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ABSTRACT OF THE THESIS 

3-Dimensional Compact Disc (CD) Microfluidic Platform 
by 

Nitin Edmund Harwood 
Master of Science in Mechanical Engineering 

San Diego State University, 2011 
 

 This research investigates 3-Dimensional pumping in a compact disc (CD) 
microfluidics platform involving two or more layers. The traditional 2-Dimensional pumping 
in CD microfluidics platform has a few restrictions such as reduced hybridization efficiency 
and insufficient species collection which 3-Dimensional pumping can achieve. This research 
focuses on a 3-Dimensional pumping, pumps fluid from the center of the CD on one platform 
to a CD that is placed on another platform using a valveless vertical channel. Fluid is pumped 
using a continuous flow from reservoir into channels mounted on a CD with varying angular 
velocity. With this architecture many fluidic functions could be repeated and much more 
efficient results could be generated. The main outcomes of this research involve designing, 
analyzing and microfabricating a 3-Dimensional compact disc platform. The research has 
demonstrated 3-Dimensional pumping under centrifugal force where a fully developed fluid 
flow is observed in multitude of layers with a velocity of 10-15meter/second for channels 
7mm length, 2mm depth and 0.5mm width are demonstrated. 
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CHAPTER 1 

INTRODUCTION 

1.1 3-DIMENSIONAL COMPACT DISC (CD) 

MICROFLUIDICS PLATFORM 

 The discipline of microfluidics deals with control, performance, behavior of fluids on 

a small scale which are geometrically constrained [1]. The main distinguishing features of 

microfluidics are small size, small sample volumes and low energy consumptions. The 

primary and most successful commercial application of microfluidics is in inkjet printer 

heads [1].  

In broader terms, microfluidics is a multidisciplinary field comprising physics, 

chemistry, engineering and biotechnology, with practical applications for the design of 

systems in which such small volumes of fluids will be used. Microfluidics has emerged only 

in the 1990s and is used in the development of DNA chips, micro-propulsion, micro-thermal 

technologies, and lab-on-a-chip technology. The behavior of fluids at the micro-scale can 

differ from macro fluidic behavior in that factors such as surface tension, energy dissipation, 

and fluidic resistance start to dominate the system. Microfluidics studies how these behaviors 

change and how they can be worked around or exploited for new uses [2]. 

It is commonly observed that the behavior of fluids changes when a micro domain is 

considered. Factors such as surface tension, viscosity, diffusion, energy dissipation, 

resistance to the fluid flow, typically control fluid flow. These behaviors could be exploited 

for different potential applications. Applications such as enzyme analysis, DNA analysis, 

biochips which are an emerging application for clinical pathology are a few of the areas of 

interests [3]. 

The key application area with advances in microfluidics technology that is relevant 

here involves revolutionizing molecular biology procedures for enzymatic analysis (e.g., 

glucose and lactate assays), DNA analysis (e.g., polymerase chain reaction and high-

throughput sequencing), and proteomics [4]. The basic idea of microfluidics biochips is to 
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integrate assay operations such as detection, as well as sample pre-treatment and sample 

preparation on one chip. 

Microfluidics has become an essential element in the fields of modern biochemistry, 

bio-analytics and analytical chemistry. It is considered one of the most promising fields 

because of the high-throughput experimentation and analysis. The engineering challenges 

include the realization of optimized processes in mixing, reaction, separation, pre-

concentration, and detection. Behavior of fluids in a microfluidic environment is different 

from that of a macro fluidic in which surface tension, fluidic resistance are very dominant.  

They are two types of flows involved in microfluidics, (1) electrokinetic and (2) 

centrifugal driven flow. Electrokinetic flow is further divided into electrophoresis and 

electroosmosis. Electrophoresisis the motion of dispersed particles relative to a fluid under 

the influence of a spatially uniform electric field which can be observed from Figure 1. In an 

electrokinetic flow when electric field is applied across a channel with fluid medium ions are 

formed along the walls of the channel and move towards electrodes of opposite polarity. 

Therefore the fluid moves creating a convective motion. The advantage of electrokinetic flow 

is it can be coupled to electronic chip [4]. Electrophoresis is the main technique for molecular 

separation in today's cell biology laboratory [4]. It is a powerful technique and yet reasonably 

easy and inexpensive and has become common. In spite of the many physical arrangements 

for the apparatus, and regardless of the medium through which molecules are allowed to 

migrate, all electrophoresis separations depend upon the charge distribution of the molecules 

being separated.  

Electrophoresis can be one dimensional (i.e. one plane of separation) or two 

dimensional. 1-Dimensional electrophoresis is used for most routine protein and nucleic acid 

separations [5]. 2-Dimensional separation of proteins is used for finger printing, and when 

properly constructed can be extremely accurate in resolving all of the proteins present within 

a cell [5]. The support medium for electrophoresis can be formed into a gel within a tube or it 

can be layered into flat sheets. The tubes are used for easy one dimensional separations 

(nearly anyone can make their own apparatus from inexpensive materials found in any lab), 

while the sheets have a larger surface area and are better for two- dimensional separations 

[5]. Figure 1.1 gives a basic idea of electrophoresis [6].  
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Figure 1.1. Description of the basic principles of electrokinetics phenomenon. 

On the other hand, centrifugal driven flows also know as compact disc microfluidics 

involves centrifugal driven force where the centrifugal force helps drive the fluid and 

perform particular applications. Since centrifugal force is the key force involved to drive the 

fluid, the fluid can be manipulated for various applications like mixing, valving, fluid 

separation, hybridization are a few to mention. The platform rotates with a help of a motor 

with is connected by a bushing. A controller is used either step up or step down the speed of 

the motor. The rotation is manually controlled and can be customized based on the 

application.  

The Figure 1.2 shows centrifugal driven fluid flow which addresses blood plasma 

separation application. This is one of the potential applications which identifies with the 

centrifugal driven force. 
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Figure 1.2. Typical configuration of a CD microfluidics platform Centrifugal 
and Coriolis force are shown where r - radius, ω - angular velocity, u – 
velocity. 

1.2 MOTIVATION OF RESEARCH  

2-Dimensional CD microfluidics has demonstrated the potential to perform a variety 

of applications on a single platform. However, there is an increasing need for 3-Dimensional 

pumping which amplifies the applications that are carried on the 2-Dimensional platform, 

thus increasing the throughput, repeatability of the application and essentially increase the 

efficiency of the application and the process. 3-Dimensional pumping is a very important 

aspect in pumping fluids in CD channels. The primary reason to consider 3-Dimensional 

pumping is to amplify functions carried out on the principal disc on the secondary disc which 

increases the required output while repeating the process on one basic platform.  The driving 

force is the centrifugal force that pumps the fluid through the micro channels. The primary 

interest of selecting this type of fluid propulsion mechanism over any other mechanism 

(electrokinetics, magnetic, peristaltic pumps) is because of the cost effective productions and 

ease with which the CD can be manufactured. This advantage of centrifugal mechanism is 

because of an upper hand because of minimum moving parts. It depends on few parameters, 

which is the geometry of the CD, the rate of rotation (Ω), the fluid properties, where the 

channels are placed, cross-sections of the channels, flow rate and many more small details. 

Flow rates as low as 1 nanoliter/sec can be obtained with centrifugal pumping. In most of the 

existing CD microfluidics platforms, fluidic functions such as valving, decanting, calibration, 

mixing, sample splitting, separation, and hybridization along with measuring techniques such 

as optical imaging have been mastered for diagnostics. The efficiency obtained is 
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remarkable. The design and ideas this research proposes is the increase that given amount of 

efficiency to as much as twice to five times. Conventional thought is using centrifugal force 

to pump the fluid through the micro channels and collect them as the application is 

completed. However if the given amount of fluid is taken to another level on a 3-

Dimensional level and performed again, it increases the given efficiency and the overall 

output. Figure 1.3 shows a comprehensive description of the different areas of research in 

microfluidics that is being addressed in the SDSU MEMS Lab. The area that is of particular 

relevance to this research is the 3-Dimensional pumping. In this study we introduce a 3-

Dimensional microfluidics pumping whose concept is shown in Figure 1.4 and Figure 1.5. 

This compact disc has been designed and manufactured in the SDSU MEMS lab. The main 

distinguishing features are small size, small sample volumes, low energy consumptions. They 

have potential application for mixing, fluid separation; valving and hybridization are a few to 

mention.  

 
Figure 1.3. All the areas of concern that are being addressed and the 
highlighted signifies the area of research this thesis is addressing. 
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Figure 1.4. An acrylic on the primarily level with micro 
machined channel housed in the acrylic disc. The 
channel is assembled with the compact disc to show a 3 
dimensional view. 

 

Figure 1.5. An assembled overview of CD platform 
in the housing for better stability. 

Compact Disc 
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Channel

Shaft 

Motor 

Housing 
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This is the basic overview of Figure 1.4 and Figure 1.5 where the acrylic discs are 

used to hold the channels. The channels used in this set up of the compact disc correspond to 

the channel with a horizontal length of 7000µ, inclined angle of 12000µ, width of 210µ with 

a varying depth from 200µ, 140µ, 90µ and 50µ. The fluid is injected into the primary 

reservoir and the fluid flows from the reservoir to the channels and collected in a secondary 

reservoir. The amount of fluid used is varied from 12ml to 24ml to study the fluid flow in the 

channels. The fluids considered in this experiment are a mixture of water and oil and water. 

1.3 SPECIFIC OBJECTIVES OF THESIS 

Literature survey indicates the major interest on a 2-Dimensional platform and to 

enhance most of the applications on the same platform. However this research takes a deeper 

look into the advantages of using a 3-Dimensional platform. The primary interest being to 

demonstrate for the first time vertical pumping on a CD platform. Channels are manufactured 

to extend from a 2-Dimensional platform onto another platform which assists in the fluid 

flow. A finite element analysis is performed looking into various criteria’s such as 

dimensions, angles, speed, velocity are a few to mention.  

Once the finite element analysis is performed and conclusions are drawn as to what 

dimensions are suitable the secondary interest was to manufacture and experimentally verify 

the vertical pumping. A different range of speeds up to a maximum of 400-500 rpm is 

considered. Also one of the major interests is the geometry of the channels. A wide spectrum 

of geometry is considered, and a wide variety of results are obtained. Manufacturing and 

Imaging is one of the most key factors involved in this research. The wide variety of 

geometry is manufactured from CNC machining to micromachining. Soft lithography and 

PDMS mold techniques is used for micromachining. The imaging is done by high speed 

cameras which assist to capture the images which is recorded and digitally converted.  

1.4 CONTRIBUTION AND ORGANIZATION OF THESIS 

The main contribution of this research is in the demonstration of 3-Dimensional 

pumping on a CD platform where the absence of vertical pumping had often been associated 

with low capturing efficiency.  

This research is organized as follows. Chapter 1 takes brief look at the introduction of 

microfluidics and then further subcategorized to CD microfluidics and the driving force of 
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this research. Chapter 2 takes a look at the literature and the research that is carried out by 

different research groups.  It focuses on the contributions of different researchers. Chapter 3 

emphasis on the basic design as well as the principle equations involved as well as the finite 

element analysis that is carried out on the channels. A graphical representation of the finite 

element analysis is tabulated and conclusions are derived from the analysis. Microfabrication 

is the interest in the chapter 4 which goes over the micromachining and CNC machining 

process to manufacture the channels. Chapter 5 goes over the intricate details of the 

experimental set up, the cameras and the materials used to manufacture the housing. It also 

documents the results in the obtained from the test trials. It also documents a protocol 

followed to perform the experiment. Chapter 6 goes over the conclusion and the presents the 

future work that could help to enhance this research to obtain magnificent results. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 BACKGROUND INVESTIGATION 

Microfluidics deals with the behavior, precise control and manipulation of fluids that 

are geometrically constrained to typically sub-millimeter scale. The term fluidics means 

handling of liquids or gases. The term micro can represent handling few key features such as 

small volumes (nl, pl, fl) when compared to 1mm3 volume of a cube to 1/10th or 1/100th of 

that volume and small size( Compared to the amount of fluid in the fountain pen). Secondly 

low energy consumption (high profile devices like Implantable drug delivery system) and the 

effects of the micro domain (the different types of flow generated and the various parameters 

that affect a micro domain) are of key significance in a microfluidics platform. A Couple of 

the significant areas are laminar flow, surface tension, electro wetting, fast thermal 

relaxation, electrical surface charges, and diffusion [7]. 

The physics of microfluidics in a fluid environment is described through Navier-

Stokes’s equation for incompressible flow, centrifugal force, coriolis force. The literature 

survey consist of reviewing works on the principle of CD microfluidics and work on the 

same concept of centrifugal force, coriolis force, capillary force and Navier-Stokes Equation.  

The parameters form the base for any CD Microfluidics research. We describe the physics in 

the following area. 

2.2 PRINCIPLES OF CD MICROFLUIDICS 

In order to express the fluid behavior a comprehensive description of the equations 

and principles involved are taken into consideration. A complete description of all the 

equations involved is explained below. 

Reynolds number characterizes the flow of the fluid which is given by 

  (2.1) 

Where V is the mean fluid velocity in (m/s), D is the diameter (m), μ is the dynamic 

viscosity of the fluid (Pa·s or N·s/m²), ν is the kinematic viscosity (ν = μ / ρ) (m²/s), ρ is the 
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density of the fluid (kg/m³), Q is the volumetric flow rate (m³/s), A is the cross-sectional area 

(m²). Due to small dimensions of the micro channels the flow is always laminar and of the 

order of 100, often less than 1. 

Continuity Equation is a differential equation that describes the conservative 

transportation of any quantity be it, mass energy, momentum or any other natural quantities. 

Fluid dynamics is taken into consideration and it given by at rate at which the mass enters the 

system is equal to the rate at which the mass leaves the system.  

It’s given by 0 u  which means the divergence of the velocity field is zero 

anywhere [8]. 

Navier-Stokes Equation [9, 10, 11] is the fundamental equation that is given in fluid 

dynamics and is given by 

 
  guuuu

t
 



 

 2

 
(2.2) 

Considering the disk is revolving at an angular velocity of ω, and is in a non inertia 

frame of reference the motion of the liquid in Navier Stokes transforms  

 
  ur

Dt

Du

Dt

Du
*2**  

 
(2.3) 

The Velocity u is now considered in a rotating frame of reference and implementing 

it to the Navier Stokes Equation 

 
    uruuuu

t
*2**2  



 



 
(2.4) 

The gravity term is neglected as the channels are t rest and is under static boundary 

conditions [10]. 

The above equations differ by a pseudo forces which is governed by the density 

aspect is 

 rf 2   (2.5) 

And the velocity dependent force is give by a pseudo force called the Coriolis force is 

governed by the equation is 

 ufc 2  (2.6) 



 

 

11

2.3 CENTRIFUGAL FORCE 

Centrifugal Force is one of the several pseudo forces which is also known as inertial 

force, because it originates in the rotation of the frame of reference. If “v” is the velocity and 

“a” is the acceleration at a constant angular velocity of ω the velocity is always tangential to 

the orbit. The acceleration has a constant magnitude but always point towards the centre of 

the rotation [11]. Experimental and simulation analysis in this research revolves around 

different rectangular channels with variable aspect ratio and dimensions. The flow of the 

fluid is assumed as stationary and laminar. The cross-sections of the channels vary from 

200µ*200µ to as low as 50µ*50µ square/rectangular channels. The velocity patterns and 

flow patterns are studies as well. The Figure 2.1 gives an illustration of the forces that come 

into play in a microfluidic platform. 

 

Figure 2.1. Centrifugal force acting on the disc, rotating at an angular 
velocity of ω with an acceleration of “a” and velocity of “v.” 

In a rotating frame of reference U is the velocity in the x direction and V is the 

velocity in the y direction. From the body forces and Bulk forces the Centrifugal force is 

given by  
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 )*(* r  (2.7) 

Where ρ is the density and ω is the angular velocity with which the disc rotates. 

2.4 CORIOLIS FORCE 

Coriolis force is a pseudo force used to describe motion in a uniformly rotating frame 

of reference which goes hand in hand with centrifugal force. It’s a real force which causes 

the deflection of moving objects.  It behaves like a real force as it causes acceleration and has 

real effects. The Coriolis force acts in a direction perpendicular to the rotation axis and to the 

velocity of the body in the rotating frame and is proportional to the object's speed in the 

rotating frame. The centrifugal force acts outwards in the radial direction and is proportional 

to the distance of the body from the axis of the rotating frame. These three additional forces 

are termed as either inertial forces, fictitious force or pseudo forces. 

In a rotating frame of reference U is the velocity in the x direction and V is the 

velocity in the y direction which is shown in Figure 2.2. From the body forces and Bulk 

forces the Centrifugal force is given by  

 U*2  (2.8) 

Where ρ the density and ω is the angular velocity with which the disc rotates. 

 

Figure 2.2. Fluid flows with velocity V and Coriolis force directs fluid in the opposite 
direction and the angular velocity acting on the disc rotates in opposite direction. 
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2.5 A SURVEY OF LITERATURE 

This section presents the different CD microfluidics platform reported in the 

literature. 

There are diverse research fields where microfluidics has made strong impact. Ernst 

et al. worked with microdosage systems where micro valve for gases is used for implantable 

drug delivery [12]. Ashauer et al. worked on flow sensors in caloriemeters, anemometers 

with power <50mW [13]. Heij et al. key area of interest was topspot microarrayer which 

addresses nano liter & pico liter dosage [14]. Koltay et al. worked with nano jets for drug 

delivery systems [3]. Daub et al. worked with biomolecular applications like neuroprobes. 

Lab-on-a-chip was given a new prospective by Ducrée et al. [15]. Biodisc, emulsion disc and 

bio fuel cell which are fluidic simulation intensive was researched by Kolltay et al. [16]. 

CFD simulation, network modeling, analytical modeling, nanofluidics was addressed by 

Santer et al. who looked deeply into applications like microfluidics assays and non newtonian 

fluids.  

Using CD Microfluidics Technology a process for integration of blood separation into 

plasma combined with immunoassay myoglobin is performed [17] which is shown in Figure 

2.3. The main interests are the need to reduce the sample volumes. The sample volume used 

is between 200nl to 500nl. They intended to make a sandwich immunoassay with 104 

parallel microstructures integrated functions for several process steps, such as volume 

metering to ensure optimal analytical performance. 

They have illustrated separation of heparinized whole blood (1.5 μl) into plasma. 

Blood fills the microstructure by capillary action. Blood cells sediment below the outlet 

channel while the CD is rotating. Plasma is now located above the capturing column. The 

plasma was analyzed for contents of myoglobin using the capturing column and sandwich 

immunoassay [16]. A CD prototype is created by a group headed by Madou at UCI, to 

perform biomedical functions on CD platform such as cell lysis, mixing [18]. A fully 

integrated system is designed to perform a sample preparation, amplification and detection of 

potential bacterial presence. Centrifugal force is used for the spinning and to provide 

pumping pressure. The main applications are cell lysis which is done by rotating the CD in 

periodic motions back and forth which creates a shear effect along the outer chamber causing  
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Figure 2.3. Integration of blood separation into plasma combined with 
immunoassay myoglobin which helps perform several processes and ensure 
optimum analytical performance. 

the cells to disrupt. The cells are then pumped to a centrifugal chamber which is shown in 

Figure 2.4 and 2.5.  

A microbial cultivation can be performed using the CD platform and centrifugal force 

is used to distribute nutrients to the cultivation chamber [18]. Using the centrifugal platform 

functions such as sampling, mixing, sample splitting and separation, metering, heating are 

introduced which is shown in Figure 2.6 and 2.7. An attempt has been made to utilize all 

these techniques on a single compact disc and to give a medical and clinical diagnostic. They 

have compared different microfluidics propulsion techniques and have come up with the 

facts that why centrifugal propulsion is preferred. This paper includes two-point calibration 

based ion sensor, an automated immunoassay platform, multiple parallel screening assays, 

and cellular-based assays [19]. 

Parameters like mixing, valving, the forces involved, separation and fluid splitting. 

They have covered all the basic aspects of what is of precise value that pertains to the CD 

background has been addressed.  

Silicone mould insert features several microfluidic structures assembled in parallel. 

The structures feature reservoirs of 250μm height and a narrow channel with a height of  
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Figure 2.4. Cell lysis platform. 

 
Figure 2.5. A microbial cultivation 
platform. 

 
Figure 2.6. Spin stand with 
microfluidics CD. 

 
Figure 2.7. 2 point calibration unit. 
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35μm and width of 150μm. The insert is good for at least 20 replications in the hot 

embossing process. 

SU-8 lithography is applied to generate high-precision structures which are then 

transferred into the epoxy resin by casting techniques [19]. This paper emphasizes on 

(ELISA) Enzyme-linked immunosorbent assay. The regular process required a series of 

washing, mixing and incubation few hours to 2 days, while using 12.7cm CD Microfluidics 

concept of using a 96 well microtiter plate that can perform the assay in 35-45 minutes. The 

main application is detect food borne pathogens and toxins. The advantages over the 

conventional method are lesser reagent consumption and shorter assay time. The Figure 2.8 

gives an idea of the platform. 

 

Figure 2.8. Silicon mold features several structures in a parallel 
design which can address the different applications that could be 
performed on a platform. 

Ion-selective optode detection and a two-point-calibration structure were developed 

to detect a variety of ions. Likewise an automated immunoassay platform, multiple parallel 

screening assays, and cellular-based assays. They have tried to impart all the fluidic functions 

on one platform and make it a multi-applicant device called a Lab on a CD. The Figure 2.8, 

2.9, 2.10 and 2.11 represent different platforms that which can be integrated to perform a 

unique function. 

The dimensions of the chamber are 3600μm in length and 400μm in breadth. Layout 

of the Staphylococcal micro array used in the present study. Engraved PDMS is applied to a 

glass slide on which is arrayed nucleic acid capture probes. The glass slide is placed on a CD  
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Figure 2.9. Schematics of a CD-ELISA design with 24 sets of assays. 1, 
waste; 2, detection; 3, first antibody; 4, 6, 8, 10, washing; 5, blocking 
protein; 7, antigen/sample; 9, second antibody; and 11, substrate. 

 

Figure 2.10. Layout which describes the functions that are being 
carried out on a compact disc platform. 

support that can hold up to five slides. They have tried to integrate cell lysis on the CD 

platform which is discussed earlier which is shown in Figure 2.12. 

Using laser irradiated ferrowax microvalve (LIFM) and rapid cell lysis method using 

laser irradiation on magnetic particles, a fully integrated pathogen specific DNA extraction  
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Figure 2.11. Microfluidics systems, with a PDMS microfluidic unit. 

 
Figure 2.12. Design of the hybridization unit. 

from whole blood is demonstrated. The total process finished in 12 minutes with the loading 

of 10µL of whole blood and was performed on a polymer based CD is a concept which is 

shown in Figure 2.12. Madou et al. used the CD platform to have an automated microfluidic 

compact disc (CD) system specialized for cultivating and monitoring caenorhabditis elegans. 

The platform performs cultivation, nutrient, and waste chamber, channels connecting the 

chambers, and venting holes. The functions are sequencing, mixing, capillary measuring, and 

switching and exploiting the centrifugal and Coriolis force [18]. This research emphasis on 

the development of a dynamic hybridization microfluidics system. For reagent storage and 

conduits for fluidic functions were replicated from polydimethylsiloxane (PDMS) using a 
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SU-8 master mold fabricated by a 2-level lithography process which we developed specially 

for the microfluidic structures. The Figure 2.12 shows a schematic layout of the dimensions 

and the design of the hybridization unit. This research paper is all about the technique of 

hybridization and manufacturing the prototype. 

Research is extensively carried out in the CD platform to emphasis the microfluidic 

functions, like separation, mixing, analyzing, detection and generating assays. Most of the 

systems are based of CD platform due to its results generating capacity. From developing 

assays to bio medical applications to detect potential bacterial presence have been mastered. 

Depending on the various size and amount of fluid used has been a vital part of the 

analysis. In the flowing chapters design analysis will be looked into and will touch base on 

the enhancing these fluidic functions on a 3-Dimensional level. The above literature is 

summarized as per the cross-section, velocity and applications in CD microfluidics in Table 

2.1 [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36]. 
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Table 2.1. Summary of Dimensions, Velocities and Applications in CD Microfluidics 
Platform 

Authors Width 
(µm) 

Depth 
(µm) 

Length 
(mm) 

Ang. 
Velocity 
(rpm) 

Ang. Velocity  
radians/sec 

Madou, Lu, Lai, Lee  
and Daunert [20]  

150 34 -- 524–1126 50–100 

Madou, Zoval, Guangyao,  
et al..[21] 

20-500 16-340 -- 400-1600 40–160 

Kim, Dempsey, Zoval, Sze, 
and Madou [22] 

50 40 -- 500 50 

Brener, Glatzel, Zengerle & 
Ducrée [23] 

360 125 10.1 3500 350 

Ducree, Brener, Glatzel,  
and Zengerle [24] 

-- -- -- 1000 100 

Kim, Marafie, Guangyao, 
Zoval, and Madou [25]  

500 50, 18 or 
8 

15 -- Fixed velocity 
of 0.67 mm/s 

Kim, Rangel, Madou [26] 215 80 13 -- 80 
Riegger, Grumann,  
Nann, et al.. [27] 

30 1000 10 6300–9500 630–950 

Ducrée, Brenner,  
Haeberle, et al.. [28] 

250 150 8.4 3000 300 

Brenner, Zengerle,  
and Ducrée [29] 

360 125 10.1 750 and 
3500 

75 and 350 

Ducree, Brener, Glatzel,  
and Zengerle [30] 

320 65 21 3000 300 

Zhang, Guo, Liu and Yang 
[31] 

60 40 2.5 1550 155 

Riegger, Grumann et al.. 
[32] 

-- 400, 800 25 6000 600 

Jia, Ma, Kim et al..[33] 200–
1000 

25–250 25 300–700 30–70 

Haeberle, Brenner, Zengerle 
et al..[34] 

300 85 32 2500 250 

Brenner, Grumann, Beer, 
Zengerle and Ducrée [35] 

300 25 50 10000 1000 

Cho, Lee, Park, Lee, Lee 
and Ko [36] 

127–
762 

60-800 60 600-1500 60-150 
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CHAPTER 3 

DESIGN AND ANALYSIS OF MICRFLUIDICS 

CHANNLES 

3.1 BASIC DESIGNS OF MICROFLUIDICS CHANNELS 

This chapter concentrates on the design aspect of 3-Dimensional CD microfluidics to 

achieve vertical pumping. In this research the primary objectives is to achieve vertical 

pumping. We review the design, simulation and compare them to experimental results to 

verify vertical pumping. The previous chapter lays the basic foundation on how the 

microfluidic platform functions and what parameters play vital roles in the function.  

A design review is taken into consideration which is supported by simulation results 

and later by experimental results as well. Parameters like the dimensions, aspect ratio of the 

channels, angular velocity at which the disc rotates are varied by simulation and supported by 

experimental results.  The dimensions of the channels are varied from 50µ to 300µ.  

The basic CD dimensions are varied depending on the lengths of the channel. A 

sample of the CD is shown in Figure 3.1. The Channels mounted onto groves machined on 

the disc depending on the different dimensions of the channels.  The channels are machined 

of acrylic and mounted on the CD. The fluid is pumped from a reservoir into channels and 

collected at the bottom of the channels with the help of another reservoir. Figure 3.2 

describes how the design by analysis concept. 

 

Figure 3.1. 3D view of the compact disc with 15000µ outer diameter and 
2000µ inner diameter made to house acrylic micro channels. 
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Figure 3.2. Schematic layout of how “Design by Analysis” and 
experimental review process is carried on. 

Analysis by design method is used for the design process. A basic design is selected 

which is analyzed by finite element analysis. After analyzing the key parameters if the design 

is approved the fabrication process begins. However if the design is rejected the design is 

sent again to be reviewed and finite element analysis is performed to address the key 

parameters that affect the design. Once the design is approved the next process is fabrications 

and obtaining a product which is experimentally analyzed. After experimental analysis 

characterization is the next key step in the process. 
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Figure 3.3 is a sketch of the layout of a 3 dimensional channel which is inclined at an 

angle of 30 degrees from the horizontal. The length of the channel is 70000 µ lengths and the 

inclined length is 70000 µ. The inner dimensions is 3000 µ*3000 µ square hollow channels 

which is shown is Figure 3.4. They are manufactured using CNC machining and an adhesive 

is used to glue them together to the compact disc. This sketch is modeled in COMSOL and 

the model is future used to perform finite element analysis to study the velocity field and 

pressure gradient acting on the channel.  

 

Figure 3.3. 3D layout of the channel which is inclined at 30 degrees from 
the horizontal and 70000 µ length. 

Figure 3.5 gives a comprehensive description of the 3D platform. It contains a 

reservoir 1 on the top for the fluid to be pumped through the channel. The reservoir is fixed 

to a compact acrylic disc 1 on the primary level which houses the channels. The channels are 

houses in the acrylic disc 1 (the acrylic disc has groves machined in them to house the 

channels) and the outlet is spaced in the reservoir 2. The reservoir 2 is attached to the acrylic 

disc 2. A metal shaft passes through the reservoir 1, compact disc 1, reservoir 2 and compact 

disc 2. 

A bushing holds the motor shaft and the metal shaft which assists in the rotation. A 

metal housing is designed as well to keep the whole platform stable. For the simplicity and 

easy of analysis, saline solution is the sample fluid taken into consideration. The type of flow 

assumed is stationary and laminar flow. The density is 1000kg/m3 and the viscosity  
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Figure 3.4. The final product after CNC machining at 
San Diego State University machine laboratory.  

 

Figure 3.5. Comprehensive design that illustrates 
the channels, compact disc reservoir. This is a 
proposed design that illustrates a detailed design. 

0.0006Pa.s. From review and analysis of previous research shows that the Coriolis force and 

Centrifugal force are very significant when the angular velocity varies from 50 radians sec-1 

to 200 radians sec-1. Taking all these factors into consideration finite element analysis of the 

flow through the channels is looked into.  
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3.2 DESIGNS BY ANALYSIS 

To design and analyze the 3-Dimensional compact disc platform, a finite element 

analysis package called COMSOL is used which is shown in Figure 3.6 and 3.7. COMSOL is 

a CAD platform which can model, analyze as well integrate various physics that are involved 

in the process. Various applications modes and the physics involved are predetermined and 

stored in this software, therefore assisting in the analysis of any given platform. 

 
Figure 3.6. COMSOL is a CAD platform which can 
model, analyze as well integrate various physics. 

To analyze the compact disc platform, the channels are the key region of interest 

where most of the process is carried out. A few sample designs are selected and modeled in 

COMSOL. The key physics that is involved is Navier Stokes which is predefined in the 

software. The boundary conditions are preset and the appropriate values are inserted in the 

software. The properties of the fluid are selected as well as it can be customized depending 

on the fluid select.  

Key design and manufacturing aspects are taken into consideration while designing 

the channels. Water and a very minute amount of oil are used as the fluid, to increase the 

viscosity of the fluid. The density of water is 1000kg/m3 and the dynamic viscosity 

0.0006Pa.s. In a rotating frame of reference U is the velocity in the x direction and V is the 

velocity in the y direction. From the body forces and bulk forces the centrifugal force acts in  



 

 

26

 
Figure 3.7. Snap shot from COMSOL/multiphysics which shows the boundary 
conditions of the channels. 

3 directions, x, y and z directions. fω is the overall centrifugal force, ω is the angular velocity; 

r is the radius of the CD. 

 rf 2   (3.1) 

When a 3-dimensional view is taken into consideration the forces are split into 3 

components the x, y and z direction.  

 vxF x   0.22

 (3.2) 

 hgFz    (3.3) 

The Coriolis force acting in the y direction is given by  
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 uyF y   0.22

 (3.4) 

The boundary conditions of the channels are few important aspects to reflect on 

which is shown in Figure 3.8. At the entrance of the channel, high velocity is generated due 

to the flow of fluid resulting in a pressure. At the exit the flow is very interesting as Coriolis 

force play an important role. The rest of the boundaries of the channels are considered as no 

slip. The angular velocity is 50 radians sec-1. The channel is 300µ square cross-section with 

an inclined length of 12000µ and the horizontal length varying from 3000µ to 7000µ in 

intervals of 1000µ. The angles are also varied from 15 degrees to 60 degrees in intervals of 

15 degrees. 

 

Figure 3.8. Sub domain settings and equations involved for simulation. 

The Figure 3.9 describes how the design, simulation and analysis aspects of this 

research. When considering the design the parameters that are of key focus are the lengths 

and angles incorporated in the design. The amount of force generated also play a key role 

however since the force generated to pump the fluid is obtained by centrifugal force and is 

manually controlled by a motor, it is not very significant. The primary designs consideration 

are having a constant length of the channel and varying the lengths. The secondary design 

considerations are varying the length and varying the angles. Thus we select a design after 

analyzing the best angles and length not only from the simulations point of view but also the 

manufacturing point of view as well.  
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Figure 3.9. Approach to how the design, simulation and analysis is 
performed. 

Taking a look at the results obtained from analyzing the FEM results it clearly shows 

the velocity field is at its prime when angle is in between 30-45 degrees which is shown in 

Figure 3.10. There is a significant amount of flow when taking into consideration the channel 

at 30 degrees. The flow rate is proportional as the length of the channel increases. The 

graphical statistics gives clear results as to which of the channels could be considered for 

experimental testing. 

 

Figure 3.10. Graphical representational of the velocities across the inclined 
length of the channel.  
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A sudden drop in the velocity field is observed in the following graphs after a 

constant velocity field shown in Figure 3.11. This is due to the change of the fluid flow from 

a horizontal flow to a vertical or inclined flow. Due to the change in the shape the fluid flow 

and the velocity decreases.  

 

Figure 3.11. Graphical representation of 30000µ length 3000µ width 3000µ depth 
at 15, 30, 45, 60 degrees, respectively. 

Analyzing the graphical and FEA results which are graphically depicted in Figure 

3.11, 3.12, 3.13, 3.14, and 3.15 there is an increase with the velocity of the fluid at higher 

angles with smaller cross-sections. As the whole cross-section of the channel increases, at 

lower angles the velocity of fluid increases. A significant amount of flow could be 

determined with the length of the channel. The length of the channel is directly proportional 

to the velocity flow. In case of the angle, there is a significant increase when the angles are 

smaller. Taking the analytical and graphical frame of reference, the design that is used for 

experimental setup is channel where the flow rate is proportional to the length and inversely 

proportional to the angle. At 30 degrees significant amount of flow rate is documented for 

variable length. 

A conclusion is drawn from the analysis, the angles that has the least significant 

impact on the fluid flow is in the range from 30-45 degrees from the horizontal. Therefore 45 

degrees is considered from the analysis and manufacturing prospective. The length is a key 

factor as it helps to develop a fluid flow in the channel. Therefore 70000µ length is taken into 

consideration from the analysis prospective.  
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Figure 3.12. Graphical representation of analysis of 40000micron length 
3000micron width 3000micron depth at 15, 30, 45, 60 degrees respectively. 

 

Figure 3.13. Graphical representation of analysis of 50000µ length 3000µ micron 
width 3000µ depth at 15, 30, 45, 60 degrees, respectively. 
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Figure 3.14. Graphical representation of analysis of 60000µ length 3000µ width 3000µ 
depth at 15, 30, 45, 60 degrees, respectively. 

 

Figure 3.15. Graphical representation of analysis of 70000µ length 3000µ width 3000µ 
depth at 15, 30, 45, 60 degrees, respectively. 
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CHAPTER 4 

MICROFABRICATION 

4.1 LITHOGRAPHY PROCEDURE 

The design is finalized, fabricated and subsequently pursued in this chapter. We also 

emphasis on the materials, procedure and few significant details that are used to micro 

machine and micro fabricate the micro channels.  

Lithography is a microfabrication technique. Lithography uses simple chemical 

processes to create an image. For instance, the positive part of an image is a hydrophobic, or 

"water hating" substance, while the negative image would be hydrophilic or "water loving" 

[37]. High-volume lithography is used today to produce posters, maps, books, newspapers, 

and packaging — just about any smooth, mass-produced item with print and graphics on it. 

Most books, indeed all types of high-volume text, are now printed using offset lithography. 

In offset lithography, which depends on photographic processes, flexible aluminum, 

polyester, Mylar or paper printing plates are used in place of stone tablets. Modern printing 

plates have a brushed or roughened texture and are covered with a photosensitive emulsion. 

A photographic negative of the desired image is placed in contact with the emulsion and the 

plate is exposed to ultraviolet light. After development, the emulsion shows a reverse of the 

negative image, which is thus a duplicate of the original (positive) image [23]. 

To perform lithography a mask is required to create the specific design and reproduce 

the given design which is shown in Figure 4.1 and 4.2. Negative as well as Positive 

lithography can be performed based on the mask design. We consider negative 

photolithography to generate features on the silicon wafer. Taking into consideration a 

quarter of the mask, the channel is designed. Microlithography and nanolithography refer 

specifically to lithographic patterning methods capable of structuring material on a fine scale. 

Typically features smaller than 10 micrometers are considered micro lithographic, features 

smaller than 100 nanometers are considered nano lithographic. Photolithography is one of 

these methods, often applied to semiconductor manufacturing of microchips. 

Photolithography is also commonly used in fabricating MEMS devices. Photolithography  
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Figure 4.1. Total layout of the mask with different size channels.  

generally uses a pre-fabricated photo mask as a master from which the final pattern is derived 

[23]. 

Soft lithography represents a non-photolithographic strategy based on self assembly 

and replica molding for carrying out micro- and nanofabrication. It provides a convenient, 

effective, and low-cost method for the formation and manufacturing of micro- and 

nanostructures. In soft lithography, an elastomeric stamp with patterned relief structures on 

its surface is used to generate patterns and structures with feature sizes ranging from 30 nm 

to 100 nm [38]. 

A detailed layout of the soft lithography process is listed below. SU-8 negative photo 

resist is used in the process as it has many advantages and the properties of SU-8 are very 

suitable for this process. SU-8 has very high optical transparency above 360nm, which makes 

it ideally suited for imaging near vertical sidewalls in very thick films. SU-8 is best suited for  
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Figure 4.2. Mask having dimensions of 55000µ horizontal length, 
65000µ with width of 100µ and depth of 100µ inclined length at an 
angle of 45 degrees. 

permanent applications where it is imaged, cured and left in place. High aspect ratio, film 

thickness and a very good chemical and temperature resistance are few of the properties of 

SU-8. SU-8 is a high contrast, epoxy based photo resist designed for micromachining and 

other microelectronic applications, where a thick chemically and thermally stable image is 

desired. 

A basic normal process would be to spin coat, soft bake, expose, post expose bake 

(PEB) and develop. A controlled hard bake is recommended as the SU-8 structures when 

they it will remain as part of the device. The entire process should be optimized for specific 

application and could be customized for different dimensions.  This is a frame of reference 

used for this procedure. Samples of Silicon wafer are shown in Figure 4.3. 

This is a step by step procedure used as a frame of reference. 

Pretreatment of Substrate: To obtain maximum process efficiency, the silicon substrates 

used should be cleaned by either a cleaning solution or rinsing with dilute acid followed by a 

DI water rinse. Acetone is an example of a cleaning solution. To dehydrate the surface, bake 

at 200°C for 5 minutes on a hotplate. 

55000µ 

Length 

65000µ 

Inclined 

Length 
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Figure 4.3. Silicon wafer just before SU-8 is spin 
coated on the wafer. 

Spin Coating: Once the substrate is cleaned and dried it is placed on a spinner. The substrate 

is placed on the spinner and SU-8 is poured on the substrate. The desired the speed and time 

required is programmed into the spinner. A suction pump is connected to the spinner so that 

the wafer does not slide of due to the spinning. As the desired amount of SU-8 is poured, the 

spinner is closed and spun which is shown in Figure 4.4. The cycle is complete the substrate 

is placed on a hot plate for soft bake. Depending on the specific application the speed of the 

spinner and the time required can be adjusted [39]. The spinner is shown in Figure 4.5 and 

Figure 4.6. 

 
Figure 4.4. Tabulated result for various spin speeds, 
thickness and SU-8. 
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Figure 4.5. Spinner used for spin coating. 

 

Figure 4.6. Silicon wafer about to be coated with 
SU8-100. 

This is a reference base for the spin speed and thickness used for the procedure. 

Soft Bake: After the resist has been applied to the substrate, it must be soft baked to 

evaporate the solvent and create a dense film. A convection oven is used to bake the 

substrate. A hot plate could also be used for this procedure. The Bake times should be 

optimized for proximity and convection oven bake processes since solvent evaporation rate is 

influenced by the rate of heat transfer and ventilation. The substrate is baked initially at low 
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temperature for the SU-8 to solidify. The substrate should be baked at a controlled rate as it 

helps the SU-8 to adhere to the wafer giving optimum results. The substrate should be a 

bubble free surface. Depending on the application the time required and temperature 

involved varies which is shown below Figure 4.7 [40].  

 
Figure 4.7. Pre bake and oft bake temperature. 

Exposure: Once the soft bake procedure is completed the substrate is allowed to cool for a 

couple of minutes. The mask that is designed for the specific application is rinsed with de-

ionized water and allowed to dry. The substrate is placed on the UV light dispensing 

machine. A suction pump holds the wafer to the machine. The required mask is placed on the 

wafer. A glass cover is attached on top of the mask to hold everything together. The optimal 

exposure dose will depend on film thickness (thicker films require higher dosage) and 

process parameters [40]. The UV exposure set up is shown in Figure 4.8. 

 
Figure 4.8. UV exposure set up at MEMS 
microfabrication facilities at SDSU. 
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Post Exposure Bake: Following exposure, a post expose bake (PEB) must be performed to 

selectively cross-link the exposed portions of the film based on Figure 4.9. This bake can be 

performed either on a hot plate or in a convection oven. As the post exposure baking takes 

pace the features on the substrate begin to develop [40].  

 
Figure 4.9. Pre bake and thickness for SU-8. 

Develop: As the post exposure bake is completed the substare is mounted of the machine. 

SU-8 resists have been optimized for use with MicroChem’s SU-8 Developer. The substrate 

is placed in a container with developing solution. Other solvent based developers such as 

Ethyl lactate and diacetone alcohol may also be used. Strong agitation is recommended for 

high aspect ratio and/or thick film structures and the time consumed which is shown in 

Figure 4.10 [40]. 

 
Figure 4.10. Development time for the SU-8. 

Taking into consideration the recommended specifications used we have selected the 

procedure to replicate the channel features on a silicon substrate. The conditions used to 

obtain channel features on the silicon wafer are listed in Table 4.1.  
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Table 4.1. Conditions Used to Obtain Channel Features on the Silicon Wafer 

Pretreatment 
(Pre bake 
@ 650C ) 

Spin 
Coating 

1000 rpm 

Soft Bake 
 

@650C 

Exposure 
 

(UV light) 
 

Post 
Exposure 
Bake @ 

950C 

Develop 
 

5 minutes 15 seconds 30 minutes 90 Seconds 20 minutes 20 minutes  

4.2 PDMS MOLD PREPARATION PROCEDURE 

They are different techniques collectively know as soft lithography techniques [40], 

near field phase shift lithography (Rogers et al.) [41], Replica Molding. (Xia et al..) [42], 

Micro molding in capillaries (Kim et al.) [40], Micro transfer molding (Zhao et al.) [43], 

solvent-assisted micro contact molding (SAMIM) (Kim et al.) [44], micro contact printing. 

(Kumar and Whitesides) [45]. Replication of a structure surface is done with 

polydimethylsiloxane which is also known as PDMS Soft Lithography.  

PDMS is cured by an organometallic crosslinking reaction to give an optically 

transparent polymer with the ability to reproduce surface features. The polymer is cured in 

contact with optical transform slides or the features.  The surface features thus imprinted into 

the elastomer can be distorted mechanically and their spacing monitored by Fraunhofer 

diffraction [46]. 

The Following Procedure is given explained in detail below: 

1. A 4.00 g of Sylgard polymer base to a large weighing boat using a disposable plastic 
spoon and a 0.40 g of curing agent is added using a disposable dropper. Thorough 
mixing of the PDMS components is essential for good curing. Improper mixing can 
result in a polymer that is a sticky mess. On the order of 100 strokes with a stir stick 
are needed to mix the polymer components so that they will yield an adequately cured 
sample. Bubbles degrade the optical qualities of cured PDMS so bubbles should be 
removed before curing. Most of the trapped bubbles from mixing of the components 
will eventually rise to the top of the liquid where they may be broken by blowing 
across the surface. Sonicating the mixed liquid can help remove the bubbles more 
quickly. If an ultrasonic cleaning bath is available, float a weighing boat containing 
the mixed PDMS components on the surface of the water in the sonicated bath. 
Another option is to place the weighing boat in vacuum desiccators. The Figure 4.11 
show the basic components required in molding. 

2. Identify the emulsion side of an optical transform film (the side containing raised 
arrays). The shiny side of the film will sharply reflect room lights on its smooth 
surface; the matte emulsion side of the film will give more diffuse reflections.  Peel 
open the white plastic slide mount, pick up the film by its edges, and place the film in 
a weighing boat with the emulsion side facing upward. PDMS can get caught in the 
sprocket holes. Either cut off the holes or make a release layer by cutting out a  
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Figure 4.11. Basic assembly of the components 
required in PDMS molding. 

rectangle to form a hole in a sheet of photocopier or laser printer transparency. Place 
the plastic sheet with the hole over the slide and place a rectangular metal frame on 
the plastic sheet. 

3. Slowly pour the uncured PDMS mix into the mold assembly. Leave any remaining 
PDMS sticking to the walls of the weighing boat; too many bubbles are created 
during attemps to remove it. Let the assembly sit at room temperature for a few 
minutes so that bubbles incorporated during pouring can rise out of the PDMS. Gentle 
blowing over the surface may also eliminate bubbles. Place the mold in the oven for 
20 minutes at 130 degrees Remove the mold from the oven and allow it to cool. 
Gently remove the foil portion from the cured PDMS. Carefully peel apart the two 
polymer layers. You may use either the foil or the polycarbonate support as the 
lithography master. Remove the mold from the oven and allow it to cool. Gently 
remove the foil portion from the cured PDMS. 

4. The PDMS preparation is done using the Sylgard 184 Silicone Elastomer Kit. The 
oven is preheated to approximately 100 degrees before the procedure commences. We 
consider a coring vacuum oven and dial is se between 3 and 4 approximately. An 
elastomer and a curing agent are considered in the PDMS mold preparation. A desired 
amount of elastomer is measured in a graduated container. The elastomer is allowed 
to settle down as it is very highly viscous. The curing agent is to be poured into the 
graduated container containing the elastomer. The elastomer and the curing agent are 
mixed at 10:1 ratio (10 parts elastomer to 1 part curing agent). The 1/10th 
measurement of the amount of elastomer used and set a pipette measurement scale to 
obtain that amount of curing agent. The curing agent and the elastomer are mixed 
thoroughly for few minutes. Due to the vigorous agitation, a lot of bubbles are created 
in the elastomer and curing agent mixture. To get rid of the bubbles the graduated 
tube is left aside for ½ hour to 45 minutes. Once the bubbles have cleared this mixture 
can be referred a PDMS. This mixture is poured on the wafer/mold carefully using a 
pipette. Since the PDMS is very viscous it takes time for it to flow and cover the 
entire mold. The important aspect is to eliminate as many bubbles as possible. If there 
are a few bubbles, they could be removed by suction using a pipette. 
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Place a flat aluminum foil in the oven before placing the mold. The PDMS mold is 

then carefully placed on the aluminum foil. We use aluminum foil in case of either any 

leakage or overflow. The PDMS is then allowed to bake for 15-20 minutes depending on the 

thickness of the mixture. The sample could be checked by poking the mold with a pick. If the 

mold is still liquid, a few more minutes inside the oven would solidify the PDMS. The 

PDMS can be removed after the baking and placed in a freezer for a few minutes as it makes 

it easy to peal of the PDMS from the mold/wafer.  Figure 4.12, 4.13 and 4.14 depicts the 

fabricating procedure and the final products obtained after the microfabrication.  

 

Figure 4.12. Fabricating PDMS stamps from a master having relief structures on 
the surface. 
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Figure 4.13. Oven for the PDMS mold. 

 
Figure 4.14. A finished PDMS is removed after 
pealing it of the silicon wafer. 
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CHAPTER 5 

EXPERIMENT & IMAGING 

5.1 BASIC IMAGING AND HOUSING OVERVIEW 

Experimental set-up for 2D micro channels consists on a motor, speed controller, with 

a rigid acrylic frame. The micro channels obtained from lithography are fixed on a Compact 

disc and mounted to the shaft of the motor with help of bushings and collars. The motor with 

1/15 HP, 60HZ and rotating at 5000rpm is stepped down to less than 20% of total speed 

using a speed controller. The imaging is done with the help of High Speed CCD Camera, 

from PEAK Performance Technology with HSC-180NM and HSC-180NS Cameras. 

The Acrylic frame helps to support whole setup and motor as well as the speed 

controller is housed inside the rigid acrylic frame. It helps to stabilize the whole setup and 

eliminate most of the vibrations. The compact disc is machined using CNC and is also 

housed on the motor with the acrylic frame 

A few detailed specifications used are mentioned below: 

 A motor-1/15 HP, 60HZ and rotating at 5000rpm 

 A step down controller to reduce and control the speed to 20%. 

 Collar is custom designed with an inner diameter just a little over a ¼ “ 

 Bushing of 3/8” inner diameter and the outer diameter of 1” 

 CD outer diameter 8” and inner diameter 1” and thickness of 0.5” 

 Reservoir with an outer diameter of 2.5” and inner diameter of 3/8”  

 A rod/shaft of 3/8” diameter. 

 Nuts and bolts to hold the housing together 

 Power Supply 110V 

 High speed cameras from PEAK technology, recorder and monitor. 

Soft Lithography Technique is used to manufacture the micro channels. The micro 

channels are made using SU8-100 and a PDMS mold is made out of the wafer. The micro 

channels are then mounted onto a Compact Disc and machined out of Acrylic. The Compact 

Disc is then fixed to the shaft of the motor using collars and bushings. The whole experiment 
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is performed on variable speeds. All products are obtained from Grainger [47]. The motor is 

shown in Figure 5.1 and the controller is shown in Figure 5.2.  

 

Figure 5.1. 1/15HP motor, 60Hz 5000rpm is 
from Grainger and the make is from Dayton 
and the model # 2M033. 

 

Figure 5.2. Speed controller is from Grainger 
and the make is from Dayton and the model # 
4X796. 

A set of high Speed cameras from PEAK Performance Technology are used to record 

the high speed motions of the fluid in the micro channels. The Camera’s HSC-180NM and 

HSC-180NS are synchronized in order to document the motion. The cameras are mounted on 

a tripod adjacent to the acrylic frame to record the motion of the fluid in the micro channels 

and it can be observed on a monitor.  

They are two different high speed cameras used for the imaging purpose which is 

shown in Figure 5.3. The high speed cameras are connected to a power supply and then 

synchronized. The basic characteristics like zoom, brightness and clarity are adjusted 

depending on the view. The cameras are connected to a high speed video recorder, and a 

video is recorded using a VHS recorder. The recorded video is the further converted to digital 

print using I movie software. The digital print is broken down to numerous images. Out of the 

numerous images that show fluid flow, few of the images are selected to show the fluid flow 

through the channels. 
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Figure 5.3. High speed cameras Phantom V210 which is 
used to image the fluid flow through the channels. 

5.2 EXPERIMENTAL PROTOCOL 

This is the basic protocol followed in the experimental set up as well as testing. 

Initial Priming 

1. Fix the motor as well as the speed controller to the housing. 

2. Use a fuse in the speed controller in case the power fluctuates. 

3. The motor is connected to the speed controller and the speed controller is the source 
to control the speed. 

4. The channels that are machined with the help of CNC machining as well as micro 
machined channels are fixed to the CD platform.  

5. A primary reservoir on top to collect the fluid to be injected as well a secondary 
reservoir at the outlet of the channels to collect the fluid pumped. 

6. The amount of fluid inject can be varied from 12ml to 24ml to study the flow of fluid. 

7. A saline solution is used for the test. Dynamic viscosity at room temperature 0.768 
*e-3 N s/m2.  

Dispensing 

1. The speed controller is switched on and rotated until a point where it is just about to 
start spinning. 

2. The fluid is injected into the primary reservoir. 

3. As soon as the fluid is injected the speed is gradually increased in intervals based on 
50-100 rpm. The maximum being 1000 rpm. 

4. The amount of time consumed to pump fluid from one platform to another varies 
depending on the amount of fluid, the speed of the controller. 

5. On an average the time consumed is from one minute to a couple of minutes. 

6. The fluid from the secondary reservoir is drained and a second set of experiments can 
be performed. 



 

 

46

7. A precaution must be taken to avoid possible all contact of saline solution from the 
motor as well as speed controller. 

5.3 DESIGN REVIEW AND ANALYSIS OF TEST RUN 1 

To validate the numerical approach developed here, we carried out several 

experiments on microfluidics channels in a CD platform. The scope of the experiments is to 

verify the modeling of Centrifugal force as well as its qualitative and quantitative effect on 

the velocity in the micro channels. Four types of micro channels with a constant depth of 

2000µ and constant length of 70000 µ to varying width of 2100µ, 1400µ, 900µ, 500µ are 

used. Different widths are used because of the need to obtain an additional set of data points 

for capturing the effect of Centrifugal force on the channel as well as to study the flow 

pattern. The channel has a horizontal length of 70000 microns, inclined angle of 120000 

micron, width of 2100 microns with a varying depth from 2000 micron, 1400 micron, 900 

micron and 500 micron. The similar boundary conditions are assumed as that of in Chapter 

3.1. The varying cross-section is considered to study the flow rate through the micro channels 

as well as for the manufacturing ease and secondly the amounts of fluid flow through the 

channels. Design reviews of this specify model is taken into consideration for analysis as per 

conclusions from the previous chapter and this specify model has been manufactured and 

experimental results are obtained. The simulations are supported by experimental testing to 

show flow of fluid through the channel. The shape of the flow can be studied as well as the 

intensity at which the fluid flows and the pressure generated to pump the fluid through the 

inclined channel.  Aspect ratio plays a vital role in simulation and more importantly the 

manufacturing. The scope of this experiment was to use the channels made of acrylic and 

was fabricated without any lithography techniques. However in the 2nd experiment set up the 

channels dimensions have been lowered and lithography techniques were used. The Table 5.1 

and Figure 5.4 illustrate the simulation details from the first experiment.  

5.4 EXPERIMENTAL RESULT FOR TEST RUN 1 

Housing for the motor, speed controller is made out of plexi glass/ acrylic platform.  

Figure 5.5 is the basic experimental set up for the experiment. The channels used in 

this set up correspond to the channel with a horizontal length of 7000 microns, inclined angle 

of 12000 micron, width of 210 microns with a varying depth from 200 micron, 140 micron,  
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Table 5.1. Velocity Field across the Different Aspects Ratios of the Micro 
Fabricated Channels 

 
Length 

(Microns) 

 
Width 

(Microns) 

 
Depth 

(Microns) 

 
Angle 

(Degrees) 

 
Maximum 

Velocity (m/s) 

 
70000 

 
70000 

 
70000 

 
70000 

 
2100 

 
1400 

 
900 

 
500 

 
2000 

 
2000 

 
2000 

 
2000 

 
45 
 

45 
 

45 
 

45 

 
1.603 

 
0.795 

 
2.329 

 
13.165 

 
Figure 5.4. Graphical representations of test run 1. 

90 micron and 50 micron (design review and test run 1). The fluid is injected into the 

primary reservoir and the fluid flows from the reservoir to the channels and collected in a 

secondary reservoir. The amount of fluid used is varied from 12 ml to 24ml to study the fluid 

flow in the channels. The fluids considered in this experiment are a mixture of water and oil 

and water. The amount of time consumed for the fluid to flow from the primary reservoir to 

the secondary depends on a couple of factors. Firstly it varies from just over a minute to more 

than a couple of minutes depending on the amount of fluid injected in the primary reservoir.  

Secondly the rates are which the set up is made to rotate and also the amount of fluid 

injected. However the most important factor which is given more emphasis is if the fluid 

flows in a 3 dimensional set up which is shown below with the help of couple of images. 
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Figure 5.5. Experimental set up with the motor, controller along 
with the housing. 

The experimental set up is made of a acrylic housing which houses a motor and a 

speed controller is shown in Figure 5.6 and the detailed view of the experiment is shown in 

Figure 5.7. The speed controller steps the speed down to almost 20% of the motor speed. To 

capture the flow of the fluid through channels a high speed camera is used to capture the 

images of the fluid flow. We take a detailed look at the whole set up and the experimental 

testing in the latter half of the section. The experimental results obtained from the test trails 

are depicted in the images below. The time mentioned is the “n” second at which the fluid 

flow is captured.  

5.5 CONCLUSIONS FOR TEST RUN 1 

Comparing the analysis from the Experimental and FEA Analysis we could come to a 

conclusion that fluid flow through the channel of dimensions with a horizontal length of 7000 

microns, inclined angle of 12000 micron, width of 210 microns with a varying height from 

2000 micron, 1400 micron, 900 micron and 500 micron could be successfully achieved in all 

four channels which is shown in Table 5.2 and graphically represented in Figure 5.8. 

Experimentally the flow would vary due to the manual controls from 8m/s to 17m/s. 

The first set of experiment investigates, through numerical modeling and 

experimentally proven, influence of Centrifugal force on the flow of the fluid through the 

micro channels. The effect of Centrifugal force on the fluid flow in CD microfluidics 

channels has been studied experimentally and numerically only recently. This study 

addresses, therefore, this phenomenon through numerical simulation and demonstrates that  

Housing 

High Speed 

Camera 



 

 

49

 

Figure 5.6. Close view of the 3D set up with the different 
channel dimensions. 

for most practical geometrical configurations and angular velocity ranges reported in the 

literature, the Centrifugal force introduces significant qualitative and quantitative analysis. 

The study also demonstrates - through experiments - the qualitative influence Centrifugal 

force has on the fluid flow in micro channels.  

The above Figures 5.9, 5.10 and 5.11 show that with channels with an inclined angle 

of 12000 micron, width of 210 microns with a varying height from 200 micron, 140 micron, 

90 micron and 50 micron could be successfully achieved in all four channels. This has been 

showed using finite element analysis and proven experimentally. 

In general, the following conclusions are made based on results from this study: 

1. This effect is observed to be significantly influenced by channel width and length and 
angular rotations larger than 100 revolutions per minute. Further, the velocity patterns 
in the most part of the micro channel, particularly in the middle, do not seem to be 
affected by Centrifugals force.  

CD Support  

Reservoir  

Channel 

Length=70000 µm 

Depth=2000 µm 

Width 1=2100 µm 

Width 2=1400 µm 

Width 3=900 µm 

Width 4=500 µm 
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 T1=1.5s T2=2.5s T3=4.0s  

 
 T4=4.5s  T5=6.0s  T6=7.5s 

 
 T7=9.0s T8=10.5s  T9=12.0s 

Figure 5.7. Test trail for 7000 micron length, 2000 micron depth with 2100 micron 
width, 1400 micron width, 900 micron width, 500 micron width channels. 

2. Due to viscosity of the fluid the time varies for the different type’s fluid to pump from 
the center of the reservoir through the channels to the next level. 

3. Aspect ratio plays an important role in the fluid flow, which is proportional to the 
fluid flow. 

5.6 EXPERIMENTAL RESULT FOR TEST RUN 2 

The same protocol is flowed for this experimental set up as well like that of the 

previous treat trails 1. The same acrylic housing, motor and controller are used. The only  
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Table 5.2. Maximum Velocities Achieved at Various Angles and across Different 
Aspect Ratios 

 
Length 

(Microns) 

 
Width 

(Microns) 

 
Depth 

(Microns) 

 
Angle 

(Degrees) 

 
Maximum 

Velocity (m/s) 

 
70000 

 
70000 

 
70000 

 
70000 

 

 
2100 

 
1400 

 
900 

 
500 

 
2000 

 
2000 

 
2000 

 
2000 

 
45 
 

45 
 

45 
 

45 

 
1.603 

 
0.795 

 
2.329 

 
13.165 

 

 
Figure 5.8. Graphical representation of the maximum velocities achieved at 
different aspect ratios. 

 

Figure 5.9. The fluid about to be dispensed into the channels. 

Crosssection-Velocity Distribution

0

2

4

6

8

10

12

14

0 500 1000 1500 2000 2500

Width (Microns)

V
el

oc
it

y 
(m

/s
)



 

 

52

 

Figure 5.10. The fluid is dispensed into 
the channel and is at the intermediate 
level. 

 

Figure 5.11. The fluid is fully pumped and 
has been dispensed into the reservoir. 

changes is the set up which has a 55000 micron horizontal length and 65000 micron length 

inclined channel at an angle of 30 degrees which is shown in Figure 5.12. However in this 

experimental set up instead of using a acrylic channels a micro machined channel made of 

soft lithography and PDMS molding is used. 

The results of the experiments are summarized in Figure 5.13. In Figure 5.13 liquid of 

saline solution is dispensed to micro channel. Rotation at 50 rad/sec is initiated which results 

in some pumping as shown in T2=1.0seconds. In T8=4.5 seconds, as the rotational speed  
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Figure 5.12. 100 micron width*100 micron depth*55000 micron length micro 
machined channels in a housing. 

approaches 150 rad/sec, the fluid is observed to have a well developed flow (specifically 

designed to show flow patterns) in a direction away from the rotation. This is a qualitative 

demonstration of the onset of the Centrifugal effect on the fluid flow direction. Subsequent to 

this, T10=5seconds shows a fully-developed flow through the whole length of the micro 

channel. The fluid flow though the channel under less that 5 seconds. 

When compared to the results from finite element analysis there we could analyses 

and comprehend the results.  

This shows the change in velocity field that is in the channel. The maximum velocity 

that could be achieved from finite element analysis is 0.0885m/s. Experimentally the flow of 

the fluid may differ due to the manual controls of the platform. The velocity range for the 

experimental set up may vary from 5m/s to 8m/s. The Figure 5.14, 5.15 and 5.16 show the 

detailed view of the finite element analysis. 

 

Channel 

Length=55000 µm 

Width=100 µm 

Depth=100 µm 

3/8” Shaft  

Reservoir  
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Figure 5.13. Fluid flow through a cross-section of 100 square microns with the length of 
55000 micron and 65000 micron inclined length at an angle of 45 degrees. 
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 T1=0.5s T2=1.0s 

 
 T3=1.5s T4=2.0s 

100µm Channel 

CD Support  
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 T5=2.5s T6=3.0s 

 
 T7=3.5s T8=4.0s 

 
 T9=4.5s T10=5.0s 
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Figure 5.14. Finite element analysis across the horizontal length of the 
microfabricated channel. 

 

Figure 5.15. Finite element analysis across the horizontal length and inclined length 
of the microfabricated channel. 

5.7 CONCLUSION FOR TEST RUN 2 

In this section, miniaturization of the basic platform is the primary emphasis. A cross-

section of 100 square microns with the length of 55000 micron and 65000 micron inclined 

length at an angle of 30 degrees is taken into consideration. The similar boundary conditions 

are assumed as that of in Chapter 3.1. The maximum velocity obtained from the finite 

element analysis is 0.0885m/s. 

In order to miniaturize the platform, MEMS Micro fabrication is the best possible 

technique by which it can be achieved.  The Boundary condition is analyzed [Appendix A], 

and the Finite Element Analysis is looked into before proceeding with the micro machining. 

[Appendix B].   

In general, the following conclusions are made based on results from this study in 

Table 5.3: 

 The fluid flow through the micro channels made of PDMS is achieved. 



 

 

58

 

Figure 5.16. Finite element analysis across the 
horizontal length and inclined length of the 
microfabricated channel. 

 Due to decrease in the aspect ratio, the time consumed for the fluid to flow through 
the channels increase. Aspect ratio plays an important role in the fluid flow, which is 
proportional to the fluid flow. 

 This effect is observed to be significantly influenced by channel width and length and 
angular rotations larger than 100 revolutions per minute. Further, the velocity patterns 
in the most part of the micro channel, particularly in the middle, do not seem to be 
affected by Centrifugals force.  

 Viscosity of the fluid is a key factor in the fluid flow and the time varies for the 
different type’s fluid to pump from the center of the reservoir through the channels to 
the next level. 

 The PDMS deteriorates in color due to the fluid used. 
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Table 5.3. Conclusions from Test 1 and Test 2 

Tasks Test 1 Test 2 
Design Concept Reviewed and Approved Reviewed and Approved 
Finite Element Analysis Performed on sample volume 

and a design is selected and 
confirmed 

Performed on sample volume 
and a design is selected and 
confirmed 

Sample Volume Channels of 30000µ length 
through 70000µ length with 
10000µ increment and varying 
angles from 15 degrees through 
60 with 15 degrees increment 

Channels of length 65000µ 
length, inclined length of 
55000µ, width of 100µ and 
depth of 100µ 
 

Fluid Selected Saline Solution Saline Solution 
Actual Design Length 70000µ 

45 Degrees from Horizontal 
Depth 2000µ 
Width 210µ, 140µ, 90µ, 50µ 
 
 

Length 65000µ 
45 Degrees from Horizontal 
Depth 100 µ 
Width 100 µ 

Pumping Achieved Achieved 

Imaging Performed Performed 
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CHAPTER 6 

CONCLUSION AND POTENTIAL FUTURE 

WORK 

The focus and interests of this thesis is to achieve fluid flow in a 3 dimensional 

platform. This section focuses on major interests and how this research is directed. 

The experiment investigates, through numerical modeling and experimentally proven, 

influence of centrifugal force on the flow of the fluid through the micro channels. The effect 

of centrifugal force on the fluid flow in CD microfluidics channels has been studied 

experimentally and numerically only recently. This study addresses the phenomenon through 

numerical simulation and demonstrates that for most practical geometrical configurations and 

angular velocity ranges reported in the literature, the centrifugal force introduces significant 

qualitative and quantitative analysis. The study also demonstrates - through experiments - the 

qualitative influence centrifugal force has on the fluid flow in micro channels.  

A working range of potential sample lengths are considered for test 1 and finite 

element analysis is performed on the channel to study the velocity field and pressure gradient 

in the channels. Sample lengths from 3000 microns length through 7000 microns length and 

7500 microns inclined length with varying angles are considered. Boundary condition of 

pressure at the inlet of the channel, neutral at the outlet of the channel and no slip boundary 

conditions on the walls of the channels are inputted in software Comsol and a family of 

graphs are plotted.  Water is considered are the basic fluid and all the properties of water are 

taken into consideration.  

The main consideration after finite element analyses was the manufacturing of the 

channels. The angles of the channel are very critical criteria which have to be considered as 

the fluid from the primary compact disc has to be pumped into the reservoir of the compact 

disc through the channels on the second level as close as possible to the center of the 

compact disc. Therefore the fluid can have a fully developed flow and the application 

performed on the primary level can be repeated on the secondary level therefore increasing 

throughput.  
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The main conclusions from this research are  

1. Analysis by design method is used for the design process 

2. Sample length for channels is selected and finite element analysis is performed on 
30000µ length through 70000µ length with 10000µ increment and varying angles 
from 15 degrees through 60 with 15 degrees increment. 

3. Graphs are plotted and sample of dimensions with maximum velocity and best angles 
are selected for fabrication. 

4. A compact disc of dimensions outer diameter 15000µ and inner diameter of 2000µ is 
manufactured 

5. Channels of length 70000µ, inclined length of 12000µ, width of 210µ and varying 
depth of 200µ, 140µ, 90µ and 50µ were successful analyzed using finite element 
analysis and later fabricated for experimental procedures for test 1 

6. The approximate maximum velocity that can be achieved is over 13m/s.  

7. In an effort to miniaturize the platform microfabrication technique is used. 

8. Channels of length 65000µ length, inclined length of 55000µ, depth of 2000µ, width 
of 100µ and depth of 100µ is micro fabricated for test 2. 

9. Fluid flow is successfully achieved in both test 1 and test 2. 

We have successfully achieved the fluid pumping through micro channels with a 

cross section as low as width of 500µ * 2000µ depth. This proves that fluid can be pumped 

through miniature channels and this fluid can be manipulated to different potential 

applications depending on the requirement. For instance the hybridization in a micro channel 

can be increases tremendously by capturing the unhybridized DNA that pass through the 

micro channel and reusing them on a 3 dimensional platform that is investigated in this 

research.   

Applications such as sample splitting, mixing, valving can potential applications that 

can be carried out using the platform in the research and achieving higher efficiency. Listed 

below are few of the potential areas where lot of future work can be carried out. 

 To eliminate small vibrations by using enhances spinners as wells as rigid metal 
housings, 

 Potential use of top notch high speed cameras not only to detect the pumping of fluid 
through the channels but also to study the effects of coriolis force, shape of the flow 
are few of the unturned stones in the research. 
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APPENDIX A 

BOUNDARY CONDITION FOR 

MICROCHANNELS 
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To illustrate the basic boundary conditions for the micro channels that is housed on 

the acrylic disc (Figure A.1).  This is to analyze the velocity field and pressure gradient 

across the channels which addresses the concern of selecting the best design possible in terms 

of aspect ratio.  

 

Figure A.1. Shows the basic boundary conditions for channels. 
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APPENDIX B 

DETAILED FEM ANALYSIS OF THE 

MICROCHANNELS 
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Representation of analysis of 30 millimeter horizontal length, 40 millimeter 

horizontal length, 50 millimeter horizontal length, 60 millimeter horizontal length, 70 

millimeter horizontal length, with 3000micron width 3000micron depth at 75, 60, 45, 30 

degrees respectively 

Cross-section 
Micron 

Maximum Velocity 
meter/sec 

Image Notes 

 
30mm 

horizontal 
length 

3000 width 
3000 depth 

 
75 Degrees 

 
 
 

 

 
30mm 

horizontal 
length 

3000 width 
3000 depth 

 
60 Degree 

 
 

 

 

 
30mm 

horizontal 
length 

3000 width 
3000 depth 

 
45 Degree 

 
 

 

 



70 
 

 

 
 

30mm 
horizontal 

length 
3000 width 
3000 depth 

 
 

30 Degree 
 
 

 

 

 
40mm 

horizontal 
length 

3000 width 
3000 depth 

 
75 Degrees 

 
 

 

 

 
40mm 

horizontal 
length 

3000 width 
3000 depth 

 
60 Degree 
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40mm 

horizontal 
length 

3000 width 
3000 depth 

 
45 Degree 

 
 
  

 

 

 
 

40mm 
horizontal 

length 
3000 width 
3000 depth 

 
 

30 Degree 
 
 

 

 

    
 

50mm 
horizontal 

length 
3000 width 
3000 depth 

 
75 Degrees 
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50mm 

horizontal 
length 

3000 width 
3000 depth 

 
60 Degree 

 
 

  

 

 

 
50mm 

horizontal 
length 

3000 width 
3000 depth 

 
45 Degree 

 
 
  

 

 

 
 

50mm 
horizontal 

length 
3000 width 
3000 depth 

 
 

30 Degree 
 
 

 

 

Cross-section 
Micron 

Maximum Velocity 
meter/sec 

 
Image 

Notes 
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60mm 

horizontal 
length 

3000 width 
3000 depth 

 
75 Degrees 

 
 
 

 

 

 
60mm 

horizontal 
length  

3000 width 
3000 depth 

 
60 Degree 

 
 
 

  

 

 

 
60mm 

horizontal 
length  

3000 width 
3000 depth 

 
45 Degree 
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60mm 
horizontal 

length  
3000 width 
3000 depth 

 
 

30 Degree 
 
 

 

 

    
 

70mm 
horizontal 

length  
3000 width 
3000 depth 

 
75 Degrees 

 
 
 

 

 

 
70mm 

horizontal 
length  

3000 width 
3000 depth 

 
60 Degree 

 
 
 

  

 

 



75 
 

 

 
70mm 

horizontal 
length  

3000 width 
3000 depth 

 
45 Degree 

 
 
  

 

 

 
 

70mm 
horizontal 

length  
3000 width 
3000 depth 

 
 

30 Degree 
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DESIGN REVIEW AND TEST RUN 1. 

Representation of analysis of 70000micron length, 2000 micron depth at 35 degrees 

with depths varying from 2100 micron width, 1400 micron width, 900 micron width, 500 

micron width respectively. 

Cross-section 
Micron 

Maximum 
Velocity 
meter/sec 

 
Image 

Notes 

 
70000 length 
2100 width 
2000 depth 

 
35 Degrees 

 
 

1.603 m/s 

 

 

 
70000 length 
1400 width 
2000 depth 

 
35 Degree 

 
0.795 m/s 

 
  

 

 

 
70000 length 

900 width 
2000 depth 

 
35 Degree 

 
2.329 m/s 
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70000 length 
500 width 
2000 depth 

 
 

35 Degree 
 

13.165 m/s 

 

 

DESIGN REVIEW AND TEST RUN 2. 

Figures B.1, B.2 and B.3 from Test trail 2 with 55000 micron length and 65000 

micron inclined length with 30 degree angle  

 
Figure B.1. FEA along the horizontal length of the channel.  

 
Figure B.2. FEA along the inclined length of the channel.  
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Figure B.3. FEA along the exit of the 
channel. 


