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ABSTRACT

Microfluidic technology offers numerous advantages in minimizing and integrating the
traditional assays. However, the lack of efficient control components of the microfluidic
systems has been hindering the widely commercialization of the technology. The research
work in this dissertation focused on the development of effective control components for
microfluidic applications.

A linear peristaltic pump was firstly designed, fabricated, and tested for conventional
microfluidics by synchronously compressing the microfluidic channel with a miniature
cam-follower system in Chapter 2. The miniature cam-follower system and microfluidic chip
was prototyped using three-dimensional (3D) printing technology and soft lithography
technology. Results from experimental test showed that the pump is self-priming and tolerant
of bubbles. The pumping flowrate and back pressure could be controlled by changing the
driving speed of the motor.

Then a novel pinch-type valving system that can be used to realize both normally closed
and normally open valves for centrifugal microfluidics was demonstrated in Chapter 3. A
sliding wedge was actuated by centrifugal force to drive the valves. Experimental test and
theoretical predication showed that the burst frequency of the valves could be tuned by
changing the physical parameters of the valving system. In Chapter 4, the pinch type valving
system was then further improved for better integration of multiple valves in limited space to

realize sequential control of microfluidics. A valve chip with grooves on the surface was used

viii



to drive multiple valves. A flow switch which is capable of working at low rotation frequency
and constant rotation direction is realized.

Finally, the microfluidic platform was utilized for automatic urinalysis for the
application at point of care (POC) to eliminate the difficulties in control of sample
distribution and read-out time in manually conducted colorimetric urinalysis. 3D printed
prototype of the microfluidic chip was used to test the proposed system. Commercial
urinalysis strips was integrated with the microfluidic system for detecting glucose, specific
gravity, PH, and protein from simulated urine sample. The color change of the pads was

recorded using smartphone camera and analyzed to quantify the interested parameters.



CHAPTER 1. INTRODUCTION

Microfluidics is the science and technology of microsystems with ability to manipulate
liquid flows at the sub-millimeter scale within micro channels or other microstructures [1].
The liquid samples are often transported though the micro channels and chambers with
designed time sequence and sample volume to precisely control the reaction assays in
miniaturized scales. Some properties coming with the miniaturization, such as drastically
decreased demand of reaction time and consumption of expensive chemical reagents, precise
control of reagent flow and particles, enhancement of reliability and consistency, high
resolution and sensitivity, easier parallelization and automation, have been attractive in
replacing the traditional macroscale lab assays [1,2]. Additionally, the ability of microfluidics
to realize large array of assays in a small and disposable chip with low cost provides great

potential for low-cost point-of-care (POC) usage.

1.1 Application of microfluidic system

Microfluidics system, also being referred to as miniaturized total analysis systems
(mTAS) or lab-on-a-chip (LoC), has been investigated in a wide range of areas for improving
the biomedical and chemical assays. In biomedical field, microfluidics was used for testing
the efficacy of the new discoveries in drug screening [3], disease diagnosis [4-6], DNA
analysis [7,8], cell and particle separation [9-11], cell cytometry [12], cell manipulation
[13,14] and so on. Gene sequencing are one of the most promising field for the
commercialization of microfluidic technology. Microfluidics offered higher throughput,

sensitivity and resolution than conventional analytical methods, and thus been considered
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attractive for automating and expediting the processing in genomics of next-generation
sequencing technology after the completion of the human genome project in 2003 [1].
Besides the gene sequencing, POC diagnostics is another area that greatly benefits form the
development of microfluidics technology. Microfluidics has been the most likely
technological driver for rapid and real-time analysis of disease markers from a small volume
of bodily fluids. By integrating sample manipulation, reaction and detection units into a small
disposable system, microfluidics enables the realization of disease diagnosis in resource-poor
settings with reliable results and simple manual operations. Many ventures have emerged to
commercialize microfluidic technologies for POC diagnosing diseases like diabetes,
HIV/AIDS, bacterial infections, malaria and so on [15].

For chemistry, microfluidics showed the ability in boosting traditional reactions in
various aspects. Due to the scale-dependent processes of heat and mass transfer, the large
ratios of surface area to volume, high throughput, superior reaction controllability, and safer
operational environment, microfluidics provides outstanding reactors for chemical synthesis
[16], fuel cells [17], photocatalysis [18] and many other applications. This technology is
especially attractive for green chemistry which aims to decrease the required energy in
chemical synthesis, increase the throughput in unit area, decrease reagent consumption and

use less hazardous chemicals [16].

1.2 Fabrication of microfluidic chip

In the early stage of microfluidic technology development, microfluidic chips were

fabricated based on the mature fabrication technology for microelectronics. The channels and
2



chambers were directly etched on silicon or glass to construct the microfluidic network. The
mechanical stability of silicon and glass are useful to guarantee the stability of geometry of
the microstructures in the microfluidic chip, which is especially significant when the
dimension of the structures go to nanoscale or lower. However, microfluidic systems based
on silicon and glass quickly showed their limitation in usages involving high voltage or
applications requiring the device to be transparent in visible and ultraviolet light [1]. Besides,
the bonding step for silicon or glass microfluidic devices is generally expensive [19].
Additionally, it is more difficult to fabricate the pumps and valves for microfluidics based on
the rigid silicon and glass compared with the elastomer based ones [1].

Later, high precision computer- numerically controlled (CNC) machines were used for
fabricating microfluidic chips. Either the fluidic network or the master mould for the network
could be engraved on metal or plastic sheets. Resolutions of the order of 50-100 pm could be
directly realized using conventional milling techniques [19]. Various kinds of plastics with
different properties could be chosen to fabricate microfluidics for different applications.
These plastics are generally cheap and easy to be machined. Disadvantages, such as complex
tool alignment, expensive for small scale production, have been slowing down the widely
application of this technology in fabrication of microfluidic system.

The soft lithography technology enabled the fast prototyping of microfluidics and has
been the most popular method to construct microfluidic chip in lab stage since then [20].
PDMS, an optically transparent and biocompatible elastomer, could be directly molded

against the masters to form complex microfluidic structures with low cost. The dimension of



the molded microfluidic structures can go to nanoscale and structures on planar, curved, and
flexible can all be fabricated. Another advantage of PDMS microfluidic system is their easily
bonding to glass slide after being processed by oxygen plasma or sealing with other
transparent plastic slide after some simple processes [21]. Besides, PDMS structures could be
easily deformed, thus made it possible to integrate valves and pumps, which functioned by
deforming the microfluidic channels, with the microfluidic chip [22]. Even though coming
with these advantages, PDMS casting is still not the final solution to fabricate microfluidics
because PDMS swells in most solvents and the porous structure of cured PDMS weakens its
airtightness [23].

Recently, to fabricate microfluidic systems using three-dimensional (3D) printing
technology has gained significant attention due its advantages in fast prototyping microfluidic
with a wide range of alternative materials. It is especially useful for fabricating these
microfluidic systems with complicated spatial structures which are otherwise hard to be
fabricated using the traditional manufacturing process, such as photolithography, CNC
machining or soft lithography technology.

3D printing is a fabrication process which translates 3D computer designs into physical
3D models by additive layer-by-layer patterning. Numerous types of 3D printing technologies
have been applied to fabricate microfluidics. Stereolithography (SL), multi jet modeling
(MJM) and fused deposition modelling (FDM) are most commonly used for microfluidic
device fabrication [24]. 3D-printing technologies have the advantages in fast production of

small batches of products. But the resolution of current 3D printing technology generally



stays around hundreds of microns, which is hard to compete with other fabrication methods,
such as photolithography. In addition, difficulties such as removing the support material for
suspended structures still need to be overcome for fabricating the tiny microchannel and

chambers.

1.3 Control of microfluidic system

(<) Detection

."‘ 5

v

R A /

L

Analysis

Microfluidic chip

Figure 1.1 Typical setup of a microfluidic system

The core functionality of microfluidic system is to manipulate microscopic volumes of
fluid samples. All the manipulations of the samples happen in the microfluidic chip. The
chambers and reservoirs in the microfluidic chip provided locations for holding the sample
and reactions of the samples. These chambers and reservoirs are connected by microchannels,
so that the liquid samples could be transported from one location to another. Conventional
microfluidic chips were generally fabricated on a flat substrate, such as glass slide. Figure 1.1
shows a typical setup of conventional microfluidic system. Pumps and valves are two most
important components for realizing sample manipulations within the microfluidic chip.
Pumping is used for transporting the sample to pass through the microchannel in the

microfluidic chip. Valves are required for regulating the sample flow in the microfluidic chip,



so that the liquid flow could be blocked at designed locations of the microfluidic system for
designed time period and released when necessary.

Generally, external pumps are used for delivering the sample through the microchannel
of conventional microfluidic chip. Pumps are connected to the microfluidic chip using tubes
and connectors. Each of the sample flow paths normally requires a separated pump. Various
types of commercial pumps for microfluidic system could be found in the market, such as
syringe pump, peristaltic pump and so on. External pump is an essential component in a
conventional microfluidic system. The need for external pumps increased the cost and
complexity of the system. In order to eliminate the requirement for expensive and bulky
pump for delivering each sample through the microfluidic channel, centrifugal platform was
proposed for pump-free microfluidic system. Microfluidic systems based on centrifugal
platform are called centrifugal microfluidics or Lab-on-CD. In centrifugal microfluidics,
several forces are exerted on fluid sample in the microchannel because of the rotation of the
platform. These forces include: the centrifugal fugal force (Fc), the Coriolis force (F¢,) and
the Euler force (Fg), as shown in Figure 1.2.

When the microfluidic disc was driven to rotate, a free liquid droplet with mass m in the
microfluidic channel is pumped to flow to the edge of the rotating platform under the
centrifugal force. Centrifugal force can be calculated by the following equation:

F =—mc?)x(c?)xz7) (1-1)

where 7 is the position vector of the fluid droplet on the rotational platform, @ js the angular

velocity of the platform.



Figure 1.2 Inertia forces acting on centrifugal microfluidics
Because of the motion of the droplets relative to the rotating platform (the reference
frame), a Coriolis force is also exerted on the droplet. When the liquid drop flows through the
channel, Coriolis force on the liquid drop is perpendicular to both the angular speed and the
relative velocity of the droplet with respective to the rotational platform. Coriolis force can be

calculated as,

F.,= =2ma@ x %}7 (1-2)

Under actuation of the centrifugal force, fluids in the channel will always flow outside
from the rotation center, so the direction of Coriolis force is determined by the angular speed
of the platform as shown in Equation (1-2). Thus Coriolis could be used to control the flow
direction at the cross point as shown in Figure 1.2. When the platform is rotating in the
clockwise direction, the Coriolis force on the fluidic drop will act toward to the right-side, so
fluidic from Chamber A will move into Chamber C. On the other hand, when the rotating

direction is reversed to counter-clockwise direction, fluid is driven to move into chamber B.



Beside the Coriolis force, the moving direction of the liquid drop will be affected by
another inertia force, the Euler force, when the platform is in the accelerating or decelerating
stage. The Euler force (Fg) can be calculated using Equation (3) as,

F=-mLoxr (1-3)
dt

From Equation (1-3), the direction of Euler force is determined by the direction of the
acceleration. So when the platform accelerates in clockwise direction or decelerates in
counter-clockwise direction, Euler force will act toward to the right-side and will pull the
fluid drop to move into channel C. When the platform accelerates in counter-clockwise
direction or decelerates in clockwise direction, Euler force will act toward to the left-side and
will pull the fluid drop to move into channel B.

Centrifugal force has long been utilized to transfer samples through different steps in
chemical and biological assays. In late 1960s, N. Anderson from Oak Ridge National Labs
proposed a centrifugal analyser for clinical chemistry assays [25,26]. In their design, the
centrifugal analyser incorporated a rotating disc with multiple reservoirs. The reservoirs were
connected with fluidic channels to form a fluidic system. Physical barriers were designed for
these reservoirs to keep the reagents separated when loading the samples. When the disc
rotates, centrifugal force drives the fluids in the reservoirs to pass the physical barriers and
move toward the edge of the disc to realize the designed reaction series or detection.

In the past decades, work has been done continuingly to shrink the size of centrifugal
analyser for better portability, reagent saving, cost effective and complete integration of

sample processing. In 1998, M. Madou et al. introduced the microfabrication techniques into



centrifugal analyser to form the centrifugal microfluidic system [27]. The basic theories and
designs of centrifugal microfluidic technology were gradually developed. Different
operation units, such as the valving, metering, sample storing, mixing, switching have been
developed for various assays on centrifugal microfluidic platform [28]. In recent years,
centrifugal microfluidic technology has evolved to become a very attractive option in
realizing the high-throughput sample-to-answer process automatically with fewer manual

operations.

1.4 Status of the microfluidic technology

The origination of microfluidic devices can be traced back to the work on a chip-based
gas chromatograph in 1939 [29]. In the early 1990s, studies by Manz and coworkers initiated
the research of microfluidic systems as they are understood today [30]. In the past decades,
tremendous researches have been conducted in exploring the full potential of microfluidics.
The microfluidic systems technologies have the potentials to get a big commercial success in
human genome project and point of care (POC) detection. However, these potentials still
have not yet become reality until today. Researchers are still looking for a ‘killer application’
to enhance its appeal to the market place.

It is difficult to identify a single reason for the gap between the optimism expectation
and the reality of marketization of microfluidic technology. Beside the absence of ‘killer
applications, one of the most possible reasons is the lack of reliable microfluidic components,
i.e., micropumps and microvalves, to make this technology easy to be accepted by the market.

When the cost of setting up a microfluidic system to manipulate sample is too high or the
9



operation of the microfluidic system is too complex, people may still tend to keep the
conventional approaches for conducting assays. Even though much effort has been put to
the development of the microfluidic control components, they are still in highly desired to be

push forward [31].

1.5 Scope of the research

The research work presented will focus on the development of the control components
of microfluidics, i.e., the pumps and valves for regulating the liquid sample in the
microfluidic chip.

For conventional slide based microfluidics, a peristaltic pump was developed in Chapter
2. A linear peristaltic pump has been designed, fabricated, and tested for microfluidic
applications. The operation of the pump is based on synchronously compressing the
microfluidic channel with a miniature cam-follower system. The flexible microfluidic
channel was fabricated with elastomer polydimethylsiloxane (PDMS) using soft lithography.
The miniature cam-follower system was fabricated using three-dimensional (3D) printing
technology.

For centrifugal microfluidics, the control focused on the valving of the microfluidic flow.
Valves actuated by centrifugal force were studied in Chapter 3 and Chapter 4. A novel
pinch-type valving technology, which can be used to realize both normally closed and
normally open valves for fluidic control on centrifugal microfluidic platform, was presented
in Chapter 3. A sliding wedge with inclined surface planes was used to transduce the

actuation of the centrifugal force from radial direction to the perpendicular direction of the
10



microfluidic disc. The function of the valves has been demonstrated experimentally using a
PDMS microfluidic system.

In Chapter 4, the valving system was further improved for application in sequential
control of microfluidics by introducing a grooved valve chip to drive spring ball plungers
mounted under the microfluidic chip to close the microfluidic channel. By mechanically
programing the location of the grooves on the valve chip, the switch sequence of the valves
could be programmed. The performance of the valve system was tested using a 3D printed
microfluidic chip.

Finally, colorimetric urinalysis based on the centrifugal microfluidic platform was
conducted. Centrifugal microfluidic chip was introduced for controlling the distribution of
urine sample in designed volume and time sequence. The mechanical valving system was
used to regulate the time sequence of sample release. Microfluidic chip prototype was

fabricated using 3D printing technology and used to test the proposed system.
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CHAPTER 2. A MICRO-CAM ACTUATED LINEAR PERISTALTIC PUMP FOR
CONVENTIONAL MICROFLUIDICS

2.1 Introduction

Microfluidic technology has remarkably promoted the development of point-of-care
(POC) testing which is capable of providing rapid and inexpensive onsite clinical diagnosis
[15]. One challenge for the POC applications of microfluidic technologies is the need for
compact and efficient pumps to deliver a microscopic amount of fluidic samples through the
microchannels. Various kinds of pumps have been investigated for microfluidic systems,
such as syringe pump [32,33], electrokinetic pump [34,35], acoustic pump [36,37], peristaltic
pump [38—40]. Syringe pump is highly efficient and stable, but it is bulky and expensive, thus
difficult to be integrated with portable microfluidic systems. Electrokinetic pump has simple
design and can work with high backpressures, but it requires supply of high voltage
(kilovolts). Acoustic pumps could precisely manipulate fluids but they are limited in use
because of the low pumping flow rate and low allowable back -pressure.

Peristaltic pump works by compressing the flexible fluidic channel to displace the liquid
in the channel forward [39-41]. Even though suffering from problems like mechanical wear,
it is still a good option for microfluidics because of its key advantages. Due to the mechanism
of flow delivery, the external actuating components of peristaltic pump have no contact with
the fluids in the channel, so the sample contamination caused by the pumps could be
minimized. Besides, peristaltic pump could be used to generate rapid bi-directional flow and
circulating flow in microfluidic channels, which is otherwise difficult to be realized using

other pumping mechanisms. Integration of peristaltic pumps into microfluidics requires
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minimized actuation mechanisms for the compression. Pneumatic actuation is the most
common actuation mechanism in microfluidics [22,42,43]. This kind of pump is composed of
at least three pneumatic valves. The valves close the channel synchronously to transport the
fluid through the channel. However, high-pressure gas source and solenoid valves are
required to actuate and control the turn on/off the pneumatic valves. The pneumatic actuation
should be carefully timed by peripheral circuits to make the valves work in a synchronized
pattern to pump fluids. Besides, when the microfluidic chip need to be replaced, the tubes
connecting the gas source and the pneumatic control channel in the chip should be
reconnected, which is time consuming and difficult to be implemented by nonprofessional
users.

Other actuation techniques have been investigated to replace the pneumatic actuation.
Discrete permanent magnet pair with one of the magnet fixed on deformable channel and
another rotating with a motor shaft holds the potential of simplifying the fabrication and
operation of the peristaltic pump [44,45]. When the shaft rotates to a position with the two
magnets aligned, the channel is squeezed by the magnetic force between the two magnets.
Through controlling the rotation of the motor shaft to control three magnet pairs, peristaltic
pumping could be realized. The operation and control of this type of pumps is much simpler
in comparison with the pneumatic ones. However, the physical sizes of the magnets limit the
minimization of the pump system and the potential interaction between different magnets
may weaken the pumping performance. Likewise, tactile pins of a refreshable Braille display

has been used to actuate the peristaltic pump synchronously under the control of a personal
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computer [40]. This kind of pump has the advantage of easy construction based on
commercially available Braille display and does not need too much manipulation on the
disposable elastomer chip. However, the pumping flow rate of the tactile pump is very
limited because of the low refreshing frequency and displacement of the tactile pins.

Cam-follower structures have long been used for timing of engine valves. The
mechanically determined phase angle makes it easy and stable to control the time sequence of
the actuation. Besides, displacement of the follower can be designed in a wide range and the
refreshing frequency can be controlled by controlling the rotation of the cams. Cams have
been reported for constructing peristaltic pump of microfluidics in serval literatures[46,47].
However, these researches directly used the cam surface rather than the followers to
compress the microfluidic channel. The friction between the cam surface and the microfluidic
chip surface limited the pumping flow rate and may damage the microfluidic chip.

In this chapter, three cams with different phase angles relative to the camshaft was used
to actuate followers for compressing the microfluidic channel to conduct peristaltic pumping
of microfluidics. The compressing zone on the microfluidic chip has been modified to
improve the performance of the pump. Both experimental observation and theoretical
calculation have been conducted to study the pumping performances. This pump provides a
simple and efficient way to control microfluidic flow, with great flexibility in controlling the

pump flowrate and allowable backpressure.
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2.2 Design and fabrication

2.2.1  Operational principle and design

Rotating cams with dwell-rise-dwell-return profile are used to actuate the followers to
compress the channel sequentially. The mechanism of the compression process actuated by a
single cam is shown in Figure 2.1. A DC motor drives the cam to rotate on a stationary
camshaft under a microfluidic channel fabricated with polydimethylsiloxane (PDMS)
elastomer. The base cycle area of the cam profile has the minimum radius (rmin) and the nose
area has the maximum radius (rmax) relative to the center of rotation. As shown in Figure 2.1
(a), when the base cycle contact with the follower, the follower stays at the lowest position,
and the flow channel is not compressed by the follower. When the cam rotates an angle, the
nose area of the cam begins to contact with the follower and produces an “lift” to the follower,
thus drives the follower to move straight upward, and therefore press the end face against the
PDMS covering membrane to block the microchannel as shown in Figure 2.1b. When the
cam continues to rotate, the follower leaves the nose area and gradually returns back to its
lowest position. The follower moves continuously in the sequence of dwell-rise-dwell-return
to open and close the channel when the cam is driven to rotate continuously. The elastic
PDMS covering membrane works as a spring to keep the follower end face contacting with
the cam surface at all times and counteract the follower inertia. The minimum radius rmy;, and
maximum radius ryax OF the cam profile are designed to be 4mm and 5mm respectively in this
paper, so that the lift of the follower perpendicular to the microfluidic chip plane is Imm. The
rising and returning sections of the cam profile are symmetrically designed based on the
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modified sine curve for its lower torque and power demand [48], which is of great
significance for reducing the size of the motor for actuating the cam. Meanwhile, the identical
rising and returning profile allows the cam to rotate both clockwise and anticlockwise

without changing the performance of actuation.
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Figure 2.1 Schematic diagram showing the mechanism of cam actuated compression; the
channel is open (a) and compressed to be closed (b); three cam-followers constructed
peristaltic pump (c)

For each peristaltic pump, a set of three cams is positioned on a camshaft at a
120-degree phase angle difference with each other, as shown in Figure 2.1c. The
synchronized displacements of the three followers in each driving cycle are graphically
demonstrated in Figure 2.2 a.

Presume the state that the follower dwells at the position of its maximum displacement
as ‘1°, and the state when the follower dwells at the lowest position as ‘0’. Correspondingly,
the microfluidic channel is closed at state ‘1’ and open at state ’0’. Then the states of the
three followers in one working cycle can be expressed as in a sequence of

100-110-010-011-001-101 [49]. Figure 2.2 b shows the schematic diagram of the channel

state corresponding to each section of the sequence. By repeating from 100 to 101 states, the
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fluid in the channel is pumped to flow right side. The direction of the flow can be easily

reversed by change the spinning direction of the cams.
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Figure 2.2 (a) Displacement diagram of the three followers for the peristaltic pump; (b)
Schematic diagram of the channel states in a working cycle

2.2.2  Fabrication of the cam-follower system and experimental setup

The frame of the system and the cams were manufactured by 3D printing technology
using polylactic acid (PLA) as structural material. In order to obtain the 120-degree phase
difference between each cam, the three cams were designed and fabricated as a whole unit
using 3D printing fabrication. The cam unit was then mounted onto the camshaft. A key was
used to mechanically lock the camshaft and cams. A thin layer of polytetrafluoroethylene
based dry lubricant (16-TDL, B’laster) was sprayed on the cam surfaces to reduce the friction
between the aluminium dowel pins and the PLA cams. Three aluminum dowel pins

(McMaster-Carr, Atlanta, GA) with diameter of 3/32 inch served as the cam followers to
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squeeze the microfluidic channel under the actuation of the cams. The dowel pins went
through the holes of the adjustable-length clevis pins (McMaster-Carr, Atlanta, GA). A pair
of steel binder clips was used to fix the microfluidic chip above the dowel pins. The
microchannel in the PDMS layer was aligned with the corresponding dowel pins, so the
channel could be squeezed by the dowel pins synchronously.

The pump was tested using the setup shown by the photo images in Figure 2.3 a. Three
identical cams were fixed on the camshaft with 120-degree phase difference with each other,
as shown in the close-up view in Figure 2.3 b. The camshaft was connected to a small DC
gear motor (175 rpm, SERVOCITY) through a coupling and was driven to rotate. The motor
was powered by 12V power supply and the rotation speed of the motor was regulated through

pulse-width modulation (PWM).
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Figure 2.3 (a) Image of the fully assembled setup for pump testing; (b) Close-up view of the
cam-follower system (with the clips removed)

2.2.3  Design and fabrication of the microfluidic chip

A microfluidic chip was designed for testing the performances of the pump, as shown in
Figure 2.4 a. An inlet reservoir and an outlet reservoir were connected by a microchannel
with 150 um in width and 450 um in height. Three pins (P1, P2, and P3) are used to compress

the microchannel synchronously to pump the liquid sample from the inlet reservoir to the
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outlet reservoir. The dotted circles indicate the compressing zone of pin P1, P2 and P3. The
channel in the compressing zone of pin P2 was enlarged to be a circular chamber in order to
increase the pumping flow rate. Traditionally, the deformation of the channel under
compression were enhanced by fabricating the microfluidic channel with round cross section
or placing a small ball above the rectangular channel, both of which need extra fabrication
process for the microfluidic chip [22,50,51]. In this paper, two cubic chambers were designed
and fabricated alongside the channel at each compressing zone to reduce the stiffness of the
sidewalls of the micro channel for enhancing the closure of the channel by pin P1 and P3, as
shown in Figure 2.4. As the pin squeezes the channel, both the covering membrane and the

sidewalls of the channel deform to close the flow channel.
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Figure 2.4 (a) Top view for the design of the flow channel and micro chambers for the
prototype pump; (b) Cross-section (A-A) view showing the structure of the microfluidic
channel

The prototype microfluidic chip was fabricated using a ultraviolet lithography to make
master mold and a replica processing [20]. The master mold composed of SU-8 (SU-8 50,
Microchem) was first generated on a silicon wafer using UV lithography. Then PDMS
(Sylgard 184, Dow-Corning) mixed at a ratio of 1:10 (curing agent to base) was casted onto
the SU-8 master mold to form the chip with microfluidic structures. The fabrication flowchart

was shown graphically in Figure 2.5. For fabricating the SU-8 master mold, a 4-inch silicon
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wafer was cleaned using acetone, isopropyl alcohol and DI water sequentially first, and then
dehydrated at 120 °C for 10 minutes. After the wafer was cooled to room temperature, a layer
of SU-8 with thickness of 450 pum was spin-coated on the cleaned wafer. A UV
photolithography was conducted to transfer the pattern on the photomask into cured SU-8
solid structure. Fifteen grams of PDMS mixture was then casted onto the SU-8 master mold
and cured at 60 °C for 5 h. The PDMS sheet was then peeled off the SU-8 master mold. The
molded PDMS structure was then bonded on a 3 mm thick of polymethylmethacrylate
(PMMA) plate as the substrate for the microfluidic system. Inlet and outlet holes were
punched on the PMMA substrate. The surface of PMMA plate was activated in oxygen
plasma for 1 minute and then immersed in 5% (volume /volume) APTES solution at 80 °C to
form a silylated layer on PMMA surface [21]. After blow-dried, the PMMA plate and the
PDMS sheet were treated with oxygen plasma for 36 seconds. They were then bonded
together to form the microfluidic chip. The total thickness of the completed PDMS layer was

finally measured to be of 2.7 mm.
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Figure 2.5 Schematic illustration of the fabrication process of the PDMS microfluidic chip
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2.3 Experimental results and discussions

Blue ink (KD600X-HB, BCH Technology) was used to test the performance of the
pump. Tygon Microbore tube (Cole-Parmer Instrument Company, Illinois; id: 0.25 mm, od:
0.76 mm) was used to connect the inlet of the chip to the ink container and outlet to the
following test setup. The pump was self-priming and tolerant of bubbles and particles. The
fluid flow direction of the pump can be either from P1 to P3 or reversed, depending on the

rotational direction of the motor.

Figure 2.6 Snapshots of the pumping sequence
Figure 2.6 shows the snapshots of the pumping sequences with the flow almost
completely cut off by pin P1 and P3. As can be observed from these photos, almost all of the
fluids sucked into the middle circle chamber were pumped to the right side except for tiny
amount around the edge of the circular chamber. A quick calculation shows that smaller

thickness of the side-wall between the channel and side chamber leads to better closure of the
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channel. Microfluidic chips with side-wall thickness of 300 um, 400 um and 500 um was
tested respectively. For the chips with 300 um and 400 um side-wall, the ink was observed
leaking into the side chambers in less than 10 min when the driving frequency of the motor
was 100 rpm. For the chip with 500 um side-wall, no leakage has been observed in the side
chambers at the compressing zone of pin P1 and P3 after the pump was continuously run for
2 hours at 100 rpm. Therefore microfluidic chip with 500 um side-wall was used for testing
the performance of the pump.

Figure 2.7a shows the setup for testing the pumping flowrate under zero back pressure.
Blue ink was injected into the left container which was set at the same level as the
microfluidic chip to eliminate the pressure difference caused by gravity. As the pump works,
the blue ink was pumped from the left container to the outlet of the chip on the right side. A
micro-balance was connected to the outlet of the chip. By weighing the amount of ink from
outlet of the microfluidic chip over a given period of time, the average volume flowrate of the

pump can be calculated.
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Figure 2.7 Schematic illustration of the setup for flow rate measurement (a) and back
pressure measurement (b)

The maximum hydrostatic back-pressures that the pump could work with under different

driving speed have been measured using the setup shown in Figure 2.7b. The inlet reservoir
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was connected with a container containing blue ink. The container was set on the same level
as the chip. The outlet reservoir was connected with a vertical Tygon Microbore tube. As the
pump continuously work, the blue ink was pumped from the container into the vertical tube
until the ink column in the vertical tube stopped increasing. The height of the column in the
vertical tube was measured with a ruler and converted to the backpressure corresponding to
the particular driving speed [52]. The Tygon Microbore tube is made of flexible polyvinyl
chloride (PVC). The contact angle of water on flexible PVC has been reported to be 87.5
degrees [53]. So the tube shows weak hydrophilic property to the ink solution at room
temperature. In the experiment, the capillary rise in a vertical microbore tube was observed to
be less than 2 mm which has been neglected when calculating the backpressure.

The pumping flowrates at zero backpressure were firstly tested for different driving
frequencies at room temperature. Both the chip fabricated with the aforesaid side chambers
(to reduce the effective sidewall stiffness) and the chip without side chambers were tested on
the cam-follower pump. The tested results were shown in Figure 2.8. Meanwhile, a simple
theoretical analysis of the pumping volume flow rate under zero back-pressure has been
conducted. Considering the fact that the volume change of the channel caused by pin P1 and
P3 is very small compared with that by pin P2, the fluid volume pumped in one rotation circle
can be approximated as the effective volume change (V) of the circular chamber under pin

p2.
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A simple mathematical model can be used to calculate the pumping flow rate (Q) of the
peristaltic pump,

Q= 1V (2-1)

where f is the driving frequency of the motor. For simplicity, the effective volume change (V)
of the chamber caused by pin P2 can be further approximated as the liquid volume displaced

by pin P2. Then the pumping flow rate can be calculated as,

_ 7zD2hn (2_2)

0=y

where D is the diameter of pin P2, h is the height of the microfluidic channel at the
compressing zone of pin P2, and n is the rotation speed of the driving motor in revolutions
per minute (RPM). The theoretically calculated pumping frequency was also plotted in

Figure 2.8. The error bar represents the standard deviation of three measurements at each data

point.
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Figure 2.8 Pumping flow rates under zero backpressure as function of rotational speed

From Figure 2.8, it can be observed that the simple mathematical model in Equation
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(2-2) provides reasonably accurate predictions of the flow rates. The observed pumping
flowrate for the microfluidic chip with side chambers (reduced sidewall thickness) are close
to the theoretical ones, especially when the rotation speed is lower than 140 rpm. At lower
rotation speed, the measured pumping flow rate is slightly larger than the theoretical
calculation. This difference is mainly caused by the simplification in the computation of
effective volume change of the circular chamber above pin P2 and the displaced volume by
valve 1 and valve 3 which has been neglected in the crude model. When the rotation speed
increased over 140 rpm, the observed flowrates deviated more from the theoretical ones. The
possible reason for the larger deviation may be that the induced gas bubble at higher driving
speed in the circular chamber above pin P2 reduced the actual pumped liquids. Percentage
error was calculated for the deviation between the experimental measured flowrates and the
theoretical values. The largest error was found to be 32.9% at the driving speed of 33 rpm.
The observed pumping flow rate for the microfluidic chip without side chambers is
approximately half of the predicted ones from Equation (2-2). This large discrepancy may be
caused by the back flow resulted from the incomplete closure of the channel under pin P1 and
P2.

From the theoretical calculation in Equation (2-2), the pumping flow rate is proportional
to the diameter (D) of pin P2 and the height (h) of the channel above pin P2. Therefore, the
pumping flowrate can be customized by changing the diameter (D) of pin P2 together with
the change of the channel area above pin P2, or by changing the height (h) of the channel

above pin P2.
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The maximum backpressure was measured as a function of the driving frequency both
for the microfluidic chip with and without side chambers, as shown in Figure 2.9. The error
bar represents the standard deviation of three measurements at each data point. The maximum
back-pressure of the pump increases with the increase of the rotation speed. In the tested
driving speed range, the maximum backpressure for the microfluidic chip with side chambers
can reach to 36 kPa at a driving frequency of 156 rpm. The allowable backpressures of the
channel without side chambers are much lower than the revised chip, especially when the
driving frequency increased over 130 rpm. The increased backpressure for the revised
microfluidic chip may attribute to the side chambers which reduced the back flow caused by

the incomplete close of the channel.
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Figure 2.9 Measured maximum back pressure under different rotation speed
Maximum back-pressure is an important parameter for pumps of microfluidic system. In
reported literatures, M. Shen et al. actuated a similar PDMS peristaltic pump using three pairs

of magnets and realized a maximum backpressure of 6.6 kPa [45]. Yang et al. pneumatically
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actuated a PDMS peristaltic pump and the maximum backpressure of the pump was around
85cm-H,0 (~8.5kPa) [42]. The high allowable backpressure of the peristaltic pump in this
paper has been an important advantage compared with the state-of-the-art. Besides, it is
believable that the revised microfluidic chip design can be used for optimizing the
performance of pumps and valves actuated with some other microactuators, such as

piezoelectric and electrostatic actuators.

2.4 Conclusions

A micro peristaltic pump has been successfully designed, fabricated, and tested. The
pump is actuated using a micro cam-follower system. The microfluidic channel and pumping
chambers were fabricated using soft lithography. Three cams with 120-degree phase
difference were designed in a combinational cam structure and fabricated using 3-D printing
technology. The structure of the pump is simple and can be further minimized and optimized
by manufacturing using metallic material. The rotational movement of the combinational cam
structure actuates three pins to synchronously compress the PDMS microfluidic channel,
therefore pumped the liquid sample in the channel to flow forward. The pumping direction
can be reversed easily simply by change the rotational direction of the cam. The experimental
results show that this type of the pumps is self-priming and tolerant to air bubbles. Variation
of the pumping flow rate could be simply manipulated by controlling the rotation speed of the
motor. The function of the pump is independent of the microfluidic chip itself and does not
contact with the sample fluid, there is therefore no contamination issue. The experimental

results have proved the pump has excellent performances and highly reliable. In addition, the
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construction of the pump does not require complex process and the cost can be very low. This
concept could be extended to the precise control of multi-pumps with high synchronism. The
pump has great potential for applications in microfluidic manipulation for portable

point-of-care (POC) systems.
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CHAPTER 3. WEDGE ACTUATED NORMALLY OPEN AND NORMALLY
CLOSED VALVES FOR CENTRIFUGAL MICROFLUIDIC APPLICATIONS

3.1 Introduction

Centrifugal microfluidic technology has attracted significant attention because of their
advantage of the intrinsic pulse-free pumping accompanied with the rotating of the platform
[28,54-57]. However, applications of the technology have been limited because of the
challenge of integrating suitable valves, which must be both simple and reliable, onto the
rotating platform. Various types of valving technologies for centrifugal platforms have been
investigated in the past decades. The most commonly used ones are passive valves such as
hydrophobic valve [58], capillary valve [59], and siphon valve [60]. These valves are
implemented based on the balancing of centrifugal force with surface tension. They offer
advantage in reducing the complexity of the system because no external trigger was required
except the variation of rotational speed. However, these valves generally require stringent
design and manufacturing of the microfluidic channels because of their dependence on the
properties of the sample and the fluidic channels, such as the channel geometry and the
contact angle between the channel and the sample [61,62]. Besides, most of these valves only
work in normally closed state (initially closed and switch to open when triggered) due to the
lack of external actuation, and cannot provide physical barrier for handling evaporating
reagents.

Active valves, which require external actuations to close or open flow channels, work
with low sensitivity to the property of the channels and fluid samples. One important

advantage of active valves is the potential use either in normally closed mode or normally
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open mode (initially open and switch to closed when triggered). Most of current active valves
for centrifugal platform are realized by the phase transition of some blocking substances to
switch on or off the channels, such as using hot air or optical illumination to melt paraffin
wax, freezing a liquid plug in the channel [63—-66]. These innovative phase transition valves
offer great potential in promoting the application of centrifugal microfluidics for more
complex assays. However, the potential contamination to samples from the melted substance
and damage to samples from some unnecessary heating or freezing still limit the application
of these valves. The relatively long time required for phase changes and the need to integrate
heater or optical source to the centrifugal platform make this type of valves difficult to use.
Finally, most of the reported active valves for centrifugal microfluidics are not reversible so
that they can only be used for one time. From a literature search, only Park et al. has
demonstrated the reversibility of the wax-melting based valves [66].

New valving methods with simple structure and good stability are still keenly needed for
Lab-on-CD systems. Pinch valves, which function by compressing the microfluidic channel
to block fluid flowing, have been an attractive option because of its widely application for
conventional microfluidic control, especially the pneumatic pinch valve pioneered by Quake's
group [22]. However, this type of valves needs to be actuated by some external methods, such
as pneumatic force, solenoid, screw, and magnetic force [67,68]. One major problem for
integrating these pinch valves with the centrifugal platform lies in the difficulty of integrating
the traditional actuation and control signal to the rotating platform. When the platform rotates,

it is difficult to guarantee stable supply of power or gas pressure to the system. Meanwhile
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the centrifugal force hinders the motion of moving parts in some traditional actuators, such as
the plunger of the solenoid actuator. In order to promote the application of pinch-valves in
centrifugal microfluidics, some actuation methods that are stable and easy to be integrated
with the Lab-on-CD system should be explored. We have previously reported a
flyball-governor controlled pinch valving system for Lab-on-CD platform [50,51,69]. This
type of valves shows good stability and reversibility for liquid control on centrifugal platform.
However, it can only function in the normally closed mode, and it is also difficult to reduce
the physical size of the flyball governor actuator because of the linkage structure used.

This chapter presents a novel approach to integrate a compact pinch-valving system on
the rotating centrifugal platform. The intrinsic centrifugal force of the rotating platform is
used to actuate the valve system so that no other external actuation is required for the valves.
A sliding wedge with two inclined planes is used to drive the pins to close the microfluidic
channel. Through the inclined planes of the wedge and the pins, the horizontal motion of the
wedge along the microfluidic chip plane is converted to the vertical motion of the pins for
valve actuation. Both the normally closed and normally open valves can be realized with this

technology.

3.2 Design and fabrication of the valving system

3.2.1  The operational principle and design
The design of the valving system is schematically demonstrated in Figure 3.1. The
system consists of a microfluidic disc (with the microfluidic system) and a wedge-based

valving disc. The microfluidic disc and the valving disc are fixed tightly on a rotating shaft,
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which is driven by a DC motor. The microfluidic disc includes a rigid polymethyl
methacrylate (PMMA) substrate and the microfluidic system made with compressible
polydimethylsiloxane (PDMS). The displacement of the pin against the PDMS flow channel

helps to compress the PDMS covering membrane to block the fluid flowing in the channel.

Sample NC NO PMMA PDMS
Low P N *~/ — PMMA
speed “Microfluidic disc

' Pin holder Pin holder

\;/' Pin Valving

T disc Wedge holder
! Wedge holder

High

speed
I
L]

\!/'

(b)

Figure 3.1 Operational principle of the valves on a centrifugal fluidic platform: (a) In
stationary or low rotation speed, the normally closed (NC) valve is closed and normally open
(NO) valve is open; (b) When the rotation speed is higher than the burst frequency, the NC
valve opened and NO valve closed; (c) The assembled centrifugal microfluidic platform.

The close-in view shows the schematic design of wedge-spring system

In the valving disc as shown in Figure 3.1, the pins are actuated by a specially designed
wedge located inside a slot in the actuation disc. The bottom of each pin has an inclined plane
to permit smooth sliding on the top slopes of the wedge. Each wedge has two slopes on its
top. One of the slopes is at the inner side close to the centre of the disc and the other is at the
outer side close to the edge of the disc. A spring is connected to the outer side of the slot to
provide a restoration force. As shown in Figure 3.1a, at low rotation speed, the spring force
helps to keep the wedge closer to the rotating centre of the platform. In this condition, the pin

on the inner slope stays at high level and it compresses the PDMS layer in the microfluidic
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chip above the valving disc. The valve stays closed when the system is stationary or at low
speed. It is therefore called the “normally closed” (NC) valve. As the rotation speed of the
platform increases, centrifugal force drives the wedge to move outward, and therefore reduce
the height of the pin of the normally closed valve. When the rotational speed reaches to a
critical value, the valve is opened to permit the fluid sample to pass through as schematically
shown in Figure 3.1b. The critical speed is called as the ‘burst frequency’ of the valve.

On the other hand, the pin on the outer slope of the wedge stays at its low position when
the platform is stationary or rotates at speed lower than its closing frequency. The
microfluidic channel above this pin therefore stays open initially. The valve corresponding to
this pin is therefore called a “normally open” (NO) one. When the rotation speed increases to
a critical value, the wedge pushes the pin to move upward, compress the covering membrane
of flow channel to block the fluid flow, therefore turns off the valve.

In order to test the functionality of this valve design, a prototype microfluidic chip was
designed and fabricated. The pattern of the microfluidic chip is graphically shown in
Figure 3.2. The chip consists of three valves, with valve 1 and valve 2 as the normally closed
ones and used to control the release of liquid samples stored in chamber A and B respectively,
while valve 3 is a normally opened valve designed to block the liquid in chamber C when the
platform is at high rotation speed. Chamber D is a waste reservoir. The cross sections of the
microfluidic channels at the location of the valves are designed to be 800 pm in width and

350 um in height.
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Figure 3.2 Schematic diagram of the microfluidic chip on the rotational platform

3.2.2  Fabrication of microfluidic chip and construction of the prototype system
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Figure 3.3 Photo images of the prototype centrifugal system:(a) Assembled prototype
system; (b) Demonstration of a pin and a wedge; (c) Images of the three installed pins in the
pin holder and the initial pin height h; (d) Close-up image of the valves

The centrifugal system was fabricated and assembled as shown in Figure 3.3a. A 1/4
inch thread rod was connected to a brushless servo motor (ClearPath, Teknic, Inc.) using a
coupling to serve as the rotating shaft of the whole system. The microfluidic disc and the
valving disc were fixed together on the shaft using Nut 2. Two wireless sensors were fixed
symmetrically on a camera holder mounted on the thread rod with Nut 1. The camera holder

synchronously rotated with the centrifugal system so that the cameras could monitor the
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motion of the fluids in the microfluidic channels. A copper tube was installed between Nut 2
and the camera holder to adjust the field of view of the cameras. Two 9-Volts batteries were
symmetrically installed into the wedge holder to supply power for the cameras when the
platform was rotating.

The shell of the wedge, the wedge holder disc (valving disc), and the camera holder
were fabricated using 3D printing technology with polylactic acid (PLA) material.
Small-sized lead cubes of different masses were filled in the PLA shell of the wedge to adjust
the total mass of the wedge. Cylindrical aluminium pin with diameter of 3/32 inch was
machined to a certain length with a slope of 30 degree at one of the ends, as shown in
Figure 3.3b. The slope surface of the wedge, the pin, and the surface of the slot in the wedge
holder were all polished and sprayed with a thin layer of polytetrafluoroethylene based dry
lubricant (16-TDL, B’laster) which was typically stable and durable to reduce the friction on
the contacting surfaces. After the spring and wedge were installed in the slot of the wedge
holder, a 1/8 inch thick pin holder made of PMMA was mounted above the wedge holder.
Three through-holes were drilled on the pin holder. Brass spacers with 3/32 inch inner
diameter were mounted into the through-holes to achieve the vertical and smooth motion of
the pins. Then the pins were installed into the brass spacers. The inclined end of the pins
contacted with the corresponding inclined plane of the wedge. The initial pin height (h) is
defined as the pin length above the pin holder when the microfluidic disc is not installed, as
shown in Figure 3.3c. When the microfluidic disc was installed above the pin holder with the

PDMS layer facing the pin holder, the pins in the pin holder push against the PDMS
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membrane covering the microfluidic chip, therefore helps to close the flowing fluid in the
channel as shown in Figure 3.3d.

The microfluidic chip used for testing the performance of the valves was fabricated
using a soft lithography process [20]. As shown in Figure 3.4a, master mold for PDMS
casting was first generated on a 4 inch clean silicon wafer using UV photolithography of
SU8-50 (Microchem, USA). Then 15g PDMS (Sylgard 184, Dow-Corning) mixed at a ratio
of 1:10 (curing agent to base) was casted onto the SU8 mold and degassed in vacuum for 30
min. After cured in oven at 60 °C for 5 h, the PDMS replica sheet was peeled off the SU8
master mold and then punched with vent holes and centre holes. A 3 mm thick PMMA disc
was used as the substrate for the microfluidic system. In order to form irreversible bonding
between the PMDS sheet and the PMMA disc, the surface of PMMA disc was functionalized
using 5% (volume/volume) APTES aqueous solution [21]. The surface of PMMA disc was
activated in oxygen plasma for 1 min and then immersed in 80 °C APTES solution to form a
silylated layer on PMMA surface. After blow-dried, the PMMA disc together with the PDMS
sheet were treated with oxygen plasma for 36 s. The oxygen plasma treatment resulted in the
formation of Si—OH groups on the APTES treated PMMA surface and the PDMS surface.
Similar to plasma-based PDMS-PDMS bonding, the two surfaces with Si—-OH groups could
be irreversibly bonded together after they were brought to contact to form the microfluidic
chip disc as shown in Figure 3.4b. The PDMS layer of the chip was finally measured with a

total thickness of 2.8 mm.
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Figure 3.4 (a) Fabrication process of the microfluidic chip and (b) photograph of the
prototype microfluidic chip

3.3 Experimental results and analysis

3.3.1 Normally closed valve

The burst frequency of the normally closed valve 1 and valve 2 are tested separately.
When a single valve was tested, only the pin for the valve under test was installed on the
platform while the other two pins were removed so that they will not affect the tested burst
frequency. In order to test valve 1, blue ink (KD600X-HB, BCH Technology) was loaded in
reservoir A. As shown in Figure 3.5a, the pin 1 completely closed valve 1 when the rotation
speed was under the burst frequency. When the rotation speed of the platform reached the
bust frequency, the valve 1 was open within 1 s and the ink in chamber A started to flow into
chamber D, as shown in Figure 3.5b. With the rotation speed maintained at the burst
frequency, and the ink in reservoir A was completely pumped into chamber D as shown in

Figure 3.5c.
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Valve 1
open

Figure 3.5 Snapshot of the valving process of a normally closed valve: (a) Blue ink was
loaded in chamber A; (b) The blue ink in chamber A start to flow into chamber D as the valve
1 was opened; (c) The blue ink in chamber A was completely pumped into chamber D by
centrifugal force. The horizontal line across the reaction chamber in the photos is the image
of the front edge of the sliding wedge

In Figure 3.5, a horizontal dark line can be observed beneath the reaction chamber. This
line is the image of the front edge of the wedge beneath the transparent PDMS fluidic system.
The dash lines in the figures demonstrated the displacement of the sliding wedge relative to
the fluidic system during the valving process.

An experiment was conducted to check if the pin has successfully moved downward
when the normally closed valve was opened. In the experiment, the pin for Valve 1 in Figure
5 was replaced by a bolt with the same end-face size. The bolt was set with an initial height
of 0.93 mm and was not free to move either upward or downward during the test. It was
observed that the liquid sample was not able to pass through the valve as the rotation speed of
the platform was increased up to 4000 rpm, considerably higher than the measured burst
frequency (870 rpm) for the Valve 1. The experiment therefore had validated that the pin
indeed moved downward to release the fluid sample in the valve operation.

3.3.2  Design for different burst frequencies for the normally closed valves

The equilibrium state of the wedge at burst frequency was studied to obtain a theoretical
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estimation of the burst frequency for the normally closed valve. For the sake of simplicity,
the pin was assumed to be in complete separation with the PDMS covering membrane at the
burst frequency of the valve, as shown in Figure 3.6. The burst frequency of the valves in the
manuscript was defined as the rotational speed when the valve is completely open for a
normally closed valve. At this moment, the force applied to the PDMS covering membrane
by the pin becomes very close to zero and the PDMS membrane is in its equilibrium position
under fluid pressure and its elasticity. The effects from the physical properties of the PDMS
channel and the liquid sample, such as the Young’s modulus of PDMS membrane and the
liquid pressure, were therefore not considered in the following analysis. The burst frequency
of the valves is therefore only dependent on other mechanical components. The mass of the
pin is very small in comparison with the wedge; therefore the reaction force from the pin to
the wedge could be neglected for studying the equilibrium of the wedge. In the simplified
model, the wedge stays in an equilibrium state under the action of the spring force F, the
centrifugal force F., the friction force f between the wedge and the wedge holder, and the
normal force Fy from the wedge holder. The normal force Fy can be approximated to be
equal with the weight of the wedge. Because the velocity of the wedge relative to the wedge
holder is very small, Coriolis force on the wedge can be neglected. Figure 3.6 shows the free
body diagram of the wedge at the burst frequency.

The following equation can then be derived when the wedge of the normally closed vale
is in the equilibrium state at its burst frequency,

FE=F.+f (3-1)
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Figure 3.6 The schematic diagram of the pin location and the free body diagram of the wedge

Thus the equation for calculating the burst frequency can be obtained as,

h kh 3-2)
wilor) g
@b r0+tan0 tan9+u g

where wy, is the burst frequency of the normally closed valve, u is the kinetic coefficient

of friction between the wedge surface and the slot surface in the wedge holder, h is the initial
pin height, @ is the angle of inclined plane of the wedge (0=30°), ro (21.5 mm) is the distance
between the centre of the wedge and the rotating centre of the platform when the spring was
not compressed. The kinetic coefficient p, the friction between the wedge surface and the slot
surface in the wedge holder, was experimentally measured to be 0.16 using the inclined-plane
method. In the measurement, the wedge block was placed on a lubricated inclined plane
fabricated with PLA. The angle of the inclined plane was gradually increased at a step of 0.1
degree until the wedge block started to slide downward under slight disturbance as the
inclination angle reached a critical value. Then the kinetic coefficient of friction was
calculated based on the critical angle of inclination. The spring stiffness k was obtained from
the datasheet provided by the vendor (McMaster-Carr). Thus, the burst frequency in

revolutions-per-minute (rpm) can be solved as shown in Equation (3-3).
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As can be seen from Equation (3-3), the burst frequency can be adjusted by varying
mass M, radius ro, the initial pin height h, the slope angle of the wedge, and the spring
stiffness k.

Both the experimental and simulated results of the burst frequencies for the two
normally open valves in the microfluidic chip, the valve 1 and valve 2, as functions of initial
pin height, spring stiffness and mass of wedge are plotted for comparison in Figure 3.7,

Figure 3.8 and Figure 3.9.

2500 T T T T T

‘E 2000+

2

3

2 15001

[}

>

(op

2 1000~

[2

3 500 — Theoretical |
® Experimental valve 1
+ Experimental valve 2

0 r

0 05 1 15 2 25 3
Initial pin height(mm)
Figure 3.7 Theoretical and experimental results for the burst frequencies of valves as the

function of the initial pin height with the mass of the wedge fixed at 13.8 g and the spring
stiffness at 4115.5 N/m

In Figure 3.7, when the initial height of the pin was small, the experimentally measured
burst frequency was 660 rpm, much higher than the theoretically predicted one using the
simplified model of Equation (3-3). The reason is that when the initial height of the pin is set
too small, and close to zero, the valve is no longer a pinch-valve, the burst frequency is

therefore only determined by the surface tension and Equation (3-3) therefore cannot be used
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for calculation. The burst frequency of 660 rpm was determined only by the surface tension.
In Figure 3.7, only these burst frequencies higher than 660 rpm were realized under the
actuation of the pin-wedge system. Because the valve is a mechanical-pinch valve and the
burst frequencies of the prototype valves were all set above 660 rpm (the burst frequency
based on surface tension only), all the burst frequencies in Figure 3.7 were found to be higher

than 660 rpm.
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Figure 3.8 Theoretical and experimental results for the burst frequencies of valves 1 and 2 as

the function of the spring stiffness, with a wedge mass of 9.7 g and the initial pin height at
2.25 mm
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Figure 3.9 Theoretical and experimental results of the burst frequency as the function of the
mass of the wedge with the spring stiffness fixed at 2854.6 N/m and the initial height of the

pin at 2.25 mm
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As can be observed from the results, the experimental burst frequencies of valve 1 and
valve 2 are very close to each other and they show the same trend with the theoretical
calculation as the initial pin height h, the spring stiffness k and the wedge mass M change.
The burst frequencies of the valves increase with the initial pin height and the spring stiffness
and decrease as the mass of the wedge increases. As can be observed from the results in
Figure 3.7, Figure 3.8 and Figure 3.9, the calculated burst frequencies tend to be higher than
experimentally measured ones. One possible reason for the discrepancy is the assumption that
the pin has completely separated with the PDMS covering membrane at the burst frequency.
In reality, when the fluid started to pass the valve, the pin was still in contact with the PDMS
covering membrane and the valve was only partially open. The calculated burst frequencies
obtained with this assumption shall therefore be expected to be slightly higher than the
measured values.

3.3.3  Experiments of the normally open valves and the microfluidic chip

The experimental results for the microfluidic chip are presented in Figure 3.10. The
sequential flowchart for the rotational speed for the platform was graphically demonstrated
below the photo images. The weight of the wedge used for the test was 13.8 g. The chamber
A and chamber B were loaded with blue ink and red ink respectively, as shown in
Figure 3.10a. The initial heights of pin 1 and pin 3, which corresponded to valvel and valve 3,
were set to be at 1.82 mm and -0.36 mm respectively. Pin 2 was removed from the platform
so that the valve 2 was controlled only by surface tension. Valve 1 was normally closed and

its burst frequency was higher than that of valve 2. Valve 3 was normally open and the
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critical rotation frequency for valve 3 to close was between the burst frequency of valve 1 and
valve 2 so that the ink in chamber B could pass through valve 3 when released by valve 2 and

ink in chamber A could be blocked in chamber C when it was released from chamber A.
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Figure 3.10 Snapshots of the sequential valving process of the microfluidic system and the
corresponding rotational speed of the platform

Initially, the blue ink in chamber A and red ink in chamber C was blocked by valve 1
and valve 2. When the rotation speed increased to 800 rpm, valve 2 was opened to release the
red ink in chamber B. At this rotation speed, valve 3 was also open, so the red ink directly
passed through valve 3, as shown in Figure 3.10b. As the rotation speed of the platform
increased to 1400 rpm at an acceleration of 2000 rpm/s, Valve 1 was open and valve 3 was
closed. The blue ink in chamber A was released into chamber C and retained in it by the
closed valve 3, as shown in Figure 3.10c. The platform was then quickly brought to stop at a
deceleration of 2000 rpm/s. Valve 3 was maintained in closed state during the process
because of the inertia of the spring-wedge system, therefore the blue ink was still kept in

chamber C after the rotation was completely stopped. Then the wedge was gradually pushed
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back to its initial location close to the rotation centre by the spring force and valve 3 was
opened. The time required for the spring to restore the valve V3 to open state after the
platform returned to the stationary state was measured to be less than 1s. When the platform
started to rotate again, the blue ink stored in chamber C passed through valve 3 at 800 rpm, as
shown in Figure 3.10d.

The experimental results have proved that both the normally open and normally closed
valves can be reversibly realized with excellent reliability. With this valving technology,
selectively blocking of sample fluids can be achieved and easily integrated on a Lab-on-CD
platform for some complex assays. Samples can be released at lower rotating frequency and
blocked at higher frequency through the normally open valve, which otherwise may be
difficult to achieve with the existing valving technologies.

It should be noted that because the valving positions on the disc are determined by a
given wedge-spring design, a new valving disc needs to be designed for a specific
microfluidic disc with different valving positions. With the wedge-actuated valving
technology presented in this paper, the microfluidic chip can be replaced and disposable,
while the mechanical valving disc consisting of the sliding wedge, pins, and spring, does not
have to be replaced. The microfluidic chip itself has very simple structure and were made by
replication to reduce the cost. This made it feasible to make the sample-handling microfluidic
components disposable, and therefore avoid cleaning requirement for the microfluidic chip.
The microfluidic chip may also be fabricated with some other structures and materials, such

as the flexible latex membrane structure as reported by other groups to eliminate the concern
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of the incompatibility of PDMS with some biology and chemistry assays[70,71]. Additionally,
other modules, like the batteries, the control circuits, the optical or electrical detection system,
can all be integrated into the valving disc, which makes the whole Lab-on-CD system more

compact and integrated.

3.4 Conclusions

By using a sliding wedge to transduce the in-plane centrifugal actuation to the
out-of-plane direction and use it to achieve pinch-valving actuation, both normally closed and
normally open valves are easily realized for fluidic control on a Lab-on-CD platform. The
burst frequency of the valves can be tuned by changing the physical parameters of the
actuation mechanism, such as mass of the sliding wedge, spring stiffness, and the initial pin
height. The experimental results with prototype valves showed excellent performances and
reliability. It can be readily integrated on a centrifugal platform. This valving system is
independent of the microfluidic system, and actuation is realized via external contact on the
covering membrane of fluidic channels. It therefore brings no contamination to samples in the
microfluidic system and can be repeatedly used for disposable microfluidic chips. The
valving system has a compact size, and easy to fabricate. Apart from valving, the wedge-pin
structure has potential to be used to achieve other microfluidic functions for Lab-on-CD
platform, such as mixing and flow switching. Future work will concentrate on applying the

valving sytem to some biological assays, like cell screening and detection.
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CHAPTER 4. MECHANICALLY PROGRAMMED VALVING TECHNOLOGY
AND THE ACTIVE FLOW SWITCHING APPLICATION IN CENTRIFUGAL
MICROFLUIDICS

4.1 Introduction

Sequential control of the release of samples is important for integration of multiple
analysis steps into microfluidics, especially for biological assays such as DNA analysis
[60,72]. For centrifugal microfluidics, the high-speed rotation of centrifugal platform and the
limited area of microfluidic disc provide challenge for realizing sequential valving. A wedge
actuated valve has been investigated in Chapter 3, but each wedge can only actuate a pair of
normally closed valve and normally open valve at the same time [73]. It is still difficult to
compactly integrate multiple valves for a single microfluidic system.

In this chapter, a mechanical valving system is made for implementing multiple pinch
valves in a small area of the centrifugal microfluidic chip. Spring ball plungers will be used
to deform the microfluidic channel to close the valve. The vertical location of these spring
ball plungers will be controlled by some grooves on the surface of a valve chip. The valve
chip with grooves on the surface was driven to move along the radius of the disc by
centrifugal force to change the relative location between the plungers and the grooves. The
sequence for opening and closing the valves can be mechanically programmed on the valve
chip by designing the location of the grooves. The concept design and the fabrication of the
valving system were firstly introduced. The performance of the valves was then theoretically

predicted and experimentally tested.
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4.2 Materials and methods

4.2.1  Design of the valving system and the microfluidic chip

The detailed design of the valving system is schematically demonstrated in Figure 4.1. A
valving chip was built under the microfluidic chip as shown in Figure 4.1a. The microfluidic
disc and the valving chip are fixed on the same shaft and driven to rotate together by a DC
motor. In this design, the valving actuation is separated from the microfluidic chip. The
advantage is the microfluidic chip can be disposable, while the valving chip is a permanent
component of the Lab-on-CD instrument. As part of the microchannel, a chamber was
designed on the backside of the microfluidic chip. The valving chamber is located above a
spring plunger. The vertical location of the spring plunger was controlled by a valving
actuation chip with grooves designed on its top surface. A sliding weight is attached to the
valving chip and connected with a spring, which provides a balance force to the centrifugal
force. The weight is attached to a guide rail and can slide on it. When the rotation speed
increases, the centrifugal force increases and drives the weight and the valving chip to slide
toward the edge of the rotating disc against the spring force. When the rotation speed
decrease, the centrifugal force will decrease and the spring force helps to restore the weight
and the valving chip to initial position. As the valving chip moves inside or outside, the
grooves on its top helps to drive the spring-plunger to up/down. This helps to convert the
horizontal motion of the valving chip and weight to the vertical motion of the spring-plungers.
The vertical movement of the spring plungers can then be used to compress the covering
membrane of the valving chamber to block the fluid flow.
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Figure 4.1 Operational principle of the valves on a centrifugal fluidic platform: (a) Top view
of one fourth of the microfluidic chip disc; (b-c) Operation of a normally closed valve to open
from initial closed state; (c-d) Operation of a normally open valve to close from initial open
state

The sequence of the valving action was shown in Figure 4.1(b-d). Each valve requires
one particular spring-ball-plunger beneath its valving chamber to block the flow of fluid
sample. The vertical location of the plunger can be changed by varying the grooves on the
valving chip. The spring plunger has a rotatable ball on its contact point with the upper
surface of the valving chip to reduce the friction. When the plunger stays outside of the
groove (at higher position), it pushes against the covering membrane of the valve area,
causing a deflection of the membrane into the valving chamber to block the fluid flowing
through it. On the other hand, when the plunger drops into the groove of the valve chip
(lower position), the spring plunger releases the membrane above it to open the valve.

The diagrams in Figure 4.1(b-c) graphically demonstrated the opening operation of a
normally closed valve at increased rotation speed. Figure 4.1(d-e) shows the closing
operation of a normally open valve at increased rotation speed.

The relative distance between the pin and the edge of the groove when the platform is

stationary determines the critical rotation speed, the “burst frequency”, for the valve to open
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or close. The distance X, in Figure 4.1b and X in Figure 4.1d respectively shows the distance
that the valve chip should move to open or close the valve. Larger initial pin-groove distance
means higher “burst speed” is required. Besides, the spring stiffness and the weight under the
valving chip could also be tuned to meet the demand of different burst frequencies for valves.

In some biological, chemical and medical assays, sequentially control of multiple
valves is needed. For such applications, multiple grooves can be programed onto the surface
of the valving chip, with one groove for each valve. With different pin-groove distances
selected for individual valves, the burst frequency of each valve can therefore be
differentiated. When different control sequence of the valves is required for new application,
the valve chip could be easily replaced with a new one with different groove patterns without
change of other components in the system.

4.2.2  Construction of the system
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Figure 4.2 (a) The exploded view of the assembly of the system to show the components; (b)
image of the assembled valving disc, hg is the initial pin height above the plunger holder
when microfluidic chip was not mounted

(a)

The schematic exploded view of the core structure of the centrifugal microfluidic system,

including the valving system and microfluidic system is shown in Figure 4.2a to demonstrate
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the assembly details. A slot was fabricated in a disc like valving holder to serve as the guide
rail. The weight, spring, and valving chip were installed in the valving holder to form the
valving disc. The valving disc was installed under the microfluidic disc. The plunger holder
covers the valving disc to support the vertical motion of the plungers. The microfluidic chip
was installed tightly above the plunger holder so that the plunger slightly compresses the
membrane on the bottom of the microfluidic chip. A rigid cover disc made of PMMA was
fixed above the microfluidic chip to prevent the microfluidic chip from deforming when
compressed by the pins.

The frame of valving holder, the shell of the wedge and the valve chip were modelled in
Solidworks (Dassault Systemes SolidWorks Corp, USA), and fabricated using fused
deposition modelling (FDM) printer (Creator Pro, Flash Forge) with polylactic acid (PLA)
material. The surface of the slot in the valving holder were all polished and sprayed with a
thin layer of polytetrafluoroethylene based dry lubricant (16-TDL, B’laster) which was
typically stable and durable to reduce the friction on the contacting surfaces. The fabricated
grooves on the valve chip were 0.6 mm in depth and 3 mm in width. Small-sized lead cubes
of different masses were filled in the PLA shell to adjust the total mass of the sliding weight.
Holes were drilled on a PMMA disc at the valving location to work as the plunger holder.
Spring ball plungers with diameter of 3 mm were installed in the holes of the plunger holder
and free to move vertically. The initial pin height (ho) is defined as the pin length above the
pin holder when the microfluidic disc is not installed for a normally closed valve, as shown in

Figure 4.2b. The value of hy determined the compression force from the plunger to the
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microfluidic chip in the closed state of the valve. Larger hy resulted in larger compression
force. A wireless camera was installed above the microfluidic system to monitor the motion
of the liquid sample in the microfluidic chip as the platform rotates.

A prototype of microfluidic system was fabricated to test the performance of the valves.
For the sake of time and cost, only a portion of the microfluidic disc was fabricated, as shown
schematically in Figure 4.3. Microfluidic system was fabricated in a 2 mm thick PLA chip
using FDM 3D printer. FDM 3D printing technology enabled the fast prototyping of
microfluidic chip with short time and low cost. However, the surface quality of FDM printed
suspended structures was poor because of the support material used in the printing process.
To avoid this problem, the valving chambers on the bottom of the microfluidic chip were not
printed with the microfluidic system in the PLA chip. Instead, the valving chambers were
separately fabricated on a 127 um thick polycarbonate (PC) sheet and then assembled to the
3D printed PLA microfluidic layer. The top and bottom surfaces of the PLA chip was wet
sanded using fine grit sandpaper before other components were assembled to it to construct a
functional microfluidic chip. The PLA layer and the PC layer was then aligned and bonded
together with 100um thick double-sided pressure-sensitive adhesive (PSA) tape. Finally the
top surface of the microfluidic system was sealed using transparent polypropylene adhesive
tape (Scotch mailing tape, 3M). The bottom surface of the PC layer was attached with a layer
of latex film with thickness of 200 um to serve as the covering membrane that could be

deformed to block the microfluidic channel under the compression of the plunger.
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Figure 4.3 The structure of the microfluidic chip
4.3 Experiments and analysis

4.3.1  Single normally closed valve test
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Figure 4.4 Snapshot of the valving process of a single normally closed valve(dotted

circle indicates the valving area): (a) A sample(red ink) was loaded in chamber A; (b) The red
ink in chamber A start to flow into chamber B as the valve was opened; (c) The ink in
chamber A was completely pumped into chamber B by centrifugal force

Figure 4.4 shows photo images of the operation of a prototype normally closed valve.
The flow from the sample-loading chamber A to the destination chamber B was regulated by
a normally closed valve. In image Figure 4.4a, red ink was loaded into the sample-loading
chamber A when the platform is stationary. The sample fluid could not pass the valve when

the rotation speed of the platform is lower than the critical rotation frequency (burst
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frequency) of the valve. As rotation speed increased to the burst frequency, red ink passed
through the valve and flowed into the destination chamber B. A black line was marked on the
valve chip to show the displacement (x,) of valving chip in the operation, as shown in image
b of Figure 4.4.

An experiment was conducted to check if the plunger has successfully moved down into
the groove when the normally closed valve was opened. In the experiment, the valving chip
with a groove on its surface was replaced using a dummy of the same physical sizes but
without grooves on the surface. When the initial pin height was set to be 0.7 mm, the liquid
sample was not able to pass through the valve though the rotation speed was increased up to
4000 rpm, considerably higher than the measured burst frequencies for the Valve 1 controlled
by a valve chip with grooves on the surface. The experiment therefore had validated that the
plunger indeed moved down into the groove to release the fluid sample in the valve operation,
and therefore proved the feasibility of using grooves to mechanically program operations of
valves.

4.3.2  Design for different burst frequencies for the normally closed valves

The theoretical value of the burst frequency of a normally closed valve can be obtained
by analysing the equilibrium state of the wedge in operation. At the burst frequency, the pin
moved into the groove area of the valve chip. The restoring force from the latex membrane to
the pin, the weight of the pin as well as the friction between the pin and the valve chip are all
neglected. So the weight-valve chip assembly stayed at equilibrium in horizontal direction

under the spring force Fy, the centrifugal force F., and the friction force f between the wedge
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and the guide trail, as shown in Figure 4.5, m is the mass of the weight-valve chip assembly.
Because the relative velocity of the mass m with respect to the guide trail is very small,

Coriolis force on the weight can be neglected.

Fluid{: flow Destinatjion

==

: F [ F

Figure 4.5 The schematic diagram showing the pin location and the weight-valve chip
assembly for a normally closed valve at the burst frequency

Thus the equation for calculating the burst frequency can be obtained as,
F.=F, +f. (4-1)

Assuming the normal compressing force from a single pin to the valve chip is Fo There
are totally n pins acted on the valve chip, so the normal force (Fy) from the guide trail to the
mass can be approximated as,

Fy = nFy + mg . (4-2)
So the burst frequency in rpm with an open displacement of x, can be derived as,
mw?(xy +1y) = kxy + u(nFy + mg), (4-3)

Where o is the burst frequency of the normally closed valve, x, is the initial pin-groove
distance of the normally closed valve, r, (22 mm) is the distance between the centre of the
weight and the rotating centre of the platform when the spring was not compressed. F, was
measured to be 2.9 N using a force sensitive resistor (FSR). The kinetic coefficient, p, of

friction between the weight surface and the guide rail, was experimentally measured to be
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0.16 using the inclined-plane method [73]. The spring stiffness k was measured based on the
principle of Hooke’s Law. The springs were loaded in compression to deform with different
distances. Each pre-deformation of the spring and the corresponding load were measured
using a calliper and digital scale respectively. Then, the spring stiffness can be obtained from
the regression analysis in the plot of load as the change of deformation.

The burst frequency in rpm can be calculated from Equation (4-3) as,

. 30 \/kxo + u(nFy + myg) (4-4)

4 m(xg + 1)
As can be seen from Equation (4-4), the burst frequency can be adjusted by varying
mass m, radius ro, the initial pin-groove distance xo, and the spring stiffness k.
Both the experimental and simulated results of the burst frequencies for a single
normally-closed valve (n=1) in the microfluidic chip as functions of initial pin-groove
distance xo, spring stiffness k, and mass of the mass m are plotted for comparison in

Figure 4.6, Figure 4.7 and Figure 4.8.
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Figure 4.6 Theoretical and experimental results for the burst frequencies of valves as the
function of the valving distance. The mass of the wedge was 15.8g and the spring stiffness
was 1156.7 N/m
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Figure 4.7 Theoretical and experimental results for the burst frequencies of the valve as the
function of the spring stiffness, with the mass of 12.7 g and the open distance of 3.6 mm
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Figure 4.8 Theoretical and experimental results of the burst frequency as the function of the
mass m, with the spring stiffness of 1156.7 N/m and the open displacement of 3 mm

As can be observed from the results in Figure 4.6, Figure 4.7 and Figure 4.8, the
increases of the initial pin-groove distance and the spring stiffness cause the burst frequency
to increase accordingly. Oppositely, the increase of the mass reduces the burst frequency. The
effect of the initial pin-groove distance on the burst frequency could be used to design
sequentially controlled valves on a single valving chip. The change of mass and spring
stiffness can be used to tune the range of the burst frequencies for different applications. By
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increasing the spring stiffness or decreasing of the mass, the burst frequencies of the valves
can be increased. This may be significant for some bio-assays that are sensitive to centrifugal

force, such as blood separation assay.
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Figure 4.9 The effect of the total number of the valves on the burst frequencies. In these tests,

the spring stiffness was 1977.1 N/m, the total weight of the mass and valve chip was 12.7 g,
the open distance of the valve chip was 2.7 mm

When multiple valves were implemented, all the plungers for different valves are
installed on a single valve chip. From Equation (4-4), the total number of valves, n, affects
the calculated burst frequency, because each plunger brings additional compression force to
the valving chip, and therefore affecting the friction force applied on the weight. A valve
system with 6 normally- closed valves was used to investigate this effect. In these 6 valves,
only one valve could turn to open-state in the experiment. No grooves had been fabricated on
the valving chip corresponding to the other five valves. The plunger for the openable valve
was firstly installed on the platform and the plungers of the other five valves were added into
the system one-by-one. The burst frequencies of the openable valve was tested and recorded

after each plunger was added to the system, as shown in Figure 4.9.
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From Figure 4.9, the burst frequency of the openable valve increased when each
following valve was installed. As the addition of each following valve, the simulated burst
frequency of the openable valve increased around 50 rpm. However, only a total of around 90
rpm was added to the initial value of the burst frequency in the experiment after all of the
other 5 valves were installed. The discrepancy between the theoretical and experimental burst
frequency increased as the increase of n. This discrepancy may be caused by the error of the
measured value of Fo. From Equation (4-4), the contribution of the error of Fqto the burst
frequency should have increased as the increase of n. As suggested in Equation (4-4), the
effect on the burst frequency from the added valves could be further reduced by lubricating
the guide rail to reducing the friction coefficient p.

4.3.3 Implementation of active flow switch

Flow switch is an important unit in centrifugal microfluidics for controlling the flow
direction of liquid at intersection of the microfluidic channel in many biological or chemical
assays, such as solid phase extraction of DNA from blood [74]. A classic switch for
centrifugal microfluidics was constructed based on the Coriolis force on a rotating platform
[75]. The change of the rotating direction will change the direction of the Coriolis force on
the fluidic sample, so the sample will be directed to different channels. This method needs the
switch of the rotating direction and was not effective at low rotation speed [76].The stop of
the platform and high rotational frequencies may prematurely trigger other operation units in

the system, such as the siphon and capillary valves, thus add more limitations for disc

design [60]. Therefore, a low-speed active switch independent of the rotational direction is
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desired for complex centrifugal microfluidic system. Figure 4.10 shows the implementation
of flow switch of two outlet channels using four of the proposed valves. Vi, V,, V, are
initially closed and V3 is initially open when the platform stayed stationary. The pin-groove
distance for V1, V2, V3, V4 were designed to be 1 mm, 4 mm, 2 mm, 3 mm respectively. The

mass used in the testing is 13 g, and the spring stiffness is 1977.1 N/m.
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Figure 4.10 Demonstration of flow switch realized with sequential control of multiple
valves. The top diagrams (a)-(d) graphically demonstrate the switching process and the
images at the bottom are the snapshots of the corresponding steps in the experiment. (a)
Position of chambers and valves VV1-V4 (shaded area indicated the valve is closed); (b) closed
valve V4 forced liquid in chamber A to go to chamber C; (c) valve V3 was closed to force
liquid sample flow from chamber B to chamber D; (d) final liquid state

In practical application, there may be multiple middle structures between the source
chambers (A, B) and the destination chambers (C, D). Reagents in source chambers (A, B)
will be released in to these middle structures sequentially and discharged into different
destination chambers (C, D) after being processed. The designed microfluidic system focused
on demonstrating the implementation of the flow switch at the intersection to the destination
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chambers(C, D). All these middle structures between the sources chambers and destination
chambers in the microfluidic system were simplified as a single channel.

Two types of sample (blue ink and red ink) were loaded into the sample chambers A and
B respectively to test the performance of the switch. The platform rotated in clockwise
direction. When the rotating frequency of the platform increased to 750 rpm, valve V; was
opened while Valve V;stayed open and valve V,stayed closed at this frequency. The blue
sample in chamber A was pumped into chamber C. From the experiment shap shot, no
sample was observed flowing into the right branch. The gas pocket formed between the valve
V,and the sample flow successfully stopped the sample to flow into the right channel even
though the Coriolis force on the liquid sample was pulling the sample to the right side.
When the speed continues to increase, valve V3 was closed and valve V4, was opened. At
1000 rpm, valve V, was opened to release the red sample into chamber D. The entire
switching process required no change of the rotation direction and showed the ability to work

at relatively low rotation frequency.

4.4 Conclusions

A mechanical valving system was developed for centrifugal microfluidics. It is actuated
by the programmed groove pattern and controls the switch sequence of multiple valves
simply by manipulation of the rotation speed of the platform. The prototype valves were
fabricated using 3D printing technology and tested. The study showed that by changing the
physical parameters of the valve system, the burst frequencies of the valves can be adjusted.

Flow switch capable of working in constant rotation direction and relatively low rotation
61



frequency was realized based on sequential control of multiple valves. Compared with other
valves reported, the new valving technology was actuated by the intrinsic centrifugal force
and requires no external actuation, thus reduced the cost for constructing the system and
increased the stability. Additionally, the valving system works independent of the
microfluidic system, it could be repeatedly used with no contamination to the fluidic samples.
Multiple valves could be realized on the rotating system with compact structures. The valve
system could be easily reconfigured for different application by replacing the valve chip with
different programmed groove patterns. This valving system shows potential in construction of
a flexible centrifugal microfluidic platform for rapid testing of different complex assays with
less requirement for tuning the valves for each microfluidic chip, independent of the
technology and material used for fabricating the microfluidic chip, and the particular property

the fluidic samples.
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CHAPTERS5. CENTRIFUGAL MICROFLUIDIC PLATFORM FOR AUTOMATIC
COLORIMETRIC URINALYSIS

5.1 Introduction

Point-of-Care diagnostics is attractive in providing rapid disease information for prompt
and effective diagnosis and medical treatment to patients. Apart from the significance in
dealing with infectious disease outbreaks, Point-of-Care diagnostics has great potential for
clinical analysis in developing economies where the existing analytical systems are too
expensive to purchase and maintain or too complicated to operate [77]. To reduce the cost
and simplify the operation, detection of the disease markers should be achieved with the

simplest assays and fewest trained personnel involved if possible.

Colorimetric urinalysis offers an attractive option for point-of-care diagnosing diseases
and monitoring medical conditions because of its capability of providing reliable
measurements with low cost and high efficiency. Comparing with blood, urine can be
noninvasively obtained and easily stored. Colorimetric analysis makes urinalysis cost
effective because it requires no expensive equipment to measure or interpret the sensing
signals. Qualitative or semi-quantitative colorimetric analysis can be simply conducted by
visually inspecting the color change. Some daily electronic devices, such as scanner and
smart phone, could be easily used for quantitative colorimetric analysis [78-82]. Currently,
colorimetric urinalysis has been used for diagnosing disease such as kidney disorders,
diabetes, infections, liver problems, or other metabolic conditions [83]. Many brands of urine
reagent strips are commercially available for cost-effective urinalysis. They are commonly

used for semi-quantitative determination of urine parameters, such as glucose, protein, nitrites,
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PH, specific gravity, ketones, urobilinogen, bilirubin, blood and et al [84]. These dipsticks are
portable and cheap for urinalysis. However, careful control of multiple processes are required
for conducting urinalysis based on urine reagent strips, including sample loading, read-out
time and identification the color change of the pads [85]. Generally, the detection assay was
conducted by manually inserting the dipsticks into urine sample and then visually comparing
the color change of the strips with standard color chart to identify the parameter value [86].
The manually sample loading process may bring cross-contamination between adjacent pads
if sample flows across these pads [87]. Besides, the readout time for different parameters
ranges from 30 s to 120 s. For nonprofessionals who want to conduct at-home tests, it is hard
to precisely control these readout time after taking the dipstick out of the sample, especially
when multiple parameters with the same readout time need to be identified. Additionally, it
may be difficult to distinguish the color of one pad with adjacent ones for some parameters. It
is therefore difficult to locate the most appropriate standard color to interpret the tested
parameters, especially for users with color blindness or under dim environment. All these

factors may affect the accuracy of manually conducted strip-based urinalysis.

Microfluidics show advantages in the control of small volume of fluidic sample thus
can be used to enhance the colorimetric urinalysis. Colorimetric analysis of urine parameters,
such as PH, nitrite, glucose, protein, lactate and uric acid, have been investigated using paper
based microfluidics [78,79,82,88]. Paper based microfluidic colorimetric urinalysis
automated the distribution of the urine sample. The capillarity of paper automatically pumped
urine sample to testing areas where the corresponding reagents were placed. However, the
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capillarity actuation of the sample flowing through the testing area of paper-based
microfluidics usually increased the non-uniformity of final color change of the testing area,
which increased the error of the quantification. Besides, the reported paper based
microfluidics for colorimetric urinalysis has difficulties in controlling the sample volume and

the read-out time of the color change of these strips because of lacking of valves.

In recent years, microfluidic technology has also been used to improve the commercial
strip-based urinalysis process. Smith et.al developed a microfluidic manifold to distribute
microliter urine samples to each individual pad of the urinalysis dipstick, thus to eliminate the
cross-contamination between adjacent pads [87]. The sample distribution process was
accomplished by manually sliding the microfluidic layers. The video of the entire process
was captured using a smartphone and analyzed using software to identify the color change of
the strips of the dipstick. Their work has promoted the automation of dipstick-based
urinalysis, increased the consistency and accuracy of the detection. However, part of the
sample distribution process still requires manual work and the acquired high-definition video

of the color change process may bring difficulties for storing and analysis.

Centrifugal microfluidics, or Lab-on-CD technology, simplifies the conventional
microfluidics by delivering liquid sample using centrifugal force rather than any off-chip

pump, thus becomes attractive for portable system for on-site applications.

In this paper, a centrifugal microfluidic platform with a mechanical valving system was
used for an automated colorimetric urinalysis. For fast prototyping to prove the feasibility,

commercial urinalysis strips were integrated into the microfluidic system for measuring urine
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parameters. Urine sample was aliquoted into designed volume and released to react with
urinalysis strips in controlled time sequence. The color change of the strips was recorded
using smart phone and quantified to find the value of interested parameters in urine sample. A
prototype of the system was firstly constructed and tested using red dye. Artificial urine

sample was then used for the calibration of the platform.

5.2 Materials and methods

5.2.1 Design of the microfluidic system

i (ii)
@ +Disc center

(iii) _|_

p PRO

. /
Figure 5.1 Schematic diagrams showing the process flow-chart of the automatic urinalysis
using a centrifugal microfluidic platform. V1 to V5 are normally-closed valves, the dotted
ovals represent the valving area (shade means the valve is closed). Testing strips for glucose
(GLU), specific gravity (SG), PH, and protein (PRO) were sealed in chambers A-D
respectively. (i) Urine sample (yellow) is loaded into the sample chamber close to the disc
center; (ii) four parts of urine sample are aliquoted from the total sample into chambers a-d,;
(iii) At time t=0 s, urine samples in chamber ¢ and d are released to chamber C and D
respectively; (iv) At time t=15 s, sample in chamber b was released to chamber B; (v) At time
t=30 s, sample in chamber A is released to chamber A; (vi) At time t=60 s, a photo image of
color strips is taken using a smart phone and the digital image analysis is conducted to find
the concentration of analysts
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An automatic centrifugal microfluidic platform for urinalysis was designed as shown in
Figure 5.1. The measurements of glucose (GLU), specific gravity (SG), PH, and protein
(PRO) have been selected to test the functionality of the technology. Microfluidic system was
fabricated in a rotational disc mounted on the shaft of a motor. For the purpose of
demonstration of the feasibility of the technology, urinalysis strips were used and pre-sealed
in the reaction chambers (A-D). According to the specification of the urinalysis strips, the
read-out time of the strips for glucose, specific gravity, PH, and protein are 30 s, 45 s, 60 s,
and 60 s respectively. Urine sample is loaded into the sample-loading chamber of the
microfluidic disc. The sample is then automatically aliquoted into chambers a, b, ¢, and d.
The samples in chambers a-d are then sequentially released into chambers A, B, C, and D
respectively to react with the corresponding urinalysis strips. The assay times of the
urinalysis for different analysts are controlled by sequential control of these valves. Samples
for PH and protein are released to react with their strips first. Then samples for specific
gravity and glucose are released after 15 s and 30 s respectively. When all the samples are

released into the strip chambers, a high-quality image is taken using a smartphone after 60 s.

The concentration of glucose (GLU), specific gravity (SG), PH, and protein (PRO) in
the urine sample are then quantified by comparing the color intensities of the strips with those
of calibration curves. There is no cross-contamination between different assay strips because
the chambers for the strips are isolated with each other. More importantly, the color change
information of the strips is saved in a single high-quality image, which simplified the data
acquiring, storing and analyzing process. The valving system could be repeatedly used and
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the microfluidic chip can be disposable. The only required operation when conducting the
assay are loading urine sample, starting the platform and then taking a picture for analysis
with no trained professional required.

5.2.2  Design of the fluidic control system and the microfluidic chip

Figure 5.2 shows the operational principle of centrifugal platform with mechanically
programmed valves for metering and sequential releasing urine sample. A valving disc
containing all the valving components is installed under the microfluidic disc, as shown in
Figure 5.2a. The valve is closed by compressing the deformable covering membrane of the
corresponding microfluidic channel using a spring ball plunger installed under the
microfluidic chip, as shown in Figure 5.2b. A sliding valving chip with grooves on the
surface was used to regulate the vertical location of spring ball plungers. All the plungers
initially stay outside the groove, so they compress the cover membranes of the corresponding
microfluidic flow channels above them to close the channels. As the valving chip is driven
under centrifugal force to a new position when the rotational speed reached a critical value
(called the “burst frequency” of the valve), the plunger slides down into the groove and
released the compression of the cover membrane above it as shown in Figure 5.2c. The
valving chip is mounted on a sliding weight. The relative distance between the plunger-tip
and the groove of the valving chip can be varied when the valving chip-weight assembly is
driven to slide along a guide rail by the centrifugal force. The plungers have rotatable balls at
their ends to reduce the friction forces. The initial distance, x,, between the plunger tip and
the groove determines the burst frequency of the valve. As the rotational speed of the
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platform decreases, the centrifugal force drops and the spring helps to restore the valve to its

initial state. The valves can therefore be repeatedly used for different microfluidic chips.

Shaft Valve
E Closed
Microfluidic disc
A

Valving
disc

i : Valving chip
L CR= _Spring

Rotation centre

—~
=2
~

%

Speed
increased

Fluid flow Destination

Valve

= Guide Valving weight
rail chip

(@) ©
Figure 5.2 (a) Arrangement of the five valves for a centrifugal fluidic chip of urinalysis (the
valving holder virtually cut to show the details of the valving system); (b) the initial closed

state of the valve when the platform stays stationary or low rotation speed; (c) the valve
switches to open at rotation speed higher than burst frequency

For the reported urinalysis device, five valves Vi-Vs were required and actuated by a
single valving chip. The pin-groove distances are 0.5 mm, 3 mm, 3 mm, 3.5 mm, and 4 mm
for V1 Vo V3 V4 Vsrespectively. In operation, valve V3 opened firstly, followed by valve V,
and V3 at the same burst frequency and finally the V3 and V4 are opened successively.

5.2.3  Construction of the Prototype System

Instead of designing multiple fluidic systems for parallel processing of large number of
samples, only a portion of the microfluidic disc was fabricated for feasibility study purpose.
The fabrication flow-chart for the microfluidic chip was graphically demonstrated in
Figure 5.3. Microfluidic system was fabricated in a 2.6 mm thick polylactide (PLA) chip
using fused deposition modelling (FDM) 3D printer. The top and bottom surfaces of the PLA

chip were wet-sanded using fine grit sandpaper before other components were assembled to it
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to construct a functional microfluidic disc. A 127 um thick polycarbonate (PC) layer with
through holes was then aligned and bonded to the 3D printed PLA layer with 100 um thick
double-sided pressure-sensitive adhesive (PSA) tape. After being attached to the PLA
microfluidic layer, these through holes in the PC layer formed valving chambers at the
valving locations for the plungers to deform into. These valving chambers were then covered
with a layer of latex film with thickness of 200 um. Pads for glucose, specific gravity, PH,
and protein were cut from a commercial 10-parameter urinalysis strip (Rapid Response) and
mounted into the corresponding destination chambers. Finally the top surface of the
microfluidic system was sealed using transparent polypropylene adhesive tape (Scotch
mailing tape, 3M). Roller compression was applied on the tape for better sealing to avoid

fluid leakage at high rotating speed.
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Figure 5.3 The structure of the microfluidic chip

Figure 5.4 (a) shows a photo image of the prototype urinalysis system. Figure 5.4b
shows the microfluidic chip installed on a shaft driven by a DC servomotor. The valving

system was installed under the microfluidic chip. All of the valving components were
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contained in a valving holder. A slot was fabricated in the valving holder to work as the guide
rail for the movement of the weight. The holes in the cover of the slots worked as the support
for the plungers to move up and down. The weight, the spring, the valving chip, and the
plungers were installed in the valve holder sequentially, as shown in image of Figure 5.4c.
When the microfluidic chip was fixed above the plungers, the plungers compressed the
membrane on the bottom of the microfluidic chip to close the microfluidic channel. A rigid
cover disc made of PMMA was mounted above the microfluidic chip to prevent the

microfluidic chip from deforming when compressed by the plungers.

The valving holder, the shell of the weight and the valving chip were modelled in
Solidworks (Dassault Systemes SolidWorks Corp, USA), and fabricated using fused
deposition FDM printer (Creator Pro, Flash Forge) with PLA material. The surface of the slot
in the wvalving holder were all polished and sprayed with a thin layer of
polytetrafluoroethylene based dry lubricant (16-TDL, B’laster), which is known to be stable
and durable for reducing the friction on the contacting surfaces during relative motion. The
fabricated grooves on the valving chip were 0.6 mm in depth and 3 mm in width. Lead cubes
were filled in the PLA shell of the weight to adjust the total mass of the weight to be 13 g.
The spring stiffness is 1977.1 N/m. Holes were drilled on a PMMA disc at the valving
location to work as the plunger holder. Spring ball plungers with diameter of 3 mm were

installed in the holes of the plunger holder and free to move vertically.

A smart phone was fixed right above the microfluidic chip. The servomotor was

controlled to stop at the same location each time so that the relative location between the
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camera of the phone and the microfluidic chip was kept the same. In order to minimize the
influence of ambient light, the experiment was conducted in darkroom with constant

conditions of illumination.

Smart phone

Microfluidic

Figure 5.4 (a) Photo image of the setup of the centrifugal platform for urinalysis; (b) photo
image of the microfluidic disc; (c) photo imaged showing close-view of the valving system
for the centrifugal microfluidic platform

5.3 Experimental results and analysis

5.3.1 Sample aliquot and sequential distribution

In the urinalysis process, the microfluidic system controlled the distribution of the liquid
sample in designed volume and designed time sequences. The function of the microfluidic
system was firstly tested using red ink, as shown in Figure 5.5. Red ink was loaded in the
sample-loading chamber when the platform stayed stationary. A pair of wireless camera was
installed above the microfluidic system to monitor the motion of the ink in the chip when the
platform was rotating. Then the rotation frequency of the platform increase to 900 rpm, Valve
V; opened to release the loaded sample into the aliquot chambers a-d. The red ink was
aliquoted in the four chambers, each with a volume of 23 ul. After all the excess sample

flowed into the waste chamber at the most right side of the microfluidic system, the rotating
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frequency increased to 1400 rpm, Valve V,and V3 opened to release the sample in chamber ¢
and d. The timing was initiated at this point. Then at time 15 seconds, the rotation frequency
increased to 1500 rpm, valve V3 opened to release the third sample in chamber b. At time 30 s,
the final sample was released at a rotation frequency of 1600 rpm in chamber a. The system

realized the designed function of aliquoting and sequential releasing the liquid sample.
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Figure 5.5 Snapshot of the sample aliquot and sequential distribution on the centrifugal
microfluidic disc

5.3.2 Implementation of urinalysis and discussions

For calibration and validation of the prototype device, artificial urine sample of known
glucose, pH and protein concentrations were prepared. Dextrose (Sigma-Aldrich), sodium
chloride (Sigma-Aldrich) and bull serum albumin (BSA) (Sigma-Aldrich) were dissolved into
DI water to simulate urine sample. A pH-meter (OAKTON Instruments, model pH/CON 700),
calibrated against three standard buffer solutions (pH 4.0, 7.0 and 10.0), was used for

measuring the pH of the sample.

The size of the each strip pad is 5 mm (width) by 5mm (length) by 0.8mm (thickness).
The size of the destination chamber is designed to be 5.2 mm (width) by 5.2 mm (length).

This size design enabled the easy mounting of the strips into the chamber without damaging
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the edge and surface of the pad, and at the same time the pads can be tightly fitted in the
chambers to withstand actuation of the centrifugal force. The depth of chambers sets the
volume limit of urine sample that can be loaded into it. Experiments were conducted for
different depths of chambers to find the optimal volume of urine sample for each pad. In
order to avoid the leakage of the extra sample loaded into the chamber, vent holes were not
fabricated for this test. All the test chambers were completely filled with artificial urine

sample. The experimental results are shown in Figure 5.6.
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Figure 5.6 Color change of the strip pads under different chamber depth
As can be observed from Figure 5.6, the color change of the strip of PH was most
sensitive to the chamber depth. When the chamber depth was less than 1.3 mm, the color at
edges of the PH pad did not change as complete as in its central area. At a chamber depth of
1.3 mm, the color change at the edge of PH strip started to be comparable to that in the center
of the pad. This depth worked good for all the other three tested parameters. When the depth
of chambers was further increased, the uniformity of the color change of the PH pad was

slightly improved. However, further increase in chamber depth may have the risk of masking
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the color change of the pad when the urine layer above the strip pad is too thick. The optimal

depth for the reaction chambers was therefore chosen to be 1.3 mm.

When the chamber depth was designed to be 1.3 mm, the maximum volume of urine
sample is found to be at 23 uL. This is the volume to completely fill each destination
chamber after analysis pad had been fixed in the chamber. With more than 23 pL, the extra
sample fluid may overflow from the chamber into the vent hole of the chamber and cause it

to be blocked.

: Glu SG PH PRO

(a) (b)
Figure 5.7 (a) Image of the strip pads captured by smartphone at time 60 seconds; (b) photo
image of the H, S and V channels

After the controlled artificial urine sample was loaded into the sample-loading chamber,
the platform was controlled to rotate at designed speed to complete the aliquot and
distribution of fluid sample. The platform was completely stopped after 30 seconds of
rotation. After 60 seconds, a picture of the four pads was taken using the smart phone under

controlled constant illumination, as shown in the photo image in Figure 5.7a.

We used the ImageJ software to obtain digital color information from the recorded
images. The recorded images were firstly converted from the RGB color space to HSV color

space and split to H (hue), S (saturation), and V (value) coordinates with the Color Space
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Converter plugin of ImagelJ prior to the image analysis, as shown in Figure 5.7b. A circular
region of interest (ROI, 7860 pixels) was selected around the center of each strip pad for
analysis. The values of the H, S, and V coordinates of the recorded image were used to

quantify the four urine parameters.
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Figure 5.8 Plots of results and fitting curve of the calorimetric urinalysis. The data for
glucose (a) and BSA(d) were fitted with power equations; the data for SG (b) were fitted with
a quadratic equation ; the data for PH (c) were fitted with a cubic equation

Each experiment was performed three times to find an average and standard deviation
for sets of data. As illustrated in Figure 5.8a and Figure 5.8b, the value of V showed good
monotony as the change of glucose and specific gravity in the tested range. The glucose in
the range of 1 mg/ml to 20 mg/ml and the specific gravity in the range of 1.000 to 1.0025
were measured. As the glucose concentration and the specific gravity value increased, the
intensity of the V channel decreased. For glucose, the intensity of V channel changed much

faster when the concentration is less than 5 mg/ml. When the value of glucose increased over
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5 mg/ml, the change of the intensity of V channel slowed down. The change of V showed
good linearity for the change of specific gravity within 1 to 1.010, after that, the change of V

slowed down.

For PH and BSA, the change of coordinate S was used to quantify the colorimetric
response, as shown in Figure 5.8c and Figure 5.8d. As the PH and BSA increased, the
intensity of the S decreased. The tested PH ranges from 5 to 9, which is also the detectable
range based on dip-wipe method. When the PH is less than 6 or larger than 8.5, the change of
the S was not as sensitive to PH changes. However, the relationship between S channel and
PH value became highly linear in the range of 6 to 8.5. With regard to protein (BSA), the
intensity of the S decreases as the protein increases. Concentrations in ranges of 0-10 mg/ml
were measured, which corresponds to the clinical range [89]. The intensity of S decreases
quickly when the concentration of protein is less than 2 mg/ml. The change of S channel

became slower when the concentration of protein was larger than 2 mg/ml.

5.4 Conclusions

A calorimetric urinalysis system based on centrifugal microfluidic platform has been
successfully demonstrated. The microfluidic platform showed good performance in
distributing the urine sample at controlled volume and time sequences. The value of glucose,
specific gravity, PH and protein were quantified using artificial urine sample. To test the
functionality of the prototype device, a commercial urinalysis strip was cut and inserted into
the reaction chambers for detection. The color change of the pads of the urinalysis strip was

recorded in a single picture using a smart phone. The obtained color change was converted
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into HSV color space for quantifying the urine parameters. V channel shows good monotonic
change with the change of glucose and specific gravity. S channel shows relations to the
changes in PH and protein. The testing process is fully automated so the users only need to
load the sample, start the platform and take a picture of the final color change. The device
therefore showed the potential in automated and regulated the urinalysis process at POC.
Except for urinalysis, the platform could also be used for other analysis involving in multiple

interested parameters, such as blood analysis, drug testing and doping detection.
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CHAPTER 6. SUMMARY AND FUTURE WORK

After the fast development in the past decades, the microfluidic technology has
demonstrated its great potential in commercial applications though there are still some
hurdles to be overcome for broader adoption of the technology. One of these hurdles is that
the current control system for microfluidic is still too complex, which makes them not
cost-effective and attractive for many commercial uses. In this dissertation, novel controlling
methods and components have been investigated to simplify the microfluidic control, and
therefore make the technologies more suitable for practical applications.

For conventional microfluidics fabricated on slides, one of the technical difficulties in
integration of the entire system is to develop reliable and effective micropump. A compact
peristaltic pump for conventional microfluidics was developed. The pump was actuated using
a micro-cam array. 3D printing technology was used to fabricate the cam arrays as an
integrated component to achieve the desired precision of phase difference between the cams.
The proposed pump is compact and requires no complex electronic circuits to regulate the
time-sequence. The experimental results have demonstrated good performances and high
stability in delivering liquid samples for microfluidic applications.

For centrifugal microfluidics, difficulties in pumping have been overcome by the
rotation of the platform. However, valving of sample flows on a rotating platform is still the
most significant technical challenges in the control of sample. A novel mechanical valving
system actuated by the intrinsic centrifugal force on a sliding wedge has been designed,

fabricated, and tested for controlling the sample flow in the microfluidic channel. The
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valving system requires no external power, thus reduces the complexity and increased the
stability of the centrifugal microfluidic platform.

A wedge actuated valving system for centrifugal microfluidics was then designed,
fabricated, and tested. It was further improved for integrating multiple valves in a compact
area. The wedge actuated valving system was still actuated by the intrinsic centrifugal force.
The grooves on a valve chip were used to control the spring ball plungers to close the
microfluidic channel. The application of the new valves on an active flow switch validated its
performance in integrating multiple valves in small areas for sequential control.

Finally, a centrifugal microfluidic system with the mechanical valving system in
automating the colorimetric urinalysis was designed, fabricated, and tested. The distribution
of urine sample was successfully controlled by the valving system. Smart phone based color
analysis was used to quantify the urine parameters.

As microfluidics technology evolves quickly, more applications have been demonstrated in
laboratory to show its advantages and potentials. User-friendly and cost effective control
components are highly demanded for broader adoption of the technologies by industries and
market. The pumps and valves demonstrated in this dissertation may help to simplify the
control of microfluidic systems for many applications. Future work is still needed to further
improve the fabrication technique and device development:

(1) The design and fabrication of the proposed pump and valving system need to be further
optimized to make the centrifugal microfluidic platform easier to be used by non-trained

users in different fields. The geometric structures could be further minimized using advanced
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material and fabrication methods. Utilizing the motion of the sliding weight actuated by
centrifugal force to drive hydraulic fluid or gas to actuate pinch valves is another direction
worthy further investigation to realize designs requiring higher valve density.

(2) FDM 3D printing technology provided a flexible option to fast prototyping the
microfluidic systems. The effect of the printing parameters on the precision and surface
quality of the fabricated structures need be studied. The combination of 3D printing
technology and traditional photolithography technology can be studied to balance the
precision and the fabrication difficulties of some 3D microfluidic system. Additionally, in
this dissertation, the bonding of 3D printed layers with latex membrane was realized using
double-sided tape. The stability of the tape layer in the microfluidic chip can be negatively
impacted by some chemical solvents. The bonding process needs to be further optimized to
avoid this problem.

(3) More advanced applications based on the valving and pumping technologies need be
investigated. Such applications may include DNA analysis, rare cell screening, chemical
sample preparation and et al. The valving chip can also be explored in realizing other
microfluidic operations, such as active mixing, inward pumping of the fluidics from the edge
to the centre of the disc, so that more complexed assays could be implemented on the

centrifugal platform.
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