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ABSTRACT

In recent times, numerous microfluidic devices have been developed to assist in cell analysis both
in research and clinical units. Different microfluidic devices capable of capturing, isolating,
positioning and sorting single cells have been developed. However, these devices are incapable
of working with cells of different sizes; in particular, one device can only work for cells of one
size. This problem was addressed in literature with the concept called adaptable or tunable
device. Such a device can capture and sort single cells of different sizes, ranging from 20 to 30
um, due to the inherent limitation of the working principle behind such a device (i.e.,
deformation-based adjustment of the geometry of the device). On the other hand, in many

applications, the desired size range is expected from 2 um to 100 pum or more.

This thesis first conducted an analysis of different working principles of devices for capturing and
sorting single cells, attempting a solution to the problem. As a result, this thesis proposed a novel
principle for devices to perform sorting single cells with the cell size ranging from 2 um to 100
um, and this principle is named “sliding principle”. To prove the sliding principle to work, a device
that contains a micro-trapper or well based on this principle was designed and fabricated using
soft lithography with the mold fabricated with a 3D printing technology. The experiment
conducted with the microscopy (resolution: 1-3 micron) and motion stage (resolution: 1 micron),
which shows that the device can adjust the size of the well trapper, ranging from 0 to 1000 um
and covering the desired cell size range (i.e., 2 um to 100 um). According to the current literature

on the mechanical approach to capture and sort single cells of different sizes with one device,



the device built based on the sliding principle should potentially be applicable to capturing and

sorting single cells of different sizes with one device.

This study has a few limitations: (1) the accuracy of the device is not good enough due to the
interaction of the PDMS membrane and the model; (2) the inlet and outlet for fluids were not
taken in the scope of this research owing to the difficulty of getting proper microspheres or cells
for subsequent directing testing on the device. However, the outcome of the present study has

paved the way for future research to overcome the preceding limitations.

The main contribution of this thesis is the provision of a new design concept, namely “sliding
principle” in the field of micro-fluidic system, for tunable or flexible micro-fluidic devices for a
potential application in the tasks such as capturing and sorting single cells of different sizes. In a
long run, the sliding principle is a first step towards a new approach to micro-fluidic systems

called “robotic micro-fluidic systems”, which adds intelligence to a micro-fluidic system.
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CHAPTER 1

INTRODUCTION

1.1 Background

Manipulation and control of flow of fluids in channels with a dimension from tens to hundreds of
micrometers is a subject of knowledge, which is embraced in microfluidics and has emerged as a
distinct field in the recent years. Microfluidics has its significance over the application areas from
chemical synthesis, biological analysis to optics and information technology (Whitesides, 2006).
Many microfluidic devices have been developed to assist in cell analysis, which has produced a
huge benefit to these application areas (e.g., medical area). A generic function for all these tasks
concerning cells is the device that can capture single cells of different sizes. This function is called

single cell capturing in this thesis.

The microfluidic technology has proven its functional advantage over the conventional cellomics
methods such as flow cytometry (FC) and laser scanning cytometry (LSC) for analysis of single
cells (Soberanes et al., 2016). Different microfluidic devices capable of capturing, positioning, and
sorting single cells have been developed with principles such as electrical, magnetic, optical, and
mechanical manipulation (Yi et al., 2006). However, such devices are incapable of working with
cells of different sizes (Soberanes et al., 2016); in particular one device can only work for cells of

one size. This problem was addressed in literature with the concept called adaptable or tunable



device (Zhu et al., 2014). An adaptable device can only achieve the size of cells, ranging from 20
to 30 um, due to the inherent limitation of the principle behind such a device (i.e., deformation-
based adjustment of the geometry of the device), small deformation in particular. On the other
hand, in many applications, the desired size range is from 2 um to 100 um or more. For instance,
even the same cells may have a different diameter during their growth, e.g., MCF-cells (Human
breast cancer cells) are with the average diameter of 20 um - 24 um, chlorella cells with the
average diameter of 2 um - 5um, MCS (mesenchymal stem cells) with the average diameter of
14 um and ESC (Human embryo stem cells) with the average diameter of 10 um —20 um (Lawrenz
et al., 2012). So, there was a high desire to develop one device that can capture single cells with

their size ranging from 2 pum to 100 um or more. Such a device is called an adaptable device.

1.2 Adaptable devices for single cell capturing

The adaptable devices are built based on the principle of deforming a trapper or channel. One
can design a device that contains many trappers (Fig. 1.1). When cells flow over the device, cells
are expected to drop into the trappers. To trap cells of different sizes, the size of the trappers
needs to be changed, which can be achieved by imposing forces on the device. There are several
developments of cell trappers based on this principle, such as (1) the device made by Huh et al.
(2007) which has nano-size channel and the corss section area of the channel can be changed by
the lateral compression, (2) the device made by (Beech & Tegenfeldt, 2008), which has the
channels, and their lateral dimension can be changed by the stretching force perpendicular to

the cross-section area of the channel, and (3) the devices made by Zhu et al. (2014) and



Soberanes et al. (2016), in which the trappers are like wells rather than channels. The inherent
limitation of this device principle is its small deformation, which is further translated to the

limitation that only a small cell size range (about 10 um) can be achieved.

F2 - R

<« Trapper

Fig. 1.1 Adaptable devices with force imposed on trapper.

1.3 Research Question

2-5 um? Is it possible to design and fabricate a microfluidic trapper which can capture or sort a

single cell, the size of which ranges from 2 u to 100 u or more with the size resolution being

1.4 Research Objectives

This thesis was defined to provide an answer to the above question. The overall objective of the
thesis was to develop a new microfluidic device with trappers being modified in accordance with
the size of cells, ranging from 2 um to 100 um with the size resolution of 2-5 um). The general

idea in this thesis is to develop the trapper into a sort of mechanism with sliding elements in it



and changing the size of the trapper by operating the sliding element (Fig. 1.2). In Fig. 1.2, the
trapper is of a square shape and the change of its size is made by changing the edge of the square
(Fig. 1.2a). This means that the edge of the square is made as sliding. Overall, the trapper is like
a mechanism which has four movable edges. This concept of the trapper is called sliding principle
and it was studied in this thesis. This thesis further considers that only one edge can be slidable

without loss of generality (Fig. 1.2b).

Sliding
—>

Trapper Trapper

Fig. 1.2 The sliding principle of the adaptable trapper. (a) The trapper is a square with four

edges that can be slide. (b) The one edge is sliding to change the size of the trappers, i.e., s.

Considering the above discussion, the specific objectives of this thesis were defined as follows:
o Objective 1: Classify and compare the existing principles of devices for single cell
capturing and sorting to come up with their pros and cons and to consolidate the sliding
principle.
o Objective 2: Develop the prototype of a device based on the sliding principle to explore

the effectiveness of this principle as well as its limitation.



This thesis did not test the device on biological cells or chemical microspheres due to the limited
resource available as well as the consideration that the success of such testing is much dependent
on the success of whether the trapper can be changed in its size with the sliding principle. Indeed,
the previous student in our group successfully tested on cells with the tunable device with the
deformation principle. In principle, the device based on the sliding principle should create less
stress on cells than the device based on the deformation principle, so the success of the testing
on cells with the device based on the sliding principle should be very high. Further, in this thesis,
capturing and sorting of cells of different sizes are used interchangeable, though capturing is a

kind of sorting.

1.5 Organization of the thesis

The organization of the thesis is as follows. Chapter 2 provides a critical literature review on the
different principles of devices for single cell capturing by following the methodology proposed in
literature (Li et al., 2015). Chapter 2 also presents the general design theory and methodology,
which was applied to design the device based on the sliding principle. The last section of Chapter
2 further argues the promise of the sliding principle. Chapter 3 presents the design of the device
based on the sliding principle, which includes the embodiment and detail design. In Chapter 4,
the fabrication of the device based on the sliding principle is presented. Chapter 5 presents the
testing of the device. In Chapter 6, concluding remarks along with a discussion of how the
objective of the research is achieved. There is also a discussion of the limitation of the sliding

principle and of some future work.



CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

2.1 Introduction

In this chapter, further background and literature review are presented. Section 2.2 presents a
detailed review and classification of the principles of devices that can potentially perform single
cells capturing (and thus sorting) to reveal the state of arts of device technology for one device
to capture cells with different sizes. Section 2.3 describes some existing adjustable microfluidic
devices with different techniques, which were employed to make a prototype of the new device.
Section 2.4 describes some design theories and methodologies, which were employed in
conducting the design of a device to capture single cells with different sizes. Finally, Section 2.5

gives a conclusion regarding the need for and urgency of this thesis research.

2.2 Principles of devices for single cell capturing

The principle is the fundamental law that governs the behaviour, which exhibits a relationship
among a set of variables (Zhang et al., 2005). To be able to capture cells of different sizes, the
requirement is that cells can be separated based on their sizes. There are five principles of devices
that meet the requirement — i.e. to capture single cells: electrical manipulation, magnetic

manipulation, optic manipulation, acoustic manipulation, and mechanical manipulation. In the



following, the potential of developing devices based on these principles for one device to capture
single cells of different sizes is discussed. A care must be taken about the sense of capturing single
cells of different sizes. First, single cells are captured rather than a granular of cells is captured.
Second, to a group of cells of different sizes, a device can be adjusted such that in one state of
the device, cells of size X are captured individually, and in another state, cells of size Y are

captured individually.

2.2.1 Magnetic Manipulation

Microfluidic devices, in which cells are trapped by the external appliance of the magnetic field,
are based on the magnetic manipulation principle. In this principle, magnetic particles are
attached to cells so that they can respond to an external magnetic field (Yi et al., 2006). The
super-paramagnetic beads with 10-100 nm diameter are used for example in the device, as
shown in Fig. 2.1. In Fig. 2.1, ferromagnetic wires are counter-sunk into the bottom of the
chamber with 45° angle and more than 350 channels are aligned for cell flow. Cells receive a
magnetic force to be pushed to flow along the wire, as the closer to the wire, the higher the
magnetic field intensity. Magnetophoretic separation of red blood and white blood cells is

achieved with a device based on this principle (Han & Bruno Frazier, 2004).
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Fig. 2.1 Micro-fabricated device with magnetic wires and magnetic force separation (Yi et al.,

2006, p.3).

The device built based on this principle is versatile, non-invasive and clean (Yi et al., 2006).
However, this principle cannot capture single cells of different sizes, because the principle has
nothing to do with the size of cells but has something to do with the number of magnetic particles
attached on the cells. It is possible that a large size cell can attach a huge number of magnetic
particles, and as such, the force received by the large size cell with the magnetic particle
attachment is higher and thus the cell moves faster. By this technique, separation of large size
cells from small size cells is possible based on their different motions. However, first, it is not
clear at present the attachment capacity has a causal relation with the size of cells, and second,
the resolution in the size of cells to be separated is likely not very high. In addition to the

foregoing uncertainty, the approach is too complicated.



2.2.2 Electrical Manipulation

The electrical manipulation principle refers to the device in which cells are sorted or trapped by
applying an external electric field on cells. The principle is based on another physics that is the
effect of Dielectrophoresis (DEP), which says a force is exerted on a dielectric substance when it
is exposed to a non-uniform electric field (wiki: https://en.wikipedia.org/wiki/Dielectrophoresis).
Given the same electric field and frequency, the force depends on the shape and size of cells
(wiki: https://en.wikipedia.org/wiki/Dielectrophoresis). Therefore, it is possible to capture cells
of different sizes or sort cells in terms of their sizes. However, the approach based on this
principle to separate cells in terms of their size involves a very complicated process and
instrumentation setup. In addition, the resolution in the size of cells to be separated is likely not

very high.

2.2.3 Optical Manipulation

According to (http://www.sciencebriefss.com/dictionary/optical-tweezers-definition-science-

terms-explained), optical tweezer, which is also known as “single-beam gradient force trap”, uses

a highly focused laser beam to create a gradient electric field. When cells or more generally
dielectric particles flow to the field, they tend to be trapped into the center of the field. The flow
rate of cell fluids depends on (1) the relative refractive index, a ratio of the speed of light from
one medium to another (between the cell fluid and the environment), and (2) the strength of the

field or the gradient force. These two have a relationship. Since different cells have different


http://www.sciencebriefss.com/dictionary/optical-tweezers-definition-science-terms-explained
http://www.sciencebriefss.com/dictionary/optical-tweezers-definition-science-terms-explained

relative refractive index, they can be separated based on their different flow rates with same

gradient force.

Cells of different sizes may have different relative refractive indexes. As such, the optical tweezer
may be utilized to sort cells of different sizes. However, the relative refractive index may depend
on several factors including the size. That said; the relative refractive index and size of cells are
not a one-to-one relation. Therefore, separation of cells based on the relative refractive index

will inherently be restricted in terms of accuracy.

2.2.4 Acoustic (ultrasonic sound) Manipulation

The principle of the technique isbased on the effect known as acoustic streaming
(https://en.wikipedia.org/wiki/Acoustic_streaming). When an acoustic wave travels along a
water-coated surface, the wave will trigger the droplets inside the water to deflect the stream of
droplets. This technique can then be applied to sort cells — i.e. to separate cells from medium or
“waste”. Franke et al. (2010) proposed a system, which is based on this principle, to sort cells
(Fig. 2.2). The device is designed such that the left channel has less resistance to the fluid
movement. Therefore, without activating the surface acoustic wave on the channel, the cell fluid
will just move along the left channel. However, when the surface acoustic wave is activated, the
acoustic streaming effect causes the cells turn to the right channel. By that, cells are separated

from the medium. This principle is difficult to make a device to capture cells of different sizes,
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because the size of cells does not explicitly relate the behaviour of streaming (e.g., trajectory of

the streaming).

Wﬁy\
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Fig. 2.2 SAW sorting by electronic control (Franke et al., 2010, p.790).

2.2.5 Mechanical Manipulation

The principle of devices called mechanical manipulation is to provide geometry to a device such
that cells get trapped due to the geometric constraint while cell fluids flow over the device. The
geometrical features lead to the devices such as microfilters (Fig. 2.3A), microwells (Fig. 2.3B),
microgripper (Fig. 2.3C), sandbag structure (Fig. 2.3D), dam structure (Fig. 2.3E) and variable

microchannel interior surface (Yi et al., 2006; Zheng et al., 2007).

Another micro-well structure is shown in Fig. 2.4, where there is a membrane with an array of
conical nanopores on it, called a conical nanoporous membrane (CNM), which is placed between

a top layer and a bottom layer (Guo et al., 2012). Each conical nanopore has an identical base
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diameter of 1 um and tip diameter of 500 nm. The flow is created with a negative pressure

(2000pa).
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Fig. 2.3 Different types of devices that have different ways to create a geometric constraint (Vi
et al., 2006, p.5).
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Fig. 2.4 Capture and release of CNM (Guo et al., 2012, p.559).
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Fig. 2.5 shows yet another device with a concept called growth channels — i.e. channels with
different widths from 0.3 um, 0.4 um up to 0.8 um, which are made in parallel to one another. A
trench passes through the parallel growth channels, in which cells flow. Cells grow in different

sizes, and then get trapped into different growth channels.

Fig. 2.5 Microfluidic device with growth channels (Moolman et al., 2013, P.2).

2.3 Capability of one device to capture cells with different sizes in mechanical manipulation

The discussion in Section 2.2 shows that the mechanical manipulation principle is the most
promising approach to capture different cells with one device. In the existing literature, the basic
approach is to deform the trap to increase its size to accommodate cells with different sizes. The
first attempt with this approach was made by Huh et al. (2007); see Fig. 2.6, where an array of
parallel nano-channels is made on; in particular the channel is with the shape of isosceles and its
length of 688£79nm and its width of 78+18 nm. The compression force is applied perpendicular
to the channels. Fig. 2.7 shows a device developed by Beech & Tegenfeldt (2008) using the

elasticity of PDMS. The stretching force is applied to the lateral direction of the channels. The
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change can reach 50% of the original size, the cell size ranges from 60 nm to 96 nm with a

resolution of 18 nm.

Fig. 2.6 Flexible elastomeric nanochannels (Huh et al., 2007, p.425).

1 Sample infout

Fig. 2.7 Particle separation by tuning (Beech & Tegenfeldt, 2008, p.658).

In advancing this deformation-based approach, Zhu et al. (2014) and Soberanes et al. (2016)
proposed a well-line trapper instead of the channels. The well-like trapper tends to be more

uniformly deformed; besides the flow direction can be in many directions instead of one direction
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(i.e., along with the channel direction). Fig. 2.8 shows the device developed by Soberanes et al.
(2016). The device consists of two thin sheets of the elastomer PDMS, where the bottom layer
has an array of microstructures protruded on its surface. The device of Zhu et al. (2014) can
achieve the cell size range of 18u to 28u with a resolution of 0.8u. The device of Soberanes et al.

(2016) can achieve the cell size range of 20u to 30u with a resolution of 2p.

101.6 mm

Call Trapping Region

Fig. 2.8 Adaptable single cell trapper (Soberanes et al., 2016, p.35).

For the deformation-based method, the external force field can be generated by a piezoelectric
actuator (Graf & Bowser, 2008), a pneumatic actuator (Tice, Bassett, Desai, Apblett, & Kenis,
2013), and dielectric polymer actuator (Murray et al., 2013). The major drawbacks of these
devices are higher cost, more complicated fabrication, non-uniform change of the size of channel
or trapper at a certain point of deformation, and perhaps contamination to cells with either

electrical or pneumatic connection.
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Chang et al. (2015) proposed a new mechanical principle of devices that allow changing the
topology of the device and changing the size of the channel. The principle is the sliding principle,
as illustrated in Fig. 2.9. In Fig. 2.9, there are two PDMS layers, each of which contains a few
channels, and the two PDMS layers slide against each other in a certain type of movements
(rotation, translation, general motion), e.g., the upper block translates over the bottom block in
the case of Fig. 2.9. Fig. 2.9(a) shows how the topology (i.e., connectivity) of the two-layer system
is changed, and Fig. 2.9(b) shows how the size of the channel is changed. In principle, the concept
of Chang et al. (2015) should be possibly used for one device to capture single cells of different

sizes.

Silicone
Fluid

Cross-Sectional View:
Silicone

Slide ——p Fluid Top layer
[ 1 [ 1 l:> \ [ 1 | 1
LI LI
L1 L1
(b) — Cell « >
L2 L2

Fig. 2.9 PDMS slip chip to culture cells (Chang et al., 2015, p.7357).
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In realizing the above concept of Chang et al. (2015), there is also a layer of material, Si-fluid, put
between the two blocks, which has two roles: sealing and lubricating. The device is fabricated by
using soft lithography replica molding process and the master mold is fabricated by a negative
tone photoresist. The Si-fluid is composed of dimethyl siloxane and tri-methyl-siloxane-
terminated silicone, which has a viscosity of 10 000cSt. The resulting thickness of the Si-fluid layer
obtained is less than 9 um. The device was treated with oxygen plasma to make the channel
surface hydrophilic, and biocompatibility was tested with A549 and MCR-5 cells (Chang et al.,

2015).

2.4 Design theories and methodologies

Two general design theories and methodologies were employed in this thesis, including: (1)

general design phase theory, and (2) axiomatic design theory — Axiom 1 in this case. These

theories are described below.

2.4.1 General design phase theory

According to Zhang (2017), design can be divided into four general phases: (1) technical

specification of customer requirements, (2) concept design, (3) embodiment Design, and (4)

detail design.
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The task at the phase (1) is to develop a complete description of the requirements for a device
or system under design with technical terms. For instance, the consumer voice of requirement
may be ‘penetrate common metal’. This requirement may be described in the technical
specification as ‘penetrate materials with their hardness measure HRC>35’, where HRC is a type
of measures for material hardness. According to Zhang (2017), a relatively formal method can be
used to write the technical specification. FR: function requirement, CR: constraint requirement,
and PR: performance requirement, and R: requirement. Further, R (FR, CR, PR) may be
decomposed into simpler ones, e.g., FR may be decomposed into FR1.1, FR1.2, where the first
number ‘1’ stands for the 1st level, and the second number ‘2’ stands for the second function
requirement; together FR1.2 means the function requirement at the 1st level and 2nd
position. The task at the phase (2) is to determine the principle of devices that can meet the
requirements. For instance, the deformation-based approach to change the channel size is a
principle of devices that can change the channel size. The task at the phase (3) is to materialize
each concept and to determine the geometry to each concept and to determine spatial and
temporal relations among a set of concepts. The task at the detail design phase (4) is to modify
the geometry and surface quality of each component considering the manufacturability of each

component and eventually the whole system.
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2.4.2 Axiomatic design theory

The axiomatic design theory (ADT) (Suh, 1990) involves two axioms which are expected to make
a better design. In this thesis, Axiom 1 has been employed. The following is a description of Axiom

1, cited from the reference of (Suh, 1990) and the reference of (Fan et al., 2015).

Axiom 1: (1) FRs (at the leave of a function decomposition hierarchy) should be independent to

each other; (2) DPs should maintain the independence of FRs.

A note is taken care of (2). There are three situations related to (2). The first situation is that DP

has a one-to-one relation to FR, see Fig. 2.10a.

FRL — DP1 FR1 —, DP1 FR1.  DP1
FR2 - DP2 FR27/, DP2 FR2‘/ DP2
FR3 — DP3 FR3/ DP3 FR3/  DP3

(a) (b) (c)

Fig. 2.10 Correspondence between FRs and DPs. (a) uncoupled, (b) decoupled, (c) fully coupled.

Mathematically, this correspondence between DP and FR can be expressed by
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FR1 A1l O 0 DP1
FR2|=1 0 A22 O DpP2 (3.1)
FR3 0 0 A331 LDP3

The above correspondence is called uncoupled design.

The second situation is that DP has a one-to-many relation, see Fig. 2.10b. Mathematically, this

correspondence between DP and FR can be expressed by

FR1 A1l O 0 DP1
FR2| =421 A22 O DpP2 (3.2)
FR3 A31 A32 A331 LDP3

This correspondence is called a decoupled design.

The third situation is that DP has a many-to-many relation with FR, see Fig.

2.10c. Mathematically, this correspondence between DP and FR can be expressed by

FR1 A1l Al12 A13] [DP1
FR2| =|A21 A22 A23| |DP2 (3.3)
FR3 A31 A32 A331 LDP3

It is noted that the many-to-many relation may not be a full coupling, but it is certainly neither

an uncoupling nor a decoupling.
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2.5 Conclusion

Based on the review and analysis of the literature, it can be concluded that there is still room to
advance the technology for one device to capture single cells of different sizes. The principle of
devices, sliding principle, should be promising, as the work of Chang et al. (2015) has provided a
proof of this concept. However, the work of Chang et al. (2015) is about the channel. This thesis
was expected to explore the well, explicitly changing the size of well based on the sliding

principle, and it is worthy of the effort to develop a prototype to test the concept of this thesis.
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CHAPTER 3

DESIGN AND ANALYSIS

3.1 Introduction

This chapter will present the design of the novel device based on the sliding principle. The design
process of this device follows what was reviewed in Chapter 2. Particularly, the first step of design
is to develop a technical specification, which is about the functional requirement and constraint
requirement in the technical term (in Section 3.2). The second step is conceptual design (in
Section 3.3). The last step is embodiment and detailed design (in Section 3.4). Section 3.5 gives

a conclusion.

3.2 Technical Specification

The overall function requirement (FR) for a device is to capture cells of different sizes (from 2 u
to 100 p with the size resolution of 2-5 um). The overall FR is decomposed into sub-function

requirements:

o FR 1: to form a sliding pair such that the trapper changes the size by sliding movement.
The performance associated with the FR 1 is: 2 u to 100 p with the size resolution of 2-5

um.
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o FR 2:to execute the sliding trapper.

o FR 3:to pump cell fluids to flow over the trapper.

There are several constraints on the device when the device performs the above function, which

are:

o CR 1: the material of the device that contacts cells must be biocompatible, which is a
constraint to all the functional requirements.

o CR 2: the adjusting range of the sliding is less than 1000 um, which is applied to FR 1 and
FR 2. It is noted that the 1000 um is taken here instead of 100 um, as some applications
involve cells which are larger than 100 pum.

o CR 3: cells should be sealed, which is a constraint to all the functional requirements.

o CR 4: multiple trappers can be put in place, which is a constraint to all the functional
requirements. However, in this thesis, only one trapper is considered, as the situation of
more trappers can be easily extended.

o CR 5: the maximal stress in the cell should be less than 4.5 Pa (Dimmeler, Haendeler,

Rippmann, Nehls, & Zeiher, 1996), which is a constraint to all the functional requirements.

3.3 Conceptual Design

o DP 1:slot and block.
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o DP 2a: two blocks with channels against each other and with relative sliding, which
changes the size of channels for cells like the one of Chang et al. (2015).

o DP 2b: two blocks (upper and bottom) with rail to have the upper slide over the bottom,
forming a well-like trapper like the ones developed by Zhu et al. (2014) and Soberanes et
al. (2016) (see also Fig. 1.2).

o DP 3:side channel connected to the trapper (see also Fig. 1.2).

There are two design options for FR 2. Therefore, to the whole system, there are two design

options. Their design matrices are represented by the following equations, respectively.

FR1 A1l 0 0 DP1
FR2|=]| 0 A22 0 DP2a Design option | (3.1)
FR3 0 0 A331LDP3
FR1 A1l 0 0 DP1
FR2|=]| 0 A22 0 DP2b Design option I (3.2)
FR3 0 0 A331LDP3

The two design options are uncoupled and are acceptable at this point of design according to
Axiom 1 of ADT (Suh, 1990). The two design options are thus moved to the next design phase
(embodiment design and detail design), and the final choice of the one will be made at there. It
is noted that the constraint requirements will also be considered at the embodiment design or

detail design phase.
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3.4 Embodiment and Detailed design

According to the discussion in Section 2.4.2, after the concept design, it will be the embodiment
design and detail design, where the material, size and spatial and temporary relation of

components based on the outcome of the concept design are discussed.

3.4.1 Design option |

Fig. 3.1 shows an embodiment design to realize the design concept (Design option |, referring to
DP2a in the previous discussion in Section 3.3). There are two blocks (left-hand block and right-
hand block, i.e., LH and RH for short), each of which contains channels. One block is stationary
and the other slides over it (see the left-lower corner in Fig. 3.1). This embodiment design is close
to the one of Chang et al. (2015) but differs from their device in the area of contact between two

blocks: this thesis (see the left-lower corner in Fig. 3.1) and their device (Fig. 2.9).

The embodiment design of Fig. 3.1 was attempted for fabrication, but the result was estimated
to be questionable; specifically, the contact surface (Fig. 3.1) of two blocks may not be flat enough
to warrant a smooth sliding between two blocks (LH, RH). Besides, the assembly of LH and RH
may be difficult to meet the alighment accuracy due to its micro-dimensions. Leakage between
the two blocks on the contact surface is also possible. The potential leakage problem was
confirmed by simulation of the pressure distribution with the finite element method; the result

is shown in Fig. 3.2. Details of the finite element model can be found in Appendix B. The result
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shows from Fig. 3.2 that the maximum pressure occurs on the contact surface, which is about
6pa, and the pressure at the inlet is about 1pa, and the pressure at the outlet is about 3pa.
Therefore, it is highly possible that the leakage may occur on the contact surface of the two

blocks. The design option | was abandoned at a certain point of this study.

a 7 plane

Channels

10mm length

Sliding direction

Fig. 3.1 The embodiment design for design option I.
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Fig. 3.2 The result of simulation of the pressure in fluid for design option I.

3.4.2 Design option Il

Fig. 3.3 shows the embodiment design for the design option Il. In this design, there are two sheets
(top and bottom). On each sheet, there are a few wells (however, in this thesis only one well is
considered without loss of generality), which are in the form of a square. Specifically, on the top
sheet, the square is convex with a protruded part, and in the bottom sheet, the square is concave.
After the two sheets are assembled (the top on the bottom), they form a system as shown in Fig.
3.4. Fig. 3.5 shows the mechanism, which consists of the guide, rack, the top block and bottom

block. The top and bottom sheets in Fig. 3.3 are embedded in the top and bottom blocks,
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respectively, and the top block will be further driven by a single axial stage (which has the motion
resolution of ~¥3 um) to be discussed in the experiment in Chapter 5. The material of the sheets

in Fig. 3.3 is PDMS, as they will directly contact cells and PDMS is a commonly used material for

interacting with cells. The material of the driving mechanism in Fig. 3.5 is full cure 835 Vero white

Fig. 3.3 The embodiment design for the design option II.

5mm
=/ 1mm
|A 3mm »a 4o
Side channel —1, 1 I«/ Side channel
7y
i === Main channel J s
v

Sliding Sliding top layer Sliding

Fig. 3.4 Top view of the device where s changes from 0 to 1 mm.
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PDMS inserted

Sliding apparatus. in to Sliding
apparatus

Fig. 3.5 The driving mechanism for the top block.

Let E-DP1: the bottom PDMS sheet; E-DP2: the top PDMS sheet; E-DP3: the bottom Vero white
block; E-DP4: the top Vero white block. The above embodiment design, as shown in Fig. 3.3 and
Fig. 3.5, embraces the concept design (DP1, DP2b, DP3). The assembly process of these
components is as follows: (1) E-DP1 is assembled with E-DP3 into E-(DP1&DP3); (2) E-DP2 is
assembled with E-DP4 into E-(DP2&DP4); (3) E-(DP1&DP3), E-(DP2&DP4) assembled to form a
whole device. It can be verified that the whole system fulfills all the FRs and CRs. However,
satisfying CR 5 is indirectly verified in the sense that the device here is close to the one of Chang
et al. (2015) in terms of the force interaction of the device with cells, while they verified that the

stress of cells does not damage cells.
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3.5 Conclusion

In this chapter, a complete design process for the device was presented, which is expected to
fulfill the overall function — to capture single cells of the size range from 2 to 1000 um with the
resolution of 2-5 um. The design process was based on the design phase theory and axiomatic
design theory, and the design axiom called “divide-and-conquer” (Zhang, 2017) was also
employed, i.e., the requirement was decomposed into sub-requirements, three sub-
requirements in this case. The concept design process resulted in two concept design options.
The embodiment process showed one concept design option was difficult to make and thus
abandoned. Finally, it comes with one complete design, which meets the requirement. The next

chapter will present how the device option Il is fabricated.
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CHAPTER 4

FABRICATION AND ASSEMBLY

4.1 Introduction

This chapter presents the detailed information of the fabrication process of the device presented
in Chapter 3. The fabrication applied the soft lithography technology. There is a discussion of the
pros and cons of different soft lithography processes employed in this thesis. The fabrication also
includes the assembly of all components along with the test apparatus. Section 4.2 gives a
background to the soft lithography technology. Section 4.3 presents the process of fabrication of
all the components as described in Chapter 3, embodiment design option Il in this case (see
Chapter 3). Section 4.4 describes the assembly process. Finally, there is a conclusion in Section

4.5.

4.2 Soft Lithography

According to (Xia and Whitesides, 1998), the soft lithography technology refers to a set of non-
photolithography technology, which can make the features of a device from 30 nm to 100 pum.
There are several methods with the soft lithography technology, but all of them are related to
one same feature — that is, polymer-based products made from the molds that can be in a

concave or convex shape. In this thesis, two techniques were employed to make the microfluidic
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device, namely replica molding and 3D printing. To further make a closure channel in the device,

the bonding operation needs to be applied.

4.2.1 Replica Molding

Replica molding is an effective way for duplication of complex three-dimensional nanometer
structures on a soft polymer like PDMS. Masters (mold) are produced by different techniques
such as etching in silicon, electroforming metal, and photolithography. Fig. 4.1 illustrates the
photolithography process to make a mold for further making a PDMS mold, where the
photoresist and substrate together become a mold (convex mold), which is used as a mold for
making the PDMS mold. It is noted that SU-8 is a photoresist that enjoys its advantage of high

aspect ratio and mechanical and chemical stability with excellent coating.

Patterned mask

Substrate

Positive resist - Negative resist

e “a

] B

Fig. 4.1 Fabrication process involving positive resist and negative resist to create mold.
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It is noted that the replica molding has an advantage of making PDMS channels, as the interaction
of PDMS with SU-8 is very little, so the surface finish quality of the PDMS channels is much
guaranteed. In this study, the fabrication of the design option | was planned by using the replica
molding with SU-8 and Si-substrate as a mold for PDMS. However, as discussed in Chapter 3, the

design option | was denied after a careful analysis of the feasibility of assembly.

4.2.2 3D printed Molding

The 3D printing is a nickname for additive manufacturing or rapid prototyping. The basic principle
of 3D printing technology is to build a part layer-by-layer. There are several methods with 3D
printing, and Polyjet is one of them. The polyjet works in a similar way as the inkjet with the
difference being that the former drops the melt, which is further cured by UV light, while the
latter drops molten melt on a board which has a lower temperature than the molten melt, and
then the molten melt solidifies on the cold board. In Polyjet, the role of UV light is to harden the
melt. One salient feature with Polyjet is that it can deposit multiple materials at the same time.
Another salient feature with Polyjet is that a wide range of materials can be deposited. Another
salient feature with Polyjet is that it can fabricate the part with an overall size greater than 100
pum, which is the case of the design option Il. However, the accuracy of Polyjet may be a problem,
which was unfortunately the case in this study. Nevertheless, in this study, Polyjet was employed
to make a mold for making PDMS parts, as it may be meaningful to the proof-of-concept and

experience gaining.
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4.3 The fabrication Process for Design Option Il

4.3.1 Mold making

The mold was made by a 3D printing technology, Polyjet (EDEN500V) in this case, because the
dimension of the device is larger than 100 um, which excludes the possibility to use
photolithography (Fig. 4.1). The material used is Full cure835 Vero white plus because of its rigid
and durable properties to obtain high accuracy smaller parts with complex features. The Polyjet
machine is available at the Engineering Workshop at the College of Engineering at the University
of Saskatchewan. The result of the 3D printed mold is shown in Fig. 4.2. In fact, the top block and
bottom block of the sliding mechanism in Fig. 3.5 were also made with this 3D printing machine

(Fig. 4.2).

Mold for the top layer in Fig. 3.3 Mold for the bottom layer in Fig. 3.3

Top block in Fig. 3.5 Bottom block in Fig. 3.5

Fig. 4.2 The 3D printed mold and sliding assembly for PDMS (Engineering workshop).
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4.3.2 Top and bottom PDMS sheets making

o Step 1: Prebaked the molds in the oven of 85°c for 4 hours to avoid any interaction of
unwanted particle present on the surface of the mold during manufacturing.

o Step 2: Did salinization of the mold with 1H,1H,2H,2H-per fluorooctyltricholrosilane (78560-
45-9, Alfa Aesar, Ward Hill, MA) in a desiccator for 1 hour at room temperature to prevent any
undesired bonding between PDMS (Marrian & Snow, 1996) and the molds, as shown in Fig.

4.3.

Molds inside desiccator

Fig. 4.3 Silanization of the molds (SyLMAND Canadian Light Source).

o Step 3: Prepared the PDMS elastomer and curing agent for the ration of 10:1 (Marrian & Snow,

1996) and then stirred them up using a motorized mixture, as shown in Fig. 4.4.
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Fig. 4.4 Motorized device to stir mixing agent and curing agent (SyLMAND).
o Step 4: After the proper mixing of PDMS with curing agent, kept PDMS in the vacuum for
degassing for one hour to remove air bubbles created in Step 2 while stirring (Fig. 4.5).
o Step 5: After the complete removal of air bubbles, poured PDMS into the mold and kept

them in the oven of 65°C for 4 hours, as shown in Fig. 4.5.

PDMS in the oven

Fig. 4.5 Oven and Vacuum chamber (SyLMAND Canadian Light Source).
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PDMS sheet block

Fig. 4.6 PDMS peeled off from the mold (SyLMAND Canadian Light Source).

o Step 6: Once the completion of solidification, peeled off the PDMS from the mold, as

shown in Fig. 4.6 and cleaned the mold with IPA (isopropyl-alcohol) for the next use.

4.4 Assembly

The top and bottom PDMS sheets were assemblied with their corresponding top block and

bottom block of the sliding mecahnism with the alignment accuracy of ~0.3 (see Fig. 4.7). The

assembly was manually performed under microscope.
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Microscope

Complete prototype
of the device

Fig. 4.7 Assembled top and bottom layer of PDMS (SyLMAND Canadian Light Source).

4.5 Conclusion

In this chapter, manufacturing of both design options was discussed with a great detail being put
on Design Option II. One lesson learned from the manufacturing of Design Option Il is that the
peel-off operation of PDMS from the Full cure835 Vero white plus mold is difficult. The future
effort should be taken to find a new material for making the mold. Another lesson is that the well
size is too large for employing the photolithograph method with SU-8 as photoresist to make the
model for making the PDMS part, which could avoid the difficulty of peeling off the PDMS from

the mold.
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CHAPTER 5

TESTING AND MEASUREMENTS

5.1 Introduction

In this chapter, testing of the device (design option Il) is described. The testing includes two parts:
measurement of the device to examine whether it meets the design specification in the geometry
and topology of the device, and the measurement of the sliding operation to examine the change
of the well. All the tests took place at the SyLMAND (Synchrotron Laboratory for Micro and Nano
devices). Section 5.2 describes the set-up of the microscope along with its calibration to measure
the length. Section 5.3 describes the measurement of the membrane (PDMS sheet). Section 5.4
describes the set-up of the test apparatus to measure the sliding operation. Section 5.5 presents

the result of the measurement of the sliding operation. Finally, Section 5.6 is a conclusion.

5.2 Microscope and its Calibration

The microscope Zeiss discovery V8 stereo was used to measure the geometry of the membrane
manufactured. The principle of the measurement with the microscope is based on the counting
of the imaging pixel. The first step is therefore to calibrate the pixel, i.e., the relation between
the pixel and the length. The microscope has a software system called puscope (PixeLINK), which

processes the image. The camera and eye piece of the microscope were adjusted with a typical
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magnification from 5x to 10x. The focusing knob was set to 1, 6 positions to obtain a clear view
of the target object, the device fabricated in this case. As shown in Fig. 5.1, it is observed that 1

mm of the scale was equivalent to 117 pixels. Therefore, the length the one pixel corresponds to

was obtained, i.e.:

Fig. 5.1 The focused ruling scale under digital microscope.

From Equation (5.1), one pixel is approximately equivalent to 8.547um. Therefore, the minimum
channel space that can be measured using the instrument available is 8.547um. Fig. 5.2 gives the
relation between the pixel and the length (in the range of 1 mm). From Fig. 5.2, it can be seen

that the adjustment range of 8.547 um to 1 mm which corresponds to the pixel from 1 to 117.
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Fig. 5.2 Calibration of the pixel.

5.3 Result of the Measurement of the Geometry of the Device

It is noted that the detailed design of the top PDMS sheet has the following dimensions (Fig. 5.3):
the length of 4.9 mm (4900 um), the width of 2 mm (2000 um), and the thickness of 3 mm (3000
um). The measurement of the fabricated PDMS top sheet results in (Fig. 5.4): the length of 585
pixels, the width of 234 pixels, which correspond to the length of 4999.95 um (~4.9 mm) and the
width of 1999.98 um (~1.9 mm). The result is quite satisfactory. It was also observed that the
PDMS sheet was eroded on the sides (Fig. 5.4), which reduces the accuracy of the channel
spacing. In Fig. 5.4, the length is further translated to be about 5 mm (5000um) and the width is
translated to be about 3 mm (3000um). This happened because the PDMS has some stickiness

with the mold during the curing process, so the peeling process was not clean.
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4.9

Fig. 5.3 Detailed view of the top sheet with the rectangular microstructure.
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Fig. 5.4 Measurements of the captured top sheet (E-DP2) in the digital microscope.

To the bottom PDMS sheet, the detailed design is shown in Fig. 5.5 with the width of 5 mm, the

length of 4 mm, and the thickness of 3 mm. The measurement on the fabricated PDMS sheet
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results in: the length of 585 pixels and the width of 371 pixels, which correspond to the length of
4999.995 um (5 mm) and the width of 3170.93 um (~3 mm). Therefore, the fabrication seems to
be successful. It was observed that some areas on the surface of the structure were damaged.

This was with the same reason as that for the top PDMS sheet.

Detail B
Scale: 16:1

Fig. 5.5 Detailed view of bottom sheet.
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Fig. 5.6 Measurements of the captured bottom sheet (E-DP 1) in the digital microscope.

5.4 Set-up of the Apparatus for the Sliding Operation

The set-up of apparatus for performing the sliding operation is shown in Fig. 5.7, where the whole
device (two PDMS sheets and the sliding mechanism) is put on the single-axis motion stage under
the microscope. The single-axis motion stage is shown in Fig. 5.8, and it has the resolution of 1
um. In Fig. 5.8, the device was put on the sliding test-bed (Fig. 5.7). By manually turning the screw

gauge, the top sheet will slide against the bottom sheet.
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Fig. 5.8 The single axis motion stage used in this work to control channel spacing.

45



5.5 Results of the Measurement of the Sliding Operation

In the testing process, the first attempt was made to lock the channel spacing (i.e., zero um) by
rotating the screw gauge attached with the motion stage (Fig. 5.8). Fig. 5.9 shows that the device
is in a lock status. Then rotating the screw gauge backwards increases the size of the well until
the maximum size of the well, as shown in Fig. 5.10. It was observed under the microscope that
the maximum channel spacing was 117 pixels, which correspond to 1000 um nicely. After
obtaining the maximum channel spacing and minimum channel spacing, the screw gauge was
further adjusted between the maximum spacing and the minimum spacing to verify that the size
of the well can be adjusted. Fig. 5.11 shows that the well spacing of 2 pixels (~17.09 um) (Fig.
5.11A), the well spacing of 6 pixels (~51.28 um) (Fig. 5.11B), the well spacing of 50 pixels (~¥427.35

um) (Fig. 5.11C) and the well spacing of 25 pixels (~213.67 um) (Fig. 5.11D) were all achieved.

channel spacing 0 um

Fig. 5.9 Channel in the locked position.
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Fig. 5.11 Captured image with different channel spacing (A) with 2pixels, (B) with
6pixels, (C) with 50 pixels, and (D) with 25 pixels.
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5.6 Conclusion

In this chapter, the testing of the operation of the whole device was presented, and this included
two measurements: measurement of the geometry and shape of the two PDMS sheets and
measurement of the sliding operation. The first measurement showed that there was about (~1-
2 um) variation of the fabricated PDMS device with respect to the required device in dimension.
The second measurement showed that the device can change the well sizing within the desired
range (i.e., 0 to 1000 um). The smallest change or resolution which can be measured was,
however, restricted by the measurement employed in this thesis, which is 8.547 um. This is not
the resolution of the sliding of the device, which was estimated around 3 um (the resolution of
the screw gauge). From the results of the measurements, it can be concluded that the concept

of the sliding principle is valid.
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CHAPTER 6

CONCULSION AND RECOMMENDATION

6.1 Overview and Conclusions

In the last three decades, numerous microfluidic devices have been developed to ease the clinical
diagnostics and biological research. The development of this technology focused on different
applications like cell culture and division, separation, morphology, sorting, clone formation and
PCR. In particular, to single cells analysis, capturing, positioning and isolation with hydrodynamic
concepts, different working principles are available in literature. It is observed that the
microfluidic device with mechanical manipulation has some unique advantages when compared
to other principles of devices for manipulations of single cells, such as electric, magnetic and

acoustic.

However, usually, the device based on the mechanical principle, in fact, other principles as well,
cannot deal with the cells of different sizes, and the device is built for the cell of a particular size.
This situation results in a waste of energy, time and resources, because every time a new device
is required to work with cells of different sizes. Therefore, a new idea arose by investigating the
possibility of developing an adjustable microfluidic device which can modify its geometrical

features to work with cells of different sizes.
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This thesis proposed a new working principle of mechanical manipulation for devices to enable
to capture single cells of different sizes, specifically, the size of cells ranging from 0 to 1000 um
with the size resolution of 2 to 5 um (see the research objectives presented in Chapter 1). It is

also the objective to explore the limit of this device technology.

The research first conducted a literature review on various principles and then developed a
prototype of the device based on the sliding principle. An experiment to testing whether the size
of the well trapper can be varied was carried out on the device as developed. The study (literature
study and the experiment) can draw the following conclusions:
(1) The mechanical principle is the best among other principles in terms of the less
intrusiveness to cells.
(2) The sliding principle for devices to change the size of the well trapper from 0 to 1000
microns is possible. According to the previous work in our group, which successfully
tested cells on an adjustable device (with the deformation principle), there is a high

chance for the device built upon the sliding principle to work on cells.

6.2 Contributions

In the field of capturing single cells of different sizes, this thesis advanced the sliding principle of
changing the channel spacing or well sizing. In literature, the closed one is called Slip Chip, which
was first developed by Rustem F. Ismagilov (http://ismagilovlab.caltech.edu/). The concept of

Slip Chip is to change the topology and geometry of a micro-fluidic chip in an off-line manner.
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However, this concept was used for changing the connectivity of channels only. The prototype of
the device developed in this thesis demonstrated the possibility of changing the size of the well
both off-line and on-line in microns. Apparently, the prototype also demonstrates the possibility

of changing the topology and geometry of channels both off-line and on-line.

In the field of soft lithography, this thesis was the first try to use the soft material Full cure835
Vero white plus to make a mold by 3D printing for PDMS parts with a good accuracy (~2 um). This
is significant because first, it is very easy and cost effective to 3D print Full cure835 Vero white

plus, and second, PDMS is widely used in building micro-fluidic devices.

6.3 Limitations

This work has several limitations. The first limitation is that PDMS reacted with the surface of the
3D printed mold. In the experiment, in the first few attempts, the PDMS did not solidify properly,
and the PDMS sheet (molded part) was stick to the mold and damaged during the peel-off
process. To address this problem, the 3D printed mold was prebaked in the oven for 85°C for 4
hrs and subsequent curing of PDMS sheet was performed. However, the problem has not
completely gone away. This problem is responsible for inaccuracy (~2um) of the molded part in
terms of dimension as well as surface damage. That resolution is partially due to the size of the
channel, which is 1 mm. The size of the channel affects the focus of the microscopy, and

subsequently the number of pixels that can be covered by the view, and thus the resolution in
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particular the length per pixel (8.547um now). Suppose that the maximal channel size is 100 um.

Then the measurement resolution will be 0.855 um.

6.4 Future works

Several further works that may overcome the limitations and advance the micro-fluidic device

technology are recommended.

First, optimizing the way of making PDMS channels is warranted. In this thesis, a 3D printed mold
(thermoplastic) was used to fabricate the PDMS sheets. As pointed out before, this fabrication
technique did not achieve what was desired; particularly, there was an unwanted interaction
between PDMS and the material used to 3D print the mold. Research is warranted to advance
the fabrication technology in two directions. First, additional processes may need to be
performed on the internal surface of the mold which is made of the material Full cure835 Vero
white plus reduce any possible interaction between PDMS and the mold material. Second, PMMA
is suggested as a mold material to avoid the interaction between PDMS and mold. Another future

work is directly to print PDMS channel (Bhattacharjee et al., 2016).

Second, the design option Il needs to be further modified. Currently, there is a problem of
redundancy sliding contact in the device. The first sliding is between the top PDMS sheet and the
bottom PDMS sheet. The second sliding is between the top block and bottom block of the sliding

mechanism. This duplicated sliding structure violates Axiom 1 or is a conflicting redundant design.
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The new design should just let two PDMS sheets slide relative to each other, i.e., one pair of

contacts only.

Third, testing of the device on cells is warranted. This is highly possible if the device is completely
cured without any contamination, based on the previous work in our group, which is an
adjustable well trapper based on the deformation principle. It is noted that the device based on

the deformation principle suffers from a small range of adjusting.

Finally, design and fabrication of an array of wells is warranted, which makes the device for a

practical use.
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Appendix B: FEM modeling and analysis of the design option |

In fluid dynamics, fluid flow is mathematically described using four significant physical quantities,
which are flow velocity, flow pressure, fluid density, and fluid viscosity. The objective of flow
simulation is to track the fluid velocity and pressure variations at different points in the fluid
domain. The flow velocity and flow pressure are different at a different point in a fluid volume.
There are many kinds of fluid flow. A flow can be compressible or incompressible, viscous or
inviscid, steady or unsteady and laminar or turbulent. The fluid flow concerned by this thesis is
laminar flow, and in this simulation, water properties are used to predict the fluid pressure
exerted on the micro-channel instead of actual cell carrier fluid which does not have much

difference by keeping the velocity of the fluid as constant.

This modeling process divided into four steps, which are Framing fluid domain, Meshing,

Boundary condition, and Solution Visualization.

1. In this fluent simulation, channel boundary (depicted in Fig. A.1 with the shaded region)
is used as a domain object to pass the fluid inside by subtracting the other solid surface
expect the channels with inlet and outlet in the below design. Thus, the fluid domain
confined by the surface of the channel structure in contact with the fluid for internal

flow. In a scenario only single fluid simulation is possible.
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Fig. B.1 Fluid domain framed for the device.

2. A triangular mesh is created as depicted in Fig. A.2 for the fluid domain to predict the
accuracy, solution time and rate of convergence. A Mesh value range from -100 to +100
and default value is zero. In this case it is changed to +100 to get slower speed solution,

finer mesh and high accuracy.
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Geometry £ Print Preview ) Report Preview/
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| Association [ Timestamp.

Fig. B.2 Mesh created for the fluid domain.

3. Boundary conditions applied in this simulation is inlet point which is available on the left
corner of the device and outlet point which is available on the right corner of the device

as illustrated in Fig. A.3 with green points.
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Fig. B.3 Inlet and outlet boundary conditions.

Once a problem is setup with the fluid domain meshed and the boundary conditions

specified, it can be submitted to the solver for computation of a solution.
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Appendix C: Engineering drawings of the detail design for the design option Il
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Fig. C.1 Drawing for the front view of the top layer sheet.
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Fig. C.2 Drawing for the top view of the top layer sheet.
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Fig. C.3 Drawing for the front view of the bottom layer sheet.
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Fig. C.4 Drawing for the top view of the bottom layer sheet.
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Fig. C.5 Drawings for the top block of sliding apparatus.
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Fig. C.6 Drawings for the bottom block of sliding apparatus.
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