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Microfluidic systems are becoming increasingly complicated as the number of 
applications grows. The use of microfluidic systems for chemical and biological agent 
detection, for example, requires that a given sample be subjected to many process steps, 
which requires microvalves to control the position and transport of the sample. Each 
microfluidic application has its own specific valve requirements and this has precipitated 
the wide variety of valve designs reported in the literature. Each of these valve designs 
has its strengths and weaknesses. The strength of the valve design proposed here is its 
simplicity, which makes it easy to fabricate, easy to actuate, and easy to integrate with a 
microfluidic system. It can be applied to either gas phase or liquid phase systems. This 
novel design uses a secondary fluid to stop the flow of the primary fluid in the system. 
The secondary fluid must be chosen based on the type of flow that it must stop. A 
dielectric fluid must be used for a liquid phase flow driven by electroosmosis, and a 
liquid with a large surface tension should be used to stop a gas phase flow driven by a 
weak pressure differential. 

Experiments were carried out investigating certain critical functions of the design. These 
experiments verified that the secondary fluid can be reversibly moved between its ‘valve 
opened’ and ‘valve closed’ positions, where the secondary fluid remained as one 
contiguous piece during this transport process. The experiments also verified that when 
Fluorinert is used as the secondary fluid, the valve can break an electric circuit. It was 
found necessary to apply a hydrophobic coating to the microchannels to stop the primary 
fluid, an aqueous electrolyte, from wicking past the Fluorinert and short-circuiting the 
valve. A simple model was used to develop valve designs that could be closed using an 
electrokinetic pump, and re-opened by simply turning the pump off and allowing 
capillary forces to push the secondary fluid back into its stowed position. 
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A Capillary Valve for Microfluidic Systems 

1. Introduction 
As microfluidics takes on increasingly challenging applications microfluidic systems are 
becoming increasingly complex. A prime example is the application of microfluidics to 
chemical and biological agent detection. This is clearly of critical importance, but it is a 
daunting task because deadly agents can be easily masked by the relatively large 
concentration of benign ambient particles normally present in the atmosphere. Consequently, 
a complex set of processes must be carried out beginning with a process for sorting the 
particles based on chemical and biological signatures. This decreases the size of the sample 
that must be tested. Other steps in the detection of chemical and biological agents include 
lysing the presorted particles and subjecting their contents to multiple assays. These 
processes can be done in either the gas or liquid phases, but either way valves will invariably 
be required to control the location of a sample on a chip to carry out these processes. 

There is a wide range of applications calling for microvalves and each one has its own set of 
requirements. No one valve design is likely to meet all of them. This is reflected in the wide 
variety of microvalve designs that have been reported (see Chapter 2). But there is one set of 
requirements that all designs should meet. They should be chemically inert to samples, 
inexpensive to fabricate, easily actuated (preferably by an electronic signal), and small and 
topologically convenient so that they can become an integral part of the microfluidic system. 
Valves that meet these requirements will make it possible to take full advantage of 
microfluidic systems, one of which is to mass produce sophisticated and complex processing 
systems economically. The operational mechanism of the microvalve we are proposing is 
exceptionally simple and scales favorably to microscales. Hence these valves should be easy and 
inexpensive to build and employ at the micro scale. This novel design uses one fluid to stop another. 
Other than the secondary fluid, there are no moving parts. This valve should be easy to integrate with a 
microfluid system because it is just another microfluidic circuit. It can be applied to either gas or liquid 
phase systems to stop either electroosmotic flow or flow driven by weak pressure differentials. 

In this one-year feasibility study we used models to identify viable designs and carried out experiments 
to explore physical limitations of the valve concept. The experiments were directed primarily towards 
the application of the valve to a liquid phase system. The experiments verified that Fluorinert in a 
microchannel can break an electrical circuit, which will stop an electroosmotic flow. They also verified 
that a secondary fluid (immiscible with the primary fluid) can be moved between a stowed position and 
a position where it can stop the flow of the primary fluid reversibly while remaining in one contiguous 
piece. A simple model was used to quantify the forces that act on the fluid used to block the primary 
flow. The model was used to calculate the pressure required to actuate the valve and to design 
microchannels that result in capillary forces that help control the movement and position of the 
secondary fluid. 
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2. Background 

Many types of micro valves have been reported in the literature ranging from intricate 
assemblies of micro-machined silicon parts, such as the valve designed by Strobelt et al. [l], 
to simpler designs that can be directly integrated into the microchip. Only the latter are of 
interest here. Valves of this type require microscale designs that are usually restricted to 
primitive techniques. For example, Man et al. [2]  used a channel geometry with a neck or 
constriction in it to stop an advancing liquid meniscus by capillary forces. Lee et al. [3], and 
Andersson et al. [4], created hydrophobic surfaces in channels and used them to stop an 
advancing liquid meniscus due to a change in contact angle. Yu et al. [5 ]  developed valves 
based on a soft and elastic hydrogel that actuated autonomously when exposed to certain 
types of liquids. Hasselbrink et al. [6]  developed a valve based on a moving micropiston 
created in situ by laser polymerization. The piston is pushed up against a valve seat to stop a 
flow driven by high pressure. Each of these designs has its weakness, whether it is a 
limitation on its functionality, a poor performance, an expensive fabrication process, or a low 
yield fabrication process. 

The valve design investigated here also has its strengths and weaknesses. A strength is its 
size scaling and simplicity, which makes it easy to fabricate, function and integrate within a 
microsystems. A weakness is the limited pressure differential that it can support, although 
this pressure increases as the valve size decreases. In fact, the ultimate application of this 
design may be at the nanoscale. 

11 
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3. Description of the Valve 
The valve design studied here uses a secondary fluid to control the flow of the primary fluid 
in a microfluidic channel. The valve is open when the secondary fluid is stowed in a side 
branching channel allowing the primary fluid to pass through the main channel, as shown in 
Figure la. Figure l b  shows the valve in the closed position where the secondary fluid has 
been pushed into the main channel to block the flow of the primary fluid. In the closed 
position the secondary fluid is held in place by a combination of capillary, pressure and 
perhaps other forces of electrical origin. 

main channel 
J 

0, 

valveopen 

neck -€-- A 

I I@) side channel 

valve closec 

Figure 1. A schematic diagram of the capillary valve. 

In the case of liquid phase systems driven by electroosmosis the secondary fluid must be a 
dielectric, which could be either an insoluble gas or an immiscible liquid. By displacing the 
primary fluid with the dielectric over some small region in the channel the electric circuit 
driving the flow is broken and the electroosmotic flow is stopped. Due to the small scale of 
the systems under consideration here the secondary fluid only extends over a small distance 
of the channel. Consequently, the voltage gradient across the secondary fluid will be large 
even for modest voltage potential differences. This requires fluids with large dielectric 
strengths, which include sulfur hexafluoride (SF.5, gas, 9OOO V/mm) and Fluorinert ([7], 
liquid, 16500 V/mm). In the case of a gas phase system the secondary fluid should be a liquid 
with a large surface tension, e.g. mercury. 



The valve could be activated by a number of different techniques. An electrokinetic (EK) 
pump connected to the side branching channel could be used to raise the pressure behind the 
secondary fluid pushing it into the main channel as shown in Figure 2. The secondary fluid 
would be held in place by a combination of capillary forces and the elevated pressure created 
by the EK pump. To re-open the valve the EK pump would be turned off allowing the 
capillary forces to push the secondary fluid out of the main channel and back into the side 
branching channel. There are also some novel electrical effects on capillary phenomena that 
may be used to actuate the valve. These include effects on the surface tension 
(electrocapillary, [8]), effects on the contact angle (electro-wetting) and dielectrophoretic 
forces that act on a dielectric due to a non-uniform electric field. Kim [9] obtained a liquid 
velocity of 10 c d s  using an electro-wetting technique. 

in 

main channel 

EK 

Figure 2. A schematic diagram sh 

power: on or off to 
close or open valve 

llquld 
reservoir 

wing an electrokinetic pump for actuating the valve. 
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4. Theory 
The valve concept studied here involves the static and dynamic behavior of a multi-fluid system in a 
microchannel. This behavior is governed by the Navier-Stokes equations and associated boundary 
conditions which account for a large number of complex physical phenomena in their most general 
form. Much can be learned about the relative importance of these phenomena by simply examining the 
values of the dimensionless numbers obtained by scaling the governing equations. Four of these 
dimensionless numbers that are of interest here are shown in Equation 1, the Bond number, Bo, the 
Capillary number, Ca, and the Weber number, We. The Reynolds number is not independent and is 
given by, Re = We/Ca. The dimensionless numbers are defined in terms of a length scale, L, the 
acceleration of gravity, g, the fluid velocity, V, the fluid density, p, the surface tension, y, and the fluid 
viscosity, p. 

flv pLV2 
C a = - ,  W e = -  pgL2 BO = -, 

Y Y Y 

Aqueous solutions are often used in microfluidic systems for chemical and biological agent detection, 
so the properties of water (p = 1 gfcc, y=  73 g k 2 ,  and p = 0.0098 glcmls) were used to evaluate the 
dimensionless numbers. The value chosen for L depends on the specific area of interest. There are two 
vastly different length scales present in microfluidic systems, one representing the lateral dimension of 
a microchannel, around 20 pm, and one representing the length of a microchannel, around 10 cm. To 
identify the important phenomena affecting the shape of aqueous interfaces a length scale representing 
the channel width should be used, Le. L = 20 pm. Also, a value for the fluid velocity was used that 
would result in rapid actuation of the valve. A value of V = 1 cm/s gives an actuation time of 0.01 s for a 
distance of 100 pm that the secondary fluid would have to traverse. 

Using the properties and scales discussed above, the values obtained for the dimensionless numbers 
are Bo = 5.105, Ca = 104, and We = 3,105 (Re = 0.3). The small values of Bo, Ca and We indicate that 
gravitational, viscous and inertial forces within the fluid are all negligible compared to the surface 
tension force. Thus, the shape of an interface will not be significantly affected by these forces and it 
should have a uniform curvature. This simplifies the theory required to predict the shape of fluid 
interfaces. Among other simplifications, the curvature will be uniform over any one interface and 
determined by the channel geometry and the contact angle of the interface with the channel walls. Note 
that this analysis applies only to forces acting over the small length scale representative of a fluid 
interface in a microchannel, which will be approximately equal to the channel width. If the channel 
length is considered it would be necessary to include an aspect ratio which would show that viscous 
and graviatational forces can be important to the flow rate of fluid through the chip. 



Curvature is defined as the inverse of the radius of curvature. The radius of curvature, R, for an 
interface in a channel with a rectangular cross section in terms of the contact angle, 8, and the 
channel width, w, and height, h, is given by Equation 2 [lo]. This equation for R is related to the 
more customary method of expressing curvature in terms of two orthogonal radii of curvature, r1 and r2, 
by 2R-1 = 11.1 + r2.1. The pressure difference that this curvature will induce across the interface is given 
by the Laplace equation, which takes the form of Equation 3 when using Equation 2 for the curvature. 
Note that the fluid pressure is always higher on the concave side of the curved interface. As the 
channel cross-sectional dimensions get smaller, R gets smaller and Ap gets larger. 

I 

R + ;)I 
A p -  2Y 

R (3) 

Consider a channel with a large value of h and a step change in w as shown in Figure 3a. The channel 
is filled with one fluid everywhere except for the region spanning the step change, where a second fluid 
is located as shown. Equations 2 and 3 can be used to show that to maintain the second fluid in this 
position there must be a pressure difference across it given by, Ap = 2ycosB(wl-’ - ~ 2 . 1 ) .  That is, if this 
pressure differential does not exist then the second fluid would move to the right until its left interface is 
outside of the region with small width. Similarly, if a neck exists in a channel as shown in Figure 3b, 
then the pressure differential equal to or greater than that given above would be required to push the 
second fluid through the neck. If the pressure differential were less than this then the second fluid 
would stoD at the neck and there would be no flow inspite of a non-zero pressure differential. 

w2 
I W1 

I 

A L A 

Figure 3. Immiscible fluid plug positioned a) at step change and b) near neck in channel 
width. 

Note that a sharp comer on a solid surface will behave as a hinge for the contact point of an 
interface. That is, as shown in Figure 4, an interface may have a range of curvatures when in 
contact with a sharp comer and still satisfy the contact angle requirement. This is because a 
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comer will actually have a non-zero radius to it, as shown in the figure. The contact point of 
an interface need only traverse a small distance along such a surface in order for the slope or 
orientation of the interface to change by a large amount. 

Figure 4. A sharp corner behaving as a hinge for an interface. 

The sequence of pressure differences, ~ 3 - p ~ .  required to hold a secondary fluid in various 
positions in two different channel designs were calculated using Equations 2 and 3 dong 
with some of the principles discussed above. Figure 5 graphically shows the relationship 
across the various fluid interfaces. 

T T 
valve r closed . 1- contact angle, 0 EK pump 

pushes 

fluid into mai 
channel 

secondary C 

Figure 5. A schematic diagram showing the relationships between pressures in the main 
channel, p,, the secondary fluid, p2, and the side channel, p3. 



Figure 6 shows results for a large aspect ratio geometry where the channel height is much 
larger than its width. Figure 7 shows results for a low aspect ratio geometry where the height 
is smaller than the width. These results show that the secondary fluid could be pushed into 
and held in the main channel by simply raising the pressure in the side channel up to a pre-set 
value (e.g. 2000 Pa for the high aspect ratio design, and 8000 Pa for the low aspect ratio 
design), and that capillary forces would push the secondary fluid back out of the main 
channel by simply lowering the pressure difference to zero. That is, due to the smaller widths 
and/or heights in the main channel compared to the side channel, the fluid with a contact 
angle less than 90" will move to the side channel when not forced to do otherwise. 

main 
4 5 channel 6 

the upper meniscus 
moves through a 

sequence of positions "on ..- Â .̂. 

lower meniscus advances 
side 
channel 

pressure from EK pump 

- a a 
Q- 

Q- 

I ,  , ,  , I , . ,  , I ,  , ,  , I ,  , , . l . . , . l , i  
- 

1 2 3 4 5 6 
position of upper interface 

Figure 6. The pressure difference between the side and main channels required to hold the 
secondary fluid in various positions for high aspect ratio microchannels. 

280 urn 8000 - 

- 

1 2 3 4 5 6 
position of upper interface 

Figure 7. The pressure difference between the side and main channels required to hold the 
secondary fluid in various positions for low aspect ratio microchannels. 
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A secondary fluid can also hold off a small pressure differential in the main channel if it has 
the right shape, as was discussed for Figure 3a. For example, consider the high aspect ratio 
design shown in Figure 6. Note that the main channel in the vicinity of its junction with the 
side channel is tapered. This results in an interface curvature that is dependent on its distance 
from the junction. Consider an upstream pressure, pup, in the main channel that is greater than 
the downstream pressure, Pdown. The upstream interface would be located in a position closer 
to the junction where the channel width is larger, and the downstream interface would be 
located further from the junction where the channel width is smaller, as shown in Figure 8. 
The maximum pressure differential that could be supported by this design is 832 Pa for water 
as the secondary fluid, and it is 5695 Pa (23 inch of HzO) for mercury as the secondary fluid. 
These pressure differentials are. not large, but they do not have to be for many of the gas 
phase and liquid phase systems of interest. 

I -  I I  

secondary liquid &,-&,- 

water 832 Pa 
mercury 5695 

Figure 8. A schematic diagram showing the relative positions of the upstream and 
downstream fluid interfaces that support a pressure differential in the main channel. 
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5. Experiments 

Experiments were carried out to investigate the reversibility of moving a secondary fluid from a side 
channel to a main channel in a microchip. Figure 9 shows a schematic diagram of the system used to 
control the movement and positioning of the secondary fluid. The chip was first loaded with water 
containing Fluorescein, a fluorescent liquid that helped distinguish between the water and Fluorinert. A 
vial of secondary fluid, in this case Fluorinert, was connected to the side channel with a capillary. The 
vial was elevated to force Fluorinert into the chip by gravitational forces. When the Fluorinert reached a 
targeted position the vial was lowered to the elevation of the chip to stop the flow. It was withdrawn by 
lowering the vial relative to the chip. The position of the Fluorinert in the chip was monitored using a 
microscope. 

r 

I 
I 

I 
fluorinert 

1 

1 0 to 10 
inches 

microscope 

Figure 9. A schematic diagram of the experimental set up for investigating the reversibility 
of pushing a secondary fluid out of the side channel and into the main channel. 

Figure 10 shows a sequence of images captured with a microscope during the movement of Fluorinert 
out of the side channel and into the main channel. The first two frames of Figure 10 show the 
fluoresence of the Fluorescein when excited by ultraviolet light, clearly distinguishing the aqueous 
solution from the Fluorinert. The Fluorinert was pushed into the main channel and withdrawn many 
times to verify the reversibility of this movement. No detectable trace of Fluorinert was left behind in the 
main channel. 



. 

Figure 10. Photomicrographs showing the position of the FluorinerVwater interfaces as the 
Fluorinert is pushed out of a side channel and into a main channel, followed by 

withdrawing the Fluorinert back into the side channel. 

Note the direction of curvature of the interface between the Fluorinert and water in Figure 10, it is 
concave towards the Fluorinert indicating that water wets glass better than Fluorinert. It appears to be 
important that the secondary fluid not wet the substrate in order to completely withdraw it from the main 
channel. This is shown in Figure 11, where the roles played by the Fluorinert and water shown in 
Figure 10 were reversed, i.e. the chip was prefilled with Fluorinert and water was loaded into the side 
channel. Parts 'a' through 'c' of Figure 11 show the water being pushed into the main channel. Parts 'd' 
through ?'show the water being withdrawn from the main channel where the interface curvature is 
concave towards the Fluorinert as in Figure 10. Figure 1 I f  shows the water about to break free of the 
main channel where there are still two interfaces within the main channel. These interfaces are about to 
make contact with each other at a point interior to the channel. As the water is drawn into the side 
channel these two interfaces make contact and when this happens most of the water breaks free of the 
main channel and pulls back into the side channel, but a small amount is left behind in the main 
channel attached to the wall opposite to the side channel, as shown in Figure 1 lg. 
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One final observation of the interface shapes shown in Figure 1 1  can be made. The direction of 
curvature of the interface in parts ‘ac’ is opposite to that seen in parts ‘d-g’. Variations in curvature can 
also be seen in the advancing and receding interfaces in Figure 10. Differences in advancing and 
receding contact angles have been reported in the literature [l 11 along with differences between 
dynamic and static contact angles [12]. According to these references, the source of the variation is the 
variable condition of the solid in contact with the interface. If the solid surface is hydrated due to recent 
contact with an aqueous fluid, for example, then the contact angle of an aidaqueous fluid interface with 
the solid decreases [13,14]. The system studied here is not a gas-liquid-solid system, rather it is a 
liquid-liquid-solid system, but similar phenomena are no doubt at play and may explain the variable 
curvature seen here. Thus, the contact angle is not constant, rather it depends on the movement of the 
interface and on the history of the solid surface in terms of fluids that have been in contact with it. 
Some attempts have been made to quantify the dependency of the contact angle on these conditions, 
but the results are for very specific systems and not for general purpose use. The contact angle affects 
the pressure differential across an interface, so while some successful examples of the use of capillary 
forces for microvalves have been reported, it appears that these forces cannot always be depended 
upon, particularly when a wetting fluid is injected and then withdrawn. 
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Figure 11. Photomicrographs showing the position of the watedfluorinert interfaces as 
water is pushed out of a side channel and into a main channel, followed by 

withdrawing the water back into the side channel.. 



The method described above was used to control the positions of interfaces during testing of the valve 
where a plug of Fluorinert was used to break an electric circuit in a microchannel. Figure 12 shows a 
schematic of the experimental setup. The chip was prefilled with a phosphate buffer solution with a 
concentation 1 mM. Fluorinert is loaded into the first side channel. A voltage difference was applied 
between the end of the main channel and a second side channel. Figure 13 shows a photograph of the 
experimental setup. 

Chip pre-filled with 1 to 
1 f i  mM nhnenhate hnffer 

fluorinert 

Figure 12. A schematic diagram of the experimental setup used to test the valve for 
stopping an electrical current. 
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Figure 13. A photograph of the experimental setup used to test the valve for stopping an 
electrical current. 

Resuits for the measured current as a function of the applied voltage are shown in Figure 14 for the 
valve in the open and closed states. As can be seen, closing the valve had very little effect on the 
current indicating that there was a current leakage path past the Fluorinert. This path appears to be 
provided by a narrow volume of buffer in the sharp corner regions of the microchannel, which spans the 
length of the Fluorinert plug as discussed below. 
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Figure 14.A plot of the measured current as a function of the applied voltage for the 
capillary valve in the opened and closed positions. 

Figure 15 shows a schematic diagram of the leakage path past the Fluorinert that appears to exist. The 
microchannel is made in glass using an isotropic etching process. This results in a smooth channel 
cross section with rounded comers at the bottom of the channel as shown in the figure. Then a cover 
plate is bonded to the top of the chip, which creates sharp corners at the top of the channel cross 
section. The rounded corners are good because Fluorinert can stay in contact with them while it 
displaces the buffer even though the buffer wets the glass surfaces better. The sharp corners, 
however, create a wick that draws the buffer into them displacing Fluorinert as it goes. That is, since 
the buffer wets the glass channel better than Fluorinert the curvature of the interface results in a locally 
reduced pressure in the buffer. This curvature increases as the distance of the point of contact of the 
buffer with the wall, d (see Figure 15), gets smaller, as shown by Equation 4. This creates a pressure 
gradient acting to pull the buffer further into the comer region. Thus, the buffer wicks along the sharp 
comers past the Fluorinert providing a path for the current to bypass the buffer. 

. .  

. .  . .  . .  . .  
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Current leaks past the fluonnert in buffer filled comers 

._ tluorinert 

cover at-++ I 
Figure 15. A schematic diagram of the buffer filled corner regions of the channel that 

provides a path for electrical current to flow past the Fluorinert. 
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Not only does current flow past the Fluorinert along these comer regions filled with buffer, 
the buffer itself can flow past the Fluorinert via these comer regions as well. This was 
confirmed in an experiment where fluorescent nanospheres were used to provide a flow 
tracer in the buffer. The buffer was observed to flow toward a plug of stationary Fluorinert 
on one end and it was observed to flow away from the Fluorinert on the other end. Figure 16 
is a frame taken from a movie that showed the nanospheres emerging from the comer region 
of the buffer-Fluorinert interface. 

Figure 16. A photomicrograph of a Fluorinert plug in a microchannel and the buffer solution 
that flows past the Fluorinert via the channel corner regions. 



To provide partial confirmation that the buffer in the regions of the sharp comers is the leakage path for 
electrical current past the Fluorinert, an experiment was carried out using microchannels constructed 
from capillaries and fittings. The capillaries have a circular cross section that is free of sharp comers. 
Figure 17 shows a photograph of a channel T junction constructed for the experiment. The assembly 
was prefilled with buffer, and then Fluorinert was pushed into the side branch. The position of the 
leading Fluorinert interface was monitored using a microscope. The photograph on the lower right of 
the figure shows the leading interface of the Fluorinert in the side branch capillary while the Fluorinert is 
still stowed in the side branch. The photograph in the upper right shows the leading interface after the 
Fluorinert was pushed into the main branch where it was in position to stop the current flow. 

'. 

Capillaly with 'window' 

-c----\. 

Fluorinert in position to 
stop current 

Fluorinert in stowed 
position 

Voltage applied here 

Fluorinert is pushed in here 

Figure 17. A photograph of the assembly of capillaries and fittings used to verify that in the 
absence of sharp corners in the capillaries the capillary valve will stop an electrical 

current. 

A voltage difference was applied between the two ends of the main branch while the current 
along this branch was measured. Figure 18 shows that the current was roughly linear with 
voltage while the Fluorinert was stowed in the side branch (valve open) and it shows that the 
current was near zero when the Fluorinert was in the main branch (valve closed). 
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Figure 18.A plot of the measured current as a function of the applied voltage for the 
capillary valve in the opened and closed positions as implemented in an assembly of 

capillaries and fittings. 

The above results show that the buffer filled comer regions that provide a leak path for current to flow 
past the Fluorinert can be prevented by eliminating the sharp comers in the channel cross section. This 
was done using capillaries with a circular cross section, but it could also be done with a double sided 
etch process where both the base and cover plates of a chip are etched as shown in Figure 19. While it 
appears that this would work, it results in a more expensive fabrication process. Consequently, another 
solution to the problem was identified as described below. 
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Figure 19. A schematic diagram showing how a two sided etch process can be used to 
eliminate sharp corners in a microchannel cross section. 



One way of eliminating the buffer filled comer regions of the channel without eliminating the 
sharp comers is to apply a hydrophobic coating to the channel. This would increase the 
contact angle of the buffer with the glass allowing the Fluorinert to better wet the glass. The 
coating can be applied by exposing the channel surfaces to a tridecafluorooctyl silica 
solution, as desribed in [15]. The coating was applied to all channel surfaces, although it 
would only be necessary (and perhaps preferrably) to coat the channel in the vicinity of the 
valve itself. A chip with a simple side channel intersecting a main channel was not available. 
so one with two channels crossing was used. This increased the complexity of controlling the 
position of the Fluorinert, but it was still workable. Using the experimental setup shown in 
Figure 12, and a chip with the hydrophobic coating, the valve was tested for its capability to 
break the circuit. Figure 20 shows the Fluorinert stowed in one of the channel arms that 
served as the side channel, and it shows the Fluorinert after it was pushed out into the main 
channel. Note the interface in the main channel is now concave towards the buffer, a 
signature of the presence of the hydrophobic coating. That is, the Fluorinert is now the 
wetting fluid. Of course, this will result in leaving a small amount of residual Fluorinert in 
the main channel upon withdrawal to the side channel, as discussed for Figure 11. It remains 
to be seen how much of a problem this causes. 

Figure 20. Photomicrographs showing Fluorinert before and after it was pushed out of a 
side channel and into a main channel where the channel surfaces were given a 

hydrophobic coating. 



Figure 21 shows the current measured along the main channel, where the valve started out open, then 
it was closed, and then it was opened and closed three more times. The valve in the closed position 
reduces the current by over two orders of magnitude. 

1 I , ’ ’  1 , , , 1 , , , 1 , , , 1 , , , 1 , , , (  

340 360 
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380 400 

Figure 21.A plot of the measured current flowing through the main channel for an applied 
voltage of 100 V for several cycles of pushing the Fluorinert into the main channel 

and then withdrawing it. 
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During the course of these experiments some interesting behavior of the Fluorinertbuffer 
interface was noted as shown in Figure 22. When the voltage was turned off the curvature of 
the interfaces appeared approximately uniform, but when the electric field in the Fluorinert 
plug was sufficiently high (-lo00 V/mm) the curvature was more concentrated near the 
center of the interface with near straight sections extending to the channel walls. This appears 
to be an electrowetting or related nonlinear effect. When the field was raised -20% higher, 
the Fluorinert plug moved toward the top of the image in Figure 22. 

No electric field Electric field applied 

-- buffer -- 
- Fluorinert --? 

Figure 22. The shapes of Fluorinertbuffer interfaces is affected by the application of a 
strong electric field. At a slightly higher applied field, the Fluorinert plug moves toward 

the top of the image. 



6. Conclusions 

The experiments described demonstrate that the position of a dielectric fluid can be 
controlled in a microchannel and used to break an electric circuit. They also demonstrate 
that this secondary fluid remains intact so that it can be moved reversibly between a 
stowed position and a position where it can stop a flow. The wetting behavior of the 
secondary fluid was found to play an important role. Here, the secondary fluid is said to 
wet the channel walls when the interface between the primary and secondary fluids made 
a contact angle less than 90” as measured on the secondary fluid side. If the secondary 
fluid did not wet the channel walls the primary fluid wicked along sharp comers in the 
channel past the secondary fluid resulting in a short circuit for electric current to flow 
past it. By making a hydrophobic coating on the interior surfaces of the channel the 
secondary fluid, Fluorinert, did not wet the walls. No electrical short circuit was detected 
under these conditions. However, when the secondary fluid wets the walls it cannot be 
completely withdrawn from the main channel, where a small chunk is left behind. 

A simplified model was used to develop designs for the capillary valve that could be 
actuated with an electrokinetic pump, i.e. they could be actuated with an electrical signal. 
But, the experiments showed that the contact angle may not always be constant, which 
could defeat designs that rely on capillary forces to hold and move the secondary fluid. If 
the capillary forces do not work then other methods could be used to control the position 
of the secondary fluid. These include electrowetting, electrocapillary and 
dielectrophoretic methods. Finally, another method that could be used is a reversible 
electrokinetic pump to shuttle the secondary fluid into and out of the stowed position. 

The next steps for developing the valve concept studied here include the following. 
Detailed investigations for controlling the movement and position of the secondary fluid 
should be carried out, This would include experiments measuring the speed of actuation 
of the valve. Custom designed microchannels should be fabricated with ‘necks’ to set 
limits on the range of motion of the secondary fluid. Applications of the valve to gas 
phase systems should be investigated in more detail, including the measurements of the 
pressure differentials that a liquid (secondary fluid) could support in a channel. 

Several other applications of immiscible liquids in microchannels were identified in this 
work. One is a method for mixing and transporting reagents in microchannels with low 
dispersion. The reagent mixture is ‘sandwiched’ between two plugs of Fluorinert and the 
assembly is pushed along the channel with a pressure gradient. The combination of the 
motion and the near shear free interfaces bounding the ends of the reagent mixture results 
in a recirculating flow field within it that produces accelerated mixing therein, as 
described in the appendix to this report. 
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A second application is for a dielectrophoretic process, where Fluorinert is partially 
extruded from a side channel into a main channel thereby forming a constriction. When 
combined with an electric field the constriction creates gradients in the field that can be 
used to dielectrophoretically trap particles depending on their size and other 
characteristics. Such an application could be used to sort particles so that subsets of them 
could be subjected to further analyses. This would be a unique implementation of 
dielectrophoresis where the size of the constriction, and hence the degree of particle 
trapping, could be adjusted during the process. 
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Appendix: A bolus flow for low dispersion transport and 
mixing of reagents 

One of the important accomplishments of this project was the development of a method to control the 
positions and movements of individual liquids in a system of immiscible liquids. This method can be 
used to develop other microfluidic processes that would advance Sandia's capability in the general 
area of microfluidics. One of these is a mixing process. A detailed analysis of the mixing provided by a 
bolus flow is described below. 

Mixing in microfluidics 

During the course of conducting chemical and biological analyses in a microfluidic system it 
is usually necessary at some point to add reagents to a small volume sample and mix them. 
Despite the inherently small length scales involved in microfluidic applications, efficient 
mixing remains a challenging problem [17]. Typical numbers for a characteristic length, 
kinematic viscosity, and velocity, are respectively, H = to cm, V = p / p  = 10.' 
cm2/s, U = 10.' to 1 c d s ,  and yield a Reynolds number UH/v  = to 1. Therefore, flows 
in microfluidic channels are typically dominated by viscous forces and the possibility of 
enhanced mixing through the generation of turbulence does not exist in normal applications. 
Additionally, typical coefficients of molecular diffusion, D , vary between cm% (large 
molecules) and cm2/s (small molecules), so that ratios of advection to diffusion time 
scales for flows in microfluidic channels, as characterized by the Piclet number, U H / D  , 
vary from 10 to lo5 [18]. For two miscible and laminar fluid streams flowing side by side in 
a microchannel, the time for each species to penetrate a half channel width is roughly 
t = H 2 / D ,  which, for streams moving at a constant velocity, U , would require a channel 
length of 10.' to lo3 cm. Thus, in spite of the small length scales, diffusion alone may not be 
sufficient to mix two fluids in a reasonable distance within a microfluidic device. 

A bolus flow 

Consider a small plug of liquid in a microchannel with an immiscible fluid bounding it on 
both sides. As the small plug, or bolus, of fluid travels down the microchannel an internal 
circulatory flow develops due to the no-slip and no penetration conditions experienced at the 
bolus interfaces. This circulatory flow was confirmed in a visualization experiment using a 
bolus of water and fluorescent nanospheres in a pressuredriven fluorinert host fluid. Figure 
23 shows both an image of the actual fluorinert, water bolus, fluorinert configuration and a 
schematic of the observed particle path lines within the water bolus for the configuration in 
motion from right to left. Due to the internal circulatory flows within a bolus moving at a 
constant velocity, which enhances the diffusion with advection across the bolus cross- 
section, the time and distance required to fully mix two initially unmixed fluid species may 
be much shorter. Moreover, the finite axial length of the bolus, L, typically no more than an 
order of magnitude larger than the characteristic width of the microchannel, requires much 
smaller volumes of fluid sample or reagent, a particularly attractive feature for microfluidic 
applications [19]. An analysis of the mixing of two miscible but initially distinct fluid species 
was performed for a bolus moving at constant velocity within a straight microchannel of 
constant cross-section. 
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Figure 23.a) A bolus moving from right to left in a microchannel. b) Internal circulation 
within bolus due to no-slip conditions at walls. 

System model 

In this preliminary analysis characterizing the mixing in bolus flows the model was restricted 
to two dimensions. Such a simplified model is applicable to boluses moving within 
rectangular microchannels whose cross-sectional width, W ,  is much larger than its height, 
H , as shown in Figure 24. Under these conditions significant transport only occurs in the y-z 
plane. 

+ 
4 

H 

Figure 24. Rectangular microchannel geometry with H << W for pressure-driven flow in the 
z-direction. The bolus has a length L , 
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Further simplification is made by assuming symmetry across the mid-plane of the channel (at 
height H / 2 )  and assuming that the ends of the bolus are flat with no curvature along either 
of the principal axes perpendicular to the z-axis. Figure 25 shows a schematic of the model 
bolus geometry in its initial configuration, with two miscible fluid species positioned one in 
front of the other along the z-axis. Any inertial effects are taken to be negligible due to the 
small Reynolds number, and a reference frame was chosen to move at a constant velocity, 
U ,  equal to the assumed velocity of the bolus. In this reference frame the boundary 
conditions are more easily applied to the exterior surfaces of the bolus. 

The equations of change governing the transport of momentum and mass within the bolus are 
the incompressible Navier-Stokes equations and the species transport equation. These 
equations may be nondimensionalized with a length scale, H , and velocity scale, U , to yield 
the following forms [20]:  

v . v = o ,  

ac 1 2  - + v . v c = - v  c ,  
at Pe 

(7) 

where Re = U H / v  and Pe = U H / D  are respectively the Reynolds and P6clet numbers. An 
additional nondimensional parameter, E-' = lfH, the aspect ratio, which appears in the 
boundary conditions, was set to one for all calculations. The bolus was assumed to be 
initially at rest ( v  = 0)  with an initial species concentration value of 1.0 for 0.0 2 z 5 0.5 and 
0.0 for0.5 < z 21.0. 

To simulate the right-to-left, pressure-driven motion of the bolus no-slip boundary conditions 
were applied to the velocity field, v( y, z,t) and a no flux boundary condition was applied to 
the concentration field c( y, z, t )  : 

v=l ,  for 0 2 z l l  at y = l ,  

av - = O ,  for 0 5 ~ 2 1  at y = O ,  
aY 
av 
az - = O ,  at z=Oandl for 0 2 ~ 2 1 ,  

n. Vc = 0 on all boundaries. 

The above governing equations and boundary conditions were solved numerically using the 
Sandia in house code, Goma [21,22]. 

39 



y = l  

Z z = E- 

Figure 25. Initial nondimensional concentration field (blue = 1 .O and rea = 0.0). 

A typical contour plot of the streamfunction is shown in Figure 26 and reveals a steady 
circulatory flow field within the bolus. This flow field establishes itself almost 
instantaneously and serves to "mix" the initially "unmixed" species. Figure 26 shows an 
example concentration snapshot for a large Pkclet number after the bolus has traveled down 
the channel many bolus lengths. 

Figure 26. a) Contours of streamlines for bolus flow withRe = 1.0. b) Concentration field 
snapshot at nondimensional time t' = t U / H  = 24 for Pe = 10' (blue = 1 .O and red = 0.0). 
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One quantitative measure of the mixing, appropriate for the miscible system of interest here 
[23], is the mixing index, M ( t ) ,  defined by 

where c(t) is the square root of the average variance of concentration from its equilibrium 
value. For two-dimensional systems the square root of the average variance of concentration 
is defined by the expression 

with cro is its initial value when c ( y , z , t  = 0) = c , ( y , z )  . At concentration equilibrium, when 
the concentration field is fully mixed, c (y , z , t  +-) =c,. For the initial species 
concentration in Figure 25, the equilibrium concentration c, will eventually have a value of 
0.5. The initial average variance of concentration oo therefore has a value of 0.5 for the 
nondimensional bolus geometry with unit area. The transient mixing index value varies from 
an initial value of 0.0 (unmixed) to an asymptotic value of 1.0 (fully mixed). This definition 
of the mixing index was used to characterize the mixing in bolus flows for a wide range of 
P6clet numbers, as detailed below. 

Results 
Figure 27 shows the value of the mixing index versus nondimensional time for Pkclet 
numbers between 10 and lo4. In all calculations the Reynolds number and aspect ratio, E - ’ ,  
were assumed to have a value of one. For boluses with an aspect ratio of one, the data in 
Figure 27 may alternatively be interpreted as the value of the mixing index as a function of 
the number of nondimensional bolus lengths traveled down the microchannel. For Pe = 10 
the bolus was fully mixed after traveling approximately five nondimensional bolus lengths, 
or a dimensional distance 5H. For Pe=104 the bolus needed to travel nearly 50 
nondimensional bolus lengths, or a dimensional distance 50H, to become fully mixed. For 
an example channel height of H = IO-* cm, these distances have numerical values of roughly 

cm and 1 cm, respectively. These lengths should be compared to the previous estimates 
of 10.’ cm (for Pe = 10) and 10 cm (for Pe = lo4) for typical side-by-side fluid stream mixing 
where there is little or no convective transport between species. 

These preliminary calculations suggest that, for the majority of P8let numbers of interest in 
microfluidic applications, mixing two fluid species within a finite bolus can decrease the 
length of microchannel and time required for mixing by up to an order of magnitude. Further 
analysis is needed to more fully characterize the effects of different aspect ratios, bolus end 
curvatures, and a three dimensional geometry on the mixing in pressure-driven boluses in 
microchannels. 
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Figure 27.A plot of mixing index, M ( t )  , versus time for various values of Peclet number. 
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