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Thesis Abstract

This thesis work focuses on developing microfluidic systems for liquid 

chromatography (LC). To reach this goal, great effort has first been put into traditional 

head pressure driven flow. A photobleaching method was developed to accurately 

measure flow velocities within the microchannels for a given head pressure. Coupled 

with a finite element method, simulations for D-shaped microchannels were studied to 

allow comparison with experiment. It was proven that the Hagen-Poisseuille equation, a 

solution to the Navier-Stokes equations, can describe the flow behavior down to 1 pm 

deep microchannels. Magnetohydrodynamic (MHD) flow was believed to be able to 

pump an LC on chip because it shows convenient pumping and valving characteristics. 

Even for open tubular LC, which has the column with the lowest flow resistance, MHD 

was shown to be too weak, because the pumping force scales in the wrong direction with 

size. In order to enhance MHD pumping, three solutions were developed in this thesis 

work. First, a unique electromagnetic channel (EMC) was designed and fabricated, which 

generated pumping along the whole channel, gave uniform current density and reduced 

the flow resistance compared to earlier designs. The challenges o f micromachining an 

EMC were overcome by optimizing electroplating conditions, developing polishing 

techniques, and reducing the ICP-RIE etching rates. Second, an AC magnet system was 

developed with a potential application for AC MHD, which demonstrated a high 

magnetic field at high frequency, using a mechanical rotor. The corresponding techniques 

for using the magnet were also developed. Third, a novel DC MHD nano pump was 

invented which showed a flow velocity o f higher than 0.1 mm/sec in 10 pm size
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microchannels. Through this effort, the possibility o f realizing LC chips has been 

increased. As a major important side product, concentrated gold nanoparticle suspensions 

were discovered to create a highly DC-conductive liquid, giving an alternative to 

electrolyte solutions and redox couples. The applications o f such a liquid may be wide.
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Chapter 1

Introduction

1.1 Pumping in Micro Total Analysis Systems

The concept o f the micro total analysis systems (pTAS) (1) or lab-on-a-chip has 

been revolutionary in providing routes to shrinking the size o f analytical tools, reducing 

the consumption o f samples and reagents, enhancing the analytical performance and 

producing unique advantages in the integration o f separation techniques (2-11). In the 

past decade, researchers in academics and industry have developed a variety o f pTAS 

systems (12-13). These include various types of sample preparation (14-18), injection (8, 

19-21), fluid and particle handling (22-24), mixing (25, 26), reaction (27-29), separation 

(30-34), and detection (11, 35-37), as well as applications in immunoassays (29, 38), 

protein separation (39, 40), DNA separation (35, 41-42), DNA sequencing (43, 44), and 

clinical diagnostics (45-47).

Most o f these systems utilize electrokinetic effects to pump the fluids, such as 

electroosmotic flow (EOF), dielectrophoresis (48, 49) or electrohydrodynamics (50). 

Electrokinetic effects are so successful in pTAS systems due to the unique demands and 

characteristics o f microfluidics. The key element is that there are no mechanically

1
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moving parts required by electrokinetics, as there are when pumps and valves are used. 

EOF pumping is not sensitive to the dimensions o f the microchannel below about 300 

pm, except in terms o f the magnitude o f the currents, and resultant Joule heating. EOF is 

produced along the entire length o f the microchannel. More importantly, the flow in 

interconnected channels can be controlled by switching voltages, without any active 

valving. Therefore, by using an EOF pump, capillary electrophoresis (CE) and capillary 

electrochromatography (CEC) can be realized on a microchip, and flow control can be 

optimized by switching voltages between the channel-contacting reservoirs (3, 4).

While presenting advantages, EOF also exhibits limitations. EOF is highly 

dependent on the channel surface charge and on the solution conditions. Not all buffers 

are suitable for EOF (51). For glass channels, EOF often does not work very well at low 

pH. It is not always possible to mobilize biological cells, because cells may be lysed by 

the high voltages that the EOF pump uses. Compared to pressure driven flow, EOF has 

poor stability. This is the key reason that high-performance liquid chromatography 

(HPLC) has better reproducibility than CE or CEC.

Researchers have been continuing to seek new pumping techniques for jiTAS. 

Table 1.1 lists some of the micropumps developed in the past few years. Among 

nonmechanical pumps, gravity pumps (52, 53) driven by hydraulic pressure are simple in 

principle, but the velocity is quite limited. Various bubble pumps control the flow by

2
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Table 1.1. Pumping techniques developed for pTAS.

Type Name Mechanism Ref

Gravity pump 52, 53

Thermal 54,55

Bubble pump Thermolysis 56

Electrolysis 57

Nonmechanical Decomposition 58,59

Evaporation pump 60-62

Centrifugal pump 63,64

Electrochemical 65

Surface pump Capillary wetting 66, 67

Electrocapillary 23

Piezoelectric pump 68-71

Mechanical
Peristaltic pump 72-74

Magnetic pump 75-77

Shear driven pump 78

Squeezing pump 79
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generating bubbles or expanding the bubble volume within channels, using increased 

temperature (54, 55), thermolysis (56), electrolysis (57), or chemical decomposition (58, 

59). The pumping velocity can be high, but before using them, these systems must be 

closed after adding sample and reagents. Evaporation pumps (60-62) induce liquid to 

flow by constantly removing it at one end o f an open system by evaporation. Obviously, 

the flow can only go one direction. Centrifugal pumps (63, 64) generate pumping by 

centrifugal force. Depending upon the rotation speed, the pumping can be very powerful. 

However, there is no way to reverse the flow direction. Surface pumping by 

electrochemistry (65), capillary force (66, 67) or electrocapillary (23) can also generate 

powerful flow. However, like the EOF pump, they are surface or interface condition 

dependent. Mechanical pumps include various piezoelectric pumps (68-71), peristaltic 

pumps (72-74), magnetic pumps (75-77), shear driven pumps (78), and squeeze pumps 

(79), etc. They can be bidirectional, and may give a high velocity flow. However, the size 

o f micromechanical pumps is bigger than most EOF systems, and the fabrication is more 

difficult.

Importantly, at intersections, controlling the direction o f flow generated by most 

pumps is difficult. Microvalves have been an area o f continuing research in microfluidics, 

and very recently significant progress has been made. However, they suffer from 

relatively complex fabrication steps, leakage, and lack of appropriate, microfabrication

4
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compatible materials (80). Most soft material microvalves developed cannot handle high 

pressure, such as poly(dimethylsiloxane) (PDMS) (81, 82), hydrogels (83), and other soft 

polymers (81). A ball valve (84) developed at Sandia National Laboratory was shown to 

withstand 3400 psi, but the yield o f manufacture was low. Despite all these efforts, 

controlling a non-EOF flow chip using microvalves remains a challenge.

This thesis work focuses on a pumping technique using a different mechanism 

than EOF, but with the same convenience of flow control and valving that EOF offers. 

This technique is magnetohydrodynamic (MHD) pumping. By using MHD flow, a liquid 

chromatography (LC) on chip may be feasible.

1.2 Liquid Chromatography

1.2.1 Benchtop Liquid Chromatography

As we know, CE and CEC have a sister, liquid chromatography (LC). According 

to Snyder (85), LC has been in first place in total analytical instrument sales since the 

1990s. Based on the columns used, LC can principally be divided into two categories: 

packed column liquid chromatography and open-tubular liquid chromatography (OTLC). 

The former technique has been dominant in both research and industry. The reasons 

behind this are: a) packed column liquid chromatography can obtain very reasonable 

separation efficiency; b) various high-quality packed columns are commercially

5
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available; c) packed columns are compatible with benchtop HPLC pumps. The trend for 

packed column LC has been to reduce column i.d. from 4.6 mm (usual packed column), 

to 2.1 mm (narrow bore column), to 1.0 mm (micro bore column), to 0.01-0.75 mm 

(packed fused silica capillary column). Some o f the rationale for these size reductions 

include improved separation efficiency due to greater column uniformity, reduced sample 

and solvent (eluent) consumption, potentially less sample dilution, and often higher speed 

separations. “The ultimate form of miniaturization is to reduce the column diameter to 

such an extent that the stationary phase can reside on the wall of the column and packing 

material is no longer needed (86).” This is known as OTLC.

The plate height in an OTLC column can be estimated by the Golay equation (87)

as

H  = H ld + H „  + H , = 2- ^ + ' f  6F + '  ' f  >- ■ + ™ d±  ( U )
D M s  V  (1 +  k ' f  96Dm (1 + k ')2 3Ds

where H  is the plate height, the variance of the peak width per unit length of column. 

Contributing factors include the longitudinal diffusion term, Hld, resistance to mass 

transfer terms in the mobile phase, H m, and in the stationary phase, Hs. In equation 1.1, v 

is the mobile phase velocity, k' is the capacity factor of the analyte, Dm and D, are 

diffusion coefficients o f the analyte in the mobile and stationary phases, respectively, d/ is 

the thickness o f the stationary phase, and dc is the diameter of the column available for 

the mobile phase (equal to the i.d. of the column minus 2 dj).
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The same range o f mobile phase velocity may be used in OTLC as is used in 

conventional packed LC, i.e. from 0.1 to 50 mm/sec (88). In this velocity range, the H m 

term is much larger than the other terms. It is also a function o f the channel size. The 

larger the size, the larger the plate height contribution. At the low velocity extreme, the 

H l d  term gets larger (the H s  term is still small), but this is not a common operating range 

due to the low speed of separation. To minimize Hm, the i.d. of an OTLC column should 

be in the range of 0.2 to 10 pm (86). The short optical path lengths in such small column 

mean it is even harder to detect than CE volumes. The pressures needed for submicron 

capillaries are quite high. The manufacture and use of such small columns is also a big 

challenge. Therefore, in practice, “a compromise is often made between efficiency and 

the i.d. of the column,” leading to a column size smaller than 10 pm (86, 88). To be 

compatible with the small column size, the linear sample capacity (LSC) in such columns 

is also very low, typically requiring a volume of 30-300 pL (86). “Conventional HPLC 

injection and detection devices, designed for sample and peak volumes of several pL, 

cannot be used” for such small columns (86). In terms o f retention and loading ability, 

traditional stationary phases for packed columns are not optimal, “because the wall 

surface-to-volume ratio in an OTLC column is much smaller than that in packed columns 

(86).” All the above are reasons why OTLC did not become widely used, although open 

tubular columns were first described three decades ago (89).

7
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Figure 1.1. Theoretical plate height versus mobile phase velocity for OTLC.

Based on equation 1.1, we prepared a plot o f the theoretical plate height versus 

the mobile phase velocity in a 10 pm column (dc) for different diffusion coefficients, Dm, 

and capacity factor, k \  as shown in Figure 1.1. The minimum theoretical plate height is 

more sensitive to the diffusion coefficient than the capacity factor. For a typical dye 

solution, fluorescein in water, Dm == 3.3x1 O'10 mV (90). The optimum velocity is about 

0.2 mm/sec, but small values o f H  are achieved if the mobile flow velocity is larger than

8
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0.1 mm/sec. The separation o f biological samples such as proteins is o f greatest interest. 

For a moderate sized protein, cytochrome c in water, D m = 1.3 xlO"10 m2s"1 (91). The 

optimum mobile phase velocity is 0.06-0.1 mm/sec. Therefore, this thesis work chose 0.1 

mm/sec as the minimum pumping velocity in the microchannels.

1.2.2 LC Chips

LC chips are attractive for many reasons, including faster analysis or extremely 

small sample and reagent volumes (51, 80) compared to conventional LC. These 

advantages are similar to the advantages miniaturization on chip offers for CE. However, 

as stated by Harris (51), “although miniaturizing those techniques (i.e. CE and CEC) 

quickly proved fruitful, doing the same to LC was a different story. The difficulties of 

microscaling pressure-based LC systems, of fabricating efficient separation devices on 

which nanoliter volumes flow in an area the size of one’s hand, became far more 

challenging to solve.” Note that partially integrated LC components, such as an LC 

column on a chip (92, 93), are much more easily realized, but do not seem to be attractive 

because there are fairly few advantages.

Manz et al. presented an idea for OTLC on a chip in 1990 when pTAS made its 

debut (2), but no data for operation of that device was ever published and no pump was 

included. Basically, both packed LC and OTLC are possible on chip. However, packing

9
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chromatographic beads on chip can be difficult, and the pressure required for packed LC 

is higher than that o f OTLC if  the open tubular column size is not too small. As a result, 

OTLC should have a much better chance to be realized on chip.

Very recently, Harris discussed the efforts that researchers in both academics and 

industry have put into LC chips. He predicted that LC chips would replace benchtop 

systems in a 5 to 10-year time frame (51). To reach that goal, there is still a lot of work to 

do. As we know, benchtop liquid chromatographs are all activated by pressure driven 

flow. However, pressure driven flow requires pumps and valves; manipulating such a 

flow on chip is very difficult. Being aware o f the difficulties o f using pressure driven 

flow on chip, researchers such as A. Manz began to explore “whatever generates the 

pressure” (51). Even so, almost all of the pumping techniques listed in Table 1.1 are not 

suitable for LC chips, because they are either too weak or lack ways to manipulate the 

flow direction at intersections. We therefore believe that LC chips continue to need a new 

pumping and valving method.

1.3 Magnetohydrodynamic Pump

1.3.1 History

Magnetohydrodynamics (MHD) is defined as the science o f the motion of 

electrically conducting fluids through magnetic fields (94). Its history can be traced back

10
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Figure 1.2. Schematic electromagnetic pump (94).

to the 1830s, when “Faraday (95) and his contemporaries knew that solid or fluid 

material moving in a magnetic field experiences an electromotive force (emf). If the 

material is electrically conducting and a current path is available, electric currents ensue 

(94).” Equally so, if  an electric current is applied in a magnetic field, then the material 

experiences a force known as the Lorentz force, causing it to move. “Ritchie had in effect 

pumped water electromagnetically in 1832 (96), yet not until the early twentieth century 

was that obvious MHD device, the electromagnetic pump, developed in practical forms. 

Figure 1.2 shows it at its simplest, with imposed transverse current flow and magnetic 

field yielding an electromagnetic force along the channel (94).”

MHD was not initially recognized as a means of pumping water. Instead, 

astrophysicists came to realize the prevalence throughout the universe o f conducting,

1 1
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ionized gases (plasmas) and significantly strong magnetic fields (94, 97). Also, 

“electromagnetic pumping o f liquid metal coolants became standard practice and 

electromagnetic pumping, stirring and levitation were exploited in the metallurgical 

industries” (94, 98, 99). Eventually though, a pump for water was realized. A boat named 

Yamoto-1 realized a successful combination o f magnetic field and electric field to pump 

seawater and create a powerful propulsion system ( 1 0 0 ).

1.3.2 Applications in pTAS

MHD received attention for pumping water in |iTAS, since (iTAS needs more 

pumping techniques. Compared to the other micropumps listed in Table 1.1, in terms of 

pump activation, flow control and fluid direction switching, the MHD pump is most 

comparable to the EOF pump. Both use a voltage to generate flow, both can switch and 

flip flow direction by controlling the applied voltage, and both can be used to balance 

flows in intersecting channels, creating a valve with no moving parts. However, MHD 

needs a magnetic field in addition to an electric field, and while using higher currents 

than EOF, it uses lower voltages.

Based on their operation modes, the MHD pumps on chip can be divided into two 

categories: DC and AC MHD pumps.

12
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1.3.2.1 DC Mode -  Electrolysis Causes Bubbles

MHD pumping can be operated in either DC or AC mode. In the DC mode, a DC 

current is applied across the channel in the presence o f a uniform magnetic field. Jang 

and Lee first fabricated a DC MHD micropump using a permanent magnet and applying 

DC current. A pumping pressure o f 0.2 kPa was obtained, but the solution rapidly 

underwent electrochemical decomposition and generated bubbles (101, 102). Huang et al. 

fabricated a DC electromagnetic micropump using the LIGA method, but concluded the 

device a failure due to the generation o f bubbles (103). Bau et al. published a series of 

papers on a DC MHD micropump (104), mixer (105), stirrer (106, 107), fluidic network 

(108), or complex flow (109). Schasfoort et al. also presented an MHD mixer that 

induced liquid vortices in the presence of both EOF flow and MHD flow under a 

permanent magnetic field (110). However, for aqueous solutions, the practical application 

of DC MHD is quite limited, because of unavoidable gas bubbles, generated by the 

electrolysis needed to enable the current conduction required for the Lorentz force 

(101-110). Gas bubbles in flow channels clearly present many problems, and should be 

avoided.

13
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1.3.2.2 AC Mode -  Bubble C urren t Density Threshold

DC MHD is simple, but impractical for an LC or most other microfluidic systems. 

To solve the bubbling problem, Heng et al. employed an AC current and a permanent 

magnetic field, coupled with a channel in a diffuser/nozzle structure so as to generate a 

net flow in one direction (111). Simultaneously, Gong et al. fabricated a four-layer 

electromagnetic pump, in which a Fe-Ni magnetic core was included on chip. With a 

microvalve design, AC electric voltages can be used to activate the pump (112, 113). The 

first AC MHD pump (AC electric field coupled with AC magnetic field) was proposed by 

Lemoff and Lee (114-116). “A sinusoidal electric current was used with a perpendicular, 

synchronous AC magnetic field from an electromagnet. Since the fields are synchronous, 

the Lorentz force points in the same direction throughout the cycle. When an AC current 

of sufficiently high frequency is passed through an electrolytic solution, the chemical 

reactions are reversed rapidly enough that bubbles never have a chance to form, and no 

electrode degradation can occur (114, 115).” Solving the bubble problem allows AC 

MHD to be used in jxTAS. According to Lemoff and Lee (114, 115), “the Lorentz force 

varies in magnitude through one period o f oscillation, the flow is actually pulsed; 

however, at high frequencies, the pulsed volume is so small that the flow is effectively 

continuous, reflecting only the time-averaged force. The time-averaged Lorentz force not 

only depends on the current amplitude and the magnetic field amplitude but also on the

14
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phase o f the magnetic field 

relative to the electrode current.” 

Controlling the phase o f the 

current controls not only the 

flow speed but also the flow 

direction (114, 115).

An AC MHD micropump with trapezoidal cross-section (Figure 1.3) was 

fabricated and tested by Lemoff and Lee (114, 115). A weak (B = 7.4-18.7 mT) 

electromagnet was positioned underneath the fluidic chip. NaCl aqueous solutions were 

introduced into the chip. Measurements were done on varying concentrations (0.01-1 M) 

of NaCl solution as a function of frequency, to determine the maximum current allowed 

in the microchannels before bubble formation was observed (Figure 1.4). The magnetic 

field strength o f the electromagnet (mini-electromagnet) as a function o f frequency was

measured, as shown in Figure 1.5. A maximum flow velocity o f 1.51 mm/sec was

realized in a 380 |im deep x 800 (im wide (top) trapezoidal channel (the trapezoidal angle 

is 54°).

glass

silicon with  
thin oxide

glass

Figure 1.3. Trapezoidal channel cross-section of 
MHD pump designed by Lemoff and Lee (115).

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6 0 0 1 M
5 0 0  -

4 0 0

E 3 0 0

<jj 200 0.1 M

100 0.01 M

0.01 0.1 1 10 10000100 1000

Frequency (kHz)
Figure 1.4. Bubble current threshold for varying 
concentrations of NaCl solution as a function of 
frequency (115).
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Figure 1.5. Magnetic field strength as a function of 
frequency given the same driving voltage 
amplitude o f 5.5 V (115).
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Another device was tested by Eijkel et al. (117, 118). A circular AC MHD 

micropump was developed, with an idea o f running circular LC on chip, as shown in 

Figure 1.6. Reversible, controlled AC MHD flow of maximally 40 pm/sec in a 30 pm 

deep x 200 pm wide channel was demonstrated. A compromise between solution 

electrolysis and heating induced by eddy currents was struck by driving the device at 2.44 

kHz for their magnetic field (105 mT) (117, 118). The phase shift between applied 

voltage and observed current was studied so as to reach a perfect phase matching.

Unfortunately, both AC MHD pumps were not strong enough for LC chips, either

Figure 1.6. Circular AC MHD micropump 
designed by Eijkel et al. (118) with 30 pm high 
channel structure fabricated in electroformed gold 
prior to sealing.

because the pumping velocity was

too slow (117, 118) or because

the channel size was too big (114,

115). It is the goal of this thesis

work to enhance the MHD pump

and reach a pumping velocity and

channel dimension that satisfies

the demands o f the Golay

equation for OTLC.
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1.4 Microelectromechanical Systems

The semiconductor industry and the engineering research community have 

developed many microelectromechanical fabrication techniques. Many processes that 

have been used for the fabrication o f pTAS, such as the lithography, HF isotropic wet 

etching, sputtering, cleaning and bonding techniques were used in this thesis work also. 

Most of these are relatively familiar and are discussed in the literature (119), so will not 

be discussed here. Some of the newer or less frequently used methods are discussed here.

1.4.1 ICP-RIE

Deep silicon etching is a key technology in fabricating microelectromechanical 

systems (MEMS). These structures range in depth from around 10 pm to 500 pm (120). 

Two popular techniques have been developed for achieving such deep, vertical silicon 

structures (120). One was invented by Robert Bosch GmbH and referred to as the Bosch 

process. The other was named the cryo process, which relies on cooling the stage and 

silicon to cryogenic temperatures using liquid nitrogen (120). This thesis work used the 

Bosch process.

Walker (120) provided an excellent summary on the use o f the Bosch process 

(Figure 1.7) in MEMS. “This process uses a fluorine based plasma chemistry to etch the 

silicon, combined with a fluorocarbon plasma process to provide sidewall passivation and

18
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improved selectivity to masking materials. A complete etch process cycles between etch 

and deposition steps many times to achieve deep, vertical etch profiles. It relies on the 

source gases being broken down in a high-density plasma region before reaching the

wafer surface, which has a small but controlled voltage drop from the plasma. This 

technique cannot be performed in reactive ion etch systems (RIE), as these have the

wrong balance o f ions to free radical species (120).” This balance can be achieved in

high-density plasma systems, using inductively coupled plasma (ICP) methods (120).

Gas inlet with axially 
sym m etric distribution

Viewport for optical emission  
spectroscopy or laser 

interferometry

Electrostatic
shield

205m m  diameter 
cryo-
cool ed/heated 
lower electrode 
with helium  
assisted heat 
transfer

Quartz or 
alumina 

tube

Water cooled  
RF coil antenna

W afer clamping 
m echanism

Sputter
shield

200m m  diameter 
high conductance 

pumping port

Figure 1.7. Schematic diagram of ICP system used for Bosch processing (120).
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According to Walker (120), 

sulphur hexafluoride (SF6) is the source 

gas which will break up in an ICP to 

release free radical fluorine for silicon 

etching. The sidewall passivation is 

provided by octafluorocyclobutane

(C-C4F8), a cyclic fluorocarbon that

Figure 1.8. SEM of sidewall roughness 
decomposes to produce CF2 and longer from Bosch process (119).

chain radicals in the ICP. These readily deposit as a fluorocarbon polymer on the samples

being etched (120). Therefore, for the Bosch process, the polymer deposition and

isotropic etch are alternated, resulting in a rough sidewall (119) as shown in Figure 1.8.

The profile and etch rate are controlled by adjusting the step efficiencies or the 

ratio of duration o f the two steps. However, as Walker (120) says, “adjusting the process 

requires an understanding o f the various mechanisms occurring. For example, increasing 

the bias in an attempt to reduce grass at the bottom of features may have unwanted side 

effects.” “Reducing pressure assists in transport o f reactants and products into and out of 

etched features, but this must be accompanied by a reduction in ICP power, to avoid an 

increase in ion density (120).” A relatively easier way to adjust the process is to change 

the length of the etch step, because “this will not significantly change the amount or
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energy o f ions involved, but will alter the balance between polymer deposition and 

removal (120).”

1.4.2 Electroplating

A typical electroplating cell consists o f anode, cathode, aqueous-metal solution, 

and a power supply, as shown in Figure 1.9 for nickel electroplating (121). It is an 

established technique for large-scale industrial purposes. As Judy (121) says, “to 

fabricate microstructures by electroplating, a conductive plating base or seed layer and a 

means to pattern the electrodeposit are needed. Since the localized electrodeposition rate 

is proportional to the localized current density, a uniform current density over the entire 

seed layer is needed to obtain an electrodeposit having a uniform thickness. To achieve 

selective deposition, however, portions of the seed layer are covered with an insulating 

masking material, which makes the current density in its proximity non-uniform. An 

example o f the effect the plating mask has on the uniformity o f the current density is 

illustrated in Figure 1.10.” Non-uniform current density also results in different gradients 

of metal ion concentration in the electroplating solution. Both effects cause different 

deposition rates. Typically, a thin channel well separated from other features will deposit 

at a much faster rate than does a wide channel with a high density o f open channels.
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Figure 1.9. Electroplating setup (121).
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Figure 1.10. Illustration of non-uniform electroplating current 
density (121).
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The deposition rate difference can be reduced by using waveform modification (reverse 

pulse) or incorporating additional organic compounds (122). However, since this problem 

is fundamental, it is impossible to get a uniform surface. Therefore, a polishing process, 

as discussed below, is required.

1.4.3 Chemical-Mechanical Polishing

“Chemical-Mechanical Polishing (CMP) is a polishing process that laterally 

removes material to form a smooth surface on a variety o f materials, metals, and 

dielectrics (123).” This technique is widely used in integrated circuit (IC) and MEMS 

manufacturing. Since “the demand to increase the performance of ICs has led to a 

continuous increase in device density and operating speed,” the utilization of low 

resistivity metals aids in meeting the challenges this creates (123). Currently, “Cu (Figure 

1.11) is replacing the standard of Al in some products because of its higher electrical 

conductivity (125).” Ag is believed to be a candidate for the next chip generation, but 

CMP of Ag is not well studied (125). Searching the Web of Science found very few 

papers published on CMP of Ag (125).

“The conventional CMP process uses a slurry, which consists of fine abrasive 

particles suspended in an aqueous solution containing chemical reagents (124).” It works 

well for hard metals like W but it is expected to be a challenge for soft metals like Ag
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Figure 1.11. Cross-sectional SEM image of a test structure 
o f 2-(im wide copper (124).

scmi-polishedEmbedded 
Ag vias

over-polished

Figure 1.12. Optical micrograph o f a polished region. 
Embedded Ag structures are near to an over-polished and a 
semi-polished region (125).
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(125). Figure 1.12 shows a polished Ag device, in which both semi-polished and over 

polished regions exist (125). Obviously, such a non-uniform polish process is not 

satisfactory. This thesis work will require Ag as the material for wires and electrodes 

because o f its low resistivity and absence o f response to a magnetic field. Therefore, a 

polishing process for Ag needs to be developed.

1.5 Scope of the Thesis

This thesis work focuses on pressure driven flow in microchannels and on one of 

the most important applications of pressure driven flow -  liquid chromatography on chip. 

To reach this goal, great efforts have been put into traditional head pressure driven flow 

and MHD flow, a pressure-like flow in microchannels. A better understanding of pressure 

driven flow in microchannels was obtained by studying the relation between head 

pressures and flow velocities. In order to enhance an MHD pump, a unique 

electromagnetic channel (EMC) was designed and fabricated in this thesis work, in which 

pumping occurred along the entire channel length. A strong AC magnetic field was 

developed with a potential application for AC MHD. Concentrated gold nanoparticle 

suspensions were discovered to be highly conductive liquids. By using these suspensions, 

a novel DC MHD nano pump was invented which showed fast enough pumping velocity 

in a small size microchannel for OTLC chips.
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The efforts described in Chapter 2 address the applicability o f the 

Hagen-Poisseuille equation, a solution to the Navier-Stokes equations, to microchannels 

on the dimension o f a micron. A photobleaching method was developed to accurately 

measure flow velocities within the microchannels. Coupled with a finite element method 

(FEM), simulations for D-shaped microchannels were studied to allow comparison with 

experiment. It was proven that the Hagen-Poisseuille equation can describe the flow 

behavior down to 1 (xm deep microchannels. These devices can be used to form packed 

chromatographic beds for LC or CEC.

In order to enhance MHD pumping, three ideas were developed in this thesis 

work. Chapter 3 describes one of them, an electromagnetic channel (EMC) design, which 

generated pumping along the whole channel, gave uniform current density and reduced 

the flow resistance. The challenges o f micromachining an EMC were overcome by 

optimizing electroplating conditions, developing polishing techniques, and reducing the 

ICP-RIE etching rates.

Another idea for the MHD pump is discussed in Chapter 4. An AC magnet system 

was developed, which demonstrated a high magnetic field at high frequency, using a 

mechanical rotor. The corresponding techniques for using the magnet were also 

developed.
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Chapter 5 presents a successful idea for generating DC MHD in a microchip. An 

MHD nano pump was invented with the discovery o f a highly electrically conductive 

liquid, made from a concentrated gold nanoparticle suspension. The flow velocity 

realized by the MHD nano pump was higher than 0.1 mm/sec in 10 ftm size 

microchannels.

As discussed in Chapter 6, although an LC chip was not achieved, substantial 

progress was made, and the remaining steps are outlined.
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Chapter 2

Fluid Dynamics in Microfluidic Networks with 

Micron Sized Flow Restrictors

2.1 Introduction

Control o f the direction o f fluid flow within a network o f flow paths in a

microfluidic device is paramount to its proper operation (1). Control of pressure driven

flow requires active valving, or else passive control, through variation of the flow

resistance o f each intersecting channel by adjusting their geometry. Flow restrictors in a

microfluidic system must have at least one dimension o f a few microns or less, given

typical channels sizes o f 10 -  300 pm. In order to achieve rational design o f passive flow

control with such flow restrictors, an accurate model describing fluid flow must be

available. The Navier-Stokes equations provide the basis for modeling fluid flow, and

their common solutions in the form of the Hagen-Poisseuille equations are routinely

employed to describe flow (2, 3). However, what few studies exist on flow in

microfluidic systems have suggested these equations may not be entirely suitable. Pfahler

et al. (4) evaluated flow in microchannels 0.8 and 1.7 pm deep, and 100 pm wide,

reporting significant deviations of ~ +300 % and -20 %, respectively, from predictions

based upon the Navier-Stokes equations. More recent studies in channels with hydraulic
40
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diameters o f 50-250 pm showed there is a modest deviation in friction factor from 

Poisseuille flow theory, and that the onset o f turbulent flow may occur at much lower 

Reynolds number than expected (5-8). These uncertainties require an evaluation o f the 

suitability o f  the Poisseuille solutions to the Navier-Stokes equations for use as a design 

tool for microchannels with dimensions on the scale o f 1 pm.

Evaluation o f the Navier-Stokes equations and its solutions requires accurate 

measurement o f  the relationship between flow rate and pressure. A variety of particle 

based techniques, such as particle imaging velocimetry (9, 10) or laser Doppler (11, 12) 

methods, have been applied in chips with dimensions > 10 pm. However, particles should 

be much smaller than 1 pm to evaluate a 1 pm flow path, making such methods less 

suitable. Here we have used a time-of-flight approach, in which photobleaching creates a 

dye zone o f reduced concentration in a flowing fluorescent dye stream, whose time of 

travel can be monitored with fluorescence detection. The method is related to that of 

optical gating used by Monig and Jorgenson (13-15), and to transport studies using 

optically released caged fluorescent dyes, but instead uses fluorescein photobleaching.

Because 1 pm deep channels are very susceptible to plugging, devices were 

designed with a short, shallow weir zone (1-3 pm deep, ~ 280 - 290 pm wide and 18-32 

pm long) to create the flow constriction, accessed with 10 pm deep channels in which the 

flow measurements were made. Flow in such broad shallow channels can be
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approximated as two dimensional flow, and will be termed slot flow  here. Linear flow 

rates measured in these straight channels were quantitatively compared to the predictions 

of the Hagen-Poisseuille equation for rectangular geometries using the equations 

developed below. Flow rates were then measured within a network of channels and flow 

restrictors, and the resulting values were compared to predictions based upon the 

Hagen-Poisseuille equation. A three-port, double weir device we have developed for 

capillary electrochromatography and other applications (16, 17) was used for those tests. 

Wide channels in that device could be described as rectangular, but channels with an 

aspect ratio (width to depth) greater than 0 .1-0 .2 , prepared by isotropic etching (18), have 

a D-shape that is not treated by published solutions to the Navier-Stokes equation. In 

order to account for the effect of this shape, computational fluid dynamics modeling (3, 

19) was employed to provide a working curve relating the geometric form factor for a 

D-shaped channel to that of a rectangular channel with the same aspect ratio of depth to 

width (d/W). This report thus presents a means to measure linear flow velocity within a 

microfluidic chip, correlates linear velocity with volumetric flow rate, evaluates the 

accuracy o f the Hagen-Poisseuille equation in 1 pm deep flow channels, and test the 

model’s ability to describe the proportioning of flow within a network of flow channels.

42

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.2 Theory of Flow Velocity Parameters Measured in Slot Flow

The flow velocity measurement method employed in this study evaluated the flow 

rate in the centre o f a wide, shallow, rectangular channel, which exhibits slot flow. In 

order to evaluate the measured linear velocity of a moving dye front, the solutions to the 

Navier-Stokes equation were evaluated to obtain the average flow across the channel 

depth (y-direction), and the maximum velocity across the channel width (x-direction). 

The coordinate system is defined in Figure 2.1. For an incompressible, constant-viscosity 

fluid flow through a rectangular cross-section, the Navier-Stokes equation and boundary 

conditions can be written (2 ) as:

d p ^d2K . d2vz __ 1 '

dx2 dy2 dz
with Vz = 0  atx  = ±W  12 andy = ±d/2 (2 . 1)

where Vz, p, rj stand for the velocity along the flow channel, the pressure, and the 

viscosity o f the liquid, respectively. W and d are the width and depth o f the channel.

Solving Equation 2.1 and then integrating across the y-axis yields the average 

velocity across the y-dimension, Vz(x),

Vz(x) =
d2 d pN 

v dz;4 r)
l _  32 
3 x* Z -

w=0 /

cosh
(2 n  +  1)tzx 

d >

(2 n  + 1)4 cosh
(2n + X)7iW

2d J.

_ d 2G(x) f  dpA 
4 77 V dzj

(2 .2)

where the function G(x) is a maximum at the center o f the channel (x = 0). However, for 

slot flow, G(x) varies rapidly only at the channel edges, and is close to constant across
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Figure 2.1. Geometry o f single channel layout, showing the inlet (in), exit (ex) and weir 
(wr) segments. Also shown are the coordinate system, pressure drops, and channel 
dimension symbols used in the mathematical analysis. Nominal channel width and depth 
was 290 and 10 pm, respectively. Weirs were nominally either 1 or 3 pm deep. The 

insets show, a) the flow profile along the x-axis, top view, calculated using Equation 2.2, 
and b) along the y-axis, side view, as calculated form the solution to Equation 2.2. The 
solid circle and bar show the laser spot used to measure flow velocity. Image c) shows an 
electron micrograph of the channel cross section.
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most of the channel, as illustrated by an inset in Figure 2.1. Thus, for a measurement 

made near the centre o f the channel, as is the case for the fluorescence probe technique 

employed in this study, the linear flow velocity observed is given by

K(0) =
d^
4/7

d p ' 
V dz.

1 32
_4 z-T3 K (2 n + 1)4 cosh

{In  + X)7tW
2d J.

(2.3)

Equation 2.2 may be further integrated over x = -W/2 to +W/2 to give the 

Hagen-Poisseuille equation (2, 3)

(2.4)W 2d 2F r ■ N
4//

dp 
V dz

where Q is the volumetric flow rate, and F is a geometric form factor for a rectangular 

channel given by

r (2 // + l)//d
W  64W- sp  

F = —  r r r Z ^ -
tanh

2 W

H= 0
(2n + 1)

(2.5)

Equations 2.4 and 2.5 show that the volumetric flow rate is a complex function of the 

aspect ratio of the channel, d/W, and the square of the cross-sectional area, Wd. For a 

channel with a constriction along the flow path, such as the devices studied here, the 

volumetric flow rate, Q, through each region must still be equal. Referring to Figure 2.1

we can write
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Ap = Apin + Apex + Apv (2 .6)

where the subscripts refer to pressure drops in the inlet, exit and weir segments o f the 

channel, respectively. Assuming each channel segment is long enough for flow to 

become fully developed so that the pressure gradient is linear along the segment, the 

differential in Equation 2.4 becomes Apj/Lj where i refers to a given channel segment, Lj 

is its length, and Api is defined as the high p minus the low p. Using Equation 2.4 we can

also write,

W d  F.m  in

(2.7)

since in our devices W and d up- and downstream of the weir were the same. The fraction 

of pressure drop across the deeper channel segments is given by combining Equations 2.6

and 2.7 to obtain

An. + A p  (L- + L  )in r  ex   \  in ex /

Ap d lF in
(L. + L  ) L\  in ex J  _|_

d2 F. d2 Fwr wr ■

(2 .8)

Equation 2.8 relates the pressure drop in the deep channel segments to the total pressure 

drop along a channel. Used in combination with Equation 2.3, and recognizing that dp/dz 

is a constant in the deep channels due to their equal cross-sections, we obtain a 

relationship between the observable parameters of linear velocity and total pressure drop

K(0)
4 ^ , „  + £ J + 4 ^

d iF s.

Z-
n - 0 (2  n + 1)4 cosh

(2 n +1 )k W 
2 d,„

■Ap (2.9)
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Evaluation o f the quantitative relationship between these two measured variables can 

then be used to determine the suitability o f the Navier-Stokes and Hagen-Poisseuille 

equations for describing flow in micron-scale channels.

2.3 Experimental Section

2.3.1 Device Fabrication

Devices were fabricated in Coming 0211 glass (Coming Glass, Parkride, IL) at 

the University o f Alberta NanoFab Lab, using published procedures (18). A two mask 

process was used to fabricate the weir stmcture. Channels were etched to ~ 10 pm deep, 

and weirs were etched to either 1 or 3 pm deep; exact depths were determined using an 

Alpha Step 200 profilometer (Tencor Instr., San Jose, CA) to a precision o f ± 0.005 pm. 

Channel and weir dimensions were determined by optical microscopy, using a reticle and 

etched scale, and were confirmed by electron microscopy (Jeol X-version JSM 6301 

FXV, Peabody. MA) to precisions of 0.5 pm or 20 nm, respectively. A two-port, single 

channel design illustrated in Figure 2.1 was used, with typical channel widths of 290 pm 

and weir lengths o f 19-32 pm. For 3-port devices approximate, typical widths were 600 

pm for the inlet and outlet channels, 280 pm for the weirs, and 40 pm for the side 

channel.
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2.3.2 Reagents

Fluorescein disodium salt (Sigma, St. Louis, MO) was used as received. Distilled 

water was polished with a Milli-Q UV Plus Ultra-PureMillipore system (Mississauga, 

ON, Canada). The water used as solvent was prepared by mixing fully degassed water 

and fully oxygen-saturated water in a 1:1 ratio, into which fluorescein was dissolved at 

190 nM. Polished water was degassed by boiling, transferred to a centrifuge tube and 

capped with no included air volume, then cooled in a water bath to room temperature. A 

portion of the degassed water was fully oxygen saturated by sparging with O2 (Praxair, 

Mississauga, ON, Canada) overnight. Solutions were passed through a 0.22 pm pore size 

filter (Millipore, Bedford, MA) before being introduced to the dye reservoir.

2.3.3 Pump System and Microchip Operation

Figure 2.2 illustrates the constant pressure pump system utilized. A gas cylinder 

and regulator was used to pressurize a gas and solvent reservoir, consisting o f a 

poly(ethylene) tube (7 mm o.d., 5 mm i.d, -35  cm length) and a copper tube connected to 

the regulator, with a total volume of -13.5 mL. The aluminum foil-wrapped (to avoid 

photo reactions) plastic tube was charged with 3 mL o f solution, the system sealed and 

the pressure applied. Once the pressure reached the required value a valve was closed to 

isolate the gas and liquid reservoirs from the cylinder. At the highest flow rate pressure
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Figure 2.2. Diagram of apparatus used for time of flight, photobleaching velocity 
measurement technique. Pressure was developed with a gas cylinder, reservoirs 
were made from poly(ethylene) tubing, a 0.5 pm filter was used to remove 
particulates. Two lasers and a variety o f lenses were used for photobleaching and 
fluorescence detection. A micrometer was used to set the distance between the 
bleaching and fluorescence detection spots.
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dropped by < 0.3 % over the course of measurement, no observed pressure change was 

seen at mid or low flow rates. A ffit-in-a-ferrule (0.5 pm pore size, Upchurch, Oak 

Harbor, WA) was added upstream of the pressure sensor. A micro pressure transducer 

(NPC-1210-015-D-3L, Lucas, Fremont, CA) monitored the pressure drop across the 

device relative to the atmosphere, using a 10 ppm resolution voltmeter (Hewlett-Packard 

Model 3468A Multimeter, Palo Alto, CA) for readout. The transducer was calibrated 

with a Hg filled U-tube connected in place o f the chip, mounted vertically using a plumb 

bob, interpolating to 0.2 mm using graph paper marked to 1 mm-resolution for a scale. 

The transducer was always kept on after each calibration. The chip was mounted in an 

aluminum holder and a flangeless nut (Upchurch, Oak Harbor, WA) and a 

frit-in-a-ferrule coupling was used to connect the pressurized source to the inlet. Room 

temperature was monitored by a thermometer (0.0IK, VWR), to allow selection of 

water-viscosity values from tabulated results.

2.3.4 Linear Flow Velocity Measurements

The time o f flight o f a photobleached zone of dye was measured in order to 

determine velocity. A 190 nM fluorescein solution proved to be optimal; dilute enough to 

reduce dye-dye interactions that result in aggregate formation (20-22) during 

photo-bleaching, but high enough to give a strong signal. A 50 % O2 saturated solution
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was used to reduce dye aggregate formation, as O2 reaction with the excited optical state 

competes with dye-dye interactions. Higher O2 concentrations caused bubble formation at 

the weirs. Figure 2.2 illustrates the time of flight detection apparatus. Two 488 nm Ar ion 

lasers (Uniphase-Cyonics, San Jose, CA) were used; one laser operated at 2.5-12 mW 

was focused (plano-convex, f=150 mm, Newport, Irvine, CA) to a 50 pm diam. spot to 

photobleach the dye. The intensity increased as the flow rate was increased. A chopper 

was operated at 0.5 Hz to generate a square wave dye concentration variation, alternately 

directing the beam between the chip and a photodiode (<|>3 mm, Silicon Detector Corp., 

Newbury Park, CA). The second laser (-2.5 mW, -25  pm spot size) was used for laser 

induced fluorescence detection using an inverted, confocal, epiluminescent, infinite 

optical conjugation, microscope built in-house (23). A 10X objective (5709, New Focus, 

Santa Clara, CA), 20 cm f.l. tube lens (Achromat, Newport, PAC064), and a 200 pm 

pinhole (Newport, Irvine, CA) were used to observe a 20 pm detection zone. The 

distance between the bleaching point and the detection points was set using a calibrated 

translation stage (423 stage with SM-13 micrometer, Newport, Irvine, CA, USA), with a 

positioning error < 1 pm. Signals, shown in Figure 2.3, were monitored with a Pentium 1, 

75 Mhz computer, equipped with a National Instruments PC+ board, and Labview 

Software v.4 (Austin, TX). A 25 kHz acquisition rate was used, but 250 points were 

averaged in blocks to yield a 100 Hz, net acquisition rate. Data was processed using
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bleach dye upstream of the weir, measured with a photodiode, b) differentiated photodiode signal used to highlight 
edges of the bleached spot, c) fluorescence intensity measured downstream of bleaching spot, d) differentiated 
fluorescence signal used to highlight edges in the bleached spot rise and fall. The time required for the edge to travel 
from the bleaching point was used to determine flow velocity, according to the specific method described in the text, 
Equation 2.10.



Origin v5.0 (Microcal, Northampton, MA) by differentiation, using a 13-point 

Savitsky-Golay algorithm included with Origin, to allow ready determination of the 

edges o f the photobleached spot. Data was measured first 1 mm away from the bleaching 

point, and the time o f flight from the bleached spot was determined for about 5 pulse 

periods. The detector was then translated 2.000 mm away from the first observation 

point, and time o f flight was again determined from the bleached spot. These 

measurements were more than 1 cm downstream of the weir for the single channel 

devices. For the three port devices a pair of such measurements were made first 1 cm 

upstream and then 1 cm downstream of the weir structures, and at least 1 cm from any 

comers. Because photoproducts could plug the weir, measurements upstream of the weir 

in the three-port device were limited to durations o f 1 min at each pressure. No plugging, 

as evidenced by stable flow rates over time, were seen when measurements were made 

downstream of the weir.

2.3.5 Finite Element Modeling

FlumeCAD software (Version 4.8.3, Coventor, Cary, NC) were employed for 

simulating the D-shaped cross-section generated by isotropic etching. Linear flow 

velocity was the only numeric output readily supplied by the software (24). 

Consequently, two simulations were made in parallel for each given channel dimension
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simulated; in one a pressure (typically 1 Pa) was applied, in the other a volumetric 

flowrate (typically 1 pl/sec) was used. The linear flow velocity output in numeric form 

from both runs was then used to establish the relationship between pressure and 

volumetric flow rate. The pressure-flow rate relationship obtained was then compared to 

the Hagen-Poisseuille equation for rectangular flow channels and an effective form 

factor, Fd, for using that equation to describe flow in a D-shaped cross-section was 

determined. Simulations were performed on a Sun Microsystems Ultra 10 (Palo Alto, 

CA), using a depth o f 10 pm, a variable width and a length ten times the width.

Choosing the proper mesh size is important for a finite element method (FEM). 

All channels dimensions were simulated for both rectangular and D-shapes, and the 

results for the rectangular shape were compared to the results o f the Hagen-Poisseuille 

equation. The mesh was adjusted until the results of the simulation and the 

Hagen-Poisseuille equation agreed within 3 %. The ratio between simulated and 

calculated results was used to correct the simulated values for both rectangular and 

D-shaped channels o f the same aspect ratio. For example, for a d/W ratio o f 0.333, using 

36 elements in the cross section gave simulations that matched the Hagen-Poisseuille 

equation, as long as there were over 30 elements along the direction o f flow. When the 

number o f elements along the flow was only 10, the calculation was stable only when the 

number o f cross-sectional elements was over 60. We thus selected 60 elements in the

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



cross section and 30 elements along the flow direction. A 27-node brick was used as the 

element, and a parabolic function was used for interpolation during the simulation. Larger 

numbers o f nodes, or longer channels, tended to produce out o f memory errors. This 

same approach was applied to all channel geometries, and we achieved less than 3 % 

deviation for all but one case. For an aspect ratio of 0.05 a 10 % deviation between 

simulated and calculated values was accepted, because the mesh could not be set finer 

due to memory constraints.

2.4  R esu lts  and D iscu ssio n

Our evaluation o f the use of fluid restrictors to control flow in microfluidic 

devices, and the appropriateness of using the predictions o f the Navier-Stokes equation to 

design such flow restrictors, can be broken down into several steps. We first needed to 

develop a method to accurately measure flow velocity within the microchannels. The 

flow rates measured in a straight line channel with a single constriction were then 

quantitatively compared to the predictions o f the Hagen-Poisseuille equation, in order to 

establish the relevance o f the equation for flow in the microchip. Finally, flow rates were 

measured in a network o f channels and flow restrictors, and the resulting values were 

compared to predictions based upon the Hagen-Poisseuille equation. Computational fluid 

dynamics modeling was required to accurately make the latter assessment, due to the
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non-rectangular cross section of small, isotropically etched flow channels. Each o f these 

steps is discussed in detail below.

2.4.1 Flow Rate Measurements

Linear flow velocity was measured using a fluorescent dye and a photobleaching 

technique to create a plug o f reduced dye concentration. The time o f flight o f the 

bleached plug was then determined by measuring at two locations downstream of the 

bleaching site (Figure 2.4), allowing the velocity to be determined using Equation 2.10.

t2 t j
(2 .10)

The locations Li and L2 were 1 and 3 mm downstream of the bleaching spot, 

respectively, while t refers to the time the edge of the bleached zone transits the detector
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Figure 2.4 Dual-point flow velocity measurement. Each measurement o f the velocity 
was performed by two parallel photobleaching tests so as to reduce the error from the 
size o f the bleaching and detection spots, and from the bleaching response time, etc. 
Units are in microns.
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at that location. Figure 2.3 illustrates the laser bleaching pulses generated by a chopper, 

and the fluorescence changes observed downstream as a result o f bleaching. To improve 

precision, the data was differentiated, and the peaks were used to determine the edges of 

the bleached zone, as indicated in Figure 2.3d. The phase shift in the position o f the edges 

for any given bleached zone gave the time ti or 2 required to travel from the bleaching 

zone. While absolute values relative to the bleaching spot could have been employed, 

using Equation 2.10 gives greater precision, as the distance between the two detection 

zones can be set within 1-2 pm. Additionally, for greatest accuracy we require that 

relaxation of the shape o f the bleached zone arising from Taylor dispersion be fully 

developed in the directions perpendicular to the direction o f flow. At both detection zones 

this is the case, as discussed below.

The channels used for velocity measurements in this study are slot shaped, being 

much wider than they are deep. The slight deviation from a rectangular shape due to 

isotropic etching o f the channels, illustrated in Figure 2.1, can be neglected in slot flow. 

Across the width o f the channel, the x-coordinate, slot flow gives a nearly uniform flow 

velocity profde, making the measurement independent o f exact position near the channel 

center, and tolerant o f the finite size o f the measuring spot. Calculations using Equation 

2.2 indicate the flow velocity Vz(x) is essentially constant across ~80 % of a 200 

pm-wide inlet and outlet channels. So for channels 280 pm wide or more we were readily
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able to use a bleaching laser spot size o f 50 pm and a fluorescent measurement (probe) 

spot size o f ~20 pm. In the vertical direction, the y-coordinate, the fluorescence 

measurement will give the average velocity as given by Equation 2.3.

Flow velocity must be measured in a region o f fully developed flow, unaffected 

by entrance effects and other factors. The flow velocity profile is considered to have 

reached steady state after a length o f 0.06dRe (3), where d is the characteristic dimension 

o f the flow channel and Re is the Reynolds number, given by Vdp/r). For an average 

linear flow rate o f  10 mm/s in the inlet channel the velocity will be 100 mm/s in the weir.

3 3Taking a characteristic channel dimension o f 2 pm, using a density, p, o f 10 kg/m and 

a viscosity, r\, o f 10'3 Pa*s, gives Re = 0.2, and a required entrance length of 0.024 pm. 

For a 3 pm deep weir, with a 6 pm characteristic dimension we estimate a length of 0.072 

pm is required. Thus, the 19-32 pm long weirs used in this study will reach fully 

developed flow. Downstream of a weir the same calculations for 10 mm/s give an 

entrance length o f 0.24 pm. The detector was located at least 1 cm from the weir, so that 

flow velocity was fully developed.

The concentration plug generated by photobleaching must become fully 

developed in terms o f radial (or lateral) Taylor-Aris dispersion, and so we must consider 

diffusion in the radial direction in order to evaluate the required distance downstream. 

Figure 2.1 illustrates the coordinate system used in this analysis. Diffusion in the z
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direction reduces the magnitude o f the fluorescence signal change caused by bleaching, 

but does not affect the travel time. In the x, y directions, the velocity vectors are zero. 

Given that we have slot flow and are measuring near the centre o f the channel there is no 

local concentration gradient in the x direction. As a result the relevant time dependent 

concentration term for establishing a fully developed plug profile, dC  / d t , is governed 

primarily by diffusion in the y direction and must be o f the same order as Df (d2C /dy2), 

where Df is the dye diffusion coefficient (25). Near the top and bottom edges o f the flow 

channel, where y ~ ±d/2 we have, by analogy to the case for a cylindrical geometry

Lr. „ (d 0 2 (2.11)
K Df

where LD is the required distance downstream from the bleaching zone for fully 

developed flow. For the channel depth of 10 pm used here, a typical higher velocity o f 10 

mm/sec, and a fluorescein diffusion coefficient of 3.3 x 10'10 m2/sec (18), the 

development length is ~ 760 pm. So the initial detection point 1 mm from the bleaching 

point should be sufficiently far downstream. In fact, no deviation was observed even at 

velocities of ~ 15 mm/sec, as seen in Figure 2.5.
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■ May 12: V /(m m /s) = -0.026 + 0 .2482 p /(kP a) (r=0.9999)
•  May 14: V /(m m /s) = -0.029 + 0 .2615 p /(kP a) (r=1.0000)
*  M ay 16: V /(m m /s) = -0.010 + 0 .2535 p /(kP a) (r=0.9999)1 4-
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Figure 2.5. Plot of flow velocity versus applied pressure for a two-port, 
single channel device (Figure 2.1), determined on three different days (T 
= 23.5, 24.3 and 23.0 °C), illustrating the very small deviations observed 
over time. Device 9A: channel width 294 pm, depth 10.25 pm, length 
35.01 mm; weir width 294 pm, depth 3.03 pm, length 32 pm. Bleaching 
laser 10 mW, detection laser 2.5 mW, PMT bias 500 V.

Figure 2.5 shows typical velocity-pressure responses for a 3-pm deep weir device;

complete dimensions are given in Table 2.1. Each data point is the average o f -30

individual velocity measurements, and has a precision of ± 0.5 %. Individual curves show

extremely high linearity, with r2 = 0.9999 to 1.0000, and a typical rsd in the slope of ± 0.5

%. The intercepts were always within one sd o f zero. There was some change in slope

over time, however, with an rsd o f ± 2.6 % measured over a 5 day period. This variation

can be attributed to contamination of the channels and weir due to flow of solvent,
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requiring careful preparation o f  the solutions to achieve a variation this small. These data 

indicate our apparatus can provide reproducible measurements o f the linear velocity in a 

slot shaped microchannel.

Table 2.1. Two-port channel dimensions

No. Channel Weir

W(a) D L(b) W(a) D L

9A 294 10.25 35090 294 3.03 32

9D 293 10.20 34630 293 3.04 22

7A 290 10.05 35090 290 0.99 30

7D 290 9.96 34630 290 1.02 19

a) The widths o f the channel and the weir are the same;
b) The total length o f the inlet and exit segments.

2.4.2 Comparison of Experimental Flow Velocity with the 

Hagen-Poisseuiile Equation

The flow velocity was determined as a function of pressure for four different 

device layouts (Figure 2.6) with the layout shown in Figure 2.1, and specific dimensions 

given in Table 2.1. The weir acted as a flow restrictor, reducing the slope o f the 

velocity-pressure curves as the weir depth decreased or the weir length increased. The 

observed slopes are reported in Table 2.2. The volume flow rate and pressure relationship 

that is predicted according to the Hagen-Poisseuille equation can be related to the linear
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■ 9A: V/(mm/s) = -0.010 + 0.2535 p/(kPa) 
•  9D: V/(mm/s) = -0.074 + 0.2714 p/(kPa) 
a 7A: V/(mm/s) = 0.015 + 0.1623 p/(kPa) 
▼ 7D: V/(mm/s) = 0.040 + 0.1320 p/(kPa)
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Figure 2.6. Plot o f flow velocity versus applied pressure for four different 
two-port, single channel devices, with different weir depth. Device 9A, 9D: weir 
depth ~ 3 pm; device 7A, 7D: weir depth ~ 1 pm.

flow rate vs pressure using Equation 2.9, developed in section 2.2. Because of the low 

fluorescein concentration the viscosity used was that of pure water. The measured device 

dimensions were used in the calculation, assuming a rectangular shape. The calculated 

slopes are also reported in Table 2.2, along with the % deviation o f the calculated value 

relative to the experimental value.
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Table 2.2. Comparison o f experimental slopes with those from the Navier-Stokes 
equations for two-port devices____________ _____________________________________

No. t T f Resist% b S lope(ca l) S lope(exp) Dev%

(C) (m Pas) (m m /kPas) (m m /kPas)

9A 23.0 0.9416 3.4 0.2561 0.2535 1.0

9D 23.8 0.9205 2.3 0.2657 0.2714 -2.1

7A 23.0 0.9430 46.7 0.1355 0.1320 2.7

7D 23.0 0.9430 33.8 0.1676 0.1623 3.3

a) the viscosity was calculated by /7 = 1.793xlO'3-4 .7 3 2 x l0 '5t + 4 .48x l0 '7t 2 , an 

empirical equation based on the data in (26);
b) Resist% represents the contribution o f the weir on the flow resistance;
c) Slope(cal) was calculated by Equation 2.9.

The deviation between theory and experiment indicated in Table 2.2 is 3 % or 

less. Experimental error for any given slope is < 0.5 %, but the variation o f slope over 

time of ± 2.6 % is a more reliable estimate of the absolute precision o f each 

measurement. Thus, the observed deviations are within our estimated experimental error. 

While some local heating due to photobleaching is expected, the magnitude of 

temperature change should be in the range o f 0.1 to 0.3 degrees (27), so that systematic 

bias in the results should be significant. The observed deviation between theory and 

experiment for 1 pm-deep weirs was slightly larger than for 3 pm-deep weirs, but the 

precision of our data leads us to conclude that there is no measurable deviation from the
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predictions of the Navier-Stokes and Hagen-Poisseuille equations for flow in glass 

channels with a dimension > 1 pm.

By comparing Equations 2.2 and 2.4, experimental flow velocities can be 

transferred into the volumetric velocities, which is a basic parameter for the design of 

microchip. Table 2.3 lists the transfer factor for two-port devices.

Table 2.3. Transfer factors for transferring the experimental velocity into the 
volumetric flowrate

No. F G(0) k
(m2)

9A 0.01138 0.000594 2.013E-09
9D 0.01134 0.000592 1.992E-09
7A 0.01129 0.000587 1.943E-09
7D 0.01118 0.000577 1.923E-09

a) F  was calculated by Equation 2.5;
b) G(0) was calculated by Equations 2.2;
c) k  was calculated by comparing Equations 2.4 and 2.5 to Equation 2.2.

2.4.3 Fluidic Impedance of a Flow Channel Network

We have combined two further tests o f the Hagen-Poisseuille equation in the

evaluation o f a three-port device we utilized previously for the creation of

chromatography and solid phase extraction beds. While our two-port devices contained

slot shaped channels, many fluidic devices employ a D-shaped channels that results from

isotropic etching of a mask feature that to a depth similar to the feature width. Our optical

probe approach is not effective with such a channel, as the y-dimension velocity variation
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is significant relative to the laser probe spot size we used. However, measurement in a 

slot channel connected to a D-shaped channel should be effective, just as it is for 

measurement o f flow across the very shallow weir. The tests described below show this is 

the case. Additionally, fluidic networks are a key component of most microfluidic chips, 

and passive control o f flow distribution within a network is a key element of chip design. 

We have further tested the Hagen-Poisseuille equation by comparing the predicted flow 

distribution obtained for a three-port design, incorporating two weirs, a D-shaped 

channel, and a branched network with experimental measurements o f the linear velocity 

distribution.

Figure 2.7 illustrates the three port devices tested, while Table 2.4 provides the 

specific dimensions o f each region o f the device. The side channel was designed to have 

a high enough resistance to flow compared to the weirs and the main channel to minimize 

flow into the side when pumping fluid along the main channel. We measured flow rates 

upstream and downstream of the two weirs, and compared them to determine the loss to 

the side channel. To compare the results with theory as accurately as possible we also 

needed to calculate the form factor, F, for the isotropically etched side channel, and this 

was done using a computational fluid modeling package from Coventor.
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Figure 2.7. Layout o f 3-port devices tested in this study. Devices were numbered 
for identification, as shown. The pressure drops and dimension labels used in the 
analysis are shown. Most work was done using the symmetric side channel 
connection to the double weir zone (left inset), while some studies were performed 
using the asymmetric entrance to the double weir zone (right inset).
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Table 2.4. Channel dimensions (in micron) for three-port devices
Device No. Width Depth Length

819
Exit channel 592 9.625 5997
Weir 273 3.155 21.6

Side channel 1 42.2 10.79 15108

Side channel 2 225 10.79 2165

619
Exit channel 590 9.605 5976
Weir 277 1.035 17.7
Side channel 1 43.8 10.74 15321

Side channel 2 235 10.74 2077

820
Exit channel 592 9.705 5294

Weir 276 3.165 31.0

Side channel 1 41.2 10.81 25282

Side channel 2 223 10.81 2059

720
Exit channel 588 9.640 5343
Weir 274 1.000 32.2

Side channel 1 40.2 10.78 25273

Side channel 2 222 10.78 1695
620

Exit channel 593 9.650 5346
Weir 279 1.060 27.6
Side channel 1 43.8 10.84 25312

Side channel 2 235 10.84 2194

921
Exit channel 592 9.730 5351

Weir 275 3.025 29.8
Side channel 1 41.8 10.84 15277

Side channel 2 223 10.84 2481
621

Exit channel 593 9.680 5337

Weir 278 1.035 26.4
Side channel 1 44.0 10.76 15287
Side channel 2 236 10.76 2055
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The Hagen-Poisseuille equation may be expressed as Q = Ap/r, where r is the 

fluidic resistance o f a flow channel segment, and r = 4r|L/(Wd)2F. We consider the point 

at the centre o f the main channel midway between the two weirs. The pressure drop 

between this point and either o f the two exit ports Ap. Expressed for the main exit 

channel:

Ap — A p e x  E Apwr Or Ap — Q e x ^ e x  E  Q e x E v r  (2-12)

where subscript ex refers to the 10 pm deep exit channel (including the segment from the 

centre of the channel to the weir), and wr to the weir region. The volume flow rate 

towards the exit port is the same in the 10 pm deep portion as it is across the weir. We 

can rearrange this expression to obtain

The side channel is comprised of a long narrow segment (subscript 1) to restrict flow and 

a short, wide segment (subscript 2) allowing us to write

The flow into the main channel exit, relative to the total flow from the main channel inlet, 

is given by

Q e x  Ap/(rexE rwr) (2.13)

Qs = Ap/(rsi E rs2) (2.14)

Q e x /  ( Q e x  E Qs) Q e x / Q i n  Q s  I E rs2)/ (rexE rwr E rs[ E rs2) (2.15)
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where Q in is the inlet channel flow. The value Q ex/Q in was evaluated experimentally by 

measuring the linear flow rate both upstream and downstream o f the two weirs. Because 

the cross section o f the main channel is the same at both measurement locations, the ratio 

of linear flow rates is equal to the ratio o f volume flow rates, Qex/Qm(exp). Figure 2.8 

shows the linear flow velocities measured for weir depths o f 1 and 3 pm. Figure 2.9 

shows a set o f experimental velocities for device 621 with an asymmetric chamber (see 

right inset, Figure 2.7). Table 2.5 presents the ratio o f flow velocities for a series of 

devices, whose measured geometries are presented in Table 2.4. The data show that 

decreasing the depth, or increasing the length o f the weir resulted in increased flow into 

the side arm, while increasing the length of the side arm had the opposite effect (e.g. 

device 620 vs 621).

Table 2.5. Comparison of the experimental, calculated, and nominal flow ratios

Device No Q ex/Q in% (exp) Qex/Qin% (ca l) Qex/Qin% (nom) QeX/Q in% (cal-exp)

819 96.0 96.8 98.3 +0.8

619 86.3 85.6 87.9 -0.7

820 98.5 98.2 99.0 -0.3

720 86.3 86.1 90.1 -0.2

620 86.9 87.6 90.3 +0.7

921 96.5 96.9 98.3 +0.4

621 81.6 80.9 84.9 -0.7
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Device No. 619
•  Ex: V /(m m /sec) =  0 .0 2 3  + 0 .0856  p /(kP a) 
■ In: V /(m m /sec) =  0 .035  + 0 .0992  p /(kPa)

>  2 -

Percentage to the Channel W: 
0.0856/0.0992 = 86.3%

70.0 10 20 30 40 50 60

Pressure (kPa)

Device No. 819
•  Ex: V /(m m /sec) = -0 .017 + 0 .2255  p /(kP a) 
■ In: V /(m m /sec) = -0.008 + 0 .2350  p /(kPa)
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Percentage to the Channel W: 
0.2255/0.2350 = 96.0%
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Figure 2.8. Plot of flow velocity versus applied pressure for x l9  three-port 
devices, one with weirs etched 1.04 /xm deep and 17.7 /xm long (619), the other 
with weirs etched 3.16 /xm deep and 21.6 /xm long (819). Upper traces of each pair 
of curves show the flow velocity upstream of the double weirs in the main channel, 
while lower traces show the velocity downstream of both weirs in the main 
channel. Bleaching laser 10-15 mW, detection laser 2.5 mW, PM T bias 500 V.
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Figure 2.9. Experimental velocities measured in device 621 with an asymmetric chamber.

2.4.4 Form Factor for D-Shaped Channels

In order to calculate rsl and rS2 accurately the form factor, FD, for an isotropically 

etched, D-shaped channel must be used, rather than the form factor for a rectangular 

channel given by Equation 2.5. Because the D-shape is ubiquitous experimentally, we 

concluded that it would be useful to make available a working curve for its 

Hagen-Poisseuille equation form factor. Details regarding the stability and accuracy of 

the FEM simulation with Coventor’s FlumeCAD are given in section 2.3.5. Figure 2.10 

shows a parabolic velocity profile obtained for a D-shape channel. Figure 2.11 shows
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Figure 2.10. Simulated velocity profile in a D-shaped channel by using FlumeCAD 
software. The segment of the channel shown in this figure is smaller than the real 
length of the channel for simulation. The scale shows relative units.
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Figure 2.11 Electron micrograph of a typical D-shaped isotropically etched channel. 
Dimension labels used for cross sectional analysis are indicated.
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an electron micrograph o f a D-shaped channel, along with the notation used for the 

dimensions. The D-shape was taken to have width W-2d = fw at the bottom of the 

channel, W at the top, and a circular arc with radius d sweeping out the side walls, in 

good agreement with the photomicrograph. The aspect ratio, or d/W, is the critical 

variable in the form factor calculation, and we have compared channels having the same 

aspect ratio, as shown in Figure 2.12. The form factor Fd was calculated from Fd = 

4r|LQsim/(Wd)2Ap, where QSim is the FEM simulated flow velocity. It is evident there are 

significant differences for d/W ratios greater than -0.05. However, the differences are 

exaggerated by the different cross sectional areas o f D- versus rectangular shapes, and so 

we also show the form factor calculated according to Fd = 4r|LQSjm/A2Ap, where A is 

the area o f a D-shaped channel with aspect ratio d/W. In order to facilitate the use o f the 

working curve for a D-shaped channel, the results in Figure 2.12 for the lower trace were 

fit to the empirical equation below

f  ^ 2 M 3 f 4
( d  Y

-0 .6 2 3 0 + 1.2466 -2 .7 9 1 6 + 2.3696
I f f / I f f / I f f I f f  J I f f J

(2.16)

The equation showed that the rsd is smaller than ±0.5% (r2 = 0.9998 ) for aspect ratios 

between 0.05 to 0.5.
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Figure 2.12 Plot of geometrical form factor, F, as a function o f aspect ratio, 
depth/width (d/W ), for a rectangular cross section and for a D-shaped channel. 
F was calculated using Equation 2.5 for the rectangular shape. F for the D shaped 
channel was calculated using Fd = Qsim4T|L/(Wd)2Ap for the lowest trace, and Fd 
= Qsim4r|L/A2Ap ( A is area) for the uppermost trace. The lowest curve was fit 
with Equation 2.16 to provide a working curve for FD.

2.4.5 Applicability o f the Hagen-Poisseuille Equation in Modeling a 

Fluidic Network

The fluid flow within the 3-port device could be evaluated using the

Hagen-Poisseuille equation, along with the form factors given by Equation 2.16 for a

D-shaped channel and Equation 2.5 for the slot-shaped channels. Again, taking the

pressure drop from the centre of the main channel midway between the two weirs to
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atmosphere as Ap, we use Equation 2.13-2.15 to calculate the ratio predicted for 

Q ex/Q in(cal). The resulting values are given in Table 2.5, along with the deviation relative 

to the experimentally observed ratio, Qex/Qin(exp). The deviation in Table 2.5 is smaller 

than that seen in Table 2.2, presumably because the error of a relative flow rate is less 

susceptible to measurement bias than is the absolute flow rate. The comparison shows 

that the Hagen-Poisseuille equation accurately predicts the ratio o f flows at the branching 

point in the channel, even with a 1-pm sized flow channel as one o f the design 

components.

The value for Qex/Qin(cal) was determined using measured values o f the device 

dimensions, rather than the nominal values targeted by the fabrication process. Since 

variations in etch depths and channel lengths do occur from batch to batch, and even 

within a single wafer, it is instructive to evaluate how great an effect this can have on the 

deviation between experiment and theory. The value for Qex/Qin(nominal) was calculated 

assuming etch depths of 10 pm for the deep channel, 1 or 3 pm for the weirs, and a 1:1 

aspect ratio for isotropic etching, using the feature widths of the mask design. The side 

channel form factor was evaluated for a D-shape, and the other channels were taken to be 

rectangular. A comparison in Table 2.5 o f Qex/Qin(nominal) with Qex/Qin(cal) predicted 

for actual dimensions shows a deviation o f 1-4 %, as does a comparison to the measured 

flow rates, Qex/Qin(exp). This result provides a useful estimation o f the tolerance that can
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be expected in performance from fabricated flow restrictors, relative to the design

parameters.

2.6 Conclusions

Photobleaching time o f flight provides measurement o f the linear velocity of flow 

rates in microchannels and offers a useful alternative to PIV techniques, which are not 

well suited to micron and submicron sized channels. Maximum linear velocity was 

successfully converted to volumetric flow rates so that the measured values could be 

compared quantitatively to the predictions of the Hagen-Poisseuille equation. The 

Navier-Stokes equation and the Hagen-Poisseuille solution to that equation successfully 

describe the pressure - flow rate relationship in devices with at least one dimension on the 

scale o f 1 pm. This contrasts with claims o f a variety o f previous studies (4-8), but is 

consistent with most researchers expectations. The model was tested across a linear flow 

rate range in the narrowest dimension o f 0.3-16 mm/sec and a volumetric flow rate range 

o f 0.6-32 nL/sec. The maximum Reynolds number tested was 0.3. The Hagen-Poisseuille 

solution can be used to design multiport devices with intersecting channels, achieving the 

intended flow rate ratios in channels with differing flow resistance with an accuracy of 

1-2%. Despite the differences between achieved etch depths and widths and the nominal 

values a deviation o f only 1-4 % in the flow ratios was observed. This observation
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provides a useful guideline for predicting tolerance sensitivity in device manufacture. The 

empirical equation o f the geometric form factor for a D-shaped channel can be used for 

the future design.
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Chapter 3

Design and Fabrication of Magnetohydrodynamic 

Liquid Chromatography Chips

3.1 Introduction

The most popular pressure driven analytical instrument is liquid chromatograph 

(LC), but a fully chip-based LC has not been realized. This is because pressure driven 

flow requires pumps and valves; manipulating a pressure driven flow on chip is very 

demanding. The reason that capillary electrophoresis (CE) and capillary 

electrochromatography (CEC) are successful on-chip is because electroosmotic flow 

(EOF) can be realized and controlled by the application of voltages, without any active 

pumps or valving. There is one other technique that can be effectively used to manipulate 

fluids in a microchannel, namely magnetohydrodynamic (MHD) flow. This technique has 

not yet been thoroughly explored for LC. Therefore, this thesis investigates the 

development o f an LC chip using MHD flow.

3.1.1 Magnetohydrodynamic (MHD) Flow

As discussed in section 1.3, the interaction between an electric current and a 

perpendicular magnetic field generates a Lorentz force. If we apply a current across a
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conductive electrolyte solution, as shown in Figure 3.1, then the current carrying ions 

experience the Lorentz force and move, dragging the nearby solution forward, and hence

creating a bulk flow. This flow is known as magnetohydrodynamic (MHD) flow. The 

pumping pressure p  generated by MHD flow can be calculated from

where I  is the electric current across a channel, B the flux density o f the magnetic field, 

and D  the height o f the electrodes. Clearly, without the magnetic field, no pumping will 

occur. Under a given magnetic field, p  is proportional to I. Reversing the current 

direction will reverse the flow direction. Similarly, reversing the direction o f B will also 

reverse the flow direction.

Figure 3.1. Lorentz force generated by the interaction 
between a current across a channel filled with an 
electrolyte solution and a perpendicular magnetic field.

p  = I B / D (3.1)
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Figure 3.2. a) Injection: Apply voltage to the sampling channels and pump the 
sample from the reservoir S to SW. b) Separation: Pump the sample plug 
towards BW. Open tubular separation occurs with stationary phase immobilized 
on walls.
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MHD could potentially be used to pump an LC on chip. Under a magnetic field, if 

we apply a voltage across channels which are filled with electrolyte solution, MHD can 

pump a sample, say from reservoir S to SW (Figure 3.2a). If we then switch the voltage, 

as shown in Figure 3.2b, a sample plug will be created, and pumped towards reservoir 

BW. Valveless switching o f fluid flow between channels is achieved by switching the 

voltages applied to each channel, just as when using CE chips (1). Any leakage arising 

from convective flow or diffusion at intersecting channels can easily be eliminated by 

adding some pumping in the side channels in the required directions (Figure 3.3), as is 

done with pinching  or pushback techniques used in CE chips (1-3). Immobilizing a 

stationary phase on the column walls then allows open tubular liquid chromatography 

(OTLC). We will refer to such a liquid chromatograph on a chip, with 

magnetohydrodynamic pumping, as an MHD liquid chromatograph (MHD LC), or as 

electromagnetic liquid chromatograph (EMLC).

3.1.2 MHD Pumping for LC Applications

When we apply a potential to create a current flow through a liquid for MHD LC, 

the current through the channel is limited by the bubble current density threshold jb = 

I/ID, at which electrolysis occurs, so we can also write that the maximum pressure 

attainable, p m, is

Pm ~ jJ B  (3‘2)

84

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a

B

G
O

+1

S
+5

-1

1
-5

d o o 
1 I O O  
Cl o  o 
d e> o

+5

b
B

Q s
+1

G +5
-1
+5

-5
/

1
0 o o 
! I O O
0 o o

+1
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where / is the length o f the electrodes. For a rectangular channel as in Figure 3.1, 

maximum pressure can be converted into a maximum linear velocity, vm:

(33)
4 r]L

where F  is the geometric factor as defined in section 2.2, ?j the viscosity o f the fluid, and 

L the length o f the channel. The value of vm depends on magnetic field strength, electrode 

length and maximum bubble current density. The value of j t  increases as the AC 

frequency increases, but as discussed in Chapter 1, the AC field strength of an 

electromagnet decreases with frequency. Frequency is thus not the easiest parameter to 

modify to improve performance. We can also see that for a given current density, the 

pumping speed is directly proportional to the cross-sectional area of the channel. In other 

words, the smaller the channel size, the lower the pumping speed. This means that the 

MHD pump scales in the wrong direction for microfluidics -  a big misfortune. Lemoff 

and Lee obtained a speed of 1.5 mm/sec, but used a big trapezoidal channel (380 pm 

deep, top 800 pm wide, with a 54° trapezoidal angle down to the bottom) (4, 5). Eijkel et 

al. decreased the cross-section to 30 pm deep x 200 pm wide channels, but the velocity 

dropped to 40 pm/sec (6, 7). Unfortunately, for OTLC, the Golay equation tells us a 

minimum velocity o f 100 pm/sec in a 10 pm channel is required, as discussed in Chapter 

1. Therefore, unless we are able to increase the pumping pressure or velocity, the MHD 

pump is too weak for OTLC. The Golay equation (equation 1.1) suggests several
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compromises and design changes that can be made to adopt MHD for LC application. 

These are discussed below.

3.1.2 Ideas to Enhance MHD Pumping on Chip

In order to enhance MHD pumping on-chip, three ideas have been proposed and 

explained in this thesis: a) improve and optimize the earlier microchannel designs (this 

chapter); b) build a strong AC magnetic field source at a higher frequency (Chapter 4); c) 

find a highly conductive liquid to allow use of low DC voltage without electrolysis 

(Chapter 5). In this chapter, I will focus on how to improve the earlier microchannel 

design, design LC chips accordingly and then fabricate them. Fabrication o f the optimal 

design proved to be a significant challenge, as will be discussed.

3.2Electromagnetic Channel (EMC)

The combination of the following design elements has not been used previously 

within an MHD chip, but could result in higher pumping speeds.

3.2.1 Full Length Electrodes

First, a straightforward but useful idea to enhance the pumping power is to extend 

the electrodes the full length o f the channel, in which case I = L or

WDFjbB
(3.4)

4/7
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Therefore, the dependence o f the pumping velocity on the channel length, 

observed for a traditional pressure pump, is not an issue. This could be useful for LC 

because a longer column is often required for LC, and with this design concept no price is 

paid in terms o f an increased pressure head.

3.2.2 Rectangular Cross-Section

A trapezoidal channel cross-section (Figure 1.3) is easy to make using wet 

anisotropic Si etching (4, 5), but depositing metal on the walls gives non-parallel 

electrodes. The non-uniform current density, j ,  this causes in the channels negatively 

impacts the flow velocity that can be attained. Considering the higher flow resistance for 

a trapezoidal cross-section, obtained using an empirical equation (8), we can calculate the 

mean flow velocity relative to that of a square channel with the same area and depth as

vtrap 2(1 - c o t  0) r sin (9 ^
V  cottf

2
. 1 + cot 0 n
In----------- , e < — (3.5)

l - c o t t f  2l + sin#  )

where 0  is the trapezoidal angle. Table 3.1 shows the results, with all velocities being 

expressed relative to the square geometry. Thus for MHD flow, the best design is square, 

with metal sidewalls. We refer to a pumping channel mode with a square (or rectangular 

with close width and depth) cross section and with electrodes that run the full length o f 

the channels as an electromagnetic channel (EMC).
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Table 3.1. Comparison on the flow velocity o f the trapezoidal and square cross-sections 

with the same cross-sectional area and depth, square channel as reference.

Cross-section 0 Relative mean velocity
trapezoidal 54.7 29.4
trapezoidal 60 41.5

square 90 100

Table 3.2. The dimensional parameters for the wire.

Current I  (A) 1

Voltage drop U  (V) 0.1

Resistance allowed R (D) 0.1

Wire length / (m) 0.1

Resistivity p  (Dm) 10'8

Area required A (m2) 10'8

Wire depth D  (pm) 20

Wire width W  (pm) 500

3.2.3 Cross-Section of the Wires and Electrodes

The current required for MHD pumping is high. Depending upon the length of the 

channel, it is in the range o f 100 mA to 1 A. Simultaneously, the voltage drop along the 

electrodes due to Ohmic losses needs to be low, say 0.1 V, in order to obtain uniform
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pumping force along the channel. This requires thick electrodes or wires to minimize 

their impedance. Before designing any EMC devices, simple calculations were done, as 

shown in Table 3.2. For a typical length o f wire made of a typical metal, the minimum 

cross-section required is 104 Jim2. In order to reduce the difficulties faced in 

electroplating thick deposits, we chose a depth o f 20 |im. Consequently, the width o f the 

wires needs to be as high as 500 Jim.

3.2.4 Bonding Nails

The anisotropic etching process required to fabricate vertical sidewalls makes Si 

the most obvious material choice, since such processes are readily available for Si (9). 

The need for an optical detection scheme meant that glass was the best choice for a cover 

plate. Unfortunately, while Si and Pyrex glass bond well, Pyrex and metal do not. Thus, 

wide electrodes cause difficulty in bonding at the channel edges. To ensure bonding near 

the flow channel, an arrangement o f Si bonding nails embedded within the metal deposit 

was designed. This is shown in Figure 3.4. Bonding nails are 20 Jim away from the flow 

channel and 40 jam apart, with a size of 160 jam * 100 Jim. This design keeps the 

resistance from the bulk o f the electrode to the electrode near the surface of the channel 

to less than 0 .0 1  Q.
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Figure 3.4. EMC with a bonding nail design, realizing better bonding 
close to the channel. Channel: 10 |am, bonding nail: 160 (am x 100 (am, 
electrode: 20 (am, wire: 500 (am.

3.2.5 Channel Junctions

Flexible control o f flow within each channel can be obtained using independent 

contact electrode pairs within each channel segment. Therefore, the electrodes at the 

channel junctions, such as a T junction (Figure 3.5a) and cross junction (Figure 3.5b), 

must be separated by nonconductive materials. To ensure this, electrodes were separated 

by at least 5 times the width o f the channels. A separation between electrodes in different 

channel segments o f 75 |am was used for the 10 (am wide channels, so as to prevent 

electrical leakage and cross-talk.
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Channel

ondin

Figure 3.5. a) T junction and b) cross junction design, in which the 
electrodes (grey) in different channel segments are separated from electrodes 
in other segments by about 5 times the channel width.

3.2.6 Reservoir Structure

If the electrodes are extended to reservoirs, as in Figure 3.6a, then the current

going through a reservoir will be significantly high. This is because the reservoirs are

much deeper than the channels (Figure 3.6b) or in other words the resistances are much
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Figure 3.6. Short circuit effect (actually a low impedance shunt) occurs if the 
electrodes are extended into the reservoir as in a), this is because the reservoir is much 
deeper than the channel, as in b). The limit line in a) indicates electrode length limit 
for safe operation.

lower. While not exactly accurate, we refer to the shunt this would create as a short 

circuit effect. In order to avoid any short circuit effect in the reservoirs, the electrodes 

were designed to end more than 10 times the channel width away from the reservoirs.
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3.3 EMLC

This optimized EMC design potentially generates the highest MHD pumping 

velocity o f any device design to-date, per unit cross-section. The next question was how 

to use an EMC to design LC devices on chip. Several different design concepts were 

developed, each o f which may have certain advantages. Figure 3.7 illustrates the realized 

designs.

3.3.1 Device E: Easiest LC Design

Figure 3.8 shows a design which is comprised o f a sampling channel (from the 

reservoir S to SW), cross injector, and separation channel (from the reservoir B to BW). 

This is the easiest (more accurately the simplest) design for LC. The separation channel 

actually is a straight channel because the detection point is at D. The segment from D to 

BW was designated the tail channel, because it was designed to move BW away from the 

detection point D. Such a design was required to achieve prism-coupled LIF detection, 

which will be discussed in section 4.3.2. Due to the nature o f the EMC, the tail channel 

will not affect the pumping velocity or the band broadening o f the analytes. It will 

increase the total current flow, however. A shallow, straight separation channel can 

minimize band-broadening effects due to channel geometry, generate a high 

surface-to-cross sectional area for immobilizing stationary phase, and hence produce a 

reasonable separation effect for LC analysis.
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Figure 3.7. EMLC chip design, in which there are 4 different LC devices and a thick 
wire loop. Top left: device E, top right: device M, bottom right: device L; bottom left: 
device C.
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Figure 3.8. The Device E, which includes a straight separation channel. The segment 
from D to BW is referred to as the tail channel. S is sample, SW sample waste, B 
buffer, BW buffer waste, D detection location. The bonding nails are not shown.
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In conventional LC, the plate height from the resistance to mass transfer in the 

mobile phase, H m , is the largest term, while both the plate height from the longitudinal 

diffusion, H ld , and the plate height from the resistance to mass transfer in the stationary 

phase, Hs, can be omitted in a well designed system. However, in MHD LC, the Hld  term 

may be larger than the Hm term, because the flow velocity in MHD LC is slow. For 

device E, the channel size is 10 pm. Suppose that the analyte diffusion coefficient is 

3.3xlO"9 m2 s' 1 (fluorescein in water, ref. 10), the capacity factor is 1, and the pumping 

velocity is 100  pm/sec, then H Ld  = 6 .6  pm, and IIm  = 1.5 pm. In other words, for a 2  cm 

long straight separation channel in device E, about 2400 plates can be obtained. As we 

know, Equation 1.1 was derived for circular channels, not for square channels. For square 

channels, the Hm term should be larger (say one time larger). However, while IIM does 

have a dependence on the cross section shape, the term is relatively small compared to 

H ld , so the above estimation is very close. Compared to conventional OTLC, the unit 

plate number of MHD LC is a bit less. For example, Gohlin et al. (11) obtained 1.9 

million plates on a 6  m x (|) 6.3 pm column {i.e. 6600 plates on a 2 cm column).

3.3.2 Device M: Merging Solvents for Solvent Programming

Solvent programming is quite useful for a traditional LC system. By increasing 

the strength of the eluant, analysis time can be reduced and much better chromatographic 

peaks can be obtained. Figure 3.9 depicts a design that could generate solvent programs.
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Figure 3.9. The Device M, in which a solvent program can be realized by sweeping 
the voltages applied to the channels to Bi and B2. S is sample, SW sample waste, B t 
and B2 buffers, BW buffer waste.
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By using the EMC, solvent programming should be easily realized by ramping up the 

voltage applied to the one set o f channels while ramping down the voltage on the other 

set. A solvent program could be generated with such a ramp program by merging flow 

from Bi (weak solvent) with flow from B2 (strong solvent).

3.3.3 Device L: Long Separation Channel in a Small Wafer

Unlike CE, LC often needs a longer channel due to its larger plate heights. In 

order to obtain a long channel within a given size o f wafer (actually a given size (area) of 

the magnetic field), two different devices were designed. Device L (Figure 3.10) would 

be a very useful LC design. In a 34 mm x 34 mm wafer, a 20 cm long separation channel 

was formed, which could potentially realize large numbers o f plates (say 2 0 ,0 0 0 ). 

Another advantage is that the detector can be set at any point along the channel, if we 

want to shorten the separation time.

In terms of band broadening, spiral channels were proven to be better than the 

serpentine shape for CE. However, for the EMC design, since the electrodes/wires are 

very thick, it is difficult to use a spiral shape in a small region o f a wafer.

3.3.4 Device C: Circular Separation Channel

It is possible to make an infinitely long channel for LC by MHD. Figure 3.11 

shows a device with a circular separation channel, a concept which was first reported by
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Figure 3.10. The device L, in which a 20 cm long separation channel is included. S is 
sample, SW sample waste, B buffer, BW buffer waste.
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Figure 3.11. The Device C, which has a circular separation channel. The detection can 
be done anywhere in the loop. S is sample, SW sample waste, B buffer.
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Eijkel et al. (6 , 7). MHD flow can make the fluid flow in a circle, creating an infinitely 

long separation loop. A detector can be set at any point o f the loop and the detection can 

be performed each time the analytes circle the loop. O f course, the sample may ultimately 

disperse too much, or exceed the peak capacity of the loop (12). Thus, the separation 

efficiency possible is not infinite.

3.4 Microelectromechanical Systems

The EMC design presents a significant challenge for current microfabrication 

methods, although the issues are not obvious at first glance. The EMC design requires 

that a top plate be bonded, creating capillaries by capping the channels formed in the 

bottom plate, as shown in Figure 3.12. Bonding processes available place severe 

constraints on the planarity o f the bottom plate. Thick metal deposits have usually been 

made by electrochemical deposition. While this method is common in micromachining, 

there is no significant experience with placing a hermetically sealed top plate over such 

large electroplated structures, tn fact, the roughness o f most electroplated surfaces means 

this cannot be accomplished without additional processing (13). We have developed a 

polishing procedure to address this issue.

The required feature size o f 10 pm made SU-8  unacceptable as a deep resist, as 15 

pm is a typical lower feature size (14), meaning bulk machining with ICP-RIE was 

preferred to obtain vertical sidewalls. A two-mask (masks were prepared by DWL 66
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Transparent Cover Plate

Channel 
C

Electrode Silicon

Figure 3.12. The cross-section of an EMC, in which a square channel is opened 
between the electrodes. A transparent cover plate is bonded to the silicon bonding 
nails besides the electrodes, a = b = 10 pm, c = 2 0  pm, d = 2 0  |iim.

Pattern Generator, Heidelberg Instruments, Germany) process was employed, as 

indicated in Figure 3.13. First, grooves were opened for electroplating on a Si substrate 

(<])4”, Virgin Test, 100, P/Boron, 1-30 Qcm, 500-550 pm, Silicon Valley 

Microelectronics, Inc., San Jose, CA, USA). In order to lift off the photoresist (HPR 504 

in this case), it is important that it not be damaged by the plasma while doing ICP-RIE 

(Plasmalab System 100, Oxford Instruments, UK). Therefore, a revised Bosch process
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Figure 3.13. Process steps for the fabrication o f EMC for MHD flow. Dimensions 
are in pm.
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was developed in this thesis work. Compared to typical parameters offered by Oxford 

Instruments and the University o f Alberta NanoFab, the etching step length was reduced 

by decreasing the flow rate o f SF6 (from 75 seem to 65 or 70 seem) and the etch time 

(from 15 to 8 sec). Damage to the photoresist was significantly reduced (the sidewall 

surface roughness should be improved as well). The slow etch rate (0.2 ~ 0.3 pm/step) 

was not a problem, because the depth required was only 20 pm. Note that this idea 

worked well, but the specific parameters were very sensitive to many other parameters, 

such as ICP chamber design, DC bias selected, wafer temperature, and even wafer 

coverage. Therefore, an optimization is always required.

Silicon dioxide (280 nm, 99.9999%, Kurt J. Lesker Co., Clairton, PA, USA) was 

deposited by an e-beam evaporator built on site (Gomez, NanoFab, University of Alberta, 

Edmonton, Alberta), to prevent electrical contact to the Si substrate. The evaporation rate 

o f silicon dioxide was monitored by a quartz crystal monitor (Kurt J. Lesker Co., 

Clairton, PA, USA) and carefully controlled to be less than 2 A/sec, to keep the surface 

temperature low and avoid damaging the HPR 504. A routine Cr/Au (20 nm Cr, 99.95%, 

150 nm Au, 99.99%, Kurt J. Lesker Co., Clairton, PA, USA) sputter deposition process 

was employed by using a dual-target magnetron sputtering system (Kurt J. Lesker Co., 

Clairton, PA, USA), because HPR 504 survived the argon plasma. This gave a patterned 

seed layer used to initiate electroplating of Ag.
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It is a big challenge to get a uniformly electroplated surface on a patterned wafer, 

because o f unavoidable, non-uniform lines o f current (Figure 1.10, ref. 14) and the 

resulting metal ion concentration gradients in the electroplating solution. This is true even 

with patented commercial deposition solutions (Silvor 90 Bright Silver Plating Solution, 

Technic Canada, Inc., in which there exist potassium silver cyanide and patented 

replenisher brightener). Slow plating (1 pm/hr) gives improved results. In this work, with 

current densities less than 1 mA/cm2 for silver, the thinnest wires (20 pm wide) grew 

almost twice as fast as the widest wires (500 pm wide). Figure 3.14 shows typical surface 

roughness o f a straight section o f an EMC and in the vicinity of a cross junction, 

measured by an optical profilometer (Zygo Corporation, Middlefield, CT, USA).

Another factor causing a non-unifonn electroplating surface is the different 

resistance of the wires in different regions. For the chip design shown in Figure 3.7, 

devices are surrounded by a 5 mm thick wire. This thick wire is used to reduce the 

resistance and hence make the surface voltage more uniform for electroplating.

Bonding requires extremely flat surfaces. Given the need to planarize these 

devices for bonding, and the difficulty of planarizing effectively, we set a target of less 

than 0.2 pm surface height variation. This was achieved by polishing with 50 nm AI2O3 

particles (Buehler, Lake Bluff, IL, USA) prepared as a paste in distilled water. A 

polishing cloth (Buehler, Lake Bluff, IL, USA) was affixed to a planar pad and loaded 

into a drill. Polishing was done at a speed less than 100 RPM so as not to break the wafer,

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 3.14. Typical surface roughness after electroplating, a) Straight channel. The 
thin electrodes (middle) grew faster than did the wide wires (front and back). The flat 
green planes are the bonding nails, b) The vicinity of a cross junction. The current 
density at the vicinity of a cross junction is the highest because of larger covered area, 
as shown in the chip design. Therefore, the electrodes grew much faster than any other 
regions, such as straight channels. The flat blue planes are silicon.
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Figure 3.15. Typical surface roughness after polishing, a) Straight 
channel, with an RMS roughness of 91 nm. Space bar, 200 pm. b) 
Cross junction, with an RMS roughness of 71 nm. Space bar, 100 pm. 
The metal electrodes and wires (yellow) are still relatively higher than 
the bonding nails (blue or green), c) Photomicrograph of a cross 
junction. The space between electrodes is 10 pm.
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requiring several hours. Figure 3.15 shows corresponding typical surfaces after polishing. 

The RMS roughness for both surfaces is less than 100 nm.

A second mask step was then used with ICP-RIE to etch a flow channel between 

the electrodes. It was suspected that gold or silver might contaminate the ICP-RIE (15). 

Using the Bosch process, we found it helpful to halve both etching and deposition times 

(etching: from 25 to 15 sec; deposition: from 8 to 5 sec). Doing so apparently lowered the 

possibility o f damaging the electrodes with fluorine or sulphur radicals. This adjustment 

works especially well given that in this step only shallow channels (10 |im) were 

fabricated.

Finally, a 0211 glass cover plate (Corning, NY, USA) was bonded to the silicon 

wafer by anodic bonding. The temperature for anodic bonding should be kept low (lower 

than 300°C). This is because metal and silicon often have a large difference in the 

expansion coefficient (16). Furthermore, compared to a bulk metal, thin sheets can be 

oxidized at a much lower temperature. The bonding took 1 -3 hours with a voltage from 1 

to 3 kV. The hot plate was set between 280 and 300°C.

Besides anodic bonding, HF bonding (17) was also used. The procedure followed 

was essentially identical to that o f ref. 17. Because o f delamination, once the devices 

were filled with solvent for a period o f time, this method was not used.

Ni was also tested as an electrode material. The current density used for Ni 

electroplating was 3.5 mA/cm2. A rough surface was also observed after plating, as
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shown in Figure 3.16a. Ni electrodes were also polished by using 50 nm A120 3 particles. 

Compared to Ag, Ni was relatively easier to polish, and hence polishing was done 

manually. This may be because Ni is harder than Ag, and a hard metal is believed to be 

easier to polish (18). Figure 3.16b shows the surface after polishing.
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Figure 3.16. Surface roughness of nickel electrode, a) after electroplating; 
b) after several hours manual polishing.
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3.5 Characterization and Discussion

Figure 3.17 shows photos o f three typical, realized device elements: a straight 

channel, T-junction, and cross junction. A finished device M is shown in Figure 3.18, in 

which there are 5 reservoirs, 10 pin wires connected to outside power suppliers, and a 

prism for detection. Electrodes in each channel segment can be individually addressed. 

For example, if we apply a voltage to pins 2 and 3, we should be able to generate 

pumping for the arm to SW. Similarly, if  we apply a voltage to pins 1 and 0, then we can 

pump liquid in the arm to BW.

Tests on bubble current density threshold (Figure 3.19) were done with Ag 

electrodes formed in the chip, showing more than 20% higher current density than those 

of Lemoff and Lee (4, 5) can be applied in the EMC. Lemoff and Lee used Pt as the 

electrodes. The use o f Ag electrodes may be the reason for the improved current density, 

because roughed electrode surfaces were observed under the microscope after several 

hours o f operation. Increased surface roughness is likely indicative o f Ag oxidation and 

re-deposition. Higher current density will allow higher pumping rates, or the use of lower 

frequencies and weaker magnetic fields.

3.6 Conclusions

We have designed and fabricated an EMC which can potentially generate more 

powerful MHD pumping in a channel with a 10 pm square cross section. Four different
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Figure 3.17. Photomicrographs for MHD channels in different shapes, a) 
Straight channel; b) T-junction, with three pairs o f isolated electrodes; c) Cross 
junction, with four pairs o f electrodes.
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Figure 3.18. Final device M (34 mm x 34 mm), in which each arm can 
be individually addressed.
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Figure 3.19. Experimental bubble current density thresholds o f EMC.
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OTLC design concepts were developed, each of which may have certain advantages. A 

solvent program could be realized by a voltage program merging weak solvent with 

strong solvent. A 20 cm long separation channel was realized by serpentine shape in a 34 

mm x 34 mm wafer, which might generate about 10,000 plates. The channel size is small 

enough for this OTLC chromatographic method to be effected. The challenges associated 

with fabrication have been overcome by optimizing electroplating conditions, developing 

polishing techniques for planarization o f  rough electrochemical surfaces, and reducing 

the ICP-RIE etching rates. A higher experimental bubble current density threshold was 

obtained which would enhance MHD pumping velocity.

The problems in metallizing and planarizing MHD devices are actually very 

similar to current metallization challenges in ULSI microchip fabrication. Chemical 

mechanical polishing (CMP) with a slurry has been widely used in the damascene 

process to metallize A1 or Cu vias formed in ULSI microchips (19). Silver may in fact be 

the material used for the next ULSI generation, but CMP of patterned silver is in its 

infancy (18). We have shown a high planarity can be achieved by oxide particle 

polishing, without any chemical agents. Therefore, this Ag patterning technique could be 

very useful for the IC industry.
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Chapter 4

Rotating Permanent Magnets for AC 

Magnetohydrodynamic Pumping

4.1 Introduction

The EMC design introduced in Chapter 3 for magnetohydrodynamic pumping

allows higher currents to pass through electrolyte solutions, but electrolysis will still

happen, generating gas bubbles in the microchip channels once the bubble threshold is

reached. According to Lemoff and Lee (1, 2), bubbles can be suppressed by an AC

electric current coupled with an AC magnetic field. For an AC electric field, the bubble

current density threshold is a function of the field frequency. Increasing the frequency

allows higher current density to be achieved without bubble formation (Figure 1.4).

However, for AC magnetic fields generated by an electromagnet, increasing the

frequency significantly lowers the magnetic field strength (Figure 1.5). In fact, for

electromagnets -  the most common source o f AC magnetic field, the field strength is

designed at 50-60 Hz (1, 2). Due to the hysteresis and eddy currents generated in the core

materials (usually ferrite) by an electrically induced magnetic field (3), electromagnets

are not recommended for use beyond 400 Hz (4). For a commercial electromagnet with a

field strength of 1 T or so, GMW Associates describe the magnets as “dangerous if used
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beyond 400 Hz.” (4) Electromagnets can get very hot even at 60 Hz and need a water 

cooling system. Both Lemoff et al. (1, 2) and Eijkel et al. (5, 6) used electromagnets at 1 

kHz or higher, but Lem off s magnet was very small. (B = 7.4-18.7 mT). Eijkel’s (B = 105 

mT) somewhat larger magnet became quite hot, as he mentioned in the paper (6).

In this chapter, I will present an idea for generating a strong AC magnetic field for 

frequencies o f several hundred Hz, with a potential for up to 1 kHz. The field strength 

should not vary with frequency. In order to use this AC magnet for MHD, corresponding 

chip mount, detector, and electronic control systems have also been designed.

4.2 Design

4.2.1 Calculated Pumping Velocities for AC Electromagnets

It is important to know what pumping velocity could be realized using 

commercial AC magnets before undertaking a new magnet design. Table 4.1 lists those 

predicted by using Equation 3.4 for the EMC design. As discussed in section 1.2.1, in 

order to get a small plate height for open tubular liquid chromatography (OTLC), the 

channel size should not exceed 10 |lm. Suppose both Lemoff and Eijkel’s electromagnets 

are used at 1 kHz, then according to Figure 3.19, the maximum current density will be 

100 mA/mm2. Obviously, the calculated pumping velocities are too slow. GMW 

Associates manufactured an AC electromagnet, which can produce a flux density o f -  1.6
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T (7). It was designed for 60 Hz, so the current density due to the bubble threshold limit 

is as small as 20 mA/mm2, and hence a theoretical pumping velocity o f 0.12 mm/sec 

could be achieved. By using it, we will be unable to do research at any other frequency. It 

is also very expensive ( > US$25,000). Therefore, commercial products, in this case, 

were not our choice. In order to achieve a pumping velocity o f 0.1 mm/sec, we predicted 

that a minimum flux density o f 0.256 T was required if the frequency could reach 1 kHz, 

as shown in Table 4.1. We then decided to design an AC magnet to meet these 

requirements.

The details o f the analysis leading to the last two experimental entries in Table 4.1 

are given later in this Chapter.

Table 4.1. Calculated pumping velocities for AC electromagnets

D W / jb B V Source

pm pm Hz
2

mA/mm T mm/sec

10 10 1000 100 0.0187 0.007 Lemoff

10 10 1000 100 0.105 0.041 Eijkel

10 10 60 20 1.6 0.12 GMW

10 10 1000 100 0.256 0.1 Predicted

10 10 200 46 0.552 0.1 This work

10 10 480 78 0.552 0.16 This work

119

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2.2 Permanent Magnet and Its Field Strength

No doubt the simplest and cheapest magnet is a permanent magnet. For a 

rectangular permanent magnet as shown in Figure 4.1a, the flux density B outside the 

magnet can be empirically predicted (8) by

where Br is the residual flux density of the material, a and b are the dimensions of the 

magnet perpendicular to the magnetic field, / is the length o f the magnet along the 

magnetic field, x  is the distance from the measured point to the magnet surface.

In terms o f the material, permanent magnets can be divided into different 

categories: rare earths, ceramics, alnico, and flexibles, etc. (8) Among them, the rare 

earth neodymium-iron-boron magnet has the largest residual flux density, and hence the 

strongest field strength. The flux density can be doubled by facing two identical magnets 

towards each other in attracting positions (Figure 4.1b). It can be further strengthened by 

yoking them as shown in Figure 4.1c. For a perfect yoke, the flux density can be 

calculated by

/

■tan-1
2(l+x)^JA(l+x)2+a2+b2 /

ab
(4.1)

2(2/+x)-J 4(2 l+x)~ +b
(4.2)
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c)

 ferromagnetic
yoke

Figure 4.1. Field strength o f permanent magnets, a) single; b) two 
magnets facing each other in attracting positions; c) attracting magnets 
with an additional ferromagnetic yoke.
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4.2.3 Rotating Permanent Magnets

By using these strong permanent magnets mounted in a rotor, we are able to 

create an AC magnet. Figure 4.2 depicts the idea: If permanent magnets are mounted 

alternately onto a magnet holder as in Figure 4.2 and if the holder is rotated, then any 

point above the holder will face north and south periodically -  generating an AC 

magnetic field. The frequency o f this alternating field depends on the number of magnetic 

pairs in the holder and on the rotation speed, while its field strength depends upon the 

magnets used, not on the frequency. By taking the ideas in Figure 4.1b, if two holders are 

made to face each other with magnets in attracting positions (i.e. the north side of the 

magnet on one holder faces the south side on the other), the magnetic field will be 

doubled. Another advantage is that the field in the gap space will be more uniform, which 

is important because the gap is where the microchips will be inserted. A yoke such as in 

Figure 4.1c is not the best option in this case, because o f obvious manufacturing 

difficulties. A simpler and more powerful design is to put a yoke plane, as shown in 

Figure 4.2b, on each o f the two facing magnet holders. It can strengthen the field better 

because each magnet is yoked by two adjacent magnets as indicated by the arrows in 

Figure 4.2a. Moreover, yoke planes can also shield the magnetic field well, creating less 

field leakage and external interference.
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Figure 4.2. Rotating permanent magnets, a) mount magnets 
alternately, arrows indicate each magnet is yoked by two adjacent 
magnets; b) magnets with yoke rings.

4.3 Experimental

4.3.1 AC Magnet

Thirty-two sintered neodymium-iron-boron magnets (N5064, Br = 1.44 T) were 

manufactured by Magnetic Component Engineering, Inc, Torrance, CA. The length of
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each magnet along the magnetic field axis is 0.5”, while the size perpendicular to the 

field is 1” x l ”. The field strength and direction were detected with a gaussmeter (Field 

Monitor, Model 81 OH, 10X probe, F. W. Bell Inc., Columbus, OH, USA).

Two magnet holders ((J)8” x 0.504”) were made o f 6061 aluminum, in each of 

which 16 magnets were mounted alternately as shown in Figure 4.3. A 1 mm thick lip 

was designed at the lower surface o f the holder to stop super strong attractions between 

magnets when they are placed in attracting positions. Special epoxy glue (Speed Bonder 

Product H4500, Loctite, Rocky Hill, CT) was used to immobilize the magnets. On each 

magnetic holder, an iron steel plane ((|)8” x 3/8”) was accurately placed and co-centered 

with the magnetic holder, creating one half o f the rotor. Finally, the half rotors were 

mounted together to form the complete rotor (Figure 4.4). Because the attractive forces 

affected alignment, the assembly steps were done slowly and carefully, using Teflon 

strips as buffers to allow small adjustments. The gap between the magnet holders is 8 

mm, meaning that the distance between the magnets is 10 mm.

The rotor was screwed onto a (j)l” 304 stainless steel shaft and balanced at an 

Edmonton International Airport turbine firm using facilities obtained from NASA. By 

using two super precision bearings (6205TBR12P4, RHP, UK), the rotor was eventually 

mounted onto an aluminum station as shown in Figure 4.5. By doing so, no ferromagnetic

124

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.3. Magnet holder (top view, (j)8”)

Figure 4.4. Magnet rotor (<j)8” x 2”) composed o f (from top to bottom) 
yoke plane, magnet holder, gap (8 mm), magnet holder and yoke plane.
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materials were used in the vicinity o f the rotor. Finally, the assembly was then fixed onto 

a steel station with a weight o f 0.5 tons so as to minimize any vibration (Figure 4.5).

The rotor was powered by a DC motor (CDP3445, 1 horsepower, maximum 

speed: 1750 RPM, Baldor Motors and Drives, Fort Smith, AR, USA) with a DC motor 

speed control (MSC 700, MagneTek, El Paso, TX, USA). By using gears and belt, the 

speed o f the rotor is accelerated to 4.5 (72 teeth versus 16 teeth) times o f that o f the 

motor, giving a maximum 7875 RPM for the rotor.

4.3.2 Prism Coupled LIF Detection

Laser induced fluorescence (LIF) was used for detection. A right-angle 

mini-prism (3.3 mm, Melles Griot, Carlsbad, CA, USA) was used to reflect excitation 

and emission light, as shown in Figures 4.6 and 4.7. In order to immobilize the prism, 

epoxy glue was applied to a side (not the bottom) o f the prism. We refer to this as prism 

coupled LIF. A home made confocal microscope (9) was mounted horizontally on a long 

range translational stage (UniSlide A6018B-S6-TL, Velmex, Bloomfield, NY, USA) as 

shown in Figure 4.8. A mirror used to reflect the laser into the microscope was also 

mounted on the same translational stage. A red diode laser (635 nm, ACM08/2004, 

Power Technology Inc., Little Rock, AR, USA) was used for the excitation source (10). 

The beam was directed by two mirrors onto the stage mounted mirror, A dichroic mirror
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Figure 4.5. AC magnet station
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Figure 4.6. Schematic diagram o f the prism coupled LIF.
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Figure 4.7. Image o f prism coupled LIF

Figure 4.8. Optical microscope setup. By two mirrors (unmarked), a red laser is reflected 
parallel to the translational stage; a stage mounted mirror is used to reflect the light into 
the microscope, so that any movement of the microscope along the translational stage 
will not affect the laser focusing.
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(645DRLP02, Omega, Battleboro, VT, USA) in the microscope directed the beam to the 

objective lens. The objective lens (5709, New Focus, Santa Clara, CA, USA) had 10X 

power, and a 13.3 mm working distance so that it could be positioned outside the 

magnetic field. No further alignment was required after the initial adjustments. The 

working distance of the objective lens was taken by the chip (0.5 mm, half o f the chip 

width), prism (3.3 mm), chip edge (6 mm), gap between the chip and the lens (3 mm), 

and lens holder (0.5 mm), as shown in Figure 4.9. Samples were added into the reservoirs 

of the chip before it was inserted into the magnetic field region.

4.3.3 Generation of a Coupled Electric Field

A signal pickup coil was prepared. Figure 4.10 shows the groove for the coil, milled in a 

5 mm thick Delrin holder. Ten loops o f transformer wire were placed into the groove. 

When the rotor was rotating, an AC electromotive force (emf) was generated, which had 

the same frequency as the magnetic field. The coil was designed to be an arc with an 

angle o f 22.5°, corresponding to the angle of two adjacent magnet (360716 = 22.5°). The 

Delrin holder was mounted co-centering with the rotor within the magnet gap. With this 

design, the em f did not cancel out because the two straight arms never faced the same 

magnet. The pick up signal was amplified (gain was more or less than 1) by a homemade 

amplifier and then fed to the electrodes on the chip as the electric voltage
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Figure 4.9. Objective working distance (13.3 mm): chip (0.5 mm, half o f the chip 
width), prism (3.3 mm), chip edge (6 mm), gap between the chip and the lens (3 
mm), and lens holder (0.5 mm).
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Figure 4.10. Groove design for pickup coil
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Figure 4.11. Block diagram of the power supply, including an AC amplifier and a DC 
power source. Pure AC, pure DC (which will be used in Chapter 5), or AC voltages 
with offset can be generated for operating MHD LC microchips.
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source. Figure 4.11 shows part o f the circuit diagram of the amplifier, in which two gains 

with higher or lower amplitudes were realized. The phase adjustment unit is not shown in 

the diagram.

4.4 Characterization and Discussions

4.4.1 Wobbling of the Rotor

Figure 4.12 shows the play  o f the rotor in the static state, i.e. without rotating, 

measured by a dial indicator, a form o f caliper. The dynamic wobbling could not be 

measured in our lab but was minimized when the rotor was balanced. The small wobble 

that remained did not affect the rotation up to 3600 RPM, even though the gap between 

the rotor and the chip holder was as small as 1.1 mm. We did not test at a higher speed 

because the vibration increased. Since any damage to this system is irreversible, we did 

not want to take any risks before enough information was collected at low frequencies or 

RPMs.

4.4.2 Detection System

An MHD pump involves two electric fields: a) primary electric field for MHD 

pumping; b) secondary electric field induced by the flow, which is a function o f the flow 

velocity. Therefore, electrochemical detection would not be an easy option to implement

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.12. Wobbling of the rotor in units of thousandth of an inch.

for MHD, because a) the background currents from the applied voltage and eddy currents

will be significant; b) any instability o f the flow will cause noise due to the secondary

electric field changes; c) the greatest problem is that the sample may be consumed in the

EMC. Laser induced fluorescence (LIF) detection which isolates the detection signal

from the electric fields is a good choice for detection. Its high sensitivity is vital for LC

chips because open-tubular liquid chromatography (OTLC) has a relatively low sample

capacity. However, the typical inverted or conventional microscope detector design used

with CE chips is unsuitable, because the space above and below the chip is occupied by

the magnets (the gap is 8 mm). The prism coupled LIF solved this problem. As shown in

Figures 4.6 and 4.9, a prism was used to couple the excitation and emission light to and

from the chip, while it was inside the magnetic rotor gap. An epiluminescent microscope
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was mounted horizontally to interface with the chip through the prism. Figures 4.7 and 

4.8 show the microscope mount and optical stage used for the detection system.

4.4.3 Mounting Microchips between Magnets

It is an obvious challenge to mount a chip between the magnets. Since the rotor is 

rotating at a high speed, the chip will experience vigorous air flow which might cause 

wobbling. A strong chip holder is required, but not one made o f  metal, because o f eddy 

current heating induced under an AC magnetic field. Delrin, a strong plastic, was 

therefore used (Figure 4.13). The chip holder has the same thickness as the prism (and the 

height of the reservoirs as well), so that no extra space is taken. A chip (1 mm thick) was 

fixed in place using a bottom piece (1 mm thick) which was also made of Delrin. A cover 

(polyethylene, 0.5 mm thick) above the reservoirs was also required, so as to eliminate 

any possible siphon effect on the reservoirs, caused by air flow, and to reduce 

vaporization of the solutions. This cover should be transparent. This assembly was then 

inserted in the field gap with careful height adjustment, so that each side had a 1.1 mm 

gap between the rotor and the chip holder, as schematically illustrated in Figure 4.6. 

Finally, the distance between the channel and objective lens must be shorter than the 

working distance o f the objective lens (13.3 mm), because the channel on the chip must 

be optically accessible by the microscope.
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Figure 4.13. Chip holder (2.4” x 2.1”) with cover and bottom piece.

Figure 4.14. Waveform picked up from AC magnetic field.
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4.4.4. Synchronizing the Electric and Magnetic Field

As discussed by Lemoff and Lee (1), the Lorentz force generated by AC MHD is 

a time-averaged force. In order to realize AC MHD pumping, the Lorentz force generated 

at each period should point in the same direction. The peak and direction o f the electric 

field should match that of the magnetic field, so as to induce the highest pumping force. 

Therefore, frequency matching and phase matching between the electric current in the 

channel and the magnetic field is required. Any frequency or phase mismatching will 

reduce the strength o f the Lorentz force. This is easy when using electromagnets, but for 

a rotating magnetic field, the frequency and phase are determined by the rotor and are 

fairly easily influenced by environmental variables. The pickup coil picked the magnetic 

field and converted into an electric signal. Figure 4.14 shows a 100 Hz waveform 

obtained at a rotor speed o f 750 RPM. By using this signal, phase matching will no 

longer be a problem.

4.4.5 Field Strength

Minimal field strength differences between each magnet pair are essential to 

obtain a uniform field amplitude. Table 4.2 lists the measured flux densities at the gap 

centers for individual pairs o f magnets. According to Equation 4.1, the flux densities 

should be 0.642 T without a yoke, while it should be as high as 0.886 T with a yoke from
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two adjacent magnets. Considering that a nonideal iron selection was used for the yoke 

planes, the average measured flux density of 0.727 ± 0.004 T seems reasonable.

For the waveform picked up from the magnetic field by the pickup coil (Figure 

4.14), the time in the peak region is longer than that o f a sinusoidal wave. This is 

reasonable because the magnets cover a larger area than does the aluminum plate in the 

magnetic holder, as shown in Figure 4.3.

The effective flux density o f the AC magnet can empirically be estimated by 

comparing the area covered by the 16 magnets to the whole area o f  the ring:

(4.3)

where Bave is 0.727 T. The factor 16 A J  Ar is the ratio of the area covered by the 16 

magnets to the whole area of the ring. For our design shown in Figure 4.3,

As = 1 inch2

and

Ar = n{r\ - r f )  = #(3.8552 -2 .8 5 5 2) = 21.08inch2 

so 16As IAr = 0 .759 , slightly large than the rms value ( V 2 / 2 )  for a sinusoidal wave. 

This is consistent with the waveform in Figure 4.14.

Therefore, according to Equation 4.3, the effective flux density o f  the AC magnet 

is 0.552 T.
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Table 4.2. Measured magnetic flux densities for each magnet pair

No BIT

1 0.731

2 -0.718

3 0.728

4 -0.724

5 0.726

6 -0.727

7 0.733

8 -0.725

9 0.725

10 -0.726

11 0.728

12 -0.726

13 0.732

14 -0.729

15 0.722

16 -0.725
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The field frequency depends upon the rotation speed, and can be easily calculated

by

/  = — •—  (4.4)
2 60

where 16 is the number o f the magnets on each magnet holder, and S  is the rotor speed in 

RPM. If it rotates at a speed o f 7500 RPM, then a frequency as high as 1 kHz can be 

realized. At the maximum 3600 RPM the system was tested at, a maximum frequency of 

480 Hz was obtained.

4.4.6 Minimum AC Frequency for OTLC

Based on our estimate o f effective magnetic flux density, the minimum AC 

frequency or the rotation speed o f the rotor can be estimated for a given desired flow 

velocity. As we know from Chapter 1, for a 10 pm square channel, a minimum velocity 

of 100 pm/sec is required for OTLC. From Equation 3.4, the current density required can 

be calculated as

4 m  4x0 .89m P asecx l0 0 /an /sec  ... . . 2 n/  = ---- —  = -------—---------------------“ -------= 46mA/mm (4.5)
WDFB 10/tm x 10//mx 0.14x0.552T

According to the bubble current density threshold of the EMC in Figure 3.19, this 

current should be realized at a frequency of at least 200 Hz, which corresponds to a rotor 

speed o f at least 1500 RPM. At the upper limit of rotation speed tested of 3600 RPM, a
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frequency o f 480 Hz corresponds to a bubble current density threshold o f 78 mA/mm2 in 

Figure 3.19, and a flow velocity o f 160 pm/sec.

4.4.7 Eddy Current and Induced Electromotive Force

The above prediction is probably too optimistic, because o f the heating effect of 

the currents induced in the electrodes by the magnetic field, known as the eddy current. 

Quantitative measurements on eddy heat were not done in this work. However, a 

temperature increase on an unbonded chip after several minutes running at -2000 RPM 

was observed by hand touch. In fact, Eijkel et al. discussed eddy currents in MHD under 

AC magnetic field. At 2.44 kHz, their device temperature increased to 15 K above 

environmental with natural cooling (B = 0.1 T amplitude) and to 7 K above 

environmental with forced air-cooling (6). For a given electrode design, eddy heat is 

roughly proportional to the square o f the frequency and the square o f the magnetic field 

strength. At a frequency o f about 200 Hz we are about one order magnitude lower than 

that used by Eijkel et al., but the field strength is about one order magnitude higher. 

Considering our chip design uses much smaller electrodes, we expect that either 

comparable or less eddy heat will be generated in our chip. Nevertheless, the heat 

generated could be expected to create thermal gradients that affect the separation, and 

might even boil the liquid.
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Another problem is related to the induced electromotive force (emf). Under an 

AC magnetic field, emfs will be induced from the wires. They will interfere with the 

electrical voltage applied to the electrodes. This can be solved by two methods with 

additional efforts. One is to compensate the input voltage with the emfs. The other is to 

create a design with the shortest electrode contact leads possible. Then the external wires 

connecting electrode pairs should be twisted when they are in the AC magnetic field. The 

emfs generated in the parallel electrodes will not affect the pumping because they have 

the same voltage and phase, and hence are cancelled.

4.4.8 Suspension of AC MHD Project

The goal o f (xTAS or lab-on-a-chip is to shrink the size into a chip, without 

bringing in many additional accessories. Obviously, a big AC magnet is a poor option, 

because o f its cost and difficulty of use. The reason we originally decided to design this 

AC magnet is to find the best operating conditions for AC MHD, because AC MHD was 

believed to be the only chance of using MHD flow on chip. The operating conditions we 

were planning to explore include the applicability o f EMC design, control and 

introduction o f electric field, magnetic field strength and frequency, prism coupled LIF 

detection system, composition of electrolyte solution, and possible samples for 

separation. Most of these goals have not yet been achieved, because the research on AC

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



MHD was temporarily suspended. We have found a better way to realize MHD pumping 

on chip, which will be discussed in Chapter 5. However, we believe that this AC magnet 

may still give us useful information in the future.

4.5 Conclusions for AC MHD

A powerful AC magnet has been designed and manufactured which is able to 

generate a flux density o f 0.552 T at a frequency up to 1 kHz. Such a field would allow 

EMC to pump as high as 100 jLtm/sec in a 10 |iim channel. The research on AC MHD was 

temporarily suspended when a better idea for running an MHD pump was developed, as 

described in Chapter 5.
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Chapter 5

Magnetohydrodynamic Nano Pump for Liquid 

Chromatography on Chip

5.1 Introduction

MHD pumping can be performed in either DC or AC mode, because both can 

generate a Lorentz force. The reason for using the AC mode in MHD pumping is to 

suppress gas bubbles generated by electrolysis. However, AC MHD requires an 

alternating magnetic field, which is difficult to produce and operate at high field strengths 

and high frequencies. The AC magnetic field also causes eddy currents, which heat up the 

liquid in the channel and even result in bubbles. This makes us recall the advantages o f 

DC MHD -  inexpensive DC magnets at high field strength (such as Nd-Fe-B permanent 

magnets) and freedom from eddy currents as well. This thesis chapter discusses how to 

perform MHD in the DC mode without the generation o f bubbles.

In an electrolyte solution, a DC current must be transferred from the electrode to a 

charge carrier in solution. This carrier must be a redox couple, coming from electrolyte 

solute, electrode, or the solvent. Electrolysis of water requires at least 1.2 V, and typically 

2-3 V is used to get high currents. This has been the mode of choice in AC MHD to date.
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Other redox couples besides H2O might be used, but the > 0.1 M concentrations they 

would require to carry high current densities would be problematic for LC.

Gold nanoparticle suspensions or colloids can be prepared and suspended in water

(1) and have been widely used as a marker for biological macromolecules (2, 3). Murray 

and co-workers have shown that alkanethiolate monolayer protected Au clusters (Au 

MPC) can transfer charge to and from an electrode (4-8). Thus, it is possible that they 

could be used as a substitute for redox couples. However, the currents Murray and 

co-workers obtained for suspended particles at electrodes were relatively low (e.g. 0.05 

jlxA  for hexanethiolate Au MPCs at a 9.5x10 3 cm 2 Pt electrode or 0.5 pA/mm2 at 0.22 

V, ref. 5). Murray and co-workers (9, 10) also worked with solid-state films, which have 

the highest concentration o f Au MPC. The films showed the electron self-exchange rate 

was low, due to the insulating effect of the alkanethiolate chains (resistivity p  = l l  Gem 

for bulk toluenethiolate Au MPC, ref. 9). In solution, it is impossible to get such a high 

concentration o f Au MPC (even if possible, it will be too viscous). Consequently, the 

current density that the MPC may carry seems to be far too low for MHD pumping.

From an alternative perspective, the assembly o f nanoparticles to form filaments 

is known to occur in electrorheological (ER) fluids (11-14). Typically, non-conductive 

particles are used in ER. While it was not clear that Au nanoparticles could be used to
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create dynamic nanowires in solution and thus pass a DC current in solution, we realized 

that if they did, such a solution could be used in DC MHD.

To be a current carrier for MHD, its particles must meet three conditions: a) be 

able to transfer and carry charges at least as well as redox couples do; b) be small enough 

to be well dispersed in the liquid; c) form a stable suspension. In this chapter, I will 

present a highly conductive liquid which is composed o f gold nanoparticle suspensions 

and describe its applications to DC MHD. Large Au particles that did not require a 

monolayer coating for stabilization were used, at a relatively high concentration.

5.2 Experimental

5.2.1 Materials and Reagents

Gold nanoparticle suspensions (20 nm) were supplied by Sigma (St. Louis, MO, 

USA) with a concentration o f 0.01 wt. %, containing 0.02% sodium azide preservative. 

They were concentrated to above 1 wt. % by a 10-kDa Microsep filter (Filtron 

Technology Corporation, Northborough, MA, USA) using a centrifuge (J2-21, Beckman 

Coulter, Inc., Fullerton, CA, USA) at 7000 RPM at 8 ± 4 °C. The concentration of gold 

nanoparticle suspensions was estimated from the volume ratio o f the original (0.01 wt. 

%) and final solutions. Fluorescent beads (FluoSpheres, 2 fim, suspension o f 2% solids, 

yellow green, Molecular Probes Inc., Eugene, OR, USA) were mixed with the

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrated gold nanoparticle suspensions (1-5 vol. %), immediately vortexed, and then 

stored at 4-8 °C before use. A concentrated (> 0.1 mM) fluorescein solution was prepared 

by dissolving fluorescein disodium salt (Sigma, St. Louis, MO, USA) into DI water 

produced by a Milli-Q UV Plus Ultra-Pure system (Millipore, Mississauga, ON, Canada).

5.2.2 Operating Procedure

A permanent magnet (1” x 1”, Nd-Fe-B, N5064, Br = 1.44 T, Magnetic 

Component Engineering, Inc., Torrance, CA, USA) was mounted on a magnet holder. An 

EMC device (Device E or M, see Chapter 3) was placed onto the magnet. The mixture of 

nanoparticle suspensions and fluorescent beads was filled into one o f the reservoirs. The 

channels were filled by capillary forces, and then the nanoparticle mixture was delivered 

into the other reservoirs. Sometimes a positive pressure was applied to help filling. The 

voltages applied to the channels were supplied by a homemade power supply (Figure 

4.11, current: 2 A, voltage: 5 V). A homemade confocal microscope (15) coupled with a 

488 nm argon ion laser (Cyonics, San Jose, CA, USA) was used for detection. The design 

was the same as that shown in Figures 4.5, 4.7 and 4.8, except the unit was mounted 

vertically, underneath the chip. The movement of the fluorescent beads indicated the flow 

in the channels, and was recorded by CCD camera (TK-1280U, JVC, Japan or 

ASTROVID StellaCam, Adirondack Video Astronomy, Glens Falls, NY, USA) and a
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super VHS video recorder. The velocity was estimated from these movies as it was by 

Lemoff and Lee (16). The movie was played frame by frame so as to scale the time (30 

frame/sec). The distance the fluorescent beads travelled was scaled in the monitor and 

then converted into real distance based on the magnification. The conductivity tests were 

done in the microchannels in Devices E and M. Voltages generated by the power supply 

were applied to the electrodes; currents were measured with a multimeter (3478A, 

Hewlett-Packard, Palo Alto, CA, USA). For nanoparticle images, one drop o f gold 

suspension was pipetted onto nickel grids (300 mesh, Marivac Inc., Halifax, NS, coated 

using 0.3% pioloform (Ted Pella Inc., Redding, CA, USA) in chloform), air dried, and 

then observed with a transmission electron microscope (H-7000, Hitachi Co., Tokyo, 

Japan).

5.3 Results and Discussion

5.3.1 Concentrated Gold Nanoparticle Suspensions

Commercial gold nanoparticle suspensions are minimally conductive at the 

concentration they were provided (commonly 0.01 wt. %), as evidenced by a very simple, 

somewhat crude experimental study. Into a 200 jiL sample o f Au nanoparticle 

suspension, two Pt electrodes were inserted about 0.5 cm apart. A DC ohmmeter (which 

delivers 0.7 V) was connected to the electrodes and a resistance o f about 70 kQ was
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measured. The same experiment was performed on the suspension solvent, after first 

removing the nanoparticles using a Microsep filter and a centrifuge. About the same 

resistance was measured. A 1 wt. % nanoparticle suspension was then measured in the 

same fashion, except the volume was about 10-20 pL, so the electrodes were closer 

together. The resistance observed was well below 1 k£l. This study served to show that 

the concentrated nanoparticle suspension was considerably more conductive, indicating 

that more carefully designed experiments were worth pursuing.

Figure 5.1 shows an Ohmic relationship between the applied voltage and the 

resulting current density across a channel (10 pm deep x 10 pm wide x 4 mm long) for a 

2 wt. % solution. No magnetic field was applied. Currents were passed for a few seconds 

at each voltage. This results indicate a very low resistance (R  = 16 ± 0 .4 0 )  or resistivity 

( p  = 6.4 + 0.3 Qcm ). The current density obtained is much higher than the bubble current 

density threshold seen in Figure 3.19, even though the voltage used was less than 0.5 V, 

much lower than the 1.2 V required for electrolysis to occur.

The Au nanoparticle concentration tested was from 1 to 2%. This concentration is 

lower than that of commonly used AC MHD electrolyte solutions, such as 1 M NaCl (6 

wt. %) and 1 M K N 03 (9 wt. %).
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Figure 5.1. Ohm's relation for 2 wt. % gold nanoparticle suspensions.

Figure 5.2. Weichi model. Black dots represent nanoparticles. The line indicates 
a wire is formed for electrical conduction.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.3.2 Possible Mechanisms for Conduction

The reason why concentrated nanoparticle suspensions are conductive is not clear yet. 

Here we present three possible models. Figure 5.2 shows a Chinese game, Weichi. 

Suppose the black dots represent nanoparticles. If they, like the particles a and b in 

Figure 5.2, cannot see each other, then the liquid is not conductive. But after reaching a 

threshold concentration, a wire o f particles could be formed, as shown in Figure 5.2. 

These nanowires could make the liquid highly conductive.

The Weichi model corresponds to an electron hopping model for charge transfer 

in solution between particles. The Dahms-Ruff equation (17, 18) can be used to describe 

charge exchange between a redox couple pair. Murray and co-workers presented how to 

calculate the electron self-exchange diffusion coefficient for Au MPC (8) using the 

Dahms-Ruff equation:

D e ~ k EXS 2C /6  (5.1)

where kEx is the biomolecular electron self-exchange rate constant (M’1s"1) for electron 

exchange, occurring at (center-to-center) distance S  (cm) in a solution o f concentration C 

(M). For 1 wt. % 20 nm gold nanoparticle suspensions, C = 2.1 x lO -7 M (assuming 

uniform 20 nm diameter particles). We assume that the electron exchange between gold 

nanoparticles is diffusion controlled, ksx -  6><109 M 'V .  According to Equation 5.1, a 

value as small as S A x lO ^ c m V 1 was obtained for the apparent diffusion coefficient by
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electron hopping, which is much lower than the physical diffusion rate. This may indicate 

that the Weichi model is too crude to explain the conduction phenomena.

Another model is related to electrorheological (ER) fluids. Particles can be lined 

up under an electric field as shown in Figure 5.3, which is known as the Winslow effect

(11). A crude model (12) o f the origin of the Winslow effect assumes the following: the 

dielectric constant o f the suspended particles is larger than that o f the solvent; the electric 

field polarizes the particles, leading to the appearance o f induced charge on the particle 

surface; the force between polarizable particles attracts particles to form a chain. Based 

on this model, the Winslow effect should not happen to conductive particles because the 

attractive force would be eliminated when the charges flow through them. Gold is a good 

electrical conductor, so the above ER model does not support gold nanoparticle 

suspensions exhibiting a Winslow effect. However, for each naked  gold nanoparticle, a 

hydration layer surrounds it. The hydration layer increases electrical contact resistance 

between nanoparticles, and hence leaves the nanoparticles (or at least some of them) 

partially polarized. If this is the case, a weak attractive force might still exist among the 

partially polarized nanoparticles, and form loose nanoparticle chains. However, the good 

perfonnance of Au as an electrode may mean this explanation is not valid. Note that a 

strong Winslow effect may not be good for MHD pumping because the coarsening of 

chains results in a high viscosity (12) and slows down the MHD pumping. In summary,
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Figure 5.3. Electrorheological fluid image. The ER fluids are made of negative ion 
exchange resin (average size: 473 |mi) and silicone oil. In the image an electrical 
field is applied from the top to the bottom (14).

Figure 5.4. Nanocarrier model. The circles represent charged Au 
nanoparticles migrating in an applied electric field between the electrodes, 
and undergoing charging and discharging at the electrodes.
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based on this model, a Winslow-like effect might happen in gold nanoparticle 

suspensions. Particles would tend to form chains (or statistical chains) and hence result in 

a high conductivity.

The third model we refer to as a nanocarrier model, as depicted in Figure 5.4. 

Suppose nanoparticles are carrying negative charges (this is the case after the 

nanoparticle suspensions are prepared, ref. 1-3), in an electric field between the 

electrodes, the nanoparticles move from the negative electrode to the positive electrode. 

Once arriving at the positive electrode, they release the carried charges and become 

positively charged at the anodic electrode. Once enough positive charges are obtained, 

the columbic force repels them away from the electrode. Because they are carrying 

positive charges, these nanoparticles migrate to the negative electrode. When reaching 

the negative electrode, they release the positive charge and become negatively charged. 

Such a process will cycle until a positively charged particle collides with a negatively 

charged particle, but requires the particles carry both charge states. Murray’s studies on 

Au MPCs clearly show that these particles can store discrete charges, and be both 

oxidized and reduced (4-8). Collision between the nanoparticles would have two different 

results. One is that they are partially or fully neutralized, and hence slow down or even 

stop, until they collide with other nanoparticles. The other possibility is that they 

aggregate and hence the charge-carrying ability reduces. In summary, based on this
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model, gold nanoparticles are nanocarriers, migrating between the electrodes. When 0.5 

V is applied to a 10 pm wide channel, the electric field across the nanoparticle 

suspensions is 500 V/cm, which is a typical field strength used for EOF flow. Although 

the nanocarriers are bigger than any electrolyte ions, the electrophoretic flow velocity 

would not be much smaller because they are carrying much more charge.

5.3.3 Magnetohydrodynamic Nano Pump

If we fill an EMC with concentrated gold nanoparticle suspensions rather than an 

electrolyte solution, we should then be able to run MHD in the DC mode. Several tests 

were done and recorded as movies for analysis. Qualitatively similar results were 

obtained in all the trials. One test was performed in a 20 pm wide x 10 pm  deep channel 

in device M. Gold nanoparticle suspensions (1 wt. %) mixed with 5 vol. % 2 pm 

fluorescent beads were introduced. Obviously, the former was the current carrier for 

pumping, while the latter was used for monitoring the flow: As can be seen in Figure 5.5, 

the fluorescent beads are very bright, even when the laser was focused off to the side of 

the channel (the faint spot in Figure 5.5). Under a magnetic field ( 5  = 0 . 4 T )  

perpendicular to the chip and the plane of the page, when a voltage (from 0 to 0.2 V) was 

applied from the top electrode to the bottom electrode, a flow was observed from the left 

to the right. When the voltage was manually reversed (i.e. the top electrode negative, the
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Figure 5.5. MHD Pumping in a straight channel (20 pm wide x 10 pm deep).

1 0  f x m
Figure 5.6. MHD pumping in a cross channel (10 pm wide x 9 pm deep).
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bottom electrode positive), the flow direction was reversed {i.e. from the right to the left). 

Increasing the voltage to about 0.35 V clearly increased the pumping velocity to a 

maximum of 0.06 mm/sec, as evidenced by particle motion captured by the movie. In 

total, current was passed for about 1 min. The experiment was repeated several times. A 

subsequent run in the same device on a different day at 0.35 V gave a pumping velocity 

as high as 0.07 mm/sec.

Another movie was taken in a cross channel intersection o f device E, with all the 

channels having a cross-section of 10 Jim wide x 9 pm deep. Gold nanoparticle 

suspensions (2 wt. %) were mixed with 1 vol. % fluorescent beads to give the liquid in 

the microchannels. The laser was defocused by a lens (f  = 15 cm) while the channels 

were still in focus. Therefore, the images, as shown in Figure 5.6, were not interferred by 

the laser. Three segments were recorded. First, a hydraulic flow inducing fluorescent 

particle velocity 0.1-0.15 mm/sec was coming down from the channel segment above the 

cross intersection. Second, MHD pump flow was generated by a voltage of about 0.5 V 

(current density: -800 mA/mm2) in the segment above the cross section to counter 

balance the hydraulic flow, although the counterbalance was not very stable. Finally, the 

MHD counter flow was released, the hydraulic flow continued. This experiment was 

performed for about 2 min. The above test was done under a magnetic field with a flux 

density of ~ 0.5 T.
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In summary, voltage and current in Device E and M obey Ohm’s law. The voltage 

we typically used was about 0.5 V or less. Consequently, there is no water electrolysis or 

bubbles formed in the channels. The current for pumping would be as high as 200 raA, 

depending on the channel length. For both 20 pm and 10 pm wide channels, the 

maximum pumping speed observed was higher than 0.07 mm/sec, sometimes greater than

0.1 mm/sec.

It is possible that the Ag electrodes are oxidized by the applied potential and 

contribute to the observed current. However, the studies presented demonstrate that the 

nanoparticles are playing a significant role in the observed current and MHD pumping. 

First, the crude conductivity study showed that the 1 wt % nanoparticle solution gave DC 

conductivity when using Pt electrodes. Second, the 0.01 wt % nanoparticle solution gave 

a high resistivity in that same experiment, and did not produce any MHD pumping in the 

microchip device. This indicates that Ag oxidation and dissolution alone, should it be 

occurring with 0.5 V applied, could not produce the MHD effect. Third, while it is 

conceivable that the Au particles carried negative charges in one direction, and the Ag 

ions carried positive charge in the other, this would give a non-steady state current that 

would not have allowed pumping for periods of a minute or longer. Clearly, experiments 

will need to be done using Au or Pt electrodes in the chip.
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Figure 5.7. MHD nano pump, composed of a microchip (34 mm x 34 mm x 5 
mm), permanent magnet (25.4 mm x 25.4 mm x 12.7 mm), and battery.

Figure 5.8. TEM images: a) 0.01 wt. % gold nanoparticle suspensions from the 
supplier; b) 2 wt. % suspensions, kept at 4-8 °C over night, and then diluted; c) 2 wt. 
% suspensions mixed with fluorescein to a final concentration o f 0.1 mM, kept at 4-8 
°C over night, and then diluted; d) 2 wt. % suspensions kept at room temperature 
overnight, and then diluted. A few discrete particles are circled for clarity.
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Based on the above results, we can confidently state that we have accomplished 

an MHD pumping by a very simple technique: a microchip plus a permanent magnet as 

shown in Figure 5.7. Current required can be supplied by a small battery. We refer to this 

DC MHD as an MHD nano pump.

5.3.4 Stability o f Concentrated Gold Nanoparticle Suspensions

For the MHD nano pump, we realize more tests need to be done. Among them, a 

nanoparticle stability test was the highest priority. Clearly, if nanoparticles aggregate 

after concentrating, then they will no longer be able to carry current and move, so the 

stability of concentrated gold nanoparticle suspensions is essential to the application of 

the MHD nano pump. Several preliminary tests in this thesis work covered both 

temperature stability and chemical stability. Concentrated nanoparticle suspensions 

should be stable at room temperature for at least as long as a separation time. They 

should also be stable to analytes or buffer solutions used in LC. In this thesis work, four 

samples were examined by TEM:

a) 0.01 wt. % nanoparticle suspensions from the supplier;

b) 0.01 wt. % nanoparticle suspensions concentrated to 2 wt.%, kept at 4-8 °C 

over night, and then diluted back to 0.01 wt. %;
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c) 2 wt. % concentrated nanoparticle suspensions mixed with fluorescein to a final 

concentration o f 0.1 mM, kept at 4-8 °C over night, and then diluted back to 0.01 wt. %;

d) 2 wt. % concentrated nanoparticle suspensions kept at room temperature 

overnight, and then diluted back to 0.01 wt. %.

No difference in these solutions was observed by the naked eye. Figure 5.8 shows 

TEM images, indicating that sample b had approximately as many single nanoparticles as 

sample a. Sample c, in which concentrated nanoparticle suspensions were mixed with a 

high concentration o f fluorescein, appears similar to the original a suspensions also. TEM 

image o f sample d  indicate that the nanoparticle suspensions tended to aggregate if they 

were kept at room temperature for a long time. Therefore, concentrated nanoparticle 

suspension should be kept in the refrigerator when not in use.

The TEM image o f the gold nanoparticle suspensions after pumping was o f great 

interest. However, we were not able to collect the sample yet.

5.4 Conclusions

Concentrated gold nanoparticle suspensions have been found to be a good current 

carrier for MHD flow. As a start point, experimental results indicate very optimistic 

applications in microfluidics, especially LC chips. More detailed tests and mechanism 

studies are required. However, with the EMC design, a powerful MHD nano pump has
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been realized. It is easy to use. We believe that the door to an MHD LC on chip has been

opened.

5.5 References

1. Frens, G. Nature Phys. Sci. 1973,241, 20.

2. Hayat, M. A. (Ed.) Colloidal Gold: Principles, Methods, and Applications, Vol. 1,

Academic Press, San Diego, 1989.

3. Hayat, M. A. (Ed.) Colloidal Gold: Principles, Methods, and Applications, Vol. 2,

Academic Press, San Diego, 1989.

4. Ingram, R. S.; Hostetler, M. J.; Murray, R. W.; Schaaff, T. G.; Khoury, J. T.;

Whetten, R. L.; Bigioni, T. P.; Guthrie, D. K.; First, P. N. J. Am. Chem. Soc.

1997, 119,9279-9280.

5. Chen, S.; Ingram, R. S.; Hostetler, M. J.; Pietron, J. J.; Murray, R. W.; Schaaff, T.

G.; Khoury, J. T.; Alvarez, M. M.; Whetten, R. L. Science 1998, 280, 2098-2101.

6. Chen, S.; Murray, R. W.; Feldberg, S. W. J. Phys. Chem. B  1998, 102, 9898-9907.

7. Chen, S.; Murray, R. W. Langmuir 1999, 15, 682-689.

8. Hicks, J. F.; Templeton, A. C.; Chen, S.; Sheran, K. M.; Jasti, R.; Murray, R. W.;

Debord, J.; Schaaff, T. G.; Whetten; R. L. Anal. Chem. 1999, 71, 3703-3711.

9. Wuelfing, W. P.; Murray, R. W. J. Phys. Chem. B 2002, 106, 3139-3145.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10. Wuelfing, W. P.; Green, S. J.; Pietron, J. J.; Cliffel, D. E.; Murray, R. W. J. Am.

Chem. Soc. 2000, 122, 11465-11472.

11. Winslow, W. J. Appl. Phys. 1949, 20, 1137.

12. Halsey, T. C. Science 1992, 258, 761-766

13. Trau, M.; Sankaran, S.; Saville, D. A.; Aksay, I. A. Nature 1995, 374, 437-439.

14. Rhee, E.-J.; Park, M.-K.; Yamane, R.; Oshima, S. Exp. Fluids 2003, 34, 316-323.

15. Ocvirk, G.; Tang, T.; Harrison, D. J. Analyst 1998, 123, 1429-1434.

16. Lemoff, A. V.; Lee, A. P. Sens. & Actuators B 2000, 63, 178-185.

17. Dahms, I. J. Phys. Chem. 1968, 72, 362-364.

18. Ruff, I.; Friedrich, V. J. J. Pyhs. Chem. 1971, 75, 3297-3302.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 6

Conclusions and Future Work

6.1 Conclusions from the Thesis Work

Controlled pressure driven flow within microfluidic devices is not simple to 

achieve. The flow behavior, generation and control o f pressure driven flow for the 

purpose o f performing chromatography was the subject o f this thesis. In Chapter 2, the 

Hagen-Poisseuille equation is shown to hold experimentally in 1 pm deep microchannels, 

giving us confidence in designing microfluidic devices down to the 1 pm scale using that 

equation. In order to realize on-chip pressure generation and valveless control of fluid 

flow, magnetohydrodynamic (MHD) flow was studied. The conditions under which 

MHD could be used successfully for open tubular liquid chromatography were first 

examined. Then MHD designs were developed. Among three ideas presented in this 

thesis work, the experimental combination of an electromagnetic channel (EMC) with a 

concentrated gold nanoparticle suspension produced a functioning DC MHD nano pump, 

showing a flow velocity o f 0.1 mm/sec in a 10 pm  size channel. These results open up the 

possibility o f realizing LC chips. As a major important side product, concentrated gold 

nanoparticle suspensions were discovered to be a highly conductive liquid, giving an

alternative to electrolyte solutions. The applications o f such a liquid may be very wide.
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6.2 Future Work

While opening some new fields, this thesis work also leaves many interesting 

areas to be studied. Below is a brief discussion o f those topics.

6.2.1 Nanoparticle Suspensions

6.2.1.1 Concentration of Nanoparticle Suspensions

1-2 wt. % was the concentration studied in this thesis work. In order to understand 

the mechanism o f nanoparticle conduction and design the next generation o f DC MHD 

nano pump, determining the relation between conductivity and concentration is the first 

priority. Such a test may find a transition point where nanoparticle suspensions change 

from nonconductive (or weakly conductive) to highly conductive. Any MHD nano pump 

obviously will be operated above this transition point. Whether the transition point exists 

or not is a piece o f key information regarding the mechanism of nanoparticle conduction. 

Furthermore, the upper limit o f concentration and the effect on conductivity is also an 

important design factor.
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6.2.1.2 Nanoparticle Size

Nanoparticle size is another key factor for DC MHD pumping. We do not know 

how and how much the size will affect the conductivity o f the suspensions. The trend of 

conductivity on the nanoparticle size will help determine the size that is the best for 

electrical conductivity and for MHD pumping. Smaller particles mean more particles per 

unit weight added and hence higher concentration, which should be good for electrical 

conduction. But smaller particles might carry less current or drag less solvent with them. 

So the size needs to be optimized. For DC MHD nano pump, a smaller nanoparticle size 

may also mean better solution-like flow behavior, with a lower viscosity.

6.2.1.3 Nanoparticle Materials

Compared to gold, silver shows higher electrical conductivity. However, it is not 

clear whether silver nanoparticle suspensions will show a much higher DC electrical 

conductivity. If  it is not significantly higher than gold, then gold may be a better choice, 

because o f its relatively inert chemical properties. The search for materials will certainly 

not be limited to silver, other metals such as platinum and copper could also be an option 

for different applications. Bucky balls, carbon nanotubes, and other carbon-based 

materials are believed to have much higher conductivity than metals. Since they are 

highly compatible with chemical systems, they could be one o f the better candidates for
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DC conductive solutions. Conductivity tests will direct us to which materials are the best 

for DC electrical conductivity and for MHD pumping.

6.2.1.4 Nanoparticle Shape

Nanoparticle shape may be another extremely important factor for DC 

conductivity and for MHD pumping. The idea o f the DC MHD nano pump came from a 

dream o f making conductive nanowires connecting the electrodes in the microchannels. 

Obviously, nanowires connected to the electrodes will show the lowest resistance, but 

they should simultaneously be movable along the electrodes, like the electric brushes 

used in motors. So far we do not know how to make them. However, an accessible way is 

to realize conduction by nanowire chains. Nanowires can be suspended in the solution, 

just like nanoparticles, and may then transfer current as do the nanoparticles. If they can 

be aligned along the electric field, then they will contribute an extremely high 

conductivity. This will be very close to our dream.

6.2.2 LC Chips

A major difficulty in making OTLC chips can be solved by the DC MHD nano 

pump. It can be expected that the first MHD LC will be made soon. A key step left is to 

coat the EMC channel. Ideal coating should be on the top and bottom walls o f the EMC
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as shown in Figure 3.12. The electrode could either be left naked, or be coated by a thin 

conductive film, so that the electric current will not be reduced. Silver is not a good 

electrode material, because it would be oxidized by a low voltage. Perhaps gold is the 

best choice. With those developments, a working MHD LC chip will be realized very 

soon.
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