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ABSTRACT OF THE THESIS 

Influence of Coriolis force on DNA Molecule Migration and 
Hybridization in Compact Disk (CD) Microfluidics Platforms  

by 
Nithesh Paramesh 

Master of Science in Mechanical Engineering 
San Diego State University, 2010 

 
This study investigates the influence of Coriolis force on transport and hybridization 

of DNA molecules in CD microfluidics platform where centrifugal force is used as the 
driving force. While the effect of Coriolis force on fluid flow in CD microfluidics channels 
has been studied experimentally and numerically only recently, its influence on DNA 
molecule migration and hybridization has not been investigated so far. This study addresses 
this phenomenon through numerical simulation and demonstrates that for most practical 
geometrical configurations and angular velocity ranges reported in the literature, the Coriolis 
force introduces significant qualitative and quantitative variations in the hybridization of 
DNA molecules, particularly at locations near the periphery. Further, to validate the 
numerical approach developed here, this research carried out several experiments on 
microfluidics channels in a CD platform.  Both numerically and experimentally, Coriolis 
effect is observed to be significantly influenced by channel width and angular rotations. Our 
results indicate that for low viscosity fluids, angular velocities as low as 25 rad/sec could 
introduce Coriolis force that is as high as at least 25% of the main driving centrifugal force. 
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CHAPTER 1 

INTRODUCTION 

1.1 BASICS OF MICROFLUIDICS 

Microfluidics is the study of conduits for fluids that have a smallest design feature on 

the scale of a micron or larger. Common fluids used in microfluidic devices include whole 

blood samples, bacterial cell suspensions, protein or antibody solutions and various buffers. 

Microfluidic devices can also be used to obtain measurements like molecular diffusion 

coefficients, fluid viscosity, pH, and enzyme reaction kinetics, capillary electrophoresis, 

immunoassays, and sample injection of proteins for analysis via mass spectrometry, PCR 

amplification, DNA analysis, cell manipulation, cell separation, cell patterning and chemical 

gradient formation. 

 On a micro scale, sample volumes and assay times are reduced, and procedural costs 

are lowered. The best part about microfluidic devices is the amazing versatility which allows 

interfacing with current methods and technologies. The flexibility of micro fluidics will 

facilitate its exploitation in assay development across multiple biotechnological disciplines. 

In general, microfluidic devices can offer a number of advantages over more conventional 

systems. Some of the advantages being: compact size, disposable nature, increased utility and 

a prerequisite for reduced concentrations of sample reagents being some of the reasons. 

Therefore, micro fluidics systems provide a real potential for improving the efficiency of 

techniques applied in drug discovery and diagnostics. Some commercial micro fluidics 

systems illustrate their suitability to biotechnological applications. 

 There are two common methods (see Figure 1.1) by which fluid actuation through 

microchannels can be achieved. 

Electrokinetic Flow: One of the techniques for pumping fluids is that of electro osmotic 

pumping. If the walls of a microchannel have an electric charge, as most surfaces do, an 

electric double layer of counter ions will form at the walls. When an electric field is applied 

across the channel, the ions in the double layer move towards the electrode of opposite 

polarity. This creates motion of the fluid near the walls and transfers via viscous forces into  
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Figure 1.1. Types of flow. 

convective motion of the bulk fluid. If the channel is open at the electrodes, as is most often 

the case, the velocity profile is uniform across the entire width of the channel. However, if 

the electric field is applied across a closed channel (or a backpressure exists that just counters 

that produced by the pump), a recirculation pattern forms in which fluid along the center of 

the channel moves in a direction opposite to that at the walls .One of the advantages of 

electrokinetic flow is that the blunt velocity profile avoids many of the diffusion non 

uniformities that occur with pressure driven flow. However, sample dispersion in the form of 

band broadening is still a concern for electro osmotic pumping. Another advantage to 

electrokinetic flow is that it is straight forward to couple other electronic applications on-

chip. However, electrokinetic flow often requires very high voltages, making it a difficult 

technology to miniaturize without off-chip power supplies. Another significant disadvantage 

of electrokinetic flow is the variability in surface properties. Proteins, for example, can 

adsorb to the walls, substantially change the surface charge characteristics and, thereby, 

change the fluid velocity. This can result in unpredictable long-term time dependencies in the 

fluid flow. [1] 



3 
 

 

Pressure Driven Flow: In pressure driven flow, in which the fluid is pumped through the 

device via positive displacement pumps, such as syringe pumps. One of the basic laws of 

fluid mechanics for pressure driven laminar flow, the so-called no-slip boundary condition, 

states that the fluid velocity at the walls must be zero.  

 Pressure driven flow can be a relative inexpensive and quite reproducible approach to 

pumping fluids through microdevices. With the increasing efforts at developing functional 

micropumps, pressure driven flow is also amenable to miniaturization. [1] 

 But the best part about centrifugal type of flow is the absence of moving parts. This 

result in a wide range of spin speeds and the flexible design of the microstructures on a 

plastic disc afford the integration of various analytical functions. Centrifugal Force is used as 

the driving force and it offers the most promising approach for the integration of multiple 

functions on the same substrate. 

1.2 CD MICROFLUIDICS 

  Scientists are most interested in integrating several experiments on a chip or other 

microfluidic devices, thereby speeding up their workflow. It enables lower consumption of 

biological samples. Another major impact for customers is the standardization of analysis; 

it’s independent of the user and the chip. As an alternative to the lab-on-a-chip or lab-on-a-

card, several companies have chosen a compact disk for their micro fluidics development 

platform. The CD format uses centrifugal force to move samples from one chamber to 

another. The advantage: “Gravity never fails,” says Gyros’s Andersson. “You can use much 

simpler instruments when you can do your work on the disks. And we get parallel 

processing, which gets us higher throughput.” 

 CD Microfluidic platform is a promising approach for the integration of multiple 

functions on the same substrate. On the CD platform, centrifugal force is utilized as a driving 

force for sample and reagent propulsion. Surface tension elegantly provides for a method of 

valving. The wide range of spin speeds and the flexible design of the microstructures on a 

plastic disc results in the integration of various analytical functions. Analytical functions that 

have been successfully implemented include: sample metering, sample splitting, separation 

of serum from whole blood, two-point-optimal sensor calibration, cell lysis, immuno-assays, 

etc. The centrifugal force creates an artificial gravity and hence a pressure gradient pointing 
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in the radial direction of the channels. This force scales with the square of the frequency of 

the angular velocity at which the channel is rotated. The Coriolis force, on the other hand, is 

induced as the resulting fluid flow is observed from a rotating non-inertial reference frame. 

This apparent force acts perpendicular to the plane of the flow channel and the angular 

velocity. As a result, the fluid experiences pumping in a radial direction due to centrifugal 

force but its direction and magnitude are further modified by the radial and tangential 

components of Coriolis force. 

1.3 CORIOLIS FORCE 

 The Coriolis force is a fictitious force exerted on a body when it moves in a rotating 

reference frame. It is called a fictitious force because it is a by-product of measuring 

coordinates with respect to a rotating coordinate system as opposed to an actual ‘push or 

pull.’ On a rotating earth the Coriolis force acts to change the direction of a moving body to 

the right in the Northern Hemisphere and to the left in the Southern Hemisphere. This 

deflection is not only instrumental in the large-scale atmospheric circulation, the 

development of storms, and the sea-breeze circulation, it can even affect the outcome of 

baseball tournaments: a ball thrown horizontally 100 m in 4 s in the United States will, due to 

the Coriolis force, deviate 1.5 cm to the right 0.  

1.4 CORIOLIS EFFECT? 

The Coriolis effect results from an inertial force that applies to bodies moving on a 

rotating surface, such as the Earth. It was first described in 1835 by the French scientist 

Gustave-Gaspard Coriolis. The inertial force acts to the left of the direction of motion for 

clockwise rotation and to the right for anticlockwise rotation. The Coriolis effect causes an 

apparent deflection in the path of an object moving in a straight line on a rotating coordinate 

system. The object does not actually deviate from a straight line, but it appears to do so 

because of the motion of the surface beneath. The magnitude of the Coriolis force on Earth is 

proportional to the sine of the latitude at the location. It is zero at the equator and maximum 

at the poles. One of the best and simplest ways to feel the magnitude and unique direction of 

a Coriolis force is with a Merry Go-Round. Stand near the outside edge of a gently rotating 

Merry Go-Round (see Figure 1.2 [2]) facing towards the center, being sure to hold-on safely 
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Figure 1.2. Real life example of coriolis force. Source: Persson, Anders. 
“How Do We Understand Coriolis Force?” Bulletin of the American 
Meteorological Society 79, no. 7 (1998): 1373-1385. 

to the bars at all times. If you quickly lean forward towards the center you will feel a 

sideways force – the Coriolis force. The strength of the force is proportional to the speed of 

the Merry Go-Round and how fast you lean. 

The Coriolis force can be visualized by making use of a parabolic surface.  If the ball 

at rest in the rotating frame, is given a push, it is deflected to the right. 

An experiment can be performed by forming a `puck' from a 1/2 inch diameter disc 

cut from rods of `dry ice'. The gas sublimating off the bottom almost eliminates frictional 

coupling between the puck and the surface of the parabolic dish. Play games with the puck 

and study its trajectory on the parabolic turntable, both in the rotating and laboratory frames. 

Notice that when the puck moves in the rotating frame it is deflected to the right. The 

following are useful reference experiments: 

Launch the puck so that it is motionless in the rotating frame of reference - it will 

follow a circular orbit around the center of the dish in the laboratory frame. 

Launch the puck on a trajectory that lies within a fixed vertical plane containing the 

axis of rotation of the parabolic dish. Viewed from the laboratory the puck moves backwards 



6 
 

 

and forwards along a straight line (the straight line will expand out in to an ellipse if the 

frictional coupling between the puck and the rotating disc is not negligible). When viewed in 

the rotating frame, however, the trajectory appears as a circle tangent to the straight line.  

The puck (see Figure 1.3 [3]) is again launched so that it appears stationary in the 

rotating frame, but is then slightly perturbed. In the rotating frame the puck undergoes 

oscillations consisting of small circular orbits passing through the initial position of the 

unperturbed puck. These circles are called `inertial circles'. 

 

Figure 1.3. Trajectory of the puck on the rotating parabolic surface in (a) the inertial 
frame and (b) the rotating frame of reference. The parabola is rotating in an 
anticlockwise (cyclonic) sense. Source: PAOC. “GFDLab V: Inertial Circles - 
Visualizing the Coriolis Force.” PAOC. http://wwwpaoc.mit.edu/labweb/lab5/gfd_v.htm

Furthermore, to further demonstrate the Coriolis effect, a parabolic turntable can be 

used. On a flat turntable, the inertia of a co-rotating object would force it off the edge. But if 

the surface of the turntable has the correct parabolic bowl shape (see Figure 1.4) and is 

rotated at the correct rate, the force components shown are arranged so the component of 

gravity tangential to the bowl surface will exactly equal the centripetal force necessary to 

keep the object rotating at its velocity and radius of curvature (assuming no friction). This 

carefully contoured surface allows the Coriolis force to be displayed in isolation.  

Because this reference frame rotates several times a minute, rather than only once a 

day like the Earth, the Coriolis acceleration produced is many times larger, and so easier to 

observe on small time and spatial scales, than is the Coriolis acceleration caused by the 

rotation of the Earth. In a manner of speaking, the Earth is analogous such a turntable. The 

rotation has caused the planet to settle on a spheroid shape such that the normal force,  
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Figure 1.4. A fluid assuming a parabolic 
shape as it is rotating. 

the gravitational force, and the centrifugal force exactly balance each other on a "horizontal" 

surface. 

1.5 CONTRIBUTION OF THIS WORK AND ORGANIZATION 

OF THESIS 

As this CD fluidics platform is finding increasing research and commercial 

development interests in molecular clinical diagnostics, an accurate understanding of the 

hybridization of single-stranded DNA molecules (ssDNA) as affected by all the body forces 

acting on the fluid medium such as Coriolis force becomes more important. There are 

currently several research publications that model the hybridization of ssDNA molecules in 

microarray format [4-7]. However, research in the modeling of DNA hybridization 

phenomenon in CD microfluidics platform is extremely rare.  

Figure 1.5 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 CD microfludics.To the best of my knowledge, the influence of 

Coriolis force on the hybridization phenomenon of DNA molecules, particularly on the 

distribution of hybridization region has not been reported in the literature yet. In this thesis, I 

present a numerical model for the transport and hybridization of DNA in CD microfluidics 

platform. I demonstrate that as the angular rotation of the CD platform increases, the rate of 

hybridization experiences a qualitative as well as a quantitative change resulting in increased 
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Figure 1.5. Electronically active microarrays research. 

hybridization at the peripheries. This has implications in the design of the location of the 

probes as well as the detection system. 

The thesis is organized as follows: - Chapter 1 covers the introduction. Chapter 2 

provides a brief literature review in the field of CD microfluidics. Chapter 3 summarizes the 

model development. Chapter 4 provides a solution of the numerical model. Chapter 5 focuses 

on numerical results and discussions. Chapter 6 talks about Microfabrication. Chapter 7 

reviews the experimental setup and imaging while Chapter 8 gives the final conclusion of the 

thesis. 
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CHAPTER 2 

LITERATURE REVIEW 

 Over the past several years, research and commercial development interest in CD 

microfluidics platforms has experienced a significant increase [8-13]. Further, there has been 

a noticeable expansion of the reported application of such platforms to new areas such as 

complete sample-to-answer systems in molecular clinical diagnostics, blood separation, gene 

sequencing and gene profiling systems [14-17] and in areas such as uniform calcium alginate 

drug carrier generation [18]. The most important driving force for this increased interest in 

the platform is the absence of moving parts that simplify fabrication as well as operation of 

devices. The physics of fluid flow in such platforms through centrifugal force that provides 

the driving pressure gradient has been studied extensively through experiments and 

numerical models by several researchers [9, 11, 12]. However, it was only recently that the 

effect of Coriolis force on fluid flow was demonstrated and quantitatively determined by 

Brenner et al. [17] and Ducree et al. [19] who used a rotating frame of reference for a CD 

platform rotated by an angular velocity. The work of Brenner et al. as well as Ducree et al. 

showed that Coriolis force introduces a significant change in fluid velocity which is 

conveniently adopted as a fluid flow switch [17] and mixer [19].  

 Figure 2.1 illustrates typical geometry parameters and forces acting on a CD 

microfluidics platform. Centrifugal force creates an artificial gravity and hence a pressure 

gradient pointing in the radial direction of the channels. This force scales with the square of 

the frequency of the angular velocity at which the channel is rotated. Coriolis force, on the 

other hand, is induced when the resulting fluid flow is observed from a rotating non-inertial 

reference frame. This apparent force acts perpendicular to the plane of the flow channel and 

the angular velocity. As a result, the fluid experiences pumping in a radial direction due to 

centrifugal force but its direction and magnitude are further modified by the radial and 

tangential components of Coriolis force. As will be shown later, Coriolis force depends 

linearly on the angular velocity (�) and varies with the square of the channel width. For a  
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Figure 2.1. Typical configuration of a CD microfluidics platform. r - radius,  - angular 
velocity, u – velocity. FCorilois represents Coriolis force while the centrifugal force is 
represented as FCentrifugal. 

fluid of dynamic viscosity ‘η’ and density ‘ρ’ flowing in a channel of width ‘b’ on a CD 

platform, it can be shown that the ratio of Coriolis force to centrifugal force can be 

approximated as FCoriolis/FCentrifugal = ρb2ω/4[19]. This ratio is an important indicator of the 

potential effect Coriolis force has on fluid flow in a CD platform. Figure 2.2 represents a 

family of curves corresponding to different angular velocities demonstrating the effect of 

channel width on Coriolis force. The figure demonstrates that even at lower angular 

velocities in the range of 25 rad/sec, Coriolis force could be significant  (25% of the 

centrifugal force) if the channel widths are moderately wide (in the range of 200 microns).  

 To provide a perspective to the range of dimensions used in recently published works 

in CD microfluidics platforms, Table 2.1 [10, 13, 17, 19, 4, 20-30] summarizes some of the 

typical CD microchannel configurations reported along with angular velocities. The width of 

channels varies from 20 µm [31] to 500 µm [4, 13] whereas the depth of channels varies 

from 34 µm [10] to 1000 µm [21]. The variation of lengths is from 8.4 mm [22] to 21 mm 

[24, 31]. Angular velocity variations from 40 rad/sec (~400 rpm) [13] to 950 rad/sec (9500 

rpm) [22] have been reported. The table suggests that the variations in dimensions of 

microchannels, particularly width and depth, used by different researchers are in the order of  

FCoriolis     = 2u 

FCentrifugal = r 

Z 
Y 

X 
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Figure 2.2. The ratio of Coriolis to centrifugal force for various widths of 
channel (FCoriolis/FCentrifugal = ρb2ω/4). For a case of = 1e-3 Pa-s and  = 
1000Kg/m3, FCoriolis/FCentrifugal = 2.5e5 b2ω. Adapted from: [19, 32, 33]. 

25 times or more. This in turn translates to substantial variations in fluid velocities. Figure 

2.3 plots these results reported in the literature on a graph of angular velocity vs. width and 

depicts which results fall in a region where Coriolis force exceeds the driving centrifugal 

force (i.e. region A). Ranges where the Coriolis force is more than 50% and 25% of the main 

driving force of centrifugal force are indicated as region B and C, respectively. It is 

instructive to note that a significant number of results reported in the literature have Coriolis 

force that is 25% to more than 100% of the centrifugal force. 

 As this CD fluidics platform is finding increasing research and commercial 

development interests in molecular clinical diagnostics, an accurate understanding of the 

hybridization of single-stranded DNA molecules (ssDNA) as affected by all the body forces 

acting on the fluid medium such as Coriolis force becomes more important. There are 

currently several research publications that model the hybridization of ssDNA molecules in 

microarray format [4-7]. However, research in the modeling of DNA hybridization 

phenomenon in CD microfluidics platform is extremely rare.  
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Table 2.1. Summary of Recent Results in Flow Rate and Velocity in CD Microfluidics 
Platform Reported in the Literature 

Authors Width 

(µm) 

Depth 

(µm) 

Length

(mm) 

Ang. Velocity 

(rpm) 

Ang. Velocity 

(�) – rad/sec 

      

Madou, Lu, Lai, Lee  

and Daunert  

150 

 

34  

 

 -- 524 – 1126  

 

50 -100  

Madou, Zoval, Guangyao,  

et al.  

20-500 

 

16-340  

 

 -- 400-1600  

 

40-160 

Kim, Dempsey, Zoval, Sze,  

and Madou,  

50 40  ---  500 50 

Brener, Glatzel, Zengerle 

& Ducrée  

360 125 10.1 3500 350 

Ducree, Brener, Glatzel,  

and Zengerle  

 ---  ---  --- 1000 100 

Kim, Marafie, Guangyao,  

Zoval, and Madou  

500 50, 18 

or 8  

15 --- Fixed velocity of 

0.67 mm/s 

Kim, Kido, Rangel,  

and Madou  

215 80  13 --- 80 

Riegger, Grumann,  

Nann, et al.  

30 1000  

 

10  

 

6300 – 9500  630-950 

Ducrée, Brenner,  

Haeberle, et al. 

250 150  8.4  3000 300 

Brenner, Zengerle,  

and Ducrée  

360  125  

 

10.1  750 and 3500 75 and 350 

Ducree, Brener, Glatzel,  

and Zengerle  

320  65 

 

 21 3000 300 

Zhang, Guo, Liu and Yang 60 40 2.5 1550 155 

(table continues) 
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Table 2.1. (continued) 

     

Authors Width 

(µm) 

Depth 

(µm) 

Length

(mm) 

Ang. Velocity 

(rpm) 

Ang. Velocity 

(�) – rad/sec 

Riegger, Grumann et al. --- 400,800 25 6000 600 

Jia, Ma, Kim et al.  200-

1000 

25-250 25 300-700 30-70 

Haeberle,Brenner,  

Zengerle et al.  

300 85  32 2500 250  

Brenner, Grumann, Beer, 

Zengerle and Ducrée  

300 25 50 10000 1000 

Cho, Lee, Park, Lee, Lee 

and Ko  

127-

762     

60-800 60 600-1500 60-150 

Adapted from: [10, 13, 17, 19, 4, 20-24, 25-30] 

 

 

Figure 2.3. Effect of width and angular velocity on the 
dominance of Coriolis force.  
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 To the best of our knowledge, the influence of Coriolis force on the migration and 

hybridization phenomenon of DNA molecules, particularly on the distribution of 

hybridization region, has not been reported in the literature yet. In this research, I present a 

numerical model for the transport and hybridization of DNA in CD microfluidics platform. 

This research demonstrated that as the angular rotation of the CD platform increases, the rate 

of hybridization experiences a qualitative as well as a quantitative change resulting in 

increased hybridization at the peripheries. This has implications in the design of the location 

of the probes as well as the detection system.  

 Results reported in the literature are indicated in Figures 2.2 and 2.3 with their 

position on the graph corresponding to their respective angular velocity and channel width. 

Three different scenarios corresponding to cut-off values of 25, 50, and 100% are considered 

for FCoriolis/FCentrifugal ratio to demonstrate where Coriolis force is significant enough to affect 

flow patterns in published results. Region A represents the range where Coriolis force is 

larger than centrifugal force. Regions B and C indicate the ranges where the Coriolis force is 

50% and 25% of than centrifugal force, respectively.  



15 
 

 

CHAPTER 3 

MODEL DEVELOPMENT 

 The modeling of hybridization of single-stranded DNA molecules in CD micro 

fluidics platform requires the consideration of multi-physics phenomenon [34]. To illustrate 

our discussion, we consider a generic CD micro fluidics platform shown in Figure 3.1. 

 

 

Figure 3.1. Illustration of a typical micro channel in a CD microfluidics platform.  

 The first physics is that of fluid flow that is described by the continuity equations [35] 

and Navier-Stoke’s equation for incompressible flow (Equations 3.1, 3.2). The body force 

term in the conventional Navier-Stoke’s equation includes the centrifugal as well as the 

Coriolis forces as shown in Equation 3.3 and 3.4. The second physics involves the advective 

transport of DNA molecules through the micro channel (Equation 3.6).  The transport is 

enabled by Brownian diffusion and convective fluid flow. The third set of equations includes 

hybridization model for ssDNA that consists of the equilibrium equation of DNA association 

and dissociation, DNA electro migration, and the transient first order heterogeneous 

hybridization reaction rate equation (Equations 3.7 – 3.9).  
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For clarity, the physics and chemical equilibrium reactions considered in this study 

are given below under three classifications, namely, fluid dynamic system, DNA migration 

physics, and DNA hybridization physics. Taken together, these equations developed below 

describe DNA molecule transport and hybridization processes that occur in CD micro 

fluidics platforms under the combined effects of centrifugal and Coriolis forces. The model 

assumes 3-dimensional formulations as the capture probes in typical hybridization channels 

are placed on a plane only with fluid flow passing over them in a 3-D fashion. Further 

assumptions of 2-dimension are invalid as the Coriolis force is a function of two of the planar 

coordinates only whereas the fluid flow is 3-dimensional.  

i) Fluid Dynamics System: 
 

0.  U                                                        (Continuity Equation)                              (3.1) 

UrUpUU
Dt

DU
 


2)().( 2    

                                                                     (Navier-Stokes Equation)                   (3.2) 
 

Centrifugal and Coriolis forces given by )( r 


and U


2  respectively form the total 

body forces on the bulk fluid. These forces can further be broken down to their x-, y-, and z-

components.  

   

Where,  

p –  fluid pressure, t – time,  U – velocity field, µ - viscosity,  – density of fluid, u – velocity 

in the x-direction, v – velocity in the y-direction, and  = angular velocity in the x-y plane. 

Note that Coriolis force exists only in the plane of angular rotation. Here, as can be seen 

clearly from Equations (3.3) and (3.4), centrifugal force scales with the square of the angular 

velocity while Coriolis force is a linear function of the angular velocity.  
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ii) Migration of DNA Molecules: The movement of ssDNA molecules in the domain is 

governed by convective-diffusive transport equation that accounts for diffusion, and 

convection and is given as: 

DNADNA

DNA cuRcD
t

c
DNA 




)(                                   (3.6) 

Where CDNA
 is concentration of ssDNA molecules in the microarray and DDNA – diffusion 

rate of DNA molecules. R is reaction term representing ssDNA species generated in the 

domain due to reaction (it is zero in this case).  

iii) Hybridization of ssDNA Molecules:The binding of nucleotides (DNA, in our case) is 

governed by a chemical equilibrium reaction equation. The rate of this hybridization reaction 

is a function of all the concentrations of all species present in the overall chemical reaction at 

any given time and is given by the rate law.  

 Target ssDNA molecules from the sample immediately above the capture probe 

elements may hybridize with the immobilized DNA molecule directly or may first be 

adsorbed onto the solid surface followed by diffusion over the surface and hybridization. 

Taking into account only the direct DNA hybridization, the DNA heterogeneous 

hybridization reaction can be described by considering the chemical reaction given by 

Equation 3.7. In this equation, the symbol CDNA,Probes represents single stranded DNA 

molecules immobilized on the solid surface that are available for hybridization (Figure 3.1). 

The target DNA molecules in the sample above the capture probes (represented by CDNA) 

bind specifically to the DNA capture probes and form hybridized double-stranded DNA 

molecules (whose concentration is represented by CDNA, Hybridized) on the surface of the capture 

elements 0. 

HybridizedDNAK

K

DNAobesDNA ccc
DNAb

DNAa

,Pr,
,

,

 
                                        (3.7) 

Where Ka, DNA is the forward reaction rate constant which governs the hybridization reaction 

rate and Kb, DNA is the reverse reaction rate constant that determines the disassociation 

reaction rate. 

 The temporal variation of the concentration of hybridized double-stranded DNA 

molecules is given by a transient first-order reaction rate equation as shown below: 
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HybridizedDNADNAbHybridizedDNAInitialDNADNADNAa
HybridizedDNA cKcccK
t

c
,,,,,

, )( 



           (3.8) 

The term CDNA-Initial represents the initial concentration of the capture probes before 

hybridization. 

 Finally, a diffusion-only model is required to keep track of the hybridized double-

stranded DNA (dsDNA) that accumulates on the anodes.  

DNAHybridizedDNA RcD
t

c
HybridizedDNA

HybridizedDNA 



)(

,

,

,            (3.9) 

Where DDNA, Hybridized is the diffusion constant of hybridized double-stranded DNA molecule 

and RDNA represents the reaction rate producing the hybridized double stranded DNA 

molecule (ddDNA) on this capture surface.  

 A flow chart (Figure 3.2) shows the various equations used for solving the Coriolis 

model, the parent equations as well as the various processes occurring all along. 
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Figure 3.2. Flow chart describing numerical solution strategy. 
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CHAPTER 4 

SOLUTION OF NUMERICAL MODEL 

 The 3-dimensional generalized equations developed here for this numerical 

framework of DNA molecule hybridization in the presence of centrifugal and Coriolis forces 

are conveniently solved using any finite element discretization approach. FEMLAB multi-

physics FEA modeling software is used here for the solution of these equations. The 

boundary conditions (see Appendix A) for all the equation systems as well as the most 

important constants are summarized in Table 4.1.The mesh sizes differ depending on the 

geometry under consideration; however quadratic 3D elements (see Appendix B) are used 

with enough refinement for convergence. Most of the runs involved a mesh of approximately 

4000 elements. Due to the coupling between these sets of equations, a nonlinear solution 

approach is used.  

 The main coupling is between the equations for DNA molecule transport and its 

absorption reaction at the surface of the channel. The coupling between DNA molecule 

transport and fluid flow is weak and, therefore, neglected in this study. This suggests that the 

Navier-Stokes equations can be solved independently for steady-state conditions under the 

body forces due to centrifugal and Coriolis forces. Once the flow velocities are determined, 

the DNA transport and hybridization phenomenon represented by the nonlinear equations, 

Equations 2 and 3a-c, respectively are solved simultaneously.  

The reaction term ‘R’ that defines the coupling of generation and consumption of 

DNA molecules is also given in the table. 
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Table 4.1. Summary of the Boundary Conditions and Constants Used in the Numerical 
Model 

Note: The coupling of generation and consumption of dna molecules is achieved through the 
appropriate reaction terms (r). 

 

Physics Bound. Cond. R Constants 

Fluid Flow 

(Navier Stoke’s 

Equation) 

 

(Equation 3.1)  

No slip at all walls.  

Inlet 

U = 0 

Outlet 

P = 0 

Body force = FCentrifugal 

+ FCoriolis  

-----  = 1000 

kg/m3 

Migration of 

ssDNA 

Molecules 

 

(Equation 3.6) 

@ walls 

Insulated (zero flux). 

@ all domain 

At t = 0, constant CDNA. 

 

(CDNA) = 1nM at t=0 

@ Probes 

Inward flux (N) = 

)( ,,,

,,

HybridizedDNAInitialDNADNADNAa

HybridizedDNADNAb

cccK

cK



  

(This couples the migration and 

hybridization equations, Eq 3.6 

and 3.7-3.9)  

um = 1.5x10-13  

µm2/V  

Z = -1 

D DNA = 6.8e-11 

m2/s  

Ka,DNA = 

1.8x104 

L/(mol-sec) 

Kb,DNA = 6x10-

5 L/(mol-sec) 

Hybridization of 

ssDNA 

Molecules 

 

(Equation 3.7-

3.9) 

@ walls 

Insulated (zero flux). 

 

@ probes 

HybridizedDNADNAb

HybridizedDNAInitialDNADNADNAaDNA

cK

cccKR

,,

,,, )(   

 

Everywhere else 

RDNA = 0 

DDNA,Hybridized = 

0  

(no diffusion) 
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CHAPTER 5 

NUMERICAL RESULTS AND DISCUSSIONS 

 To validate and establish the accuracy of the numerical framework developed here for 

transport and hybridization of DNA molecules in a CD microfluidics platform, this research 

analyzed a number of models of microfluidics channels under centrifugal and Coriolis forces.  

5.1 EXAMPLE FROM DUCREE ET AL.  

 The first problem solved here to establish the accuracy of the equations is an example 

taken from Ducree et al. [23] where the length of the channel is 5 mm, its depth 125 µm, and 

width 360 µm depth. An angular velocity of 350 rad/sec is applied. The center of rotation of 

the channel is assumed to be 3.5 cm away from the entrance of the channel. For this problem 

and all other numerical solutions reported here, the following properties are used for a low 

conductivity fluid (1M NaCl): density (ρ) = 1030 kg/m3 and dynamic viscosity (η) = 6x10-

4Ns/m2. A maximum velocity of 12 m/s is determined by the current study whereas Ducree et 

al. [23] report a maximum calculated velocity of 10 m/s. 

5.2 RECTANGULAR 3-DIMENSIONAL CHANNEL  

 The second set of models consists of a rectangular 3-dimensional channel of 10.1 mm 

length and 360 µm widths and 125 µm depth. This is a slightly modified version of Ducree et 

al. reported in [23]. The angular velocity () varies from 25 rad/sec to 350 rad/sec applied in 

clockwise direction. Velocities are noted at two important locations, i.e. at the center of the 

channel at mid-span (point A in Table 5.1) and at the exit (point B) and then compared. The 

ratios of these linear velocities corresponding to various angular velocities are also noted.  

 The results are summarized in Table 5.1. The first part of the results highlights the 

distribution of the centrifugal and Coriolis forces along the length of the channel indicating 

the region where centrifugal force and Coriolis forces dominate, respectively. It is noted that, 

the flow patterns are affected at the entrance and exit of the channels when the angular 

velocity is faster than 50 radians/second. The velocities turn to curl away from the direction 

of the angular velocity direction mostly at the entrance and exit. A family of curves  
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Table 5.1. Summary of the Effect of Angular Velocity on the Coriolis Force Induced 
Velocity Pattern. Width = 360µm 

 
 

representing the increase in velocity at the end of the channels for different channel widths 

and angular velocities are given in Figure 5.1.(a), 5.1.(b) It is interesting to note that the 

overall velocity increases due to Coriolis force are significantly lower than the ratio of 

Coriolis force to centrifugal force given by Ducree et al. [19] and summarized here in Table 

5.1. The reason for this is that the relationship given by Ducree et al. is approximate and is 

valid only for the maximum Coriolis force that exists at the end of the channel.   

5.3 3-D CHANNELS UNDER VARIOUS ROTATIONAL 

SPEEDS  

 In the third set of examples, we consider the same microchannels described in section 

5.2 (see Figure 5.2). The microchannel is subjected to angular velocity  of 25, 100, 150, 

300, and 350 rad/sec. DNA of 50 mM concentration is injected at the channel entrance 

continuously. There are five hybridization sites of 500 µm width and 500 µm depth along the  
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Figure 5.1.(a) Effect of angular velocity on the Coriolis force and 
the ratio of the maximum velocity to the mean velocity of flow. 

 

Figure 5.1.(b) Effect of Coriolis force on the velocity 
distribution across the channel cross-section at the entrance, 
center and end section of the channel.  
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Figure 5.2. Geometry of a microchannel in a CD platform considered in 
this study. There are five hybridization sites of 500 µm width and 500 µm 
depth along the length of the channel. These probe sites are placed at a 
spacing of 1 mm.  

length of the channel. These probe sites are placed at a spacing of 1 mm. The results are 

shown in Figures 5.3-5.5. In Figure 5.3(a), we can observe the transient variation of 

hybridized DNA (dsDNA) at various locations in microchannel under  = 300 rad/sec. It is 

clearly shown that for point ‘c’ which is nearer the location of the maximum velocity 

(asaffected by Coriolis force); dsDNA accumulates relatively faster, particularly for the first 

0.4 seconds. Once equilibrium is reached, the accumulations in all the four corner points 

seem to be approximately the same. Figure 5.3.(b) shows the effects of angular velocity on 

dsDNA accumulation on probe sites. As expected, there is a noticeable time lag of 1.5 

seconds in reaching equilibrium between higher angular velocities (300 rad/sec, for example) 

and angular velocity of 25 rad/sec.  The effect of channel width is summarized in Figure 

5.4.(a). The maximum difference is about 10-15% between widths of 500 micron and 100 

micron. Figure 5.4.(b) shows a width cross-sectional plot of centrifugal and Coriolis forces 

for the channel under consideration which demonstrates the difference in magnitude and 

distribution between the two forces.  In general, the centrifugal force is dominant until the 

angular velocity reaches a value of 200 rpm after which the influence on hybridization is 

observed. The velocity patterns in the most part of the microchannel, particularly in the 

middle; do not seem to be affected by Coriolis force. However, at probe sites near to the exit 

of the microchannel a significant variation in hybridization is observed. For CD platform  
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Figure 5.3.(a) Transient variation of hybridized DNA (dsDNA) at various locations in 
microchannel under  = 300 rad/sec. 

 

Figure 5.3.(b) Effect of angular velocity on transient variation of hybridized DNA 
(dsDNA) at various locations in microchannel.  

a) 

b) 
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Figure 5.4.(a) Effect of channel on transient variation of hybridized DNA (dsDNA) at 
various locations in the microchannel. 

 

Figure 5.4.(b) Plot of ratio between Coriolis force and 
centrifugal force along the width of the channel. 

a) 

b) 
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Figure 5.5. Accumulation ratios at the different capture probe 
locations as a function of the angular velocity. 

bring rotated in a clockwise direction, the maximum hybridizations are located at the bottom 

of the probe sites nearer to the exit. This is expected as the velocities are higher at these 

regions as shown in the earlier examples. 
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CHAPTER 6 

MICROFABRICATION OF MICROFLUIDICS 

CHANNELS  

6.1 BASICS OF SOFT LITHOGRAPHY 

 Soft lithography for microfluidics was first employed in 1998 by George Whiteside's 

group at Harvard. Soft lithography is a process which allows a pattern on a master to be 

embossed on soft substrate. The stamp on the master defines the shape of the final soft 

structure. The soft lithography is especially powerful because it is inexpensive and quick to 

make many structures from the same master. In all, the design and fabrication of a novel 

microfluidic device can be performed in a single day. [36] Polydimethylsiloxane (PDMS) is a 

widely used material used for soft lithography. One of the main characteristics of PDMS is 

that it is hydrophobic in its native state. The hydrophobicity of PDMS is due to the presence 

of methyl groups in its structure. PDMS chemical structure containing methyl groups that 

make it hydrophobic is shown below in Figure 6.1 [37]. 

 
Figure 6.1. PDMS chemical structure containing methyl 
groups that make it hydrophobic. Source: Jain, 
Abhishek. “Soft Lithography.” Abhishek Jain. 
http://people.bu.edu/ajain/softlithography.html. 

Photomask: A mask is a stencil used to generate a desired pattern in a photoresist-coated 

substrate over and over again. A photomask is usually made of nearly optically flat glass or 

quartz plate covered with a thin film of chromium, which is selectively removed to transmit 
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light.  When a mask is placed in contact with photoresist-coated substrate and exposed to the 

UV, the entire image of the mask is transferred to the photoresist.  

Photolithography: This a surface micromachining technique used to create structures on a 

substrate by repeatedly depositing and removing bits of materials. The configuration of the 

structure is determined by the patterns inscribed on the masks used. The series of steps 

involved in a photolithography process (for a negative photoresist) are given in Figure 6.2. 

Photoresist: Photoresists are light sensitive polymers. Their principal components are 

polymers (base resin), sensitizers and casting solvents. The polymers change structures when 

exposed to radiation, the solvents allow spin coating applications and formation of thin layers 

on the substrate surface; and the sensitizers control the chemical reactions in the polymeric 

phase. There are positive and negative photoresists. The exposure of a positive photoresist 

weakens it by rupture of its main and side chains so that it becomes more soluble than usual 

in the developing solution. Exposure of a negative photoresist strengthens it by cross-linkage 

of its main chains or side chains thereby becoming less soluble than usual in the developing 

solution.  

Soft bake: This involves heating photoresist-coated substrate at a specified temperature on a 

flat and horizontal hot plate in order to remove excess solvent from the photoresist. The soft 

bake time depends on the thickness of the photoresist. 

Post bake: This involves heating the illuminated photoresist-coated substrate at a specified 

temperature on a flat and horizontal hot plate in order to facilitate its cross-linking. 

Exposure/illumination: Photoresists are processed in the deep UV (150 – 300 nm) or near-

UV region (350 – 500 nm, i-line = 365 nm, g-line = 436 nm) of the electromagnetic 

spectrum. Exposure dose (J/cm2) depends on the thickness of the photoresist and it is a 

product of exposure time (in sec) and incident light intensity (W/cm2). D (J/cm2) = time (s) x 

I (W/cm2) can be measured and given D for a certain photoresist thickness, one can 

determine the exposure time. Most times, one has to determine exposure times for his/her 

applications through trial and error. 

Development: Exposed photoresists are developed by immersion in or spraying with the 

developing solution for a given time period (develop time depends on the thickness of the 

photoresist, agitation rate, and temperature).   
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Figure 6.2. Photolithography process for a negative photoresist. 

Make a mask 

Spin coat photoresist 

on the substrate 

Create a 

design

Soft bake photoresist 

to remove solvent and 

promote adhesion to 

Illuminate photoresist-coated 

substrate with UV light through the 

mask. This induces a chemical 

reaction in the exposed area of the

Post bake photoresist 

to complete the 

chemical reaction

A

Develop 

the image

A

“The output is 

the master”



32 
 

 

6.2 MICROFABRICATION PROCEDURE 

 MEMS fabrication is an extremely exciting endeavor due to the customized nature of 

process technologies and the diversity of processing capabilities [38]. Further on I would like 

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

micromachine and microfabricate the micro channels.  

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

reproduce the given design. Negative as well as Positive lithography can be performed based 

on the mask design. This research considered negative photolithography to generate features 

on the silicon wafer (see Figure 6.3 [36]). Taking into consideration a quarter of the mask 

(see Figure 6.4), the channel is designed.  

 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 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. 

 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. 

 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 
speed (see Table 6.1) 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 
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Figure 6.3. Silicon wafer. Source: Duffy, David 
C., J. Cooper McDonald, Olivier J. A. Schueller, 
and George M. Whitesides. “Rapid Prototyping 
of Microfluidic Systems in 
Poly(Dimethylsiloxane).” Analytical Chemistry 70, 
no. 23 (1998): 4974-4984.  

 

Figure 6.4. Layout of the channel. 
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Table 6.1. Tabulated Results For Various Spin Speeds,  
Thickness and SU-8 

 
 

spinning. As the desired amount of SU-8 is poured, the spinner is closed and spun. 
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 (see Figure 6.5 [36]) and the time 
required can be adjusted.  

 

Figure 6.5. Spinner used for spin coating. Source: Duffy, David C., J. 
Cooper McDonald, Olivier J. A. Schueller, and George M. Whitesides. 
“Rapid Prototyping of Microfluidic Systems in 
Poly(Dimethylsiloxane).” Analytical Chemistry 70, no. 23 (1998): 4974-
4984. . 

 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 temperature for the SU-8 to solidify. The substrate 
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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 in Table 6.2.  

Table 6.2. Detailed Illustrations of Pre Bake and Soft Bake 
Temperature 

 

 Recommended soft bake temperature and thickness: 

 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 (see Figure 6.6). 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. 

 
Figure 6.6 UV set up at MEMS microfabrication 
facilities, SDSU. 



36 
 

 

 

 Post Exposure Bake: Following exposure, a post expose bake (PEB) at conditions 
shown in Table 6.3 must be performed to selectively cross-link the exposed portions 
of the film. This bake can be performed (see Figure 6.7) 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.  

Table 6.3. Table Illustrating the Pre Bake Temperature 
and Thickness  

 
 

 
Figure 6.7. Post exposure bake. 

 Develop: As the post exposure bake is completed the substrate 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 [39]. The development times are shown below in Table 6.4. 
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Table 6.4. Development Times 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 6.5.  

Table 6.5. 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  

6.3 PDMS MOLD PREPARATION PROCEDURE 

 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 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 
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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. 

 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 (see Figure 6.8 [36]) 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.   

 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 (see Figure 6.9) 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 6.8. Oven for the PDMS mold. Source: Duffy, David C., J. Cooper McDonald, 
Olivier J. A. Schueller, and George M. Whitesides. “Rapid Prototyping of Microfluidic 
Systems in Poly(Dimethylsiloxane).” Analytical Chemistry 70, no. 23 (1998): 4974-4984.  
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Figure 6.9. A finished PDMS is removed after pealing  
it of the silicon wafer. 
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CHAPTER 7 

EXPERIMENTAL RESULTS 

 To validate the numerical approach developed here, this research carried out several 

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

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

velocity in the microchannels. Experimental results on the effects of Coriolis force on 

nucleotide hybridization will be provided in future work separately as the efforts involved are 

substantial by themselves. Typical dimension of the rectangular cross-section microchannels 

consists of width of 360μm and depth of 750µm for microchannel A and width of 100µm for 

microchannel B. Two types of microchannels with different widths are used because of the 

need to obtain an additional set of data points for capturing the effect of Coriolis force. The 

width of microchannel A is identical to the one used in the computational models. For inlet, a 

reservoir of outer diameter of 25mm and depth of 3.5mm is used for both microchannels. The 

total length of each of the microchannels is 2.5cm measured from the mouth of the reservoir.  

7.1 MATERIALS AND METHODS 

 Experimental set-up for Coriolis force test on a series of 2D microchannels. High-

speed cameras from Vision Research (Wayne, NJ) are used to record high speed motions of 

the fluid in the microchannels. The cameras are mounted on a tripod adjacent to the acrylic 

frame to record the motion of the fluid in the microchannels and it can be observed on a 

monitor.  

 SU-8 molds for the microfluidics channels are fabricated using soft lithography. 

PDMS (polydimethylsiloxane) purchased from Dow Corning (Midland, MI) is then used to 

make the rectangular channels and reservoir from the mold. The two sets of PDMS 

microchannels were then epoxy-glued to 140mm diameter acrylic disk of 12.5 mm thickness 

that acts as a support as shown in Figure 7.1. Subsequently, a glass cover slip slide is bonded 

to the top of the microchannels. The acrylic disk that supports the microchannels is in turn 

mounted on a 9.5mm diameter shaft connected to a servo-motor with a custom-designed  
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(a)  

(b)  

Figure 7.1. (a) CD microfluidics paltform 
with acrylic supports (b) complete set-up 
with imaging equipment.  

collar of 6.5mm inner diameter. The servo-motor, speed controller, and the disk are then 

housed inside a rigid acrylic frame as shown in Figure 7.1. In addition to providing support, 

the acrylic frame helps stabilize the whole setup and eliminate most of the vibrations. The 

AC/DC motor purchased from Grainger (San Diego, CA) runs at 60 Hz with a maximum 

rating of 5000rpm and 1/15HP [40]. The rotation is further stepped down to less than 20% of 

the maximum using a speed controller. The imaging is done with the help of high-speed 

Phantom V210 color CCD camera from Vision Research (Wayne, NJ) with F-Mount 50mm 

F1.8 AF Nikon 2137 lens (see Figure 7.2). The system is capable of taking images of as high 

as 1million frames/sec. 
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Figure 7.2. High speed camera phantom V210 . 

 The experiments are performed in the following manner. Once the motor as well as 

the speed controller are fixed to the housing, a saline solution of 12ml volume is dispensed 

into the reservoir. Then using the speed controller, the rotary motion of the platform is 

activated in a stepped fashion. Subsequently, the speed of the motor is gradually increased in 

intervals of 500 rpm (~50 rad/sec). In the mean time, through the computer-triggered 

imaging system, pumping through the microchannels is monitored by taking pictures at a rate 

of 500 frames/sec. The pumping is continued till all the microchannels are filled and the fluid 

is ejected at the periphery. The ejection of the fluid is monitored closely and recorded until 

all the fluid has been pumped out. The whole experiment starting from liquid dispensing to 

complete pumping in microchannel A took approximately 20 seconds.  

 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, recorder and monitor. 
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7.2 EXPERIMENTAL PROTOCOL 

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

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

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

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

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

 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. 

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

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

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

 The fluid is injected into the primary reservoir. 

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

 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. 

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

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

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

7.3 EXPERIMENTAL RESULTS AND DISCUSSIONS 

 The results of the experiments are summarized in Figure 7.3(a – f). In Figure 7.3(a), 

liquid of saline solution is dispensed to microchannel A (µCA). Rotation at 50 rad/sec is 

initiated which results in some pumping as shown in Figure 7.2(b). In Figure 7.3(c), as the 

rotational speed approaches 150 rad/sec, the fluid is observed to enter a triangular reservoir 

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

qualitative demonstration of the onset of the Coriolis Effect on the fluid flow direction.  
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Figure 7.3 Results of Coriolis Effect test on a series of 2D microchannels. Channel 
length = 2.5cm, width of channel = 360 µm, depth of channel = 800 µm.  is varied 
from 50-150 rpm. µCA – microchannel A. µCB – microchannel B. 

Subsequent to this, Figure 7.3(d) shows a fully-developed flow through the whole length of 

the microchannel. In Figure 7.3(e-f), the fluid is demonstrated to experience a Coriolis force 

as it exits the microchannel bending away from the direction of rotation [22-24, 31]. Further 

increase in rotation results in pumping in microchannel B as well which has a width of 

100µm. 

a) b) c) 

d) e) f) 

CA 

CA 

CB 

=50 rad/sec

=150 rad/sec 
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CHAPTER 8 

CONCLUSIONS 

 This study investigates, through numerical modeling, the influence of Coriolis force 

on the transport and hybridization of DNA in CD microfluidics chips where centrifugal force 

is used as the driving force. While the effect of Coriolis force on the fluid flow in CD 

microfluidics channels has been studied experimentally and numerically only recently, its 

influence on DNA hybridization has not been investigated so far. This study addresses, 

therefore, this phenomenon through numerical simulation and demonstrates that for most 

practical geometrical configurations and angular velocity ranges reported in the literature, the 

Coriolis force introduces significant qualitative and quantitative variations in DNA 

hybridization, particularly at locations near the periphery. The study also demonstrates - 

through experiments - the qualitative influence Coriolis force has on the fluid flow in 

microchannels. The fabrication technique used is inexpensive, cost-effective in materials, 

continuous yields possible with higher yields and reproducibility and also the volume within 

the channel is in Nano-liters, what it means is that the amount of reagents required is small.  

 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 microchannel, particularly in the middle, do not seem to be 
affected by Coriolis force.  

2. However, at probe sites near to the exit of the microchannel a significant variation in 
hybridization is observed.  

3. For CD platform bring rotated in a clockwise direction, the maximum hybridizations 
are located at the bottom of the probe sites nearer to the exit.  

4. Our results indicate that for low viscosity fluids, angular velocities as low as 25 
rad/sec could introduce Coriolis force that is as high as at least 25% of the main 
driving centrifugal force  if the channel widths are moderately wide (in the range of 
200 microns) 

Next steps include: 

1. Hybridization platform be provided separately as the efforts involved are substantial 
by themselves 
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2. The study has already demonstrated the effect of Coriolis force to be significantly 
influenced by channel width and length. So, a flexible and effective design of the 
microchannels will further demonstrate the effect more significantly. 

3. In order to successfully develop such a microfluidics device, each step must be 
designed with future integration in mind. 

4. One of the long term goals is to create an integrated, portable diagnostic device for 
home and bedside use, eliminating time consuming laboratory analysis procedures.  

5.  Concluding the work, I personally think that microfluidics will most definitely be 
one of the top technologies in the coming years, an application that will trigger 
widespread adoption of microfluidics. 
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APPENDIX A 

BASIC BOUNDARY CONDITIONS 
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 The modeling of migration and hybridization of single-stranded DNA molecules in 

CD microfluidics platform requires the consideration of multi-physics phenomenon. For 

clarity, the physics and chemical equilibrium reactions considered in this study are given 

below under three classifications, namely, (1) fluid dynamic system, (2) DNA migration 

physics, and (3) DNA hybridization physics. Taken together, these physics are responsible 

for DNA molecule transport and hybridization processes that occur in CD microfluidics 

platforms under the combined effects of centrifugal and Coriolis forces. 

 
Figure A.1. Figure represents DNA hybridization on a microfluidics platform. 

To illustrate the basic boundary conditions 

1. Navier Stokes: 
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Figure A.2. Figure indicates the Navier Stokes boundary conditions 
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2. Convection and diffusion 
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Figure A.3. Figure indicates the convection and diffusion boundary conditions. 

3. Diffusion 
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Figure A.4. Figure indicates the Diffusion boundary conditions.  
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APPENDIX B 

3-D HYBRIDIZED MODEL 
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The microchannel below is subjected to angular velocity  of 300 rad/sec for time t=2 seconds. 
DNA of 50 mM concentration is injected at the channel entrance continuously. There are five 
hybridization sites of 500 µm width and 500 µm depth along the length of the channel. These 
probe sites are placed at a spacing of 1 mm. The following figures show accumulation of DNA at 
the probe sites at different time steps ranging from 0.1 second to 2 seconds. 

 
Figure B.1. 3D Hybridized model having velocity v=1 m/s with 
artificial diffusion=0.5 and omega=300 rad/sec and ρ=1030 
Kg/m^3. 
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Figure B.2. The above set of figures show the accumulation of DNA at the probe sites at 
different time steps ranging from 0.1 second to 2 seconds. 


