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ABSTRACT

Presented in this Master’s project is a microfluidic valve design, a fabrication

technology, and results from test devices. The microvalve will be a component in a

Direct Methanol Fuel Cell developed by Carnegie Mellon University.

The designed microfluidic valve consists of two electrostatically actuated

membranes hydraulically coupled together. The substrate below the membranes has a

curved profile to re, duce the pull-in voltage - a phenomenon known as "zipper actuation".

Three microvalves can be actuated pefistaltically in series to create a pump. The

membranes require no steady-state power and use no rectifying valves.

Test devices are fabricated as proof-of-concept experiments for the microvalves.

The test devices have a single mesh-membrane suspended over a flat-bottomed cavity in

the silicon. As a model for zipper actuation, the silicon cavities are fabricated with a

"step" in the silicon to compare to completely flat cavities. Comparisons of test device

performance are made with and without the hydraulic fluid in the silicon cavity.

The test devices are fabricated in a custom single-oxide layer, single metal-layer

process. Stress analysis is presented for tlhe candidate materials: thermal oxide, spin-on

glass, platinum, and aluminum. Ultimately, 1 I~m thermal oxide and 0.11 p.m platinum

are used to fabricate the devices. The mesh is released from the substrate and sealed with

polymer to form the complete membrane.

The theoretical analysis of the membrane indicated that to actuate it the applied

voltage is around 500 V. That voltage is impractical for this work because it is greater

than the breakdown voltage of the oxide and much greater than the operational voltage of

the fuel cell. At 100 V the theory indicates that the pump displaces less than 5% of its

volume.

Although the fabricated beams in the mesh should lie flat when released, they still

curl enough to touch the substrate. Consequently, this inhibited characterization of pull-

in voltage. Future work entails improving the fabrication process to achieve working test

devices and performing numerical simulations to analyze membrane behavior.

Keywords: MEMS, microfluidic, fabrication, hydraulic, pump, valve
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"Power rests on the. kind of knowledge one holds.
that are useless?"

What is the sense of knowing things

-Don Juan [2]



1. INTRODUCTION

This paper discusses the research and development of an electrostatically actuated

membrane implemented as a microvalve ~md the irnplementation of three microvalves as

a micropump. These devices have a range of uses in areas from biomedical applications

to portable power. This work seeks to contribute to portable power by outlining steps

towards a microfluidic pump for a fuel cell and conducting proof-of-concept experiments.

1.1. Project Motivation
Fuel cells are quickly becoming an attractive alternative to conventional lithium

ion batteries. For the same volume, a fuell cell has more energy and less weight than a

battery. Despite these advantages, development and cost remain prohibitive factors.

Because of the opportunities presented by fuel cells, Carnegie Mellon University

is developing a Direct Methanol Fuel Cell (DMFC) [5]. The advantage of the Carnegie

Mellon fuel cell is:

"compared to state-of-the-art lithium-ion batteries, the

proposed DMFC will (i) prov:ide a four-fold operating life

span, (ii) exhibit a five-fold advantage on a weight basis,

and (iii) lessen the environmental impact of battery

disposal." [5]

In the Carnegie Mellon DMFC the concentration of the methanol solution on the

anode side of the proton exchange membrane must be around 2% for maximum electro-

chemical efficiency. However, the methanol reserves of the fuel cell will be most

efficient if the stored methanol is 100% pure and then diluted to create the 2% methanol

solution.
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Figure 1.1. Schematic of the Direct Methanol Fuel Cell. The discussed microfluidic pump is the ’Water
pump’ [5].

Since part of the methanol reaction yields water on the cathode side, that water can then

be pumped back to the anode to keep the 2% methanol solution diluted as shown in

Figure 1.1. The proposed micropump will provide this function.

The micropump must meet certain specifications to meet the needs of the fuel

cell. First, the purnp will have to provide water at a pressure of 0.5 PSI (3.44 kPa) across

the pump and a maximum flow rate of 0.1 cc/min (1.66 gi/sec). Next, the proposed fuel

cell will produce a net output of 0.65 W which sets the limit on micropump power

consumption. The micropump should operate in the range of I to 10 volts because that is

the range of the fuel cell output voltage. Last, the pump should be of minimal size so that

the maximum amount of space can be used for methanol fuel reserves.
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1.2. Prior Work
Table 1.2.* A table of previous work with electrostatically actuated micropumps and microvalves.

Pump/ fluid V ztPm,~r Qmax
Author and Year’ Valve type IV] f [Hzl [kPal lml/minl

Zengerle, 1992 [7] pump gas 170 25 2.5 0.070
Judy, 1991 pump gas 50-75 not not not
[8] reported reported reported
Cabuz, 2001 [9] Pump gas 165-200 35-95 1.96 30
Wagner, 1996 Valve gas 15-50 not not not
[ 10] reported reported reported
Wijngaart [11] Valve gas 60-80 not 5-13 not

reported reported
Recent Piezoelectric pump liquid 150 0.2 55 0.0017
[6]
(MIP Implantable)
Recent pump liquid not t 0 16 0.009
Thermopneumatic reported
[6] (Zimmermann)

There has been about two decades of work on micropumps with much focus on

piezoelectric and thermopneumatic pumps [6]. Table 1.2 lists previous work with

electrostatically driven micropumps and microva]ves which is the focus of this report. A

common theme in the gas micropumps of Cabuz, Wagner, and Wijngaart is they all use a

form of zipper pull-in for electrostatic actuation.

Some of the first electrostatic pumps were done by Zengerle et al. and Judy et

al. Zengerle’s pumps actuated at around 170 V and were made in stacked silicon wafers

with a 4.4 tam gap between electrodes [7].. Judy’s surface micromachined structures also

had micron-sized gaps, volume per cycle of 12 to 640 nl, and actuation voltages of 50V

[8]. The Judy paper identified important device limitations: (1) The maximum voltage 

determined by dielectric breakdown. (2) Surface tension limits fluid flow rates due 

resulting high pressures.

Cabuz’s work at Honeywell is a significant accomplishment in electrostatic

micropumps [9]° The micropump can easily be placed in parallel or series to increase

flow, pressure, or both.

The actuation voltage of Wagner’s valve is a relatively low 15 to 50 V [ 10].

Wagner used grey-scale lithography to achieve the curved silicon profile for zipper

Style and data of Table 1.2 taken from [6].



actuation. Each valve in Wagner’s design consists of two pneumatically coupled

membranes which give full control of both up and down motion.

Wijngaart’s valve also has electrostatic zipper actuation as welt [11]. One unique

feature of this valve is its use of a flexible membrane with a flat substrate rather than a

curved substrate. Another novel concept of this valve is that it uses the difference

between inlet and outlet pressure to assist in actuation. Wijngaart describes how to

determine optimal insulator thickness and actuation voltage for an electrostatic pump.

Last, the paper notes a "charging phenomenon" that occurs with each consecutive

actuation of the membrane causing the actuation voltage to increase over time. Wijngaart

believes this come~,; from parasitic charging on the oxide-air interface and takes advantage

of this by reversing the polarity on the electrodes after each actuation.

An analysis; of electrostatic pumps using the zipper effect is provided by Saif et al.

[12]. Saif specifically analyzes a single cavity and an annulus (donut) shaped cavity:

"The study...indicates that for a given applied voltage,
the pressure increases i) almost inversely with the thickness

of the dielectric between the diaphragm and the cavity floor,

2) slightly with the increase in the diaphragm thickness and
elastic modulus, and 3) as the initial volume of the cavity is

higher than that in the annular cavity for similar applied

voltages and overall cavity sizes." [|2]

Saif cites the main limitation to pump pressure as the maximum applied voltage

determined by the breakdown field of the insulator, which confirms Judy’s findings. Saif

confirms that stress within the membrane should not cause failure since analyzed stresses

are much lower than yield stresses of many glassy polymers. Last, Saifsays that the

membrane should be treated as a membrane and not a pla~e since its deflection is greater

than membrane thickness. This is an important consideration in the analysis, indicating

that stretching rather than bending dominates the behavior of the membrane.

A final p, aper worth mentioning will be useful in future membrane design. In

this first generation of micropump, the membrane has uniform thickness. Kotera’s paper

discusses membranes of varying thickness [13]. In future micropump versions varying

the membrane thickness for optimum performance would be applicable, especially if the

pump is designed with multiple metal layers directly in Complimentary Metal-Oxide-

Silicon (CMOS).



This research has many practical applications. Micropumps for implantable

drug delivery offer new possibilities for diabetics in need of insulin and other medical

conditions that require regularly delivered small amounts of drugs [3, 4]. In terms of

power delivery, micropumps hold much promise in fuel cell technology. Industry has

taken notice of fuel[ cells and companies are developing their own fuel cells [14]. Medis

Technologies has developed a fuel cell "Power Pack" to power cell phones, digital

cameras and similar electronic devices [1:5]. The Medis design is novel with regard to its

proprietary sodium borohydride-based fuel and has no water management system. A

competitor, MTI Micro is developing a fuel eel] based on 100% pure methanol. Similar

to the Medis design, MTI Micro also lacks a water management pump [16].

1.3. Project Overview
Valved Flluid In/Out Valved Fluid In/Out Moveable mesh

channel capping membrane

cavity
filled witl~ hydrauh’c fluid substrate hydraulic connecting

channel
Figure 1.3. Envisioned concept: Cross section of the hydraulic microfluidic pump consisting of two
membranes hydraulically coupled.

Presented in this project is a detailed conceptual analysis of the membrane as it

deflects under pressure, conceptual valve fabrication, and experimental tests. Shown in

Figure 1.3, the proposed valve consists of two electrostatically actuated membranes

above cavities filled with a dielectric fluid that hydraulically couples the membranes

together. There are two separate fluids in the valve: "I-[ydraulic fluid", located between

the membranes ant] the substrate, which couples the two membranes together and "valved

fluid" which flows in and out of the void formed above the master membrane.

Electrostatically actuating the "master" membrane expels its hydraulic fluid which forces

the "slave" membrane to rise. To return the pump to its original state, the slave

membrane is actuated by applying a voltage between the membrane and substrate. The

ultimate purpose of the valve is to control the valved fluid.



The proposed valve will be driven by electrostatic forces which offer advantages

over other types of actuation, such as thermal and piezoelectric, in that it is lower power

and lower voltage, respectively. Further reducing power consumption, electrostatic

actuation uses power only when changing states, not in steady state conditions.

1.4. Valve Concept
The master valve shown in Figure 1.3 consists of a membrane suspended above a

cavity in a silicon substrate filled with insulating hydraulic fluid. The membrane deflects

by applying a voltage between the metal embedded within the membrane and the silicon.

The electrostatic force from the applied voltage is balanced by the restoring tensile force

of the membranes and the pressure in the hydraulic fluid. "Pull-in" occurs when the

voltage reaches a critical value, Vputt-i,, the master membrane snaps down to the substrate

because the membrane’s mechanical restoring force and the pressure in the fluid can no

longer balance the electrostatic force. When the master membrane moves down toward

the substrate, the ",valved" fluid is sucked into the gap created in the cavity formed above

it. At the same time the master membrane expels the hydraulic fluid into the cavity of the

slave membrane. Finally, actuating the slave membrane forces the hydraulic fluid into

the master cavity and returns the master membrane to its original position. The idea of

coupled membrane, s is based on Wagner, et al. IIl 0]. As the membrane returns to its

original position, it closes the channel above the master membrane which expels the

valved fluid from the channel.

In this design there are many trade-offs - some which limit the device’s

functionality and others that are used for an advantage. The trade-off between the

applied voltage and the restoring force of the membrane is taken advantage of. The

stiffer the membrane, the larger the restoring force for a given deflection. As the

restoring force get:~ larger, a larger voltage will be needed to deflect the membrane.

Balance must be found between a membrane that is so stiff it needs a very high

versus a very floppy membrane that is too weak to push out the valved fluid above it. By

having the hydraulic fluid provide most of the restoring force for the membrane, this

trade-off is eliminated by allowing the membrane to be as floppy as possible. Further,

using the hydraulic fluid allows active control of membrane motion, whereas relying on

the restoring force of the membrane passively controls upward motion.

6
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Figure 1.4. Diagram of the "zipper effect": The fbrce is stronger where the gap is smaller. When the
membrane pulls down at the edges the forces increase on the rest of the membrane, further pulling it down.

Another trade-off is between cavity depth and Vp,ll-i,. Suspended above the

silicon, the membrane acts as a movable electrode. As with any capacitor, the force

grows larger when the gap gets smaller. By making the depth &the cavity very small,

hence a small gap between the electrodes, a small Vpull-in will actuate the membrane.

However, the cavity depth also determines the volume of the valved fluid. Since the

valves are ultimately components of a pump, the pump’s stroke volume depends on the

depth of the cavity. To tackle this trade-off, the valve has a curved substrate giving it

both a large stroke volume and a low pull-in voltage which is referred to as the "zipper

effect".

The key to the zipper effect is that it takes advantage of capacitive force by

having the pull-in propagate along the radius of the membrane [12, 9]. Electrostatic force

varies as 1/distance2. That means as the distance between the membrane and substrate

becomes small, the; electrostatic force greatly increases. Since the gap between the

membrane and substrate is smallest at the edges as shown in Figure 1.4, there is a large

force which pulls in the membrane at the edges. That pull-in deflection pulls the whole

membrane a bit closer to the substrate. This propagates along the membrane causing it to

’zipper’ down all the way.


