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Abstract

This work is a study to understand the various aspects of a microfluidic
device. In the first half we take the role of an end user, experimenting to
learn how best to use the device efficiently. In the second half we are the
manufacturer, trying to fabricate a user friendly, and fully functioning

microfluidic device.

As the end user, we have three different T-junction droplet generator
devices, with similar geometries. We start investigating by generating
water droplets in an oil medium. They self-organise into various flow
patterns: single-profile, double-helix profile and triple-helix profile. We
document how, with increasing flow rate ratio and capillary number, we
observe more densely packed droplet flow patterns. The device with the
deeper expansion channel provides more space for the droplets and they

self-organise the triple-helix pattern in 3-dimension.

We then use the same devices to generate droplets for which we can
calculate the volume. The fluid flow in a microchannel happens in four
different regimes: ballooning, squeezing, dripping and jetting regimes. In
single-cell and single-molecule analysis devices, the ability to create
droplets on demand and of a certain volume is a desired capability. This
can be achieved by understanding and learning how to use the fluid flow
characteristics accurately. We experiment with the three different sized
microfluidic devices, to measure the droplet volume throughout the
squeezing to dripping regimes. This is achieved by manipulating the
capillary number and the flow rate ratio. We observe a similar result as

with the flow patterns: that the capillary number has an impact on the
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droplet volume. As the capillary number increases the droplet diameter
decreases. Further, for a set capillary number we can fine tune the
droplet diameter by changing the flow rate ratio. As the flow rate ratio
increases the volume of water droplets increases, despite the fact the
capillary number is set. These coincide with our flow pattern results. Our
results fit to the scaling law to predict the droplet size introduced by Tan
et al. in 2008 [51]. Unlike some other authors in the literature, we did not
observe a critical capillary number where the droplet volume changes
suddenly. However, we did observe a transition area where we cannot

define the regime of the fluid flow.

As the manufacturer we designed and fabricated our own planar free
standing microfluidic devices using a polymer called SU-8. After
looking into the weaknesses and the strengths of using SU-8, we
describe how we successfully fabricated working devices and developed
a new procedure in adhesive low temperature bonding. We finish by
considering the challenges of connecting micro sized structures to a
macro sized syringe pump, and fabricated a chip-holder inspired by

applications in industry.
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Nomenclature

Greek symbols

o Fitting constant

B Fitting constant

c Interfacial surface tension
or Dirac delta

n Dynamic viscosity

p Density

K Local interface curvature
A Viscosity ratio

2% Kinematic viscosity

Latin symbols

b Dimensionless length of droplet
Ca Capillary number

Ca, Critical Capillary number

d Dimensionless droplet diameter
fs Surface tension force

g Gravity

G Shear stress rate

Channel depth in T-junction area
Height to width ratio

Channel depth in the expansion area

Wm}‘}‘&‘

Fitting constant



Dsurf

Q.

Acronyms

CSF

Length of the immiscible slug
Characteristic length of a flow

Unit normal to the interface

Pressure in Navier-Stokes equation

Surface pressure drop in Young-Laplace equation
Volumetric flow rate ratio

Continuous flow rate

Dispersed (aqueous) flow rate

Final droplet radius

Radii of the curvature in Young-Laplace equation
Reynolds number

Time

Critical droplet formation time

Mean fluid velocity

Continuous flow velocity

Dimensionless droplet volume

Critical volume at Ca=1

Continuous flow channel width

Aqueous (dispersed) flow channel width
Expansion channel width

Intersection ratio

Continuum surface force



DEP
EWOD
fps
LOC
u-TAS
MEMS
PC
PDMS
PMMA

SEM
SU-8
Uuv

Electro-kinetic forces, Electrophoresis
Electro-hydrodynamic forces, Dielectric
Frames per second

Lab on a chip

Micro total analysis system

Micro Electro Mechanical Systems
Polycarbonate

Polydimethylsiloxane
Polymethylmethacrylate

Rotation per minute

Scanning electron microscope

A negative tone photoresist

Ultraviolet
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Chapter 1

1. Introduction

The history of science goes as far back as the history of humanity.
Throughout there have always been gadgets and devices invented with
the aim of making our lives better or easier. Not every invention was a
success but all were a step towards eventual improvement. Within this
timeline, the evolution of machines has not only been towards increased
functionality, but also a shift towards ergonomics and compactness. The
biggest challenge is not imagining the devices on a micro scale but to
manufacture and make them function on this scale. We cannot be sure
how the creators of Star Trek imagined their geological, meteorological
and biological diagnostic device “The Tricorder” was engineered. While
I accept we still have a long way to go in developing such a device
(especially one with so many functions), I am sure that micro / nano
fluidics and micro-electro-mechanical systems (MEMS) are the right

pathway to it.

From the macro world to the micro world, manipulation of fluids has
served humanity a great deal. Examples include generating electricity
through a hydroelectric dam, managing the watering of crops in
challenging environments, and placing a stent into a patient’s artery to
regulate their blood. We are all made of atoms which create molecules
which come together to create the components of n-bodies with various
boundary conditions. These n-bodies can be macro sized like celestial
objects, the subject in astronomy; or micro sized like liquid molecules,

the subject in fluid mechanics. The main aim when exploring the
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behaviour of these subjects is to create solutions for both known and
unknown problems; from alternative energy to personalized drugs for

individuals.

Put simply, microfluidics is a multidisciplinary field which studies the
behaviour and manipulation of liquid(s) or liquid-gas mixtures in a micro
/ nano scaled and constrained space. This makes microfluidic
applications very appealing due to requiring only small amounts of
sample fluid (e.g. a blood sample), and offering the parallel integration
of functions with a quick reaction time. Microfluidics is still a discipline
in its infancy. It branched out from the developing techniques of Micro
Electro Mechanical Systems, or MEMS for short, which originated in the
1960s (see for example the lecture by Feynman in 1959 which identified
the possibilities of this technology [1]). We also refer readers to the
early review article by Fujiita [2] which foresaw the coming
miniaturisation applications. The first and most commercially consumed

microfluidic device is the inkjet printer head [5].

Microfluidic technology has many advantages including faster diagnosis
time, less energy consumption, less volume consumption and therefore
lower costs of agent-reagents. However, scaling the fabrication
processes to micro sizes has proved challenging and much improvement
is required. Microfluidics offers a variety of applications in various
disciplines: chemistry, biology, medicine and engineering. As well as
inkjet printer-heads by Hewlett-Packard, microfluidic devices are used in
micro-turbomachinery. Liquid based applications are an active research
topic due to the potential applications in the life sciences [10, 72]. As the
need for more complex electrical and electronic devices increases, the

manufacturing technologies are improving. The technology of small
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devices, in our case MEMS allows us to fabricate components like
pumps [3, 7, 8, 12], sensors and valves [9, 17] on simple, integrated
structures [31, 32, 33]. These systems are commonly known as Lab-on-
a-Chip (LOC) or Micro-total-analysis-system (u-TAS) [6]. Functions
like specimen pre-treatment, separation, chemical reactions or detection

have now become comparatively quicker and less costly.

There are a large variety of microfluidic devices demonstrated
successfully in the literature [11-15, 18] for various applications. These
devices are providing increased control and cost effective solutions
compared to conventional devices, especially in medicine and biology

[16, 47, 57].
1.1 Main research aims

e To generate a droplet of a desired volume.
Microfluidic devices are difficult to use due to the miniaturization.
In microscale the dominant forces may be very different from the
ones found in a conventional device. To generate a droplet of a
desired volume needs an accurate understanding of underlying
mechanisms. First we learn the abilities of our three microfluidic
devices by documenting the self-organizing droplet flow patterns
observed in our experiments: single-profile, double-helix profile
and triple-helix profile. We follow this by learning how these flow
patterns are affected by the capillary number, the flow rate ratio
and the device geometry. In the later stage, we observed that
single-profile is an area between the two important flow regimes:
the squeezing and the dripping regimes. Then we designed and

conducted a numerical experiment to measure the droplet
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diameters. The results of this experiment coincide with the power
law proposed by Tan et al. [51]. This power law is a function of
the capillary number and the flow rate ratios, as given in Equation

(4.18).

e To fabricate a free standing, fully working polymeric
microfluidic device in less than two hours.
We designed and fabricated a planar polymeric microfluidic chip.
The chip is fabricated in two separate structures. In the top layer
the interconnections and the device geometry are fabricated, while
on the bottom layer a thick structure. A low temperature, leak free
adhesive bonding procedure is developed, and we demonstrate
that all this can be done less than two hours, significantly faster

than any previous demonstrations.

1.2 Thesis outline

We setup a new laboratory to conduct the microfluidic device based
experiments. In Chapter 2, we describe this process, and the decisions
that were taken in regard to managing the budget efficiently. We utilized
some equipment that we inherited (a high speed camera) and designed

our own spatial filter, to delay a costly microscope investment.

In Chapter 3, we focus on the chip fabrication, dimensions and the

measurements of the fluids used in conducting the experiments.

Chapter 4 summarises the physics behind the fluid flow, and then present
a literature review about generating microdroplets and the scaling law.

We outline how the key constant numbers are derived.
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Chapter 5 documents and discusses the data we collected using our three
chips (labelled Chips 1, 2 and 3). In the first part, we focus on the self-
organising droplet patterns: identifying them and explaining the reasons
for their behaviour. Later on in the chapter, we look at how the droplet
size i1s affected by the capillary number, flow rate ratio and the device
geometry. Also we introduce a scaling law which predicts the size of the

droplets generated.

In Chapter 6 we describe how we designed and fabricated a polymeric
based microfluidic device and then Chapter 7 introduces a new
procedure for a low temperature adhesive bonding, demonstrating
working samples. We conclude in Chapter 8 by discussing possibilities

for future work.

1.3 Thesis contributions

The major contributions of this thesis are as follows:

1. Observed and documented the flow patterns of self-organising
droplets (see Chapter 5.1).
Thorsen et al. [24] demonstrated the patterns generated by a
microfluidic device. We generated droplets in the squeezing to
dripping regimes and observed how their patterns are affected by
the capillary number, flow rate ratio and the device geometry. We
used Chip 1 and 3 to conduct the experiments. Increasing the
capillary number reduces the size of the droplets and increasing
flow rate ratio increases the size of the droplets. We document
how deeper devices create a larger degree of movement for the
droplets, and how the triple-helix profile is observed in 3-

dimensions.
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2. Produced droplets of desired volumes in a controlled and
consistent manner. Observed and documented this, suggesting
an appropriate scaling law (see Chapter 5.2).

Using the three microfluidic chips we measured the droplet size in
the expansion channel. The measurements are conducted between
the squeezing and dripping regimes. We observed that when the
capillary number increases the droplet diameter decreases; while
for a fixed value of the capillary number, when the flow rate ratio
increases the size of the droplet increases. Equation (4.18)
suggests that a droplet’s dimensionless diameter shows a

dependency on the capillary number and the flow rate ratios.

3. Designed and fabricated planar polymeric free standing
microfluidic devices (see Chapter 7).
We demonstrated that the fabrication of a fully functioning planar
polymeric free standing microfluidic device can be completed in
less than two hours. The SU-8 chips were fabricated in two parts,
top and bottom, where the top part has the interconnections and
the chip design, and the bottom part has the thick plane surface.
These two parts were bonded by a new technique we developed.
This technique is quick, efficient and may be performed at low
temperatures. We achieved a fully functioning free standing SU-8
microfluidic chip with a channel depth in a range from 12um to

375um in between 153 to 173 minutes.
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Chapter 2

2. Microfluidics Laboratory Setup

The budget is a key factor for every experimental study. This research
included setting up a new microfluidics laboratory to conduct the
experiments. Spending an institution’s money was a great responsibility

and thus required careful thought and planning.

2.1 Experimental setup

The diagram of the experimental setup is presented in Figure 1. To
record the droplet behaviour we needed a system for visualization. After
getting quotations for inverted microscopes we decide to utilize the
equipment left over from a previous research project. The laboratory has
the Photron Fastcam Ultima 1024 model high speed camera with a
CMOS sensor. This camera can utilize an image of 500 fps (frames per
second) at 1024x1024 full resolution and at lower resolutions frame rate
can go up to 16000 fps. The manufacturers’ custom software program
was used to capture and record the videos and the images. Droplet
generation is a very speedy process and because we aimed to do our
analysis based on the image quality, we had some specific needs for the

setup.

The widest area we needed to record was the expansion channels of the
microchips which were around 500um each. We used the high speed
camera at 1024x512 resolutions at 1000 frames per second. The

manufacturers of the camera developed software to control all elements
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of the camera through the computer which enables us to trigger the

recording.

LED light source

v

Spatial Filter System

v

Syringe Pump S Microfluidic Chip N Liquid Collection

L7

Lens

h

High Speed Camera

Figure 1: Schematic diagram of the experiment

High Speed LED white
Camera light source

Lens

Microfluidic Chip Biconvex Lens Pinhole Biconvex Lens

Figure 2: Spatial filter schematic

To get a clear image we needed to eliminate the diverging light beam.
We decided to set a spatial filter (Figure 2) using two Ealing equi-

convex glass lenses (catalogue number 43-1239) and a pin hole to set it
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up. To illuminate the system at first a mercury lamp based system was
used, because the camera 1s high speed, it picked up the frequency of the
light. To improve the image we decided to use CoolLED pE-100 white
light.

The objective lenses used during the experiments were Carl Zeiss LD
Plan Neofluar 20x Corr and 40x Ph2 Corr. To minimize the impact of
environment during the experiments we invested in an optical table from

Thorlabs. See Figure 3 for a photograph of our optical table setup.

Figure 3: Optical table setup

The microfluidic chips were mounted on Thorlabs MicroBlock 3-Axis

positioner with differential micro stage.

We used syringe pumps to pump the fluids. The oil of continuous phase
was pumped with the Harvard Apparatus PHD 2000 model syringe

pump. This series of pumps have the accuracy of 1% and
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reproducibility +£0.1%. We used ImL BD Luer-Lok syringes and
pumped flow rates from 0.1ml/hr to 1.2ml/hr.

The water of the aqueous phase was pumped using a Sage Instruments
355 model which is an easy tuneable syringe pump. This was a second
hand pump without a manual. We needed to know the flow rates and so
decided to measure the time it takes to empty a ImL syringe in X1 at
99.9% flow rate ratio setting. At 20°C room temperature we took 10
readings of time and discarded the highest and smallest readings, then
averaged the 8 readings. The result was 23.18 seconds. From there we

worked the chart of the flow rates for this syringe pump.

As a procedure, before starting the experiments, oil was pumped through
the chip for around 30 minutes minimum to reach the steady state and to
prime the chips. Also this routine was carried out every time the syringe
needed refilling. We adopted some ground rules to carry out uniform
conditions in every set of experiments. The measurements were taken a
minimum of 2 minutes apart when the water flow rate changed, and 4
minutes apart if the oil flow rate changed. This created enough time for

steady fluid flow.

The maintenance of the microfluidic chips is explained later in Chapter

3.
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Chapter 3

3. Experimental Design

In this study we aimed for an alternative way of measuring the size of
the droplets. Traditionally researchers presented ways to measure the
droplet size visually and modelled it to a scaling law at the T-junction
itself (Garstecki et al. [37]; Christopher and Anna [46]; Xu et al. [50];
Glawdel et al. [68, 69, 70]; and Wehking et al. [74]). The problem with
this method is the droplet generated in the continuous flow channel is not
symmetrical, rather it is approximately bullet shaped in both squeezing
and dripping regimes. This causes the volume calculating formulas to not
be as effective as is proposed. We looked for an alternative way of
measuring the droplets, mainly by having an expansion channel for

droplets to relax and be spherical in shape.

3.1 Design and fabrication

The microfluidic devices used in this project were fabricated by machine
milling which allowed us to create different depths with each device.
The devices were machine milled on Polymethyl Methacrylate (PMMA)
sheets at The University of Manchester’s laboratories. Interconnections
of the devices were drilled on PMMA. The channels end with a reservoir
which has an opening towards the back of the PMMA sheet. A suitable
sized bootlace ferrule fits in to this opening firmly. The Masterflex
Tygon Tubing (1/32"" inside diameter) attached perfectly to the open
side of the bootlace ferrule. For each set of experiment these tubes which
have the chip in one end and the syringe pump on the other, were cut 10

cm in length.
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Following the milling, the devices were washed and prepared for sealing.
For this purpose 100um thick, self-adhesive acetate Corning Sealing
Tape was used. This clear tape is good for optical detection and is
compatible with the fluids used during this research. To achieve a good
quality sealing the tape is carefully placed and pressed on the device. At
this stage it is crucial to eliminate air pockets since they cause a failure
in the sealing process. Following this, the devices were left for a few
days for a stronger sealing. After each set of experiments were
conducted and/or the seal started to lift off, the tape was removed. Then

the chips were cleaned and resealed.

The general layout of one of the devices is given in Figure 4, followed
by the dimensions of the devices used in this research in Table 1 (see

also Figure 5 which shows these dimensions on a diagram).

( _\ Water inlet

~

-

N
0.45¢cm
Outlet
7, v T
e Sle—- w,
Oil Inlet 0.35cm 0.1cmie >
1.8cm

Figure 4: Layout of the microfluidic chip viewed from the top

A degree of randomness in the chip dimensions were caused by the

milling machine. For that reason we accurately measured the dimensions
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of the devices with an interferometer microscope Zygo , New View 5000

at Heriot-Watt University.

2h

We

[

® fe

Figure 5: Schematic of the T-junction and the expansion channel where

w,, wy and w, are the widths of continuous, aqueous and expansion

channels and h and he are the depths.

Chip 1 | Chip 2 | Chip 3
Continuous flow channel width (um) w, | 129 130 129
Aqueous flow channel width (um) w, | 128 128 124
Channel depth at the T-junction area (um) 7 | 164 137 140
Expansion channel width (um) w, | 516 500 511
Channel depth at the expansion area (um) /4, | 330 145 220

Table 1: Dimensions of the microfluidic chips
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3.2 Important physical properties of fluids

The first fluid property we will consider is the density, p, which is
defined as mass divided by unit volume. In our experiments, the flows
are incompressible. Throughout the experiments we used water and
rapeseed oil as the immiscible fluids. As density of a fluid depends on
the pressure and temperature of the system, it is important to run
experiments in a controlled environment. The temperature of our
experiments was controlled at 20 £1°C. The properties of the rapeseed
oil and distilled water (DI water) used are listed in Table 2 in the

following subsection.

Next, the surface tension, o, as implied by the name, describes work or
energy utilized to increase the interfacial area. To understand this
property we need to look at it at the molecular level. The liquids tend to
take the shape of a sphere to minimize its surface to volume ratio (see for
example, de Gennes, Brochard-Wyart et al. [20]). The molecules at the
interface are exposed to an unequal field of force, energy input is

required to move the molecules in the bulk to the interface.

Generally the surface tension of a certain liquid is measured at the solid-
liquid-gas (air) contact line. To observe these behaviors in 1891, Agnes
Pockels designed an experiment to measure the tension on the surface of
the water [21]. She observed that up to certain strength, water tries to
keep the specimen. Her sample was a shirt button, in touch with the
surface of the water. As the temperature of the liquid increases the
surface tension tends to decrease. This is where the “magic” comes into

our experiments, droplets form because of this behaviour.
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The resistance, a physical property, when a fluid is in motion against the
applied shear stress is called viscosity, m. Like density it has a
dependency on temperature. Newtonian fluids have a viscosity
independent of flowfield, showing a linear correlation between shear
stress and shear rate

Both of the fluids we are using in the experiments are Newtonian fluids.
Most of the materials used in microfluidic systems (including water, oil
and air) are Newtonian fluids. When we first look into a microfluidic
device the analysis starts by defining the boundaries and continues by

identifying the interactions with the system’s surroundings.

3.2.1 Density, viscosity and surface tension measurements

To design an experiment it is important to measure the physical
properties of the fluids (Table 2). The fluids used during the experiments
are de-ionized water for the dispersed phase and rapeseed oil for the
continuous phase. The physical properties of these liquids were
measured at conditions the same as the experiments conducted; the set
room temperature was 20°C. The densities were measured with a density
bottle. The dynamic viscosities were measured using a Thermo Scientific
Gilmont Falling Ball Type viscometer. Finally the surface tensions of
both liquids, which are free of surface-active contaminants and

surfactants, are measured using ColePalmer Surface Tension Apparatus.

Rapeseed Oil | DI Water
Density p (kg/m’) |913.4 998.3
Dynamic viscosity n  (kg/ms) |0.05196 0.0010
Kinematic viscosity \% (m’/s) |5.689x10 1.0017x10°
Surface tension 6 (mN/m) |33.0 73.0

Table 2: Density, Viscosity and Interfacial surface tension measurements

of rapeseed oil and distilled water at 20°C.
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3.3 Fluid handling

Multiphase flows are challenging as they have two or more fluids
pumped in a confined system simultaneously. This presents the problem
of choosing the right type of pumping method. The failure possibility of
the chip increases depending on: the flexibility of the chip itself; bubbles
generated by various reasons and finally the fluids itself clogging. For
this purpose we decided to use syringe pumps. The syringe pump offers

an easy and quick set up with stable fluid flow.

A stable fluid flow depends on a few factors like the right type of tubing
and the right size non-bending syringe. As mentioned in the beginning of
the chapter we used Tygon Tubing. The syringe we used was a BD 1ml
Luer-Lok Tip Syringe. We could have used a smaller volume syringe but
that would have reduced the data collecting time. As a part of the
experimental procedure whenever the syringe is refilled, either at the
start or during the experiments, before recollecting any data the changed
fluid was pumped for at least 18 minutes at the flow rate of 0.6 ml/hr.
This reduced instability of the fluid flow. As mentioned in Chapter 2, we
used two different syringe pumps. The first one is the Harvard Apparatus
PHD 2000 model. This device pumped the continuous phase which is
oil. The second one is the Sage Instruments 355 model which was used
to pump the aqueous phase. The day before starting the experiments

rapeseed oil pumped into the fully sealed chips to prime the chips.

The videos and photo sequences were recorded by the high speed camera
and initially analysed using the Image J software package. The
calibration of each set of data was important for us: because we have not

used a microscope, we needed to know the exact dimensions to calibrate
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the Image J program for each microfluidic device. We collected data on
14 consecutive different oil flow rates. In each oil flow rate there were 6
different water flow rates set up, and for each of them the camera took
512 photos. We decided to sample six photos from 512 to carry out the

measurements. This was carried out for each three of the devices.

Images were analysed in Image J using a Matlab script. In each image
the area of the target droplet, which is the one in the focus of the image
chosen, and its area were measured. This was done for each of the three
pictures and the average areas of the pixels were calculated. We know
the exact width of each expansion channel and the number of pixels
there are in each image, so this ratio becomes the scale when we are
calculating the diameter of the droplet in each photo. That is the
important difference in our measurements compared to [37, 40, 49, 54,

68, 74, 75, 77] and many other studies.
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Chapter 4

4. Droplet Generation with T-junction Microfluidic Chips:

Droplet Size and the Flow Regimes

In this chapter the focus will be the scaling of the droplet sizes between
the dripping and squeezing regimes. We will address how the geometry,
the capillary number and the flow rate ratio affects the droplet size in the

T-junction microfluidic device.

First we will look into the concepts of fluid flow and transport within the
microchannel. In the early microfluidic devices we see that the devices
run in a single phase of fluid (as demonstrated by the ubiquity of single
phase devices in the review article [10]). These can be costly if the fluid
1s an expensive reagent, and also carries the risk of cross contamination

of the fluid with the device walls.

4.1 Flow of Fluids

What is fluid? Fluid is any substance which has the capability to flow. It
can be in liquid or gas form. The interactions of fluids that flow
simultaneously, but where each has a separate volume and velocity field,
are known as Multiphase Flows. It is important to study Multiphase
Flows because we are surrounded by fluid flows in various forms: water,
gases, blood, air, steam, oils, ferrofluids etc. Understanding this motion
has been the key for creating many useful applications including steam
engines, turbines, dams or plasma propulsion engines, and will be the

key for many more.
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4.1.1 Newtonian fluids

Newtonian fluids deform continuously under tangential force. This
tangential force is commonly known as shear force. The magnitude of
deformation is defined by the force applied on the fluid and a physical
property of the fluid, the viscosity.

What is Flow? Flow is the action of movement and it is continuous in
nature, but not always uniform. There are many types of fluid flows
depending on the physical properties of the fluids, such as temperature,
viscosity, electromagnetic charge and density, and the boundary
interactions like pressure, surface tension and velocity profile. In this
work, we are interested in a flow confined in a micro sized volume. In
micro scaled devices, fluid flows in parallel layers usually do not mix

due to the slow speed.

4.2 The Navier-Stokes equation

The Navier-Stokes equation is the application of Newton’s second law to
a viscous fluid. Although we have a minimum interaction with this form
of it because all the flow equations are already derived and published in
a variety of literature, when the right boundary conditions applied it
guides us about the interactions between the forces within the system.

In the following # = mean fluid velocity, p = fluid pressure, p = density,
n = dynamic viscosity, g = gravity and ¢ = time. The Navier-Stokes

equation is written as follows:

p (% +1.Vii) = —Vp + V2T + pg . (4.1)

Acceleration (Inertia) = Surface Forces + Body Forces
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The forces acting on a fluid split into two groups: short-range forces and

long-range forces.

Short-range forces, also known as the Surface Forces originate from the
molecule itself when the fluid interacts with other fluids. They are called
surface forces because they exist on the surface area. Surface tension and

viscosity are the parameters related to forces (4.2) and (4.3).

Long-range forces are also known as the Volume Forces or the Body
Forces. These forces are in scale to the volume of the fluid. Gravity and

inertia are a typical volume force parameters as in (4.4).
The order of the important forces from micro to nano scale is as follows:
Buoyancy < Inertia = Gravity < Viscous force << Interfacial force

As seen in the order of forces above, in shorter distances the body force
becomes very small compared to pressure and viscous forces and it is
neglected.

Inertial force = mass x acceleration = (pL*) x (u*/L) (4.2)
Viscous force = viscosity X (velocity/distance) x area

=1 x (WL) x L’ (4.3)
Body force =pg =0 (4.4)

The concept of continuum is a gradual progression without sudden
changes or discontinuities caused by its own continuous mass. Any
system which has any energy and mass transfer with the outside is
considered as closed, and over time its mass will remain the same. This

i1s known as the principle of mass conservation. This conserved mass
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with constant density (incompressible flow) has a unidirectional flow:

the velocity vector and the velocity gradient tensor disappear. Hence
u.Vu = 0. 4.5)

The other simplification to the Navier-Stokes equation comes from the

flow being laminar:

ou
-0 (4.6)
0 =—Vp+nV3u 4.7)

Equation (4.7) is known as the linear Stokes equation.

4.2.1 Surface tension and the Navier-Stokes equation

Because of surface tension, there is a pressure jump across the droplet
interface which can be described by the Young-Laplace equation, i.c.
Equation (4.8), where 4p,,s1s the pressure difference, and R; and R, are

the radii of the curvature of the two fluids surfaces.
A = o(=+-) (4.8)
psurf Ry R, .

To describe droplet dynamical behaviour, the Navier-Stokes equation,
Equation (4.1) needs to consider the surface tension force acting on the
droplet surface. If a continuum surface force (CSF) model is adopted,
which converts the surface tension force into a body force, the above
Navier-Stokes equation can be modified to have an additional body force
term f;, at the right side of Equation (4.1). The surface tension force

acting on the droplet surface can be modelled as [107]:

fi=oxnor (4.9)
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where o is the interfacial tension, x is the local interface curvature, 7 is

the unit normal to the interface, and o is the Dirac delta function used to

localize the force explicitly at the interface.

4.3 Derivation of constant numbers and their meanings

The Navier-Stokes equation is the motherboard for the continuum fluid
mechanics: nearly every formulation is derived through it. When we are
fabricating microfluidic devices, we can decide how the following

related dimensionless parameters (see Table 3) will have an impact.

Dimensionless numbers Definition Formula | Scaling
. pLu
Reynolds Number (Re) Inertia/Viscous T 1
' Viscous / nu
Capillary Number (Ca) ' — 0
Interfacial Y

Table 3: Scaling Chart of Dimensionless Numbers

4.3.1 Reynolds number

In 1883 Osborne Reynolds published an experimental paper about the

fluid motion in a tube [17].
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Figure 6: Experimental set up and the recorded observations by Osborne
Reynolds.

Reynolds observed the transition from turbulent “sinuous” (as he named
it) to laminar flow can be determined by a dimensionless constant which

is calculated by viscosity, density, characteristic length and the velocity

of the fluid (Figure 6).

Although Reynolds experimentally calculated it, the Reynolds Number is
derived through non-dimensionalisation. If we non-dimensionalise the
Navier-Stokes equation: coordinates with a characteristic length L, time
with a reference time, the velocity with a characteristic mean velocity,
and finally the pressure with a characteristic viscous shear stress; then in
front of the acceleration forces we find the Reynolds number (4.10).

Re = % (4.10)

The Reynolds number represents the ratio of the energy spent on
acceleration (kinetic energy) of the fluid to the energy dissipated due to

friction. The Reynolds number provides the information for the type of
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the fluid flow. As Squires and Quake [22] explain in their review article,
most of the microfluidic set ups have a very small Reynolds number.
This is because the value viscous forces are far bigger than the inertial
forces and the flow is laminar and that makes the Reynolds number the

most irrelevant parameter.

4.3.2 Capillary number

The Capillary Number is the correlation between viscous and capillary

forces, defined as
Ca =", (4.11)

In microfluidics, because the fluid flow is slow, it is expected to be in a

range from 10~ to 1.

4.3.3 Volumetric flow rate ratio

The Volumetric flow rate ratio, Q,, is the ratio of the dispersed fluid flow

rate, Qq, against the continuous fluid flow rate, Q.:

Qn=Qq/ Q.. (4.12)

The volume of droplets generated at a fixed capillary number can be
increased or decreased by changing the dispersed fluid flow rate and the

flow rate ratio provides the information between these parameters.

4.4 Generating droplets in a microchannel

It is important to know the volume and frequency of the droplets; mainly
to be able to plan the functionality (biological, chemical or mechanical)
which they are designed to serve. See for example [35, 38, 41, 48, 52,
53].

34



There are two ways to generate droplets in a microchannel: active and
passive. The main differences between these methods are that the active
method generates droplets on demand and in smaller volumes ranging
from nano-litre to pico-litre. The passive method is chosen when the
application requires higher volumes like micro-litre sized droplets and in

high frequency [60, 80].

The active method manipulates the fluid by external non-mechanical

originated force. Some examples are:

e Electro-kinetic forces, Electrophoresis (DEP),

e Electro-hydrodynamic forces, Dielectric (EWOD),
e Magnetic forces,

e Thermo-capillary forces,

e Surface acoustics forces, and

e Optical forces.

The passive method uses a mechanical pump to simultaneously drive the
immiscible fluids inside the channels using the downstream flow against
the interfacial surface tension and generate a stream of droplets. The
types of device preferred for the passive method are planar in structure
with no moving parts and functions in laminar flow. Many passive
droplet generator devices have been designed and successfully

demonstrated. They can be categorized into three main groups (Figure

7):

e T-junction and Y-junction (Thorsen et al. [24]; De Menech et al.
[54]; Lietal. [71]; and Husny and Cooper-White [42]).
e Flow-focusing and Cross-junction (Anna et al. [29] and Ward et

al. [34], Lu et al. [76]).

35



e Co-flowing (Hua et al. [45] and Umbanhowar et al. [25]).

T-junction Y-junction Cross-junction Flow-focusing Co-flowing
Qe QJ2 g Qo2 ‘_I Qc/2 |’_

, .

1 7/

Qo Qo Qcf2

Figure 7: Schematic diagrams of microfluidic droplet generators: T-
junction, Y-junction, Cross-junction, Flow-focusing and Co-flowing.
Continuous and dispersed phase fluid flows are labelled.

(Wang & Luo [23])

All these group of devices have the same characteristic, using immiscible
fluids and promoting the droplet growth by patiently waiting for the
surface tension to minimise the surface area in the downstream flow. For
the experiments we used T-junction devices. The motivation was that
although it is a known fact that the device geometry, flow rate ratio and
capillary number impacts may be observed, the scaling law suggestions

in the literature differ in every experimental study.

We summarise the T-junction microfluidic chip droplet generation

stages:

1. The continuous flow fluid is mechanically pumped into the
microchannel. This fluid is generally preferred to be a kind
of oil due to oil’s non-polarity property. The mechanical
pump which drives the fluid controls either the pressure or
volumetric flow rate. The pressure change in the
downstream of this channel has an impact on the generation

of the droplet. For that reason in the design of the T-
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junction device, the width of the channel does not change
for a fixed distance. That certain distance depends on the
size of the droplets and the function of the microfluidic
chip.

11. As with the continuous flow, the immiscible aqueous flow
fluid is mechanically pumped into the system. This channel
is located perpendicular to the carrier phase channel, the
contact angle of the two channels are generally at right
angles but could be increased or decreased depending on the
design. For medical and biological applications, this phase
is preferred to be water.

iii.  The breakoff of the droplet happens either in the vicinity of
the intersection area or within the main channel depending
on the flow regime. In the squeezing regime, the droplet
fully fills in the main channel. During the break off the
pressure profile of the continuous flow fluctuates [67]
meaning following a break up in the continuous flow

channel the new droplet faces a bigger pressure profile.

In 2014 Bashir et al. [75] reported that droplet break up position does
change according to the wetting properties of the walls of the chip. As
the hydrophobicity of the walls decrease, the amount of time to fully

block the main channel increases.

The impact of the larger channels was discussed in 2015 by Korczyk et
al. [77]. The larger channels create larger volume droplets which are
more beneficial for certain chemical applications like crystallization of

proteins.
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4.5 The flow regimes

In this research we mainly focused on T-junction devices. When two or
more immiscible fluids driven through inlets towards an intersection,

depending on the flow rates, a variety of flow patterns are generated.

As observed by many researchers, a droplet forms by the filling of the

fluid to the carrier channel followed by necking and pinching off.

e

Figure 8: The droplet generation in Chipl in the squeezing regime with
Ca= 0.0036 and Q=1.2. The frame rate is 4000fps, and the magnification
rate is 40.

A microfluidic application can be designed to generate a high number of
droplets (>1 kHz). For a system working at such high speed, it is
important to know the volume of the droplets for different operation
parameters of the device. In the next section, first we will look into the
change in flow patterns, and then how the droplet size changes in

different flow regimes.
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A T-junction device consists of two channels; the perpendicular channels
naturally intersect in a junction. Simply by changing the flow rate of any
fluid flowing in these channels the breakup behaviour in the intersection

can be manipulated.

There are four different flow regimes experimentally observed: jetting,

dripping, squeezing, and ballooning.

CCCCClrp s

< N ™ ™

Figure 9: The droplet generation in Chip 1, the dripping regime with
Ca=0.019 and Q=1. The frame rate is 4000fps, and the magnification
rate is 40.

The fine boundaries of the flow regimes, especially from dripping to

squeezing regime are not very clear but the descriptions are definitive.

The squeezing regime, as demonstrated in Figure 8, happens when the
emerging fluid flow manages to fully block the junction region of the
fluidic device. The force caused by the interfacial surface tension
becomes dominant over the viscous drag and extends the flow into the

main channel. In 2006 Garstecki et al. [37] demonstrates the droplet
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generation describing the droplet break-up mechanisms and the
differences between the regimes. The squeezing regime is observed with

(around a 107 value of) the capillary number Ca < 0.01.

The dripping regime, as demonstrated in Figure 9, is more dynamic to
describe. The interfacial surface tension works on to keep its boundary
still but the emerging interface and the viscous drag at the intersection
acts against it. While the dispersed phase is trying to fully fill in the
downstream channel, the shear force from the continuous phase forces
the break up. The value of the capillary number in the dripping regime is
considered to be Ca > 0.01.

Ca~0.013

Figure 10: Examples of the jetting regime [77].
The jetting phase occurs when the fluid flow rates are high; it is not a

preferred phase for micro droplet based applications (Figure 10).
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Figure 11: The ballooning regime, channel dimensions w4=20um,
w=100um and h=46um. [65]

The ballooning regime recently presented by Tarchichi et al. in 2013
[65], is only observed at very low flow rates and in smaller geometries of

microchannel (<50um) as in Figure 11.

4.6 The scaling law

Droplet based microfluidic devices generally operate in a zone mainly
dominated by the dripping and squeezing regimes. For the first time in
2001 Thorsen et al. [24] used a T-junction device to generate water-in-
oil droplets. This study documents the flow patterns and suggests a
droplet size calculating mechanism. They emphasised the impact of the
shear forces which is gained by the design, which is bringing the
immiscible fluids in contact at a perpendicular angle. They predicted the
droplet radius by balancing the Laplace pressure (interfacial tension)
against viscosity of the continuous phase multiplied by the shear stress.
The change in the viscosity and the continuous flow rate is the dominant
impact on the droplet size: as these parameters increases the droplet size
decreases. They calculated the droplet diameter as below, where the
break up happens when G, the shear stress rate, dominates against the

capillary force at around Ca = 1 in the jetting regime.

ﬁ
IR

(4.13)

QlN
3 |Q
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Although their droplet volume calculations are not accurate this study
emphasises the developing silicon based microfabrication technology

and thus creates a great opportunity for microfluidics to develop.

The problem with this model is that it is not predicting the droplet size
when the capillary number is very small. That is because of the regime
change: in 2002 Nisisako et al. [26] documented this behaviour in their
experiments. They observed the linear decrease of the droplet size as
they increase the continuous phase flow rate at a constant aqueous
(dispersed) flow rate till a critical point where the behaviour changes,

also see Cristini and Tan [30].

The droplet based microfluidic device reported by Tice et al. in 2003
[27], demonstrated how to generate droplets for high-throughput devices
whilst controlling the reaction time in droplets that are made of three
different coloured fluids at low value of the capillary number (Ca < 0.1).
In this case the mixing fluids were all water, and the carrier fluid was oil.
As they stated in their work, the device is running in low Reynolds
number, and has a laminar flow. But this study suggested the flow
velocity has a weak impact on the length of the plugs and the flow

patterns.

The impact of the confined geometry of the T-junction on droplet
generation is recorded by Garstecki et al. in 2005 [36] and 2006 [37].
They also documented that when the capillary number becomes smaller
than a critical point (Cacg<107?) the droplet break up is stimulated by the
filling of the aqueous fluid in the main channel, named as the squeezing

regime.
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The squeezing regime (Ca<0.01) is observed by Garstecki et al. [36]. In
this regime the emerging droplet from the aqueous flow creates a big
pressure against the continuous flow. The size of the plug depends on the
flow rate ratio, Q. Garstecki et al. formulated the droplet length against
the flow rate ratio [36]. In here a is a fitting constant of order unity and

calculated as 1 by Garstecki et al. [36, 37] and 1.1 by Fu et al. [64].

L Q
= Lo (4.14)

Cc

In 2008 De Menech et al. [54] published a numerical and experimental
study of a T-junction microfluidic channel acting at low capillary
number. They did observe the impact of the capillary number throughout
the squeezing regime to the jetting regime. As the capillary number starts
to get smaller the size of the droplet increases which is also observed by
the transition of the flow regime. Their study looks behind the dynamics
of droplet size by examining the change in the capillary number, flow
rate ratio and viscosity ratio. In the square profiled channels they
observed a critical capillary number Ca, = 0.015 where the droplet
volume changes significantly. In the dripping regime smaller droplets
were generated when the viscosity ratio was big. The shear stress is
dominant in this regime. Their work (and those of others) deepened and

supported the findings by Garstecki et al. [37, 56, 66].

A 2008 study by Christopher et al. [49] focused their results in the
transition region, highlighting that the viscous forces are important. The
droplet size always depended on the capillary number and the flow rate
ratio. The significant change in the volume of the droplet happens

around the critical value of the capillary number which was around
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Ca.; = 0.009. They formulated the dimensionless length of the droplet

(5" ) in Equation (4.15), where A =~
WC
=5t béQ (4.15)

In their model droplet generation happens when the squeezing pressure
and the viscous forces becomes bigger than the capillary force, which is

working against the droplet break up.
(1—-5)3= 5 Ca (4.16)

At low capillary number their results coincided with Garstecki et al. [36,

37] and Fu et al. [55, 79].

Guillot and Colin [39] observed in 2005 the change in behaviour of the
droplet break up. For any given continuous phase fluid rate, when the
dispersed phase fluid flow rate increases the break up location moves

from T-junction to the channel.

In articles of 2005 and 2006 by van der Graaf et al. [40, 43], droplet
generation is defined as a two-step mechanism. At first a droplet grows
until the capillary force reaches a balance level against the drag force
caused by the continuous phase. Then a droplet continues to grow in this
stage because of the pumping mechanism. Finally it pinches off. They

predict the volume of the droplet by Equation (4.17) below.
V = I/c,ref(jam + tn,rede Ca” (4‘17)

Their simulation for a square profiled T-junction chip (100um X 100
um) finds the critical volume at Ca=1 V¢rer =2.5 x 105 pL, and the
critical droplet formation time tnrer=135 ps when m=n = -0.75.
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Tan et al. [51] proposed the power-law, Equation (4.18), initially for
the cross-junction device. It is also suitable for T-junction devices

where k, a and {3 are fitting parameters.

WLC - k(%)“Caﬁ (4.18)

In this work the fluid flow rate ratio defined as Q, must be bigger than 1.
Their model is valid when the capillary number is smaller than 0.1. In
the case of k = 1.59, a = 1/5 and = -1/5, when all the forces (interfacial
tension and the shear force of the continuous flow) acting on the
capillary number are in equilibrium, the capillary number is only

influenced by the continuous flow channel.

In the literature (De Menech et al. [54], Gupta et al. [58] and Gupta and
Kumar [59]), the following 6 dimensionless parameters are used, to
highlight the characteristics of a T-junction microfluidic chip. They are
the Reynolds number (Re), the capillary number (Ca), the flow rate ratio
(Q), the viscosity ratio (A*), the intersection ratio (A), and height-to-
weight Ratio (£*). The Reynolds number is very small, so it is not used.
But the volume calculations can be written as a function of the

remaining: V*=f(Ca, Q, A*, A, h™).
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Chapter 5

5. Experimental Data

Earlier we discussed the present and potential applications for
microfluidic devices. When the samples / specimens are expensive or
small in volume, it is better to trap them in a medium to stop them
interacting with each other and/or with their surroundings. Trapping

them in micro / nano sized droplets is one way to do this.

This section focuses on the droplet generation in two major regimes
(dripping and squeezing) and observes the behavioural changes during
the transition between the regimes. The comparisons are based on
change in the capillary number, geometry, and flow rate ratio. Also we
looked into the current scaling laws for the volumes of the droplets

generated and how our data fits to the challenge.

5.1 Flow patterns: self-organizing microdroplets

In this part of the experiments, we experiment to understand the self-
organised water droplet flow patterns in oil continuous flow. Before
looking into the scaling and investigating the changing phase of droplet
generation from dripping to squeezing regimes in confined space we
focused on understanding the complex flow patterns in dripping regime
in microfluidic devices. We observed the patterns caused by the change
of fluid flow at the expansion of the channel. These patterns are
classified as follows: the single profile, the double helix profile and the
triple helix profiles.
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The flow rates applied to the continuous phase channel were ranged from
2.7x10” ml/sec to 5.55x10™* ml/sec by the Harvard Apparatus PHD 2000
syringe pump. The flow rates applied to the aqueous phase channel were
ranged from 1.59x10™* ml/sec to 4.3x10~ ml/sec by the Sage Instruments

355 syringe pump.

We analysed the data under three sections: the capillary number, the
flow rate ratio and comparison of the geometries of the chips 1 and 3

which were used for collecting data.

5.1.1 Impact of the flow rate ratio

Figure 12: Various flow patterns in Chip 3. Droplet patterns from left to
right: a-Single profile, b-Touching single profile, ¢ & d-Double helix
profile, e & f-Triple helix profile. The flow rate ratios, Q, are: a- 0.62, b-
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1.72, c- 3.13, d- 4.38, ¢-5.94 and f-15.49.The oil flow rate is 2.78x10™
mL/s, Re=0.03487 and Ca=0.0199. The flow regime is dripping.

We explain the impact of the flow rate ratio using Figure 12. When the
oil flow exceeds the water flow and stops it entering into the main
channel, no water droplet flow is observed. When the water stream starts
to increase we start to observe dispersed single profile droplet flow. The
droplets flow through the centre as expected from a pressure driven
laminar flow (a). As the water pressure increases the number of droplets
increases, the distance between the droplets decreases and finally the
droplets start to touch each other and form a touching single profile flow
(b). As the periodicity of droplet generation increases the droplets start
to push each other (¢), and a double helix profile forms (d). Finally a
Triple helix profile forms, the droplet chain is touching the channel
walls, visually the droplets are still spherically shaped and bigger
looking then in the double helix profile (¢). When the water flow rate is
considerably high but not blocking the oil flow we do observe (f).

Similar behaviour of the flow rate ratio is observed in Chip 1,
documented in Figure 13. As the flow rate ratio increases the number of
water droplets increases which causes the droplets to pack densely. We
also observed that the droplet size gets bigger [37, 62, 63, 73]. Note that
the difference between Figure 12 and Figure 13 is the geometry of the

device, as discussed in Section 5.1.3
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Figure 13: Various flow patterns in Chip 1. The droplet flow patterns,
with various flow rate ratios 1.25, 2.5, 3.75, 6.88, and 12.5 from left to
right. The oil flow rate is 1.39x10™* ml/s, Re=0.0174, Ca=0.0099.The

flow regime is dripping.
5.1.2 Impact of the capillary number

Figure 14 and Figure 15 below show the impact of the capillary number.
In Figure 14: the first image on the left is with Ca=0.0039; in the middle
image the capillary number is 5 times bigger; and in the image on the
right has the capillary number is 10 times the first one. We do observe
the flow pattern changing from single file profile to double helix profile.
Although the flow rate ratio is kept at 3.13 during the recordings, as the
capillary number increases the droplet size becomes smaller (see also

Garstecki, et al. [37]).
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Figure 14: The impact of the capillary number on droplet flow patterns
in Chip 3, where Ca=0.0039, 0.0199, and 0.039 (from left to right). The

water/oil flow rate ratio is fixed at 3.13.

Figure 15 has the four images of Chip 1. In image (a) the oil flow rate is
2.7x10™ ml/sec and water flow rate is 1.3x10”ml/sec and the flow rate
ratio is 4.3. Although the flow rate ratio of image (b) is the same at 4.3 as
in image (a) the oil flow rate is 5.5x10* ml/sec and water flow rate is
2.6x10” ml/sec. So the capillary number of a Ca= 0.017 doubles in value
in image (b) to Ca=0.034. As a result of this increase the droplet sizes
get smaller and the number of droplets generated increases. Further, the
droplets arrange more densely. Similar observations are visible within
the images (c) and (d). Image (c) has the capillary number of 0.017 and
the image (d) has the capillary number of 0.034. They both operate in
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7.74 flow rate ratio but the droplets in image (d) are smaller and more

densely packed because of the increase in the capillary number.

Figure 15: The impact of the capillary number on droplet flow patterns
in Chip 1. Images (a) and (c) Ca=0.017 and Re=0.029, and images (b)
and (d) Ca=0.034 and Re=0.059. The flow rate ratio is fixed at 4.3 (a)
and (b), and 7.74 in (c) and (d).
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5.1.3 Impact of the chip geometry

To understand the impact of the geometry of the devices on the flow
patterns we discuss Figure 16.
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Figure 16: The impact of the geometry. In images (a), (b) and (c) the
pictures on left hand are from Chip 1, Ca=0.034, Re=0.059. The images
on right hand are from Chip 3, Ca =0.039, Re= 0.069. The flow rate ratio
is (a) 3.91, (b) 4.69 and (c) 5.47.

In Figure 16 there are 3 sets of images: in each set the image on the left
hand is from Chip 1 and the one on the right hand is from Chip 3. The
capillary number and the Reynolds number of Chip 1 are 0.034 and
0.059, and for Chip 3 are 0.039 and 0.069. In the expansion area the
device dimensions are listed in Table 2 (Section 4.1). Chip 1 has 516um
width and 330pum depth. Chip 3 has 511pum width and 220pum depth. The
flow rate ratios of images are (a) 3.91, (b) 4.69 and (c) 5.47.

Since the images in Figure 13 have the same operating conditions like
the capillary number and the flow rate ratios, the droplets generated in T-
junction are approximately same sized. But Chip 1 is deeper and the
droplets inside are more densely packed. This is due to the rapid drop of

the flow rate. We observe the same situation in Figures 12 and 13. Also
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as seen in Figure 13 the droplets self-organise the triple helix pattern in

3-dimensions, unlike the droplets in Figure 12.

5.2 Results: Scaling law

This is an experimental study to understand the change in the droplet
size and how it is influenced by the capillary number, the flow rate ratio,

and the geometry of the T-junction device.

This experimental study was designed with three microfluidic T-junction
devices. For the droplet volume calculations we used the data collected
in the expansion channel. The challenge here is to experimentally
measure the droplet volume in the T-junction intersection area, which is
essential to validate the scaling laws developed to predict droplet size
(Garstecki et al. [37]; Christopher and Anna [49]; De Menech et al.
[54]). We decided to reduce the complication of guessing the droplets
volume by measuring its area in the expansion channel where the fluid
flow slows down and the droplet becomes the relaxed spherical shape. In
the previous section we discussed the fluid flow in expansion channels

and the flow profiles.

The parameters we collect data on are listed below and the full Excel
charts of the calculations for the observations are presented in

Appendices A, B and C (one for each of the 3 chips).

Minimum and maximum values of the Reynolds and the capillary
numbers are as listed in Table 4. The viscosity ratio, the intersection
ratio and the height-to-width ratios of the each microfluidic device are as

listed in Table 5.
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Range of the Re Range of the Ca
Oil Flow Rate | 0.1 ml/hr 1.2 ml/hr 0.1 ml/hr 1.2 ml/hr
Chip 1 0.002977 | 0.035729 | 0.0017055 0.020467
Chip 2 0.003564 | 0.042771 0.002026 0.024312
Chip 3 0.003487 | 0.041854 0.001997 0.023975

Table 4: The Reynolds and the capillary numbers for the minimum and

maximum QOil flow rate for each device.

Data was collected for the following Oil flow rates Q. (ml/hr): 0.1, 0.2,
0.3, 0.4, 0.5, 0.55, 0.6, 0.65, 0.7, 0.8, 0.9, 1.0, 1.1 and 1.2. For each oil
flow rate listed above the following flow rate ratios Q were recorded and

measured: 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3.

Chip 1 Chip 2 Chip 3
. : : Na
Viscosity Ratio A=— 0.019

Ne
Wq

Intersection Ratio A= o 0.992 0.9846 0.9612
C
Height-to-width h

_ h* = — 1.279 1.053 1.085
Ratio We

Table 5: The viscosity ratio, the intersection ratio and the height-to-width

ratio of Chips 1, 2 and 3.

The dimensionless droplet diameter, d, is calculated by dividing the
measured droplet size from experimental data to hydraulic diameter of

the continuous flow channel. For the calculation of the scaling law
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equations in Section 5.2.2 the dimensionless droplet diameter is used. All
the figures are created with the measured droplet diameters, micrometre
in unit, which are listed in Appendix D with the standard error results.
For our measurements biggest the standard error result was 2.5 pum.
This value is considerably small against its counterpart, measured

droplet diameter 159.3um.
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5.2.1 Influence of the capillary number

One of the important parameters that has influence on droplet size is the
capillary number. Garstecki et al. [37] and De Menech et al. [54], both
observe that the droplet size becomes smaller as the capillary number
increases. Figures 18, 20 and 21 show some of the experimental data we
collected for the three chips. In each, column A is recorded in the
squeezing regime, columns B and C are in the transition regime and
finally column D is in the dripping regime. The droplet generation is
documented step by step: the lag stage, the filling stage, the necking
stage and finally the detachment of the droplet. In the bottom line of the
figure the droplet is documented at the expansion channel, which is a

deeper and wider structure (Table 2).
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Figure 17: The impact of the capillary number on the droplet diameter at
flow rate ratios 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 for Chip 1.
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Figure 18: Chip 1 in squeezing, transition and dripping regimes.

We have conducted a series of experiments to measure the droplet
volume in certain conditions in T-junction devices. In the flow pattern
experiments we observed the impact of the capillary number on droplet

size visually: the devices were mainly operating in the dripping regime
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since Ca > 0.01. For certain microfluidic devices like microfluidic
reactors (Tice et al. [28], Song et al. [ [44], Tan et al.[51]), it is important

to have accurate control of the sample sizes (Zhu and Wang [53], Anna

[80]).

The droplets generated in the squeezing regime are larger than the
continuous flow channel which is observed in Figures 18 A, 20 A and 21
A. When the capillary number is 0.0020 and the flow rate ratio Q is 0.2
Chips 2 and 3 display similar conditions in column A, but the droplet
diameters as 209.7 um and 204.1um show the impact of the chip
geometry.
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Figure 19: The impact of the capillary number on the droplet diameter at
flow rate ratios 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 for Chip 2.

We achieved the smallest value of the capillary number 0.0017 with the
biggest height-to-width ratio 1.279, which is Chip 1 (Figure 18).
Although the value of h* is not that different between Chips 2 and 3, we
did observe that the droplets generated with Chip 3 (Figure 21) were
bigger in diameter than with Chip 2 (Figure 20).
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In some numerical and experimental studies, a critical value of the
capillary number Ca. is observed where the droplet breakup regime
transitions from the squeezing to the dripping regime. De Menech et al.
[54] observed the critical capillary number at Ca,, = 0.015 while in 2009
Liu and Zhang’s numerical experiment [56] observed Ca. = 0.018. On
the other hand in an experimental study in 2008 Christopher et al. did not
observe such a critical value at all [49]. Similar to De Menech et al. [54]
and 2009 Liu and Zhang [56], we did observe a trend line change. For
each chip the critical Capillary number was slightly different but around
Ca, = 0.01. From Equation (4.17) we know the Capillary number is
bigger when the droplet diameter is smaller. In Figures 17, 19 and 22 we
did observe a break in trend line around Ca,, and as the droplet diameter

gets smaller the impact of the Capillary number decreases.
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Figure 20: Chip 2 in squeezing, transition and dripping regimes.
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Figure 21: Chip 3 in squeezing, transition and dripping regimes.
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Figure 22: The impact of the capillary number on the droplet diameter at
flow rate ratios 0.05, 0.1, 0.15, 0.2, 0.25 and 0.3 for Chip 3.

5.2.2 Influence of the flow rate ratio

The flow rate ratio creates a great opportunity to change the droplet
volume in any set value of the capillary number the full results are listed
in Appendix D. The capillary number is calculated using the oil velocity
and oil velocity is the amount of oil flowing through the cross section

area of the chips dispersed channel.
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Figure 23: The impact of the flow rate ratio on the droplet diameter at
the capillary number in a range from 0.0017 to 0.0204 for Chip 1.

To change the flow rate ratio, we need to change the amount of the
aqueous flow rate. When the flow rate ratio is small, the droplet is
generated at the corner of the T-junction chip.
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Figure 24: The impact of the flow rate ratio on the droplet diameter at
the capillary number in a range from 0.0020 to 0.0243 for Chip 2.

When the flow rate ratio starts to increase, meaning the amount of water
in the system is increasing, the droplet itself starts to move towards the
downstream and break up happens at the downstream channel [49, 54,
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and 56]. In Figures 23, 24 and 25 the droplet size is biggest at the
smallest capillary number.
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Figure 25: The impact of the flow rate ratio on the droplet diameter at
the capillary number in a range from 0.0019 to 0.0239 for Chip 3.

Unlike the Capillary number, flow rate ratio has a strong and continuous
impact on the droplet diameter.

5.2.3 The scaling law

We used Equation (4.18) proposed by Tan et al. [51] to calculate the
dimensionless value of the droplet diameter as the function of the
capillary number and the flow rate ratio. Figures 17, 19, 22, 23, 24 and
25 are the power fitting results of the experiments. We rewrite Equation
(4.17) as Equation (5.1) to see the correlations between the parameters.
The superscript B is a negative value, meaning interfacial surface tension
has direct influence on the droplet diameter as well as the dispersed
phase flow rate ratio. The continuous flow velocity u. is calculated as
(Qc/wch), and from Equation (5.1) we observe that the droplet diameter
decreases as the continuous phase flow rate ratio and the capillary

number increases.

65



d = kQ“Ca® (5.1)
We now describe the power law fitting for the three chips.
Chip 1 d=0.5611 Q™12 Ca ™" (5.2)

Matlab calculations of coefficients of Chip 1 with 95% confidence
bounds are; k = 0.5611 (0.4329, 0.6892), o = 0.08812 (-0.003748, 0.18)
and B =-0.1749 (-0.2575, -0.09229).

Chip 2 d=0.4501 Q*'*"Ca % (5.3)

Matlab calculations of coefficients of Chip 2 with 95% confidence
bounds are; k = 0.4501 (0.3793, 0.5208), o = 0.1019 (0.03462, 0.1692)
and p =-0.246 (-0.3065, -0.1855).

Chip 3 d=0.5089 Q"*** Ca ¥ (5.4)

Matlab calculations of coefficients of Chip 3 with 95% confidence
bounds are; k = 0.5089 (0.4057, 0.6122), a.= 0.02994 (-0.05649, 0.1164)
and  =-0.187 (-0.2647, -0.1093).

Equations (5.2), (5.3) and (5.4) represent the correlation between the

droplet diameter and the flow rate ratio and the capillary number.
In this study the conditions for a regime change are given as follows:

e The droplets in the squeezing regime considered to have a droplet
diameter bigger than the depth of the continuous channel (d > h).

e The droplets in the transition regime has the droplet diameter
smaller than the depth of the continuous channel but bigger than

the width of the continuous channel (w. <d <h).
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e The droplets in the dripping regime considered to have a droplet

diameter bigger than the width of the continuous channel (w. > d).
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Figure 26: Flow patterns as the function of the capillary number versus

the flow rate ratio for Chip 1.

The above conditions were used to plot the Figures 26, 27 and 28 for the
three chips.

In our experiments we collected data with similarly sized chips and
although our ranges for the Reynolds and Capillary numbers were not
big either, we did manage to observe different results. Chip 2 was the

smallest one and produced the most stable results.

Chip 1 has the biggest height-to-width ratio, and smallest capillary
number range from 0.0017 to 0.0204. As a result of that we manage to
observe the transition from the squeezing to the dripping regime. The
trend of this distribution shows similarities with Liu and Zhang [66]

(Figure 26).
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Figure 27: Flow patterns as the function of the capillary number versus
the flow rate ratio for Chip 2.

In Figure 27, we do observe the squeezing regime, transition and the
dripping regime. The transition regime was more dominant in low
capillary numbers where we would expect the squeezing regime to

dominate.
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Figure 28: Flow patterns as the function of the capillary number versus
the flow rate ratio for Chip 3.

In Figures 26, 27 and 28 we observe for the higher flow rate ratios the
transition from dripping to squeezing regime starts in bigger Capillary

numbers.

For example, for Chip 1 in Figure 26, for Q=0.3 the transition regime is
in between 0.009<Ca<0.02. But for Q=0.05 the regime change happens
more quickly: 0.001<Ca<0.006.

Similar observations are made for Chip 2 in Figure 27, for Q=0.3,
0.004<Ca<0.018 1is the transition regime, but for Q=0.0 it is
0.002<Ca<0.006.

For Chip 3 in Figure 28, in Q=0.05, we do not observe the squeezing
regime at all, but the transition finishes in 0.004. For Q=0.3, the

transition happens in a range between 0.002<Ca<0.01.
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5.3 Conclusions

The flow patterns are investigated by the impact of the flow rate ratio,
the capillary number and the channel geometry. It is observed that the
microdroplets become densely packed as the flow rate ratio, Q,, starts to
increase due to the number of droplets increasing. Similarly as the
capillary number increases we documented that the flow pattern becomes
tightly packed and the droplet size becomes smaller. The deeper
structured chip offered bigger space to the droplets, even when the
droplets have similar size; the flow pattern changed from double helix

pattern to triple helix pattern in 3-dimensions.

Throughout our experiments we clearly observed the squeezing and the
dripping regimes at low and high capillary numbers. But also we
observed a transition area where the regime of the flow is neither
squeezing nor dripping. The droplet diameter decreased as the capillary
number increased. In the range of parameters for which we collected
data: we have observed a critical change of the droplet diameter where
the trend slows down in shrinking due to the regime change around the
capillary number 0.01 < Ca < 0.015.The increase in flow rate ratio has
the impact of increasing the droplet size. Chips 1 and 2 had a better
range to observe the transition from the squeezing to the dripping
regimes. The power laws in Equations (5.2), (5.3) and (5.4) were
calculated by the trends illustrated in Figures 17, 19, 22, 23, 24 and 25.
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Chapter 6

6. Polymeric based microfluidics device fabrication

In the previous chapter we investigated the droplet size and the scaling
law of a microfluidic chip. One of the major results was the geometry of
the chip having a direct impact on the droplet size. In this chapter we
will look into the fabrication process of a polymeric microfluidic chip,
an alternative way of adhesive bonding will be demonstrated, and then
finally we will show an application: using microfluidic devices to build
Logic Gates. The driving force of this project is to fabricate a
microfluidic device which is low cost, reliable and durable, quick and

easily processed, and finally, not environmentally dangerous.

6.1 Background

Microfluidics branched out as a product of Micro Electro Mechanical
Systems (MEMS) technologies. It has been around since the late 1980s.
The most common application is inkjet printing heads as micro nozzles
[5]. Despite the fact these applications are very commonly used,
microfluidics real potential is in its infancy and requires more research
for mass production of commercial devices. The key requirements for
commercial production are a simple fabrication procedure and a low
cost. In this chapter we will look into how to fabricate a durable
microfluidic device.

Microfluidics devices are in the scale of 1 to 500um in cross sections,
which the conventional manufacturing techniques cannot easily deliver.
In the evolution of process technology, MEMS follows from

semiconductor device fabrication [86].
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For microfluidics the most common materials are in the following three
groups [84]:

e Inorganic Materials (silicone, glass or ceramics);

e Polymers (Elastomers and Thermoplastics);

e Paper.
The wide diversity of the materials means that there are a number of
different techniques for processing. Fabrication of devices simply can be
grouped into two: direct and replicative fabrication. Direct fabrication
includes the techniques like photolithography, mechanical or laser bulk
machining, and chemical etching. On the other hand replicative
fabrication uses a master to reproduce the device like injection moulding
or hot embossing. Replicative fabrication is more common in polymeric
structures.
The earliest microfluidic devices were on glass and silicon. For glass, a
combination of various etching techniques, power blasting and laser
ablation produces a variety of cross-sectional profiles. In the case of
silicon, etching is preferred due to its easier machining properties [84].
These materials are commonly used in MEMS because they are a good
fit for mass production, the anodic bonded structures are durable, they
perform well optically, and they are chemically stable (solvent
compatibility and surface stability). However, they are not preferred in
Microfluidics because they are expensive, time consuming to fabricate,

and also need surface treatment to use water.

6.2. Polymeric devices in microfluidics

Photolithography is the technique that has been used to fabricate
polymeric devices. Scientists need to prototype, demonstrate their

research, and discover the potential applications of microfluidics
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quickly. Since the 2000s the choice of materials for microfluidics has
shifted to polymers and plastics. The fabrication of multifunctional
structures with electric / electronic components is easier with polymeric
structures because most of the polymers are transparent which enables
the integration of optical detection and manipulation systems. Another
important advantage of using polymers is that their chemical formula can
be modified to the researcher’s needs.

For microfluidics the most affordable and commonly used materials are
polymers, and polymers [82, 84, 85 ]. Limitations like chemical (tend to
absorb water in long-term use), thermal stability or optical properties are

some of the important criteria when choosing the right material.

The choice of material and the design depends on the use of the
microfluidic based product. The most commonly used polymers are
PDMS, PMMA, PC and SU-8 due to their biocompatibility, but there are
many varieties of substances to experiment with. A detailed comparison
review is published by Nge et al. in 2013 [84]. A simplified version of a

table from their work is included below as Figure 29.

73



optical v surface surface
material carty  transparency chemistry charge
glass good >280 nm  skhnol negative
silicon opaque none silicon/silanol  requires
oxidation
LTCC opaque none dluminum negative
oxide
Ormocer moderate >3 W nm 2 negative
PDMS good >22) nm  shnol negative
(native)
PDMS good >220 nm  shnol negative
{oxidized)
TPE moderate >400 nm  polyester requires
oxidation
PEPE moderate >»350 nm  fluorocarbon 2
PS good >300 nm  phenyl requires
oxidation
PC good >360 nm  phenyl/ requires
carbonate oxidation
PMMA good >34 nm  acylate negative
PEGDA good >3 nm  acoylate/PEG  negative
PEGDA/ good >300 nm  aaylate/PFEG  negative
PMMA
PDMS-co- moderate >44) nm  shnol/FPEQ negative
PEQ ($%)
PDMS-co- moderae >44) nm  shnol/FEQ negative
PEO
(10%)
EEP/FEFA moderde 2 fluorocarbon 2
cocC good >360 nm  cgydic olefin requires
oxidation
thiol ene moderae thiolfallyd a
PU (astor moderate arbamate / negative
oil) ricinoleic
add
PU moderate >3 nm  arbamate/ negative
(tecothane phenyl
TT-10954)
zein moderate a zein a
SU-§ moderae >360 nm  epoxy/phenyl negative
paper opaque none cllulose a

“Information that was not reported in the literature.

Figure 29: Summary of the materials that could be used in microfluidic
devices (Nge, 2013) [84].
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Figure 29 lists the materials that could be used in microfluidic devices. It
documents for each material the optical clarity, UV light transparency,
composition as the surface chemistry and finally surface charge.

PDMS (Polydimethylsiloxane) devices offer researchers a quick and less
costly solution. It is silicon based organic polymer and it is good for
fabricating valves and pumps [4, 9, 80]. The master of the design,
fabricated on silicon or SU-8, is coated by a thick layer of the liquid
form of PDMS for the fabrication process. This is followed by the curing
of the PDMS under a pressure chamber. The problems with this material
are its short lifetime, and its bending during high pressure operations due

to its low elastic modulus.

6.3 SU-8

For our microfluidic device fabrication, SU-8 is chosen. SU-8 is a high
contrast, epoxy based negative polymer photoresist. It was developed
and patented by IBM in 1989 to improve the resolution of advanced
semiconductor devices during fabrication process. SU-8 photoresist can
be fabricated from 0.5 micrometre to up to 2 millimetres with the typical
aspect ratio greater than 20 (higher ratios have been achieved via single
coat spinning [86]). This big range makes it suitable to use in several
microfluidic applications like cantilever [86], microneedle [100], and
free standing microfluidic chips [91].

MicroChem Inc. and Gerstel SA are the main suppliers of the resin and
liquid forms. In recent years MicroChem released newer formulations to
improve the adhesion and the range of thickness. SU-8 is a thermosetting
polymer: it cures irreversibly. It is commonly used in moulding the
PDMS. When it is fully cured, it becomes very resistant to high

temperature and most of the solvents.
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The benefits of using a single material to build up a microfluidic device
are:
e better symmetry of the mechanical stresses, and;

e Dbetter thermal and electrical isolation.

The polymeric structures manufacturing was carried out at Heriot-Watt
University, Institute of Sensors, Signals and Systems class 1000-10000

clean room MISEC laboratories.

6.3.1 Composition:

SU-8 is cross-linked in two steps, first by exposure to UV light followed
by the thermal process. For this project we mixed our own formulation
using the manufacturers’ guidelines. The thickness of the end product
desired lead us to the SU-8 65/35 formulation for fabricating the
microfluidic devices but for the bonding process it is MicroChem’s SU-8
3000 that has been used. This product has improved adhesion. The
thickness can be changed by changing the ratio of Gamma Butyrolactone

(GBL) which affects the viscosity of the mixture.

100 ml of SU-8 65/35 formulation contains:
e 65 mg of SU-8 epoxy resin,
e 29 ml of Gamma Butyrolactone (GBL) as the primary organic
solvent, and

e 6 ml of CYRACURE photo initiator (UVI-6974).

The ground epoxy resin is mixed with GBL in a dark coloured, tightly

closed container which later on placed in the ultrasonic bath at least a
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day. This is done to increase the speed of homogenous mixing of the
formula. Two hours after this initial mixing the mixture is
photosensitized by adding triarylium-sulfonium salt. During this project
due to the lab opening times the mixture is left at least a week in the
ultrasonic bath. There is no harm in leaving the formula in the ultrasonic

bath as long as its cap is tightly closed in a dark coloured jar.

Figure 30 shows the ladder like molecular structure of SU-8 before

crosslinking. When the SU-8 is exposed, an electron is released from the

photo initiator (HSbF6) which gets attracted by the oxygen bridges of the

structure; this turns the structure into a strong, Lewis acid. Following the

exposure the structure is post baked to achieve high crosslinking density.
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Figure 30: SU-8 before crosslinking

All varieties of SU-8 mixtures are advised to be processed in several

lithography techniques like e-Beam, X-ray and UV radiation (350 —



400nm) [81, 83]. We summarise below the standard process steps as
detailed on the manufacturer’s data sheet. In this project the same
process structure was followed. To create free standing microfluidic

devices Kapton film has been used.
6.3.1.1 Fabrication process — Crosslinking:

e Substrate cleaning: It is standard to wash the wafers and all other
components used in fabrication. To eliminate the tiny particles to
contaminate the fabrications, as a common practice, all hard
surfaces get a cleaning and dehydration treatments. For cleaning
the substrates placed in a beaker filled with distilled water (DI)
and Decon 90 detergent. This beaker stays in the ultrasonic bath
for a minimum of two hours. Following that the beaker and its
contents are washed with DI water and refilled with DI water and
placed in the ultrasonic bath again at least a minimum of one hour.
Decon 90 can be disposed directly down the sink since it is not a
dangerous fluid to the environment. The washed and cleaned
substrates dried with pressured nitrogen gas and dehydrated on a
hot plate at 65°C at least for 15 minutes. The Kapton film needs
longer dehydration at the oven 1 hour at 65°C.

e Spin Coating: The spin coating speed is the first parameter to be
set. It is important because it defines the thickness of the polymer
film and it has a direct effect on the soft baking time. Throughout
this research the depth from 12pm to 375pum achieved in two and

three layer fabrication.

The spin coating steps are:

78



a. A pipette placed in SU-8, because of its thick viscosity this
takes about a minute.

b. The coating parameters input to the spin coating machine.

c. The Kapton film attached wafer placed on the chuck. Kapton
film tends to bend when it is placed directly on the chuck.

d. To keep the wafer straight to achieve a smooth coating of SU-
8, the vacuum pump turned on.

e. SU-8 spread on the Kapton film starting from the centre.

f. Chose the program, which set at step b, and press start.

It is crucial to avoid bubbles on the wafer surface before starting
the spin coating since they can cause deformities over the surface,
using a clear pipette to suck them up helps. But also an elevated
rate of spinning helps to achieve a smoother SU-8 surface
topology. During this research two different formulations of SU-8
are used but for both of them the spread cycle parameters were the
same. Spread cycle parameters were 500rpm with 200 rpm/second
acceleration for 20 seconds.

The Spin cycle parameters define the thickness of the thin film,
and were in range of 1000rpm to 3000rpm with 200 rpm/second

acceleration for 30- 60 seconds.

Soft Bake: This is the step before UV exposure. The smoothly
SU-8 coated substrate needs to evaporate the solvent before
lithography. This curing process is known as soft bake or pre-
exposure bake (PEB). The SU-8 film becomes denser in a more
controlled way. The manufacturer advises to ramping or stepping

up the hot plate temperature for baking. During this research two
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hot plates were used. Although the fully cured SU-8 is compatible
for medical applications, uncured SU-8 has to be handled carefully
so these hot plates were located under the extractor fan bench.

The first hot plate was set to 65°C and the second one was to
95°C. The curing on the first hot plate is always shorter than the
second hot plate. Especially with the deeper and multi layered
structures it is better to use two separate hot plates to avoid the
uneven, wrinkly surface of the SU-8. Before the exposure the
wafers were left to rest no more than 10 minutes. It is observed
that the wafers adjusted back to room temperature had no sticking
problem when they get to contact with the mask during the

exposure.

UV Light Exposure: The manufacturers’ data sheet specifically
advises the use of 350-400nm wavelength for setting the SU-8
structures. All the fabrications have been carried out on Tamarack
Scientific  MODEL 152R with interchangeable i-line filter
(365nm) for thick film lithography. Tamarack delivers collimated
light by a high pressure mercury UV lamp. i-line filter is

recommended for best resolution.

The UV lithography steps are:

a. The SU-8 coated wafer is positioned on the Tamarack table on
top of the vacuum suction channels.

b. The printed side of mask is positioned on the wafer and pressed
softly to remove the air in between.

c. The vacuum is turned on to avoid any dislocations between the

wafer and the mask during exposure.
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d. Exposure dosage (mJ/cm?) is set at the Tamarack machine, and
the button “Expose” pressed.
e. The vacuum is turned off and the wafer taken to the hot plate

for post exposure bake.

Determining the exposure dosage is very crucial. When there is
not enough UV light the channels does not form properly. Table 6
shows the correlation between the exposure energy against the

thickness of the film from the MicroChem SU-8 3000 Datasheet.

THICKNESS EXPOSURE

ENERGY
microns mJ/cm?
05-2 60 - 80

5=5 90-105
6-15 110 - 140
16 -25 140 - 150
26 - 40 150 - 160

Table 6: MicroChem SU-8 3000 Datasheet, advised exposure dosage.

Finally, the wafer is taken back to the extractor fan bench for post

expose bake.

e Post Expose Bake: This step is similar to soft bake. It is done to
cross-link the exposed parts of the structure. As with the pre-
exposure bake it is conducted with two hot plates set to 65°C and
to 95°C but the baking times are shorter. The wafer should rest
and allowed to adjust back to room temperature slowly under the
extractor fan bench before development. For multi-layered

structures this is the step to return spin coating and building up.
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The key factor for multi-layered structures is a carefully designed

mask which we will discuss in next section.

e Development: This is the step when the channels, structures in
the SU-8 film, get their depth. The unexposed photo resist
dissolves away in solvent based developer. The choice of solvent
during this research was EC solvent (2-methoxy-1-methylethyl-
acetate (PGMA), Quarry Park Ltd). After the development the EC
solvent must not poured down the sinkhole due to its low toxicity

for organisms [87, 88].

6.3.2 Kapton film

Kapton ® HN film, developed by Dupont ™, is a flexible polyimide film
which remains durable from -269°C to +400°C temperature. It is
preferred for printing flexible electronics and aircrafts, space-crafts and
any high vacuumed environment. In this work it is used due to its low
adhesion to cross-linked SU-8 and as explained below the structures
fabricated on it have better resolution.

Low adhesion between SU-8 and Kapton creates the opportunity to
fabricated multi layered devices as demonstrated by Agirregabiria et al.
in 2005 [92]. The 125um thick version of Kapton film is used as a
carrier for both the main and top parts of the SU-8 devices. During a
previous research it was observed that SU-8 structures form better on a
Kapton film than on a glass wafer [106]. This is mainly because of
Snell’s law (n; sin 6; = n, sin 6,). The refractive index of each material
are: Ngiass = 1.47, nsy.s = 1.67 (at UV light), ngapion = 1.70. When the UV
light is exposed at 90° at a contact lithography travel through the SU-8

with Ogy.g = 39.92° refraction angle, but with glass wafer this is 0. =
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46.45° and with 125 pm thick semi-transparent Kapton film it is Ogapton =
39.11°. Fabrication on Kapton film creates better cross sectional

geometry than fabricating on glass.

6.3.3 Bonding process:

Delicately fabricated micro and nano sized structures need to be
carefully integrated to macro sized systems to gain functionality: this is a
part of Packaging Engineering. The packaging of MEMS and NEMS is
known as wafer bonding techniques, with adhesive bonding one of the
techniques. A low temperature adhesive bonding of free standing SU-8
devices is demonstrated by Tuomikoski et al. in 2005 [93]. That work
was carried at 68°C, and to increase the impact of bonding, pressure has
been applied with tweezers during the procedure. They were aware that
the under cured SU-8 might fill into the channels they were trying to
bond so they incorporated moat channels into their mask design. These
moat channels are clearly visible in Figures 37 and 38 in both sides of
the main channel.

Wafer bonding enables complex three-dimensional structures fabrication
and packaging (Bilenber et al.[90]; Gutierrez-Riveral et al.[101]; Mitri et
al. [102]; and Niklaus et al. [104]) Adhesive bonding is also referred as
gluing since an intermediate layer is used to bond the two layers of
structures and most commonly used materials are SU-8 and BCB
(Benzocyclobuten). Important process parameters can be grouped into
two. The first group is related to the adherent materials properties,
which are: uniform coating thickness, bonding temperature, bonding
pressure. The second group is more focused on the materials to be

bonded, the interaction of the adherent with them by heat and pressure.
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Basically the process includes heat, time and pressure elements and good
adhesive bonding can be achieved by good curing.

Good curing means achieving good bonding strength between the
adherent and the substance. The most common procedure is to evenly
spread the adherent on to one or both of the substrates and bring into
contact and clamp them to apply an even pressure. Also depending on
the adherent there might be heating, and UV light curing might be
involved. The main advantage of adhesive bonding is that it can cut the
costs of high temperature, pressure and longer waiting times. But all
these can turn into disadvantages: when a good bonding is not achieved,
or a short life-time of the bonded structure is obtained or limited heat
resistance of the end product. Figure 31 is the schematics of a free
standing, all SU-8 microfluidic device.

For the case of microfluidics the adhesive bonding is very sensitive and
important because you need to deliver the liquids into the microchip
through the interconnections without any leakage. Also in the case of
parallel, multilayer structured devices there should be no contamination
within the microfluidic device between the channels. Good quality
uniform bonding has to be achieved in a bigger area than any MEMS /
NEMS devices with an opening to attach interconnections without any
breakage or clogging. As is mentioned in Section 6.2, PC, PDMS,
PMMA and SU-8 are commonly used polymeric materials in
microfluidics. PC, PDMS and SU-8 are generally sealed by adhesive
bonding and PMMA prefers thermal bonding.
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Figure 31: Fabrication schematics of free standing, all SU-8 microfluidic
devices.
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Chapter 7

7. Rapid manufacturing of microfluidic devices with SU-8

Throughout this project we aimed to achieve results in the most
economical way and with the simplest possible solutions. The motivation
here is to fabricate a fully functioning microfluidic chip with a uniform
technique in optimum time scale. Here we followed the route of
generating several hundred well documented results to optimize the
technique, to widen our vision and understand the real capacity of the

materials we are using.

7.1 Design principles

The continuous flow of droplet generation at high frequency devices is
an active research topic with a lot of interest due to the possible number
of applications like PCR-on-a-chip device or fluidic based electronic
circuit components. All these possibilities come to life through correct
visualization of the chip followed by the execution — fabrication. The
first learning step is the design, throughout this project there have been
five different masks drawn. For each mask the experimental data
collected helped to improve the subsequent mask. In this study we first
fabricated T and Cross-junction microfluidic chips followed by Logic
gate devices.

For the T and Cross-junction several dimensions were designed. Many
dimensions from 50um width to 150um width parameters are used in
designs. At the beginning of this project, we searched into the
commercially available microfluidic products, their choice of material,

fittings and their choice of packaging. Some of the companies whose
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products we like are: Micronit Microfluidics, Dolomite and Translume.
They all offer as well as custom made polymeric products, their main
products were quartz / glass based.

It is a well-known fact that any glass and silicon microfluidic chip needs
a surface treatment to reduce the absorption of fluids (Kopp et al. [105]).
That is because the glass is a hydrophilic material. We bought some
samples from Translume and Micronit. Translume’s fluidic chip uses the
luer-lock fittings directly glued on the inlets which avoid the problem of
packaging but luer-lock connections have a big volume of fluid capacity
for a microfluidic chip, in practice it is not preferred. Micronit Fluidics
and Dolomite both offer better and sophisticated products. We choose
Micronit Fluidics for two reasons: (1) flexible variety set of connectors
like Upchurch Chromatography fittings and (2) Fluidic Connect 4515
Chipholder (Figure 32) which allows you to use it with a number of

chips with the same base structure.

Figure 32: Micronit Microfluidics, Fluidic Connect 4515 Chipholder.

The design of this chip-holder is the cause of the first limitation on the

design feature. For experimental purposes we need to be able to clearly
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see the T-junction and cross-junction areas where the droplet forms.
Micronit microfluidics chip droplet generator was located 7.5 mm X 7.5
mm away in the X (horizontal) and Y (vertical) direction from the left
hand side midpoint of the chip. It was not visible due to the chip-holder
design; thus in our chips we shifted it in the X direction to 13.5mm so
our optical systems could observe it.

The second limitation on the design feature was the power of the UV
light machine Tamarack. Traditionally this device is used to fabricate
MEMS components which are smaller in size compared to microfluidic
devices. The deep and narrow channels are harder to fabricate. Despite
the fact 50um and 60um wide channels were designed, but deep
structures were not successfully fabricated due to the limitations

mentioned previously.
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Microfluidic Cross & T junction chips

Figure 33: An example for a mask design.

The first mask aimed to understand the fabrication capabilities, so it
consisted of three T-junction and three Cross-junction designs (Figure
33). The second mask was a prototype for a PCR application using logic
gates for separation and T and Cross junction devices with a moat
channel for improved bonding structure. By the time of designing the
third mask we decided to do multilayer fabrication with interconnections
on the chip. Finally masks four and five consisted of logic gate device
variations. Throughout this project all designs contained a drawing of its
name and a ruler within their structure (Figures 34 and 35). In the first
mask design: those labelled 1X — 3X and 5X were Cross-Junction, while
those labelled 2X — 4X and 6X were T-junction designs. Their

dimensions are listed in Table 7. These masks were designed with the

89



aim of answering the questions like: is SU-8 65 the right material for
fluidic structures? What dimensions are in our capability to

manufacture?

Design name Dimensions (um)

Wy W,
Des 1X 50 50
Des 2X 50 50
Des 3X 100 100
Des 4X 100 100
Des 5X 150 150
Des 6X 150 150
Des 7X 100 80
Des 8X 100 60
Des 9X 150 100
Des 10X 150 80

Table 7: Dimensions of the designs on the mask.
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Figure 34: Details from first mask. Cross- junction device.
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Figure 35: Details from first mask. T-junction device.

We also try to replicate the manufacture of the logic gates devices
demonstrated by Prakash and Gershenfeld in 2007 [19]. Figure 36 and
Figure 43 are examples of logic gate devices in action. The video

from which Figure 36 is taken can be viewed at http://goo.gl/91nAeV.
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Figure 36: An AND/OR Gate designed and manufactured by the
author.

7.2 Experimental results

In this research SU-8 3000 is used on SU-8 65 to achieve good
bonding. Because it is the same material and continuous fabrication
process, it did not need to have plasma surface treatment, which all
other polymeric materials must have for good quality bonding.

As previously mentioned five Polyester Film Photo masks were
designed using L-Edit, a Tanner EDA mask editor programme, and
commercially printed by the company JD Photo with a 64000 dpi
resolution.

One of the main concerns of this research was looking into fabricating
polymeric microfluidic devices in various dimensions. From a variety
of fabrication methods we chose UV photo-lithography and SU-8 as
the medium. Using this material and method we managed to fabricate

structures from tens of microns high to hundreds of microns high.
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As we mentioned in the previous section, the inlets of the devices
were printed as the first layer by the help of a mask. The main
structure manufactured on top of this layer was using another mask
and in some examples we have manufactured a third layer of
increasing the depth of the certain areas in the design. When we use
this third layer mask, it is used after the inlets mask. The reason for
this is that the development is the final stage in fabricating open top
fluidic structures and removes the parts that the UV light has not
cured. Also the SU-8 is a transparent material and would pass the UV
light to below level. So when designing the multi-level structure
masks one should always have to build on the previous layers mask
and this approach would be beneficial to place the guidance

structures.
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Figure 37: Detail from a T-junction fluidic device.

In the early stages the channels were manufactured on three-inch
glass wafers and three-inch sized Kapton films. Later on we used
glass slides, Lexan and PVC cuts to fabricate on. During the research,
we undertook several options like fabricating the structures directly
on inlet drilled Lexan and PVC pieces. For this purpose we used an
upright drill. Despite the fact the inlets were de-burred and polished
neatly, during the fabrication these pieces turned out to be an
unsuccessful choice for micro device fabrication. The failure was
caused by two reasons, the inlets either filled in with SU-8 or SU-8
created an orifice around it by the end of the spinning cycle. Silicon,
or Pyrex glass structures can be used to build on but they need to be

drilled previously and this process is costly. Also it is observed that
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the structures on glass substrates are more brittle since the glass

suspends their movement.

The fabrication steps in Section 6.3 are always followed as the
guidelines for each device but the changing parameters created the
variety of depths from 12um to 375um depth in single layered

structures.

S$3700 4.00kV 59.3mm x5 SE 4/4/2012 1534

Figure 38: SEM image of a T-junction fluidic device. Its design name
is D22, width of the channels are 50um.

We choose to fabricate free standing devices, and to do that first we
needed to attach the Kapton film to another surface which the spin
coater can hold without bending. It is better to use an out of date
version SU-8 for this because during the development stage this
adhesive stays under the Kapton film, meaning that it is not cured,

and so would be developed and removed without any difficulty.
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7.2.1 Fabrication parameters

After looking into the manufacturers’ fabrication methodology, one
always has to work out the actual operational parameters. This is
mainly due to the device you are trying to build. If you are
fabricating cantilever [86], big reservoir [93] or obstacles in a wide
channel [96], it is better to reduce the time for development and
exposure of the structures. On the other hand if you are fabricating
narrow but deep channels which have high aspect ratio then you need
to increase and optimize the parameters. By adopting our fabrication
parameters we managed to achieve a fully sealed and fully
functioning, free standing SU-8 microfluidic chips. The other
important achievement was to be able to manufacture a fully working

microfluidic chip in less than two hours.

We looked into other studies to understand and design our own
fabrication parameters. The first group we read had published many
journal papers, including Ruano-Lopez et al. [97]; Blanco et al. [89];
Agirregabiria et al. [92]; Agirregabiria et al. [95]; and Fernandez et al.
[100]. They have demonstrated successfully fabricated devices, using
SU-8 50. The fabrication parameters they adopt in most cases are
using low exposure dosage which has positive impact on bonding
which we will discuss in the next section. The two spin coating
parameters they used are 3000rpm and 5000rpm followed by soft
bake 6 min at 65°C and 20 min at 90°C for the first one and 7 minutes
at 90°C for the second, exposed to UV light with the dosage of
150mJ/cm® and 130mJ/cm’consecetively. Finally post baked by 1 min
at 65°C and 7 min at 90°C and 3 min at 90°C resulted with 30um and
96



20um depth in their structures. In their various works, they used
Kapton film as the carrier phase. The idea of using a low adhesion
material has been demonstrated by Steigert et al.[99] as well: instead
of Kapton film they used 100um thick Polyester (PET) film. Their
structures are fabricated separately: bottom one is built on a
metallized (Ti/Au) silicon or pyrex wafer, and the top one is on
handling wafer attached with PET film. They use SU-8 3025 and
3050 of the 3000 series which has better adhesion properties. As with
the first group they go for low exposure dosage of UV light, 120-
180mJ/cm’ and they fabricate structures around 25um depth.

In 2007 Chen et al. [98] showed in their experiments that changing
the concentration of the surfactant in SU-8 25 and 50, and achieve
structures around 40um depth. Another group who inspired our
research published the following papers: Tuomikoski and Fransilla
[91]; Tuomikoski and Fransilla [93]; Sikanen et al. [94]. Their
fabrication parameters are not as detailed in the publications but it is
mentioned that SU-8 50 and SU-8 100 were used to fabricate
structures in a range of 10 um depth to 500 um depth. Another
important difference in their work is the high exposure dosage they

use 800-1500 mJ/cm”.

Our chips were built as two separate structures and in the final stage
they are bonded permanently. The top layer is called the structure and
the bottom layer is called the cover. The structure layer is built on
Kapton film and the first part of it is the interconnections, meaning

the inlets and the outlets of the microfluidic chip. This is a simple
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layer fabricate, it needs to be thick and smooth. Ideally a more
viscous version of SU-8 can be used to build this layer. If or when
that is preferred, the development time should be tested. Some thick
structures needs higher exposure dosage and longer development and

that can damage the layers built on top of the initial layer.

Mic

+4.82000

Figure 39: Example Measurement with Zygo.

We created and followed a very strict routine for this layer
fabrication: 1000 rotations per second of SU-8 65 formulation on a
Kapton film followed by soft baking stage - 5 minutes at 65°C and 20
minutes at 95°C. For cooling down to room temperature all substrates
were rested 10 minutes which is followed by UV light exposure
dosage of 400mJ/cm” using i-line filter. Then post exposure bake 1
minute at 65°C and 6 minutes at 95°C. After the substrate cooled

down to room temperature it is developed approximately 4 minutes
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30 seconds. A datasheet of the fabrication parameters is presented in

Appendix E.

The quality of fabrication was initially checked in the laboratory with
Zygo, an interferometer microscope (an example structure is in Figure
39). An image with a dark-field image microscope is in Figure 37.

Some structures observed with SEM imaging in Figure 38.

Fabrication Steps Process time {min)

Main Structure

wafer cleaning (Kapton film at 200°C) 5
Dehydration bake at 200°C 60
Cooling 5
Spincoating (Kapton film to glass wafer) 2
Soft bake 9
Cooling 5
Spincoating 1st layer (inlets) 2
Soft bake 25
Cooling 10
Exposure 2
Spincoating 2nd layer {main channels) 2
Soft bake

Cooling 10
Development 5to 25
Bonding 2
Exposure 2

Total 153 to 173

Table 8: The approximate timeline of fabrication the main structure

Table 8 and Table 9 list the steps of chip fabrication with the

processing time.
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7.2.2. Bonding procedure

The next step for a functioning microfluidic device is to seal the open
structures fabricated previously. There are a few types of bonding
techniques used for SU-8 structures. We used a low temperature and
have managed a good quality bonding using SU-8 3000 as the
adhesive glue. Similar to the main structure fabrication, first a thick
layer of carrier level is fabricated on Kapton film. The top level spin
coated with SU-8 65, 1000 rotation per second followed by soft
baking stage, 5 minutes at 65°C and 30 minutes at 95°C. It is very
important that the top level fully cures, that is the reason why we

baked it longer at 95°C.

Fabrication Steps Process time (min)

Bonding Layer

Spincoating {Kapton film to glass wafer) 2
Soft bake 9
Spincoating {fully cured SU-38 wall} 2
Soft bake 35
Exposure 2
Spincoating (bonding layer) 2
Soft bake 5

Total 57

Table 9: The approximate timeline of fabrication the bonding layer

The bonding layer was spin coated at 2000 rotation per second,
followed by soft baking procedure, 1 minute at 65°C and around 2:50
to 3:10 minutes at 95°C on a hot plate. The soft baking time on 95°C

hot plate is a dynamic decision, because we do not want the bonding
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layer to be too dry or too wet and the other samples using the hot

plate may not be uniform the surface temperature of the hot plate.

Figure 40: Some fully bonded free standing SU-8 microfluidic
devices.

The Kapton film with the main channels was warmed up using a
metal weight, the temperature of the weight is around 50°C + 5°C.
This is done to reduce bonding failure, both Kapton film and
developed SU-8 becomes smoother under low temperature. We
warmed up some main channels on 65°C, which was observed to be
too warm and thus the bonding failed due to the SU-8 filling in the
channels. When both top and bottom wafers are ready, we brought the
structures in contact and slightly pressed with a finger. It does not
need much pressure - the pressure is to avoid any bubbles and reduce
the possibility of unbounded areas due to the surface irregularities.

At this point the bonding immediately occurs but we need to peel off
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the Kapton film on the bottom layer and expose the bonded structure
to UV light exposure a low dosage of 400mJ/cm2 using i-line filter.
In Figure 40 we demonstrate fully bonded, free standing SU-8
devices. To reduce a mix up they are labelled with a felt pen. The top
one is design 37, with the dimensions of 183pum X 182um in the T-
junction area. The bottom one is design 36, with the dimensions of

195um X 194 pum in the T-junction area.

7.2.3. Packaging

Manufacturing free standing polymeric chips has its own issue: the
packaging. Our free standing chips are rather thin, and brittle which
makes it hard to glue tubing to its inlet and outlets. We decided to
build a chip-holder where we can clamp the SU-8 devices without

breaking.
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Figure 41: Top and bottom layers of the chip-holder.

Figure 41 is a picture of the chip-holders before assembly. At the left
hand side of the picture we see the PC (Polycabonate) as the top
layer. We used 3mm and Smm thick PC. At the right hand side we see
the bottom layer cut off from 3mm and Smm PVC material. To plug
the tubing we drilled interconnection holes and attached bootlace
ferrules and to make this structure strong and leak free we used
NOA68 UV light curable glue. This is done to reduce areas not
visible. But any observations of a microfluidic device require a short
distance between the sample and the optical lens. That is something to

be improved in the design of our chip-holder.
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Figure 42: Assembled chip-holder.

In Figure 42, we observe a free standing SU-8 chip fitted in a chip-
holder and ready to use. At this point the chip is sandwiched between
layers of silicone tape. This silicone tape protects the chip from
breaking but also creates O-ring like structure around the

interconnections.
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TN

Figure 43: An attempt to fabricate a flip-chip.

Figure 43, is one of our chips: fabricated, bonded and ready for
experiments. Unfortunately there was a leak at the inlets, and also the
design was not right. Looking through the video from which Figure
43 was extracted, it is obvious that the dispersed phase channel needs

to be wider to generate bigger sized water droplets.

7.3 Conclusion

SU-8 is a delicate and unreliable material for mass production but we
have demonstrated that it can be the material for niche, complicated
structured and individually built products. Gut [103], looks in to the
attenuation of scattered light on SU-8 structures and finds the
attenuation of light in SU-8 structures are rather small so it is feasible
for fabricating optical sensors. In the chapter we went through the

steps of design, fabrication, bonding and packaging. In bonding we
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demonstrated a new improved bonding technique. With carefully
planned use of equipment Table 8 and Table 9 processes were carried
out in parallel time, so all process of prototyping a fully functioning
free standing SU-8 microfluidic chip were achieved in between 153 to
173 minutes in 12um to 375um channel depth. We also fabricated the
structures demonstrated by Prakash [19] but although they worked,

they showed design failures.
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Chapter 8

8. Future research

As the review articles mentioned above [11, 14, 48, 52, 72, 80] show
that microfluidics has great potential for simple but efficient medical,

biological, and chemical applications.

In the first part of this thesis, as the end user, we conducted
experiments using microfluidic chips manufactured by us. The ratios
that we had planned for the chips were different to those which we
ended up with; but we decided to continue with the available devices.
Our chips have very similar continuous and aqueous channel width
but different depths at the T-junction and at the expansion areas; we
documented similar trends in droplet size against the capillary number
and the flow rate ratio. We think the most interesting area of future

work would be experimenting with deeper structures.

When we were studying the scaling law, we choose the maximum
values of oil flow rate 1.2ml/hr. Because we measured the size of the
droplet at the expansion channel we preferred the droplets to be in
either single or double single profile flow pattern so they can be in
spherical shape. By using wider and deeper structured chips the

experiment can be conducted in higher oil flow rate.

In the second part of the thesis we manufactured polymeric
microfluidic chips. There are a variety of materials that may be used
to fabricate chips [84], and the main challenge is packaging. For SU-8
structures it is important to keep in mind their brittle nature and we
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suggest a fruitful path for continued development would be a chip
holder which might apply uniform pressure throughout. This can be
achievable with thin glass or Pyrex slides, possibly with the

interconnections drilled on them.
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Appendix A - Chip 1

The Excel sheet of the calculations and parameters of Chip 1.

Oil Flow Flow rate
rate Oil Velocity Reynolds Oil Flow rate Water Flow Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) rate (ml/s) Flow (water/oil)
0.1 0.001312998 | 0.00297746 0.001705584 0.000027778 || IOO000MEAI  0.00000139 0.063
0.00000278 0.00000278 0.100
0.00000417 0.00000417 0.150
0.00000557 0.00000556 0.200
0.00000696 0.00000694 0.250
0.00000835 0.00000833 0.300
0.2 0.002625995 0.00595491 0.003411168 0.000055556 0.00000278 0.00000278 0.050
0.00000557 0.00000556 0.100
0.00000835 0.00000833 0.150
0.00001113 0.00001111 0.200
0.00001386 0.00001389 0.249
0.00001669 0.00001667 0.300
0.3 0.003938993 0.00893237 0.005116752 0.000083333 0.00000417 0.00000417 0.050
0.00000835 0.00000833 0.100
0.00001252 0.00001250 0.150

122




Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate Water Flow Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) rate (ml/s) Flow (water/oil)
0.00001669 0.00001667 0.200
0.00002082 0.00002083 0.250
0.00002500 0.00002500 0.300
0.4 0.005251991 0.01190983 0.006822336 0.000111111 0.00000557 0.00000556 0.050
0.00001113 0.00001111 0.100
0.00001669 0.00001667 0.150
0.00002221 0.00002222 0.200
0.00002778 0.00002778 0.250
0.00003334 0.00003333 0.300
0.5 0.006564988 0.01488729 0.0085279196 0.000138889 0.00000696 0.00000694 0.050
0.00001386 0.00001389 0.100
0.00002082 0.00002083 0.150
0.00002778 0.00002778 0.200
0.00003473 0.00003472 0.250
0.00004169 0.00004167 0.300
0.55 0.007221487 0.01637601 0.0093807115 0.000152778 0.00000765 0.00000764 0.050
0.00001526 0.00001528 0.100
0.00002291 0.00002292 0.150
0.00003057 0.00003056 0.200
0.00003817 0.00003819 0.250
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate Water Flow Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) rate (ml/s) Flow (water/oil)
0.00004608 0.00004583 0.302
0.6 0.007877986 0.01786474 0.0102335035 0.000166667 0.00000835 0.00000833 0.050
0.00001669 0.00001667 0.100
0.00002500 0.00002500 0.150
0.00003334 0.00003333 0.200
0.00004169 0.00004167 0.250
0.00005000 0.00005000 0.300
0.65 0.008534485 0.01935347 0.0110862955 0.000180556 0.00000904 0.00000903 0.050
0.00001808 0.00001806 0.100
0.00002708 0.00002708 0.150
0.00003613 0.00003611 0.200
0.00004521 0.00004514 0.250
0.00005434 0.00005417 0.301
0.7 0.009190983 0.02084220 0.0119390874 0.000194444 0.00000974 0.00000972 0.050
0.00001943 0.00001944 0.100
0.00002917 0.00002917 0.150
0.00003891 0.00003889 0.200
0.00004869 0.00004861 0.250
0.00005826 0.00005833 0.300
0.8 0.010503981 0.02381966 0.0136446713 0.000222222 0.00001108 0.00001111 0.050
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate Water Flow Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) rate (ml/s) Flow (water/oil)

0.00002221 0.00002222 0.100

0.00003434 0.00003333 0.155

0.00004434 0.00004444 0.200

0.00005565 0.00005556 0.250

0.00006652 0.00006667 0.299

0.9 0.011816979 0.02679711 0.0153502552 0.00025 0.00001252 0.00001250 0.050
0.00002500 0.00002500 0.100

0.00003752 0.00003750 0.150

0.00005000 0.00005000 0.200

0.00006260 0.00006250 0.250

0.00007521 0.00007500 0.301

1 0.013129976 0.02977457 0.0170558392 0.000277778 0.00001391 0.00001389 0.050
0.00002778 0.00002778 0.100

0.00004169 0.00004167 0.150

0.00005565 0.00005556 0.200

0.00006956 0.00006944 0.250

0.00008347 0.00008333 0.300

1.1 0.014442974 0.03275203 0.0187614231 0.000305556 0.00001526 0.00001528 0.050
0.00003057 0.00003056 0.100

0.00004565 0.00004583 0.149

0.00006130 0.00006111 0.201
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate Water Flow Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) rate (ml/s) Flow (water/oil)
0.00007652 0.00007639 0.250
0.00009173 0.00009167 0.300
1.2 0.015755972 0.03572949 0.0204670070 0.000333333 0.00001669 0.00001667 0.050
0.00003434 0.00003333 0.103
0.00005000 0.00005000 0.150
0.00006652 0.00006667 0.200
0.00008347 0.00008333 0.250
0.00010000 0.00010000 0.300
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Appendix B — Chip 2

The Excel sheet of the calculations and parameters of Chip 2.

Oil Flow Flow rate
rate Oil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
0.1 0.001559673 | 0.00356426 0.002026015 0.000027778 || SIG0000EAI 0.00000139 0.063

0.00000278 0.00000278 0.100
0.00000417 0.00000417 0.150
0.00000557 0.00000556 0.200
0.00000696 0.00000694 0.250
0.00000835 0.00000833 0.300
0.2 0.003119346 0.00712851 0.004052031 0.000055556 0.00000278 0.00000278 0.050
0.00000557 0.00000556 0.100
0.00000835 0.00000833 0.150
0.00001113 0.00001111 0.200
0.00001386 0.00001389 0.249
0.00001669 0.00001667 0.300
0.3 0.004679019 0.01069277 0.006078046 0.000083333 0.00000417 0.00000417 0.050
0.00000835 0.00000833 0.100
0.00001252 0.00001250 0.150
0.00001669 0.00001667 0.200
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)

0.00002082 0.00002083 0.250
0.00002500 0.00002500 0.300
0.4 0.006238692 0.01425702 0.008104061 0.000111111 0.00000557 0.00000556 0.050
0.00001113 0.00001111 0.100
0.00001669 0.00001667 0.150
0.00002221 0.00002222 0.200
0.00002778 0.00002778 0.250
0.00003334 0.00003333 0.300
0.5 0.007798365 0.01782128 0.0101300767 0.000138889 0.00000696 0.00000694 0.050
0.00001386 0.00001389 0.100
0.00002082 0.00002083 0.150
0.00002778 0.00002778 0.200
0.00003473 0.00003472 0.250
0.00004169 0.00004167 0.300
0.55 0.008578202 0.01960340 0.0111430844 0.000152778 0.00000765 0.00000764 0.050
0.00001526 0.00001528 0.100
0.00002291 0.00002292 0.150
0.00003057 0.00003056 0.200
0.00003817 0.00003819 0.250
0.00004608 0.00004583 0.302
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
0.6 0.009358039 0.02138553 0.0121560921 0.000166667 0.00000835 0.00000833 0.050

0.00001669 0.00001667 0.100
0.00002500 0.00002500 0.150
0.00003334 0.00003333 0.200
0.00004169 0.00004167 0.250
0.00005000 0.00005000 0.300
0.65 0.010137875 0.02316766 0.0131690998 0.000180556 0.00000904 0.00000903 0.050
0.00001808 0.00001806 0.100
0.00002708 0.00002708 0.150
0.00003613 0.00003611 0.200
0.00004521 0.00004514 0.250
0.00005434 0.00005417 0.301
0.7 0.010917712 0.02494979 0.0141821074 0.000194444 0.00000974 0.00000972 0.050
0.00001943 0.00001944 0.100
0.00002917 0.00002917 0.150
0.00003891 0.00003889 0.200
0.00004869 0.00004861 0.250
0.00005826 0.00005833 0.300
0.8 0.012477385 0.02851404 0.0162081228 0.000222222 0.00001108 0.00001111 0.050
0.00002221 0.00002222 0.100
0.00003434 0.00003333 0.155
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)

0.00004434 0.00004444 0.200

0.00005565 0.00005556 0.250

0.00006652 0.00006667 0.299

0.9 0.014037058 0.03207830 0.0182341381 0.00025 0.00001252 0.00001250 0.050
0.00002500 0.00002500 0.100

0.00003752 0.00003750 0.150

0.00005000 0.00005000 0.200

0.00006260 0.00006250 0.250

0.00007521 0.00007500 0.301

1 0.015596731 0.03564255 0.0202601535 0.000277778 0.00001391 0.00001389 0.050
0.00002778 0.00002778 0.100

0.00004169 0.00004167 0.150

0.00005565 0.00005556 0.200

0.00006956 0.00006944 0.250

0.00008347 0.00008333 0.300

1.1 0.017156404 0.03920681 0.0222861688 0.000305556 0.00001526 0.00001528 0.050
0.00003057 0.00003056 0.100

0.00004565 0.00004583 0.149

0.00006130 0.00006111 0.201

0.00007652 0.00007639 0.250

0.00009173 0.00009167 0.300
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
1.2 0.018716077 0.04277106 0.0243121842 0.000333333 0.00001669 0.00001667 0.050
0.00003434 0.00003333 0.103
0.00005000 0.00005000 0.150
0.00006652 0.00006667 0.200
0.00008347 0.00008333 0.250
0.00010000 0.00010000 0.300

131




Appendix C — Chip 3

The Excel sheet of the calculations and parameters of Chip 3.

Oil Flow Flow rate
rate Oil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
0.1 0.001538083 | 0.00348788 0.00199797 0.000027778 || SIG0000EAI 0.00000139 0.063

0.00000278 0.00000278 0.100
0.00000417 0.00000417 0.150
0.00000557 0.00000556 0.200
0.00000696 0.00000694 0.250
0.00000835 0.00000833 0.300
0.2 0.003076166 0.00697576 0.003995939 0.000055556 0.00000278 0.00000278 0.050
0.00000557 0.00000556 0.100
0.00000835 0.00000833 0.150
0.00001113 0.00001111 0.200
0.00001386 0.00001389 0.249
0.00001669 0.00001667 0.300
0.3 0.004614249 0.01046364 0.005993909 0.000083333 0.00000417 0.00000417 0.050
0.00000835 0.00000833 0.100
0.00001252 0.00001250 0.150
0.00001669 0.00001667 0.200
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)

0.00002082 0.00002083 0.250
0.00002500 0.00002500 0.300
0.4 0.006152332 0.01395151 0.007991879 0.000111111 0.00000557 0.00000556 0.050
0.00001113 0.00001111 0.100
0.00001669 0.00001667 0.150
0.00002221 0.00002222 0.200
0.00002778 0.00002778 0.250
0.00003334 0.00003333 0.300
0.5 0.007690415 0.01743939 0.0099898487 0.000138889 0.00000696 0.00000694 0.050
0.00001386 0.00001389 0.100
0.00002082 0.00002083 0.150
0.00002778 0.00002778 0.200
0.00003473 0.00003472 0.250
0.00004169 0.00004167 0.300
0.55 0.008459456 0.01918333 0.0109888335 0.000152778 0.00000765 0.00000764 0.050
0.00001526 0.00001528 0.100
0.00002291 0.00002292 0.150
0.00003057 0.00003056 0.200
0.00003817 0.00003819 0.250
0.00004608 0.00004583 0.302
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
0.6 0.009228498 0.02092727 0.0119878184 0.000166667 0.00000835 0.00000833 0.050

0.00001669 0.00001667 0.100
0.00002500 0.00002500 0.150
0.00003334 0.00003333 0.200
0.00004169 0.00004167 0.250
0.00005000 0.00005000 0.300
0.65 0.009997539 0.02267121 0.0129868032 0.000180556 0.00000904 0.00000903 0.050
0.00001808 0.00001806 0.100
0.00002708 0.00002708 0.150
0.00003613 0.00003611 0.200
0.00004521 0.00004514 0.250
0.00005434 0.00005417 0.301
0.7 0.010766581 0.02441515 0.0139857881 0.000194444 0.00000974 0.00000972 0.050
0.00001943 0.00001944 0.100
0.00002917 0.00002917 0.150
0.00003891 0.00003889 0.200
0.00004869 0.00004861 0.250
0.00005826 0.00005833 0.300
0.8 0.012304663 0.02790303 0.0159837578 0.000222222 0.00001108 0.00001111 0.050
0.00002221 0.00002222 0.100
0.00003434 0.00003333 0.155
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)

0.00004434 0.00004444 0.200

0.00005565 0.00005556 0.250

0.00006652 0.00006667 0.299

0.9 0.013842746 0.03139091 0.0179817276 0.00025 0.00001252 0.00001250 0.050
0.00002500 0.00002500 0.100

0.00003752 0.00003750 0.150

0.00005000 0.00005000 0.200

0.00006260 0.00006250 0.250

0.00007521 0.00007500 0.301

1 0.015380829 0.03487878 0.0199796973 0.000277778 0.00001391 0.00001389 0.050
0.00002778 0.00002778 0.100

0.00004169 0.00004167 0.150

0.00005565 0.00005556 0.200

0.00006956 0.00006944 0.250

0.00008347 0.00008333 0.300

1.1 0.016918912 0.03836666 0.0219776670 0.000305556 0.00001526 0.00001528 0.050
0.00003057 0.00003056 0.100

0.00004565 0.00004583 0.149

0.00006130 0.00006111 0.201

0.00007652 0.00007639 0.250

0.00009173 0.00009167 0.300
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Oil Flow Flow rate
rate Qil Velocity Reynolds Oil Flow rate | Water Flow rate Exp Water ratio
(ml/hr) (m/s) Number Capillary number (ml/s) (ml/s) Flow (water/oil)
1.2 0.018456995 0.04185454 0.0239756368 0.000333333 0.00001669 0.00001667 0.050
0.00003434 0.00003333 0.103
0.00005000 0.00005000 0.150
0.00006652 0.00006667 0.200
0.00008347 0.00008333 0.250
0.00010000 0.00010000 0.300
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Appendix D — Results for Chipl, 2 and 3

The Excel sheet of the measured droplet diameters (um) and standard error results of Chip 1 for Q= 0.05, 0.1, 0.15,
0.2,0.25,0.3.

Chip1 Capillary Number 0.05 St 0.1 s 0.15 S.E 0.2 S.E 0.25 s 0.3 St
0.10 0.001705584 159.272789 2.50 175.241376 2.71 187.248721 2.1 186.857779 0.83 193.905835 1.30 195.630103 1.00
0.20 0.003411168 151.016726 1.99 166.950009 1.04 172.937162 0.81 183.329774 0.69 178.707954 1.63 189.362777 0.54
0.30 0.005116752 143.883984 1.82 153.505046 1.10 152.138208 1.24 169.960003 1.65 172.482119 0.79 181.113203 0.85
0.40 0.006822336 140.533477 0.70 151.027786 1.06 162.831046 1.05 168.711864 1.13 170.24121 0.92 173.863344 0.50
0.50 0.0085279196 141.583465 1.28 144559072 0.76 155.50366 0.48 160.569583 1.05 170.010025 1.37 170.261329 0.81
0.55 0.0093807115 140.248654 1.15 148.731113 0.97 154.565152 0.80 161.372695 0.64 162.490399 1.02 167.508946 0.53
0.60 0.0102335035 136.707199 0.95 151.609767 1.42 160.685868 0.68 162.918524 1.41 170.288112 0.82 169.096204 0.94
0.65 0.0110862955 135.043095 1.94 149.628636 0.88 151.504882 0.78 161.711829 0.66 165.164791 1.05 168.324477 047
0.70 0.0119390874 140.360514 1.24 151.610224 0.59 155.732748 0.54 156.667536 0.63 159.209103 0.53 163.45973 0.48
0.80 0.0136446713 133.657888 1.1 140.816899 0.71 149.273245 0.42 153.115363 0.22 157.259096 0.54 165.507227 1.20
0.90 0.0153502552 131.653738 0.80 134.656815 1.92 143.33572 0.64 144 450625 0.23 163.707404 0.60 161.675985 0.66
1.00 0.0170558392 125.811798 0.66 138.482759 0.69 139.577628 0.92 152.45914 0.89 167.268622 0.85 170.037383 0.79
1.10 0.0187614231 126.958342 0.89 143.936666 0.95 143.943028 0.56 152.348922 1.00 156.285929 0.75 158.719146 1.01
1.20 0.0204670070 112.01428 1.46 139.893032 0.74 136.058149 0.74 147.874482 1.01 145.070606 1.18 154.15564 0.74
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The Excel sheet of the measured droplet diameters (um) and standard error results of Chip 2 for Q= 0.05, 0.1, 0.15,
0.2, 0.25,0.3.

Chip2 Capillary Number 0.05 S.E 0.1 S.E 0.15 S.E 0.2 S.E 0.25 S.E 0.3 S.E
0.10 0.002026015 183.105037 1.15 191.192703 0.55 203.284689 1.13 209.658159 1.07 208.823577 1.27 210.396186 0.85
0.20 0.004052031 160.25258 0.66 172.158515 1.06 171.303495 0.83 174.542994 0.61 182.72385 1.16 183.766484 0.78
0.30 0.006078046 149.093943 0.97 156.73249 1.00 160.932546 0.35 166.433041 0.58 166.862598 0.72 173.190425 0.77
0.40 0.008104061 141.837201 1.04 149.901046 0.88 154.227952 0.67 160.307014 0.76 163.556616 0.82 171.15537 0.59
0.50 0.0101300767 | 138.243421 0.75 142.90264 1.32 150.918439 0.59 157.326995 0.40 157.11123 0.44 160.025255 0.51
0.55 0.0111430844 | 136.669276 0.40 143.974868 0.67 150.721372 0.70 153.864108 0.75 158.688796 0.89 159.135703 0.23
0.60 0.0121560921 135.205346 0.28 143.102386 0.33 146.00966 0.74 150.143793 0.46 154.673918 0.44 155.156487 0.66
0.65 0.0131690998 | 133.647416 0.69 139.737588 0.47 146.457564 0.31 151.504964 0.57 151.150092 0.50 157.05341 0.59
0.70 0.0141821074 130.9773 0.83 140.223697 0.46 144.511042 0.51 148.413255 1.18 148.294383 0.78 155.242201 0.49
0.80 0.0162081228 | 125.484526 0.83 138.050969 0.73 145.875377 0.52 142.252468 0.84 151.233124 0.89 152.957298 0.43
0.90 0.0182341381 | 123.8563933 0.39 134.560122 0.70 141.016702 0.57 141.964812 0.53 149.945026 0.70 152.16718 0.47
1.00 0.0202601535 | 120.882921 0.80 133.331614 0.69 138.582136 0.65 141.253263 0.91 142.247718 0.64 147.674542 0.41
1.10 0.0222861688 | 118.872491 0.72 128.723349 0.52 133.602106 0.67 141.076919 0.88 143.4365 0.71 149.690928 0.60
1.20 0.0243121842 | 115.963201 0.71 126.371199 0.35 131.006115 0.60 136.060774 0.83 138.686745 149 138.283796 1.15
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The Excel sheet of the measured droplet diameters (um) and standard error results of Chip 3 for Q= 0.05, 0.1, 0.15,
0.2, 0.25, 0.3.

Chip3 Capillary Number 0.05 S.E 0.1 S.E 0.15 S.E 0.2 S.E 0.25 S.E 0.3 S.E
0.10 0.00199797 173.819727 1.20 184.703882 0.79 198.895626 0.88 204.068966 0.55 205.875607 0.55 198.711299 1.25
0.20 0.003995939 169.965078 0.76 179.339521 0.73 174.603305 0.65 178.830905 0.54 183.485641 0.48 184.201502 0.89
0.30 0.005993909 156.849845 0.89 161.817427 0.70 161.575165 0.49 172.186404 1.02 179.362832 0.67 175.885523 0.97
0.40 0.007991879 152.915888 0.77 154.760657 0.59 151.623128 217 160.001779 1.19 166.421659 0.77 169.449381 1.04
0.50 0.009989849 141.122273 0.83 154.791307 0.62 150.426591 0.29 156.437841 0.31 159.888366 1.01 164.515417 1.12
0.55 0.010988834 130.448902 0.68 144 445845 0.53 148.570062 0.68 168.096593 0.76 157.902886 0.96 159.113629 1.60
0.60 0.011987818 140.330731 1.17 140.391279 0.36 147.341562 1.09 155.357042 1.06 157.59093 0.85 159.623281 1.12
0.65 0.012986803 132.852202 0.62 133.346802 0.76 149.880664 0.05 151.560953 0.30 153.909735 1.00 159.640373 1.03
0.70 0.013985788 131.423396 1.18 132.914345 0.63 147.435488 0.53 151.658618 1.51 154.041502 1.30 156.364835 1.14
0.80 0.015983758 125485245 1.03 130.68478 0.85 143.51515 0.76 143.637114 0.62 151.052853 143 154.892319 0.94
0.90 0.017981728 100.684989 0.95 129.963325 0.93 141.370279 0.41 138.872118 0.73 146.591449 2.31 155.173065 0.52
1.00 0.019979697 113.336601 0.83 134.727456 0.78 135.156358 0.54 138.028515 0.90 149.614736 0.87 148.616225 0.85
1.10 0.021977667 119.103108 1.51 131.116503 0.81 131.509044 0.75 136.797924 1.72 140.040918 1.15 144.126614 1.12
1.20 0.023975637 117.033878 0.72 129.180284 0.87 133.042065 2.27 132.132686 1.40 144.078532 0.77 147.748756 1.08
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Appendix E — SU-8 Fabrication Datasheet

This appendix contains part of a list that was used to monitor the microfluidic device fabrication.

Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |[m gy | Exposur | m gy | Exposur
(n mlJ/c | e Bake mJ/c | e Bake
m) 65° [95° [m2 |65°|95° 65° [95° |m2 |65° |95
C |C C |C C |C c |°C
21611- | D53 | 110 |10 |5 |20 |300 |1 6 |75 |5 |26 [300 |1 12 | 08:33
01 00 0
21611- | D63 | 120 |10 |5 |20 |300 |1 6 |75 |5 |30 [400 |1 12 | 08:30 Bad alignment.
02 00 0
21611-|SL |N/ |10 |5 |20 |300 |1 6 |75 |5 |30 [400 |1 12 | 08:30
03 G A 100 0
23611- | D42 | 117 |10 |5 |20 |[300 |1 6 |75 1|5 |25 |350 |1 15 | 13:13 Advise 18min.
02 00 0 More dev.
23611- | LG | 10520 |3 6 |300 |1 6 |20 |3 6 |350 |1 6 | 04:10 partially
05 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
23611- | LG |43 |20 |3 |6 |350 |1 6 |20 (3 |6 [350 |1 7 |04:34
06 00 00
23611-|D9%4 |43 |20 |3 |6 |350 |1 6 (203 |6 |[350 |1 6 |05:03
07 00 00
28611- | D33 | 121 |10 |5 |20 400 |1 07: |10 |5 |20 [450 |1 6 |09:10 More dev.
01 00 30 {00
28611-| D43 | 121 |10 |5 |20 400 |1 6 |10 [5 |20 |[350 |1 6 |04:24
02 00 00
28611- | LG |35 |10 |7 |20 400 |1 6 |20 (3 |6 [400 |1 6 |04:20
03 00 00
30611- | D41 [ 164 |10 |5 |25 400 |1 6 |10 [5 |25 [400 |1 6 |14:10 Sides not
01 00 00 smooth.
30611- | D33 (232 |10 |5 |20 400 |1 6 (10 |5 |32 (400 |1 10 | 18:18 Very good.
02 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
30611- |[LG [N/ |10 |5 |20 [400 |1 6 10 |5 |25 (400 |1 10 | 18:16 Small bits
03 A 100 00 problematic
30611- | D21 [N/ |10 |5 |20 |[400 |1 6 10 |5 |20 [400 |1 6 |18:00 White fringes,
04 A 100 00 not open
10611- | LG [N/ |10 |5 |20 |[400 |1 6 (20 |3 |6 [400 |1 6 | 04:25 small channels
05 A |00 00 not open
5711- |LG |71 |10 |5 |20 |[400 |1 6 (20 |3 |6 [400 |1 6 |05:01 Very good.
04 00 00
5711- | D23 [N/ |10 |5 |20 |[400 |1 6 (20 |3 |6 [400 |1 6 | 04:50 Erased, over
06 A 100 00 developed
5611- |D71 |80 |10 |5 |20 |[400 |1 6 10 |5 |32 (400 |1 10 | 18:04 Very good.
01 00 00
5711- | D32 | 132 |10 |5 |20 [400 |1 6 10 |5 |32 [400 |1 10 |20:35 Good.
02 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
5711- |LG | 113 |10 |5 |20 [400 |1 6 10 |5 |32 (400 |1 10 |25:20 Good, last bit
03 00 00 problematic
12711- | D72 |75 |20 |3 |6 400 |1 6 18 |3 |6 (400 |1 6 |05:20
05 00 00
21711- | D72 | 111 |20 |3 |6 400 |1 6 10 |10 |65 400 |1 12 | 07:17 Perfect
01 00 00
21711- |LG |68 |20 |3 |7 400 |1 6 (20 |3 |6 [400 |1 6 |05:34 Very good.
03 00 00
21711- |[LG |60 |20 |3 |6 400 |1 6 (204 |8 [400 |1 6 |07:28 Very good.
04 00 00
26711- | LG |117 |20 |3 |6 [400 |1 6 10 |10 |65 [400 |1 12 | 07:55 Good.
01 00 00
26711- | D42 | 132 |20 |3 |6 400 |1 6 10 |10 |65 400 |1 12 | 08:47 Good. Less
02 00 00 Dev
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
26711-|LG |64 |20 |3 |6 [400 |1 6 |20 (3 |6 [400 |1 6 |06:00 T-junction
03 00 00
28711- D93 | 195 |10 |5 |20 400 |1 6 |10 |10 |65 |400 |1 |42 |08:25 Good.
01 00 00
28711- | LG |58 |10 |5 |20 400 |1 6 |10 [5 |32 [400 |1 62 |20:12 T-junction
02 00 00
28711- | LG [264 |10 |5 |20 400 |1 6 |10 [10 |65 [400 |1 12 | 09:23 T-junction
03 00 00
28711- | D72 | 224 |10 |5 |21: [400 |1 6 |10 [5 |25 [400 |1 12 | 15:12 Good.
04 00 30 00
2811- |LG [249 |10 | 05: |21: 400 |1 6 |10 [10 |65 |[400 |1 12 |10:02
01 00 |14 |39 00
2811- |LG [229 |10 |06: |20 |400 |1 6 |10 [10 |65 [400 |1 12 | 09:32
02 00 |30 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
2811- |LG [264 |10 |5 |20 400 |1 6 |10 [10 |65 [400 |1 12 |1 09:12
03 00 00
2811- | D22 [ 142 |10 |5 |20 400 |1 6 |10 [10 |65 [400 |1 12 | 09:53
04 00 00
2811- | D42 |375 |10 |5 |21: 400 |1 6 |10 [10 |65 [400 |1 12 | 09:20
05 00 40 00
4811- |LG |[116 |10 |5 |20 400 |1 10 |10 |5 |65 [400 |2 12 | 09:28 Good.
02 00 00
4811- |LG |40 |10 |5 |25 [400 |1 6 |20 |5 |40 [400 |1 12 | 05:31
06 00 00
4811- |LG |40 |20 |3 |6 [400 |1 6 |20 [5 |20 [400 |1 12 | 05:20
07 00 00
16811- | LG [200 |10 |5 |20 [400 |1 8 10 |5 |65 [400 |1 12 | 12:15
04 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
16811- | D83 [ 125 |10 | 07: |20 [400 |1 6 |10 [5 |65 [400 |1 12 | 12:27
06 00 |30 00
18811 | D41 [ 102 |10 |5 |20 [400 |1 6 (10 |5 |65 [400 |1 12 | 11:37 Good.
01 00 00
18811 D83 [ 112 |10 |5 |20 [400 |1 6 (10 |5 |65 [400 |1 12 | 12:20 Good.
02 00 00
18811 |[LG [132 |10 |5 |20 [400 |1 6 (203 |6 [400 |1 6 |07:25 Mostly
03 00 00 Formed.
30811- | D33 {44 |10 |05: |20 400 |1 07: |10 |5 |65 [400 |1 12 | 12:07 Very good.
01 00 |03 39 100
30811- | D73 |57 |10 |05: |20 400 |1 9 10 |5 |65 [400 |1 12 | 12:15 Good.
02 00 | 10 00
30811- |[LG |53 |10 |5 |20 |[400 |1 6 (20 |3 |6 [400 |1 6 |06:36 Bonding fail.
03 00 00

146




Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
30811- |LG |57 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |1 6 |06:14 Good. Problem
04 00 00 at inlet.
30811- [LG |45 |10 | 05: |20 [400 |1 6 (203 |6 [400 |1 6 |06:42 Mostly
05 00 |12 00 Formed.
1911- |LG [48 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |06:20 Good
02 00 00
1911- |LG [48 |10 |5 |20 [400 |1 6 (203 |6 [400 |1 6 |06:40 Good
05 00 00
1911- |LG [49 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |07:09
06 00 00
6911- |[LG [69 |10 |5 |20 [400 [01: |6 |20 (3 |6 [400 |1 6 |06:53
01 00 30 00
6911- |LG [52 |10 |5 |20 400 |1 6 (203 |7 [400 |1 6 |06:40 Good
02 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth [m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C c |°C
6911- |[LG [41 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |06:45 Good
03 00 00
6911- |[LG [48 |10 |5 |20 |[400 |1 6 |20 |3 8 1372 |1 6 |06:47 out
04 00 00
8911- |LG | 130 |10 |5 |20 |[400 |1 6 10 |3 |65 [400 |7 12 | 02:30
01 00 00
8911- |LG (44 |10 |5 20 400 |1 6 |20 |3 3 400 |1 6 |06:55 small channels.
02 00 00
8911- |LG |52 |10 |5 |20 |[400 |1 6 (20 |3 |6 [400 |1 6 |06:52 small channels.
03 00 00
20911- |[LG |42 |10 |5 |20 |400 |1 6 (20 |3 |6 [400 |1 6 |06:11 Very good.
01 00 00
20911- |[LG |N/ |10 |06: |20 |400 |1 6 (20 |3 |6 [400 |1 6 |06:40 Fail - small
02 A 100 |30 00 channels
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
20911-|LG |N/ |10 |5 |20 400 |1 6 |20 (3 |7 [400 |1 6 |07:07 Fail - Partially
03 A 100 00 opened
22911-|LG |N/ [10 |5 |20 [400 [O01: |6 |20 |3 |6 [400 |1 6 |10:28 Fail - old SU8
01 A 100 30 00
22911-|LG |[118 |10 |5 |20 [400 |1 8 120 |3 |6 400 |2 |6 |12:19 Good - old SUS
02 00 00
22911-|LG |N/ |10 |5 |20 [400 |1 6 (203 |6 [400 |1 6 |06:50 Partially
03 A 100 00 opened
22911- |LG |38 |10 |5 |20 |400 |1 6 (203 |7 [400 |1 6 |08:15 Well formed.
04 00 00
22911-|LG |49 |10 |5 |20 [400 [01: |6 |20 [03: |6 [400 |1 6 |08:27 Very good.
05 00 45 00 |25
22911-|LG |46 |10 |5 |20 400 |1 6 (203 |6 [400 |1 6 |08:29 Very good.
06 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
29911- | LG |49 |10 |05: |20 400 |1 6 |20 (3 |6 [400 |1 6 |07:35 Good structure
01 00 |27 00
29911- | LG | N/ |10 |05: |20 400 |1 6 |20 (3 |6 [400 |1 6 |07:53 spinner error -
02 A (00 |36 00 thickness ?
29911- | D82 |49 |10 |5 |20 400 |1 6 (20 |3 |6 [400 |1 6 |08:20
05 00 00
41011- | LG |47 |10 |5 |20 400 |1 6 (203 |6 [400 |1 6 |08:31 good
01 00 00
41011-|LG |63 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |07:30 good
02 00 00
41011-|LG |53 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |12:35 scratch
03 00 00
41011- | LG |[159 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |09:10 good
04 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
41011- | LG |56 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |1 6 |08:53 good
05 00 00
11101 |LG [45 |10 |5 |20 (400 [01: |6 |20 (3 |6 [400 |1 6 | 08:37
1-03 00 08 00
11101 |[LG [59 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |08:35
1-06 00 00
18101 |[LG [50 |10 |5 |20 [400 |1 6 (203 |6 [400 |1 6 | 08:50
1-01 00 00
18101 |LG |54 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |08:44
1-02 00 00
18101 |[LG |51 |10 |05: |20 [400 |1 6 |20 (3 |6 [400 |1 6 |08:48
1-03 00 |30 00
18101 |[LG [60 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |10:11
1-04 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
18101 |[LG |58 |10 |5 |20 [400 |1 6 |20 [03: |6 [400 |1 6 |09:14
1-05 00 00 |10
18101 |[LG [46 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |09:12
1-06 00 00
20101 |LG [43. |10 |5 |20 400 |1 6 (20 |3 |6 [400 |1 6 |09:05
1-01 5 00 00
20101 |[LG |48 |10 |5 |20 400 |1 6 (203 |6 [400 |1 6 |09:18
1-02 00 00
20101 |[LG |68 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |01: |6 |09:16
1-03 00 00 30
20101 |[LG |50 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |09:10
1-04 00 00
20101 |[LG |58 |10 |5 |20 400 |1 6 (20 |3 |6 [400 |1 6 |09:46
1-05 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C |C c |’C
27101 |LG |54 |10 |05: |20 400 |1 6 |20 (3 |6 [400 |1 6 |09:04
1-02 00 |12 00
21101 |[LG |61 |10 |5 |20 400 |1 6 (20 |3 |6 [400 |1 6 |09:22
1-03 00 00
11111-|LG [N/ [10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 | 08:30 Fail - soft SUS
01 A 100 00
11111-|LG [33 |10 |5 |20 [400 |1 6 (20 |03: |6 [400 |1 6 |09:19 good
02 00 00 |16
11111-|LG |56 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 | 08:57 good
03 00 00
11111-|LG |75 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |09:16 good
04 00 00
31111- |LG |37 |10 |5 |20 400 |1 6 (20 |3 |6 [400 |1 6 |09:04
03 00 00
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Name | Design Ist Layer 2nd Layer Develop | Notes
No ment
Desi | De | Rp | PreBake | Ener | Post Rp | PreBake | Ener | Post
gn |pth |m gy | Exposur | m gy | Exposur
(p mJ/c | e Bake mJ/c | e Bake
m) 65° [95° |m2 [ 65° [95° 65° [95° [m2 [65°]95
C |C C |C C c |’C
31111- |LG |31 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |1 6 |09:22
04 00 00
81111- |LG |30 |10 |5 |20 [400 |1 6 (20 |3 |6 [400 |1 6 |10:05
05 00 00
22111 |[LG |50 |10 |5 |20 400 |1 6 (20 |03: |10 [400 |1 |6 |09:10
1-01 00 00 |16
22111 |[LG |50 |10 |5 |20 400 |1 6 (203 |6 [400 |1 6 |09:10
1-04 00 00
22111 |[LG |46 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |1 6 |09:00
1-06 00 00
22111 |[LG |50 |10 |5 |20 [400 |1 6 |20 (3 |6 [400 |1 6 |09:35
1-07 00 00
22111 |[LG |50 |10 |5 |20 400 |1 6 |20 (3 |6 [400 |1 6 |10:12
1-08 00 00
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