schematic of laminar flow channel design from [61] for motile and
nonmotile sperm. Nonmotile sperm and debris stay in the laminar channel and move
to the waste outlet and only motile sperm exit out of the collection channel.
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Figure 2.1 highlights the differing velocities between the top and bottom inlets, this creates
a boundary between each of the flows which only live sperm can pass to move to the oulet.
This device was tested twice, initially only using a sample of washed human sperms with
42% motility and 9.5% Kruger strict morphology at inlet. The device was evaluated using
sperm tracking by phase contrast microscopy for motility analysis, sperm tracking by
fluorescence microscopy to aid with motility analysis and utilising a Makler counting
chamber to evaluate sperm concentrations. As a result, the outlet motility was found to be
100% and the Kruger strict morphology was 22.4% [61]. This same device was then
evaluated again using germ cells along with human sperm cells within the inlet sample and
evaluated in the same way. It was found that motility increased from 69% at inlet to 98%
at outlet and the Kruger strict criteria increased from 10% at inlet to 22% at outlet. As a
result, it was seen that between both tests the results led to almost 100% motility at the
outlet showing that this technique can purify any cells lacking vitality. It also resulted in an
increase of around 12% in Kruger strict morphology criteria, which means that there are
more normal sperms at the outlet. DNA effects of the device weren’t examined; however,
only using a microfluidic device implies that it is still better than conventional techniques

[62].

Furthermore, it was discovered that a micro diffuser type movement can be used to sort

sperm using a gradient flow velocity [63] as shown in figure 2.1.

High Motile Low Moatile Dead Sperm: v,n

Vmax Sperm Sperm

Figure 2.2: Schematic of the diffuser design from [63]. The increasing channel width
reduces fluid velocity where at >70 pm/s highly motile sperm turn against the flow due
to rheotaxis, with lower motile sperm turning at lower fluid velocities.
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This takes advantage of the rheotactic behaviour sperm exhibits when it flows in fluid
velocities below 70 um/s, causing it to turn against the direction of the flow [64]. This idea
was deemed inefficient for the chip presented in the present research project, since,
although the sperms can be chosen quantitatively depending on their position in the
channel, it also makes extracting of them out of the channel more difficult to do
automatically. The streamline system almost guarantees motile sperm at the outlet for

further sorting/isolation.

Another device that was developed involves using long, radial microchannels which can
transport a high volume of sperm through a high viscosity liquid, causing them to separate

themselves out [65] as shown in figure 2.3.

Healthy
Sperm Out

Sperm In
—

Figure 2.3: Schematic view of the microfluidic device developed in [65]. The
channels are repeated radially for 500 parallel channels in total. Viscous fluid allows
the sperm to be sorted by progressive motility with high throughput.

Sperms are collected at the end of the channels by taking the lid off the device and

extracted using a pipette. Imaging of the sperm was performed using a conventional
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Computer Aided Sperm Analysis (CASA) software along with fluorescent staining of the
sperms to assist in tracking them. The device was initially tested using bull sperm for
different microchannel lengths to assess the sperm concentrations and percentage vitality
at the end of the lengths. It was found that there is a link between rapid progressive sperm
motility and vitality, and that increasing the distance that sperms travel does not have a
negative impact on sperm vitality. The device was tested again using human sperm with
the aim to determine the effects the device has on the DNA of the sperms. It was discovered
that sperm viability increased by 9% utilising each device, percentage DFI (DNA
Fragmentation Index) decreased by approximately 10% and percentage HDS (High DNA
Stainability) reduced by approximately 3%, all implying a higher DNA and chromatin
integrity when being sorted by the device. The effects that the specific device design had
on overall motility or morphology were not examined along with the ability of the device

to only provide a ‘purer’ concentration of a still large batch of sperm.

Valves have been developed by Quake et al. (named Quake valves)[66] where multilayer
soft lithography is used in order to create channels that overlap each other, where a
pressure applied to a channel causes the elastomer to deform and shut the corresponding

channel below it as a valve would.

These Quake valves offer a way to integrate all components onto the chip itself; however,
it also requires significantly more complicated manufacturing (multilayer lithography and
different channel geometries between layers) as well as design methods (ensuring channel
overlap) which could lead to increased costs and more sophisticated control [66]. Other
valves used in microfluidics include using a modified solenoid valve where a 10 mm
diameter solenoid armature was placed above a channel with a small poly(methyl
methacrylate) (PMMA) bead attached to the bottom of it, thus decreasing the contact area
of the solenoid such that it only presses against the channel. This causes the channel to
deform in a similar fashion to the quake valve by bending the elastomer while being an

external component working from applied voltages [67].
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2.4 Imaging Techniques

2.4.1 Diagnostic Imaging of Sperm

Imaging is generally performed to either check the morphology of a sperm cell or to
determine the motility of the cell using various factors that give information about the
health of the sperm. VAP (Average Path Velocity), VSL (Straight Line Velocity) and VCL
(Curvilinear Velocity) indicate the activity of dyneins and axonemes (proteins within the
flagellar that slide over each other to facilitate movement). LIN (Linearity) shows the
direction of the sperm moving towards the appropriate direction (e.g., towards the egg for
fertilisation). ALH (amplitude of lateral head displacement) detects hyperactivity in the cells

if it is found to be too high which is also determined by WOB (Wobble = VAP/VCL) [8].

A full investigation has been performed on the current state of CASA, current professional
opinion and where it can be used, as well as the future requirements to allow CASA systems
to be utilised within a clinical environment for successful sperm assessment [68]. In-depth
discussion has been undertaken regarding the advantages of using CASA to determine
flagellar tracking and analysis as an advantage over traditional techniques where a
combination of flagellar tracking and viscosity analysis can be combined in the future for
better clinical and diagnostic techniques. The study highlights the current opinion that
CASA systems cannot outperform the assessment of WHO-trained staff for counting, and
that improvements are needed for routine clinical use. Moderate voices on the issue
suggest that CASA can be used for categorising the kinematic measures of semen quality
and new/innovative tests for this should be an aim moving forward. Flagellar analysis is
also recommended in this study to push motility analysis forward (although this opinion
may be biased). Current imaging technology can observe sperm motility in 3D using a 4200
fps (frames per second) camera, and modern algorithms have been developed rapidly to
analyse the data from the cameras. Differential dynamic microscopy has also been
developed to allow for analysis of approximately 10* cells in a few minutes to offer a rapid
screening of samples. 3D analysis of human sperm motility may not be relevant for analysis
due to sperms normally only swimming in approximately 80-180 pl of fluid in the cervix, so
free swimming-analysis is not particularly useful for clinical analysis. This is also the case

because there will be surface effects on sperm within the reproductive tract, so 3D motility
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analysis may only be relevant for diagnostic analysis. Viscosity may also be an indicator as

important as kinematics as this allows for the penetration of sperms.

2.4.2 Cell Imaging in Microfluidics

Microfluidics is a rapidly expanding field with a wide range of uses especially within the
realms of Lab-on-a-Chip. One important field that has seen much exploration is single-cell
analysis with many developments such as utilising fluorescence-activated cell-sorting [69],
microfluidic technologies like introducing impact forces, for instance [70], and digital

microfluidics [71].

However, to successfully implement these techniques, there are several requirements to
be met. For instance, sophisticated vision and camera systems are necessary. Moreover, in
cases where the cell is isolated for observation, its retrieval from the chip for further use in
an operation becomes more difficult [72, 73]. Additionally, many techniques require
labelling or highly tuned sensors or setups to detect the cells passing through the
microchannels in order to manipulate them, such as using antibody-labelled cells by making
them, for instance, fluorescent. Tagged cells can then be isolated into individual groups
using optical force-based-manipulation or by utilising acoustic waves [74, 75]. Another
method of tagging that can be employed is magnetic activated cell sorting where tagged
cells can be controlled using a magnetic field. More typical methods include introducing
sheath flow and using the magnet to pull the tagged cells into the target outlet [76—78].
These methods, however, all require labelling of the target cell to allow for manipulation
and are typically used for isolating entire cell types from a mixture, rather than isolating an

individual cell from a species.

It has been further demonstrated that a fluorescent particle, 6 um in size, moving past a
laser diode can generate a detectable signal and be sorted between two channels [79].
However, this requires that the sperms be tagged in order to be fluorescent under the
detector. There have also been developments that have shown the ability to detect the
image of a bead at 50 um in size using a capacitive array which is on-chip but is much larger
than a typical sperm, which means that this sensor type is unlikely to have the resolution

required [80].
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A new development in imaging methods utilises on-chip techniques using various
electronics in order to move away from the small field of view that is available with
currently used microscopes in practice. One such technique utilises lensless imaging to
trace shadows of sperms via a charge-coupled device which has been tested on mouse
sperms [81]. This has the added advantage of the capacity to track the motility vectors in
both horizontal and vertical axes without combining two microscopes perpendicular to
each other which is required traditionally. This technique successfully determined sperm
VAP, VSL, VSL/VAP and acceleration. Additionally, it allows for on-board monitoring of
sperm cells while they are moving within the chip so that motile ones can be selected at
outlet after they have been sorted. Sorting was tested but only along a straight-line
channel, so sorting is mostly only the random distribution of the cells. However, when a
vertical configuration was used, it was found that there was increased motility, which

agrees with current swim-up techniques for sperm sorting.

A sensor array with an LED light source can show images of Caenorhabditis Elegans
nematodes giving a resolution limit of 490 nm. However, this required the channel height
to be approximately 300 nm to prevent under sampling which would make it difficult for a
sperm to fit into the channel [86]. The current and most successful way to count a single
cell utilises impedance analysis that postulates that, when a cell (4 um diameter tested)
moves between two electrodes, the impedance changes causing a voltage change, which

means that something other than the fluid has passed through the channel [87].

2.4.3 Label-Free Cell Imaging

An important transition to analysing sperms on-chip is through the use of label-free
techniques to prevent introduction of foreign material prior to fertilisation. These include
methods that do not require tagging or fluorescent labelling but instead utilise different

versions of microscopy.

One method that has been used is interferometric phase microscopy technique which
determines DNA fragmentation in human sperm [82]. Sperms are placed into a static
Makler counting chamber and a picture is taken using an interferometer. This examination
is then compared to current acridine orange staining to validate the results of using this

technique. Images showed that direct analysis of the WHO parameters was possible
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without having to stain the sperms, specifically for DNA fragmentation and acrosome size.
Therefore, the technique can be used to monitor these parameters stain-free such that
they can be examined during the ICSI operation and eventually utilised for sperm selection

without harming the sperms.

Another system allowing for individual selection of sperms within a small flow rate was
developed. The device consists of a single junction and an interferometer that monitors an
area before it, where if it detects good morphology, a pump is activated to move it to a
collection outlet while any that do not pass the scan are left to continue on the same path
to the waste outlet [83]. The technique demonstrated sorting for a 2 pl/hour flow rate for
human sperms to give approximately 8 sperms per minute from a 3000 sperm batch. The
drawback of this device is that once one sperm is selected, an inactive section is used and
all other sperms that pass through during that time period are sent to waste, including
potentially good and healthy sperms. This device further showed a 90% selectivity with
similar selection criteria to that of an embryologist, which means that having a lower
throughput allows for the function to be performed successfully. Current WHO (World
Health Organisation) parameters were used to identify the correct morphology of sperms
which include: an acrosome that composes 40% to 70% of the sperm head area, a typical
head shape, no excessively large external cytoplasmic droplets, no more than two small
cytoplasmic vacuoles (<20% of head area) and only in the acrosome area along with a
straight and smooth midpiece. The technique, although promising, requires an extremely
low flow rate to function appropriately, thus sorting could take a long time and currently
requires a batch size of sperms several factor times lower than current practice along with
a potential to miss healthy sperms that may be better than those chosen by the

interferometer.

Quantitative phase microscopy has also been developed using LED microscopes to image
human sperms where when placed under the microscope, different phase contrast images
are recorded because of the varied height and refractive index of the sperms to the rest of
the medium. This technique was used to find sperm trajectories and observe their
kinematics assuming that the detected cell was motile if it had specific kinematic properties
(e.g., VAP > 25 um/s or VSL> 11 um/s) and would then be tracked by the system. The results
of the technique were compared to a current CASA system, and it was found that there was
only a <5% difference between the two systems [84].
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Lens-free 3D tracking of human sperms has been developed using two partially coherent
light sources (red and blue) which are shone onto a microchip [85]. A CMOS sensor chip
records the dual view holograms that encode the position information of each sperm, then
the 3D location can be determined by the centroids of its head images reconstructed in the
vertical and oblique channels. High accuracy of the sperms cannot be found with current
technology in 3D due to the lack of a high enough temporal resolution as the sperm has a
helix radius of 0.5-3 um and rotation speeds that reach around 15-20 rotations/s. Using this
imaging technique, the sperm flagellar trajectory was found to have a helical movement
along its path depending on which stage of hyperactivation it was in. If the sperm was
normal, then the trajectory would be a normal helix; if it was hyperactivated, then it would

move in a more ‘wonky’ fashion, likely due to the excessive yawing of the cell.

Raman spectroscopy has been of great interest recently as an imaging technique since it
allows for direct imaging of sperm DNA fragmentation. Indeed, it has been found that
morphological discrepancies may just be an indicator of fragmentation within the cell (but
not a perfect one). Raman spectroscopy has therefore been employed to analyse sperms
that were able to undergo capacitation by being exposed to heparin for periods of time and
to examine the loss of surface proteins coating the cell membrane [88]. This technique has
not yet been applied to moving cells due to the longer acquisition time but could be utilised
if motile cells were able to be trapped so only the use of optical tweezers has been used so

far which may lead to some damage to the cells [89].

Another imaging technique utilises a combination of piezo technology and a segmentation
algorithm to track swimming unlabelled cells in three dimensions [90]. To do this, a
microscope is attached to a piezoelectric actuator which covers a range of 250 um scanning
distance. The actuator moves at 30 Hz and a 2000 fps camera takes a picture at every 8 um
in the z-direction. The system can differentiate between live sperm, dead cells, and any
additional debris in the system. Additionally, the tracking of the sperms in 3D is quite good
and almost matches the 3D kinematics of the sperm. This matching, however, requires a
manual template to be determined first and which can then be matched from the results.
The other concern regarding this technique is that the sperms must be in a relatively thin

film which is not easy to create for embryologists to select a sperm out of.
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An additional system that has been developed for imaging and is now moving to
commercialisation is the Bohboh system which has been developed as a new version of
CASA and that can track the waveform of the flagellar to determine a new mode of motility.
Other methods include utilising strobe pulses (approximately 200 ps) to image the
flagellum due to fluorescent light in a microscope with a continuous light source being too

weak [91].

2.5 Sperm Microfluidic techniques

Sperms can be manipulated depending on the environment they are placed in. One of the
first ways this has been tested was to place the same sample of sperm, diluting it into
smaller samples and then inserting it into different channels of different lengths [92]. This
was done using mouse sperm where the VSL, VCL and LIN of sperms as well as the
percentage of motile sperms were found at the outlet channel. It was discovered that, for
passive sorting of sperm cells using only straight-line geometries, 15 mm was the best as
this led to the highest values of the results reported and attributed the failure of longer

channels to the exhaustion of sperms after around 30 minutes while under incubation.

Another way this was examined was through the use of a filter placed halfway through an

upright cylinder so as to emulate the swim-up method [93].

Sperm
Sperm Collection
|n|et Outlet

Porous
Membrane

v

Figure 2.4: Schematic of swim-up design in [93]. Sperm are placed into the inlet and
allowed to swim along the channel. At the outlet there is a membrane of various filter
sizes to allow only highly motile sperm to pass through.

36|Page



Chapter 2

Human sperm is allowed to swim through a small channel and then upwards in the cylinder
with the pore size of the filter changed between 3, 5 and 8 um. It was determined that the
percentage motility increased to near 100% at the outlet (as is expected of the swim-up
method). However, the VCL, VSL and VAP were also observed to increase with all the filters,
but the effects were best observed with the 5 um filter which could be due to having the
most normal head size. The 8 um filter increased morphology normality by 14%, leading to
a near 30% overall normal morphology. Therefore, perhaps the best filter would sit
somewhere between these two sizes to maximise both motility aspects and morphology
aspects. It was also highlighted that, whenever microfluidics is used as opposed to the
regular centrifuge methods, there is a reduction in reactive oxidative species generated

while also giving similar DNA fragmentation results as the standards do.

Attention was also paid to the effects of viscosity on sperm migration by analysing the
effects of 50 um long cells travelling well over 20 cm (especially considering the complex
architecture of the reproductive tract) [94]. Thought was given to hyperactivation of
sperms where it is suggested that this is due to an out-of-control increase in sperm yaw
without enough viscous damping to control the flagellar bending since such studies have
only been performed in saline solutions. It was also assessed that current research only
focuses on chemotaxis as a sperm guide without considering the viscosity of the mucous
layers. This is true as the viscous effects are essential in allowing sperm to enter the cervix

during the ovulation phase or in denying entrance through action of the contraceptive pill.

Capture of sperms using gate restrictions has been previously demonstrated [95] utilising
photolithography techniques with 1, 1.5 and 2 um trap height and 2 pum trap width. This
system was set up using two parallel channels moving in the same direction, with one
driven by positive pressure and the other driven by negative pressure. It was showed that
reducing the channel diameter increased the chances of single cells being trapped, but this
also led to more cells missing being trapped entirely. It was also determined that, with the
peak flow rate of 2.5 pl/min, cell viability after being isolated by the device was not

impacted significantly.

Another technique was developed for retrieval of cells that have been captured by
restrictions [96]. This technique used capillary burst valves to gradually increment cells

through a channel and capture them in a restriction with counter current flow. However,
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this system requires precise flow rate values of 110 nl/min and requires precise
manufacturing of capillary valves to control the flow against air pressure. The technique
did nevertheless demonstrate the potential of counter current flows when used for cell

release.

Individual cell-isolation methods have also been developed on microfluidic devices such as
using droplet-based microfluidics [97]. This method allows for individual droplets to
encompass a single cell but, without further improvements to the method, there is still a
high potential of either empty or multiple cells within a single droplet to be present [98,
99]. Other methods include utilising valves within a microfluidic system and the use of
hydrodynamic trapping. However, the former method has yet to be demonstrated for
individual cell capture [100]. Likewise, even though several trapping mechanisms have
been suggested, they all present issues or complications in retrieving single objects once

they have been captured [101-103].

A short study has also been performed on the rheological and boundary effects on micro-
swimmers utilising a simulation [104]. A new finite element technique was developed to
show a force representation of the swimmers with a body-fitted mesh where the effects of
shear-thinning were shown as well as swimmers that violate Purcell’s Scallop Theorem. The
simulation was validated by comparisons of the results with swimmers in microchannels
where they scatter over features such as steps and ripples. A different study has also been
performed on the effects of human sperm swimming in a high viscosity mucous analogue
as a simulation [105]. By testing the effects of changes in rheology, it was found that sperms
tend to be pushers at high viscosity but pullers in low viscosity at certain points in the beat
cycle. This study further determined that the effectiveness of sperm swimming in high
viscosity media is by the loss of cell yawing and provided cell-level information that may

ultimately be incorporated into sperm population models.

Further ideas for the simulation of micro-swimmers with a flagellar are similarly shown
along with a methodology as an approach. Experimental data is used to generate a
waveform for the movement of a singular flagellated microorganism where this
information is then used to inform a model of sperm moving in a non-Newtonian flow
[106]. Experimental data is inputted to prescribe the waveform and inputted into a finite

element code to allow for shear-thinning, Newtonian rheologies and regularised Bingham
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fluids to be seen (2D and 3D). Future work mentions analysing human sperm beat patterns
and then using the same model to determine fluid flow, swimming velocity and beam
stress. From this, internal forces in the flagellum and associated theories of beat control
can also be found. Another investigation into simulation of cells is using slender body
theory. A study was performed to determine the fastest a cell can swim with subjection to
a maximum magnitude of internal actuation rather than using the conventional mean rate
of working for inverse efficiency where the equations can then be solved numerically [107].
A bending moment ‘fitness’ function can be found using equations related to hydrodynamic
calculations and estimates for bending and shear stiffness. From the simulation, it was
suggested that meandering waves may infer competitive advantages in the movement on

sperms.

A simulation has also been created for coarse-graining of the fluid flow around a human
sperm. Experimental data was captured and then recreated into MATLAB custom software
to determine the angle between the head and flagellum [108]. Principal component
analysis was then used to reduce the dimensionality of the data and a flow field was found
based on the sperm beat pattern. Quantitative analysis of sperm movement can be found
using the model; however, the effects of sperm yawing cannot. A flow field can be
summarised and coarse-graining can be used as a way of developing population models

while retaining individual cell dynamics.

Cell populations are difficult to simulate due to the large computational time required,
especially in 3D. An effort to improve this has been made using meshfree modelling of
swimming cells for higher efficiency [109]. A 3D simulation of smaller cells was found to be
a difficult challenge due to moving boundaries and complex geometries. In this model, flow
fields are determined for multiple uniflagellate sperms swimming between no-slip surfaces
to obtain a result. 3480 scalar degrees of freedom were used for a simulation of 5 cells.
Velocity and distance results conformed with experimentation (42 um/s velocity and 0.2
flagellar lengths from the surface) and took 127 s for full calculations to finish. This method
allows for the background of a flow (e.g., changing walls/oscillating flow actuation from the

wall) to be calculated at the same time as that of the swimmer efficiently and quickly.

Sperm cells have also been examined to determine the accumulation near surfaces through

simulation [110]. Slender body representation is used to analyse the sperm movement
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along with the fluid-structure interaction. Model validation was found by comparing the
results to previous studies using qualitative matching of glancing, reversing, and colliding
and their respective angles. The model showed that sperms swim stably within the model,
approximately 17 um from a surface with a 0.4-degree inclination towards it. When cells
move towards the surface, if the initial angle is between 0 and 2 degrees, the cell converges
to a constant height. For angles of 4 to 6 degrees, the cell rebounds from the surface and
escapes. At 8to 20 degrees, there was no results from the simulation, which implies a direct
collision of the sperm head with the wall. This indicates that for a smooth microchannel,
degrees should be kept at a maximum of 6 degrees to prevent wall collisions with less than

2 degrees being optimal to allow the sperms to flow along the surface.

Human sperm cells swimming in micro channels have also been tested to explore what
happens when inside a microfluidic device [111]. Cross-sections of 100x100 pm
microchannels were explored with a 100 um height. A typical microscope was used, and
the sperms were also examined in three different rheologies. All movement is passive of
the cell with no influence of a flow field or external environment parameters. It was
observed that cells tend to swim along the channel corners and depart from walls on sharp
turns forming fans of trajectories such that no cells flow along the inner sides of walls. A
running track was made to influence the direction that the cells passively move in within a
microchannel. Future work is to observe sperms in micro channels to see if there are

additional swimming parameters that can be categorised.

Animal studies have been performed on squid sperm to examine the use of pH-taxis to see
how they influence their movement [112]. The pH-taxi was used to make a sperm turn a
sharp corner in a low Reynolds number environment. Sperms are placed into a
microchannels and having a large proton gradient (>0.025 pH/s) crossing a threshold pH
value of around 5.5 causes the sperms to move along the gradient. In the gradient, sperms
were observed to move around the edges of it, causing in most cases a turn angle of 120
degrees directing them in a specific direction. This is caused by a specific change in the

flagellar beat pattern and head movement when they are affected by the gradient.

Stallion sperm has also been analysed to determine the effects of microfluidics on
fertilisation all the way to blastocyte formation [113]. Sperm samples were analysed using:

a control group, the traditional method, single-layer colloidal centrifugation (SLC), the
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swim-up method (SU) and utilising microfluidics where the device is a series of channels in
length and a sperm is picked out of the chamber end manually using a micropipette. From
the series of experiments performed, it was reported that microfluidic sorting had either
approximately the same or better values for sperm quality factors, particularly with relation
to morphology, vitality, and DNA fragmentation. The cleavage and blastocyte rates were
similar between SLC and microfluidics, although microfluidics was slightly lower. This was
determined to be because of the small sample size of the sperms used which may
compromise which one was chosen from the population. Therefore, this indicates that
microfluidics can be comparable to current techniques for blastocyte production, but
perhaps additional channels or design should be used to maximise the throughput of

examined sperms.

A microfluidic device has also been made to improve the treatment time of ICSI for porcine
sperms [114], and the study offered a comparison between the speed of a microfluidic
device and a traditional microdroplet method for ICSI fertilisation in terms of treatment

times.

Outlet

|

Figure 2.5: Schematic of sorting device utilised in [14] for porcine sperm for ICSI.
Sperm are allowed to move passively from inlet to outlet.

The microfluidic device achieved a quicker treatment time by 82 s when a poor-quality
sperm count was used; however, for normal sperm (2x1072 cells/mL), there was no
significant difference between treatment times. This implies that microfluidics may be
more beneficial to be used for those with oligozoospermia, especially for increased
treatment times as it seems to be easier to select a healthier sperm when microfluidics is

used as a sorter.
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Microfluidics have been used to test chemotaxis for sperms using a chamber with chemicals
allowed to flow through certain sides of it (as it is in the shape of a hexagon) [115]. Due to
3 sides of the hexagon having a gradient, 3 separate gradients could be tested
simultaneously, yet only 2 were tested in this experiment. Progesterone concentrations
were studied at 100 pM and 1 mM where the 100 pM group had a small chemotactic
behaviour towards the concentration gradient, but at 1 mM there was a larger chemotactic
response. This is because of the chamber itself having a lower amount of progesterone,

hence demonstrating that chemo-attractants can be used to influence sperm movement.

Although chemotaxis is thought to be short range, investigation has been conducted on
thermotaxis also as a long range guidance mechanism for sperms [116]. Thermotaxis seem
to only work on capacitated sperms as they are ready to fertilise. One such device was
made and tested with a temperature gradient from 35 degrees to 36.3 degrees over 15
minutes [117]. It was reported that around 24-27% of the sperms moved towards the
hotter area of the device by moving along this gradient with only 2% moving with the
control temperature (no gradient). The optimal temperature range recorded was 35-36.3
degrees for the device while other temperatures performed well such as the 37-38.3

degrees temperature range.

2.6 Conclusion

Microfluidics is a powerful technique to capture and isolate a single sperm from a larger
population. This also offers elimination of human involvement, for which, many techniques
have been developed utilising microfluidics as the main platform. The literature has
determined that it is possible to manipulate cells, including active cells by controlling active

flows within microfluidic channels.

Microfluidic manufacturing techniques have also been explored and each of their niche
use-cases have been identified along with evaluating their potential for commercial
viability. For this application, replica moulding from 3D printed devices was seen as a useful
tool to generate the required 3D geometry as well as micromilling to approach the fine
resolution required for the device function while still being able to develop 2.5D

geometries.
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Imaging techniques have also been discussed as methods for potential automation of the
device, particularly with regards to visual sensing of sperms in microfluidic channels. It is
theorised that by integrating visual sensing techniques, the pressures within the system
can be automated and the entire process can be completed without any human

intervention.

Finally, a review was undertaken with regards to present sorting techniques to enrich a
population of sperm. Due to the modular nature of microfluidics, it would be possible to
integrate this into the currently developed device proposed in this thesis to enhance the

selection procedure for ICSI.
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3. Rapid Prototyping for 3D Microfluidic Devices

3.1 Introduction

Developing an inexpensive method of manufacturing microfluidic moulds for proof-of-
concept testing is a useful tool in developing a new technology from basic conceptual
stages all the way up to a prototype. Typically, microfluidics requires clean room facilities
and high capital cost photolithography techniques, so finding solutions that have the
potential for rapid prototyping to reduce either the capital cost of expensive manufacturing
machinery and/or eliminate the need for cleanroom facilities for mould manufacture is
paramount. In this chapter, two manufacturing methods are explored: femtosecond laser
ablation of a steel mould and low force stereolithography (SLA) 3D printing as they share
the design characteristics to allow for trapping and isolation of singular cells from a larger
population. The steel mould is analysed for device replication using a PDMS as it is a novel
technique for manufacture, particularly at relatively large sizes for what the technique is
normally used for. Demonstration of the requirements for the manufacturing of PDMS
devices is also discussed for the 3D printed mould, particularly with reference to the

specific requirements for the target design to achieve good replication of the mould.

3.2 Materials and Methods

Commercially available 430 grade ferritic stainless-steel discs (50 mm diameter, 0.7 mm
thickness, surface roughness 0.197 um) were ablated using a femtosecond pulsed laser
(Satsuma from Amplitude Laser) and was used to ablate the channels directly onto the steel
mould as a destructive manufacturing technique (Lasea Multi-Axis Micro Machining
Centre). The full manufacturing process and laser parameters are discussed more
comprehensively within [25]. Briefly, a design was developed in SolidWorks CAD software
(Dassaut Systemes) with main channel dimensions of 300x300 um square channels and a
gate restriction reducing the dimensions to 100x100 pm linearly as a 3D structure. The CAD
model was sliced using the Autodesk ArtCAM software (Autodesk, Inc.) and machine code
was generated using the laser control software Kyla (LASEA). A Raster Mode scanning
strategy was utilised with 4 lines at 45-degree angles in each layer with no contouring of
the geometry, with a 4 um lateral overlap for each laser pulse. Lasering was performed at

room temperature and atmospheric pressure with a processing time of 150 minutes.
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Including replication, vacuuming, and curing of the PDMS devices, the entire process took

approximately 6 hours.

Subsequently, a scaled-up version of the design was 3D printed using a Form 3+ SLA 3D
printer (Formlabs) with main channel dimensions of 3x3 mm and descending gate
dimensions of 500 to 100 um with 5 gates total. 3 gate types were designed with the gates
positioned at the top, middle and bottom of the channel respectively to evaluate the ability
for removal of the PDMS from the structure. A CAD model was again developed in
Solidworks, converted to a .STL file and imported into the PreForm (Formlabs) software,
and then uploaded directly onto the 3D printer. The resin used for printing is White Resin
(Formlabs, Product Code RS-F2-GPWH-04) as this supports printing of down to 50 um
resolution. Once printed, the moulds were cleaned with agitated Isopropy! Alcohol (IPA)
fluid using the Form Wash (Formlabs) for 10 minutes. Any remaining large pieces of debris
were removed using tweezers manually to clean the device surface. After first replication
tests, devices were UV cured for 30 minutes, then 1 hour using the Form Cure (Formlabs),

and then again oven cured for 48 hours at 60°C for the final replication tests.

PDMS (SYLGARD® 184, Dow Corning, Ml) was prepared as a mixture of 1:10 ratio of curing
agent to elastomer. The mixture was dessicated under a vacuum of -0.8 bar for 60 minutes
before pouring over the mould. Curing time was either from 45 minutes at 100°C as
recommended by the manufacturer for the steel mould tests and 3D printed mould tests,
as well as 24 hours at 25°C for the second 3D printed mould tests with peeling of the

replicated structure performed manually.

3.3. Results and Discussion

3.3.1 Laser Ablation Manufacturing Method

An image of the stainless-steel mould is illustrated in Figure 3.1 below:
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Figure 3.1: View of the stainless-steel mould manufactured
from laser ablation [18].

The mould shows the typical structure required to trap and release cells with 2 inlets
marked in red and 2 outlets marked in yellow. The gate restrictions are on the ‘1’ side at
the channel junctions which is considered the bulk flow area, while the control flow is on

the ‘2’ side.

Two main areas were examined for their replication ability in relation to the steel mould
and were analysed using an Alicona G4 InfiniteFocus (IF) system to obtain the surface
profile measurements. These areas are across the main channel areas and along the gate
restrictions, which is of particular importance due to any undershoots, meaning that the
object of interest may now pass through the gate leading to it being unable to be captured.

The surface measurements are shown in Figure 3.2 below.
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Figure 3.2: Surface measurements of key structures in the device. 3.2(a) is across the
general 300x300 um channels in the device. The bottom of the channel has been truncated
30 um on either side to remove large errors at the walls of the channel. 3.2(b) is of the gate
restriction in the device [18].

Figure 3.2(a) highlights the replication ability of the mould within the main channels. The
replication of the channel is fairly good along the bottom of the channel with only small
fluctuations occurring along the surface. The channel wall, however, exhibits much worse
replication with the tops of the channel forming two angles at the edges, rather than being
perfectly vertical. This is due to the raster scanning strategy of the laser where it
decelerates and accelerates at channel edges in the raster scanning mode. This leads to
additional laser pulses reaching the surface at these points, thus causing more ablation at
the channel edges, along with the spot size of the laser not being infinitely small. This
means that if the position of the laser is directly over the channel walls, the edges of the
laser will still have a weaker ablation effect at the edges of the channel, where the
extremities of the laser spot are hitting the surface causing the tops of the channels to also
be ablated. This overshoot, however, due to the requirements of the design, was deemed
acceptable as the main channel shape does not have an overall impact on the design
function. Specifically, the metal mould has a maximum undershoot of 150 um vertically
reducing to a 0 undershoot almost linearly across a distance of 87 um where an overshoot
occurs. Because of the shrinkage of PDMS during thermal curing, this undershoot is slightly
higher in the replica by up to 20 um when compared to the steel mould. Optimising the
scanning strategy would lead to better channel replication, notably by adding ‘off times’
during scanning when the laser is decelerating/accelerating during direction changes [118],

or by using PID controllers to minimise errors in the galvanometer’s movement [119].

There is also an undershoot of a maximum of 42 um at the edges of the channels (at 200
um and 700 um displacement based on Figure 3.2(a)) for the metallic mould, which are in
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turn replicated in the PDMS with 30 um overshoot that is lesser again due to the shrinking
of the PDMS during thermal curing. This is likely a result of channel debris forming around
the edges of the ablation from the long exposure due to the raster scanning mode

mentioned previously.

Figure 3.2(b) shows the replication ability of the mould for the critical gate restriction.
Similar effects to the square channel can be seen along the vertical walls as previously
explained, and this has led to a fairly significant undershoot of the design height at the
gates due to this being designed as another vertical wall and converging into a point as a
sharp geometry. This further led to the tip of the gate, which was intended to be 200 um
high, being overshot by 28 um by the metal mould vertically and has a horizontal error of
110 um. This is again closely replicated by the PDMS but with larger errors due to the
shrinking effect with a vertical overshoot of 40 um and horizontal overshoot of 122 um. For
both the PDMS and steel moulds, however, the angled surface was fairly well-replicated up
to the tip of the restriction. This means that, as a potential for redesign with this method,
rather than having a tip there, there should be a ramp on either side, and a flatter surface

at the top of the channel.

The Root Mean Square (RMS) deviation of the height of the metal and PDMS compared to

the design height was calculated and is displayed in Figure 3.3 below:
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Figure 3.3: Alicona surface measurements of the mould and RMS values for the device. 3.3(a)
shows the scan of the mould across one of the gate restrictions with the colour showing the
relative height of the mould. 3.2(b) is the RMS deviations in the height between the original
design, the metal and PDMS across the main channel [18].
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Figure 3.3(a) offers a general overview of the heights and surfaces that were manufactured
in the steel mould, along with highlighting the undershoots of the design horizontally. The
general shape of the main channels can be seen to be almost trapezoidal rather than square
due to the previously discussed undershoots. Figure 3.3(b) demonstrates the RMS
deviation of the device for the main square channel (calculated from the values and
geometry shown in Figure 3.2(a), including indications of the Left, Bottom and Right
locations). Again, the values were truncated at the channel walls by 30 um to remove large

errors and give a representative RMS along the channel bottom.

At the left and right segments of the channels, the deviation is large, at 41.9-52.7 um and
47.5-60.4 pm for the metal and PDMS channels respectively due to the previously
explained errors during the manufacturing process. Along the bottom of the channels,
however, the RMS values were, as expected, small: 1.68 um and 6.3 um for the mould and
PDMS. Across the entire channel, the RMS error of the metal mould was 42.9 um and 49.3

pum for the PDMS replica.

Finally, the RMS was calculated between the PDMS and steel mould to evaluate the
shrinkage that occurs during the curing process. Across the entire profile, the total RMS
difference between the metal and PDMS was found to be 18.8 um. By determining the RMS
difference of the PDMS to the mould, the original design could be altered to manage these
effects to better replicate exactly the desired geometry. This, combined with further
optimisation of the laser strategy, could greatly improve the RMS values along with the
replication of the critical gate restriction structure as well as the main channels across the

entire device.

3.3.2. Low Force Stereolithography 3D Printing Methods

Due to 3D printing technology rapidly evolving, a pilot study was developed to determine
its effectiveness at developing microfluidic channel-like structures along with its ability to
replicate PDMS for the individual isolation/release structure. The entire three channels

printed are illustrated in Figure 3.4 below:
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Figure 3.4: 3D printed mould design of the capture structures. The overall size of the entire
print is 140 mm in diameter. Main channel dimensions are 3x3 mm and gate restrictions are
100 pm up to 500 pm ascending by 100 um for each gate from the top of the design to the
bottom. Bot indicates the restriction is on the bottom. Mid indicates the restriction is in the
centre of the channel. Top indicates the restriction is at the top of the channel.

Figure 3.4 shows the overall printed design with gate restrictions between each of the
channels as a test for rapid prototyping scaled-up devices for experimentation with a total
printing time of 5 hours and 30 minutes. The gate position relative to the channel is in the

same place for each of the 3 designs and is further displayed in the subsequent Figure 3.5:
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Figure 3.5: Various gate positions within the design for the 500 um gate. 3.5(a) Shows
the gate position at the bottom of the channel. 3.5(b) Shows the gate position in the
centre of the channel. 3.5(c) Shows the gate position in the top of the channel.

Figure 3.5 exhibits how the gates are positioned between each of the three designs. There
is a linear reduction in height from the main bulk channel for all designs down to the
restriction, with a sharp increase after back to the 3 mm height. This means that the middle
and top gate positions have overhangs, which, when the PDMS is poured, fills underneath
the channel, while for the bottom channel it is similar to conventional mould
manufacture/PDMS peeling techniques. Initial replication was tested without curing the
mould, which led to much of the PDMS surface not curing and not successfully replicating

the internal structures. As such, the long UV and thermal curing processes were used to
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evaporate any active monomers remaining on the surface of the 3D print [120].
Subsequently, primary testing was performed using the fast cure method at 100°C in 45
minutes and first conducted with the 3D printed design. In this process, for all the designs,
there was a rupture during the peeling process surrounding the gate structures as shown

in Figure 3.6:

Figure 3.6: Rupture across the channel centre for the top gate design with the 45 minute at
100°C thermal curing method for the PDMS. The top of the device thickness is 2 mm.

Figure 3.6 shows an example of what occurred for each of the PDMS peeling processes for
each of the designs. There was tearing around the key structure of the device where peeling
was not feasible for anything past the first gate particularly due to the nested inner
structure of the gate designs. This was thought to have been due to the curing processes,
giving PDMS a much lower elongation limit prior to rupture [121]. To remedy this, the
curing process was changed to 24 hours at 25°C as this allows the PDMS to be stretched
further prior to failure. This is because the failure mode was unlikely due to the applied

pressure but rather due to the high surface tension between the gate areas and the channel
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walls and the inability to access them effectively before the PDMS ruptures. By changing

the curing ratio, and letting the PDMS stretch further, there was better access to interact

with the central geometry, as illustrated in Figure 3.7.

10 mm

A e N T L

Figure 3.7: Replicated structure of the 3D printed mould for gates in the bottom position
with thermal curing at 25 °C for 24 hours. The top of the device thickness is 5 mm.

Figure 3.7 displays a successful peeling of the structure for the bottom gate design. Peeling
the middle and top designs from the mould was still unsuccessful due to tears forming from
the underlying PDMS, rather than just separating cleanly from the mould, which then
propagated along the rest of the structure. This means that the middle and bottom designs

were deemed unviable at this stage for replication.

The bottom gate design was effectively peeled because of the ability to access the central
structures due to the theorised increase in allowed elongation, along with the addition of

further PDMS to increase the thickness of the device by 3 mm compared to the first test.
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This allowed the device to be released, however, as seen in figure 3.7, plastic still occurred
around the central structures as indicated by the lighter regions replicated structure. This
plastic deformation meant that the 100 um gate was damaged during peeling, and all the
central structures were inaccurate when compared to the original mould. The restrictions,
however, were still able to be developed, and the device would still be suitable for
analysing capture of objects/cells with diameter greater than 500 um. Therefore, for a
potential redesign, it would be useful to round the edges of the device to allow better
access during peeling and to reduce the surface tension of the central structure for easier
peeling. Better peeling techniques may also aid with reducing any damage to the structure
such as performing the process much slower and applying a constant force to alleviate the

device from the mould.

3.4 Conclusion

A novel rapid prototyping technique has been developed to produce microfluidic moulds
using a red femtosecond laser and has been extensively demonstrated throughout this
chapter. This method allows for quick production of microfluidic devices if laser ablation
facilities are available but not traditional microfluidic manufacturing facilities. Overshoots
were observed at channel edges and can be attributed to low laser parameter optimisation.
Indeed, more optimisation of micro-processing by minimising the impact of the raster
scanning method and optimising the laser movement control would lead to better
replication of 3D features. Additionally, low force stereolithography 3D printed moulds
were tested for this particular design, resulting in the conclusion that the peeling of the
PDMS replica was a difficult process with ruptures occurring when curing it at 100°C for 24
hours, mainly due to the nature of the design, with many closed-off features embedded
around the central structure. Therefore, the most ideal method tested in this chapter
involved curing the PDMS for 24 hours at 25°C to allow for more elongation of the device
prior to rupture. The gate designs in the middle and top unsuccessfully peeled; however,
the gate designs in the bottom were effectively peeled from the mould, although not

without some plastic deformation occurring.
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4. Single-Object Isolation and Retrieval Utilising
Microfluidics

4.1 Introduction

Capturing single objects has been performed previously with microfluidic devices,
however isolation of the single objects from others is rarely attempted due to the
continuous nature of fluid flow. Most current methods can isolate an object type but
cannot extract a single object from a group. In this chapter the design and development
of a countercurrent microfluidic method is analysed for single object isolation. Simulation
of the design is developed for key parameters such as gate sizes (2 um and 30 um), fluid
speeds and their resulting pressures within the design. A proof-of-concept experiment is
performed using microbeads to demonstrate the validity of the method for single object

isolation with 100 pum gates.

4.2 Methods: Microfluidic Design and Simulation Methods

The microfluidic device is simulated as two parallel channels with concurrent flows
between them. The gate sizes examined are 2 um (smaller gate size) and 30 um (larger gate
size). Each channel has widths of 300 um for the larger gates, and 100 um for smaller gates,
with the addition of 100 um width channels between them. Moreover, several designs
were explored to examine the impact between the parallel channels, such as the distance

between them, and whether adjusting the distance between each gate is impactful.

The gate dimensions are different from those of other areas of the device where the
channel entrance begins at the edge of the channel and decreases as a curve to 20 and 5
pum across a distance of 150 um. This is to provide a way of capturing a singular object as
only one will fit into the gap at the end, thus sealing it and reducing the pressure difference
at this gate so that any other object that follows will continue moving down the bulk flow
channel. Should the captures fail on the first pass, there is potential to allow for objects to
loop back through the system or to continually add objects into the flow within the left

channel.

The device then operates in three stages. The first begins with high pressure in the left

channel and low in the right channel to allow the objects to be trapped due to the flow
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moving between the channels. Each object captured then blocks the channel to prevent
others from entering, while also being held in place by the consistent pressure difference.
Once trapped, the flow is then switched as the second stage consists of low pressure on
the left, but high pressure on the right. Due to the pressure gradient across the channel,
objects closer to the left inlet are held in place, while objects further from the left inlet are
pushed out. The final stage is increasing the pressure of the right channel sequentially until
each of the objects has been pushed out individually, allowing for the retrieval of each one

isolated.

To test this, simulations were developed using COMSOL Multiphysics. Flow was considered
laminar for the simulation because of the low Reynold’s number (with the maximum flow
rate expected to be 3200 um/s leading to a Reynold’s of 0.0734 or <<1) as calculated by:

d
Re = % (4.1)

where p is the fluid density, u is the average fluid velocity, d is the characteristic channel
diameter and p is the dynamic viscosity for which all fluid properties are considered to be
those of water. All other velocities are lower so the simulation of flow for each stage can
always be considered completely laminar for all fluid flow. The fluid motion modelled by
COMSOL is found using the reduced form of the Navier-Stokes equation where the
transient and inertial terms are ignored, as well as any additional forces not present,

leading to:
Vp = uv2u (4.2)

where p is pressure and U is the velocity vector. Finally, the boundary conditions for the

simulation are firstly the laminar conservation of mass:
V-u=0(04.3)
And then the no-penetration and no-slip conditions at the walls:
u-n=u,=0(044)

ﬁ)tZO (4’.5)
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where 7l is the unit normal vector to the wall, u, is the normal velocity into the wall and U,
is the tangential velocity vector to the wall [95]. Ultimately, to examine how the objects
move within the system, the particle tracking module was enabled, for which the particles

are assumed to be spherical, and the drag force is determined by Stoke’s drag law:
F = 6mpai (4.6)

where F is the drag force and a is the radius of a sphere [96]. The radius of the spheres
chosen were 30 um for the larger gate sizes, and 5 um for the smaller gate sizes to examine
the ability of the capture-release mechanism for varying objects. The number of particles

released in most cases was 30, only increasing for the alternative design examined to 100.

The simulation performed was 2D to determine the viability of the mechanism as ceiling
effects would only require an increase in pressure, while, due to the fluid being laminar, it
would follow the same streamlines. The only consideration when moving to 3D would be
to ensure that the height of the gate is of the same size or less than the width so that

objects can still be trapped.

Lastly, a limitation of the simulation would be that it was unable to demonstrate what
happens with a blocked channel. However, it is assumed that once the channel is blocked,
the pressure difference is eliminated. As such, each of the possible scenarios was simulated
one by one, where once a particle reached a gate or an outlet, they were left to freeze in
place to track their general movement as well as the general pressure trends required to

achieve the trap/release mechanism.

The microfluidic mould for the microfluidic device was developed using the laser ablation
of a steel disk [25]. Traps in the design were set to approximately 90 um, and 100 um
diameter latex microbeads (Sigma-Aldrich, product no. 56969) were used as objects to be
trapped with two syringe pumps to supply flow (InfusionONE Syringe Pump, New Era
instruments). The microbeads were diluted in a ratio of 1:10 with deionized water for a
concentration of 0.5 % solids to prevent clogging of the channels. The PDMS (SYLGARD®
184, Dow Corning, MI) was prepared by mixing the elastomer curing agent with the
elastomer ata 1:10 ratio, desiccated for 30 minutes and then cured at 100°C for 45 minutes.

The device was then removed from the mould and thermally bonded to a glass slide by

57|Page



Chapter 4

applying a thin layer of PDMS to the top of the PDMS and curing it in an oven at 100°C for

45 minutes again.

4.3 Results and Discussion

4.3.1 Capture Mechanism and Simulation

The first simulation that was performed was to check the ability of the mechanism to catch
objects within each of the gates. This was tested for each of the scenarios being discussed

as shown within Figure 4.1 below.
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Figure 4.1: (a) The approach of a particle into the top gate with a 2 um gate. (b) The
approach of a particle into the top gate with a 30 um gate. (c) The approach of particles
being trapped into all 30 um gates. All fluid velocities on the legend plots.

59|Page



Chapter 4

Figure 4.1 demonstrates, as predicted, that due to the pressure difference created from
left to right, the fluid flow is also pushed that way. The parameter of Figure 4.1(a) has the
fluid flow speed set to 1800 um/s at the inlet in the left channel and 100 um/s at the inlet
in the right channel. However, the requirement to achieve capture in the channels with
larger diameters shown in Figures 4.1(b) and 4.1(c) was much lower with 1000 um/s being
required at the inlet in the left channel while the right channel still being set to 100 um/s.
It should be noted that, as particles pass by empty gates, they are still drawn towards the
right-hand side of the channel so that if the first gate is unable to capture, they will be much
closer to each successive gate allowing for easier capture. If the particle is on the left-hand
side of the capture channel initially, this effect is felt much less as can be seen in Figure
4.1(b). The curve of the path line of the particles is much more extreme the closer the
particle was to the gate, and after passing, is closer to the gate side of the channel. The

particles on the left also share this effect but to a much lesser extent.

Once the capture mechanism was determined, fluid flow parameters were altered for the
channels by reducing the flow in the left channel and increasing the flow in the right
channel. The gates are numbered from top to bottom, meaning that the first gate is at the
top, the second is in the middle and third is at the bottom since this reflects the sequence
of particle capture. Contrastingly, when speaking about the sequence followed by particles
as they are released from the gates, it is a bottom to top sequence where the first particle
to be released is that at the third and bottom gate. The particle flows within the 2 um

diameter gate channels for the bottom gate are displayed in Figure 4.2 below.

Figure 4.2 highlights the key concept of this mechanism. Figure 4.2(a) shows the pressure
values at each point in the channel while Figure 4.2(b) shows the result of the pressure
difference. The velocity of fluid in the left channel is set to 1000 um/s and the right channel
at 500 um/s. It can be observed that only the particle in the third (bottom) gate is released
due to the pressure difference, while the particles at the top are held in place as they are
forced back into the gate. The velocity value for the right channel was found by performing
a parametric sweep in intervals of 100 um/s for the inlet velocity where in this setup, 500

um/s was the minimum velocity required to dislodge the first object.
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Figure 4.2: (a) Pressure values throughout the design for the release of the particle in the bottom gate. (b) Trajectory of the particles with the
bottom particle moving to the outlet with other particles held in their gates.
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This setup can be repeated by maintaining the velocity within the left channel, but then
increasing it in the right one until the second object is released as shown in Figure 4.3

below.
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Figure 4.3: The release of the second gate for the 2 um diameter gates with 1000 um/s
capture channel flow speed and 1000 um/s control channel flow speed.

Once more, it is demonstrated that the top particle is held in place by the pressure
difference while it is the second particle that is now released from the middle gate. This
scenario keeps the fluid velocity the same in the left channel at 1000 um/s while increasing
it in the right channel to 1000 um/s. It should be noted that this can be expected due to an
almost linear distribution of pressure from inlet to outlet for each of the channels with the

middle gate being at the centre of the length of the two channels.

Ultimately, the third release is demonstrated in Figure 4.4 by increasing the fluid velocity
again. The final step then only requires increasing of the fluid velocity on the right-hand
side enough to trigger the release of the final particle. For this scenario the left channel
velocity was again kept at 1000 um/s and the right velocity was raised to 1500 um/s, which

successfully released the final particle from the small diameter channels.
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Figure 4.4: The release of the first gate for the 2 um diameter gates.

Finally, the pressure differences at each gate are summarised in Figure 4.5 below with 1000

um/s in the left channel.
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Figure 4.5: Pressure differences at each of the 2 pm gates for 1000 pm/s bulk flow speed.
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The calculation for each of the pressure values is:

AP= PB_PC(4'7)

where AP is the pressure difference, Py is the pressure in the bulk flow (left) channel and
P is the pressure in the control (right) channel. The values are found by determining the
pressure on each side of the gate: when the pressure is positive, the particle is held in place;
when it is negative, the particle is released from the trap. The graph displayed in Figure 4.5
therefore shows that, if there is a small but negative pressure difference, then the particle
is released, as was proven with the third gate at 500 um/s control speed and the first gate

at 1500 um/s control speed.

To examine the impact of the bulk channel flow speed on the fluid requirements of the
control channel, the simulation was repeated for a bulk flow of both 500 um/s and 1600

um/s which is illustrated by Figure 4.6.
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Figure 4.6: Pressure differences at each of the 2 um gates at different control flow
speeds. (a) Pressure differences at 1600 um/s bulk flow speed. (b) Pressure differences
at 500 um/s bulk flow speed.

Figure 4.6 highlights the general trend requirement for the release mechanism of AP being
negative but also shows some trend differences between the magnitude of the values
reached. For example, for the third gate, the 1500 um/s control speed to a bulk flow of
1000 um/s resulted in nearly the same pressure difference as 800 um/s to a bulk flow of
1500 um/s, while the 2400 um/s control speed to a bulk flow of 1600 um/s had a pressure
difference of 2.1 Pa higher. This means that the differences between the flow rates on each
side do not indicate linearly the expected pressure differences as the geometric position
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needs to be considered due to the nature of the pressure gradient across the length of the
channel. It should also be noted that these were the minimum control speeds required to
release the particles using the methodology outlined earlier. As such, there is a range
where successful release can occur without disturbing particles in other gates. For instance,
with the 1600 um/s bulk flow speed, the third gate can be released anywhere from 800
um/s control speed to 1400 um/s control speed, at which point the second particle is
released. This gives some lenience in the control required when implementing this method

in physical models.

This same setup was then explored with the larger diameter gates with a 30 um gap as

can be observed in Figure 4.7.
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Figure 4.7: Pressure differences at each of the gates for 30 um gate diameter for 1000 um/s
bulk flow speed.

Figure 4.7 above features the same trend of whether particles are held in place or pushed
out depending on the fluid speed within the control channel as shown by the pressure
difference. Interestingly, however, there was no way to release the particle within the first
gate without moving into unrealistic control fluid speed values of above 6000 um/s, which
was a trend across all bulk flow speeds. This is due to the increased diameter of the gate

allowing more fluid from the bulk flow channel and therefore leading to the channel
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maintaining higher pressure regardless of the control speed, as well as the proximity of the
gate to the inlet. There was a similar problem when trying to capture the particles with this
gate size within the third gate (since the design is symmetrical). Because of the control
speed being allowed to move down to very low values (to around 50 um/s), a particle could
still be trapped without increasing the flow within the capture channel to unrealistic values.

This was also observed in other bulk flow speed channels as shown in Figure 4.8 below.
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Figure 4.8: Pressure differences at each of the gates for 30 um gate diameter at different bulk
flow speeds. (a) Pressure differences at 1600 um/s bulk flow speed. (b) Pressure differences
at 500 pm/s bulk flow speed.
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A similar trend can therefore be seen where the pressure difference can be reversed to
negative for each of the gates, apart from the first gate where even with the 500 um/s bulk
flow speed, an unrealistic control flow speed, was required to release the particle from the
gate at 4000 um/s in this scenario. However, with the second and third gates, a similar
approach can be taken for capture and release of the particles as with the smaller gate
sizes. This trend nevertheless means that, to optimise the method and allow each side of
the channel to influence each other better, or to use larger gate sizes, the gates themselves
will need to be closer to each other and to the centre (i.e., away from the maximum

pressure within a channel).

4.3.2. Modelling and Redesign

To observe this method optimisation, one final design was tested where the first and
second gates are 600 um apart, the second and third gates 1200 um apart, the third and
fourth gates 1500 um apart and every additional gate up until the ninth increasing in
distance apart by an additional 300 um, along with 2 um gate diameters. Demonstration of
the capture using this design is highlighted in Figure 4.9 below. Inclusion of additional gates
is due to the fact that many eggs are preferred to be collected for ICSI to be fertilised (in

the region of 5-10 [122].

Figure 4.9(a) highlights the previous problem with the larger gates in the nineth gate, as
without increasing the fluid velocity to unrealistic values, it is impossible to capture a
particle within the bottom gate without allowing for the gate to be further from the control
inlet. Figure 4.9(b), however, shows that particles can be captured in every gate up to the
eighth with this setup so long as the simulation had enough particles within it. The number
of particles in this scenario was increased to N = 100 to allow for more particles to move
past the first gate and to allow each of the gates to pull the particles closer to the right side

of the capture channel after moving past them.
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Figure 4.9: Overview of the design with distributed gates. Figure 4.9(a) highlights the
pressure levels during the capture mechanism of the device. Figure 4.9(b) shows
particles being captured in most gates of the design apart from gate 9.

The release mechanism was then explored as in the previous analysis for all 9 gates with
the new geometry shown in Figure 4.10 below. 600 um/s was chosen as the bulk flow
channel speed due to the longer distance that the control channel must influence to release

particles from higher number gates and to allow for easier switching of the flow direction.
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Figure 4.10: Pressure differences at all gates for the alternative design with 1600 um/s bulk
flow speed.

Figure 4.10 illustrates how the pressure differences between each side of the channel are
impacted based on the location of the gate across the channel. Regardless of how low the
flow speed was in the bulk channel; it was not possible to release the first and second gates
individually. As such, the third gate should be considered the maximum distance that a gate
can be from the control channel inlet which was at 200 um/s control speed. The flow can
then again be increased sequentially to release each particle successively to achieve the
negative pressure difference required for release up to 1600 um/s to allow for individual
releases from gates 8 to 4 giving 5 gates in total that can be used with this method
(considering that it is impossible to trap in gate 9 and 2800 um/s is very high to release
from gate 3). Not unlike the gates close to the control inlet, the two gates close to the bulk
flow inlet were unable to be released. Interestingly, the pressure difference across gate 2
was found to decrease slowly but again unreasonable speeds would have to be reached,
while the pressure across gate 1 was found to increase due to more flow moving across this
gate as the others were ‘sealed off’. This suggests that until a particle is released, the
pressure difference increases across the channels that still have particles captured possibly

due to the bulk flow pressure having to push against the pressure from the control channel.
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Therefore, according to Figure 4.10, it seems that the only viable gates would be 4 to 8 (or
300 um from the inlets), and this is based on their distance from the control inlet. However,
there is a possibility that more gates could be built in between the locations selected for
this simulation analysis. To examine this, the pressure difference between each of the
channels was plotted against the y-value location of the gates, for each of the different

control speeds which is shown in Figure 4.11.
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Figure 4.11: Pressure difference across the entire alternative design based on the y-
coordinate position for different control speeds with 600 um/s bulk flow speed.

Based on the data outlined in Figure 4.11, regression analysis can be plotted for each

control speed to find out how the pressure difference varies along the channel as described

by the following equations:

AP = ¢p(v)h -y (v) (4.9)
¢(v) =224 -83v> + 0 -843v +0.0006 (R? = 0.99) (4.10)
Y() = 3E + 06v* +12160v + 1 - 592 (R% = 0.99) (4.11)
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where v is the fluid velocity of the control channel in um/s, and h is the y-coordinate value
within the channels in um (with 0 being the control channel inlet). For the equations to
hold true, the number of gates must be kept the same, the geometry of the gates must be
the same (i.e., a 2 um gap in this case) and the bulk flow equally must be the same but can
be developed for other designs by further examining the pressures at different control
speeds. This allows for application-specific models and redesigns for isolating objects as
with this design; the gates must be closer to the centre and away from the extremes of
pressure for both the control and the bulk flow channel but can be condensed as is

illustrated in Figure 4.12.
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Figure 4.12: Particle trajectories and pressure of the 9-gate design. 4.12(a): Redesign of the
9-gate locations with particles all being trapped in each gate at 1600 um/s bulk flow speed.

4.12(b): Pressure difference across the entire alternative design based on the y-coordinate

position for different control speeds with 600 um/s bulk flow speed.

The main feature of this redesign is to locate the gates closer to the centre and move any
gates away from areas that could not be previously controlled by placing all gates between
4 to 8 from the previous design. This led to all gates now being able to capture objects, as

well as being able to be released individually as predicted by equation 4.8. To determine
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the corresponding control channel velocities from the new positions, the y-coordinates
were put into equation 4.8 and a range of velocities were used, leading to a negative AP at
each position of at least -0.5 Pa. The design was then re-simulated with these control speed
values to determine the actual pressure for each gate predicted by the simulation and
compared against the values predicted by the equation to determine the error at each gate
for each control speed. Following this, the mean absolute error was then determined by
averaging the error for each control speed to evaluate the ability of the function to predict

the required control speeds for the new design as shown in Figure 4.13.
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Figure 4.13: Mean absolute error of the equation predictions for the redesigned object
capture structure for each of the control speeds.

As illustrated in Figure 4.13 above, the error of the equation is around 30% by magnitude
apart from for the 900 um/s control speed values. This is largely due to an error of 141% at
the fourth gate resulting from pressure value approaching 0 (actual pressure -0.36 Pa,
calculated pressure -0.9 Pa) leading to an anomalous magnitude of error for this particular
control speed. However, for the other control speeds where the pressure magnitudes are
higher, the equation predicts the pressure values between 18% and 30% even while the
pressure magnitudes are still relatively small. It was also discovered that even though
errors in the magnitude of the pressure were present, the sign change was accurately
predicted for all values where for each control speed ‘AP’ was at least negative, therefore

satisfying the condition for object release from each of the gates.

73|Page



Chapter 4

4.3.3 Proof of Concept Experimentation

To demonstrate the technique, a scaled-up design was developed and tested using 100 um
microbeads as the object to be captured and released. Beads were utilised to test the
trapping mechanism of the device with a micro-scale object so that laminar flow can be
utilised for capture and release. Additionally, the roundness of the beads allow for checking

of whether circular objects can appropriately seal square gates as is theorised.

Within these tests, 3 gates were used, for which gate number 2 is highlighted as an example
of the capture and release mechanism illustrated in Figure 4.14 below. The main channel
characteristic lengths were set to 300 um and the restriction diameter was set to 150 um
to capture the beads. Two syringe pumps were used in a counter current setup as
previously described, with the bulk flow rate set to 5.2 pl/min and control flow rate set to
0.6 pl/min for calculated flow speed conditions of 900 um/s and 110 um/s respectively for

the conditions of capture of each bead.

Single Bead trapped.

: ‘a Bead attracted by
i ; pressure difference.
|
|
|
|

X Bead moving past gate.
' 0 100 pm

} 300 um| (b)

e (a) \
‘\\/i —
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Figure 4.14: Capture release mechanism example for 150 pm beads. 4.14 (a) shows the
capturing of a bead in the device. 4.14 (b) shows a single bead being trapped in the device,
while any additional beads tend to move past the channel restriction. 4.14(c) shows the
release of the bead from the trap.

Figure 4.14(a) demonstrates the bead moving towards the restriction in gate 2 due to the
pressure difference set up from the counter current flows. It can be further observed that
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as the bead approaches the gate, it is brought closer to the point where it is in the gate
inlet and is then pushed into the restriction by drag. Figure 4.14(b) then shows the bead
being trapped by the geometric restriction since it cannot move through the gate because
of its low deformation under the low-pressure conditions (0.12 mBar calculated). Since the
gate is now plugged, the flow is eliminated between each side so that additional beads

flowing through the channel then move past while only a single object is held in position.

Subsequently, the inlet conditions were then altered, with the bulk flow rate now set to,
and kept at 2.7 pl/min for 500 um/s flow speed, and the control flow rate was set to 1.2
pl/min, 2.8 pl/min and 5.4 pl/min for 220 um/s, 520 um/s and 1000 um/s speeds required
for the release of particles in each gate. Figure 4.14(c) demonstrates the counter current
flow set up allowing for the bead to be released from gate 2, at 2.8 pl/min flow rate while
the bead in gate 1 was held in place, and the bead in gate 3 already released at a lower flow

rate.

Although the design was able to capture and isolate individual beads, a better design would
have included a smaller restriction of a much lower diameter than that of the object of
interest. This is due to the shape of the channels resulting from the laser ablation
manufacturing method not allowing the beads to create a strong enough seal.
Consequently, some pairs of beads that were captured in each gate, were allowed to be
washed away with continuous flow in the bulk flow channel. It was also found that the
trend of requiring exponentially higher fluid speeds for objects close to the bulk flow inlet
(gate 1) was seen in effect with this design also, indeed due to the relatively large gate

diameter.

In the end, even in a larger design, the counter current flow design has been successfully
demonstrated and is in agreement with the principles set up by the simulation for
individual object capture and release within a microfluidic environment. Consequently,
further exploration can be undertaken regarding smaller-scale objects to further validate
the simulation models, as well as in relation to gate design optimisation for a more

consistent individual capturing method.

Further exploration should also be given to examining cells and particularly sperm cells as

the final target goal. Beads only follow the path of the fluid due to the drag force exerted
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on them, however, sperm has it’s own driving force from their flagellar motion. If the fluid
speed is too low, the sperm will not be trapped as the pressure difference between each
side is too small and if the fluid speed is in the rheotaxis zone then they may turn against
the flow and not move as predicted by the beads. There is therefore a lower limit that must
be found to make this method applicable to sperm which is sufficient to overcome the
sperm’s own velocity (approximately 90 pum/s) where their movement is dictated by fluid
drag rather than their own movement [123][124]. Another consideration is the rigidness of
beads when compared to sperm, as well as sperm having an upper limit of the pressure
they can be subjected to before deformation and cell death occurs. There is little
information regarding what pressures can lead to cell death or unviability for injection
particularly for local deformation, however, sperm are routinely subjected to hundreds of
g-force for sorting purposes during current ICSI procedures (approximately 64 uN) [8]. As
an estimate, the maximum pressure a sperm can be subjected to is approximately 23 mbar
to be below this limit assuming the that the entire sperm head is in contact with the wall
(3x3 um?). Therefore, considerations should be also given for the design that reduce the
forces and therefore pressures to below this threshold on the sperm head by eliminating

sharp edges that can induce local deformation.

The final consideration is for manufacture of the device with medical materials as PDMS
cannot be used in clinical settings. It was used in this research due to being easy to develop
a master for and then cheap to manufacture multiple devices to demonstrate the capture
mechanism of the device. Typically, medical device materials are required to be
biocompatible and have resistance to chemical attack while maintaining their safety and
functionality [125]. One method could be through a two-stage etching process as this will
allow the required dimensions to be reached while maintaining different sizes for channels
(eg. with SU-8) where the gates are etched first to the required dimensions and then the
main channels after although this loses any potential of 3D geometries within the design
and would need to be examined for cytotoxicity. Other potential options could be through
injection moulding of PMMA or hot embossing after generating a master mould where the
replication technique would need to be developed to ensure the dimensions are suitable

for sperm capture.
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4.4 Conclusion

A novel method for isolation and release of individual objects has been successfully
demonstrated throughout this chapter. This method offers a new microfluidic method for
researchers to isolate single objects for analysis or further interactions within a microfluidic
device. Simulation has demonstrated the principle of the counter current setup and
therefore offers theoretical methods of determining flow requirements for different
designs, sizes, and amounts of objects captured. The method has additionally been
experimentally validated using 150 um diameter microbeads and has demonstrated the
ability for individual object isolation and release. There is also potential, due to the laminar
nature of microfluidics, to automate the flow-rate-switching process and increase the

number of objects isolated simultaneously by increasing the number of gates.
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5. Microfluidic Control and Theory for Individual
cell Capture

5.1 Introduction

Managing the fluid within the microfluidic device is critical to manipulating any cells or
objects of interest. In the present design, determining the direction of the flow within the
gate channels is of high importance since these dictates whether a cell is attracted into the
restriction or not. The fluid control also defines when each cell is released from each gate
by determining at what input pressures the fluid reverses. In this chapter, the theory of
fluid control is found for the device, a set of simultaneous equations are developed to
describe this particular setup for fluid flow, and a theoretical model to calculate the fluid
flows in the gate channels is established. The model is then evaluated against experimental

values to validate its effectiveness at predicting the required pressure control scheme.

5.2 Theory and Microfluidic Circuit Analysis

It has been extensively demonstrated that adopting an electrical point of view can be used
to analyse a microfluidic circuit due to the laminar flow condition. As such, there should be
a linear reduction in pressure from inlet to outlet AP where the inlet condition is defined
by the fluid pressure source, and the outlet condition can be considered as atmospheric
(particularly because of the immediate length scale change once leaving the microfluidic
system). Between the inlet/outlet, the channel lengths can be considered as ‘resistors’

which can be determined when considering the simplified Hagen-Poiseuille law:

AP
Q= R, (5.1)

Where Q is the flow rate, AP is the pressure difference across a channel and Ry is

equivalent hydraulic resistance across the channel. For circular channels Ry is simply:

_ 8ul

Ry = —7 (5:2)

Where u is the dynamic viscosity, L is the channel length and R is the channel radius. For

rectangular microchannels, Ry can be calculated as the summation of a Fourier series:
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12ulL

R, =
! wh3 (1 - %(% ;f=1,3,5% tanh (ng—hw))>

Where w is the channel width, h is the channel height, or as a simplification:
Ry = f(h,w)nL; Ry «< L (5.4)

Where it can be observed that the hydraulic resistance is proportional to the channel length
as u is a constant when assuming constant temperature for the flow, and f(h,w) is
geometrically constrained by the channel size. As most channels are of the same diameter
within microfluidics, f(h,w) is effectively a constant, except in this design for the gate
restriction and the channel connecting the left and right channel. A similar analogy can be
found for Kirchoff’s current law for fluidic circuits where the sum of flows entering a node

is equal to the sum of flow leaving the node (as mass conservation) or:

N
> 0.=0(5)
n=1

Where the n subscript denotes different expected flows at junctions or after resistances. A

circuit schematic of the design is displayed in Figure 5.1 below.

79|Page



Chapter 5

Qy Q9
l ‘—
o——9 o—

a4 <
AP,
APy Qll R2 [] R2 I:] Q8T APg
Q5 R5
1 L _+—¢
AP,
ﬂPZ QZi R3 [] R3 [] Q?T ﬂP,?
‘ Qs > R5
t { _ +——
APg
“| ] e []
L® [l S—
Q3 Q.
-« —>

Figure 5.1: An electrical circuit schematic of the microfluidic design. Qp denotes the
inlet bulk flow rate and Q. denotes the inlet control flow rate. R is the equivalent
hydraulic fluid resistance for the channel, AP is the pressure drop across the
channel and Q, are the unknown flow rates to be determined.

Due to the symmetry of the design, fluid resistors parallel to each other can be considered
to have the same vale; for instance, R;, left is the same as R;, right and so on. Utilising
equation 5.4, a set of simultaneous equations can be developed to describe the system;
however, the initial configuration and the direction of the flow needs to be considered. As

such, 4 device states are described: the capture state where Q, > Q., the third gate
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release state where Q, > Q. and Q6 is in the direction of the bulk flow channel, the second
gate release state where @, < Q. but Q. is larger and Qs ¢ are in the direction of the bulk
flow channel, and the first gate release state where Q;, >> Q. and Q, 5 ¢ are in the direction

of the bulk flow channel for which the equations are shown in Table 5.1 below.

Table 5.1: Simultaneous equations for the dependencies of each flow rate based on a
Kirchoff’s current law analogy for fluids.

Device State 1: Device State 2: Third Device State 3: Second Device State 4: First Gate
Capture (Q, > Q_) | Gate Release (@ > Q) | Gate Release (Q, < Q.) | Release (@) < Q)
Q1= Qp— 0 Q1= Qp— Q4 Q1= Qp— Q4 Q1= Qp + Q4
Q2= 0105 Q2= Q1—0s Q2= Q1+ 0s Q2= Q1 +0s
Qs = Q2 — Qs Q3= Q2+ Qs Q3= Q2+ Qs Qs = Q2+ Qs
Q7 = Qc t Q6 Q7 = Qc — Qs Q7 = Qc— Qs Q7 = Qc— Qs
Qg = Q7 t0s Qg = Q7+ Qs Qg = Q7 — Qs Qg = Q7 — Qs
Qo = Qg+ Q4 Qo = Qg+ Q4 Qo = Qg+ Q4 Qo = Qg — Q4

From Table 5.1, it can be observed that a general description of the device flow rates could
be developed by allowing for each arithmetic symbol to be denoted as ‘+’, where the sign
depends on the direction of the fluid flow (and consideration of what is set as positive and
negative). As a first assumption, Q, and Q. are both known values as inlet conditions for

the device.

As a practical consideration, it is useful to determine the specific flow rates at each gate, as
functions of Q, and @, in order to determine theoretical pressure requirements at each
fluid inlet for experiments, for which the corresponding flow rates are Q, (Gate 1), Qs (Gate
2), Q¢ (Gate 3). Rearranging the simultaneous equations for each device in terms of these
flow rates gives the following set of equations for the flow rate at each gate for every device

state:

Q4:[QD+QC]_Q3_Q8
Qs = —[Qp + Q]+ Q1 + Q3+ Qo — Q; t Qp > Q. (5.6)
Qs = —[Qp + Q.1 +Q; + Qo
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Q:=1[Qp +Q.] — Q3 — Qg
Qs =—[Qp + Q]+ Q1 + Q3+ Qs — Q2 ¢ Qp > Q. (5.7)
Qs =[Qp + Q] — Q2 —Qq

Qs =10, +0Q]—Q5— Qg
Qs =[Qp+ Q] — Q1 — Q3 — Qs+ Q2 ¢ @, < Q. (5.8)
Qs = [Qp + Q] — Q2 — Qq

Qs =—[Qp + Q] + Q3 + Qg
Qs =[0p +Qc] — Q1 — Q3= Qo+ Q2 f Qp K Q. (5.9)
Qs = [Qp +Qc] — Q2 — Qq

Qs = %[0y + Q] £ 03 £ Qg
Qs = [0, + Q] £ Q1 £ Q3+ Q9 £ Q, ¢ (5.10)
Qs = [0y + Q.1 £ 0, £ Qo

Equations 5.6 through 5.9 describe the flow rate conditions for each of the gates depending
on the channel configuration, while equation 5.10 is the general form of the equations for
the device description. The summary of each of the gate flow conditions is determined by
the gate condition where, when the gate direction is reversed, the associated equation for
each gate is multiplied by -1. Interestingly, however, the inlet flow rates only act as a sum
for each flow rate (as their sign is always the same), and other flows within the channel
determine the direction. For example, for Q, to be true in equation 5.5, Q, + Q. > Qs +
Qg, otherwise the flow becomes negative and goes against the initial assumptions for the
equation setup (i.e., Q; # Qp — Q,) if this were to happen. To evaluate and explain each
equation, each system can be rearranged so that the bulk and control channel flow rates
are shown together (as denoted by the square brackets) where using the capture state of

the device we have:

Q4 = [Qb - Q3] + [Qc - Qs]
Qs =[Q1+ Q3 — Qp — Q2] +[Qo — Qc]  Qp » Q. (5.11)
Q6 = [Qz - Qb] + [Qg_Qc]

From this system, it can be established that for each of the flow rates, a set of equalities

can be developed to ensure they are positive and moving in the expected directions.
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Qp+Q:,>Q3+Qg}Q, >0
Q1 +Q3+Q>0Q,+Q:+Q23Q5>0pQ, » Q. (512)
Q2+ Q9 >0Q,+0Q:}Qs >0

Then, for any release of particles, the inequalities change direction as the flow rate would
be negative compared to the initial setup of the equations. To determine additional
relations within these equations for flow rate, a similar analogy to Kirchoff’s voltage law

can be used, where the sum of pressure drop around a closed path in the circuit is O:

N
Z P, =0 (5.13)
n=1

By considering the direction of the flow again for each device state and solving the loops

shown in Figure 5.1, we obtain:

R,(Q; + Qg) + Rs(—=Q4 +Q5) =0

R3(Qz + Q7) + Rs(—Qs + Q¢) = 0} Qp > Qc (5.14)

R,(Q1 +Qg) + Rs(—Q4 +Q5) =0

R4(Qz + Q7) — Rs(Qs + Q4) = 0 } Qp > Qc (5.15)

R,(Q1 +Qg) —Rs5(Qs +Q5) =0

R;(Q, + Q;) + Rs(Qs — Q) = 0} Qp < Q. (5.16)

R,(Q; + Q) + (@4 —Qs5) =0

R3(Q2+ Q) + (@5 = Qo) = of @ < 0 (5:17)

Finally, by considering the two lines from inlets to outlets on the same side, and utilising
equation 5.1, a final set of equations can be developed to solve for the flow in the system.
To use this, points of the pressures are considered in the system for equivalences, as

illustrated in Figure 5.2 below.
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Figure 5.2: An electrical circuit schematic of the microfluidic design. P, is representative
of the pressures at each node.

Based on Figure 5.2, a few assumptions are made where the outlet conditions P, /. are

considered O for this analysis but can also be a known constant for applications. Next,
Pinp/c are also known as inlet conditions and have a relationship to @/, denoted by

equation 5.1. From this, we can obtain the final equations by systematically running along

each main channel (e.g. with the control channel, APy = APf — AP,y , APg = AF, —
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APy, ..., AP, = APy, . — APy) and equating the flow rates between each gate channel:

AP; = AP, -AP, From this setup, the following equations are obtained:

Pmb_RlQb_ mc+R4Qc = RsQ4 — R3Q7 — R,Q4
Pinp —R1Qp — Pinc + R4Qc = Ry0Q1 + RsQs — R3Q7 » Q, » Q. (5.18)
mb R,Qp — mc + R4Q; = R;Q; + R3Q; + RsQ6

Py — R1Qp — inc+R4Qc = RsQ4 — R3Q7 — R,0s
Pinp — R1Qp — Pinc + RyQc = RyQ1 + RsQs — R30Q7 Q, > Q. (5.19)
Pm,b + R,Qp + Pm,c —R4Qc = —R;Q; — R3Q; + R5Qs

Lnb RQp — mc + R,Q; = RsQ4 — R3Q7; — R,0g
Pm,b + RlQb + Pm,c - R4Qc = —R;0, + RSQS + R3Q7 Qb < Qc (5-20)
_Pin,b + RlQb + Pin,c - R4Qc _RZQl - R3Q2 + R5Q6

_Pin,b +R,Qp + Pin,c —R,Q. = RsQ4 + R3Q; + R,0g
—Pinp + R1Qp + Pinc — RyQc = —R;Q1 + RsQs + R3Q7 ¢+ Q, K Q. (5.21)
—Pinp + R1Qp + Py — R4Q. = —R;0Q1 — R3Q; + Rs06

This set of equations define the direction of the flow rate between each of the channels as
they are simply the pressure difference between each side of the channel, with the
magnitude of the flow rates determined by the Q,, parameters. A similar sign switch occurs
on the switch from each of the device states with all values being multiplied by

-1, apart from the flow rates of interest Q45 6.

Consequently, the system can now be solved for all flow rates with dependency on Py, j, /¢
experimentally by evaluating the fluid velocity at a given pressure in the external piping
using 1 dimensional velocimetry techniques and finding Qgxternai- FOllowing this, the

Reynold’s number is firstly to be determined:

puD
Re = T (5 22)

Typically for a 0.794 mm (1/32”) internal pipe, the fluid regime can be considered laminar
(50 mm/s flow rate corresponds to a Reynold’s number of 44.47, well below the transition
range of approximately 1800). As a result, equation 5.1 still applies to the external piping,
so by determining the relationship between controller pressure and flow rate, the pressure

into the microfluidic chip can be determined from:
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Pin,c/b = Pcontroller - QexternalRexternal (523)
Where the external resistance can be derived from equation 5.2 and the flow rates can be

determined using conservation of mass assuming the density is constant due to

incompressible flow:

Qexternal = Qb,c (5.24)

The equations can then be solved using Gauss-Jordan elimination by forming an augmented

matrix for each of the device states, where each device state can be put into the form:

A xx = B (5.25)

Where A is a coefficient matrix depending on the analysis resulting from equations 4.1, 5.4
and 5.12, x is always a vector containing Q1 ; 4 56,78 and B is a vector made up of the input
values Qp, Q. and Py, .. Q3 9 can be determined by substituting the values for Q; 4 ¢ g based

on the equations outlined in Table 5.1. An example matrix is given as:

Qp
1 0 +1 0 0 0 0 0
-1 1 0 +1 0 0 0 Q4 0
o o o o +1 1 o0 |lo, OC
o 0 o0 +1 0 1 -1l]q, .
RZ 0 +R5 iRS 0 0 RZ QS = 0 (5.26)
0 R, 0 +Rs *R; Ry O Qs
Pin,c - QCR4
0 0 RS 0 0 iR3 iRZ Q7
Pinp — R1Qp — Pinc + R4Qp
+R, 0 0 Ry 0 +R, 0 |\0,
Pinp — R1Qp — Pinc + R4Qp

Pinp — R1Qp — Pinc + R4Qp

With the % indicating whether a sign change is required depending on the device state.
Additionally, two extra rows are included from the pressure analysis to further constrict
the results and correctly define the direction of the flow through the gate channels. During
the row-reduction, the bottom two rows in the augmented matrix are aimed to become a
row of zeroes, while the top 7 rows correspond to the Q,, vector. Due to the nature of the
equations, if a negative value is found based on the original setup, this simply means that
the flow is moving in the opposite direction than what was originally defined. Moreover, it
should be noted that when an object is trapped inside any of the gates, the resistance

86|Page



Chapter 5

becomes infinite, so during the capture mechanism as shown in chapter 4, once an object
is held in place, R5 = ==. This means that flow is effectively eliminated between each side;
however, the pressure difference is still at play where if the flow direction switches, the
resistance moves back from o= to R; on object release. This highlights why objects move

past the gate restrictions once an object has been trapped in place [126].

5.3 Materials and Methods

To determine the flow rates from equation 5.25, a Matlab (MATLAB 2017b, The
MathWorks, Natick, 2017) script was developed to perform the Gaussian-Jordan

elimination (further detail in the Appendix).

Subsequently, a device was made through directly micro milling a piece of PMMA as

illustrated in Figure 5.3 below.

Figure 5.3: Micro milled PMMA microfluidic device. Average channel width and
height is 300 um, gate restriction dimensions are 30 pm x 10 pm.

The device shown in Figure 5.3 was further altered by drilling through each of the inlet

holes to create fittings for the external piping. Piping was attached at each inlet and sealed
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as a permanent fixture using epoxy resin as well as to hold the piping in place. The open
channel side was sealed by using transparent nano adhesive tape (KONAMO). This setup
was tested for leakage and no significant leakage was found up to pressures of 700 mbar

at each inlet.

The velocimetric used was by timing a dyed fluid moving from the reservoir to a marker on
the channel close to the chip. Initially, the external piping and chip were filled with clear
water. Once filled, the reservoir for the inlet was changed to contain water mixed with a
typical red food colouring (NATCO FOODS LTD.). Once the dye had been identified as
leaving the reservoir, the timer started and then stopped when it reached the marker at

the inlet of the device.

Two fluid reservoirs were used for testing, and both were filled with de-ionised water. One
reservoir had 5 ml of food dye added per 15 ml of water for the velocimetric techniques as
well as monitoring the fluid conditions within the device. Fluid was pressure-controlled
using an OB1 MK3+ pressure controller (Elveflow) with +/- 1 bar outlets and the pressure

set and monitored using the compatible Elveflow Smart Interface software.

The internals of the device were monitored by attaching the other side of the adhesive tape
to a petri dish and placed under a BestScope BS-2090 inverted microscope equipped with
a 0.45x Basler 106752 camera recording at 200 frames per second. All images were
captured using a 4X objective lens, with a 10X internal microscope magnification resulting

in an overall image magnification of 40X.
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5.4 Results and Discussion

Initially, velocimetry was performed to establish the inlet conditions of the microfluidic

device for both inlets, as displayed in Figure 5.4.
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Figure 5.4: Measured velocities versus control pressure applied to the device across a
length of 65cm for a pipe with an internal diameter of 0.794 mm, with an additional fluid
resistance pipe of 10 cm with 100 um internal diameter.

Figure 5.4 demonstrates that the relationship between flow rate and controller pressure
follows a linear pattern as is expected from the relationship between Q and AP. Therefore,
using the values from Figure 5.3, the pressure drop across the channels from the controller
to each microfluidic inlet can be calculated and utilised to give a reference point for how
the system is behaving using equations 5.22 and 5.23. Using the relation between the
controller input pressure and the flow rate, the equations are then solved by providing
their input values, allowing equation 5.26 to then be solved based on controller pressures.
A ratio can then be determined as Pp.ont/Pccont fOr €ach of the controller pressures to find
out what the difference between them needs to be in order to alter the flow direction, as

shown in Figure 5.5.
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Figure 5.5: Critical points for Q456 Where the intersection of the dotted lines
indicates where the flow rates are equal to 0 for P ,,, = 100 mbar.

Indeed, Figure 5.5 above provides the analytical solution for what the required pressures
are to switch the direction of the flow rates. The order illustrated is as expected, with Q,
requiring a lower ratio of Py .ont/Pe cont than @s, and with Q5 being lower than Q¢ due to
the proximity of the channels to their respective inlets. The proximity of the values to 1 is
also what would be expected due to the design being almost symmetric where, for the
design analysed, R, = R; and R; is only slightly larger than Qs as it is approximately 2 mm
longer. The result of this length difference is indicated by the difference in intervals
between each of the critical Q values where, if it were symmetric, Qs .,; would be precisely
on Py cont/Pccont = 0, in this scenario however all of the critical values are shifted to the
right somewhat. It is estimated that the only important values for determining the flow
rate direction are the ratios between the controller pressure inputs, where the magnitude

only determines flow rates through the device.
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The magnitude of the interval size depends on the distance between each channel, which
was 1 mm for the present setup, thus explaining why the required pressure difference is
still relatively small between each critical value despite the addition of a flow restrictor to
the inlet flow rate. Qs it — Q4,crit from Figure 5.4 is Py, ., = 1.3 mbar and then Qg iy —
Qs crit i APy cone = 1.4 mbar, meaning that fairly precise control of pressure around 0.5
mbar is required to allow for the device to be held in each state. To allow for better control
of each gate, the distance between each gate could be increased. This would further allow
for a less precise control scheme to still achieve the goal of each flow rate manipulation.

An example of this is exhibited in Figure 5.6 below:
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Figure 5.6: The critical points for Q56 for a potential redesign of the tested device
with distances between each gate increased to 10 mm. where the intersection of
the dotted lines indicates where the flow rates are equal to O for P y,, = 100 mbar.

Figure 5.6 highlights the difference between each critical flow rate, which is much more
pronounced as seen by the significant reduction in the rate of change of the flow rates.
Qscrit — Qacrie 1S NoW at APy ¢ = 13 mbar and Qg crit — Us crie becomes APy .oy = 14
mbar, giving just over 10 times the difference required for the critical flow rates to be

reached for the control of the gates leading to less of a need for such precise control over
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flow rates. Even though the rate of the flow rates is increasing, each line is diverging faster
from one another compared to the 1 mm setup as can be seen with Q4 now being separated
further from the other critical values. However, this information needs to be interpreted
alongside the findings of the previous analysis of the simulation setup in outlined
throughout Chapter 4. If the gates are too close to their respective inlets, and for example,
an object is required to be released from the first gate, the bulk pressure will be too high,
and it will be very difficult for the control pressure to reach sufficiently high values to
release the object from the gate. This is confirmed by seeing, for example with Q,, that the
critical ratio is now much lower at a ratio of approximately 0.84. If the distance to the bulk
flow inlet was reduced as well (R, — 0), then this effect would become much more
pronounced, and it would be impossible to switch the flow direction as discussed in chapter
4, Additionally, if spacing is an issue, then the previous setup with 1 mm spaces between
each gate is still feasible and allows for additional gates to be fit into the same space,
although it requires much more sophisticated control over the system. For instance, with a
1 mm gap, it is possible to fit 23 gates within the same space 3 gates fit with a 10 mm gap.
As such, where the goal is the capture of many objects, only the complexity of the control

system needs to be adjusted to handle the gates closer together.

Finally, using the 1 mm gap example, the flow rates through the rest of the system can also

be shown with this configuration in Figure 5.7:
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Figure 5.7: Predictions for the flow rates within the entire microfluidic device with 1 mm
gaps between each restriction for P ,,, = 100 mbar.
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Figure 5.7 highlights the expected trend in the microfluidic device where, as Pj con¢
increases, Q1,3 also increase linearly with the flow rates as shown in figure 5.7(a). As
expected also, the differences between each of the channels is the amount of flow rate
moving through the gate restrictions. For example, when the flow is expected to be
reversed with Py .., = 0, Q3 becomes higher than @, due to the addition of flow rate from
the third gate. This is reflected in the control channel vales with Qq rapidly increasing due
to flow influence from all 3channel gates contributing to the flow rate, compared to Q-
which only increases due to the contribution of flow from the third gate. The reason why
Q7,9 never reach close to 0 is due to Q. con: being held constant at 100 mbar, if this was

reduced then they would also tend towards zero as indicated by the trend in figure 5.7(b).

To demonstrate this, experimental analysis was performed by setting up a microfluidic chip
as previously described with the same inlets and outlets and with 1 mm gaps between each
gate of which there are 3 in total. Initially, to understand the filling of the device, the control
pressure was held constant at 250 mbar, while the bulk pressure was increased linearly
from 1 to 500 mbar with a change of 1 mbar every second. The bulk flow was filled with
water combined with red dye as indicated by the darker colour in the channel, while the
control flow was only water as indicated by the lighter colour in the channel. This is

illustrated in Figure 5.8.

f v“r é‘&‘%@%‘” Fﬁ Ty

Figure 5.8: General initial state of the device at Py, ,,, = 240 mbar and P ,,, = 250
mbar. The darker areas indicate fluid from the bulk inlet as water filled with red dye,
the brighter areas indicate fluid from the control inlet as water only.
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Figure 5.8 above presents an example of how the device performs when Py, .ot << P cont,
where three shades of darker areas can be seen. The top channel inlet area at the top left
contains the darkest colour and becomes progressively lighter as it passes by each of the
gates. This is due to the water from the control channel being pushed through the gate and
mixing with the red dye, effectively diluting it as it moves further downstream in the
channel. This can be seen progressively occurring in Figure 5.6 where, after each gate, the
bulk flow channel colour becomes lighter as more water is mixed. Moreover, after passing
the first gate, the bulk flow is pushed far to the left and separate streamlines can be
observed between the bulk flow and the now mixed bulk/control flow. This occurs again as
the bulk flow passes the second gate where another streamline can be seen to form, and
the shade of colour becomes lighter. Finally, at the third gate, the dye is almost completely
diluted by the additional water making the streamline less obvious to observe. As the
Py, cont Pressure increases, the fluid begins to move from the bulk channel into the control
channel and the streamlines from the control inlets become condensed and surrounded by

the bulk flow, as exhibited by Figure 5.9.

.
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Figure 5.9: First gate being filled in the microfluidic channel at Py, .,,, = 260 mbar with
fluid from the bulk channel moving into the control channel with P ,,, = 250 mbar.
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Figure 5.9 then highlights the device state which is much further than the critical point of
Q4, as fully developed flow can be seen within the first gate. Gates 2 and 3 are filled with
water and flowing from the control channel into the bulk channel as indicated by a thin
stream of lighter fluid moving within the darker fluid originating at the gate restriction and
which is water that has not yet mixed with the dye. An interesting phenomenon occurs

when reaching Q.+ as shown in Figure 5.10:
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Figure 5.10: Turbulent flow in the second gate as Qs ,;, is reached at Py, = 262.

As Qs it is reached, the gate shortly undergoes a transition period where a turbulent
shockwave can be observed as highlighted by the bent streamlines and mixing of the two
fluids. Further increasing the pressure then leads to a clear channel again after this
turbulence where all the bulk flow is pushed to the top side of the channel. A clear shear is

then developed between each fluid as illustrated in Figure 5.10.
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Figure 5.11: (a) Shear flow beginning to be seen in the second gate as Py ,,, iS increased
further at 262.1 mbar. (b) Shear flow of the bulk flow developing further until it is half the
channel at Py, .,y = 262.3 mbar. (c) Shear flow of the bulk flow almost covering the channel
before reaching the next flow transition at Py, ., = 262.5 mbar.

The shear between each of the fluid types is clearly defined in Figure 5.11 as the darker
area, indicating more fluid from the bulk channel was entering the gate, increased linearly
with finite pressure increases. 0.1 pressure increase increments were required to observe
the gradual increase of the gate progressively being filled with the dyed fluid. Figure 5.11(a)
demonstrates that the pressure in the bulk channel is slightly lower than the control
channel. This highlights the action of each of the pressures influencing each other over the
gate, as in Figure 5.11(b) they are shown to effectively be equal, and in Figure 5.11(c) the

pressure in bulk channel is shown to be slightly higher than in the control channel.

At Py cont = 262.6 mbar, the fluid went into the final transition as the water from the control
channel was completely eliminated from the gate and the flow was fully reversed, as

attested by Figure 5.12 below.
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Figure 5.12: Development of a typical laminar flow progression at Py ., = 262.6 mbar in
gate 2. (a) shows the flow beginning to form. (b) shows the flow developing into a typical
laminar flow profile. (c) shows the laminar profile extending further from the inlet. (d) shows
the laminar flow being completely developed and the streamline being completely invisible.

Figure 5.12 highlights what was found to occur between the point at which the pressures
on each side of the gate are approximately equal and the point at which the pressure in the
bulk flow exceeds the control flow by a larger margin. A laminar streamline can be seen to
form as soon as Py one reached 266 mbar in Figure 5.12(a), which can be observed to
develop further down the gate channel in Figures 5.12(b) and 5.12(c), until it becomes
completely developed in 5.12(d). During this process, the pressure was held constant as it
occurred over a period of approximately 0.3 seconds. Therefore, this can be explained as
hysteresis of the system as it transitions from its previous state into a new stable state with

the flow switching to move from the bulk channel into the control channel.

Finally, in Figure 5.13 below, the filling of the third gate can be observed following a similar

process to that of the previous gate.
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Figure 5.13: Filling of the third gate with the bulk flow moving into the third gate channel
(a) Shear flow developing again with the bulk flow at Py, .., = 268 mbar (b) Further
development of the shear flow at Py, .,,,; = 268.3 mbar (c) Complete filling of the third
channel at Py, ¢,y = 268.4 mbar.

Highlighted within Figure 5.13 is the filling of the channel with the previously seen shear
flow. As the bulk flow channel pressure increases, the amount of water in the channel
reduces again until the flow direction is switched, as it can be observed by its complete
filling with the bulk flow fluid. Therefore, this confirms that all the channels can be filled
with the counter current flow setup. Next, to demonstrate the ability of the device to
switch the flows back, the same experiment was performed with Py .., = 270 mbar and
held constant as this is the condition for all 3 of the channels to be in the first state as
determined experimentally. For this setup, the fluids were switched with the dyed fluid
entering the control inlet to better demonstrate the physical effects occurring. The effects

of the first channel being filled are illustrated in Figure 5.14.
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Figure 5.14: Filling of the third gate with the control flow moving into the third gate channel
with Py, cone = 270 mbar. (a) Shear flow developing again with the bulk flow at P ¢4, = 252
mbar. (b) Complete filling of the third channel with P_,,, = 252.3 mbar. (c) Complete filling of
the second channel at P, = 258.4 mbar. (d) Complete filling of the first channel at P ,,,, =
261.6 mbar

Figure 5.14 demonstrates the reverse of the flows required to release each object
individually. Figure 5.14(a) shows the same shearing effect occurring as seen previously
during the filling state of the device, although with the fluids reversed in this instance.
Interestingly, it seems that the profile of the shear line is exactly the same as during the
filling procedure where it is almost horizontal with a slight increase in the bulk flow fluid
closer to the gate restriction. Figure 5.14(b) demonstrates the filling of the third channel
where the shear between the two fluids has been eliminated and it is completely filled.
Figure 5.14(c) highlights the filling of the third channel, and it can be observed that there is

some debris present in the channel which accumulates as particles from the dye. This is
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likely due to the restriction blocking large particles from moving through, although in the
position where the material has been deposited, fluid can still move around it and enter
the bulk flow channel. This was not observed when the dye was in the bulk flow channel
as, if a blockage like this formed, it would increase in size until it was dislodged from the
gate (rather than being held in position) by collecting other particles, or the dye would
safely pass through the restriction into a larger channel where no blockage would occur.
Finally, in Figure 5.14(d) the first channel can be seen to be filled with the dyed fluid,
indicating that the flow in each of the gate channels has been completely reversed from
the initial fluid condition due only to a pressure increase in the control channel. The
previous streamlines appear to be hidden in the reversed state because of the streamlines
from the gates hugging the right wall where it is obscured visually, and due to the
concentration of the particles flowing through the restriction being small, as opposed to
the previous scenario where a high concentration of dyed fluid was influenced by a smaller

volume of water which is easier to identify visually.

Finally, to evaluate the model developed, the critical values for Q were evaluated based on
the pressures for when each channel flow rate was switched (in both directions). The points
chosen from the experimental analysis were when the channel was completely filled with
red dye in each device state, as this would be a requirement for any objects to be captured

or released, as Figure 5.15 below evaluates:
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Figure 5.15: Comparison of the theoretically calculated Py, ¢,/ P cone fOr the critical flow
rates to the determined experimental values for the flow rate at each gate.
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Figure 5.15 then displays the differences between the calculated values of Py, cone/Pe cont
for each of the channels where Q,, = 0. The general trend for the theoretical values is
observed to be linear, whereas there is a close match APy, cont/Pc cone between Q4 and Qs
but there is a larger jump in the required AP}, cont/Pc cone Value between Q5 and Qg based
on the experimental results to achieve the critical flow rate. This may be due to unexpected
defects within the third gate restriction, which means that a slightly higher bulk pressure is
required to allow the fluids on each side to reach an equal pressure. In general, the
experimental values are relatively higher than the theoretical ones, which is likely a
consequence of not taking the 3D aspects of the design within the theoretical analysis into
consideration. This includes pressure losses such as at the device inlets and outlets where
the flow is required to turn 90 degrees that was not included in the analysis, as well as
discounting any exit effects. The outlet pressure loss should be relatively small compared
to the rest of the device (approximately 7 Pa across the length of tubing to waste reservoir),
but due to the sensitivity of the pressure requirements, may cause the differences from the
theoretical model. The experimental filling and release values are relatively similar;
however, the small increase in the filling procedure may be a result of the initial resistance
of the flow entering the control channel due to the restriction. The resistance through this
channel, although it has a small length, is a factor of 100 higher than that in other channels
because of the relatively small dimensions, whereas during release for the fluid to enter
from the control channel, it is flowing through the larger 300 um channel first before

reaching the restriction.

The errors of the theoretical model values were 2.3% and 1.56% for Q4 i+ for experimental
filling and experimental release respectively, 2.65% and 2.14% for Qs .. and 4.1% and
3.84% for Qg cri¢- This indicates that the theoretical model is a good predictor for giving
target values for the system to begin controlling the pressure at. This means that, for any
redesigns of the device, only the external flow rate and resistance are necessary for
calculation and inputting these values into the theoretical model will give a reasonable
target range to find when the flows will switch. This also means that when adding in further
gates, the theoretical calculations will still give Py, cont/Pc cont Values below a 5% error rate.

As such, for redesigns, it is not necessary to run through the searching procedure of
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experimentally testing 1 mbar to 500 mbar, as the model can determine the appropriate

range for a given P, .y, to find the critical flow rate values.

5.5 Conclusion

A theoretical model has been developed throughout this chapter to demonstrate the fluid
control requirements of any device with the same inlet conditions. The parameters of the
theoretical device can be easily manipulated to match any design changes and provides a
method of computationally testing devices prior to manufacturing them. This includes
determining the approximate control schemes for different numbers of gates, or the
distance between each gate and whether the required precision of the control system is
acceptable for each design. The model was validated experimentally and demonstrates
that the theoretical model follows experimental results with less than 5% error. Several
phenomena were also observed during the flow switching procedure including an initial
turbulent shockwave to the system upon changing directions, a shearing effect between
each fluid while the pressure is increased, and finally laminar flow development with a
typical semi-circular streamline profile seen as expected in square microchannels. There is
a potential for the model to become more sophisticated by including various effects that
were ignored such as inlet conditions, fluids moving around bends/angles, as well as other

3D effects on the fluid flow.
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6. Conclusion

6.1 Introduction

This thesis proposes a novel microfluidic technique for the capture, isolation and retrieval
of objects or cells using active flow control. The proposed device is a unique method
exploiting counter-current flows for capture and release of individual objects through
precise pressure control on a microfluidic platform. The main operational steps are
individual capture into all present gates in the system, and subsequent individual release

from each gate for isolation of the objects from a larger population.

In the following sections, the developed methodology, the main results, and the
demonstration of the relation between the main chapters, contribution of this thesis and

future directions of this study are outlined.

6.2 Summary of the Thesis

The main development throughout this thesis is towards the manufacture and

understanding of the novel counter-current flow technique.

Initially, a rapid prototyping method capable of manufacturing dimensions of about 100
um was developed in Chapter 3. This served the purpose of further developing rapid
prototypes of the design for initial proof-of-concept testing due to it being an unexplored
technique, for which several design iterations may be required. A novel red femtosecond
laser manufacturing of steel moulds was developed for replica moulding of microfluidic
devices to produce channels of 300 um height and width, and gates with target restrictions
of 100 um. The manufacturing method was evaluated by measuring the surface co-
ordinates of the steel mould and resulting PDMS replica and comparing them to the original
CAD model design. Because of the nature of the laser ablation process, high errors were
recorded around channel walls, as well as sharp geometries leading to overshoots in these
areas. The errors in the main channels were deemed acceptable due to their lack of impact
on the device function. A more significant overshoot of 50 um was noted around the gate
geometry, likely due to the original geometry tapering to a single point, with a sharp wall
on the other side. As a result, target objects/cells would have to be re-evaluated after

manufacturing with this technique. Low force stereolithography was also examined in the
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context of the present design. The curing process was the most significant factor in enabling
successful peeling of the device with a low temperature, longer cure yielding more

successful results.

A CFD simulation was developed to further understand the device, the key parameters
during its operation by introducing particles into the flow, and their interaction with the
fluid environment. The model highlights the importance of precise pressure control within
the bulk and control channels as this determines the direction of the flow rate for object
capture/release. The simulation setup was applied to alternative designs, and it was found
that proximity to the inlet conditions led to the device being unable to control the gates
due to the opposing channels failing to overcome the pressure supplied by the other for
flow direction reversal. A theoretical model was then developed from the simulation to
offer a solution to a 9-gate design as during ICSI, it is preferred for many eggs to be
collected. As such the technique should be able to manage as many objects. The simulation
was then experimentally validated by demonstrating capture, isolation and retrieval of 150

um diameter microbeads.

Finally, a theoretical analysis was carried out for the fluid control in the device using
electronic circuit analogies. A Matlab 2017b script was developed to solve the simultaneous
equations formed using Gaussian-Jordan elimination and the critical flow rates of 0 pl/min
were determined theoretically. The theoretical model was then validated experimentally
using PMMA microfluidic structure and good agreement was established between the
results and the model, although the model predicted lower pressure requirements, likely
due to not accounting for certain losses through the system, such as the flow moving
through bends and junctions. However, the method was again demonstrated through only
fluid control and specific phenomena were noted during device function such as turbulent
shockwaves during flow direction switching, and laminar shearing when the bulk and

control pressures were approximately equal.

6.3 Contribution of Thesis

This thesis focused on the development of a microfluidic technique for individual
capture/isolation of cells/objects with further application to ICSI methods. The research

contributions of this research project are as follows:
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» A novel microfluidic manufacturing technique using red femtosecond lasers for the
ablation of steel moulds for rapid prototyping of microfluidic devices.
Manufacturing considerations of replication processes due to the nested inner

structure of the gates within the design have also been highlighted.

» A full CFD simulation model with particle tracking has been developed and
experimentally validated to assess the ability of the technique to influence cells
within the device. The simulation can also be used to allow for rapid redesign testing

and for determining co-ordinate positions of the gates.

» A theoretical analysis of the device founded on electrical circuit analogies for
determining precise pressure requirements based on controller inputs for fluid

direction and magnitude control within the device.

6.4 Future Directions

In this thesis, the main object that has been manipulated by the device is microbeads or
smaller dye particles. To further evaluate the impact of the device structure on cells, cells
should be placed into the device with the dimensions that have already been determined
in this thesis. This will allow for the understanding of the force experienced by the cells and
determine whether any cell damage will occur. The theory for this evaluation has already

been developed and is shown in Figure 6.1 below:

(b)

Figure 6.1: Schematic setup for the evaluation of cell deformation and damage within the
gates of the microfluidic device. 6.1(a) shows the general geometric considerations required
to evaluate the cell damage. 6.1(b) shows positions of the edge contact points of the cell.
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Using Figure 6.1(a) as reference, the Tatara model for large deformations of objects could

be utilised to determine the cell modulus, and the mechanical properties of the cell [127].

_ 3(1— Vz)Fcompress _ 2Fcompress
2(Dcen — Wdeform)a 7T(Dcell - Wdeform)f(a)

(6.1)

Where v is the poisson ratio, F;ompress is the compression force applied to the cell from
the restriction due to the pressure on the particle, Dy, is the cell diameter, Wy, orm is the
deformed width of the cell at its centre, a is the contact radius and f(a) is the characteristic
length of the non-spherical geometry. Equation 6.1 then offers a method of determining
the modulus of the cell and can be combined with determination of cell death through
experimental analysis within the device. As precise pressure control and flow rate have
now been demonstrated, the forces acting on the cell would be easily determined. The
parameter a can be determined through visual measurement by determining the co-

ordinates of the contact points C;_, and inputted into equation 6.2:

a= J (Cry = Coy)? + (Cox — C1)? (62)

With this, the forces, modulus and damage to cells could be evaluated as a result of capture

within the device.

Another manufacturing technique should additionally be determined for the replication of
3D gate structures of 2 um. This is to allow the design to be assessed with sperm cells,
which has been a challenge to accomplish so far. Two photon polymerisation 3D printing
techniques are also a good candidate for initial testing of the device as they have the
required feature resolution as well as capability of developing 3D geometry. With this, the
technique can be evaluated using an active cell and adjusted in order to manage cells
flowing within the system using animal models such as bull sperm as it matches closely the

motility patterns of human sperm.

Finally, the device would then have to be integrated to a wider structure and clinically
evaluated. This would include inlets for sperm, medium inlets, valves, and visual sensing to
operate the device. This would then ensure reliability of the device in a clinical setting and

allow it to be employed by embryologists.
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Appendix — Code used to solve equation 5.25

clear all
clc
clf
close all

format shortEng
%$List constants for channel

R1 = 5.14E+10;
R2 = 3.57E+9;
R3 = 3.57E+9;
R4 = 4 ,.32E+10;
R5 = 2.94E+13;

Rx = R1+R2;

Ry = R3+R4;

Rexternal = 2.34E+12;

%$Pb pressure initialisation
Pbcont = 1;

%$Pc controller constant value
Pccont = 100;

for 1i=1:1:500

%Q in m/s unit conversion
Qb = Pbcont*0.2531*1E-09*0.0166667;
Qc Pccont*0.2531*1E-09*0.0166667;

%Velocity calculation
Area = pi* ((3.95E-4)"2);
vb = (Pbcont*0.0852)/1000;
Ve (Pccont*0.0852) /1000;

$External flow rate in m/s
Qbex = Area*vb;
Qcex = Area*vc;

%$Convert P into pascals
Ppasb = Pbcont*100;
Ppasc = Pccont*100;

%$Determine Pin
Pinb = Ppasb - (Qbex*Rexternal);
Pinc = Ppasc - (Qcex*Rexternal);

$Evalute Matrix Value
Pcconst = Pinc - ((Qc)*R4);
Pbconst = Pinb - ((Qb)*R1);

%$Pressure-based constants
Px = Pinb-((Qc)*R1l)-Pinc +((Qc)*R4);

$For Qb>>Qc

$Equation Matrix

A=[1010000 Qb;
-11 01000 0;
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-1 1 0 Qc;
01 -1 0;

-R5 R5 0 0 R2 0;
0 -R5 R5 R3 0 O;
R5 0 0 -R3 -R2 Px;
R2 0 0 R5 0 -R3 0 Px;
R2 R3 0 0 R5 0 0 Px;

17

000
001

0
0
R2 O
0 R3
00

%$Gaussian-Jordan Elimination
R = rref (A);

R;
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$Store flow rates for each pressure value based on relevant matrix

element

%Conversion back into ul/s

Q1(i) = (R(1,8))*1E09;

Q2 (i) = (R(2,8))*1E09;

Q3 (1) = ((R ( 8))-(R(5,8)))*1EQ09;
Q4 (1) = (R(3 )*1EO9);

Q5(1) = (R(4,8))*1E09;

Q6 (1) = ((R ( 8))*1E09);

Q7(1) = (R(6 ))*lEO9;

Q8 (i) = (R(7,8))*1E09;

Q9(1) = ((R ( 8))+(R(3,8)))*1E09;
Pfrac (i) = Pbcont/Pccont

$Increment Pbcont
Pbcont = Pbcont + 1;
end

$Plot each flow rates into separate figures
figure

hold on

plot (Pfrac,Q4, 'DisplayName', 'Q4")

plot (Pfrac,Q5, 'DisplayName', 'Q5")

plot (Pfrac,Q6, 'DisplayName', 'Q6")

xlabel ('Pbcont/Pccont', "fontsize',16)
ylabel ('Flow Rate ({\mu}l/min)"','fontsize',16)
hold off

lgd=legend ('Q4"', 'Q5", 'Q6")

lgd.FontSize=16;

figure

hold on

plot (Pfrac,Ql, 'DisplayName', 'QO1")

plot (Pfrac,Q2, 'DisplayName', 'Q2")

plot (Pfrac,Q3, 'DisplayName', 'Q3")

xlabel ('Pbcont/Pccont', 'fontsize',16)

ylabel ('Flow Rate ({\mu}l/min)', 'fontsize',16)
hold off

lgd=legend ('Q1l"', 'Q2"', 'Q3")

lgd.FontSize=16;

figure

hold on

plot (Pfrac,Q7, 'DisplayName', 'Q7")
plot (Pfrac,Q8, 'DisplayName', 'Q8")
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plot (Pfrac,Q9, 'DisplayName', "'Q9")

xlabel ('Pbcont/Pccont', "fontsize', 16)

ylabel ('Flow Rate ({\mu}l/min)"', 'fontsize',16)
hold off

lgd=legend ('Q7"', '08','0Q9")

lgd.FontSize=16;
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